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Foreword

The idea of this edited volume Vermitechnology: Economic, Environmental and
Agricultural Sustainability is highly instructive with current scientific informa-
tion about an aspect of biotechnology called vermitechnology, which involves the
use of earthworms with some influencing factors, such as water and microorgan-
isms, in converting organic wastes to useful quality manure for sustainable agri-
cultural practices. This extensively interesting acceptable technology of this topic
includes vermi-protection, vermi-remediation, vermi-production, vermi-filtration,
vermicomposting, vermi-agro production, which presents an economically viable,
eco-friendly, and socially acceptable. The economic implications of vermitech-
nology, however, generate quality by-products and sustainable organic farming,
which have a place in mitigating global warming. In the management of global
safe food, vermitechnology is employed in waste management to replace inorganic
or chemical farming with the organic system of farming and its safety precursors
by contributions to renewing the soil fertility and plant growth for healthy living
and effective symbiotic relationship of microorganisms in the soil. This technology
has a direct relationship with humans in bioconversion and biofiltration of wastew-
ater, the agro-industrial waste treatments, vermiremediations of polluted soil with
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heavy metals and (polycyclic aromatic hydrocarbon) PAHs, and the role in plas-
tics conversions. The book, Vermitechnology: Economic, Environmental and Agri-
cultural Sustainability, is a good collection of independent chapters that present
full insights into the study of vermitechnology for economic, environmental, and
agricultural sustainability. In an expansive form, this book focuses on factors
influencing vermitechnology, waste to wealth and economic impact of vermitech-
nology, usage of this technology to remediate different environmental pollutants,
and the symbiotic relationship of microbial diversity in the soil, among others.
I therefore have no doubt that the above focused areas provide adequate information
on vermitechnology and do fill the scientific knowledge gaps.

March 2023 Agarry Oluwabunmi Olaitan, Ph.D., Professor
Professor and Dean, Faculty of Science

University of Abuja

Abuja, Nigeria



Preface

This book, titled Vermitechnology: Economic, Environmental and Agricultural
Sustainability, has been designed to give up-to-date scientific information on
the economic, environmental, and agricultural sustainability of vermitechnology.
Already, it has been made clear that one of the prominent problems which are being
faced by mankind globally is solid waste management. Due to the successive increase
in the amount of waste being generated from various developments worldwide, there
is an encroachment of fertile areas and a population explosion. Also, due to fast
urbanization, a massive amount of waste is being generated. For the conversion of
solid organic waste to compost, vermitechnology is employed. Vermiculture as a
discipline of biotechnology involves the breeding and propagation of earthworms.
Vermiculture has become a significant tool of waste recycling worldwide and has
also been considered a separate and fruitful discipline of biology. “Vermitechnology”
involves a low-cost and environmentally sound waste management practice involving
the use of earthworms in the form of natural bioreactors. Vermitechnology is a system
harnessing earthworms for bio-conservation of waste into vermicompost, which has
extensive application in waste management and sustainable organic farming, and has
proved to be one of the efficient methods of managing waste with least complexity
and economic viability. Vermicomposting is a viable option to handle solid waste in
an environmentally friendly way.

This book reviews the history and economic implications of vermitechnology. This
technology has utilized domestic market as well as industrial marketing of it is being
done in several counties like USA, Canada, Australia, Italy and Japan. The process of
vermicomposting, which started in Ontario (Canada) in the year 1970, has enormous
economic profits. Vermitechnology, being a biological process, involves interactions
between earthworms and microorganisms. Due to this, there is an efficient conversion
of different types of organic wastes into nutrient-rich manure. There is also the use
of worms during vermicomposting process, due to which worms are able to transfer
organic waste into a nutrient-rich fertilizer. Mutual actions exist between earthworms
and microorganisms, which alter the physical, chemical, and biological properties
of waste material and convert it into vermicompost. Vermicompost and vermiculture
associated with other biological inputs have actually been used to grow vegetables

vii
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and other crops successfully and have been found to be economical and productive.
Therefore, organic farming helps to provide many advantages such as eliminating
the use of chemicals in the form of fertilizers/pesticides; recycling and regenerating
waste into wealth; improving soil, plant, animal, and human health; and creating an
eco-friendly, sustainable, and economical bio-system models.

With these interesting areas in vermitechnology, this book has been struc-
tured to accommodate the economic, environmental, and agricultural sustain-
ability. To justify this, 3 parts have been designed with 18 chapters: First
Part: Vermitechnology—Preparation, Distribution and Economical Impacts. Second
Part: Vermitechnology—Application in Environmental Sustainability and Third Part:
Vermitechnology—Application in Agricultural Sustainability. First Part consists
of five chapters. Chapter “General Perspectives of Vermitechnology—An Overview”
was general perspectives of vermitechnology. Chapters “Vermitechnology and the
Influencing Factors”, “Vermitechnology as a Sustainable Solution: Transforming
Organic Waste into Economic and Environmental Wealth”, “Vermicomposting
Process—Optimisation”, and “Molecules of Therapeutic and Prophylactic Value
in the Earthworm” revealed the vermitecnology and influencing factors, waste to
wealth-strength of vermitechnology and economic impact, role of various factors
influencing vermicomposting process, and molecules of therapeutic and prophy-
lactic value in the earthworm, respectively. Second Part consists of 6 chapters,
assisted phytoremediation of trace toxic elements (TTE): the role of vermicompost,
vermiconversion and vermifiltration in waste water treatment, vermistabilization
of earthworms, Agro-industrial sludge and vermitechnology, biorestoration of
polycyclic aromatic hydrocarbons and heavy metals contaminated soil: the role
of vermitechnology and sustainable management of agro-industrial waste using
vermitechnology. Third Part consists of 7 chapters, which focused on phytoremedi-
ation and vermicomposting, symbiotic relationship of microbial communities and
vermicompost, vermicast, vermiwash: a substitute to chemical fertilizer, role of
vermitechnology in plant growth and nutrient, organic farming- the role of vermitech-
nology, vermicompost by-products for healthy agriculture and the future directions
guidelines of research in vermitechnology was adequately discussed.

The chapters were contributed by 73 Academicians/Scientists/Researchers from
10 different countries (China, Ecuador, India, Nigeria, Canada, Ghana, South Africa,
the United States, the United Kingdom, and Hong Kong) across the globe.

Abuja, Nigeria Sesan Abiodun Aransiola, Ph.D.
Portoviejo, Ecuador Naga Raju Maddela, Ph.D.
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of Vermitechnology—An Overview e

S. A. Aransiola, A. E. Oyewumi, U. R. Attah-Olottah, O. P. Abioye,
and Naga Raju Maddela

Abstract Vermicomposting is a biotechnological method of composting in which
specific species of earthworms are employed to speed up waste conversion and
provide a higher-quality end product. It is a nourishing plant diet that is high in
nitrogen and carbon, also necessary for soil microbiomes including nitrogen-fixing
bacteria and mycorrhizal fungi, which are good growth boosters. It can function
as a good nutritional biofertilizer that is very effective at promoting growth. Earth-
worms are important detritus feeders that are critical to the decomposition of organic
materials and the metabolism of soil. They are known as soil health indicators.
Enhancing soil fertility is the outcome of a complex process that involves the partial
breakdown of organic waste and mixing it with mucus and gut microbial flora in
the form of earthworm cast. Vermitechnology is an important technology in solid
waste management, especially organic wastes. For plant growth and productivity,
vermicomposting through vermifiltration plays a very vital and useful role. Due to
the importance of earthworms, vermitechnology, which makes use of both surface-
and subsurface-dwelling indigenous earthworm varieties, has been developed. This
technology is used for composting and soil management. As a result, the vermi-
composting process may effectively recycle organic waste, producing vermiwash
and vermicompost, both of which have been shown to be crucial to the health and
productivity of plants. Agriculture has traditionally stood for the sustainable produc-
tion of food with the least possible disruption to the natural environment. This chapter
focuses on the general perspectives of vermitechnology, its role in plant growth and
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how phytoremediation processes could be enhanced by the use of vermicomposting
by-products.

Keywords Vermitechnology - Earthworm - Biofertilizer - Vermiculture -
Vermicompost

1 Introduction

Multiple crops can be grown on the same piece of land each year, thanks to chemical
herbicides and fertilizers, but this puts stress on the soil and depletes its nutrient
supply (Ansari et al., 2016). This cycle of chemical inputs is required continuously
to maintain the high levels of production required in many developing countries
such as Nigeria, Bangladesh, and so on (Ansari et al., 2016; Ojuolape et al., 2015).
The soil structure is no longer optimal for sustainable farming, and soil fertility is
diminishing (Ansari et al., 2016). Historically, agricultural practices have been a
strong advocate for the sustainable production of food with minimal disruption to
the natural environment. Chemical fertilizers were introduced during the first Green
Revolution, which greatly increased production and helped underdeveloped nations
feed their expanding populations. However, over time, the soil’s productivity has
declined due to a shortage of organic nutrients. Although it has not gained much
traction, this is quickly emerging as the best way to counteract the negative effects
of chemical pesticides. A subfield of biotechnology known as vermitechnology can
neutralize the effects of these chemical fertilizers (Ansari et al., 2016; Aransiola
et al., 2024).

Vermitechnology is an important aspect of biotechnology that deals with the
involvement of earthworms to process the organic matter and transform it into high-
quality manure. This term has been defined as the method of converting wastes into
useful agricultural resources through the processing done by earthworms. It is a
highly eco-friendly, economically viable, and socially acceptable technology having
several categories: vermicomposting, vermifiltration, vermiremediation, vermi-agro
production, vermiprotection, and vermiproduction (Sinha et al., 2010).

Vermitechnology uses surface- and subsurface-dwelling local earthworm species
for soil management and composting. It is widely acknowledged that earthworms
play a crucial role in agriculture. Along with other microbes, earthworms have been
crucial in controlling soil processes, preserving soil fertility, and promoting nutrient
cycling. With their ability to create aggregates and enhance the physical conditions
for plant growth and nutrient uptake, earthworms have a significant impact on soil
structure. They also increase soil fertility by accelerating the breakdown of organic
debris and plant litter, which releases nutrients in a form that plants can absorb.
Vermiculture and vermicomposting, however, are solid cornerstones of vermitech-
nology. The major protagonists, earthworms, are regarded as natural bioreactors
because they multiply with other microbes and create the ideal environment for the
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biodegradation of trash (Sinha et al., 2009). This chapter will, therefore, review the
general perspective of vermitechnology.

2 Vermiculture

Vermiculture is the practice of raising large populations of earthworms on organic
material that can be composted or broken down. The term “vermiculture” (Latin for
“worm farming”) has been used for at least a century. Studies on vermiculture are
related to sustainable agricultural methods, soil detoxification, and waste manage-
ment. There are just two regions where commercial vermiculture is practiced. The
first is the processing of vermicompost, and the second is the creation of worm
biomass. Worm biomass is produced for use as a protein source in fish and poultry
farms. The vermicomposting of sewage, sewage sludge, or other comparable wastes
is known as vermistabilization, in contrast. Earthworms boost plant growth (39%)
and grain yield (35%), particularly in the production of grains.

3 Vermicomposting

Vermicomposting is a straightforward biotechnological method of composting in
which epigeic species of earthworms are employed to speed up the waste-to-product
conversion process and provide a superior final product. During vermicomposting,
earthworms ingest organic wastes and microorganisms by their mouth. The ingested
organic matter is broken down into smaller particles in the earthworm’s gizzard and
pharynx, and then the broken-down material is mixed with microorganisms, such as
bacteria and fungi, in the earthworm’s gut for the release of nutrient (N, P, K) by
microorganisms. The earthworm excretes the nutrient-rich waste, known as castings,
through its anus. Microorganisms, however, continue to decompose the castings for
more nutrient release and humus-rich vermicompost until maturity (Ansari et al.,
2016). Vermicompost is an organic, nutrient-rich soil conditioner that can be used to
enhance soil conditions in a variety of soil types. The usage of earthworms is crucial to
this procedure since they serve as the composting agents converting organic material
into a durable, nontoxic, well-structured material with a potential for great economic
value. Additionally, it improves soil for plant growth (Abioye et al., 2020; Ansari
et al., 2016). Vermicomposting is an established method for getting rid of rubbish
waste that has a lot of positive environmental effects. This method also benefits
the soil and reduces the need for artificial fertilizers (Ansari et al., 2016). Different
types of earthworms play crucial roles in vermicomposting (Table 1) (Babaniyi et al.,
2023).

Aransiola et al. (2022) reported the production of vermicompost from goat manure
and chicken droppings to assist phytoextractors (Sida acuta and Melissa officinalis
L.) to restore heavy metal polluted soils in Madaka district, Niger State, Nigeria.



6 S. A. Aransiola et al.

Table 1 Types and roles of earthworms used in vermicomposting

S/N Types of earthworms in Role(s) of earthworms in vermicomposting
vermicomposting
1 Canadian nightcrawler v Can be used for vermicomposting but may not be as
(Lumbricus terrestris) efficient as red wigglers
v Native to North America
2 Red wiggler (Eisenia v Well adapted to breaking down organic matter
fetida) v Most commonly used species for vermicomposting

v Have high reproductive rate and can adapt to changes in
the environment

3 European nightcrawler v Produce higher-quality vermicompost
(Eisenia hortensis) v Similar to red wiggler but larger in size
v More tolerant of cooler temperatures
4 African nightcrawler v Native to tropical regions
(Eudrilus eugeniae) v Well adapted to high temperatures and humidity
v Produce a large amount of castings (vermicompost)
5 Asian jumping worm v Native to Asia
(Amynthas agrestis) v Can be invasive in some regions
v Can be used for vermicomposting but may require more
maintenance

The investigators produced casts through vermicomposting and concluded that the
physical and chemical properties (Plate 1) of the casts are rich in carbon, organic
matter, nitrogen, and other constituents as found in any organic fertilizers (Aransiola
et al., 2023). Therefore, vermicomposting is a good source of organic manure for
agricultural purposes. In their conclusion, the polluted mining environment land-
scape was recovered for agricultural purposes, hence indicating the effectiveness of
vermitechnology in the remediation of polluted soil.

4 Setting up a Vermicomposting Unit

There are numerous techniques to set up vermicomposting systems. This composter
can be installed in a sizable box, a bucket, a cement bin, a bin or basket, or even a
trench dug into the ground. It is crucial to remember that a vermicomposting unit
should be at least 1 m deep but may be as wide as desired. The following are the
steps needed for vermicomposting (Samal et al., 2019):

Step 1: Choose a Location

(i) Select a shaded area: Vermicomposting requires a shaded area to maintain
optimal temperatures.

(i) Ensure good ventilation: Adequate ventilation helps maintain oxygen levels
and prevents anaerobic conditions.
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Plate 1 a Earthworms (Eisenia fetida) for vermicomposting, b production stage of goat manure
vermicast, ¢ produced goat manure vermicast, d production stage of chicken droppings vermicast,
and e produced chicken dropping vermicast (Aransiola et al., 2024)

(iii)) Keep it accessible: Choose a location that is easily accessible for maintenance
and harvesting.

Step 2: Select the Worms

(i) Red wiggler worms (Eisenia fetida): These worms are ideal for vermicom-
posting due to their high reproductive rate and ability to break down organic
matter.

(i) Purchase worms from a reputable supplier: Ensure the worms are healthy and
suitable for vermicomposting.
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Step 3: Prepare the Bedding

(i) Choose a carbon-rich bedding material: Coconut coir, shredded newspaper, or
peat moss work well.
(i) Add a nitrogen-rich component: Include a small amount of nitrogen-rich
material, such as food scraps or manure.
(iii) Maintain a 2:1 carbon-to-nitrogen ratio: This ratio ensures optimal decompo-
sition and worm health.

Step 4: Set Up the Vermicomposting System

(i) Choose a container: Select a container that is at least 68 inches deep and has
adequate drainage.
(i) Add a 4- to 6-inch layer of bedding: Place the prepared bedding material at the
bottom of the container.
(i) Add the worms: Gently add the worms to the bedding material.
(iv) Add food and maintain moisture: Provide a consistent food source and maintain
optimal moisture levels.

Step 5: Maintain the Vermicomposting System

(i) Monitor temperature: Maintain a temperature range of 55-77 °F (13-25 °C).
(i) Maintain moisture: Keep the bedding material consistently moist, like a damp
sponge.
(iii) Addfoodregularly: Provide a consistent food source, such as fruit and vegetable
scraps.
(iv) Harvest the vermicompost: After 2-3 months, harvest the vermicompost and
repeat the process.

5 Earthworms in the Soil

Earthworms aid in the recycling of organic nutrients for plants’ efficient growth. In
addition to living in the soil, earthworms also help to change its physical and chem-
ical composition, promoting soil fertility and plant growth (Aransiola et al., 2024).
They play a major role in soil aeration, soil porosity, decomposition, aggregation,
compaction, and stimulation (Jha et al., 2024). Earthworm casts, which are enriched
with microorganisms, are found in soils where earthworms live. As an indicator,
earthworms play a crucial role in these processes. In contrast to traditional farming,
which uses chemical fertilizers, organic supplements such as vermicompost and the
inoculation of earthworms can help the formation of humus and limit the loss of
nutrients from the soil by their delayed release.
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6 Economic Implications of Vermitechnology

In order to conduct sustainable agriculture, one must study new, cutting-edge tech-
niques created by farm scientists and farmers alike. One must also learn from farmers’
old knowledge and ways and put what was beneficial and timely into practice (Aran-
siola et al., 2022; Hussaini, 2013). Vermitechnology presents many benefits such as
new business opportunities, job creation, improved waste management, increased
crop yield, and enhanced food security (Hussaini, 2013; Jha et al., 2024). Hence, the
economic implications of vermitechnology are as follows:

6.1 Reduced Usage of Chemical Pesticides and Cost Cutting

The development of high-yielding crop types that were more prone to pests and
diseases required the widespread use of chemical pesticides. Crop pests and diseases
developed “biological resistance” as a result of repeated use of chemical pesticides,
necessitating progressively larger doses to remove them. Vermicompost has been
shown in recent years to be effective at protecting plants against a variety of pests and
diseases, either by repelling or suppressing them, by “inducing biological resistance”
in plants to combat them, or by actually killing them through pesticide action (Jha
et al., 2024). In agricultural settings where earthworms and vermicompost were
used, pesticide application was greatly reduced (Aransiola et al., 2024). Studies
have showed the use of vermicompost to help in the rate of disease by 75% which
significantly cut down the cost of food production (Hussaini, 2013; Samal et al.,
2019). Also, vermicompost may hold onto more soil moisture, which lowers the
need for irrigation water by roughly 30 to 40%, thereby reducing the usage of water
for irrigation and cutting costs.

6.2 Improvement of Growth and Higher Yield

According to studies, crops develop more successfully when only a tiny amount of
vermicompost is used. The strongest growth responses were observed in all growth
trials, according to Subler and Kirsch (1998), when the vermicompost made up
between 10 and 20% of the total volume of the container medium. Valani (2009)
discovered that compared to pot soils containing 400 g and 500 g of vermicompost,
those with 200 g of vermicompost produced superior growth in wheat crops. Singh
(2009) discovered that the growth and production of wheat crops grew steadily over
the years in the agricultural plots where vermicompost was applied in the second,
third, and fourth consecutive years at the same rate of vermicompost application, or
arate of 20 Q/ha. The yield was 38.8 Q/ha in the fourth consecutive year, which was
extremely close to the yield (40.1 Q/ha) where vermicompost was applied at a rate
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of 25 Q/ha. As baby worms emerge from their cocoons over time, the use of vermi-
compost in farm soil eventually results in an increase in the number of earthworms in
the farmland. This implies that the use of vermicompost can be gradually decreased
over time as the worms improve the physical, chemical, and biological qualities of
the soil.

As the soil’s natural fertility is improved and restored, the yield per hectare can also
rise even further. According to Webster (2005), a single application of vermicompost
increased the yield of “cherries” over the next 3 years. When the vermicompost was
covered in “mulch,” the yield was substantially higher. Trees treated with 5- and
20-mm vermicompost + mulch produced cherries at the first harvest worth AU
$63.92 and AU $0.42 per tree, respectively. With 20 mm of vermicompost, the plants
produced cherries costing AU $36.46 per tree at the first harvest and AU $40.48 per
tree after three harvests. The agronomic effects of compost in vineyards were also
researched by Webster (2005), who found that vines treated with compost produced
23% more grapes due to an increase of 18% in bunch counts. The extra grape harvest
was worth an extra AU $3400/ha.

7 Vermiculture as a Commercial Commodity

Vermiculture is a rising sector that not only manages trash and land extremely inex-
pensively, but also promotes “sustainable agriculture” by increasing crop yield in
both quantity and quality at a far lower economic cost than pricey agrochemi-
cals (Bogdanov et al., 1996). Earthworms not only turn “waste” into “wealth,” but
they also develop into a valuable resource known as worm biomass. Vermicompost
production on a large scale has the potential to replace chemical fertilizers, and
the utilization of protein-rich “earthworms” in agriculture and other related sectors
presents a solid financial opportunity.

Every country with a rising population is producing enormous amounts of munic-
ipal solid waste (MSW), thus there will never be a shortage of raw materials for
making vermicompost. Vermiculture has also improved the standard of living for the
underprivileged in India and created chances for independent work for the jobless. To
encourage rural people to collect garbage from villages and farmers, vermicompost
it, and sell both worms and vermicompost to farmers, nongovernmental organiza-
tions (NGOs) are giving out cement tanks and 1000 worms in a number of Indian
communities. People make between 5 and 6 lakh rupees (about AU $1,520,000) per
year from selling worms and their vermicompost to farmers (Samal et al., 2019).
According to estimates, one ton of earthworm biomass typically contains approxi-
mately one million worms. At the end of a year, one million worms that multiply
by two every 2 months can number 64 million. Each adult worm, especially Eisenia
fetida, can consume organic waste equivalent to around 1% of its body weight each
day. This means that 64 million worms, each weighing 1% of a ton, can consume
1% of a ton of garbage each day.
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Earthworm biomass is a desirable by-product of all vermiculture techniques and is
arich source of nutritional “worm meal.” It is utilized as feed material in the poultry,
dairy, and fisheries industries because it is high in protein (65%) and contains 70-80%
of the high-quality essential amino acids “lysine” and “methionine.” Additionally, as
it has antipathogenic effects, the by-product of vermiculture techniques is employed
in the production of medicines and in the creation of “antibiotics” from coelomic
fluid.

8 Municipal Solid Waste Management by Vermitechnology

Vermicomposting as a method of recycling organic waste has been tested in several
nations for a variety of objectives and at various operational sizes (Moledor et al.,
2016). In India and the Philippines, it has been evaluated for processing human
biosolids and organic industrial wastes, such as manure from cattle breeding facilities,
coffee industry byproducts (Murthy & Naidu, 2012), and residues from palm oil mills
(Jha et al., 2024; Murthy & Naidu, 2012; Singh et al., 2011a, 2011b).

Vermicomposting is used in other research to support the dairy, poultry, food,
abattoir, and olive oil sectors (Munnoli et al., 2010a, 2010b). The method of vermi-
composting has various advantages. Earthworm processing is a safe, sanitary, and
scalable method for managing solid waste that decreases the volume of organic waste
by around 50% (Adhikary, 2012; Singh et al., 2011a, 2011b). When there is a pref-
erence for a quicker decomposition rate (Sinha et al., 2002), greater reduction of
heavy metals (Aransiola et al., 2021; Samal et al., 2019; Singh et al., 2011a, 2011b),
pathogen stabilization, and/or lack of odors, there is evidence to suggest that it is
preferable to the more popular and well-known practice of composting (Lazcano
et al., 2008).

Second, adding vermicast to the soil boosts its physical, chemical, and biological
qualities as well as its fertility (Singh et al., 2011a, 2011b), while also supplying
plants with crucial nutrients and promoting plant development (Munnoli et al., 2010a,
2010b). The nitrogen, phosphorus, and potassium content of potting soil treated with
astandard inorganic fertilizer and various composts is reported by Atiyeh et al. (2000)
(Fig. 1).

In addition, vermicast’s abilities as a pesticide are the subject of an increasing
corpus of research. Many diseases, such as damping-off (Pythium, Rhizoctonia),
root rot (Phytophthora), sugar beet cyst nematode (Heterodera schachtii), as well
as pests including aphids, mealybugs, cucumber beetles, and tobacco hornworms,
have been proven to be considerably suppressed by adding vermicast to growth media
(Moledor, 2014). Vermicompost can increase the marketable fruit production by up to
58.6%, according to another study that examined the reduction in albinism, damage,
deformity, and Botrytis rot signs in strawberries (Singh et al., 2008). Vermicast is
effectively a two-in-one soil supplement since it has both fertilizer and insecticidal
qualities.
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Fig. 1 Nitrogen, phosphorus, and potassium content of potting soil treated with a standard inorganic
fertilizer and various composts

9 The Role of Vermitechnology in Agriculture

Composting is a long-standing agricultural practice that dates back to the existence
of the first man, as food for the soil. Compost is an organic mass produced from
organic waste like vegetable scraps, food waste, slaughterhouse waste, green waste,
and human waste. It is an effective alternative to synthetic fertilizers and helps to
improve soil structure and reduce erosion. The use of compost by farmers reduces
their environmental impact and helps to preserve soil health and ensure sustainable
agriculture for future generations, hence the use of Vermitechnology (Kamboj et al.,
2022). Vermitechnology is the ability of earthworms to convert organic waste into
high-quality compost, which serves as fertilizer for crops. This process helps reduce
waste and improve soil fertility, promoting sustainable agriculture (Gopi, 2017).
Vermitechnology is an environmentally friendly technology that utilizes earthworms
to convert waste into valuable resources. It is a sustainable solution to managing
waste, as it not only reduces the amount of waste in the environment but also produces
a beneficial product in the form of compost. This technology has gained attention
globally due to its potential to create wealth from waste while benefiting the envi-
ronment and increasing microbial activity (Singh et al., 2022). According to Gopi
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(2017), vermitechnology is a term that canopies several categories such as vermire-
mediation, vermifiltration, vermiculture, vermiprotection, vermicomposting, vermi-
agro production and vermiproduction. There are two pillars into which all these
categories are subclassified: vermicomposting and vermiculture.

Vermitechnology is incomplete without the invertebrate giants in the soil, the
earthworms. Earthworms are distributed all over the world and play a very important
role in soil diversity. Earthworms stimulate soil health by breaking down organic
matter, improving soil structure and fertility, and increasing soil moisture reten-
tion through burrowing and excretion of castings (Ansari & Ismail, 2012). There
are important factors that influence the use of earthworms in vermitechnology. The
ecological strata, pH, organic matter, moisture, soil texture, and temperature all play
a crucial role in the growth and survival of earthworms. These factors have to be
observed to ensure a successful vermitechnology setup (Ansari & Ismail, 2012).

10 Vermitechnology in Agriculture

The excessive use of chemical fertilizers and pesticides has caused significant envi-
ronmental harm, including water and land pollution. These chemicals can leach into
waterways and soil, causing damage to wildlife and potentially affecting human
health. Additionally, the overreliance on chemical fertilizers and pesticides can lead
to soil degradation and reduce soil fertility over time, making it even more difficult
for plants to grow. Therefore, finding sustainable alternatives, such as vermitech-
nology, which uses earthworms to improve soil health and fertility, is beneficial
for the long-term health of the environment. Vermiculture and vermicomposting
are emerging technologies that are gaining popularity for sustainable agriculture.
Vermiculture is the breeding and cultivation of earthworms, while vermicomposting
is the application of earthworms to break down organic matter into compost. Both
vermiculture and vermicomposting are part of the broader field of vermitechnology,
which encompasses the utilization of earthworms in various applications related to
agriculture. Vermicomposting is a sustainable alternative to traditional composting
methods. It can be done on a small scale and has several environmental benefits,
such as reducing waste, improving soil health, and reducing greenhouse gas emis-
sions (Bhagat et al., 2022; Kamboj et al., 2022). Vermiculture and vermicomposting
technology promote sustainable agriculture and serve as a source of job creation.
The wastewater produced during vermiculture, also known as vermiwash, can be
filtered and used as a foliar spray (Sharma et al., 2009). This process provides addi-
tional benefits to the plants, such as improved growth and increased resistance to
pests and diseases, and also creates new employment opportunities in the produc-
tion and application of vermiwash. By promoting sustainable agriculture practices,
vermitechnology can promote a more environmentally friendly and economically
viable agricultural industry (Aransiola et al., 2022).

Perionyx excavatus, Eisenia fetida, Eudrilus eugeniae, and Metaphire posthuma
are some of the most widely used species of earthworms for vermicomposting due
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to their tolerance to extreme atmospheric conditions. These species can tolerate
high temperatures up to 42 °C and low soil temperatures below 5 °C, making them
well suited for the vermicomposting of organic waste materials. The polyphenol
concentration and carbon-to-nitrogen ratio are also important factors for determining
the palatability of these detritivorous earthworm species. These factors play a crucial
role in the growth and survival of earthworms and must be carefully monitored to
ensure a successful vermicomposting setup (Boruah, 2019).

11 The Role of Vermitechnology in Phytoremediation
of Polluted Soils

In the report of Aransiola et al. (2022), the physical and chemical properties of the
vermicomposts from goat manure and chicken droppings were determined (Fig. 2).
It was reported that vermicasts produced by vermitechnology are rich in carbon and
nitrogen, and could be used as organic fertilizers.

12 Vermitechnology and Environmental Sustainability
and Phytoremediation

Environmental problems today span across a wide range of human and animal activ-
ities. According to Samoraj et al. (2022), there is a meteoric increase in livestock
rearing which has resulted in improper disposal and increased production of animal
waste that can lead to water pollution, affecting the quality of drinking water and
aquatic life. Excessive use of these animal wastes as manure and sewage sludge as
fertilizer can lead to soil contamination and degradation. Hence, the application of
vermitechnology is essential for a sustainable environment. Vermitechnology is key
to improving the landscape quality and restoring the fertility of the soil (Ojuolape
etal., 2015).

13 Latest Insights in Vermitechnology

Vermicomposting conditions such as moisture content, mixing ratio, and turning
frequency play vital role in the production of high-quality vermicompost (Banda
et al., 2023). In the same investigation, municipal sewage sludge amended with
coffee husks and cow dung was found to be an excellent source for the produc-
tion of high-quality vermicompost as an organic fertilizer. Similarly, the chemical
composition of the substrates, the diversity of earthworm species and their stocking
density, and the dilution parameters have a significant impact on the production of
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Fig. 2 Physical and chemical properties of the vermicomposts from goat manure and chicken
droppings

quality vermicompost (Mupambwa et al. 2024). The addition of a bulking agent
greatly improves the conditioning of wastes during vermicomposting (Samal et al.,
2019). Fly ash and human excreta have also been utilized in the vermicompost
technology (Kashyap et al., 2023). Vermicompost having C:N value below 15 is
good for agronomic value (Sethi et al., 2023). Investigations have also reached
the level of detecting microenvironmental conditions for sustainable operation of
vermicomposting (Thirunavukkarasu et al., 2023). In improving agricultural soil
fertility, vermicomposting was treated as a low-cost and environmentally friendly
approach. Thus, vermicomposting is on an increasing trend in agro-food production
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and animal waste management (Bellitiirk & Sundari, 2024). Vermicompost has also
been successfully applied in organic farming (Siddiqui et al., 2022). In analyzing
the effects of different substrates on physicochemical characteristics of vermicom-
post, it was found that compost of horse manure plus cattle manure produced a more
efficient vermicompost than chicken manure plus cattle manure and chicken manure
plus horse manure (Saba et al., 2023). Life cycle assessment and techno-economic
analysis have also been examined for sustainability and greenhouse gas (GHG) emis-
sions in vermicompost technology. Based on these analyses, it has been confirmed
that vermitechnology is a “zero-waste technology” (Chowdhury et al., 2022). Dada
and Balogun have suggested that vermitechnology could be a suitable agrotechno-
logical tool for addressing many agricultural challenges in Africa (Dada & Balogun,
2023). In a recent laboratory- and field-scale experimentation, it was confirmed that
a mixture of vermicompost, biofertilization, and 50% of fertilizer was found to be a
recommended combination for achieving highly efficient soil fertility (Al-Maamori
et al., 2023). Vermibag, vermifiltration, vermi-irrigation, vermiremediation, vermi-
culture (Hajam et al., 2023), and vermiwash (Shakya et al., 2023) are the latest inno-
vations in the field of vermitechnology. Vermicomposting significantly (p < 0.001)
reduced the concentrations of various potentially toxic elements, such as Cu?*, Fe?*,
Pb%*, Cd?*, and Zn2*; this ultimately resulted in improved soil chemical and biolog-
ical properties (e.g., increased the growth of nitrogen-cycle microflora) (Huda et al.,
2023). Nevertheless, methods that readily validate vermitechnology for large-scale
implementation are greatly warranted (Singha & Deka, 2024).

14 Conclusion

Vermitechnology is a good technology that can improve the sustainability of the
global environment. Different types of earthworms play a major role in breaking down
organic wastes to produce useful by-products for sustainable agriculture. In fact,
useful by-products such as vermiwash and vermicast from this technology contain
high nutritional value and can be used as organic fertilizers to improve the plant
growth for food safety and, in turn, repair the damaged landscape when used as
enhancers in polluted soil remediation processes.
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Abstract Vermitechnology is an eco-friendly and a sustainable approach that
utilizes earthworms for waste management and soil improvement. It involves the
use of earthworms to decompose organic matter and convert it into nutrient-rich
vermicompost, which can be used as a natural fertilizer and a soil conditioner.
Vermicomposting has numerous environmental and agricultural benefits, including
reducing waste, enhancing soil fertility, improving plant growth, and reducing chem-
ical fertilizer and pesticide use. Additionally, vermitechnology has been shown to
remediate contaminated soils and wastewater, making it a promising solution to
environmental cleanup efforts. Poorly managed vermicomposting can lead to issues
such as unpleasant odours, pest infestations, and nutrient imbalances. The efficiency
of vermitechnology depends on factors such as the availability of feedstock, the
suitability of earthworm species, and various infrastructural constraints. Large-scale
commercial operations may involve significant costs in terms of infrastructure and
technology, making them less accessible to smallholders and communities. Addi-
tionally, the reliance on earthworms as primary decomposers raises concerns about
potential disruptions to local ecosystems if non-native species are introduced. Careful
consideration of these factors is essential to ensure that vermitechnology initiatives
are sustainable and implemented responsibly. Overall, vermitechnology presents a
promising solution for addressing environmental and agricultural problems, as it
provides a sustainable and an eco-friendly approach to waste management and soil
improvement. Its potential applications in reducing waste, enhancing soil fertility,
and remediating contaminated soils and wastewater make it an important technology
to consider for sustainable development.
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1 Introduction

Scientists have advanced the field of vermitechnology, which explores the potential of
epigeic earthworm species, to gain deeper insights into these organisms. Vermitech-
nology has applications in waste stabilization (both industrial and domestic), organic
farming, and wastewater treatment (Bhattacharya & Kim, 2016; Livinus et al., 2024).
Our farmers are growing better at using sustainable practices and organic fertilizers
to maximize crop yields without negatively impacting the environment. Long-term
crop success depends on continuous work to keep organic matter in the soil (Aran-
siola et al., 2022). When biowaste, especially the organic fraction of municipal solid
waste (MSW), goes through the composting process, it may be used by being added
to the soil. Contributing to the reduction of environmental pollution via recycling the
numerous types of biowaste is a viable option (Ijah et al., 2022; Samal et al., 2019a,
b).

Charles Darwin made groundbreaking contributions to understanding the ecolog-
ical significance of earthworms. In his 1881 publication, The Formation of Vegetable
Mould through the Action of Worms, with Observations on Their Habits, Darwin high-
lighted the crucial role of earthworms in soil formation and the production of humus.
While his research laid the foundation for understanding earthworm ecology, it is
important to note that Darwin’s work preceded the modern concept of vermitech-
nology, which involves the applied use of earthworms for composting and envi-
ronmental management. Since then, vermitechnology has been integrated into the
organic waste management infrastructures of both developing and developed coun-
tries. Its widespread usage in business contexts in both Asia and the Americas has
been documented in several reports. Waste decomposition using vermitechnology,
often known as worm farming, is an aerobic, a nonhaemophilic, a bio-oxidative
process. For this technique to work, earthworms must be present. Created on the
international holiday honouring factories and factories throughout the globe (Hussain
etal., 2018). The purpose of this review was to investigate what variables impact the
use of vermitechnology to address environmental issues.

2 Earthworms and Vermiculture

The term “vermiculture” is used to describe the practice of raising earthworms in
a controlled environment for the benefit of bioremediation, increased soil fertility,
and recycling of organic waste (Ojuolape et al., 2015). The finished product may be
used as vermicompost, a soil amendment rich in nutrients (Vodounnou et al., 2016).
There are more than 3000 species of earthworms in the globe, but only 384 of them
can be found in India. The great majority of worm species do not go into the water
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at any point in their lives. However, other species, like Pontodrilus burmudensis, are
confined to the estuary’s unique aquatic environment. Earthworms may be found in
a variety of environments, including hydrophilic conditions and very cold areas such
as beneath snow, in addition to organic waste products like manure litter and compost
(Byambas et al., 2019; Leena et al., 2023).

Earthworms are saprophages; however, because of their food, they are more accu-
rately classified as detrivores or geophages. Detrivores typically inhabit the soil’s
uppermost layer but may also be found living in the first few centimetres of leaf
litter, dead roots, and other plant detritus. Octochaetona curensis, Perionyx excavates,
Octochaetona serrata, Eisenia fetida, Polypheretima elongate, Lampito mauritii,
and Eudrilus eugeniae are all instances of detrivorous earthworms. Geophage earth-
worms, which live below and subsist by consuming dirt, consume enormous amounts
of soil that is rich in microbial life. Octochaetona thurstoni, E. eugeniae, and
Metaphire posthuma are only a few of the many geophages found in the world
(Byambas et al., 2019; Zhong et al., 2023).

Earthworms are reared in climate-controlled environments away from direct
sunlight and wet conditions to extend their lives (Dominguez, 2018; Leena et al.,
2023). Culturing earthworms requires a container with a large enough volume to
hold 100-500 worms for a period of 6—8 weeks (wooden boxes, cement tanks, plastic
trays, or earthen pots with tiny holes in the bottom to allow excess water outflow
work well). Around 3—4 cm of wet sawdust or shredded coconut coir at the very
bottom of the bed should be put. Feed, such as cow or chicken dung or grass clip-
pings, would be added around 5-6 inches higher (Dominguez, 2018). Worms break
down a portion of the excrement from cattle, allowing room for the simple addition
of other organic waste (Bart et al., 2018). An ideal moisture level may be maintained
by watering regularly. To keep the contents within the container, a wet jute bag works
wonders. This makes the surroundings dark, which is beneficial for worms since it
discourages predators. Furthermore, it keeps humidity in, controls temperature, and
permits enough ventilation (Musyoka et al., 2019). When the garbage has decom-
posed enough, a granular black substance will form at the bottom of the container,
where the worms will have begun to congregate. The odourless compost on top
is then scraped off and dried in the shade. Earthworms feast on organic garbage
that is high in nitrogen (Xu et al., 2021; Zhong et al., 2023). Microbes may find it
simple to get nourishment from animal faeces and other partly decomposed mate-
rials. Earthworms perform an excellent job of decomposing garbage and organizing
the compost they produce. Municipal solid trash includes garbage generated from
places like restaurants, butcheries, gardens, sugar refineries, dairies, cities, towns,
breweries, distilleries, and hatcheries (Xu et al., 2021).
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3 The Life Cycle of Earthworm

An egg is the first stage of an earthworm’s life cycle. The earthworm goes through
a period of development before it emerges from its egg. The cocoon acts as a shell
for the egg. However, certain members of the family Lumbricidae, often known as
cocoon worms, lay as many as 20 eggs in each cocoon, whereas most earthworm
species lay only one egg (Bondhare & Desai, 2019). Although most cocoons take on
a “lemon” shape, the precise shape may vary from species to species. Species and
environmental conditions, among others, considerably affect how long it takes for
an egg to hatch. Cocoons of certain species may “wait out” painful, dry conditions
in the soil, whereas cocoons of other species may hatch more rapidly in warmer
temperatures (Adeel et al., 2021; Wang et al., 2023). Baby earthworms seem like
little, whitish replicas of their parents. Potworms (Enchytraeidae) are a family of
tiny, segmented worms that are sometimes mistaken for these. As it matures and
gains weight, the earthworm nymph will eventually assume the adult worm’s colour
pattern. Juvenile earthworms lack a saddle (or clitellum), which is the sole defining
characteristic of their adult counterparts (Casquero et al., 2020; Leena et al., 2023).
Saddles on the backs of adult earthworms indicate that they have reached sexual
maturity. Earthworms are considered hermaphrodites because they have both male
and female reproductive organs.

When two earthworms find each other, they engage in temporary pairing for
reproduction rather than forming permanent bonds. During mating, earthworms align
ventrally and exchange sperm, facilitated by their clitella (not jaws or a slime tunnel).
The exchanged sperm is stored in special receptacles and used later for fertilization. A
cocoon is eventually formed by the clitellum, where the sperm and eggs are deposited
for fertilization, ensuring the continuation of their lifecycle. Due to their capacity
to act as both male and female during reproduction, all earthworms are classified
as simultaneous hermaphrodites. After this sperm exchange, the earthworms begin
to split apart (Adeel et al., 2021). As the earthworm travels, the mucus-encased
clitellum s carried along its body and finally discharged by its tail. Eggs and sperm are
collected from male earthworms as they move. The mucous covering that nourishes
the fertilized egg is what shields it within the cocoon (Casquero et al., 2020). Figure 1
displays an earthworm’s life cycle stages and anatomy.

4 Vermitechnology of Potential Uses

4.1 Worm Composting

Organic waste is one kind of garbage that may be broken down by microbes. Earth-
worms are used in the vermicomposting process, which gradually breaks down
organic waste into a humus-like, black, odourless material (Samal et al., 2018). In
the process of vermicomposting, several different types of heat and greenhouse gas
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Fig. 1 Earthworm’s life cycle stages and anatomy

(GHG) emissions are emitted into the air. Compared to raw materials, the particles
in vermicompost are much smaller. In vermiculture, earthworms are provided with
an abundance of plant and animal matter to ensure their health and development (Xie
etal.,2016). Worm composting is a viable option for the management of both sewage
sludge and industrial sludge. Earthworms, given the right circumstances (moisture,
temperature, and pH), will excrete a homogeneous material known as cast or vermi-
cast, which is the result of the organic stuff they have digested. Vermicast has a high
moisture retention rate and a high concentration of beneficial microorganisms, nutri-
ents, and ionic compounds (Aransiola et al., 2024; Singh et al., 2018). The practice of
worm composting may be done on a small or large scale. Several physical, chemical,
and biological indicators may be used to determine whether vermicompost is ready
for use. Maturity may be assessed by a wide variety of instrumental means. Different
approaches and parameters are employed to establish a “vermicompost readiness”
state, as shown in Fig. 2.

4.1.1 Worms for Vermicomposting
The most critical aspect of vermitechnology is selecting the appropriate earthworm

species for vermicomposting. This variety in earthworm species means that vermi-
compost produced by these worms may have a broad range of nutrient profiles. The
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Fig. 2 Methods used to determine the maturity of vermicompost

ability of several detritivorous earthworm species to vermicompost has been the
subject of several studies (Singh et al., 2020a, 2020b; Thakur et al., 2021; Vukovi¢
et al., 2021; Zhong et al., 2023). Eisenia fetida, M. posthuman, E. eugeniae, and P.
excavates were shown to have the highest endurance to a wide variety of atmospheric
conditions compared to other earthworm species. Thus, these worms are the most
liked for use in vermicomposting. They can survive in temperatures as low as — 5 °C
below the earth and as high as 42 °C above it. Detritivorous earthworm species place
a high value on a high polyphenol content and low carbon to nitrogen ratio.

4.1.2 Advantages of Vermicomposting

Earthworm compost’s primary selling point is the fact that it is made entirely of
natural materials. Fast decomposition of waste into a nutrient-rich soil amendment
that plants may utilize to flourish is possible thanks to earthworms (Aransiola et al.,
2022; Bellitiirk, 2018; Wang et al., 2023). This means that the final product of a
vermicomposting operation is a plant aid that is naturally prepared and has numerous
applications. The nutrients in earthworm compost are rapidly absorbed by plant roots,
which is the most notable advantage. Worm mucus included in vermicompost makes
it difficult to remove like chemical fertilizers (Leena et al., 2023; Yuvaraj etal., 2021).

Incorporating worms into the composting process results in a greater diversity of
soil microorganisms and bacteria. A plant’s resistance to disease and some pests may
be boosted by these variables. An increase in the number of birds in a region may
aid in pest management for plants if more beneficial microorganisms are present
(Yuvaraj et al., 2021). It is the plant growth hormones in vermicompost that give
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plants a boost. It improves crop yields, speeds up plant development, and facilitates
seed germination (Yuvaraj et al., 2021; Zhong et al., 2023). Because of its colloid
status, vermicompost is capable of retaining nine times its weight in water. This
may be especially important during drought. This slow evaporation occurs because
the water is kept in the organic matter, making it available to the plants even as it
evaporates (Coulibaly et al., 2018). Vermicomposting has the potential to provide
those who are economically disadvantaged with an income if it is done correctly
(Coulibaly et al., 2018; Leena et al., 2023).

4.2 Biodegradation and Vermitechnology for Environmental
Cleanup

The adoption of new agricultural techniques has greatly reduced once-thriving
ecosystems and animal populations. Using living organisms, the method of bioreme-
diation restores polluted or otherwise damaged land. Using biological approaches
to revive degraded land improves its fertility. Earthworms can tolerate and even
bioaccumulate a wide range of chemical soil contaminants, including metals
and organic pollutants (Aransiola et al., 2022). A variety of earthworm species,
including Eiseniella fetida, E. tetraedra, Lumbricus terrestris, Lumbricus rubellus,
and Allolobophora chlorotica, have been shown to remove a variety of contam-
inants from soil, including heavy metals (Cd, Pb, Cu, Hg, etc.), pesticides, and
lipophilic organic micropollutants like polycyclic aromatic hydrocarbons (PAHs)
(Chowdhury et al., 2022a, 2022b). Vermiremediation has the potential to be a low-
cost and ecologically beneficial method for cleaning up polluted soils and locations
(Fig. 3).

4.2.1 Heavy Metal

Toxic heavy metals are a major concern in sewage sludge, which endangers human
health. Densities of heavy metals range from around 5.5 to 6.6 g/cm® (Aransiola
et al., 2013; Bhat et al., 2017; Ijah et al., 2015). Sewage sludge’s heavy metal
content varies greatly by industry. Sewage from cities contains significant quantities
of many elements, including aluminium, iron, zinc, copper, and chromium. Several
species of earthworms are capable of detoxifying the soil of heavy metals, pesticides,
and lipophilic organic micropollutants, including polycyclic aromatic hydrocar-
bons (PAHSs). Aporrectodea tuberculata, Eiseniella fetida, L. rubellus, Dendrobaena
rubida, Eiseniellate, L. terrestris are only a few examples (Singh et al., 2020a,
2020b). Bioaccumulation of copper (Cu) and zinc (Zn) in E. fetida was analysed
after 10 weeks of testing by Sharma et al. (2009), concerning Malley et al. (2012).
Earthworms improve plant nutrient availability and soil pH, both of which may
reduce heavy metal availability. As aresult, earthworms play a critical role in lowering
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soluble and transportable heavy metal concentrations in soil (Siddiqui et al., 2022).
Given that certain earthworm species are known to be potential heavy metal accu-
mulators, the vermicomposting technique’s shown efficacy in lowering the toxicity
of industrial and municipal wastes is particularly important. Similar to how intro-
duced species have had to adjust to new conditions, native creatures have had to do
the same (Yuvaraj et al., 2020). In environments where metals (Pb and Zn) pose a
concern, L. mauritii excels because of its ability to metabolize electrophilic xenobi-
otics. Bioconversion efficiency of Eisenia andrei applied to a mixture of paper mill
waste and primary sewage sludge. Recent research has shown that earthworms like
L. terrestris and E. fetida may increase both microbial activity and oil breakdown
(Roy et al., 2022a, 2022b). In addition, earthworms of the species E. fetida have
been employed as a test organism for many different kinds of poisons. In contrast
to L. terrestris, which can only tolerate concentrations of up to 0.5% crude oil,
some sources suggest that E. fetida can tolerate concentrations of up to 1.5% (Roy
et al., 2022a, 2022b). E. fetida improves the rate at which PAHs are eliminated. It is
exciting to see a novel approach to wastewater treatment, like vermifiltration, which
employs earthworms for the job. Due to the general mechanism of “ingestion” and
biodegradation of organic wastes, heavy metals, and solids from wastewater, as well
as “absorption” through body walls, earthworms function as a “biofilter,” removing
90% of the biochemical oxygen demand (BOD) after 5 days, 80% of the COD, 90%
of the total dissolved solids (TDS), and 90% of the total suspended solids (TSS)
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from wastewater. Earthworms are a useful “bioindicator” for detecting heavy metal
pollution in soil since they have been shown to have many more of these elements
than worms taken from other areas (Yuvaraj et al., 2020).

4.2.2 Bioaccumulation of Pesticides

Earthworms have been shown to accumulate large levels of pesticides and metals in
their tissues, although they can withstand a wide range of these toxins. They serve
as a soil detoxifier while also preventing the spread of illnesses that may be taken up
from the ground. Earthworms are effective in cleaning polluted soil of a wide variety
of contaminants, including hydrocarbons and the more stable polycyclic aromatic
hydrocarbon (PAH) benzo(a)pyrene. After just one application, the pesticide aldrin
was still present in the soil at over 34% concentration 5 years later. Ingestion and/or
degradation of “organochlorine pesticides” and “polycyclic aromatic hydrocarbons”
(PAHs) by earthworms has been established in several investigations (Chauhan &
Punia, 2022). In approximately 12 weeks, with a loading rate of around 50 worms
per kilogram of soil, 60-65% of the most abundant PAHs were eliminated. Vermire-
mediation dramatically improves soil and water quality. A significant increase in
earthworm population is one of vermiremediation’s most notable advantages to the
soil (Zeb et al., 2020).

4.3 Vermitechnology as a Source of Nutrients for Fish
and Poultry Feed Production

Earthworms are a good source of protein for a variety of animals, including chickens,
pigs, rabbits, and the aquarium fish Poecilia reticulata. The use of vermitechnology—
a safe organic manure that enhances both the pond’s substrate and water quality—
allows for the organic cultivation of aqua crops in a natural setting (Nalunga et al.,
2021). According to common nutritional assessments, the protein content of E. fetida
meal is rather high, ranging from 54.6 to 71.0% dry matter. Worm castings from the
earthworm species E. fetida are a potential protein source for animals, with a dry
matter protein level of 7.9%. Worm body fluid has high concentrations of protein
(9.4%), vitamins, and minerals (particularly iron). With well-managed vermiculture,
fish meal can be supplemented with worm protein, and the need for animal protein
can be evaluated (Parolini et al., 2020). Worms have also been a source of food for
Maoris in New Zealand and Papua New Guinea (Bhuvaneshwaran et al., 2019).
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4.4 Vermitechnology for Improvement of Soil Fertility

Earthworms play a crucial role in boosting soil fertility. They not only help break up
the soil and spread it around, but also bring oxygen to the ground. When an earthworm
dies, it releases into the soil a cocktail of nutrients (N and P) and the millions of benefi-
cial microorganisms (including nitrogen fixers) that dwell in its digestive system. It is
true that both soil acidity and alkalinity may be neutralized by earthworms (Ahmed &
Al-Mutairi, 2022). Through vermicomposting, nitrogen-fixing bacteria and actino-
mycetes may proliferate. The enzymes in earthworm vermicastings continue to break
down organic materials in the soil, releasing nutrients that may then be absorbed by
plant roots, even after earthworms have been removed (Siddiqui et al., 2022). The
lignocellulolytic enzymes in vermicompost include glucose oxidase, phosphatase,
and urease. Plant growth hormones and humic acids have been detected in vermi-
compost, which may explain why it improved germination, growth, and yields in test
plots (Cheng et al., 2021). After microbial inoculation, the vermicomposting process
significantly enhances the humic acid concentration and acid phosphatase activity
of organic substrates (Iwai & Kruapukee, 2017). When pig dung vermicompost was
introduced to the germination circumstances, the tomato and marigold plants had
increased shoot and root weight, leaf area, and shoot to root ratios (Ansari et al.,
2016).

4.5 Factors that Influence Vermitechnology

Multiple abiotic and biotic elements interact to determine the effectiveness of the
vermicomposting process. Some are discussed below.

4.5.1 Abiotic Components

The moisture content, pH, aeration, feed quality, light, temperature, and C to N ratio
are all highly essential abiotic elements that impact the vermicomposting process.
Earthworms and other microorganisms in a vermicomposting system cannot do their
jobs without a certain level of moisture, so that is another factor to consider. The
blood capillaries at the skin’s surface should be adequately moistened so that they
may function properly while breathing (Ahmed et al., 2023). Earthworm activity
may be used as a barometer for whether or not the soil is wet enough. Because
earthworm activity increases with moisture, it is important to prevent the soil from
drying out. The amount of moisture in the air is different for different species and
different regions of the world. Earthworms have developed a variety of strategies to
survive in arid environments, including underground migration, hibernation, and the
formation of cocoons that may withstand the effects of dryness (Ahmed et al., 2023).
For optimal results in vermicomposting, moisture levels should be between 60 and
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80% (Roy et al., 2022a, 2022b). Physical and chemical changes in feed supplies may
lead to subtle shifts in moisture content; even a 5% shift can have a major impact on
clitellum growth in E. fetida worms (Wang et al., 2023).

An environment with a pH between 5.5 and 8.5 is ideal for microbial and earth-
worm life. Nonetheless, a pH of 7.0-7.4 is optimal (Chowdhury et al., 2022a,
2022b). During vermicomposting, there are dramatic changes in the pH value of feed
substrates. Early on in the vermicomposting process, the pH of the feed substrate is
low. The carbon dioxide and volatile fatty acids produced early on in the vermicom-
posting process are the cause of this. Gradually, when CO; is produced and volatile
fatty acids are used, the pH rises (Lim et al., 2022).

The earthworm’s environment has a significant impact on their ability to repro-
duce, behave, metabolize, develop, and breathe. In certain cases, temperatures
exceeding a specific threshold may be fatal for earthworms. If given the choice
between wet and warm or dry or dry and warm, earthworms would choose the
former (Al-Maliki et al., 2021). It is between 12 and 28 °C that earthworms flourish.
If temperatures continue to rise, earthworm activity will decrease dramatically. The
optimum range for indoor temperatures is between 15 and 30 °C year-round (Ismail
et al., 2022). Lower temperatures prevent earthworms from reproducing and slow
their metabolic rate. Earthworms are cold-blooded creatures, and they cease feeding
when the temperature drops below a certain point. Above 35 °C, earthworms’
metabolic activity and reproductive ability begin to diminish, and they eventually
die (Al-Maliki et al., 2021).

Feed quality is essential for the earthworm vermicomposting process. When it
comes to diet, earthworms seem to have a wide range of capabilities. This is due to
a variety of variables, including the food’s degree of breakdown, its C to N ratio,
its particle size, and its salt concentration (Vos et al., 2019). Worms will decompose
more quickly if their feed excrement consists of particles no bigger than a dime.
Worms can digest the trash because the tiny particle size of the feed waste allows
for enough oxygenation throughout the mound of garbage (Patwa et al., 2020). A
worm’s daily caloric intake is, on average, between 100 and 300 mg per gram of
body weight. Live microbes, decaying organic matter, and dead macrofauna all offer
food for earthworms (Javed & Hashmi, 2021).

Earthworms thrive in oxygen-rich environments; hence, ventilation is crucial for
the vermicomposting process. Oxygen consumption by earthworms serves a micro-
bial function; oxygen concentrations are also correlated with substrate temperatures.
Vermicomposting systems can be negatively impacted by a continuous supply of
moisture due to poor aeration and the resulting reduced oxygen availability for the
worms. When earthworms move around in their bedding, they create micro-vents
that help oxygenate the soil. There have been reports of large-scale migrations of E.
fetida from areas where oxygen levels are low, water is saturated, or carbon dioxide
or hydrogen sulfide has built up (Kaur, 2020).

The carbon-to-nitrogen (C:N) ratio in their food sources also has an impact on
earthworm development and reproduction (Biruntha et al., 2020). Worm growth and
reproduction rates are increased by feed materials with a higher carbon-to-nitrogen
(C:N) ratio. A high or low C:N ratio slows down waste degradation. Plants need a
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C:N ratio between 25 and 20 to 1 to absorb mineral nitrogen (Samal et al., 2019,
b). Neither earthworms nor any other invertebrate can make it in ammonia- and
salt-rich organic wastes. In the same way that humans are sensitive to salts, worms
prefer low-salt diets (less than 0.5% salt). However, many types of manures have
high salt contents, so they must be leached before being used as bedding. This is
done by simply running water through the material for a while, which reduces the
salt content (Kaur, 2020).

Deposition of acid rain, biphenyls, polychlorinated biphenyls, heavy metals, and
pesticides are all examples of agricultural chemicals that can harm soil quality. These
chemicals have direct effects on earthworm abundance and distribution when present
in soil, reducing earthworm productivity, activity, and ultimately death. As stated by
Al-Maliki et al. (2021), large-scale contact with pesticides in action, even in deep
soil, is lethal to earthworms regardless of the form or rates of pesticide usage, the
earthworm’s age, species, or the prevailing environmental conditions (Edwards &
Arancon, 2022). Earthworms are particularly susceptible to the toxicity of fungicides
and insecticides. However, pesticides are typically applied after canopy closure to
keep the chemicals away from the earthworms. It is safe to eat or drink from treated
plants or soil until the next rainstorm, but dumping contaminated plant matter onto
the ground can be harmful to humans and animals. The increasing use of copper-
based fungicides, which are known to be toxic to earthworms, poses a threat to organic
farmers. Copper-based fungicides, widely used in organic farming, might be resistant
to the nematodes that normally eat them (Ahmed & Al-Mutairi, 2022). The fact that
copper oxychloride was directly toxic to earthworms in South African vineyards
suggested that copper might accumulate in earthworms. If we compare a control plot
where no herbicides were used to one where paraquat was used at the commercial
dose, we find that paraquat significantly reduces cast formation. Before planting or
the emergence of weeds and plants, herbicide treatments are applied to the soil’s
surface to discourage anecdotal and epiges feeding on surface litter. Determining the
toxicity of pesticides to earthworms is challenging in laboratory studies due to the
low success rates, such as the use of pesticides in the field, compared to the toxic
levels used in laboratory studies. Under normal field conditions, standard application
rates rarely result in fatal effects. However, a sublethal effect on reproduction and
growth may occur depending on the earthworm species and the product used (Ahmed
etal., 2022).

The soil type is a factor in how much of an effect earthworms have on popula-
tion growth and distribution. Earthworm populations are influenced by soil texture
because of the role that texture plays in regulating soil hydration, nutrient avail-
ability, and cation exchange capacity (cation exchange capacity). There are more
earthworms in soils with a light to medium texture, such as loam than in those
with a heavy to medium texture, such as hard clay, sandy, or alluvial soils (Nazeer &
Al-Mutairi, 2022). Furthermore, the total number of A. squirreli, Aporrectodea calig-
inosa, Amblyeleotris rosea, and Amblyeleotris trapezoids was found to be correlated
with the clay content of the soil over a week. Among these species, however, A. caligi-
nosa displayed the most strikingly positive correlation with the clay (Al-Maliki et al.,
2021).
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Fertilizer Effect

Inorganic fertilizers have varying effects on earthworms depending on where you
look. There is some debate over whether or not earthworms benefit from the use
of inorganic fertilizers. Inorganic fertilizers alter the soil’s pH and cause a change
in plant diversity and yield when applied. One way in which chemical fertilizers
affect earthworm populations is by lowering pH, but they can also increase earth-
worm populations by boosting plant growth. It was discovered that the number of
earthworms in pasture increased by a factor of four after being treated with super-
phosphate and lime (Al-Maliki et al., 2021). Many kinds of earthworms prefer soils
high in calcium and avoid those low in pH, another reason why lime is helpful. Grass
plots have seen fewer earthworms after being fertilized with superphosphate fertil-
izers. Additionally, nitrogenous fertilizers can cause a large number of earthworms
to congregate. The increased grass yield that followed the widespread application
of nitro chalk to a variety of pastures was accompanied by a corresponding increase
in earthworm populations. Furthermore, as the amount of nitrogen in arable land
increases with chemical fertilizers, the number of earthworms increases as well.
Due to the additional nutrition provided by organic manures, earthworm popula-
tions flourish, making crop residues more enticing to earthworms that prefer a high
carbon-to-nitrogen ratio in their diet (Al-Maliki et al., 2021).

Constituents of a Biological Nature

Microorganisms, enzymes, earthworm stocking density, etc. are all examples of biotic
factors that can affect the vermicomposting process. The earthworm population, that
is, stocking density, is affected by a variety of factors during vermicomposting,
including reproduction, feeding, respiration, and burrowing. The waste composi-
tion of those components that undergo vermicomposting is greatly influenced by the
microorganisms present in the process. In the process of vermicomposting, organic
matter is stabilized by earthworms and microorganisms through a mutualistic interac-
tion (Ahmed et al., 2022; Musa et al., 2021). Earthworms consume fungi with organic
substrates to fulfil their protein or nitrogen requirement, fungal population in earth-
worm casts was almost equal to or higher than that of initial substrates. Both complex
substances and biologically active substances are synthesized by the microorganisms,
making them available to the plants (Verma et al., 2022). By grazing microorgan-
isms and the surrounding area vulnerable to microbial attacks after organic matter is
comminuted, earthworms can influence the actions of microbial decomposers. Some-
times, earthworms will eat microorganisms because they are easy to digest. Different
worm species, food substrates, and the presence of an ecosystem in which they reside
can have a significant impact on the amounts and types of food that earthworms can
assimilate (Ahmed & Al-Mutairi, 2022).

Biochemical conversion of proteinaceous and cellulosic materials occurs rapidly
due to the worms’ stimulation of enzymes in their gizzard and intestine (Sanchez-
Hernandez et al., 2019). The most common enzymes required in vermicomposting
are cellulases, amidohydrolase, proteases, urease, B-glucosidases, and phosphatases
(Debnath, 2018). The intensity of microbial metabolism in soil can be understood by
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measuring enzyme activities, which are commonly used as indicators of microbial
activity. In addition to catalysing many different metabolic processes, they degrade
and detoxify many different pollutants (Cui et al., 2021).

The current status of earthworms and the environments in which they live are as
follows: There are about 3320 different species of earthworms in the world. While
there are approximately 590 species of earthworms, each with their ecological pref-
erences, little is known about the functional role of many of these species or how
they affect their environment (Ashwood et al., 2019). Earthworms come in a wide
variety of sizes, shapes, colours, and shapes, and they live for varying amounts of time
depending on species. In general, the physicochemical properties of soils affect the
distribution of earthworms. Examples include carbon and nitrogen content, temper-
ature, moisture, and the carbon-to-nitrogen ratio. Most species of earthworms thrive
in soil with 12-34% moisture, 10-35-0 °C, a pH of 7, and a C:N ratio of 2-8. It is
uncommon to find earthworms in soil that has a very rough texture and a high clay
content or in soil that has a pH (Edwards & Arancon, 2022).

Measures to Ensure Food/Feed Quality

Maintaining high food and feed quality through vermitechnology requires the imple-
mentation of specific measures. First, the quality of feedstock is critical. Selecting
organic waste materials with optimal characteristics, such as an ideal carbon-to-
nitrogen (C:N) ratio, minimal salinity, and appropriate particle sizes, ensures effi-
cient vermicomposting and supports a healthy earthworm population. Additionally,
the choice of earthworm species is crucial. Species like red wigglers (E. fetida) and
white worms (Enchytraeus albidus) are well suited for converting organic matter
into nutrient-rich vermicompost.

Environmental conditions must also be carefully controlled. Temperature should
be maintained within the optimal range of 10-30 °C to support earthworm survival
and activity. Moisture levels are equally important, with an ideal content of around
60%, facilitating earthworm reproduction, efficient composting, and proper nutrient
leaching. pH levels should remain between 5.5 and 8.5, preferably close to neutral,
to optimize earthworm activity and microbial processes. Furthermore, adequate
aeration must be provided to prevent anaerobic conditions, which are harmful to
earthworms and can slow down vermicomposting.

Nutrient management is another essential aspect. Supplementing feedstock with
essential macronutrients and micronutrients ensures the production of vermicompost
rich in nitrogen, phosphorus, potassium, calcium, magnesium, and trace elements.
Harvesting should occur when the vermicompost has matured, as indicated by
reduced moisture content, the absence of visible earthworms, and a distinct earthy
smell. Finally, the application of vermicompost should align with its composition
and the specific nutrient requirements of target crops to achieve optimal results.
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5 Conclusion

There are many different types of organic-rich solid and liquid waste, and vermicom-
posting technology has been proven to be an effective and environmentally friendly
way to deal with these materials. The symbiotic and synergistic activity of earth-
worms and microorganisms degrades all organic pollutants and converts them to
beneficial byproducts. The proper disposal of garbage is becoming a pressing issue.
Waste management is one area where vermitechnology can be used as an alternate
method. Vermicomposting is a process that can be used to create beneficial goods
like earthworm biomass and vermicompost from a variety of organic solid wastes.
The biomass produced by earthworms could be used in a wide variety of contexts.
Making and managing large-scale worm cultures and collecting waste for vermicom-
post production are two promising cottage industries for developing countries. Since
vermiculture and vermicomposting can be used for a variety of purposes besides
just enhancing soil quality and crop productivity, they have a lot of untapped poten-
tial in developing countries that are still relying on traditional farming techniques.
The widespread adoption of vermitechnology has the potential to boost employment
opportunities and accelerate the rate at which the labour market expands.
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Abstract Vermitechnology offers a practical and sustainable solution for managing
organic waste while contributing to agricultural productivity and environmental
conservation. This technique leverages the transformative capabilities of earthworms
to convert organic waste into valuable resources. This method reduces landfill waste,
eliminates harmful pathogens, and improves soil health. It also supports industries
like food production, brewing, and textiles by turning their organic waste into valu-
able fertilizers and soil conditioners. This study explores the potential of vermitech-
nology to address environmental, economic, and social challenges. It highlights the
role of this approach in recycling waste, enriching soil, and reducing the need for
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1 Introduction

Large quantities of organic waste are generated by human and animal activities,
and the by-products of their decomposition significantly affect the quality of water,
soil, and air. Due to the presence of diverse pathogenic bacteria, biosolid wastes are
highly infectious (Law et al., 2021). When these wastes are improperly disposed of
in the environment, they not only pose serious health and environmental risks but
also contribute to the spread of antimicrobial resistance (AMR) by facilitating the
proliferation of antibiotic-resistant bacteria and resistance genes in soil and water
systems, which is a major public health concern (Oluwarinde et al., 2024). Such
wastes also alter soil properties, including water-holding capacity, pH, conductivity,
bulk density, and organic carbon levels (Tohumcu et al., 2023).

Effectively managing biosolid wastes is essential for maintaining a healthy envi-
ronment and improving soil quality, which in turn boosts primary productivity.
Composting is widely recognized as a safe and efficient method for recycling organic
wastes, as the direct application of unstabilized waste can be both harmful and
pathogenic (Butler et al., 2001). Composting involves the biological transforma-
tion of organic waste into stabilized products under aerobic conditions. This process
results in the mineralization of organic matter into carbon dioxide and the formation
of humic compounds (Senesi et al., 2007).

In Indian towns, solid waste is a major contributor to environmental problems,
particularly during the rainy season when it obstructs water flow (Kumar & Henock,
2015). Several techniques, including composting, solid waste management, gasifi-
cation, incineration, and waste-to-energy conversion, are used to address this issue.
Organic waste can also be processed into vermicompost, which serves as a valu-
able fertilizer with significant economic potential (Dey Chowdhury et al., 2023). For
instance, Eudrilus sp. has been shown to transform household waste such as paper,
food, garden leaves, and vegetables into nutrient-rich vermicompost containing
beneficial microbial communities, including fungi, bacteria, actinomycetes, pseu-
domonads, nitrogen fixers, and phosphate solubilizers (Sequeira & Chandrashekar,
2015).

Synthetic chemical misuse negatively impacts nontarget organisms, disrupting
agroecosystem. A’ali et al. (2017) demonstrated that agricultural waste materials,
such as pomegranate peels, sheep manure, sugar beet pulp, sawdust, and chopped
corn can be used to create vermibeds. The resulting compost improved soil properties,
including pH, electrical conductivity, and nutrient content (NPK), and served as an
effective fertilizer.

During vermicomposting, earthworms interact closely with microorganisms in
the decomposer community to accelerate the decomposition of organic waste (Khan
et al., 2024). This bio-oxidative process stabilizes the waste, resulting in altered
physical and biochemical properties. Unlike traditional composting, vermicom-
posting relies on the earthworms’ digestive systems to break down organic mate-
rial, producing nutrient-rich casts that enhance soil fertility and improve its physical
characteristics.
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Through physical and biological activity, earthworms actively decompose organic
matter. Physically, they fragment the organic material, increasing its surface area and
aeration, which facilitates microbial activity (Ojuolape et al., 2015; Rakkini et al.,
2017). Biologically, microbes carry out biochemical changes, breaking down organic
matter through enzymatic digestion, enriching it with nitrogen, and transporting
essential organic and inorganic elements.

Earthworms significantly contribute to recycling organic waste and producing
high-humic-content organic manure. This manure improves soil structure, aeration,
and fertility, offering advantages over conventional fertilizers (Bhunia et al., 2021).
Unlike regular fertilizers, humic acid fertilizer contains bioactive compounds that
promote yield, growth, seed germination, and overall plant health. These fertilizers
also help crops resist drought, cold stress, pathogenic bacteria, insect pests, and
soil-borne diseases (Rakkini et al., 2017). Hence, this chapter gives an overview
of the vermicomposting process using various earthworm species, highlighting its
ecological and economic importance.

2 Historical Background of Vermitechnology

Vermitechnology is an important aspect of biotechnology involving the conversion
of various types of organic waste into valuable resources using earthworms. It is
one of the latest approaches that produces biofertilizers, such as vermicompost, for
agricultural uses and high-quality protein from earthworm biomass to supplement
the nutritional and energy needs of animals, all at a faster rate (Singh & Kothyari,
2019).

The vermicomposting process involves the degradation of organic waste by earth-
worms and the microorganisms in their environment (Huang et al., 2020). Earth-
worms consume a mixture of organic materials, such as food scraps, yard waste,
and paper, breaking them down through a combination of mechanical and enzy-
matic processes. Their digestive systems introduce beneficial microorganisms into
the mixture, which further degrade the organic matter.

The end product of the vermicomposting process is a nutrient-rich soil amendment
containing high levels of organic matter, nitrogen, phosphorus, and potassium (Huang
et al., 2020). This vermicompost also harbors beneficial microorganisms that can
improve soil structure, water-holding capacity, and plant growth. Vermicompost is a
nutrient-rich and readily available to plants, often referred to as the “gold of organic
fertilizers.”
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3 Vermitechnology in Waste Management

3.1 Managing Solid Organic Waste

Solid waste generation is a significant environmental challenge globally, primarily
generated by domestic and commercial activities (Temilade et al., 2015) (Fig. 1).
Solid waste can be categorized into inorganic or organic materials, with the latter
offering considerable potential for sustainable management through vermitech-
nology. Organic waste can be transformed into nutrient-rich biofertilizer via vermi-
composting, yielding a product that is 4-5 times more potent than traditional compost
and more beneficial for crop growth than chemical fertilizers (Aransiola et al., 2024;
Rajiv et al., 2010).

There are huge quantities of waste generated by modern society, which end up in
landfills every day, creating severe economic and environmental challenges. These
include greenhouse gas emissions, the release of toxic gases, and leachate contamina-
tion of groundwater, all of which necessitate prolonged monitoring for environmental
safety—often lasting decades (Rajiv et al., 2010). Vermitechnology offers an efficient
and eco-friendly alternative to conventional waste management methods. The use of
earthworms in waste degradation accelerates composting, significantly reduces odor,
cuts composting time by more than half, and ensures that the final product is both
sanitized and detoxified (Lee & Khor, 2022). Sharma (2003) discusses the benefits of
vermicomposting as a waste management option. These benefits include the ability to
reduce the volume and mass of organic waste, reduce greenhouse gas emissions, and
produce valuable soil amendments. They also highlight the role of vermicomposting
inimproving soil quality and promoting plant growth. Vermicomposting solid organic

Fig. 1 Solid waste (Dam, 2021)
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waste has been considered a feasible and sustainable waste management technique
(Alshehrei & Ameen, 2021).

3.2 Biodegradable Waste Suitable for Vermitechnology

Ithas been shown that earthworms are capable of physically processing a wide variety
of organic wastes from municipal, agricultural, and industrial sources (Datar et al.,
1997; Edwards & Arancon, 2022). Vermicomposting is highly effective for managing
biodegradable materials such as food waste, including fruit and vegetable scraps,
coffee grounds, tea bags, and eggshells. Yard waste, such as grass clippings, leaves,
and twigs, is all considered an excellent food source for earthworms. Additionally,
municipal wastewater-derived “sewage sludge” (biosolids) can be digested by earth-
worms, converting a significant portion into nutrient-rich vermicompost (Panday
et al., 2024).

Paper-based products, such as cardboard, newspaper, and paper towels, are
another suitable feedstock, along with slaughterhouse waste, which can be effi-
ciently processed by earthworms (Babaniyi et al., 2023; Datar et al., 1997;
Edwards & Arancon, 2022;). Additionally, waste from agriculture and livestock
rearing, including cattle dung, pig manure, and poultry litter, makes excellent feed
material for vermicomposting.

Industrially generated organic waste provides additional opportunities for vermi-
composting. Earthworms can process pulp and cardboard sludge, by-products from
food processing industries such as distilleries, breweries, and potato or corn chip
manufacturers, as well as organic waste from sugarcane and aromatic oil industries
(Kale, 1998). These examples highlight the versatility and efficiency of vermitech-
nology in managing diverse biodegradable waste streams, turning them into valuable
organic resources.

3.3 Wastewater Treatment Through Vermifiltration

Vermifiltration is an innovative and eco-friendly wastewater treatment method that
employs earthworms to purify water. It is a type of constructed wetland system that
utilizes the natural decomposition abilities of worms, such as earthworms, to break
down organic matter in wastewater. In a vermifiltration system, wastewater is filtered
through a bed of worms housed in containers, such as plastic tanks or trenches. The
worms consume organic matter, breaking it down into simpler compounds while
releasing treated water as the primary output (Singh et al., 2019). The by-product of
the process is a mixture of worm castings and partially decomposed organic matter,
which can be used as a nutrient-rich soil amendment for gardening and agriculture
(Sinha et al., 2008).
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Vermifiltration has several advantages over traditional wastewater treatment
methods. These include minimal energy input, low maintenance, and the ability
to remove a wide range of pollutants from wastewater. Additionally, it is a relatively
cost-effective solution, making it well suited for use in developing countries and
other regions with limited access to expensive treatment systems. This technology
holds great potential for sustainable wastewater management, combining ecological
benefits with economic practicality.

4 Vermiremediation: A Tool for Land Reclamation

Vermiremediation is the application of earthworms and other soil invertebrates to
degrade and remove contaminants from contaminated soil (Shi et al., 2020). This
approach offers an effective and sustainable method for cleaning up contaminated
lands, restoring them to a state suitable for development or agricultural uses. It is a
viable method of cleaning up sites contaminated with certain types of heavy metals
and organic pollutants (Dabke, 2013).

Key applications of vermiremediation for soil cleanup include:

1. Bioremediation: Earthworms and other invertebrates can naturally degrade
contaminants or be paired with genetically modified organisms to target specific
contaminants. This process enhances the breakdown and removal of harmful
compounds from the soil (Nisa et al., 2022).

2. Phytoremediation support: Vermicompost, rich in nutrients and beneficial
microbes, can be used as a soil amendment to improve soil health and support
the growth of phytoremediation plants. This synergy accelerates the uptake
and removal of contaminants by plants while simultaneously enhancing soil
properties (Aransiola et al., 2022).

3. Landfarming: Vermiremediation can also be used as a form of landfarming, in
which contaminated soil is excavated and placed in a controlled area for treat-
ment. Worms and other invertebrates are introduced to degrade and detoxify
contaminants in the soil.

In recent years, vermicomposting has gained recognition as a technology for
treating organically polluted soil. According to Rodriguez-Campos et al. (2014),
earthworms can remove pesticides, herbicides, polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs), and crude oil, making it a valuable tool
for soil decontamination. Technology is relatively efficient compared with phytore-
mediation. Vermiremediation can achieve substantial accumulation and degradation
of organic pollutants, unlike phytoaccumulation, offering a low-cost, eco-friendly
alternative for managing soil contamination (Wu et al., 2018).
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5 Vermitechnology in Agriculture

5.1 Enhancing Modern Agriculture

Agriculture has evolved differently across regions, shaped by diverse weather patterns
and topographies. This evolution transformed human population enabling popula-
tion growth far beyond what hunting and gathering could sustain. If the nutritional
requirements and preferences of a growing population that is also becoming more
affluent are to be satisfied, the globe will need to see a significant rise in the amount of
food that is produced. This calls for the continued development of modern agriculture
practices and innovations, including sustainable technologies like vermitechnology.

Modern agriculture relies on adynamic method in which farmers apply technology
and information to optimize productivity and use fewer natural resources like water,
land, and energy. This helps the world satisfy its demands for food, fuel, and fiber.
Aside from modern machines that make the strenuous work embedded in farming
easier, the use of biofertilizers as a viable alternative to the ill effects of chemical
fertilizers and pesticides for both the people and the environment is a breath of relief
in modern agriculture, as it has also provided a great deal of comfort that has resulted
in higher crop yields and increased agricultural productivity. There is no doubt that
various forms of technology, including vermitechnology, are to a significant degree
responsible for such an increase. The significant growth that was observed in the
latter half of the twentieth century was primarily the result of intensification and
corresponding increases in yields.

Vermicomposting is the process of converting organic matter into a more stable
form by utilizing the joint efforts of microbes and earthworms (Siddiqui et al.,
2022) (Fig. 2). Earthworms are the major drivers of the process, conditioning the
substrate and changing biological activity. Bacteria are responsible for the biochem-
ical breakdown of organic materials; nevertheless, earthworms are the key drivers
of the process. Vermicomposting, which uses earthworms and the microorganisms
that live in their digestive tracts, decomposes organic matter at a faster rate and with
greater efficiency than aerobic composting, which uses traditional composting tech-
niques (Lim et al., 2016). The structure of the soil is significantly altered as a result
of the activity of earthworms, which also contributes to an increase in both fertility
and production (Blouin et al., 2013). Earthworms are sometimes referred to as the
“administrators of the soil” because of the manner in which they influence the soil’s
physical, chemical, and biological properties (Ansari & Ismail, 2012).

5.2 Applications of Vermicompost in Plant Growth

When vermicompost (cattle manure) was tested for its effectiveness on Petroselinum
crispum, the results showed that it increased the yield, leaf size, and height of the
plant (Peyvast et al., 2008). According to Kizilkaya et al. (2012), earthworms play a
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Fig. 2 Application of vermicomposting in agriculture (Pierce, 2024)

crucial part in the management of organic waste by vermicomposting. The vermibed
was made in several combinations using sewage sludge that had been treated with
cow manure and hazelnut husk. After formulation, Eisenia fetida was added into the
vermicompost, and its effects on Triticum aestivum were evaluated. It was discovered
that all treatments increased the yield and growth of the tested plants compared to
the control.

Every population, according to Ansari and Hanief (2015), has dumped a sizable
amount of organic garbage into landfills (river or burn systems). Each day, a signifi-
cant volume of market garbage and plant matter fouled the river. A significant amount
of the trash was degraded while being turned into vermicompost (30% yield). The
biggest technological transfer for turning biowaste into useful resources is due to
earthworms. It also has bacteria that are good for plants, including Actinomycetes,
Aspergillus, Azotobacter, and Nitrobacter. Vermicompost, chemical fertilizer, 50%
manure + 50% fertilizer, and control were all studied by Karmakar et al. (2015) for
their effects on rice fields. They discovered that the examined plants that received
vermicompost grew well and received the most nutrients possible.

There is a demand for fertile land to cultivate due to the growing population. In
both lab and field settings, Mentha arvensis was grown in salt-stressed circumstances.
Plant growth was enhanced by the inclusion of the fungus Glomus aggregatum and
Exiguobacterium oxidotolerans in vermicompost. Additionally, it was determined
that vermicompost and multimicrobial inoculations were effective biofertilizers for
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the growth of M. arvensis (Bharti et al., 2016). Vermicompost, when cultivated in high
salinity, exhibited complicated impacts on the antioxidant enzyme activities of plants,
according to Xu et al. (2016). Compost from municipal solid waste and industrial
sewage sludge was combined with arable soil. When industrial trash produced a larger
yield than the treated municipal waste soil, both treatments increased organic matter
and microorganisms but decreased the ability of the soil to store water (Aransiola
etal., 2021; Zamani et al., 2016). Aransiola et al. (2022) reported the positive effects
of vermicast in the phytoremediation of heavy-metal-polluted soil.

According to Masullo (2017), waste materials were digested under anaerobic
conditions and subsequently turned into vermicompost utilizing earthworms. Vermi-
compost was put in the field, reducing the frequency of watering and promoting
plant growth. The vermicompost made from biochar, wood chips, and sewage sludge
increased the rate of earthworm reproduction (cocoon and juveniles) and decreased
the levels of Cd and Zn (Malinska et al., 2017). According to Maji et al. (2017),
vermicompost that is humic-acid-rich caused an increase in the height, dry weight,
and fresh weight of plants. When compared to chemical fertilizer, the highest quan-
tity and density of microorganisms (fungus and bacteria) were also noted. Vermi-
compost, a potent biofertilizer in sustainable agriculture that reduces the usage of
conventional agrochemicals, is produced using a variety of earthworm species. The
worms participate in the recycling of organic waste and in waste management (Bhat
et al., 2018).

6 Environmental and Economic Benefits
of Vermitechnology

6.1 Environmental Impact

Earthworms are crucial and do an excellent job of breaking up compacted soil in
preparation for plant development (Adams, 2018). Results from several research
support Darwin’s theory that earthworms improve soil fertility, which is essential for
plant development (Alban & Berry, 1994; Decaéns, 1999; Lee & Foster, 1991). The
positive effects of earthworms on plant development and agricultural production have
been the subject of much study. It has been proven that earthworms can decompose
a wide variety of organic waste, including that generated from homes, cities, and
businesses involved in the paper, wood, and food sectors; also, earthworms improve
soil quality (Decaéns, 1999; Lalitha et al., 2000).

Auxins and cytokinins, two hormones beneficial to plant development, are thought
to be secreted by earthworms (Krishnamoorthy & Vajranabhaiah, 1986). There is
evidence to suggest that earthworms help plants expand by producing metabolites
that stimulate expansion (Wang et al., 2021; Wong et al., 2020). It is believed that
these metabolites are responsible for this outcome. However, there are more benefits
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of earthworms to plant growth than only the vast quantities of macronutrients and
micronutrients in vermicast and the secretions they produce.

Furthermore, earthworms are used to clean up heavy metals, like cadmium (Cd),
chromium (Cr), and lead (Pb); they do this by eating them or absorbing the metals
through their skin (Homa et al., 2010; Yuvaraj et al., 2018). Morgan and Morgan
(1988) found that some types of earthworms can live in places with a lot of metal
pollution. For example, Lumbricus rubellus lived in lead-contaminated soil, while
Dendrodrilus rubidus could live in copper-polluted soil, and Eisenia fetida could
live in cadmium-polluted soil (Langdon et al., 2001). Earthworms make more metal-
lothionein (MT) protein when they are stressed by heavy metals; these MT proteins
can get rid of a number of metal ions in the environment (Lionetto et al., 2012).
Earthworms and microorganisms can stabilize certain chemical elements in substrate
materials during the waste degradation process (Pathma & Sakthivel, 2012).

In thermal power plants (TPPs), vermitechnology has been used as a method for
reducing the number of pollutants released into the atmosphere. Pollution of the
environment has been a significant barrier to achieving a healthy ecosystem for the
purpose of ensuring the survival of all living things (Destoumieux-Garzoén et al.,
2018), which is one of the fundamental requirements of human rights. Despite the
fact that national initiatives have been developed to reduce the negative effects of
industrialization, manufacturing, and other operations on the environment, pollu-
tants resulting from human activity are still, for the most part, a significant problem
(Hader et al., 2020). The combustion of coal to produce energy, for example, results
in the generation of vast quantities of fly ash (FA). Fly ash has been recognized as
a significant pollutant across the globe for the past two decades (Satapathy et al.,
2020). It creates a barrier to photosynthesis, particularly in aquatic plants, which in
turn disrupts the food chain. Furthermore, it is harmful to the environment because
it lowers pH, increases turbidity in water bodies, and contributes to increased sedi-
mentation. As a result, it is necessary to dispose of FA in an appropriate and risk-free
manner to get around unavoidable issues and turn these materials into a product
with additional value. Conventional methods of fly ash disposal have resulted in
the contamination of groundwater and landfills (Haynes, 2009). Vermitechnology
has gained attention as an active and faster method for converting the heavy metal
toxic content of FA into organic manure by the action of certain species of earth-
worm. Species that belong to the phylum Annelida and the subclass Oligochaeta
have the potential to decompose the fly ash’s heavy metal content in a quick and
effective manner (Sohal & Vig, 2020). During the process of converting fly ash into
vermicompost, earthworms are responsible for consuming the heavy metals that are
present in FA. The addition of FA and organic material, in turn, increases the oper-
ation of microbes, and the addition of FA contents enhances the plant nutrients for
agricultural purposes. As a direct consequence of this, FA that has been subjected
to biological modification is now capable of being utilized in agricultural settings
(Usmani & Kumar, 2017).

During the process of making leather, the leather industry uses a large amount
of fresh water and different chemicals. They also throw away solid waste like
hides, buffing dust, and wastewater sludge. Also, leather industry waste has a lot of
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dangerous compounds in it, like cadmium, chromium, lead, nickel, cobalt, aluminum
sulfate, and magnesium oxide. When wastewater sludge is thrown away in an unsafe
way, it harms the soil and groundwater. This situation calls for the fastest and most
environmentally friendly way to solve these kinds of conflicts. Other technologies
used in the field to get rid of trash have problems like taking a long time and being
expensive. On the other hand, vermitechnology can be used to lower the level of
toxicity in waste from the leather industry. Xiang et al. (2015) have done a good
job of keeping track of most of the earthworm researchers working today. They did
this by looking at the overall citation data (SCI category—Science Citation Index).
According to the data collected, developed countries did a lot more research on
earthworms from 2000 to 2015. This showed the importance of stabilizing leather
industry organic solid wastes with earthworms and the role earthworms play in getting
nutrients out of these wastes and using them.

Furthermore, improving vermicomposting procedures would be of tremendous
help in both the transition to a circular economy and the acquisition of high-quality
natural fertilizers for sustainable farming operations (Awasthi et al., 2022). Vermi-
composting is already being investigated as a viable technology that can provide
high-quality fertilizers for the cultivation of vegetable crops like lettuce. This is
because new technologies are brought about as a result of scientific research and
creative endeavors. It is anticipated that urban farming will continue to develop in
the coming years with the assistance of new technologies (Schroder et al., 2021).

The importance of organic matter and the notion of sustainable agriculture is grad-
ually being brought to the attention of farmers. Maintaining the health of the organic
matter in the soil is particularly essential for ensuring continued productivity over the
long term. After going through the composting process, biowaste, particularly the
organic component of municipal solid waste, can be utilized to improve the soil. The
recycling of biowaste from a variety of sources can contribute to a reduction in the
amount of pollution in the environment. When organic worm waste is added to the
soil, it naturally improves the health of the soil, makes plants grow better, provides
plants with a nutrient-rich and strong environment, makes plants less likely to be
damaged by insects, and makes plants better able to handle harsh weather. Organic
worm waste is a valuable addition to all soils because it improves the health of the
soil and makes plants more resistant to damage.

6.2 Revenue Generation Opportunities

Vermicomposting is a growing global movement and booming business, even though
farmers have been using it for centuries. Vermicomposting of municipal solid waste,
including sewage sludge on a commercial scale, is a recent development to divert it
from landfills and is now a global movement. In 1970, Holland began experimenting
with the management of municipal/industrial organic wastes. This was followed
by England and Canada, and it was later adopted in the United States, Italy, the
Philippines, Thailand, China, Korea, Japan, Brazil, France, Australia, Israel, and
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Fig. 3 Ways to generate revenue from vermicomposting

Russia. Vermicomposting can be a source of revenue for individuals or businesses that
produce and sell vermicompost as a soil amendment (Acabal, 2022). Vermicompost
is in high demand due to its nutrient-rich nature and the beneficial microorganisms
it contains, which can improve soil health and increase crop yields.

There are several ways in which revenue can be generated through vermicom-
posting (Fig. 3). These include:

1. Selling vermicompost directly to consumers: Vermicompost can be sold to home
gardeners, farmers, and landscapers as a soil amendment. This can be done
through online marketplaces, at farmers’ markets, or through retail outlets.

2. Partnering with local waste management companies: Vermicomposting facil-
ities can partner with local waste management companies to process and
compost organic materials. This can generate revenue from the sale of finished
vermicompost and from the processing fees paid by the waste management
company.

3. Selling vermicompost to commercial growers: Commercial growers of vegeta-
bles, flowers, and other crops can use vermicompost as a soil amendment to
improve soil health and increase crop yields. Vermicomposting facilities can sell
vermicompost to these growers on a wholesale basis.

7 Regional Perspective: Vermicomposting in Africa

Recently, vermitechnology has gained popularity in multiple continents, including
Africa. Ghana has implemented vermicomposting as a sustainable waste manage-
ment technique (Sharma & Garg, 2023) and as a source for organic waste for urban
and peri-urban farmers (Mainoo et al., 2008). An initiative worth mentioning is the
application of vermicomposting as a technique for handling organic waste in urban
settings, like Accra (Acquah et al., 2021). As an alternative to traditional waste
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disposal methods, organizations such as Waste Enterprisers advocate vermicom-
posting. Furthermore, in several Kenyan initiatives, the viability of vermicomposting
for agricultural and waste management purposes has been examined. In Nairobi,
vermicomposting initiatives employing household and market organic detritus have
been implemented. The objective of these initiatives is to decrease the amount of
waste sent to landfills while concurrently producing high-quality organic fertilizer.
Vermitechnology has been implemented by farmers and agricultural organizations in
Africa as well, with the intention of enhancing soil fertility and crop yields (Dada &
Balogun, 2023). In regions afflicted with degradation and nutrient depletion, the
efficacy of vermicompost in replenishing soil nutrients and promoting soil health
has been demonstrated. In Zimbabwe, vermitechnology has been implemented by a
number of community-based initiatives to combat food insecurity and waste manage-
ment. Local farmers and their families are assisted by these programs through the
recycling of organic refuse into nutrient-rich vermicompost. Vermicomposting has
been adopted as a method by small-scale producers in Tanzania to increase soil
fertility and harvest yields. The central initiatives of these programs have been the
education and instruction of farmers regarding the production methods of vermi-
compost, which is promoted as an organic fertilizer (Shovon et al., 2024). These
case studies exemplify the diverse approaches that vermitechnology has employed
to address agricultural, social, and environmental challenges in Africa. Their efforts
illustrate the potential of earthworm-based systems to facilitate efficient resource
management and promote sustainable development in the region.

8 Industrial and Commercial Aspects of Vermitechnology

The prospects of the vermiculture sector have been the subject of extensive discussion
and reporting. It is currently unknown how much of the market potential is based
on a true comprehension of business realities and how much is hype. Indeed, many
backyard-style enterprises have been drawn to the market due to the prospect of
rapid profits. It is time to begin evaluating the commercial realities. The recycled
waste product markets that may be sold to the horticultural sector and for large-scale
applications have received a lot of interest; however, the commercial potential for
worms has received far less attention. In certain circumstances, the need for vermicast
is what drives the compost worm markets. It should be noted that vermitechnology
competes with other waste management technologies like conventional chemical
conversion and composting systems. Vermiculture-based contract waste management
is one sector that might grow in the future (Tripathi et al., 2005).

The average worm farmers operate on a modest scale and with limited resources.
It would be challenging for them to create significant worm markets on their own. An
active industry association is necessary to connect with waste management groups,
government environmental agencies, and organizations that represent the interests of
the pig, poultry, dairy, and other industries. Before the full potential of compost worms
can be realized, vermiculture technology and processes need to be improved, as well
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as the data used to estimate prospective supply and demand. Although employing
worms as a source of high-protein feed for cattle has been discussed, there are not
many examples of this practice being commercially successful (Tripathi et al., 2005).

The market size for vermicast and combinations including vermicast determines
the patronage for compost worms from this source. The ability of worms to be
exported has been discussed. There have been a lot of claims made in this regard,
including by a few unsuccessful buyback programs, but there does not seem to be
any concrete proof of successful export projects employing vermicast or worms. The
greatest promise appears to be in selling breeding stock and knowledge to nations
looking to launch a budding vermiculture business. Worms as a source of high-quality
protein may also be exported.

Worm composting systems are available for purchase by homeowners, and they
have the potential to be employed in industrial waste or municipal conversion
systems. Governments have made a commitment to lowering the quantity of trash
dumped in landfills. Thus, there are grounds for an increase in demand for compost
worms from environmental, economic, and regulatory perspectives. Such systems
demand large upfront financial commitments. Their capacity to make a profit is
partially based on the fees that a waste producer will pay for this type of waste
management, as well as the price that can be acquired for the vermicast and related
goods that are produced as a result of the process (Tripathi et al., 2005).

Vermitech Australia’s and Vermiculture Resources International’s (VRI) facili-
ties created for Redland City Council are examples of what this technology can be
used for. Another example of how nonindustrial waste is converted using vermicul-
ture is the windrow-based facility at the Grace McKellar Institute in Geelong. One
company has created medium-sized mechanical equipment that can utilize vermi-
culture. It should be noted that vermitechnology competes with other waste manage-
ment technologies like conventional composting and chemical conversion systems.
Vermiculture-based contract waste management is one sector that might grow in the
future. The prospect for exporting worms has been discussed. There have been a lot
of claims made in this regard, including by a few unsuccessful buyback programs, but
there does not seem to be any concrete proof of successful export projects employing
worms. The greatest promise appears to be in exporting breeding stock and knowl-
edge to nations looking to launch a budding vermiculture business. Worms may also
be exported as a source of high-quality protein to poor nations (Tripathi et al., 2005).

9 Strengths of Vermitechnology

There are several strengths of vermitechnology as depicted in Fig. 4.

1. Versatility: Vermitechnology can process a wide range of organic materials,
including food scraps, yard waste, paper products, etc. This makes it a versatile
waste management option for households, businesses, and industries.
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2. Efficiency: Worms can break down organic materials much faster than traditional
composting methods, and the process produces high-quality compost that is rich
in nutrients and beneficial microorganisms.

3. Low maintenance: Vermicomposting systems are relatively simple to set up and
maintain and do not require large amounts of space or specialized equipment.

4. Sustainability: Vermicomposting is a viable waste management option that
diverts organic materials from landfills and reduces greenhouse gas emissions. It
is also an effective way to improve soil health and support sustainable agriculture
and horticulture practices.

5. Economic benefits: The strength of the vermicomposting program is that recy-
cling is a business opportunity (Moledor et al., 2016). It is economically valuable
asits demand has increased rapidly as an alternative to chemical fertilizers. Hence
commercialization of vermicomposting is on the verge of tackling the demand
and supply gap. Vermicomposting can help to reduce waste management costs
and generate revenue through the sale of vermicompost as a soil amendment. In
addition to improving soil health, it can boost crop yields and benefit communities
economically.

10 Conclusion

Earthworms are used in the biotechnological process involving vermicomposting,
which uses them as natural bioreactors to break down organic materials and preserve
soil fertility. Worms were used to recycle organic waste and promote plant devel-
opment. The significance of vermicompost is increased by the fact that it also has
additional benefits; extra worms may be utilized as protein-rich animal feed and
in medicinal applications. Vermitechnology is applicable across different sectors,
including agriculture, waste management, and environmental remediation.

This technology has long been recognized for its ability to recycle and manage
organic wastes, produce high-quality fertilizer, and provide protein for food and
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animal feed. The bioremediation of organic wastes is a method that, from the stand-
point of sustainability policy, prevents the creation of several waste categories by
turning them into soil conditioners, foods, and feeds. More so than for agricul-
ture, human civilization has a greater requirement for the use of bioremediated
organic wastes. The soil’s natural nutrient cycles, which support life on our planet,
are increasingly threatened by human activity. Restoring the balance of nutrient
cycles and combating soil diseases can both be accomplished by returning soil-
derived organic matter to its natural state. It is essential to monitor the process of
vermicomposting’s development at both qualitative and quantitative levels since it
contributes significantly to the provision of many desirable environmental and agro-
nomic features. Vermitechnology supports a circular economy by turning waste into
valuable resources (waste to wealth), creating revenue opportunities, and fostering
green entrepreneurship. Moving forward, investments in research, awareness, and
education will be critical to advancing vermitechnology and unlocking its full poten-
tial for environmental, economic, and social benefits. Embracing this solution not
only contributes to a healthier planet but also paves the way for a more resilient and
sustainable future.
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the organic matter into the agricultural soils. It functions as an organic fertiliser and
biological control agent, eradicating many plant ailments caused by soil-borne plant
pathogens and pests. Moreover, other soil indicators like nitrogen and C:N ratio can
be enhanced by using vermicomposting. The success of vermicomposting process is
dependent on numerous parameters such as quality of raw material, pH, temperature,
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1 Introduction

Numerous human activities, such as increasing urbanisation, industrialisation and
economic expansion, are causing massive amounts of solid waste to be produced
across the world. The disposal of this solid waste has now turned into an environ-
mental and technical issue for everyone (Yadav & Garg, 2011). To maintain the
environment clean and healthy, sustainable solid waste management procedures are
required (Singh et al., 2011). According to several research, 23 developing nations
produce an average of 0.77 kg/person/day of solid waste (Troschinetz & Mihelcic,
2009). It is now expected that the world’s solid waste output will rise to 3 billion
tonnes by 2025 (Charles et al., 2009). Organic waste accounts for 44 to 46% (by
mass) of total municipal solid waste production globally (Leh-Togi Zobeashia et al.,
2018; Ricci-Jiirgensen et al., 2020). On a worldwide scale, the major waste types of
organic solid waste are food and green waste, accounting for 44% of total waste. Dry
recyclables such as plastic, paper, cardboard, metal and glass account for another 38%
of waste (Kaza et al., 2018). Apart from municipal solid waste, other waste streams
also exist around the world, such as industrial and agricultural waste. These wastes
are produced in far greater amounts than municipal waste. On a worldwide plat-
form, industrial and agricultural waste generation rates are 18 times and four times
higher, respectively, than municipal solid waste (Sharma & Jain, 2020). Agricultural
waste, particularly crop residue burning, and industrial waste disposal in freshwater
bodies are common practices across the world. Agricultural residue burning emits
enormous amounts of particulate pollutants and gases, especially during and after
harvest, which typically increases pollution at the local and regional levels (Chowd-
hary et al., 2022b; Wang et al., 2013). Direct discharge of industrial waste, especially
sludge, pollutes water and harms aquatic life. Another major organic waste is animal
manure, which is mostly utilised as organic fertiliser on agricultural land (Aran-
siola et al., 2022; Maharjan et al., 2022). Although various solutions for proper solid
waste management have been suggested and executed, like source reduction, kerb-
side recycling, material recovery, waste to energy, landfill disposal, incineration and
composting (Chang & Davila, 2008). Some of these treatment and disposal tech-
niques may have major environmental consequences. Several studies have found
that waste disposed of in landfills or open dumps contaminates groundwater owing
to leachate of organic and inorganic substances found in waste (Cadena et al., 2009;
Mor et al., 2006; Tsai et al., 2007). Landfill dumping also contributes to the green-
house effect. Incineration treatment is also confined due to its poor fattening value
and the cost of fuel additives (Lee et al., 2009; Tsai et al., 2007). Sewage sludge,
which is directly dumped on agricultural land due to the presence of high content
of nitrogen and phosphorus, may, however, be hazardous to plants and soil and may
also have an adverse impact on the metabolism of soil microorganisms (Ayuso et al.,
1996; Chowdhary et al., 2022b). Under these conditions, vermicomposting may be a
feasible and environmentally sound process for converting solid waste into organic-
rich manure. Vermicomposting is a waste management process that involves the envi-
ronmentally benign breakdown of organic fractions of solid waste to a level at which
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it can be readily stored, handled and used on agricultural land without causing any
harm (Aira et al., 2002; Khwairakpam & Bhargava, 2009; Singh et al., 2011). Table 1
shows the vermicomposting capability of earthworms for decomposing various types
of wastes amended with acceptable co-substrates.

2 Vermicomposting Process

Vermicomposting has been described as a low-cost, feasible and quick method of
using organic wastes and agricultural leftovers. It is a non-thermophilic biodegra-
dation process that uses earthworms and microorganisms to break down organic
waste (Suthar, 2009a). Earthworms are said to operate as mechanical blenders,
breaking down organic matter and changing its physical, chemical and biological
properties while gradually decreasing its C:N ratio. It increases the surface area
of organic materials, making them more accessible to microbes and hence more
suitable for microbial activities and subsequent breakdown (Aransiola et al., 2022;
Dominguez et al., 2017; Yadav & Garg, 2011). The process of vermicomposting
of different types of wastes is presented in Fig. 1. Vermicomposting is faster than
traditional composting because the material goes through the guts of earthworms,
which speeds up the process. Earthworm castings are rich in plant growth regulators,
microbiological activity and pest-repellent attributes (Gandhi, 1997). According to
various studies, vermicast also contains plant growth-stimulating components such
as ethylene, auxin and gibberellin along with enzymes like cellulase, nitrogenase
and phosphatase (Aslam & Ahmad, 2020; Aslam et al., 2020). When biodegradable
material passes through the intestines of earthworms, nutrients are produced which
are also considered to stimulate plant growth while minimising pathogen invasion.
Organic fertilisation and soil conditioning characteristics of vermicast are highly
recommended. Concerned researchers have also revealed their findings that vermi-
composting has plant-beneficial impacts (Aslam & Ahmad, 2020; Aslam et al., 2020;
Bellitiirk et al., 2020; Wang et al., 2007). Vermicomposting provides a number of
advantages over conventional waste management technologies, including the ability
to compost both indoors and outdoors, allowing for year-round composting. This
procedure enables the production of organic nutrients for crops in shorter time,
which are more nutritionally, physiologically and biochemically efficient than other
composts (Yadav et al., 2010). It is also known as a low-cost technological proce-
dure for processing or treating organic waste. According to a comparative study
between traditional composting and vermicomposting, it has been found that vermi-
composting produces enriched compost with high amounts of N, P and K content, as
well as reduction in heavy metal content (Cardosa Vigueros and Ramirez Camperos,
2002). Solid waste can be transformed into beneficial compost through the vermi-
composting process, offering an effective substitute for chemical fertilisers and also
reducing pollution (Monroy et al., 2009).
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Table 1 Vermicomposting of different types of wastes with amendments or substrates employing
various earthworm species

S. No. | Type of waste Amendment or substrate Earthworm References

species

1 Agro-industrial Cow dung, biogas plant Eisenia fetida | Suthar (2010)
sludge slurry and wheat straw

2 Tannery sludge Cattle dung Eisenia fetida | Vig et al.

(2011)
3 Rice husk Market-refused banana, Eudrilus Lim et al.
honeydew or papaya eugeniae (2012)

4 Garden waste, Used separately Eisenia fetida | Wani and Rao
kitchen waste and (2013)
cow dung

5 Vegetable waste Paddy straw, cow dung and | Lumbricus Abu Bakar

sawdust-based spent rubellus etal. (2014)
mushroom compost

6 Sugarcane bagasse Farm manure Lumbricus Shah et al.
and sugarcane press rubellus (2015)
mud

7 Sewage sludge Mown grass, sawdust and Eisenia fetida | Sosnecka

organic fraction of municipal | and Eisenia et al. (2016)
wastes andrei

8 Food and vegetable | Buffalo dung Eisenia fetida | Sharma and
processing waste Garg (2017)

9 Distillery sludge Tea leaf residues Eisenia fetida | Mahaly et al.

(2018)

10 Bakery industry Cow dung Eisenia fetida | Yadav and
sludge Garg (2019)

11 Onion waste Cow dung Eisenia fetida | Pellejero

et al. (2020)

12 Fly ash Cattle dung Eisenia fetida | Sohal et al.

(2021b)
13 Biomedical waste ash | Cattle dung Eisenia fetida | Sohal et al.
(2021a)

14 Allopathic Cattle dung Eisenia fetida | Singh et al.
pharmaceutical (2022)
industry sludge

15 Coconut husk Cattle dung Eisenia fetida | Quadar et al.

(2022)

16 Milk processing Cattle dung, paddy straw Eisenia fetida | Dutta et al.

industry sludge biochar (2023)
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Fig. 1 Vermicomposting of different types of wastes

3 Earthworm Species Used for Vermicomposting

Earthworms have been in the Earth’s biosphere since the pre-Cambrian era, some 600
million years ago. These are invertebrates belonging to the phylum Annelida, order
Oligochaeta and class Chaetopoda (Piearce et al., 1990). They are hermaphrodites
in nature, and the existence of clitellum shows that they are sexually mature. Cross-
fertilisation and copulation are the most prevalent reproductive procedures. They
lay their eggs in a cocoon, which is a small round-shaped capsule that takes 3—
6 weeks to incubate (Aira et al., 2002; Brown et al., 2000; Domfnguez, 2004). Bouché
(1977) classified earthworms into three groups based on their feeding behaviour
and ecological nature: epigeic, anecic and endogeic. There are currently around
3000 species of earthworms in the environment; however, not all of them are suit-
able for vermicomposting (Wu et al., 2014). Earthworms utilised in the vermicom-
posting process are classified as ‘epigeic’ species, which means ‘surface dwellers’
(Lee, 1985; Wu et al., 2014). The species from epigeic ecological groups, such as
Eisenia fetida and FEisenia andrei, are the most commonly employed for vermi-
composting (Dominguez & Ray, 2018). Epigeic species feed on the surface and
have a high bioconversion rate. They can withstand a variety of poor environmental
conditions, such as decreased food supply, predatory pressure and so on. When
compared with the anecic and endogeic ecological categories of earthworms, epigeic
species have a higher reproduction and feeding rate, allowing earthworm species to
expand their population for vermiculture while also producing vermicompost in a
shorter time interval (Dominguez & Ray, 2018; Julka, 2008).According to one study,
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the following six earthworm species are the most suitable for vermicomposting: E.
andrei, E. fetida, Dendrobaena veneta, Polypheretima elongata, Perionyx excavatus
and Eudrilus eugeniae (Sharma et al., 2005). Different studies have also suggested
that Perionyx sansibaricus, Pontoscolex corethrurus, Megascolex chilensis (Padma-
vathiamma et al., 2008), Lumbricus terrestris, D. veneta (Adhikary, 2012), Lumbricus
rubellus and Amynthas diffrigens (Nagavallemma et al., 2004) have great potential
for vermicomposting. Endogeic earthworm species such as Metaphire posthuma
(Das et al., 2016; Sahariah et al., 2015) and anecic earthworm species like Lampito
mauritii (Chowdhary et al., 2022a; Tripathi & Bhardwaj, 2004) were also employed
in several research for vermicomposting. The distinct features of each ecological
category of earthworm species are given in Table 2.

Table 2 Ecological classification of earthworms with examples

Ecological categories | Characteristic features Examples
Anecic species * Deep-burrowing subsoil dwellers | Lumbricus terrestris,
* Geo-phytophagous Allolobophora longa,
* Dig permanent vertical burrows Allolobophora chlorotica, etc.

Dark brown in appearance
Slow-moving animals with a low
reproduction rate

Enhance the pedological processes
in soil

Very active agents in decomposing
organic matter and cycling

nutrients
Endogeic species * Topsoil dwellers Aporrectodea caliginosa,
* Geophagous Aporrectodea rosea,
* Make non-permanent horizontal Aporrectodea icterica, etc.
burrows

Small, whitish, slow-moving
animals of different sizes
Promote aeration, water drainage
and sunlight accessibility to crop

roots
Epigeic species * Surface dwellers Eisenia fetida, Lumbricus
* Phytophagous castaneus, Lumbricus rubellus,

Do not create permanent burrows | etc.
Fast-moving, small, reddish
animals

Eat organic matter and are
significant in composting

Source Singh et al. (2020), Yatoo et al. (2022)
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4 Factors Affecting Vermicomposting Process

A variety of biotic and abiotic factors impact the efficiency of the vermicom-
posting process. Figure 2 summarises the various factors that influence the process
of vermicomposting.

4.1 Abiotic Factors

Abiotic factors such as moisture content, pH, temperature, aeration, feed quality, light
and C:N ratio are among the most crucial ones that influence the vermicomposting
process (Table 3).

pH .
E== [ o
e stocking density
Moisture —
- Abiotic . Biotic ||  Micro-
—— Factors affecting Factors ORI
. Vermicomposting
Feed Quality |
| e f =
C:N Ratio [+
Fig. 2 Various factors influencing vermicomposting process
Table 3 Optimum abiotic factors for earthworms
Abiotic factor Optimum value References
Temperature 25-37 °C Kauser and Khwairakpam (2022)
pH 6.5and 7.5 Abdulla-Al-Mamun et al. (2023)
C:N ratio Less than 20 Xie et al. (2022)
Moisture content 50 and 80% Barik et al. (2010)
Light Photophobic (do not like light) | Raza et al. (2022)
Ammonia and salt content | Less than 0.5% Eijsackers (2011)
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4.1.1 Temperature

The ideal temperature range for earthworms is 25-37 °C, which is favourable for their
activity, growth, metabolism, respiration, reproduction and cocoon formation. It is
also favourable for the microorganisms that are linked with earthworms. Researchers
have identified various tolerable temperature ranges between 0 and 40 °C for earth-
worms (Kauser & Khwairakpam, 2022). Chemical and microbiological activity in
the substrate increases at higher temperatures (over 30 °C), which lowers the oxygen
content and negatively affects earthworms (Bo et al., 2021). Temperature has a big
impact on worm behaviour. The temperature must be kept above 10 °C in winter
and below 35 °C in summer for the system to stay operational (Stoknes et al., 2016).
Various earthworm species responded to temperature in different ways. For instance,
D. veneta demonstrates optimal development at lower temperatures and shows less
tolerance to high temperatures than E. fetida, which grows best at 25 °C with a
temperature tolerance of 0-35 °C. While the optimal development temperature for
E. eugeniae and P. excavatus is likewise about 25 °C, their typical tolerable temper-
ature range is between 9 and 35 °C (Edwards & Arancon, 2022). A study by Fred-
erickson and Howell (2003) comparing the earthworm populations in heated and
unheated bedding at 13.7 and 6.3 °C revealed that heated beds had higher earth-
worm biomass and more hatchlings and cocoons than unheated beds. According to a
different study, the hatching percentage of E. eugeniae and P. excavatus was greater
at lower temperatures (20-24 °C) than at high temperatures (27-30 °C) (Giraddi
et al., 2010). Various earthworm species responded differently to different tempera-
ture ranges. Extreme temperature conditions, such as low or high temperatures, have
a greater impact on vermicomposting systems than on the composting process. For
instance, nitrogen is lost as NHj3 volatilisation in vermicomposting systems because
of higher temperatures (Meng et al., 2020). Nevertheless, lower temperatures used
during the vermicomposting process do not successfully eliminate harmful organ-
isms (Amuah et al., 2022). According to Edwards (1998), earthworm species (P.
excavatus) grew faster at temperatures up to 30 °C and took less time to reach sexual
maturity. Also, they came to the conclusion that P. excavatus reproduced at their
best rate at 25 °C, while E. fetida showed a wide range of temperature tolerance
between 15 and 20 °C. The weight of L. terrestris increased while the temperature
was between 15 and 17.5 °C indicating that 12-28 °C is the ideal temperature range
for these earthworms during the vermicomposting process (Valckx et al., 2011).
The earthworms’ ability to reproduce and their metabolic activity both decrease
when the temperature in the vermicomposting system drops and completely stops
when the temperature is very low. Their metabolic activity and reproduction start
reducing with increase in their mortality rate at higher temperatures (over 35 °C)
(Arora & Kazmi, 2015). Temperature has a significant impact on an earthworm’s
activity, metabolism, growth, respiration and reproduction (Ansari & Ismail, 2012).
Although E. fetida cocoons may endure prolonged periods of sub-freezing and stay
alive, they are unable to reproduce and cannot ingest enough food at temperatures
below 0 °C (Appelhof & Olszewski, 2017).
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4.1.2 pH

One of the key elements influencing the vermicomposting process is the pH level
(Appelhof & Olszewski, 2017). Worms can function properly in neutral pH; however,
in the pH range of 5 to 9, epigeic worms can persist, reproduce and effectively move
throughout the vermibed (Gaupp-Berghausen et al., 2015). Worm bedding pH tends
to decrease with time. If the food source is acidic, then the pH of the beds can go well
below 7, and if the bedding or food source is alkaline, the pH of the bed will drop to
neutral or slightly alkaline (Abdulla-Al-Mamun et al., 2023). Calcium carbonate can
be added to raise the pH, while peat moss can be used to lower the pH. Although the
pH range for compost should be between 6.5 and 7.5, the active microorganisms in
vermicomposting can continue to function even at a lower pH of approximately 4 (Li
etal.,2022). The pH of the vermicomposting process is mostly changed by variations
in the physicochemical properties of waste. During the breakdown phase, microbial
activity alters the physicochemical properties of waste along with the degradation of
nitrogen and phosphorus into nitrites/nitrates and orthophosphates (Suthar, 2009b).
While negatively and positively charged groups result in either a neutral or acidic pH,
some intermediates created by the breakdown of organic materials, such as ammo-
nium and humic acids, affect the change of pH (Pereiraet al., 2022). Because different
intermediate species are produced by different substrate types, the vermicomposting
system’s pH is also affected by these differences. As a result, different waste types
exhibit different pH-shifting behaviours, and the process’s overall pH shifts from an
alkaline to an acidic state (Sun et al., 2019). Numerous studies have suggested that
the pH of the vermicomposting process is acidic (Garg et al., 2006; Khwairakpam &
Bhargava, 2009; Tikoria et al., 2022c; Yadav & Garg, 2011). However, the pH value is
initially in the alkaline range (8.3—7.2) and only slightly shifts to the acidic or neutral
range (6.3-7.1) at the end of the process as a result of the intermediate products
produced during vermicomposting (Tikoria et al., 2022a). If the pH of a feed mate-
rial is neutral, the worms take lesser time to convert it into vermicompost compared
with those which have acidic or basic pH (Khwairakpam & Bhargava, 2009; Yadav &
Garg, 2011). The presence of CO, and the build-up of organic acids within the feed
material were the main causes of waste pH which ultimately affects the activity of
worms (Yu & Huang, 2009).

4.1.3 Moisture

One of the most crucial elements required for the operation of earthworms and
microorganisms in a vermicomposting system is adequate moisture content. Because
earthworms breathe through their skin; the system has to be adequately wet. The
amount of moisture in the vermicomposting system has been linked to the growth
rate of earthworms (Ali et al., 2015). Nevertheless, up to 90% of water content has
also been deemed effective for vermicomposting process. However, an ideal mois-
ture range of around 50-80% has been recommended for efficient vermicomposting
(Barik et al., 2010). Earthworms’ sexual development is delayed in low-moisture
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environments. In accordance with Reinecke and Venter (1987), E. fetida should
have moisture content of 70% or higher. Development and reproduction of E. fetida
were observed to occur at a moisture content rate of 82% by Tomlin and Miller
(1980) and 70-80% by Neuhauser et al. (1979) in cow dung, respectively. Certain
earthworm species, such as L. terrestris, do well in dry environments, while other
species, including Allolobophora chlorotica, Allolobophora caliginosa and Aporrec-
todea rosea, did not grow enough in dry conditions (Lowe & Butt, 2005). According
to Reinecke and Venter (1987), even a 5% change in moisture content has a substan-
tial impact on how the clitellum develops. Throughout the process, water serves as
a medium for a variety of chemical reactions as well as for the transport of nutri-
ents. The moisture content of organic wastes and the speed of earthworm movement
are closely correlated (Yadav & Garg, 2011). According to comparative research on
vermicomposting process and earthworm growth at various temperature and mois-
ture ranges, 65-75% moisture is the best range for all vermicomposting temper-
ature conditions, compared with lower or higher moisture levels (Gajalakshmi &
Abbasi, 2004). Epigeic species, E. fetida and E. andrei, can withstand moisture
levels between 50 and 90%, although they develop more quickly between 80 and
90% (Singh et al., 2011). Bacteria are essential to vermicomposting as well. The
speed of vermicomposting drops during its action when moisture level was lower
than 40% and completely stops when it was below 10% (Yang et al., 2017).

4.1.4 Aeration

As worms are aerobic creatures, vermicomposting needs oxygen to function. The
amount of oxygen consumed depends on microbial and earthworm activity, while
oxygen levels are influenced by substrate temperature. In a vermicomposting system,
too much moisture might result in inadequate aeration and limit the worms’ access
to oxygen. High concentrations of greasy and oily wastes in the feed substrate can
further reduce oxygen flow (Sim & Wu, 2010). This thus serves as justification for
not introducing fatty and oily wastes to feedstock without first precomputing them.
Mechanical aeration methods or manual turning are used to improve aeration in
challenging vermicomposting conditions (Lee et al., 2018). Since they need oxygen
to breathe, earthworms cannot thrive in anaerobic environments. They work well with
porous, well-aerated compost material. Moreover, earthworms benefit themselves by
aerating their bedding as they move around in it. E. fetida moves in large numbers
from substrates with low oxygen levels, water saturation or an accumulation of carbon
dioxide or hydrogen sulphide (Kiyasudeen et al., 2016).

4.1.5 Feed Quality

Feeding is crucial for the development and reproduction of earthworms throughout
vermicomposting as well as the pace at which cocoons are produced. The feeding rate
is affected by a number of variables, including substrate organic content, particle size
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and moisture (Ali et al., 2015). According to Do et al. (2021), feeding the substrate
in a methodical manner is crucial to preventing anaerobic conditions. The worms’
ability to accelerate vermicomposting is enhanced by the feed’s small particle size.
Its small particle size makes it more accessible to worms and enables optimum
aeration through the waste pile. A worm consumes between 100 and 300 mg of food
per gram of body weight per day (Burgos-Diaz et al., 2022). Organic matter, live
microbes and decaying macrofauna provide food for earthworms. While deep-soil-
living earthworms consume dirt as such, surface-living earthworms preferentially
consume food items. Salts are extremely irritating to worms. The feed should not
include more than 0.5% salt (Addy etal., 2021). There should be no hazardous or non-
biodegradable items in the feed (such as inert materials, plastic, glass, metal objects,
detergents, etc.) that might harm the earthworms or their metabolic by-products
(Varjani et al., 2021). In a vermicomposting system, worms devour both organic
materials and anaerobic microbes. Increased organic content decreases worm activity,
which increases the anaerobic activity of microorganisms and leads to anaerobic
conditions with bad odours (Moghadam et al., 2022). If toxic metals are present in
the organic meal, earthworms will die. With 60% feed as fly ash, worms show resisted
growth; when the concentration reaches 80%, they show a progressive decline in the
worms’ ability to break down the material (Cai et al., 2022). When several varieties
of dungs were utilised as feed, it was observed that cow, sheep, horse and goat
excrement had more acceptable feed for the manufacture of value-added fertiliser
than buffalo, camel and donkey dung (Garg et al., 2006). One of the most important
requirements for the vermicomposting process is suitable earthworm feed. Almost
anything that is organic in nature may be eaten by earthworms. The quantity of food
which an earthworm can eat each day depends on a variety of variables, including the
feed’s salt content, C:N ratio, particle size and degree of decomposition (Haynes &
Zhou, 2016).

4.1.6 Light

Earthworms are naturally photophobic (Lin et al., 2018). Thus, it is best to keep them
away from light. Long exposures to sunlight are fatal to earthworms, whereas short
exposures result in partial to total paralysis. They detect light and migrate away from
it using skin cells concentrated at the tip of their bodies. The photophobic nature of
earthworms can be utilised for the separation of topmost layer of vermibed from the
earthworms (Raza et al., 2022).

4.1.7 C:N Ratio

In earthworm cell emergence, development and metabolism, the C:N ratio is crucial
which is frequently employed as an index for compost maturation. Carbon and
nitrogen should be provided as substrates in the right proportions for optimal nutrition
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(Mothe & Polisetty, 2021). The C:N ratio of the feed material impacts the develop-
ment and reproduction of earthworms. The development and reproduction of worms
are accelerated by a higher C:N ratio in the feedstock. It was observed that waste
degradation is delayed by either a high or low C:N ratio (Shak et al., 2014). A high
C:Nratio and a low nitrogen content in the organic feed material will cause a decline
in microbial activity in the feed substrate (Kumar et al., 2010). When the substrate’s
initial C:N ratio is 25, the increased compost maturity is indicated by a C:N ratio of
less than 20 (Xie et al., 2022). Rapid mineralisation and organic matter breakdown
cause carbon to be lost as carbon dioxide in microbial respiration, while worms
increase nitrogen by producing mucus, which leads to a reduction in the ratio of
carbon to nitrogen (C:N) (Condron et al., 2010). Yet, the initial nitrogen levels in the
substrate have a major role in determining the vermicompost’s ultimate N content
and the overall level of breakdown. As nitrogen is lost as volatile ammonia at high
pH levels, the pH drop also has a significant impact on nitrogen retention (Wong
et al., 2001).

4.1.8 Ammonia and Salt Content

High-ammonia organic wastes are inhospitable to earthworm survival. Moreover,
worms are extremely salt sensitive and prefer salt concentrations of less than 0.5%
(Eijsackers, 2011). However, because many types of manures have high salt concen-
trations, they must first be leached to lower the salt content before being used as
bedding. This is done by simply running water through the material for a while
(Niedzialkoski et al., 2021).

4.2 Biotic Factors

Vermicomposting is influenced by a variety of biotic parameters, such as the
earthworm density, microorganisms, enzymes, etc.

4.2.1 Earthworm Stocking Density

The quality and amount of the original substrate, temperature, moisture content, and
soil texture and structure are all variables that affect earthworm density and its vermi-
composting efficiency (Ali et al., 2015). When populations are sparse, earthworms
are more likely to copulate often; however, this tendency declines when populations
get closer to the substrate’s carrying capacity (Edwards et al., 2022). According
to some reports, 1.60 kg of worms/m? is the ideal stocking density for vermicom-
posting (Buzie-Fru, 2010). Earthworms are well known for having the most signif-
icant impact on the vermicomposting system’s microbial populations and nutrient
dynamics (Dominguez & G6émez-Brandén, 2013). The number of earthworms in a
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vermicomposting system (stocking density) influences a number of physiological
functions, including respiration rate, reproduction, eating rate and digging activity.
According to Dominguez and Edwards (1997), the ideal stocking density for sexual
development is eight earthworms (E. andrei) per 43.61 g dry material of pig dung.
The impact of population density on physiological functions may vary depending
on the type of earthworm, their population densities, growth rate, cocoon output
per earthworm and mortality (Uvarov, 2021). Despite similar and perfect physical
circumstances, earthworms develop more slowly and with less biomass at increasing
population densities (Opute & Maboeta, 2022). Fresh organic matter quickly turns
into earthworm casts in vermicomposting systems with high earthworm population
numbers (Dominguez et al., 2010). In order to achieve maximal population growth
and reproduction in the shortest amount of time, it is crucial to maintain optimal
earthworm density while setting up a vermicomposting system (Rodriguez-Canché
etal., 2010).

4.2.2 Microorganisms

Microorganisms naturally occupy the biodegradable organic waste materials, and in
the right environmental circumstances, they aid in the breakdown of organic wastes.
The make-up of the microorganism populations in a vermicomposting system is
influenced by the make-up of the waste materials being composted. Organic matter
is stabilised during vermicomposting by the interaction of earthworms and microbes
(Ojuolape et al., 2015; Villar et al., 2016). The fungal density in earthworm castings
was almost equivalent to or higher than that of the original substrates, despite the
fact that earthworms consume fungus along with organic substrates to meet their
protein or nitrogen requirements (Gomez-Brandon et al., 2012). The microorgan-
isms produce physiologically active chemicals in addition to mineralising compli-
cated compounds into plant-available forms (Dhiman et al., 2021; Kaur et al., 2022).
Further, certain microorganisms that earthworms engulf during vermicomposting
with organic substrates are not completely destroyed during stomach degradation
and pass out in the excreted material as such (Pramanik, 2010). In reality, spore
development is aided by the favourable conditions of earthworm guts. This is likely
to be the cause of the rising microbial population in vermicompost (Ali et al., 2015).

4.2.3 Enzymes

Organic wastes are quite complicated chemically, and enzymatic activity is required
for full stabilisation. The worms release enzymes in their gizzard and gut that
quickly biochemically convert the proteinaceous and cellulose components of the
organic wastes (Manikanta et al., 2023). Cellulases, which depolymerise cellulose,
b-glucosidases, which hydrolyse glucosides, amidohydrolase, proteases and urease,
which are involved in N mineralisation, and phosphatases, which remove phosphate
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groups from organic matter are a few of the key enzymes utilised in the vermi-
composting process (Dutta et al., 2023; Tikoria et al, 2022b). Indicators of micro-
bial activity, such as enzyme activities, are frequently utilised. They may also be
used to evaluate how much microbial metabolism is occurring in soil. In actuality,
enzymes serve as the drivers of key metabolic processes such as the breakdown and
detoxification of pollutants (Wang et al., 2021).

5 Conclusion

In the vermicomposting process, a wide range of organic wastes such as livestock,
municipal, agricultural, industrial and wastewater residuals can be managed using
engineered earthworm systems. The resulting vermicompost has good physical and
chemical attributes that compare favourably to conventionally prepared composts. It
can be used in agriculture as a source of plant nutrients and has also been shown to be
an effective soil conditioner. Moreover, vermicompost has ‘high porosity’, ‘aeration’,
‘drainage’ and ‘water-holding capacity’, which also enhance soil texture. The waste
substrate composition, moisture content and aeration are all important factors in the
vermicomposting process. As aresult, changes in agro-climatic and edaphic variables
might have an impact on the efficacy of the vermicomposting process and the survival
of earthworms.
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Abstract Background: Earthworms, beyond being farmers’ friend, has been utilized
in the maintenance of human health. Extracts from these animals offer alternatives
to the treatment of many conditions where chemotherapy has not offered optimum
protection without the usual side effects. It therefore becomes necessary to reor-
ganize the roles this all-important specie could play in the provision and main-
tenance of public health. Objective: This study aims at showcasing how different
molecules present in earthworms could be of value in keeping a healthy population
in therapeutics and prophylaxis. Methods: A search of the relevant original research
and review publications on the therapeutic effects of earthworms, mostly published
between 2012 and 2022 in Google Scholar and PubMed using relevant words, was
conducted. A total of 95 articles published in English were selected. Results: Records
available showed that earthworms processed in the forms of crude extracts or bioac-
tive compounds provided ethno-medical solutions to various ailments of humans,
plants, and animals, including: antimicrobial, anti-inflammatory, antioxidant, anti-
coagulative, neuro-regenerative, antihyperlipidemic, antidiabetic, antihypertensive,

A. B. Rowaiye (<))

Department of Agricultural Biotechnology, National Biotechnology Development Agency, Abuja,
Nigeria

e-mail: adekunlerowaiye @ gmail.com

A. B. Rowaiye - G. C. Ibeanu
Department of Pharmaceutical Science, North Carolina Central University, Durham, NC, USA

D. Bur - T. Agbalalah
Department of Medical Biotechnology, National Biotechnology Development Agency, Abuja,
Nigeria

T. Agbalalah
Department of Human Anatomy, Baze University, Abuja, Nigeria

J. A. Ogugua

Department of Veterinary Public Health and Preventive Medicine, University of Nigeria, Nsukka,
Nigeria

J. H. F. Garcia

Departamento Salud Publica, Facultad de Ciencias de La Salud, Universidad Técnica de Manabi,
Portoviejo, Ecuador

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 83
S. A. Aransiola and N. R. Maddela (eds.), Vermitechnology: Economic, Environmental
and Agricultural Sustainability, https://doi.org/10.1007/978-3-031-96212-7_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-96212-7_5&domain=pdf
mailto:adekunlerowaiye@gmail.com
https://doi.org/10.1007/978-3-031-96212-7_5

84 A. B. Rowaiye et al.

anticancer, antiaging, and many other medical and agricultural benefits. Conclu-
sion: Information available in literature shows that, at optimum form, temperature,
dosage, and usage, earthworms can provide cost cost-effective alternative treatment
to many ailments with the advantage of having negligible side effects. This calls
for rigorous research and more clinical trial efforts in this direction to validate their
therapeutic potentials, thereby improving public health, agricultural, and economic
benefits obtainable from earthworms, especially in developing economies.

Keywords Earthworm - Prophylactic + Therapeutic - Chemotherapy - Health

1 Introduction

Animals have been discovered to be excellent sources of bioactive substances, which
have a wide range of biological effects on human health. These bioactive chemicals
may be required for an animal to survive or may be produced in significant amounts
for the benefit of other creatures. Natural substances of animal origin have been
extracted, identified, and used as dietary or therapeutic supplements in recent years
to prevent, lessen, or treat a variety of diseases and their accompanying symptoms
(Grdisa, 2013).

Earthworms have been used medically for ages, as recorded in the history of
ancient Southeast Asian medicine (Chinese, Japanese, and Vietnamese). Proteins,
peptides, enzymes, and biologically active compounds are found in earthworms. As
aresult, a variety of ailments have been treated using extracts made from earthworm
tissue (Fiotka et al., 2019). Like other invertebrates, earthworms have different types
of leukocytes that produce and secrete a wide range of immunoprotective molecules
(Grdisa, 2013).

In ancient Chinese manuscripts, there are records of earthworms being used
to treat hypertension, arthritis, scabies, boils, and erysipelas to facilitate the birth
process, as well as neutralize toxins. They have also been used as antipyretic,
analgesic, and anti-inflammatory agents. Earthworms are soil-dwelling animals, so
they have oxygen exchange and antioxidant properties (Annakulovna et al., 2022).
Some of the bioactive molecules found in earthworms are antitumor protein, fibri-
nolytic enzymes, lumbrokinase (LK), cholinesterase, glycosidases, lysenin, collage-
nase, calmodulin-binding protein, metallothionein, eiseniapore, superoxide dismu-
tase, catalases, glycoprotein extract, gut mobility regulation peptide, antibacterial
peptide, carbamidine, lumbrofobrim, terrestrolumbrolysin, lumbritin, purin, vitamin
B, tyrosine, lauric acid, succinic acid, unsaturated fatty acid, etc. (Sun, 2015).

Studies have shown that the long-ignored earthworm’s innate immune system
contains the key to apparent medical characteristics, in addition to ecological benefits,
notably soil preservation. Using earthworms substantially avoids limitations and
inhibitions, which are present in many other alternative medical practices due to
ethical and financial objections to animal experimentation (Cooper et al., 2012a,
2012b). Therefore, there is a need to revisit the potential benefits of the utilization of
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earthworms and their constituents optimally to solve important health and economic
problems of society.

This chapter enriches the book by showcasing the broader applicability of earth-
worms beyond soil and agriculture. It contributes to the narrative that earthworms
are not just vital for ecological balance but also hold promise in economic and
health-related contexts, reinforcing the book’s central theme of sustainability across
economic, environmental, and agricultural domains.

2 Materials and Methods

A search of the relevant original research and review publications on the therapeutic
effects of earthworms, mostly published between 2012 and 2022, was done in Google
Scholar and PubMed. The search was conducted using keyword combinations such
as “earthworm AND anti-inflammatory,” “earthworm AND antimicrobial,” “earth-
worm AND antioxidative,” earthworm AND anti-coagulative,” “earthworm AND

2 <

neuroregenerative,” “earthworm AND anti-hyperlipidemia,” earthworm AND anti-
diabetic,” “earthworm AND antihypertensive,” “earthworm AND anticancer,” and
“earthworm AND anti-aging.” All related articles were selected and reviewed. A
total of 95 articles published in English were selected.

The selected articles were carefully analyzed and categorized based on the thera-
peutic effects of earthworms. Data extraction was conducted to collate detailed infor-
mation on study objectives, methodologies, key findings, and therapeutic outcomes
reported in each article. Particular attention was given to experimental designs, model
systems used, and the bioactive molecules isolated from earthworms. The results
were then organized into thematic sections corresponding to the therapeutic cate-
gories, highlighting key discoveries and the potential mechanisms underlying the
therapeutic effects of earthworm-derived molecules.

3 Ethnomedicinal Value of the Earthworm

There are roughly 4000 different species of earthworm (Karthick et al., 2020). Earth-
worms are significant invertebrates that have been used for thousands of years as food
and a source of traditional medicine in the treatment of a variety of diseases (Ding
et al., 2019). For over 2300 years, Southeast Asian nations have used and studied
them the most (Annakulovna et al., 2022). Traditional oriental populations have used
earthworms as anticonvulsants, analgesics, and sedatives to treat neurological prob-
lems (Moon & Kim, 2018). Specifically, the use of earthworms in China as traditional
medicines both for prophylaxis and therapy of diseases is an agelong practice (Deng
et al., 2018). The use of earthworms as food and medicine in Taiwan, as well as
Guangdong and Fujian provinces, is well documented in the book The Eu Yan Sang
Heritage: An Anthology of Chinese Herbs and Medicines (Cooper et al., 2012a,
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2012b). For example, as a component of traditional Chinese medicine (TCM), the
red earthworm Lumbricus rubellus has been used to treat a variety of health chal-
lenges such as inflammation, fever, hematological disorders, hepatic disorders, joint
discomfort, and high blood pressure (Dewi et al., 2017).

Dried earthworm powder has also been used in TCM to treat atherosclerosis linked
to tinnitus and vertigo (Annakulovna et al., 2022). In Burma and Laos, South-east
Asia, earthworms have historically been used to cure several diseases. It is produced
in liquid or powder form and used to treat diseases with symptoms similar to pyorrhea
as well as postpartum women who are unable to milk their infants (Cooper et al.,
2012a, 2012b).

Earthworms have long been utilized in Ayurvedic medicine. It is well known
that many tribes and residents of isolated Indian villages used earthworms to treat a
variety of illnesses and wounds (Balamurugan et al., 2009). Crushed earthworm is
used by traditional healers in Tamil Nadu, India, to cure fever, stomach pain, neck
pain, neurological problems, and digestive issues (Balamurugan et al., 2009). Also,
the Madura tribe in India’s Bangkalan Regency has a folk remedy for typhoid fever
that involves treating youngsters in particular with an earthworm decoction (made
from boiling water with earthworms) (Radina & Adi, 2020).

Earthworms are regarded as a highly successful remedy in a number of African
and Middle Eastern cultures. The earthworms are used in a variety of ways and are
used to cure a variety of illnesses, including alopecia, jaundice, and bladder stones
(Cooper et al., 2012a, 2012b). Iranians believe that earthworms are a powerful and
effective medicine. In this culture, earthworms are cooked and eaten with bread in
order to reduce the amount of bladder stones, and dried earthworms are also eaten
to treat people with jaundice. Applying earthworm ashes to the scalp while using
rose oil is also said to help treat alopecia (Cooper et al., 2012a, 2012b). In a similar
fashion, zootherapy with invertebrate-based remedies is a common practice in Africa.
In the Plateau Department of South-eastern Benin, the African earthworm Eudrilus
eugeniae K. is popular for its medicinal uses (Loko et al., 2019).

The mythical lore and tribal customs in Native America involved the use of earth-
worms as traditional medicines. The Cherokee Indians of North America employed
earthworm poultices to get rid of thorns (Cooper et al., 2012a, 2012b). Earth-
worms have also been used by the Nanticoke Tribe of Delaware to relieve rheumatic
discomfort. Though the molecular mechanisms underlying these treatments are not
completely known, there is some indication that earthworm lipids include particular
fatty acids that have a therapeutic effect (Cooper et al., 2012a, 2012b).

4 Bioactive Molecules of Earthworms

Nutritional composition of some earthworms: Proximate analysis reveals that Eisenia
fetida contains crude protein (64.61%), crude ash (10.16%), crude fat (12.29%),
crude fiber (0.27%), and N extract (12.67%). Euglandina rosea contains crude
protein (63.71%), crude fat (12.29%), crude ash (10.66%), crude fiber (0.21%),
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and N extract (12.67%). Allolobophora caliginosa contains crude protein (57.96%),
crude fat (6.53%), crude ash (21.09%), crude fiber (0.36%), and N extract (14.06%)
(Afreen & Shaikh, 2020; Sun & Jiang, 2017).

The earthworm consists of metabolites (such as lumbritin, carbamidine, lumbro-
febrine (tyrosine derivative), and terrestrolumbrolysin) (Sun, 2015; Sun & Jiang,
2017); special organic acids (such as lauric acid, succinic acid, and unsaturated
fatty acid) (Li et al., 2011b; Sun, 2015); and other components such as pyrimidines,
purines, guanidine, choline, vitamin B, and tyrosine (Afreen & Shaikh, 2020; Li
et al., 2011b; Sun, 2015; Sun & Jiang, 2017). The blood and body fluids of the
earthworm, Lumbricus terrestris consists of lipids which include neutral fat (lauric
acid, oleate, myristic acid, and decanoic acid); glucolipid (decanoic acid and some
short-chain fatty acids); and phosphatide (behenic, decanoic, linoleate, and oleate
acids) (Afreen & Shaikh, 2020; Sun & Jiang, 2017). The tissues of Pheretima
species of earthworms contain microelements such as zinc, copper, iron, chromium,
molybdenum, calcium, and manganese (Afreen & Shaikh, 2020; Sun & Jiang, 2017).

Earthworms also consist of many bioactive peptides. Among these active ingredi-
ents are the Lumbricus metalchelatins (LMT), which have a detoxifying effect by the
chelation of soft metal and metalloid ions like zinc, cadmium, and arsenic by short,
cysteine-rich, non-ribosomal peptides (Sun, 2015). According to their structure and
antibacterial properties, the antibacterial Verm peptides family (AVPF) was named
after the six antimicrobial peptides that were isolated and purified from the earth-
worm’s coelomic fluid and the liquid homogenate of its tissue. It contained 5-50
amino acid residues with similar or the same sequences as Ala—Met—Val-Ser—Gly
(ACSAG) (Sun & Jiang, 2017).

Several other antimicrobial peptides have been isolated from earthworms, and
they carry out antimicrobial, gut mobility, and other functions (Li et al., 2011b).
The OEP3121, a new antibacterial peptide having a molecular weight of 510.8 Da
with the ACSAG sequence, was isolated from the earthworm, E. fetida (Liu et al.,
2004). Perinerin is found in abundance in clam worms, Marphysa sanguinea (Park
et al., 2020). Lumbricin I, a 62 amino acid antibacterial peptide with a molecular
mass of 7231 Da and a proline content of 15% in molar ratio was extracted from
the earthworm L. rubellus (Cho et al., 1998). Lumbricin and its orthologue (477 and
575 nucleotide mRNA sequences, respectively) antimicrobial peptides have been
identified in Eisenia andrei (Bod¢ et al., 2019). The earthworm Pheretima guillelmi
has also been shown to secrete a novel lumbricin-like antimicrobial peptide called
lumbricin-PG (Li et al., 2011a). According to analysis, its amino acid composition is
FSRYARMRDSRPWSDRKNNYSGPQFTYPPEKAPPEKLIKWNN EGSPIFEM-
PAEGGHIEP (Li et al., 2011a). Also, As4 and As4, are antibacterial peptides
found in the earthworms (Sun & Jiang, 2017).

Earthworms contain enzymes such as collagenase, catalase, superoxide dismu-
tase, cholinesterase, glycosidase (Li et al., 2011b), esterase, porphyrin synthetase,
B-D-glucosyl enzyme, peroxidase, S-amino-y-ketoglutaric dehydrogenase, alkaline
phosphatase, fibrinolytic enzymes (Li et al., 201 1b), and lumbrokinase. (Sun, 2015),
and metal-binding protein such as calmodulin-binding protein and metallothionein
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(Li et al., 2011b). Other active protein contents include lysenin, which is a pore-
forming protein found in E. fetida’s coelomic fluid (Bruhn et al., 2006), eisenia-
pore, the hemolytic protein (Yamaji-Hasegawa et al., 2003), antitumor proteins, and
glycoprotein (Li et al., 2011b; Sun, 2015).

5 Medicinal Effect of Earthworms

Earthworms possess a wide range of medicinal effects because they contain
many bioactive molecules ranging from metabolites to peptides and proteins. The
bioactivities of many of these molecules have been established (Fig. 1, Table 1).

5.1 Antimicrobial Effect

In a recent study, the antibacterial activity of L. rubellus earthworms was evaluated
by measuring the diameter of the inhibitory zone to the growth of the bacterium
Porphyromonas gingivalis, which is the primary cause of periodontitis (Dharmawati
etal., 2019). The biggest diameter of the inhibitory zone on the growth of the P. gingi-
valis bacteria was found in a 50% concentration of L. rubellus earthworm extract. A
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Fig. 1 Medicinal effects of earthworms (created by Biorender.com)
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Table 1 The bioactive molecules found in different species of earthworms and their bioactivities

Bioactive molecule Source Bioactivity

Metabolites

Lumbritin Pheretima spp. Unspecified (Sun, 2015)
Carbamidine Pheretima spp. Unspecified (Sun, 2015)
Lumbofebrine Pheretima spp. Unspecified (Sun, 2015)
Terrestrolumbrolysin Pheretima spp. Unspecified (Sun, 2015)
Peptides

Lumbricus metalchelatins

Dendrobaena veneta

Detoxification (Sun, 2015)

Gut mobility regulation peptide

Pheretima spp.

Modulate gut motility (Sun, 2015)

AVPF Eisenia fetida Antimicrobial (Sun & Jiang, 2017)

A3-4 Eisenia fetida Antimicrobial (Sun & Jiang, 2017)

A3-4-2 Eisenia fetida Antimicrobial (Sun & Jiang, 2017)

Lumbricin PG Pheretima guillelmi Antimicrobial (Li et al., 2011a,
2011b)

OEP3121 Eisenia fetida Antimicrobial (Liu et al., 2004)

Perinerin Marphysa sanguinea Antimicrobial (Park et al., 2020)

NCW Marphysa sanguinea Anti-inflammatory (Park et al.,
2020)

Lumbricin Lumbricus rubellus Antimicrobial (Cho et al., 1998)

Lumbricin orthologue

Eisenia andrei

Antimicrobial (Bodé et al., 2019)

VQ-5 Eisenia fetida Anti-inflammatory (Li et al., 2017)

AQ-5 Eisenia fetida Anti-inflammatory (Li et al., 2017)

Lumbricusin Lumbricus terrestris Anti-inflammatory (Seo et al.,
2017)

LumAS5 Synthesized Anti-inflammatory (Seo et al.,
2017)

Col4al Pheretima aspergillum | Wound healing (Du et al., 2021)

Lumbricin I Lumbricus rubellus Antimicrobial (Lestari et al., 2019)

U3EE Eisenia fetida Inhibit DPP IV (Ogasawara et al.,

2020)

Antimicrobial peptide I (PP-I)

Pheretima tschiliensis

Antimicrobial (Hussain et al.,
2022)

Fetidin Eisenia fetida Hemolysis (Hussain et al., 2022)

CCF1 Eisenia fetida Anticancer, antibacterial (Ghosh,
2020)

GGNG Eisenia fetida Modulate gut motility (Oumi et al.,
1995)

Protein

Lumbrokinase Lumbricus rubellus Fibrinolytic enzyme (Sun, 2015)

Superoxide dismutase

Pheretima spp.

Antioxidation (Sun, 2015)

(continued)
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Table 1 (continued)

Bioactive molecule Source Bioactivity

Cholinesterase Pheretima spp. Hydrolysis of acetylcholine (Sun,
2015)

Catalases Pheretima spp. Antioxidation (Sun, 2015)

Glycosidases Pheretima spp. Hydrolysis of glycosidic linkages
(Sun, 2015)

Metallothionein Pheretima spp. Detoxification (Sun, 2015)

Calmodulin-binding protein Pheretima spp. Intracellular Ca?*-binding (Sun,
2015)

Antitumor protein Pheretima spp. Anticancer (Sun, 2015)

Lysenin Eisenia fetida Hemolysis (Bruhn et al., 2006)

Eiseniapore Eisenia fetida Hemolysis (Yamaji-Hasegawa
et al., 2003)

Eisenia fetida proteases Eisenia fetida Antiviral (Wang et al., 2018)

G-90 Eisenia fetida Antioxidative (Grdisa et al., 2001)

Alcalase hydrolysate Pheretima vulgaris Enzymatic hydrolysis (Feng et al.,
2022)

Antihypertensive protein Pheretima spp. Reduce angiotensin II level (Li
et al., 2005)

Coelomic cytolytic factor Eisenia fetida Anticancer (Hussain et al., 2022)

6.25% concentration of the L. rubellus earthworm extract did not inhibit the growth
of P. gingivalis (Dharmawati et al., 2019). Also, the antibacterial activity of several
solvent extracts of dried Lampito mauritii earthworm powder was evaluated using
preliminary disc diffusion screening. The 95% ethanolic extract of the earthworm
showed antibacterial activity and antifungal activity against Candida albicans. In
comparison to the ethanolic extract of the earthworm powder, the petroleum ether and
aqueous extracts had the least antifungal efficacy (Bhorgin & Uma, 2014). In contrast
to Streptococcus pyogenes, the petroleum ether extract of earthworms showed the
greatest inhibitory activity against Staphylococcus aureus. In contrast to C. albicans,
the petroleum ether extract of earthworm was found to have the highest antifungal
activity against Aspergillus niger. Ethanol and petroleum ether extracts had the least
antibacterial action against Escherichia coli. Earthworm extract in phosphate buffer
lacked inhibitory activity against bacterial and fungal cultures (Mathur et al., 2010).

Earthworms’ paste and coelomic fluid were tested for their antibacterial and anti-
fungal abilities against a number of pathogens, including Vibrio parahaemolyticus,
Bacillus subtilis, S. aureus, E. coli, C. albicans, and A. niger. According to the findings
of this study, the Eudrilus eugeniae paste and coelomic fluid exhibited antibacterial
and antifungal activity against a number of different bacterial and fungal isolates
suggesting that the constituents of the coelomic fluid and paste constituents have
medicinal uses (Sethulakshmi et al., 2018). Also, ten different earthworms, including
Amynthas corticis, Amynthas gracilis, Pheretima posthuma, E. fetida, Aporrectodea
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rosea, Allolobophora chlorotica, Aporrectodea trapezoides, Polypheretima elongata,
Aporrectodea caliginosa, and Pheretima hawayana, were tested. Numerous bioactive
substances, enzymes, and antioxidants found in the coelomic fluid of the earthworm
function as anticoagulants and play a significant role in the suppression of bacterial
growth. Therefore, it may be possible to avoid the evolution of multidrug-resistant
bacteria by developing new drugs from earthworms (Mustafa et al., 2022).

It has been discovered that the coelomic fluid of the earthworm Dendrobaena
veneta also contains an antifungal active fraction (AAF), which showed activity
against clinical isolates of C. albicans, Candida krusei ATCC 6258, and C. albicans
ATCC 10231 (Fiolka et al., 2019). AAF also significantly decreased the metabolic
activity of C. albicans cells, caused a loss of integrity in the cell wall, and conse-
quently caused apoptosis and necrosis. AAF contains some natural compounds and
proteins and could be utilized to treat skin and mucous membrane candidiasis, as it
demonstrated no endotoxicity or cytotoxicity toward normal skin fibroblasts (Fiotka
et al., 2019).

Crop diseases are caused by phytopathogenic fungi, which also cause significant
economic losses. The coelomic fluid of earthworms has been shown to inhibit the
development of phytopathogenic fungi (E€imovi¢ et al., 2021). In a research study
conducted by Ec¢imovi¢ et al., the growth of six phytopathogenic fungus species
(Macrophomina phaseolina, Fusarium culmorum, Berkeleyomyces basicola, Rhizoc-
tonia solani, Globisporangium irregulare, and Sclerotinia sclerotiorum) was inhib-
ited by the CF extract of the three earthworm species (A. chlorotica, D. veneta, and
E. andrei) under investigation (E€¢imovi¢ et al., 2021). The strongest inhibitory effect
was demonstrated by the E. andrei CF extract, which reduced the growth of R. solani
fungus. The study reported the antifungal activity of coelomic fluid collected from
earthworm species belonging to several ecological categories, and also suggested a
potential application in the protection of crops from phytopathogenic fungi (E¢imovi¢
etal., 2021). In another study, it was also discovered that the extracts of earthworms
D. veneta and E. fetida coelomic fluid have activity against a phytopathogenic fungus
Fusarium oxysporum in vitro (Plavsin et al., 2017).

The antibacterial activity of the different solvent extracts of the earthworm E. euge-
niae has been used in the treatment of important human diseases, including Hepatitis
B. A major therapeutic component of these extracts is the E. fetida proteases (Ef
Ps), which exhibited fibronectin proteolytic activity and showed confirmed efficacy
in the treatment of HBV infection in HepG2.2.15 cells (Wang et al., 2018). The
study revealed that Ef Ps significantly altered HBV infection in animal models by
degrading HBeAg in addition to proteolyzing fibronectin and which could be due
to the presence of HBeAgases, which is one of the eight isozymes present in Ef
Ps. This finding offers important insight into the therapeutic function and probable
therapeutic mechanism of Ef Ps as an efficient antiviral drug for the treatment of
chronic hepatitis B (Wang et al., 2018). The antibacterial activities of earthworms
(E. eugeniae, E. fetida, and P. posthuma) against pathogenic microbes have also
been established, as they have shown the potential to treat many fish ailments. It
has been shown that Bacillus megaterium and Aeromonas hydrophila are sensitive
to earthworm coelomic fluid (Kumar et al., 2022).
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5.2 Anfti-Inflammatory

Inflammation is a physiological response that is thought to be a component of a
complex biological mechanism to remove irritants, pathogens, or harmful stimuli
from the body. It is characterized by the activation of inflammatory signaling path-
ways and the release of a variety of proinflammatory mediators (Rowaiye et al.,
2022). The in vitro anti-inflammatory activity of the aqueous extract of the Pre-
Clitellar area of E. eugeniae (PAE) was investigated. The standard used (Aspirin;
100 g/ml) provided 61.2 4= 2.76% protection, but the test sample demonstrated strong
membrane-stabilizing activities (50.3 £ 0.53, 62.23 £ 0.43, and 99.43 £ 0.11% at
10, 20, and 30 mg/ml concentrations of PAE, respectively). The results suggest that
the PAE has anti-inflammatory properties, and the purification of its key ingredients
could increase its ability to stabilize membranes (Falak et al., 2021).

A unique peptide, NCWPFQGVPLGFQAPP (NCW), obtained by high-
performance liquid chromatography from the clam worm (M. sanguinea) extract,
decreased catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px), and malondialdehyde (MDA) activities in LPS-stimulated RAW264. 7
cells (Park et al., 2020). Also, the NCW peptide inhibited the production of pro-
inflammatory cytokines such as Interleukin-1 (IL-1) and tumor necrosis factor (TNF),
nitric oxide (NO), inducible nitric oxide synthase (iNOS), and cyclooxygenase-
2 (COX-2) in LPS-stimulated RAW264.7 macrophages, suggesting it could be a
potential drug for diseases associated with inflammation (Park et al., 2020).

Studies have been conducted to determine the anti-inflammatory and anti-pyretic
activity of the extract obtained from the earthworm L. mauritii (Balamurugan et al.,
2009). In rats, inflammation induced by histamine and turpentine as well as pyrexia
induced by Brewer’s yeast were reduced and restored to normal conditions in a dose-
dependent manner by the administration of indomethacin (10 mg/kg), paracetamol
(150 mg/kg), and/or various doses of earthworm extract (EE) (50, 100, and 200 mg/
kg) (Balamurugan et al., 2009).

The most significant inhibition of paw edema and granuloma, as well as the signifi-
cant reduction in hyperpyrexia, when rats were administered conventional drugs and
varying dosages of EE, suggest the presence of anti-inflammatory and antipyretic
characteristics of EE similar to the glycoprotein complex (G-90) (Balamurugan et al.,
2009).

In another study, the effect of the extract of the earthworm L. rubellus (EEW) on
the reduction of the number of osteoclasts in chronic periodontitis in Wistar rats was
investigated. It was demonstrated that EEW possesses anti-inflammatory properties
that can inhibit NF-kB and reduce the secretion of pro-inflammatory cytokines (Dhar-
mawati, 2020). Though the osteoclasts did not decrease when EEW was administered
for up to 7 days, significant reductions were observed at Days 14 and 21. On Days
14 and 21, the quantity of osteoclasts decreased both orally and topically, with the
same results (Dharmawati, 2020). The oral administration of EEW also significantly
reduced neutrophil count (Dharmawati et al., 2022).
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The methanolic earthworm extract (EE) has been demonstrated to have a protec-
tive effect against acrylamide (ACR)-induced reproductive dysfunction. The rats
treated with ACR showed reduced sperm quantity, viability, and overall motility and
altered the architecture of the testicular tissue (Ahmed et al., 2022). However, ACR
had no impact on FSH or LH levels, reduced the glutathione (GSH) level in testic-
ular tissues, increased testosterone, nitric oxide (NO), and malondialdehyde (MDA)
levels and showed elevated expression of p53 and Ki-67 in the hyperplastic Leydig
cells and the degenerating spermatogenic cells, respectively (Ahmed et al., 2022).
However, the methanolic EE repaired the testicular histological structures, reversed
the biochemical changes induced by ACR, and restored the sperm parameters. The
EE reduced ACR-induced reproductive damage by reestablishing the antioxidant
balance in the testicles and reducing the expression of p53 and Ki-67 in the testicular
tissues (Ahmed et al., 2022).

Empirical data suggest that the Ohira II earthworm extract (OEE) had a bene-
ficial effect on the process of skin wound healing in Kunming mice. OEE quick-
ened wound healing and reduced inflammation as determined by the histopatho-
logic, macroscopic, hematologic, and immunohistochemistry properties (Deng et al.,
2018). Accelerated secretion of hydroxyproline and TGF-$ was believed to be the
potential mechanism responsible for that, thus enhancing collagen synthesis and
promoting the proliferation of blood capillaries and fibroblasts. Accelerating the
production of interleukin-6, white blood cells, and platelets hastens the clearance of
necrotic tissue and foreign objects. As a result, it raises immunity, lowers the chance
of infection, and speeds up wound healing (Deng et al., 2018).

The antipyretic and analgesic effects of earthworm extracts have also been inves-
tigated. In a study of the antipyretic impact on rabbits having pyrogen-induced
fevers generated by E. coli pyrogen and chromatographic separations, the antipyretic
components in the Japanese earthworms (Lumbricus spencer, Perichaeta commun-
ishima, Goto, and Hatai) were discovered (Hori et al., 1974). All-cis-5,8,11,14-
eicosatetraenoic acid and all-cis-5,8,11,14,17-eicosapentaenoic acid are believed to
be the key antipyretic components with demonstrated effectiveness (Horietal., 1974).
The extract of Ohira Il (E. fetida) earthworms raised pain threshold and had periph-
eral but not central analgesic effects in mice. In a similar manner as morphine and
aspirin, the extract of Ohira II reduced the levels of the enzymes that synthesize
nitric oxide, norepinephrine, and 5-hydroxytryptamine in the blood, suggesting that
it possesses peripheral analgesic qualities and may act as a potential analgesic drug
(Luo et al., 2018).

From the coelomic fluid of E. fetida, two novel analgesic and anti-inflammatory
peptides, VQ-5 and AQ-5, were isolated and characterized, with their primary struc-
tures identified as VSSVQ and AMADAQ. In animal models of chronic inflamma-
tion and neuropathic pain, both peptides, but particularly AQ-5, demonstrated anal-
gesic efficacy. Additionally, AQ-5 reduced the generation of cyclooxygenase-2 and
tumor necrosis factor alpha. AQ-5 suppressed the mitogen-activated protein kinase
signaling pathway, which has anti-inflammatory and analgesic effects (Li et al.,
2017).
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A novel role for earthworm peptide Lumbricusin as a regulator of neuroinflam-
mation has been discovered®. A study demonstrated that the antimicrobial peptide
Lumbricusin, which was obtained from the earthworm L. terrestris, improved motor
dysfunction and dopaminergic neurodegeneration while enhancing neuronal growth
(Seoetal.,2017). One of the 9-mer Lumbricusin analogues, LumAS (QLICWRRFR-
NH2), created based on the amino acid sequence of Lumbricusin, was also inves-
tigated for its inhibitory activity on lipopolysaccharide (LPS)-induced microglial
activation and its ability to reduce neuroinflammation (Seo et al., 2017). LumAS
significantly decreased the expression of enzymes (COX-2, iNOS), cytokines (IL-
6, IL-1B, TNF-a), and signal transduction factors (AKT, MAPKs, NF-B) asso-
ciated with inflammation brought on by LPS in vitro and in vivo. Additionally,
LumAS5 increased cell survival and reduced the cytotoxicity of conditioned media
produced by LPS-activated BV-2 microglia to neuronal SH-SYSY cells. These find-
ings suggest that LumAS5 may have therapeutic promise in the management of a
range of neuroinflammatory diseases (Seo et al., 2017).

In a recent study, Col4al, a newly discovered collagen-like peptide, was cloned
and expressed to thoroughly examine the role of wound healing and the underlying
mechanism. Both in vitro and in vivo, it had considerable impacts on wound healing,
including improved viability, proliferation, fibroblast migration, granulation, and
collagen deposition. Additionally, the col4al worked by interacting with integrin
ap B and enhancing the RAS/MAPK signaling pathway. The study showed how the
unique collagen-like peptide col4al, which was extracted from severed earthworms,
promoted faster wound healing and opened up new possibilities for wound treatment
(Dueet al., 2021).

5.3 Antioxidative

The excessive production of free radicals in cells, which outweighs the normal oper-
ation of exogenous and endogenous antioxidants, leads to oxidative stress. Free
radicals accumulate in the body and destroy vital biological components like lipids,
proteins, and DNA molecules because of their highly reactive nature (Rowaiye et al.,
2020). In a recent study, the antioxidative properties of the earthworm, L. rubellus,
were investigated. It was discovered that the ethanolic extract of L. rubellus powder
had an IC 50% of 12.33 mg/mL and a total phenolic content of 1016.31 mg/100 g
gallic acid equivalent (GAE). The L. rubellus powder ethanolic extract contains
phenolic acid and has an in vitro antioxidant effect, suggesting it could be used as
a natural source of antioxidants to treat disorders linked to oxidative stress (Dewi
etal., 2017).

Glycolipoprotein extract (G-90) obtained from the earthworm E. fetida has been
shown to exert some in vitro antioxidative activity in cultured human fibroblasts
and epithelial cells. G-90 protected the cells from the toxicity induced by H,O, and
stimulated their proliferation 4 h after H,O, treatment. G-90 was proven to perform
better than a well-known antioxidant, ascorbic acid, which neither protected nor
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promoted cell development after injury unless it was administered at the same time
as HO; (Grdisa et al., 2001).

The extract of L. rubellus, which contains Lumbricin I (peptide), glycoprotein
G-90, and polyphenols, also demonstrated its antibacterial and antioxidant prop-
erties in male Wistar Rats infected with Salmonella typhimurium. The extract of
L. rubellus lowered the levels of ALT, AST, and the number of bacterial colonies
of S. typhimurium (Lestari et al., 2019). Also, in male Wistar rats exposed to
Salmonella typhi infection, the extract of L. rubellus lowered the levels of malondi-
aldehyde (MDA) and 8-hydroxy-deoxyguanosine (8-OHdG), suggesting that it could
ameliorate the oxidative damage induced by typhoid fever (Samatra et al., 2017).

The effects of ethanolic EE of E. fetida and the earthworm meal (EM) on the
oxidative parameters of native roosters from Western Azerbaijan was studied. It was
discovered that MDA levels considerably decreased in the EE and EM treated groups
in the blood, liver, and testis. Alkaline phosphatase and AST (not ALT) levels also
decreased significantly. The results suggest that EE and EM may help improve male
reproductive performance by protecting the blood, liver, and testicles from oxidative
stress and having antioxidant activity (Shokouh et al., 2018). Also, the effects of
earthworm extract on the levels of antioxidant enzymes, total antioxidant capacity,
and oxidative damage in the midgut of Bombyx mori, a silkworm, were studied. It was
demonstrated that dietary EE could increase B. mori’s antioxidant capability through
lowering the amount of Lactate Dehydrogenase (LDH) and raising the expression of
genes for antioxidant enzymes (Xu et al., 2020). The EE also increased Superoxide
Dismutase (SOD) and the spleen index (Liu et al., 2019).

An antioxidant assay was conducted to determine the total phenolic content of the
coelomic fluid of E. fetida using two solvents. According to the analysis, phenolic
component extraction with 85% ethanol produced a high phenol content of 208.6 mg
GAE/L. On the other hand, the extraction with 85% methanol produced 189.1 mg
GAE/LL, suggesting that the coelomic fluid of E. fetida contains a large amount
of phenols in its ethanol extract (Pinky et al., 2020). Furthermore, a novel peptide,
NCW (NCWPFQGVPLGFQAPP) with a molecular weight of 1757.86 kDa was
obtained from the extract of clam worm (M. sanguinea) using high-performance
liquid chromatography and the structure elucidated by tandem mass spectrometry.
NCW demonstrated notable antioxidant properties, causing a 50% inhibition of the
DPPH radical at a concentration of 20 M without cytotoxicity (Park et al., 2020).

5.4 Anticoagulative Activity

Cardiovascular disorders (CVDs) are responsible for more than 31% of deaths glob-
ally (Joyia et al., 2018), and they include deep vein thrombosis, stroke, myocardial
infarction, and pulmonary embolism (Feng et al., 2022; Kumar & Sabu, 2019). The
development of blood clots inside the vessel is one cause of CVD. The dissolution
of intraluminal blood clots involves numerous protein molecules known as throm-
bolytics (Joyia et al., 2018). Conventional thrombolytics are not only effective but



96 A. B. Rowaiye et al.

also have a primary side effect is non-specific fibrinolysis, which causes extensive
internal bleeding (hemorrhage) and significant blood loss, which finally results in
death (Joyia et al., 2018). Certain enzymes found in earthworms can be used as
thrombolytic agents and can destroy already existing thrombus (Kumar & Sabu,
2019; Malik & Afsheen, 2021).

The in vitro thrombolytic and fibrinolytic activity of the crude EE of Eutyphoeus
gammiei has been reported in Tripura, Northeast India (Debnath et al., 2018). E.
gammiei crude homogenate produced results that were comparable to those of strep-
tokinase in both the thrombolytic assay with whole blood and the fibrin plate assay.
Fibrin zymography also produced clear bands, indicating dose and time-dependent
activity. The results demonstrated strong fibrinolytic and thrombolytic activity on
human blood and suggests that E. gammiei might be a useful alternative source for
the production of thrombolysis (Debnath et al., 2018). Biochemical and pharma-
ceutical investigations reveal that earthworm protease has anti-thrombosis and anti-
fibrosis properties. With a wide range of substrate specificity, earthworm protease
works against thrombosis by preventing platelet aggregation and exhibiting fibri-
nolytic activity. It also works against fibrosis by reducing fibronectin, collagen, and
laminin. The protease regulator (U3EE) from earthworms performs both activator
and inhibitor roles on a variety of target proteins (Wang et al., 2019).

To investigate the Chinese ethnomedicinal practice of administering the dry earth-
worm powder for the treatment of cardiovascular disorders, a study was performed
to purify and identify the thrombolytic peptides from the enzymatic hydrolysate
of Pheretima vulgaris (Feng et al., 2022). Eight different commercial proteases
were used to hydrolyze the total active proteins from P. vulgaris, and the alcalase
hydrolysate exhibited the most potent thrombolytic activity. Using bioactivity-
directed fractionation of the active hydrolysate, four unique thrombolytic peptides
were recovered and identified through nano-LC-ESI-Orbitrap mass spectrometry,
and they are HEPLPEP, EYPLPEP, LGEPSVP, and LLAPP. In both the plasmin
assay and the fibrinogen-thrombin time assay, HEPLPEP and EYPLPEP, which both
contain the same PLPEP residues, demonstrated greater thrombolytic activity. The
study presented new opportunities for thrombolytic drugs and confirmed that P.
vulgaris was a possible source of active peptides with thrombolytic properties (Feng
etal., 2022).

Also known as earthworm fibrinolytic enzymes (EFE), lumbrokinases (LK) are
protease enzymes that have been isolated and characterized from the gut of L. rubellus
(Verma & Pulicherla, 2017) and other different species of earthworms (Karthick et al.,
2020) and used to treat blood clots (Cooper et al., 2012a, 2012b). The LK is a combi-
nation of six serine protease isomers, each of which has a unique molecular weight
between 14 and 1 kDa and arange of fibrinolytic activity (Verma & Pulicherla, 2017).
LK, which is easy to absorb and stable against pH and temperature fluctuations, has
demonstrated anti-ischemic activity by enhancing the activity of adenylate cyclase,
which caused an increase in c-AMP levels. The Glycoprotein IIB/IITA (GPIIB/IIIA)
and P-selectin, necessary for brain trauma, are inhibited by these changes in c-AMP
expression (Verma & Pulicherla, 2017). The functional characterization of a purified
LK obtained from an Earthworm E. fetida revealed its ability to dissolve fibrin or
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convert plasminogen to plasmin by activating endogenous tissue plasminogen acti-
vator (t-PA) to break down fibrin clots without causing any negative side effects.
All these suggest that LK can be used as a perfect therapeutic molecule for oral
administration in CVD patients (Joyia et al., 2018).

In a study, it was discovered that the plasma fibrinogen level and euglobulin lysis
time could both be significantly reduced by the thrombolytic impact of an earthworm
crude extract. The crude extract, which contains many fibrinolytic enzymes, caused
an improvement in hemorheology when administered to rabbits. The experiment
demonstrates that the enzymatic preparation may significantly lower the index of
erythrocyte rigidity, lower the viscosity of whole blood and plasma, and obviously
lessen platelet aggregation. These findings demonstrated its capability to increase
blood flow and disperse stasis (Zhang & Wang, 1992). In another study using column
chromatography, the thrombolytic enzyme was extracted and purified from the super-
natant of the earthworm Aporrectodea longa and the blood clot lysis method was
used to confirm thrombolytic activity. Results indicated that the extracted elute could
act as a suitable therapeutic agent and showed potential fibrinolytic activity (Malik &
Afsheen, 2021).

5.5 Neuroregenerative Activity

In several preclinical neuronal injury models, EE and its components have been
demonstrated to preserve nerve cells and restore nerve function. This is an outcome
of research on the involvement of numerous biomolecules produced by earthworms
as antioxidant and anti-inflammatory agents (Moon & Kim, 2018).

In a recent study, the preventive and therapeutic benefits of earthworm extracts
and their components were explored in several neuropathic models. Earthworm
extracts were used as a preventative measure and treatment for several neurodegener-
ative conditions, including Parkinson’s disease, mild cognitive impairment, cerebral
infarction, and peripheral nerve injury (Moon & Kim, 2018).

Furthermore, the extract of Lumbricus promoted the regeneration of injured
peripheral nerve in Sprague—Dawley (SD) rats. The study revealed a higher nerve
function index value, higher conduction velocity of the injured sciatic nerve, and a
higher number of regenerated myelinated nerve fibers in treatment groups than in the
control group (Wei et al., 2009). The clinical potential of Lumbricus extract on the
treatment of peripheral nerve damage in humans was suggested, given that it appeared
to have improved sciatic nerve regeneration and function recovery after injury (Wei
etal., 2009). Additionally, the earthworm aqueous extract promoted axonal sprouting
and PC12 cell differentiation in peripheral nerve damage. It greatly encouraged PC12
cell production of GAP-43 and synapsin I, known to prompt NGF-induced neurite
outgrowth (Chen et al., 2010).

It has been established that the bioactive ingredient IGF-1 (insulin-like growth
factor 1) found in the earthworm, Pheretima aspergillum, promotes Schwann cell
proliferation, survival, and migration into the distal end of the wounded nerve area
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to enhance axonal regrowth (Kristianto & Mardiati, 2017). To better understand how
the earthworm (P. aspergillum) ethanol extract affects the augmentation of nerve fiber
density in rats with stage II diabetic ulcers, a study was conducted. The findings of
the study indicate that, as compared to the control groups, the groups that got the EE
had a much higher density of nerve fibers. Applying earthworm extract topically had
the best impact on increasing the density of the nerve fibers. In a diabetic rat model,
earthworm extract promoted peripheral nerve regeneration (Kristianto & Mardiati,
2017).

With an intact nervous system, the earthworm has been shown to regenerate
amputated parts due to the presence of biochemical substances. The recovery of
damaged peripheral nerves can be greatly aided by the earthworm (Moon & Kim,
2018). The administration of the earthworm extracts has been shown to induce ERK 1/
2 and p38 activation (Chang et al., 2011). Because Schwann cells build the myelin
sheath and protect axons in the peripheral nervous system, the earthworm extract
increased Schwann cell migration. MMP2/9 expression was mediated by MAPK
pathways that comprised ERK1/2 and p38. These findings suggest that the earthworm
extract may have a significant impact on the migration of Schwann cells and neuro-
regeneration via the MAPKSs signaling pathway (Chang et al., 2011; Moon & Kim,
2018).

Using specific sciatic nerve lesion paradigms in diabetic rats generated by
streptozotocin injection, a study evaluated the therapeutic effects of lumbrokinase
on peripheral-nerve regeneration. After nerve transection, it was discovered that
lumbrokinase therapy might enhance the rats’ circulatory blood flow and encourage
the regeneration of axons in a silicone rubber conduit. Treatment with lumbrokinase
was believed to potentially enhance neuromuscular functioning and nerve conduc-
tivity (Lee et al., 2015). According to immunohistochemical labelling, lumbroki-
nase significantly increased the expression of the calcitonin gene-related peptide
(CGRP) in the lamina I-II areas of the dorsal horn next to the lesion and signif-
icantly increased the number of macrophages drawn to the distal nerve stumps.
Additionally, in dissected diabetic sciatic nerve segments, the lumbrokinase could
promote the release of nerve growth factor (NGF), interleukin-1 (IL-1), transforming
growth factor (TGF), and platelet-derived growth factor (PDGF). Finally, it was
discovered that giving lumbrokinase to diabetic rats after their nerves were repaired
during surgery had significant effects on boosting peripheral nerve regeneration and
functional recovery (Lee et al., 2015).

5.6 Antihyperlipidemic Activity

Hyperlipidemia is a disorder of lipid metabolism characterized by increased blood
total cholesterol, triglycerides, LDL (Low Density Lipoprotein), or diminished levels
of HDL (High Density Lipoprotein) or a combination of both aberrations (Nalurika,
2015; Rochma, 2016).
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The modulatory effect of lyophilized earthworm powder on the level of serum
lipids in experimental hyperlipidemic mice has been studied. The results showed
that different dosages of earthworm lyophilized powder significantly improved the
level of blood HDL-C and decreased the level of serum TCTG and LDL-C within
8 weeks (Jin-xia et al., 2008). Another study that used a guinea pig model shows that
EE can ameliorate high-fat diet (HFD)-induced fatty liver and modulate lipid profile.
This study demonstrated that the induction of serum TC, TG, and LDL-C in response
to high-fat diet (HFD) was decreased by the administration of earthworm extract.
In guinea pigs fed the HFD, EE also lessened liver damage. This result implies that
EE can reduce dyslipidemia and liver damage brought about by nonalcoholic fatty
liver disease (NAFLD) (Deng et al., 2021). In Kunming mice fed for 10 weeks with
high-level lipid feeds, it was demonstrated that one of the factors that contributed
to the reduction of serum cholesterol in hyperlipidemic mice treated with earth-
worm lyophilized powder was the substantial upregulation of Lecithin cholesterol
acyltransferase and Lipoprotein Lipase mRNA expression (Jinxia et al., 2015).

Malondialdehyde (MDA) levels rise as a result of lipid peroxidation caused
by hyperlipidemia, which also damages the duodenum (Nalurika, 2015). The oil
obtained from the Earthworm, L. rubellus, contains long-chain omega-3 unsaturated
fatty acids, which can be used as an antioxidant in the treatment of hyperlipidemia.
A study demonstrated that in hyperlipidemia model rats, earthworm oil can signifi-
cantly lower MDA and reverse the duodenal histopathology, as shown by the return
of normal goblet cells and epithelial cell growth (Nalurika, 2015). In a similar exper-
iment, the omega-3 fatty acids found in oil earthworm (L. rubellus) lowered blood
lipid levels and prevented oxidative damage brought on by free radicals. At the most
effective dose of 400 mg/kg BW, the earthworm oil lowered blood triglyceride and
LDL levels, and increased SOD activity. The earthworm oil also improved the histo-
logical appearance of the abdominal aorta by reducing foam cells and repairing the
connective tissue and smooth muscle cells (Rochma, 2016).

5.7 Antidiabetic Effects

Alpha amylase and alpha glycosidase are directly involved in the development of
diabetes. They are the main enzymes for controlling glucose in the human system,
and inhibiting them ameliorates diabetes. The inhibitory activities of different solvent
EE on these two enzymes have been evaluated (Mir et al., 2018). Of all the extracts,
the water extract had the highest inhibitory activity, followed by the ethanol extract.
Between water extract (highest inhibition) and ethyl acetate extract (lowest inhibi-
tion), DMSO and acetone extracts also demonstrated the ability to inhibit. The study
revealed that generally, polar solvents better inhibit the glucose-controlling enzymes
than the lesser polar solvents (Mir et al., 2018).
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In diabetic rats, EE has been demonstrated to improve organ function and restore
the physiological and histological changes associated with the disease. EE signifi-
cantly reduced the levels of glucose and increased the levels of insulin and glucose-6-
phosphate dehydrogenase (Abdelaziz et al., 2022). The histological analysis showed
a clear improvement in the liver, heart, kidney, and testis architecture as well as the
regeneration of injured pancreatic beta cells. The study showed that EE was effective
inreversing the histological and biochemical alterations in the organs of diabetic rats.
The study showed that the therapeutic efficacy of EE on diabetes complications is
due to its hypoglycemic activity, antioxidant effects, and the ability to regenerate
damaged tissues (Abdelaziz et al., 2022).

The G-90, the glycolipoprotein obtained from the earthworm E. fetida, possesses a
variety of biological activities (Goodarzi et al., 2016). Given the biological properties
of G-90, a study was conducted to ascertain how E. fetida homogenate extract affected
the rate of wound healing in rats with alloxan-induced diabetes. The findings showed
that D-panthenol treatment in rats had an exact replica of the impact of utilizing G-90
to speed up wound healing. In comparison to D-panthenol treatment, G-90 treatment
reduced the risk of infection at the wound site and showed improved extracellular
matrix production with increased neovascularization, fibroblast proliferation, and
collagen synthesis, and early epithelial layer development. As a result, the G-90
may be viewed as a novel wound healing agent that introduces promising treatment
modalities in both human and veterinary medicine (Goodarzi et al., 2016).

The effect of Earthworm-containing composite powder (CEP) on improving lipid
metabolism and increasing fibrinolytic activity in Zucker diabetic fatty (ZDF) rats
to protect against diabetic complications has been established. Following a feeding
regimen of ZDF rats for 10 weeks, CEP significantly reduced euglobulin clot lysis
time (ECLT), decreased HbAlc, hepatic fat buildup, and urine albumin excretion,
while also enhancing the glomerular mesangial matrix score. This shows the potential
of CEP to ameliorate diabetes and diabetic nephropathy (Kawakami et al., 2016).
The CEP also significantly reduced ECLT in Sprague Dawley rats at 4 and 24 h
after consumption (Kawakami et al., 2016). Furthermore, in an in vitro study, it was
discovered that CEP possessed a high level of urokinase-type plasminogen activator-
like activity (Kawakami et al., 2016).

Human dipeptidyl-peptidase IV (DPP IV) is inhibited in vitro by the aqueous
extract of the earthworm, E. fetida. A fraction of this extract, under 3KDa, U3EE,
has been demonstrated to possess inhibitory activity. U3EE seems to inhibit DPP IV
due to the synergistic effects of the inhibitory amino acids (methionine, histidine,
leucine, and isoleucine), suggesting that it may be effective as a medication and
dietary supplement for the prevention of diabetes (Yoshii et al., 2020). U3EE has
also demonstrated inhibitory activity against porcine pancreatic o-amylase (PPA)
with an IC50 of 73.7 4.0 mg/mL (Ogasawara et al., 2020).
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5.8 Antihypertensive Activity

In a recent study, hypertensive patients who had failed to respond to previous drugs
were treated with an earthworm extract tincture. The earthworm treatment typically
resulted in a reduction in high blood pressure within 4 to 10 days. When “Earth
dragon B1,” an EE, was used to treat hypertension, the results indicated a 90.9%
success rate in preventing hypertension without causing any overt negative effects.
With very positive treatment outcomes, an extract of an earthworm mixture was also
employed to treat hypertension cases. When an earthworm K factor was injected
intramuscularly to lower high blood pressure, 30 cases showed an improvement of
86.6%, which is more effective than the majority of pharmacological therapies for
the condition (Afreen & Shaikh, 2020).

Spontaneously hypertensive rats (SHR) were used to study the effects of the
antihypertensive protein obtained from Pheretima on blood pressure, angiotensin
II, and angiotensin IT AT1 receptor. The antihypertensive protein from Pheretima,
either administered as a single intravenous injection or in several doses to signifi-
cantly lowered blood pressure in SHR. Angiotensin II AT1 receptor expression in
the kidney of the SHR model significantly increased as compared to the normal
control (Wistar rats), but it decreased with the addition of the antihypertensive
protein from Pheretima. The mechanism of action was believed to be connected
to the decrease in angiotensin II levels and the downregulation of angiotensin II AT1
receptor expression in the kidney (Li et al., 2005).

The extract of E. fetida (EFE) has hypotensive and angiotensin-converting enzyme
inhibitory effects in SHR. In vitro, EFE demonstrated significant ACE inhibitory
activity (ICso = 2.5 mg/mL) (Mao & Li, 2015). In another study, the extract of
Lamnodrilus gotai (LGE) reduced spontaneous motor activity and blood pressure.
The LGE was also found to have sedative and antihypertensive effects, notably in
SHR (Wie et al., 1992).

5.9 Anticancer

Natural available extracts have been shown to have protective effects against the
genotoxicity induced in normal cells by the traditional anticancer drugs (Kour et al.,
2017). These extracts are sought for in the treatment of malignancies because of
their antioxidant effects. One natural extract known for its anticancer activity is the
earthworm extract (EE). The EEs contain proteases that possess anti-proliferative
properties in vitro. The fluid obtained from the coelom (CF) of various species of
earthworms was found to have a cytotoxic effect against the Squamous Cell Carci-
noma cell line SCC-9, especially the CF of E. eugeniae (Augustine et al., 2019). The
EE also showed suppressive effects against oral cancer squamous cell line carcinoma
as well as breast, liver, gastrointestinal, and brain cancers (Augustine et al., 2017).
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Although the EE are known to prevent tissue damage by excess reactive oxygen
species (ROS), it is believed that the antioxidant enzymes may promote invasive
cancer (Hawk et al., 2016). This is because antioxidant activity brings about loss
of cell membrane integrity and the release of mediators associated with inflamma-
tion and immunosuppression into the extracellular environment, thereby promoting
carcinogenesis (Terzi¢ et al., 2010). The EE was found to reduce cancer cell lines
multiplication in inverse relation with dosage; elevate spleen and thymus activities,
and raise RBC and WBC counts at high dosage (90 mg/kg). The EE regulatory effects
were found to be by increasing Bax, which promotes apoptosis, while decreasing
Bcl-2, which inhibits cancer cells while not exerting immune suppression (Deng
etal., 2019).

Testing the effect of coelomic fluid (CF) of D. veneta in colonic cancer (CC),
Czerwonka et al. (2020) found that active protein-carbohydrate fraction (AF)
obtained from thermally treated (70 °C) CF of the earthworm D. veneta inhibited
damage to normal cell membrane (thereby preventing the possible side effect of
promoting carcinogenesis) but retained the cancer cell apoptotic activities. The CF
cell membrane damage activity was believed to be based on lysenin (protein) (Czer-
wonka etal., 2020). Lysozymes, also present in the worm, possess antitumor activities
by the activation of the immune system of the host, achieved by inducing regulatory
and helper T lymphocytes, and in addition, increase tumor cell immunogenicity. The
lysozymes oligomerize and form complexes with different compounds, including
sugars and peptides, which increase their in vitro anticancer activities by entering
the cancer cells, resulting in the formation of plasmic granules and damaging the cell
membrane (Czerwonka et al., 2020).

AF activity is also related to mitochondrial-associated events that play its role in
the activation of the intrinsic pathway of apoptosis. Here, permeabilization of the
outer membrane of mitochondria by factors such as the Bcl-2 family of proteins
leads to the release of cytochrome c, which binds the caspase adaptor molecules
Apaf-1 and procaspase-9, to form the apoptosome. This results in the assembling of
apoptosome complexes, thereby triggering the activation of procaspase-3 to active
caspase-3, leading to cell death (Tait & Green, 2013). Therefore, the ability of AF to
inhibit the proteasome is believed to be the pathway responsible or co-responsible
for the apoptosis observed in the CC cells (Czerwonka et al., 2020).

5.10 Antiaging

Earthworm extracts have been reported to exert antiaging effects. However, to
date, only a few studies have shown that earthworms possess properties useful in
fighting against skin aging. In a study, the earthworm extracts were shown to have
significant anti-tyrosinase, anti-elastase, and matrix metalloproteinase-1 inhibitory
activity as compared with the control, N-isobutyl-N-(4-methoxyphenylsulfonyl)-
glycylhydroxamic acid (Azmi et al., 2014). These bioactivities were investigated in
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the earthworms L. rubellus, E. fetida, and E. eugeniae. The results support the tradi-
tional cosmetic use of earthworm extracts as an anti-wrinkle agent, as these enzymes
prevent the loss of skin elasticity (Azmi et al., 2014). The earthworm mucus is highly
effective at moisturizing, protecting, and exfoliating the skin and could potentially be
commercialized for its variety of effects on skin regeneration, anti-aging, and antiox-
idant protection (Jeong et al., 2013). Furthermore, phytohormones such as cytokinins
and trans-zeatin, which are components of earthworm casting (Puga-Freitas et al.,
2012), are reported to reduce several aging markers in human fibroblasts (Fathy et al.,
2022; Kadlecova et al., 2018).

5.11 Others

The EE was recorded to significantly reduce arginase, alanine aminotransferase,
aspartate aminotransferase, alkaline phosphatase, low-density lipoprotein, total
cholesterol, triglycerides, creatinine, uric acid, malondialdehyde, and nitric oxide
(Abdelaziz et al., 2022). Earthworm extract was also reported to significantly increase
albumin, high-density lipoprotein, total protein, testosterone, follicle-stimulating
hormone, and luteinizing hormone; reduce glutathione S-transferases, glutathione,
and catalase. These bioactivities were all found to significantly increase in response
to EE exposure (Abdelaziz et al., 2022).

In addition to demonstrating many bioactivities, earthworms were found to be
rich in proteins and other nutrients. With advances in biotechnology, the nutritional
composition of some useful functional components of earthworms has been deci-
phered. Consequently, eating earthworms could be a novel nutritional supplement
(Ding et al., 2019).

A study discovered that the CF of the earthworm Metaphire peguana instantly
immobilized human, hamster, goat, and rat sperm in a dose-dependent manner. At
20 s, 300 g of CF immobilized 100% of human and other mammalian sperm. A
47-kD protein, Immotilin, obtained from the earthworm is said to be responsible for
this spermicidal activity without affecting the other cells. Immotilin thus exhibits
promise as a noninvasive anti-fertilizing agent (Mukherjee et al., 2003).

6 Conclusion

The medicinal importance of earthworms and the growing research interest in their
use as sources of drugs are discussed in this review. The bioactivities of numerous
earthworm species have been confirmed through evidence-based studies. Potentially,
earthworms are cheap and safe sources of nutraceuticals as they contain substances
that are vital for the human body and its systemic functions and also treat a variety
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of human disorders. However, more clinical trials are required to validate their ther-
apeutic potentials and also to translate them into health care and cosmetic products
for humans.

References

Abdelaziz, M. H., Abdelfattah, M. A., Bahaaeldine, M. A., Rashed, A. R., Mohamed, A. S., Ali,
M. F, Elbatran, M. M., & Saad, D. Y. (2022). Earthworm extract enhanced organ functions
in diabetic rats by ameliorating physiological and structural changes. Biointerface Research in
Applied Chemistry, 13(5), 1-19. https://doi.org/10.33263/BRIAC135.445

Afreen, S., & Shaikh, A. (2020). Therapeutic uses of earthworm—A review. International Journal
of Advanced Ayurveda, Yoga, Unani, Siddha and Homeopathy, 9(1), 571-580. https://doi.org/
10.23953/cloud.ijaayush.469

Ahmed, M. M., Hammad, A. A., Orabi, S. H., Elbaz, H. T., Elweza, A. E., Tahoun, E. A., Elseehy,
M. M., El-Shehawi, A. M., & Mousa, A. A. (2022). Reproductive injury in male rats from
acrylamide toxicity and potential protection by earthworm Methanolic extract. Animals, 12(13),
1723. https://doi.org/10.3390/ani12131723

Annakulovna, N. Z., Abdulfayiz 0o’g’li, T. A., & Urmonovna, U. Z. (2022). Medicinal properties of
earthworms and their importance in medicine. Eurasian Medical Research Periodical, 8, 52-54.

Augustine, D., Rao, R. S., Anbu, J., & Murthy, K. C. (2017). In vitro antiproliferative effect of
earthworm coelomic fluid of Eudrilus eugeniae, Eisenia foetida, and Perionyx excavatus on
squamous cell carcinoma-9 cell line: A pilot study. Pharmacognosy Research, 9(Suppl 1),
S61-S66. https://doi.org/10.4103/pr.pr_52_17

Augustine, D., Rao, R. S., Anbu, J., & Murthy, K. C. (2019). In vitro cytotoxic and apoptotic
induction effect of earthworm coelomic fluid of Eudrilus eugeniae, Eisenia foetida, and Perionyx
excavatus on human oral squamous cell carcinoma-9 cell line. Toxicology Reports, 6, 347-357.
https://doi.org/10.1016/j.toxrep.2019.04.005

Azmi, N., Hashim, P., Hashim, D. M., Halimoon, N., & Majid, N. M. (2014) Anti—elastase, anti—
tyrosinase and matrix metalloproteinase—1 inhibitory activity of earthworm extracts as potential
new anti—aging agent. Asian Pacific Journal of Tropical Biomedicine, 4, S348—S352. https://doi.
org/10.12980/APJTB.4.2014C1166

Balamurugan, M., Parthasarathi, K., Cooper, E. L., & Ranganathan, L. S. (2009). Anti-inflammatory
and anti-pyretic activities of earthworm extract—Lampito mauritii (Kinberg). Journal of
Ethnopharmacology., 121(2), 330-332. https://doi.org/10.1016/j.jep.2008.10.021

Bhorgin, A. J., & Uma, K. (2014). Antimicrobial activity of earthworm powder (Lampito mauritii).
International Journal of Current Microbiology and Appl Science, 3(1), 437-443.

Bodo, K., Boros, A., Rumpler, E Molndr, L., Borocz, K., Németh, P., & Engelmann, P. (2019).
Identification of novel lumbricin homologues in Eisenia andrei earthworms. Developmental &
Comparative Immunology, 90, 41-46. https://doi.org/10.1016/j.dci.2018.09.001

Bruhn, H., Winkelmann, J., Andersen, C., Andri, J., & Leippe, M. (2006). Dissection of the mech-
anisms of cytolytic and antibacterial activity of lysenin, a defence protein of the annelid Eisenia
fetida. Developmental & Comparative Immunology, 30(7), 597-606. https://doi.org/10.1016/].
dci.2005.09.002

Chang, Y. M., Kuo, W. H,, Lai, T. Y., Shih, Y. T., Tsai, F. J., Tsai, C. H., Shu, W. T., Chen, Y. Y., Chen,
Y.S.,Kuo, W. W., & Huang, C. Y. (2011). RSC96 Schwann cell proliferation and survival induced
by dilong through PI3K/Akt signaling mediated by IGF-1. Evidence-Based Complementary and
Alternative Medicine, 2011(216148). https://doi.org/10.1093/ecam/nep216

Chen, C.T., Lin, J. G., Lu, T. W., Tsai, F. J., Huang, C. Y., Yao, C. H., & Chen, Y. S. (2010). Earth-
worm extracts facilitate PC12 cell differentiation and promote axonal sprouting in peripheral


https://doi.org/10.33263/BRIAC135.445
https://doi.org/10.23953/cloud.ijaayush.469
https://doi.org/10.23953/cloud.ijaayush.469
https://doi.org/10.3390/ani12131723
https://doi.org/10.4103/pr.pr_52_17
https://doi.org/10.1016/j.toxrep.2019.04.005
https://doi.org/10.12980/APJTB.4.2014C1166
https://doi.org/10.12980/APJTB.4.2014C1166
https://doi.org/10.1016/j.jep.2008.10.021
https://doi.org/10.1016/j.dci.2018.09.001
https://doi.org/10.1016/j.dci.2005.09.002
https://doi.org/10.1016/j.dci.2005.09.002
https://doi.org/10.1093/ecam/nep216

Molecules of Therapeutic and Prophylactic Value in the Earthworm 105

nerve injury. The American Journal of Chinese Medicine, 38(03), 547-560. https://doi.org/10.
1142/S0192415X10008044

Cho, J. H., Park, C. B., Yoon, Y. G., & Kim, S. C. (1998). Lumbricin I, a novel proline-rich antimi-
crobial peptide from the earthworm: purification, cDNA cloning and molecular characterization.
Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 1408(1), 67-76. https://doi.
0rg/10.1016/S0925-4439(98)00058-1

Cooper, E. L., Balamurugan, M., Huang, C. Y., Tsao, C. R., Heredia, J., Tommaseo-Ponzetta, M., &
Paoletti, M. G. (2012). Earthworms dilong: Ancient, inexpensive, noncontroversial models may
help clarify approaches to integrated medicine emphasizing neuroimmune systems. Evidence-
Based Complementary and Alternative Medicine, 2012(164152). https://doi.org/10.1155/2012/
164152

Cooper, E. L., Hirabayashi, K., & Balamurugan, M. (2012b). Dilong: Food for thought and medicine.
Journal of Traditional and Complementary Medicine., 2(4), 242-248. https://doi.org/10.1016/
S$2225-4110(16)30110-9

Czerwonka, A., Fiotka, M. J., Jedrzejewska, K., Jankowska, E., Zajac, A., & Rzeski, W. (2020).
Pro-apoptotic action of protein-carbohydrate fraction isolated from coelomic fluid of the
earthworm Dendrobaena veneta against human colon adenocarcinoma cells. Biomedicine &
Pharmacotherapy, 126, Article 110035. https://doi.org/10.1016/S2225-4110(16)30110-9

Debnath, M., Saha, S., & Sil, S. K. (2018). First report on fibrinolytic and thrombolytic activity
of Eutyphoeus Gammiei an earthworm species collected from Tripura, Northeast India. Asian
Journal of Pharmaceutical and Clinical Research, 11(11), 20236-20240. https://doi.org/10.
22159/ajper.2018.v11i11.27739

Deng, Z., Gao, S., An, Y., Huang, Y., Liu, H., Zhu, W., Lu, W., He, M., Xie, W, Yu, D., & Li, Y.
(2021). Effects of earthworm extract on the lipid profile and fatty liver induced by a high-fat
diet in guinea pigs. Annals of Translational Medicine, 9(4), 292. https://doi.org/10.21037/atm-
20-5362

Deng, Z., Gao, S., Xiao, X., Yin, N., Ma, S., Li, W., & Li, Y. (2019). The effect of earthworm
extract on mice S180 tumor growth and apoptosis. Biomedicine & Pharmacotherapy., 115,
Article 108979. https://doi.org/10.1016/j.biopha.2019.108979

Deng, Z. H., Yin, J.J., Luo, W,, Kotian, R. N., Gao, S. S., Yi, Z. Q., Xiao, W.F,, Li, W.P., & Li, Y. S.
(2018). The effect of earthworm extract on promoting skin wound healing. Bioscience Reports,
38(2), BSR20171366. https://doi.org/10.1042/BSR20171366

Dewi, N. W.,, Mahendra, A. N., Putra, G. W., Jawi, I. M., Sukrama, D. M., & Kartini, N. L. (2017).
Ethanolic extract of the powder of red earthworm (Lumbricus rubellus) obtained from several
organic farmlands in Bali, Indonesia: Analysis of total phenolic content and antioxidant capacity.
Bali Medical Journal, 6(3), S80-S83. https://doi.org/10.15562/bmj.v313.730

Dharmawati, 1. (2020). Effectiveness of Lumbricus rubellus earthworm extract against the number
of osteoclasts in Wistar periodontitis rat. European Journal of Molecular & Clinical Medicine,
7(11), 1584-1592.

Dharmawati, I. A., Sukrama, I. D., Thahir, H., & Manuaba, 1. B. (2022). Utilization of rhizosphere
earthworm extracts to support the immune system. KnE Life Sciences. https://doi.org/10.18502/
kls.v7i3.11114

Dharmawati, I. G., Mahadewa, T. G., & Widyadharma, I. P. (2019). Antibacterial activity of
Lumbricus Rubellus earthworm extract Against Porphyromonas Gingivalis as the bacterial cause
of periodontitis. Open Access Macedonian Journal of Medical Sciences, 7(6), 1032. https://doi.
org/10.3889/0amjms.2019.222

Ding, S., Lin, X., & He, S. (2019). Earthworms: A source of protein. Journal of Food Science and
Engineering, 9(2019), 159-170. https://doi.org/10.17265/2159-5828/2019.05.001

Du, C, Li, Y., Xia, X., Du, E., Lin, Y., Lian, J., Ren, C., Li, S., Wei, W., & Qin, Y. (2021).
Identification of a novel collagen-like peptide by high-throughput screening for effective wound-
healing therapy. International Journal of Biological Macromolecules, 173, 541-553. https://doi.
org/10.1016/j.ijbiomac.2021.01.104


https://doi.org/10.1142/S0192415X10008044
https://doi.org/10.1142/S0192415X10008044
https://doi.org/10.1016/S0925-4439(98)00058-1
https://doi.org/10.1016/S0925-4439(98)00058-1
https://doi.org/10.1155/2012/164152
https://doi.org/10.1155/2012/164152
https://doi.org/10.1016/S2225-4110(16)30110-9
https://doi.org/10.1016/S2225-4110(16)30110-9
https://doi.org/10.1016/S2225-4110(16)30110-9
https://doi.org/10.22159/ajpcr.2018.v11i11.27739
https://doi.org/10.22159/ajpcr.2018.v11i11.27739
https://doi.org/10.21037/atm-20-5362
https://doi.org/10.21037/atm-20-5362
https://doi.org/10.1016/j.biopha.2019.108979
https://doi.org/10.1042/BSR20171366
https://doi.org/10.15562/bmj.v313.730
https://doi.org/10.18502/kls.v7i3.11114
https://doi.org/10.18502/kls.v7i3.11114
https://doi.org/10.3889/oamjms.2019.222
https://doi.org/10.3889/oamjms.2019.222
https://doi.org/10.17265/2159-5828/2019.05.001
https://doi.org/10.1016/j.ijbiomac.2021.01.104
https://doi.org/10.1016/j.ijbiomac.2021.01.104

106 A. B. Rowaiye et al.

Ecimovi¢, S., Vrandeci¢, K., Kujavec, M., Zulj, M., Cosié, J., & Velki, M. (2021). Antifungal
activity of earthworm coelomic fluid obtained from Eisenia andrei, Dendrobaena veneta and
Allolobophora chlorotica on six species of phytopathogenic fungi. Environments, 8(10), 102.
https://doi.org/10.3390/environments8 100102

Falak, Y. Y., Igbal, U. N., Mahajan, N. G., & Chopda, M. Z. (2021). In vitro anti-inflammatory
activity of pre-clitellar extract of Eudrilus eugeniae. BIOINFOLET-A Quarterly Journal of Life
Sciences, 17(1b), 190-191. https://doi.org/10.3390/environments§ 100102

Fathy, M., Saad Eldin, S. M., Naseem, M., Dandekar, T., & Othman, E. M. (2022). Cytokinins:
wide-spread signaling hormones from plants to humans with high medical potential. Nutrients,
14(7), 1495. https://doi.org/10.3390/nu14071495

Feng, T., Zhang, J., Wang, Y., Wei, D., Sun, J., Yu, H., Tao, X., Mao, X., Hu, Q., & Ji, S. (2022).
Purification and identification of thrombolytic peptides from enzymatic hydrolysate of Pheretima
vulgaris. Journal of Food Biochemistry, 19, Article e14414. https://doi.org/10.1111/jtbc.14414

Fiotka, M. J., Czaplewska, P., Macur, K., Buchwald, T., Kutkowska, J., Paduch, R., Kaczynski, Z.,
Wydrych, J., & Urbanik-Sypniewska, T. (2019). Anti-Candida albicans effect of the protein-
carbohydrate fraction obtained from the coelomic fluid of earthworm Dendrobaena veneta. PLoS
ONE, 14(3), Article e0212869. https://doi.org/10.1371/journal.pone.0212869

Ghosh, S. (2020). In-silico study of earthworm CCF1 peptides in earthworm. International Journal
of Peptide Research and Therapeutics, 26, 2213-2224. https://doi.org/10.1007/s10989-020-100
14-w

Goodarzi, G., Qujeq, D., Elmi, M. M., Feizi, F., & Fathai, S. (2016). The effect of the glycolipoprotein
extract (G-90) from earthworm Eisenia foetida on the wound healing process in alloxan-induced
diabetic rats. Cell Biochemistry and Function, 34(4), 242-249. https://doi.org/10.1002/cbf.3186

Grdisa, M. (2013). Therapeutic properties of earthworms. Bioremediation, Biodiversity and
Bioavailability, 7, 1-5.

Grdisa, M., Popovic, M., & Hrzenjak, T. (2001). Glycolipoprotein extract (G-90) from earthworm
Eisenia foetida exerts some antioxidative activity. Comparative Biochemistry and Physiology
Part a: Molecular & Integrative Physiology., 128(4), 821-825. https://doi.org/10.1016/S1095-
6433(00)00323-8

Hawk, M. A., McCallister, C., & Schafer, Z. T. (2016). Antioxidant activity during tumor progres-
sion: A necessity for the survival of cancer cells? Cancers, 8(10), 92. https://doi.org/10.3390/
cancers8§100092

Hori, M., Kondo, K., Yoshida, T., Konishi, E., & Minami, S. (1974). Studies of antipyretic compo-
nents in the Japanese earthworm. Biochemical Pharmacology, 23(11), 1583-1590. https://doi.
org/10.1016/0006-2952(74)90370-0

Hussain, M., Liaqat, 1., Hanif, U., Sultan, A., Ara, C., Aftab, N., & Butt, A. (2022). Medic-
inal perspective of antibacterial bioactive agents in earthworms (Clitellata, Annelida): A
comprehensive review. Journal of Oleo Science, 71(4), 563-573. https://doi.org/10.5650/jos.
ess21379

Jeong, Y. G., Park, S. Y., & Lee, D. W. (2013). Identification of regeneration and anti-wrinkle
effect on skin using Jangheung mud and earthworm mucus. Korean Journal of Aesthetics and
Cosmetology, 11(4), 685-691.

Jinxia, W. U., Jian, W. U, Sigiang, S. U., Hongyue, W. U., & Heying, Z. H. (2015). Regulation of
earthworm lyophilized powder on reverse cholesterol transport genes expression in hyperlipi-
demic mice. Journal of Hebei University (Natural Science Edition), 35(2), 159. https://doi.org/
10.3969/j.issn.1000-1565.2015.02.009

Jin-xia, W. U,, Xing-hang, Z. H., Li-jun, L. L., Yang, X. L., & Peng, Y. I. (2008). Modulating effects
of earthworm lyophilized powder on serum lipids in experimental hyperlipidemic mice. Journal
of Hebei University (Natural Science Edition), 28(6), 652.

Joyia, F. A., Zia, M. A., Mustafa, G., Faheem, A., Raana, H. T., & Khan, M. S. (2018). Isolation,
purification and functional characterization of fibrinolytic Protease from an earthworm Eisenia
foetida. Pure and Applied Biology (PAB), 7(2), 906-909. https://doi.org/10.19045/bspab.2018.
700110


https://doi.org/10.3390/environments8100102
https://doi.org/10.3390/environments8100102
https://doi.org/10.3390/nu14071495
https://doi.org/10.1111/jfbc.14414
https://doi.org/10.1371/journal.pone.0212869
https://doi.org/10.1007/s10989-020-10014-w
https://doi.org/10.1007/s10989-020-10014-w
https://doi.org/10.1002/cbf.3186
https://doi.org/10.1016/S1095-6433(00)00323-8
https://doi.org/10.1016/S1095-6433(00)00323-8
https://doi.org/10.3390/cancers8100092
https://doi.org/10.3390/cancers8100092
https://doi.org/10.1016/0006-2952(74)90370-0
https://doi.org/10.1016/0006-2952(74)90370-0
https://doi.org/10.5650/jos.ess21379
https://doi.org/10.5650/jos.ess21379
https://doi.org/10.3969/j.issn.1000-1565.2015.02.009
https://doi.org/10.3969/j.issn.1000-1565.2015.02.009
https://doi.org/10.19045/bspab.2018.700110
https://doi.org/10.19045/bspab.2018.700110

Molecules of Therapeutic and Prophylactic Value in the Earthworm 107

Kadlecovd, A., Jirsa, T., Novdk, O., Kammenga, J., Strnad, M., & Voller, J. (2018). Natural
plant hormones cytokinins increase stress resistance and longevity of Caenorhabditis elegans.
Biogerontology, 19, 109-120. https://doi.org/10.1007/s10522-017-9742-4

Karthick, P. J., Hemavathi, A., Bhuvanasree, M., Angumani, A., & Prabhu, N. (2020). Isolation
and characterisation of lumbrokinase from different species of earthworm. Research Journal of
Agriculture and Forestry Sciences, 8(3), 57-60.

Kawakami, T., Fujikawa, A., Ishiyama, Y., Hosojima, M., Saito, A., Kubota, M., Fujimura, S., &
Kadowaki, M. (2016). Protective effect of composite earthworm powder against diabetic compli-
cations via increased fibrinolytic function and improvement of lipid metabolism in ZDF rats.
Bioscience, Biotechnology, and Biochemistry., 80(10), 1980—1989. https://doi.org/10.1080/091
68451.2016.1166932

Kour, J., Ali, M. N., Ganaie, H. A., & Tabassum, N. (2017). Amelioration of the cyclophosphamide
induced genotoxic damage in mice by the ethanolic extract of Equisetum arvense. Toxicology
Reports, 4,226-233. https://doi.org/10.1016/j.toxrep.2017.05.001

Kristianto, H., & Mardiati, N. P. (2017). The effects of earthworm (pheretima aspergillum) ethanol
extract toward the improvement of nerve fibers density in diabetic ulcers care degree II of rats
wistar. MNJ (Malang Neurology Journal), 3(2), 61-72. https://doi.org/10.21776/ub.mnj.2017.
003.02.3

Kumar, R., Yadav, R., & Kumar Gupta, R. (2022). A sustainable way for fish health management
by replacement of chemical and drugs by earthworm. In Environmental degradation in Asia:
Land degradation, environmental contamination, and human activities (pp. 329-352). Springer
International Publishing. https://doi.org/10.1007/978-3-031-12112-8_16

Kumar, S. S., & Sabu, A. (2019). Fibrinolytic enzymes for thrombolytic therapy. Therapeutic
Enzymes: Function and Clinical Implications, 1148, 345-381. https://doi.org/10.1007/978-981-
13-7709-9_15

Lee, H. C., Hsu, Y. M., Tsai, C. C., Ke, C. J., Yao, C. H., & Chen, Y. S. (2015). Improved peripheral
nerve regeneration in streptozotocin-induced diabetic rats by oral lumbrokinase. The American
Journal of Chinese Medicine, 43(02), 215-230. https://doi.org/10.1142/S0192415X15500147

Lestari, A. A., Sukrama, I. D., & Nurmansyah, D. (2019). The earthworm (Lumbricus Rubellus)
extract decreased amino transaminase enzyme level and number of bacterial colony in male
wistar rats infected with Salmonella Typhimurium. Biomedical and Pharmacology Journal,
12(1), 325-332. https://doi.org/10.13005/bpj/1643

Li, C.,, Chen, M,, Li, X., Yang, M., Wang, Y., & Yang, X. (2017). Purification and function of two
analgesic and anti-inflammatory peptides from coelomic fluid of the earthworm, Eisenia foetida.
Peptides, 89, 71-81. https://doi.org/10.1016/j.peptides.2017.01.016

Li, C., Mao, S., & Kang, B. (2005). Effects of antihypertensive protein from pheretima on
Angiotensin II and Angiotensin II AT_1 receptor in spontaneously hypertensive rats. China
Pharmacy, 2005.

Li, W., Li, S., Zhong, J., Zhu, Z., Liu, J., & Wang, W. (2011a). A novel antimicrobial peptide from
skin secretions of the earthworm, Pheretima guillelmi (Michaelsen). Peptides, 32(6), 1146-1150.
https://doi.org/10.1016/j.peptides.2011.04.015

Li, W., Wang, C., & Sun, Z. (2011b). Vermipharmaceuticals and active proteins isolated from
earthworms. Pedobiologia, 54, S49-56. https://doi.org/10.1016/j.pedobi.2011.09.014

Liu, H., Wu, Y., Zhu, J., Chen, Y., Xu, Q., Xu, Z., Yang, X., Qiu, S., Qi, G., Li, J., & Sun, Y. (2019).
Physiological effects of earthworm extracts in mice. Chinese Journal of Animal Nutrition, 31(1),
437-443.

Liu, Y. Q.,Sun,Z.J., Wang, C.,Li, S.J., & Liu, Y. Z. (2004). Purification of a novel antibacterial short
peptide in earthworm Eisenia foetida. Acta Biochimica Et Biophysica Sinica., 36(4), 297-302.
https://doi.org/10.1093/abbs/36.4.297

Loko, L. E., Medegan Fagla, S., Orobiyi, A., Glinma, B., Toffa, J., Koukoui, O., Djogbenou, L., &
Gbaguidi, F. (2019). Traditional knowledge of invertebrates used for medicine and magical—
religious purposes by traditional healers and indigenous populations in the Plateau Department,


https://doi.org/10.1007/s10522-017-9742-4
https://doi.org/10.1080/09168451.2016.1166932
https://doi.org/10.1080/09168451.2016.1166932
https://doi.org/10.1016/j.toxrep.2017.05.001
https://doi.org/10.21776/ub.mnj.2017.003.02.3
https://doi.org/10.21776/ub.mnj.2017.003.02.3
https://doi.org/10.1007/978-3-031-12112-8_16
https://doi.org/10.1007/978-981-13-7709-9_15
https://doi.org/10.1007/978-981-13-7709-9_15
https://doi.org/10.1142/S0192415X15500147
https://doi.org/10.13005/bpj/1643
https://doi.org/10.1016/j.peptides.2017.01.016
https://doi.org/10.1016/j.peptides.2011.04.015
https://doi.org/10.1016/j.pedobi.2011.09.014
https://doi.org/10.1093/abbs/36.4.297

108 A. B. Rowaiye et al.

Republic of Benin. Journal of Ethnobiology and Ethnomedicine, 15, 1-21. https://doi.org/10.
1186/s13002-019-0344-x

Luo, W., Deng, Z. H., Li, R., Cheng, G., Kotian, R. N, Li, Y. S., & Li, W. P. (2018). Study of
analgesic effect of earthworm extract. Bioscience Reports, 38(1), BSR20171554. https://doi.
org/10.1042/BSR20171554

Malik, M. E,, & Afsheen, S. (2021). Isolation and purification of thrombolytic enzyme extracted
from earthworm Punjab, Pakistan. Abasyn Journal of Life Science, 4(1), 127-135.

Mao, S., & Li, C. (2015). Hypotensive and angiotensin-converting enzyme inhibitory activities of
Eisenia fetida extract in spontaneously hypertensive rats. Evidence-Based Complementary and
Alternative Medicine, 2015(349721). https://doi.org/10.1155/2015/349721

Mathur, A., Verma, S. K., Bhat, R., Singh, S. K., Prakash, A., Prasad, G. B., & Dua, V. K.
(2010). Antimicrobial activity of earthworm extracts. Journal of Chemical and Pharmaceutical
Research, 2(4), 364-370.

Mir, M. A., Upadhay, S., & Mir, B. A. (2018). Inhibition of alpha amylase and alpha glycosidase
enzymes by various earth worm extracts. Biomedical and Pharmacology Journal, 11(3), 1261—
1268. https://doi.org/10.13005/bp;j/1487

Moon, B. C., & Kim, J. S. (2018). The potential of earthworm and its components as a therapeutic
agent for neuronal damage. Journal of Biomedical Translational Research, 19(3), 58—64. https://
doi.org/10.12729/jbtr.2018.19.3.058

Mukherjee, M., Datta, M., Biswas, S., Pal, A. K., Malakar, D., Bhattacharyya, A. K., Bhattacharya,
S., & Kobayashi, H. (2003). Immotilin, a novel sperm immobilizing protein. Fertility and
Sterility, 79(Suppl 3), 1673-1675. https://doi.org/10.1016/S0015-0282(03)00371-6

Mustafa, R. G., Saiqa, A., Dominguez, J., Jamil, M., Manzoor, S., Wazir, S., Shaheen, B., Parveen,
A., Khan, R., Ali, S., & Ali, N. M. (2022) Therapeutic values of earthworm species extract from
Azad Kashmir as anticoagulant, antibacterial, and antioxidant agents. Canadian Journal of
Infectious Diseases and Medical Microbiology, 2022 (6949117). https://doi.org/10.1155/2022/
6949117

Nalurika, A. (2015). Pengaruh Pemberian Minyak Cacing Tanah (Lumbricus Rubellus) Terhadap
Kadar Malondialdehida (Mda) Dan Gambaran Histopatologi Duodenum Pada Tikus (Rattus
Novergicus) Model Hiperlipidemia Dengan Indu [Doctoral dissertation, Universitas Brawijaya].

Ogasawara, M., Yoshii, K., Wada, J., Yamamoto, Y., & Inouye, K. (2020). Identification of guanine,
guanosine, and inosine for o-amylase inhibitors in the extracts of the earthworm Eisenia
fetida and characterization of their inhibitory activities against porcine pancreatic a-amylase.
Enyzme and Microbial Technology, 142, Article 109693. https://doi.org/10.1016/j.enzmictec.
2020.109693

Oumi, T., Ukena, K., Matsushima, O., Ikeda, T., Fujita, T., Minakata, H., & Nomoto, K. (1995).
The GGNG peptides: Novel myoactive peptides isolated from the gut and the whole body of
the earthworms. Biochemical and Biophysical Research Communications, 216(3), 1072—-1078.
https://doi.org/10.1006/bbrc.1995.2730

Park, Y.R., Park, C. 1., & Soh, Y. (2020). Antioxidant and Anti-Inflammatory Effects of NCW Peptide
from Clam Worm (Marphysa Sanguinea)., 30(9), 1387-1394. https://doi.org/10.4014/jmb.2003.
03050

Pinky, D., Yadav, Y., & Shukla, V. (2020). Evaluation of antioxidant activity of Eisenia fetida.
International Journal of Biological Innovations, 2(2), 109-116. https://doi.org/10.46505/1JBI.
2020.2205

Plavsin, 1., Velki, M., E¢imovié, S., Vrande&ié, K., & Cosié, J. (2017). Inhibitory effect of earthworm
coelomic fluid on growth of the plant parasitic fungus Fusarium oxysporum. European Journal
of Soil Biology, 78, 1-6. https://doi.org/10.1016/j.ejsobi.2016.11.004

Puga-Freitas, R., Barot, S., Taconnat, L., Renou, J. P., & Blouin, M. (2012). Signal molecules
mediate the impact of the earthworm Aporrectodea caliginosa on growth, development and
defence of the plant Arabidopsis thaliana. PLoS ONE, 7(12), Article e49504. https://doi.org/10.
1371/journal.pone.0049504


https://doi.org/10.1186/s13002-019-0344-x
https://doi.org/10.1186/s13002-019-0344-x
https://doi.org/10.1042/BSR20171554
https://doi.org/10.1042/BSR20171554
https://doi.org/10.1155/2015/349721
https://doi.org/10.13005/bpj/1487
https://doi.org/10.12729/jbtr.2018.19.3.058
https://doi.org/10.12729/jbtr.2018.19.3.058
https://doi.org/10.1016/S0015-0282(03)00371-6
https://doi.org/10.1155/2022/6949117
https://doi.org/10.1155/2022/6949117
https://doi.org/10.1016/j.enzmictec.2020.109693
https://doi.org/10.1016/j.enzmictec.2020.109693
https://doi.org/10.1006/bbrc.1995.2730
https://doi.org/10.4014/jmb.2003.03050
https://doi.org/10.4014/jmb.2003.03050
https://doi.org/10.46505/IJBI.2020.2205
https://doi.org/10.46505/IJBI.2020.2205
https://doi.org/10.1016/j.ejsobi.2016.11.004
https://doi.org/10.1371/journal.pone.0049504
https://doi.org/10.1371/journal.pone.0049504

Molecules of Therapeutic and Prophylactic Value in the Earthworm 109

Radina, D. F,, & Adi, A. C. (2020). Factors causing Bangkalan communities to consume earthworm
boiled water (drugs/traditional remedies) for typhoid handling. Indian Journal of Public Health
Research and Development, 11(4), 576-580.

Rochma, O. (2016). Pengaruh Terapi Minyak Cacing Tanah (Lumbricus Rubellus) Terhadap Aktiv-
itas Enzim Superoksida Dismutase Dan Gambaran Histopatologi Aorta Abdominalis Pada Tikus
Putih (Rattus Novergicus) Model Hiper [Doctoral dissertation, Universitas Brawijaya].

Rowaiye, A., Wilfred, O. L., Onuh, O. A., Bur, D., Oni, S., Nwonu, E. J., Ibeanu, G., Oli, A. N., &
Wood, T. T. (2022). Modulatory effects of mushrooms on the inflammatory signaling pathways
and pro-inflammatory mediators. Clinical Complementary Medicine and Pharmacology, 2(4),
Article 100037. https://doi.org/10.1016/j.ccmp.2022.100037

Rowaiye, A. B., Onuh, O. A., Oli, A. N., Okpalefe, O. A., Oni, S., & Nwankwo, E. J. (2020)
The pandemic COVID-19: A tale of viremia, cellular oxidation and immune dysfunction. Pan
African Medical Journal, 36(1). https://doi.org/10.11604/pamj.2020.36.188.23476

Samatra, D. P, GB, M. T., Sukrama, I. D., Dewi, N. W., Praja, R. K., & Nurmansyah, D.
(2017). Extract of earthworms (Lumbricus rubellus) reduced malondialdehyde and 8-hydroxy-
deoxyguanosine level in male wistar rats infected by salmonella typhi. Biomedical and
Pharmacology Journal, 10(4), 1765-1771. https://doi.org/10.13005/bpj/1290

Seo, M., Lee, J. H., Baek, M., Kim, M. A., Ahn, M. Y., Kim, S. H., Yun, E. Y., & Hwang, J. S.
(2017). A novel role for earthworm peptide Lumbricusin as a regulator of neuroinflammation.
Biochemical and Biophysical Research Communications., 490(3), 1004—1010. https://doi.org/
10.1016/j.bbrc.2017.06.154

Sethulakshmi, K. C., Ranilakshmi, K. C., & Thomas, A. P. (2018). Antibacterial and antifungal
potentialities of earthworm Eudrilus eugeniae paste and coelomic fluid. Asian Journal of Biology,
5,2456-7124.

Shokouh, M. R., Torshizi, M. A., & Alizadeh, A. R. (2018). Evaluation of the effects of earthworm
(Eisenia fetida) meal and ethanol extract on antioxidant status, liver enzymes and some blood
parameters in Western Azarbaijan native roosters. Iranian Journal of Animal Science Research,
10(1), Pe47-Pe59.

Sun, Z. (2015). Earthworm as a biopharmaceutical: From traditional to precise. European Journal
of BioMedical Research, 1(2), 28-35.

Sun, Z., & Jiang, H. (2017). Nutritive evaluation of earthworms as human food. Future Food, 37.
https://doi.org/10.5772/intechopen.70271

Tait, S. W., & Green, D. R. (2013). Mitochondrial regulation of cell death. Cold Spring Harbor
Perspectives in Biology, 5(9), Article a008706. https://doi.org/10.1101/cshperspect.a008706

Terzi¢, J., Grivennikov, S., Karin, E., & Karin, M. (2010). Inflammation and colon cancer.
Gastroenterology, 138(6), 2101-2114. e.5. https://doi.org/10.1053/j.gastro.2010.01.058

Verma, M. K., & Pulicherla, K. K. (2017). Broad substrate affinity and catalytic diversity of fibri-
nolytic enzyme from Pheretima posthumous—purification and molecular characterization study.
International Journal of Biological Macromolecules, 95, 1011-1021. https://doi.org/10.1016/j.
ijbiomac.2016.10.090

Wang, X., Fan, S., & He, R. (2018). Earthworm proteases multiply function in protein fibrils
degradation involving several diseases including Hepatitis B. In H[ {4=¥){b 2 5 5> F )2
SE T RN ARERRESE 2018 F2ZEARSUIHESE 2018.

Wang, X. M., Fan, S. C., Chen, Y., Ma, X. F,, & He, R. Q. (2019). Earthworm protease in anti-
thrombosis and anti-fibrosis. Biochimica et Biophysica Acta (BBA)-General Subjects, 1863(2),
379-383. https://doi.org/10.1016/j.bbagen.2018.11.006

Wei, S., Yin, X., Kou, Y., & Jiang, B. (2009). Lumbricus extract promotes the regeneration of
injured peripheral nerve in rats. Journal of Ethnopharmacology, 123(1), 51-54. https://doi.org/
10.1016/j.jep.2009.02.030

Wie, M. B., Jung, J. S., Song, D. K., & Kim, Y. H. (1992). Lamnodrilus gotai extract lowers blood
pressure and spontaneous motor activity in spontaneously hypertensive rats. Planta Medica,
58(S 1), 644—645. https://doi.org/10.1055/s-2006-961651


https://doi.org/10.1016/j.ccmp.2022.100037
https://doi.org/10.11604/pamj.2020.36.188.23476
https://doi.org/10.13005/bpj/1290
https://doi.org/10.1016/j.bbrc.2017.06.154
https://doi.org/10.1016/j.bbrc.2017.06.154
https://doi.org/10.5772/intechopen.70271
https://doi.org/10.1101/cshperspect.a008706
https://doi.org/10.1053/j.gastro.2010.01.058
https://doi.org/10.1016/j.ijbiomac.2016.10.090
https://doi.org/10.1016/j.ijbiomac.2016.10.090
https://doi.org/10.1016/j.bbagen.2018.11.006
https://doi.org/10.1016/j.jep.2009.02.030
https://doi.org/10.1016/j.jep.2009.02.030
https://doi.org/10.1055/s-2006-961651

110 A. B. Rowaiye et al.

Xu, Q., Qi, G., Jiang, Y., Ni, K., Ya-Ying, C., Liu, H., Zhu, J. W., & Wu, Y. (2020). Effects of
earthworm extract on the oxidative damage, total antioxidant capacity and antioxidant enzyme
contents in the midgut of the silkworm, Bombyx mori. Acta Entomologica Sinica, 63(3), 278—
284. https://doi.org/10.16380/j.kcxb.2020.03.004

Yamaji-Hasegawa, A., Makino, A., Baba, T., Senoh, Y., Kimura-Suda, H., Sato, S. B., Terada,
N., Ohno, S., Kiyokawa, E., Umeda, M., & Kobayashi, T. (2003). Oligomerization and pore
formation of a sphingomyelin-specific toxin, lysenin. Journal of Biological Chemistry, 278(25),
22762-22770. https://doi.org/10.1074/jbc.M213209200

Yoshii, K., Ogasawara, M., Wada, J., Yamamoto, Y., & Inouye, K. (2020). Exploration of dipeptidyl-
peptidase IV (DPP 1V) inhibitors in a low-molecular mass extract of the earthworm Eisenia
fetida and identification of the inhibitors as amino acids like methionine, leucine, histidine, and
isoleucine. Enyzme and Microbial Technology, 137, Article 109534. https://doi.org/10.1016/j.
enzmictec.2020.109534

Zhang, Z. X., & Wang, F. F. (1992). Effects of crude extract of earthworm on promoting blood
circulation to removing stasis. Zhongguo Zhong xi yi jie he za zhi Zhongguo Zhongxiyi Jieche
Zazhi= Chinese Journal of Integrated Traditional and Western Medicine, 12(12), 741-743.


https://doi.org/10.16380/j.kcxb.2020.03.004
https://doi.org/10.1074/jbc.M213209200
https://doi.org/10.1016/j.enzmictec.2020.109534
https://doi.org/10.1016/j.enzmictec.2020.109534

Vermitechnology—Application
in Environmental Sustainability



Assisted Phytoremediation of Trace Toxic = M)
Elements (TTE): The Role Creck o
of Vermicompost

S. A. Aransiola, S. S. Leh-Togi Zobeashia, A. E. Oyewumi, O. P. Abioye,
U. J. J. Ijah, and Naga Raju Maddela

Abstract Several anthropogenic activities, such as the use of pesticides, hazardous
chemicals, industrial effluents, and metals, cause environmental pollution. The health
of plants, animals, and people is seriously threatened by pollution, which affects
both aquatic and terrestrial environments. The conventional methods for cleaning
up contaminants from soil and water are seen to be ineffective, costly, and detri-
mental to the environment. The effect of trace toxic elements (TTE) can be mitigated
by a process referred to as phytoremediation. It involves the use of green plants
to remove pollutants such as trace toxic elements from contaminated sites, and the
method is also used to eliminate toxins from the environment. Phytoremediation,
which is environmentally friendly could be difficult to achieve many a times because
of the level of pollutions in the surrounding environment. Therefore, plants could be
assisted by products like vermicast. Vermicasts are produced from vermicomposting
process which involves the use of earthworms in degrading organic substances and
turning them into useful products. The accumulation and tolerance capacities of
plants used in phytoremediation can be greatly improved with advancements in
vermicomposting. This paper reviews phytoremediation techniques for TTE with
consideration of vermicompost in an assisted capacity.
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1 Introduction

The main environmental pollutants are trace toxic elements (TTE), which because
of their protracted environmental persistence seriously endanger both human and
animal health (Subhashini and Swamy). The remediation of trace toxic element-
contaminated soils is an expensive and technically challenging process (Monti-
naro et al., 2012; Xu & Lu, 2012). Biological, physical, and chemical techniques
are the basis of traditional remediation approaches, which can be combined to
reduce contamination to a level that is safe and acceptable (Aransiola & Maddela,
2024; Jadia & Fulekar, 2009). Although effective, these strategies are costly, time-
consuming, and environmentally harmful (Ahmadpour et al., 2012). They also
typically produce significant amounts of waste and are detrimental to the natural
soil ecosystem (Cunningham et al., 1995). Due to its long-term relevance, cost-
effectiveness, and benefits attached to it, phytoremediation is a promising method
and should be taken into consideration for the remediation of contaminated sites
(Moosavi & Seghatoleslami, 2013).

The crust of the planet naturally contains trace toxic elements (Ismail et al., 2013).
They have an atomic density of more than 5 g/cm? (Alloway & Ayres, 1997) and an
atomic number of more than 20, which are their main properties. Cd, Cr, Cu, Hg,
Pb, and Zn are the heavy metal pollutants that are most frequently found (Aransiola
et al., 2021). Metals whose fraction in the composition of rocks is less than or equal
to 0.1% are considered trace elements from a geochemical perspective (Zovko &
Romic, 2011). Steps are required to reduce the harmful impacts of pollution due to
the increasing burden of contaminants. Regarding the selection of plants for an effi-
cient and cost-effective phytoremediation approach in contaminated environments,
knowledge of the potential of various plants to absorb, accumulate, and translocate
metals under diverse conditions is vital. Because both soil contaminants and soil
minerals possess small electrical charges that cause them to bind with one another,
repairing polluted soil may also be extremely difficult (Araansiola et al., 2024; Daza
et al., 2024). It is generally known that trace toxic elements preferably physically
removed or immobilized because they cannot be destroyed by chemicals. (Kroop-
nick, 1994). In the past, treating trace toxic element-contaminated soils on the spot
or excavating them before disposing of them at a lowland location were the two
main methods of remediation (Parker, 1994). However, this technique of disposal
only moves the negative effects of pollution elsewhere. An alternative to excavation
and disposal in lowlands for the removal of contaminated soil is soil washing. This
procedure is both expensive and results in significant metal-laden waste that may
require further processing or burial. Furthermore, because they eliminate all biolog-
ical activity, these physicochemical techniques for soil remediation make the land
unusable as a medium for plant growth. On the other hand, other techniques, such as
vitrification, leaching, electrokinetic soil vapor extraction, thermal natural process,
chemical process, etc., need a lot of labor and require a lot of upkeep (Danh et al.,
2009; Haque et al., 2008).
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Fig. 1 Enhanced phytoremediation of trace toxic element (TTE) with vermicast

Phytoremediation involves the use of plants for the removal of trace toxic elements
from the soil, and it can be achieved either by in situ or ex situ methods of phytore-
mediation (Fig. 1). In situ method of phytoremediation is more often used because
it reduces the penetration of contaminants into airborne waste and into aquatic and
terrestrial environments, which automatically reduces the risk to the neighboring
environment (Aransiola et al., 2024; Raskin & Ensley, 2000).

Compared to other remediation methods, phytoremediation seems to be econom-
ically effective after treatment (Cristaldi et al., 2017), as it is a simple, nonlaborious
technique requiring no installation of special equipment. Where other regularly used
approaches are ineffective and costly, the process can be used to a great extent
(Leguizamo et al., 2017). A recent analysis of the effectiveness of hyperaccumulator
plants sparked an additional investigation into the molecular basis of phytoreme-
diation (Abioye et al., 2017). Phytoremediation assisted by vermicompost is novel
research where plants have enough strength to withstand the effects of contaminants
(Aransiola et al., 2022a). This chapter, therefore, reviews the role of vermicompost
in the phytoremediation of TTE in the environments.



116 S. A. Aransiola et al.

2 Environmental Contamination by Trace Toxic Elements

Trace toxic elements have significant effects on both the aquatic and terrestrial
ecosystem. Trace toxic elements pollute natural water bodies, such as oceans and
seas, as well as sediments and soils, after being released from both anthropogenic
and natural sources. When trace toxic elements are discharged into the environment
during volcanic eruptions and through industrial pollutants, they eventually come
down to earth and contaminate the soil and water. Because they linger in the environ-
ment, trace toxic elements can build up in biota or seep into groundwater (Aransiola
etal., 2013).

Potentially harmful trace toxic element contamination of biota and groundwater
has significant effects on human health. Investigating the amounts and distribution of
these elements helps determine the extent of trace toxic element pollution in aquatic
environments, sediments, and soils (Islam et al., 2018).

3 New Innovations in Phytoremediation of Contaminants
(TTE)

Increased accumulation of toxic trace elements resulting from industrial and natural
processes have become a serious environmental issue worldwide, which is due to
their negative impacts on food chain and toxic effects on ecosystems and human
health. The use of phytoremediation to mitigate toxic trace elements is a sustain-
able, environmentally friendly, and cost-effective process used to treat and curtail
environmental contaminants. To enhance and assist the process of phytoremediation,
new efficient innovations such as genetic engineering and soil microbial symbiotic
interactions, among others, are been employed.

3.1 Genetic Engineering

Genetic engineering, also known as recombinant DNA technology, is a promising
innovation used to enhance plant’s ability to remediate toxic trace elements in
polluted environments. Although, the technology is an advanced method of tradi-
tional plant breeding (e.g., crossing) that involves the selection of wild plants that
are able to survive and grow in toxic trace element-contaminated soil (Roccotiello
et al., 2015). However, genetic engineering genetically modifies plants by selecting
toxic trace element-accumulating and tolerant gene from wild hyperaccumulator
plant species or organisms and incorporating the gene into the genome of a targeted
plant species with increased biomass, which confers the plant species with desirable
traits for enhanced phytoremediation (Dushenkov et al., 2002). The modified plants
(transgenic plants) are conferred with the ability to accumulate, uptake, tolerate, and
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transport toxic trace elements. Poplar plant species has been genetically modified
for the recovery of TTE. Lyyra et al. (2007) reported improved phytoremediation
of mercury from a contaminated environment by genetically coupling the bacte-
rial merA (mercuric ion reductase that reduces Hg?* to less toxic Hg®, which can be
volatilized easily by plants) and merB (organomercury lyase that converts organic Hg
to Hg?*) genes isolated from Escherichia coli and incorporating them into eastern
cottonwood trees (Populus deltoides Bartr. ex Marsh.). The modified merA/merB
plants showed the ability to detoxify organic mercury and were further resistant to
phenylmercuric acetate than the undomesticated type.

To enhance the phytoremediation of TTE accumulation, genetic engineering
involves the over expression and introduction of genes that can not only uptake
TTE but also translocate and sequestrate TTE. Recently, most genetically engineered
phytoremediation methods make use of genes that encode transporters of toxic trace
elements. These genes, encoding TTE transporters such as metal tolerance proteins
(MTPs), zinc—iron permeases (ZIPs), heavy metal ATPases (HMAs), and multidrug
and toxin extrusion proteins (MATESs), are transferred and overexpressed in target
plants to improve the accumulation of TTE. As metal chelators, they act as metal-
binding ligands to increase the bioavailability of TTE, promote the uptake of TTE,
improve root-to-shoot translocation, and also facilitate intracellular sequestration of
TTE in organelles. For instance, transgenic poplar tree genetically engineered with
Saccharomyces cerevisiae yeast cadmium factor 1 (yeast SCYCF1 gene) encodes
vacuolar transporter involved in sequestration of toxic trace elements into vacuole.
The use of transgenic poplar plants in TTE-contaminated soil from a mining site in
South Korea indicated a decreased cadmium (Cd) toxicity and higher accumulation
of Cd in contrast to wild plants. When plants were tested, the dry weight showed
higher accumulation of zinc, lead, and cadmium in the transgenic root compared to
the wild type, which therefore demonstrates the potential use for phytostabilization
and phytoextraction (Fasani et al., 2018; Shim et al., 2013).

Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 system
is a genetically engineered tool used to introduce an extensive variety of genes in
host organisms. It is a gene-editing tool applied in phytoremediation to improve
the transfer and expression of a desired set of genes in the genome of plants for
effective phytoremediation of TTE-contaminated sites. For instance, a study by
Tang et al. (2017) reported a knockout for the TTE transporter gene OsNramp5
using the CRISPR/Cas9 system, generated low Cd-accumulating indica rice without
compromising yield.

3.2 Interactions Between Plants and Microorganisms

The interaction of plants and associated microbes, especially those bacteria that
inhabit the roots, has recently been studied for phytostabilization and extraction of
toxic elements. Research has shown that plant—microbial interaction has the potential
to not only enhance the efficiency of plant tolerance, uptake, and translocation of



118 S. A. Aransiola et al.

toxic elements but also promote the growth and fitness of plants and protect the plants
from pathogenic organisms (Ma et al., 2011; Sessitsch et al., 2013).

The symbiotic relationship between microbes and plant roots can be applied to
improve phytoremediation processes such as phytoextraction (for instance, plant
growth-promoting rhizo- and endobacteria) and phytostabilization (e.g., arbuscular
mycorrhizal fungi). The presence of arbuscular mycorrhizal fungi (AMF) in the
rhizosphere increases the adsorptive surface area of the plant roots, which is solely
due to their hyphal network and their ability to produce phytohormones that can assist
phytoremediation (Gohre & Paszkowski, 2006; Vamerali et al., 2010). Arbuscular
mycorrhizae form a synergy with other higher plants and advance the uptake and
availability of nutrients by enhancing the texture of the soil via steady aggregation of
the particles of the soil by binding the trace elements into the plant roots, preventing
the translocation of the trace elements to the shoot tissues (Hassan et al., 2011).

Ker and Charest (2010) reported the remediation of nickel by AMF-colonized
sunflower plants. Whereas, plant growth-promoting rhizobacteria and endophytes
(PGPR and PGPE) can increase the remediation ability of plants by advancing the
plant growth in the presence of TTE through the production of certain compounds
such as siderophores, organic acids, antibiotics, phytohormones, indole-3-acetic
acids, and enzymes. For example, PGPR can synthesize 1-aminocyclopropane-1-
carboxylate (ACC) deaminase which can break down ethylene precursor ACC by
lowering ethylene production, thereby promoting plant growth (Ma et al., 2011).

In toxic trace element-contaminated soil, toxic elements attach to the particles
of the soil, which restricts their uptake by plants. However, the interaction between
plant growth-promoting rhizo- and endobacteria, like Pseudomonas spp., Bacillus,
Microbacterium, Arthrobacter, among others, aids in the solubilization of water-
insoluble toxic elements (copper, zinc, and nickel) by means of soil acidification
via the secretion of proton or organic anions such as lactate, succinate, gluconate
acetate, glycolate, citrate, and ketogluconate. Becerra-Castro et al. (2011) reported
the solubilization competence of nickel and the characteristic features of rhizobac-
teria isolated from hyperaccumulating and non-hyperaccumulating subspecies of
Alyssum serpyllifolium.

The availability of trace elements can be improved by using PGPR that are able
to produce biosurfactants, which help release TTE from particles of the soil. For
instance, PDPR synthesize low molecular weight siderophores, which are chela-
tors that accelerate the uptake of iron in an iron-reduced condition, thereby making
it available for the microbes and plants (Gamalero & Glick, 2012; Schalk et al.,
2011; Van Ginneken et al., 2007). They are also capable of chelating other toxic
elements like lead, nickel, copper, zinc, magnesium, manganese, chromium, and
cadmium to varying extents (Ikhumetse et al., 2019). Kumar et al. (2008) reported an
increased production of biomass and phytoremediation (extraction) of toxic elements
(chromium, nickel, and zinc) resulting from improved production of siderophore
when Brassica juncea plants were inoculated with plant growth-promoting bacteria
of the phosphate-solubilizing Enterobacter sp. and its mutant.
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The interaction can also result in the production of bacterial auxin by PGPR
to stimulate lateral root initiation, root hair development, and root cell prolifera-
tion. Therefore, the bacterial auxin enables plants to adapt to TTE-contaminated soil
through physiological changes in the cell metabolism of the plants, thereby allowing
the plants adapt to TTE stress and higher TTE concentrations (Glick, 2010). Most
microbes used to improve phytoremediation are TTE-tolerant species linked with
hyperaccumulator plants that can tolerant and grow in the presence of TTE. Plant
growth-promoting rhizobacteria and endophytes isolated from TTE-tolerant plants
have been used as bioinocula for remediation of toxic trace element-contaminated
soil. Endophytic Rahnella sp. N6 isolated from Polygonum pubescens has the poten-
tial to advance growth and enhance the uptake of Pb, Cd, and Zn by Brassica napus
(He et al., 2013; Sheng et al., 2008; Visioli et al., 2015).

3.3 Alter Growth Conditions

Although this process is applied in wastewater treatment, growth bed materials such
as constructed wetlands can also absorb and retain different TTE (Marchand et al.,
2010). This approach depends on associated microbiota and rooted hydrophytes to
adsorb and get rid of TTE via rhizofiltration, phytostabilization, and phytoextraction.
Rezania et al. (2016) demonstrated the potential of different free-floating macrophyte
aquatic plant species, such as Eichhornia crassipes and Lemna spp., among others
to remove TTE. However, the major setback of this remediation approach is the
massive invasive growth of these aquatic macrophyte species (Newete & Byrne,
2016), which has propelled the ample use of rooted hydrophyte plant species such
as Typha spp., Phragmites spp., among others and also species that can tolerate
flooding (Chrysopogon zizanioides) for creation of flow wetland which is important
for TTE removal. As reported by Bavandpour et al. (2018), crushed seashell grits
and plant biomass used in a wetland column almost completely removed dissolved
toxic elements.

Another successful advance to alter the growth condition in phytoremediation
is the use of wastewater, but it has a major drawback of potential environmental
impacts and groundwater contamination. This can be remedied by the use of plant
covers which prevent TTE from spreading and leaching to groundwater and also
remediate TTE by detoxification and uptake (Aronsson et al., 2010; Burges et al.,
2018). Phytoremediation of TTE-polluted sites can also be assisted by organic alter-
ations which include addition of waste compost to enhance the growth of plant and
alter the solubility and bioavailability of TTE (Aransiola et al., 2019; Burges et al.,
2018). Karczewska et al. (2017) demonstrated the solubility and uptake of arsenic
by ryegrass from a contaminated soil augmented with sewage sludge, cow manure,
and litter from the forest, while Alvarenga et al. (2009) reported the immobilization
of Cu, Pb, and Zn when municipal waste and sewage sludge were applied on trace
toxic element-polluted soils, which helped phytostabilization.
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4 Increase TTE Bioavailability

Another potential innovative approach of phytoremediation is to increase the
bioavailability of TTE (Fig. 2). Toxic trace elements in soil are rarely available for
absorption by plants, as only a small amount of TTE is present as soluble component
in the soil for bioaccumulation by plants. For example, cadmium and zinc are readily
available for absorption by plants (Blaylock & Huang, 2000; Lasat, 1999) Bioavail-
ability of TTE in soil differs; some trace elements are readily available (copper,
cadmium, nickel, zinc, among others) while others are only moderately or poorly
accessible. Low bioavailability of lead can prevent the uptake of trace elements
from the soil and thereby decreasing phytoremediation. Increase in bioavailability
is determined by inherent solubility, physiochemical properties of the soil such as
pH of the soil, chelating agents, and microbial activities (Wang et al., 20006). Plants
can increase bioavailability of TTE by lowering the pH of the soil; this is obtain-
able through acidification of the rhizosphere by root exudates, which results in the
formation of free ions by release of toxic elements from insoluble complexes. Plants
also produce mobilizing compounds in the rhizosphere (carboxylates) that can affect
the soil and trigger toxic element chelation which can enhance solubility, bioavail-
ability, and mobility; therefore, these chelating agents assist to increase the uptake
and translocation of TTE (Padmavathiamma & Li, 2012). These chelating agents can
be applied to soil to increase bioavailability of TTE due to the formation of water-
soluble toxic element—chelate complexes, which are mobile and easily absorbed by
plants (Wuana & Okieimen, 2011). Sarwar et al. (2017) demonstrated how different
synthetic chelating agents (ethylenediaminetetraacetic acid and diethylenetriamine-
pentaacetic acid) and organic chelating agents (malic acid, citric acid, oxalic acid,
and acetic acid) can be used to modify soil and increase TTE bioavailability, thereby
facilitating effective phytoremediation.

5 The Role of Vermicompost in the Phytoremediation
of Trace Toxic Elements (TTE)

Vermicompost, also known as natural fertilizer, is a developing green innovation
produced from the biodegradation of organic wastes by the activities of earth-
worms that results in stabilization and biooxidation of the wastes. Vermicompost
is a vital source of nutrients, immobilized microflora, enzymes, antibiotics, and
growth hormones such as gibberellin that helps to control plant and microbial growth
(Aransiola et al., 2022a, 2022b; Babaniyi et al., 2023). Vermicompost is used as a
conditioner or fertilizer for soil due to high nutrient content and beneficial microbes
(Suthar et al., 2005). As shown by Jadia and Fulekar (2008), the application of vermi-
compost on contaminated soil to remove TTE (zinc, cadmium, copper, nickel, and
lead) by sunflower plant improved soil physical properties and fertility, in addition to
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Fig. 2 Schematic diagram showing current innovations employed in phytoremediation

facilitating efficient phytoremediation. The use of vermicompost in phytoremedia-
tion also helps reduce the amount of organic waste in the environment. Furthermore,
it improves the quality of the growing plants and increases the production of plant
biomass, thereby enhancing plant growth which thus suggests better tolerance and
uptake of toxic elements (Suthar et al., 2005).

5.1 Increase Plant Growth

Vermicompost is an organic material used to increase the productivity and growth
rate of plant species used in phytoremediation which is a process of remediation using
plants and soil microorganisms to minimize the negative effects of toxic elements in
the soil (Ali et al., 2013). The vital role of vermicompost, when applied in a toxic
element-polluted soil, is to enhance the soil fertility through physical (e.g., water
retention, porosity), biological (enzymes, biomass), and chemical (organic content,
pH) properties that can boost the growth rate and remediation potential of the plant
species used for phytoremediation (Prabha, 2009; Suthar et al., 2005; Tejada et al.,
2010). This is achieved by increasing the speed of organic material utilization by
the plants and also by improving the amount of humification (Garg & Gupta, 2011;
Jadia & Fulekar, 2008). Thus, vermicompost increases the quality of the soil by
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managing the soil nutrients; they are high in nutrients and retain nutrient in the
soil without negative effects on the environment (Padmavathiamma et al., 2008;
Pattnaik & Reddy, 2010).

When vermicompost is used for soil amendment in phytoremediation, they
promote the overall growth and development of the plant. Roy et al. (2010) reported a
surge in plant height and root and shoot weight when vermicompost was applied as an
organic amendment to three crops (Zea mays, Phaseolus vulgaris, and Abelmoschus
esculentus). In addition, the enzymes and growth hormones contained in vermicom-
post stimulate and accelerate the growth of the plant and makes it free from pathogenic
organisms (Abbasi & Ramasamy, 1999; Aransiola et al., 2023). The activities of
the enzyme reduce the toxic element bioavailability (Garau et al., 2019). Muscolo
etal. (1999) reported the production of plant growth-promoting substances and plant
growth hormones such as auxin. According to Senesi et al. (1992) and Garcia et al.
(1995), vermicompost gotten from sewage, animal dung, and paper industry sludge
consists of high quantity of humic substances, which play an important role in plant
productivity and growth. Vermicompost is a good material of homogeneous nature
due to its decreased level of contaminants and produces products such as vermicast
and vermiwash. These products complement phytoremediation with nutrients free
from contamination for plant growth while also decontaminating the environment
from toxic elements (Bhat et al., 2016).

5.2 Nutrient Cycling

Vermicompost is a nutrient-rich organic amendment, high in both macro- and
micronutrients, used to regenerate, prevent, and remediate TTE-polluted soils (Bhat
etal.,2013; Zhang et al., 2022). When applied in phytoremediation of a TTE-polluted
soil, it enhances nutrient cycling, that is, the mineralization of organic nutrients
and toxic elements into forms utilizable by both microbes and plants. The nutrient
provided can increase soil fertility, plant growth, and productivity, thus improving
the uptake and tolerance of TTE by plants (Jadia & Fulekar, 2008; Tejada et al.,
2010). Vermicompost increases the availability of potassium, nitrogen, phosphorus,
calcium, iron, copper, sodium, manganese, zinc, magnesium, among others (Abioye
et al., 2018; Manivannan et al., 2009), through direct and indirect effects on the soil
microbiome. The release of nutrients such as nitrogen and organic carbon resulting
from application of vermicompost to enhance phytoremediation facilitates stabiliza-
tion and bioaccumulation by plants. For example, the earthworms in vermicompost
stabilize organic matter via incorporation and protection in their casts (Bossuyt et al.,
2005). These casts are abundant in plant nutrients, when disposed in the soil bind
with microbial products and mucilage of earthworms to form very stable aggregates.
Studies have shown, once the organic matter in the casts is stabilized, it can retain
its stabilization for years (Mariani et al., 2007; Shipitalo & Protz, 1989). The earth-
worms also enhance mineralization by fragmentation of the organic matter and then
mixing it with microbes and mineral particles which leads to the creation of large
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surface area for contact for both microbes and organic matter. Their contributive
effect in the concentration of high amount of nutrient that are easily integrated by
plants and used by microorganisms in the soil to enhance their activity (Bhadauria &
Ramakrishnan, 1989; Parmelee et al., 1998).

5.3 Immobilization of Toxic Elements

Vermicompost also functions as a TTE immobilizer when used as a bio-conditioner
in contaminated soils, which is attributed to high cation-exchange ability, functional
groups, and large surface area resulting from biodegradation and mineralization by
earthworms (Wang et al., 2018a, 2018b, 2018c). Vermicompost changes the TTE
speciation, decreases the bioavailability and solubility of TTE, and also modifies the
redox position of the soil (Burges et al., 2018). When applied in a TTE-polluted soil,
it increases organic matter content and the availability of macro- and micronutrients
such as nitrogen, potassium, phosphorus, calcium, magnesium, manganese, iron,
zinc, copper, and sodium in the soil (Manivannan et al., 2009), and also improves
soil properties which can help in the colonization of the plant and can also enhance
water-holding capacity of the soil.

In addition, vermicompost is rich in microbial community composition which is
an important indicator of the impact of vermicompost on TTE. Studies by Kelly et al.
(2014) and Wang et al. (2015) showed that the use of vermicompost as bio-conditioner
can significantly increase enzyme activity, influence soil microbial community struc-
ture and diversity, and result in sorption of toxic elements. For instance, microbial
diversity in the rhizosphere (mycorrhiza and bacteria) can contribute in immobiliza-
tion of TTE by the adsorption of toxic elements in their cell walls, thereby advancing
the production of chelators and precipitation processes, which lessen their toxicity
and limit their bioavailability (Dalvi & Bhalerao, 2013). In toxic element-polluted
soil, vermicompost application increases the plant root surface area and depth to
enable immobilization of TTE and also functions as a filtration barrier against the
toxic element ion translocation from the roots to the shoots. Several researchers have
shown the potential of vermicompost to immobilize toxic elements in polluted soil
(Wang et al., 2018d; Zhang et al., 2019a, 2019b).

Another role of vermicompost in phytoremediation is the improvement of enzy-
matic activity in both the soil and the gut of earthworms by reducing the TTE bioavail-
ability and blocking the mobility of the toxic elements by altering the toxic elements,
that is, converting them to less toxic forms, thus immobilizing them in the soil and
preventing the contamination of food chain, groundwater, among others (Eapen &
Dsouza, 2005; Garau et al., 2019). For example, vermicompost contains extracellular
detoxifying redox enzymes (dehydrogenase, peroxidase, carboxylesterase, nitrore-
ductase, laccase, etc.) excreted in the plant rhizosphere. These enzymes can convert
Cr(VI), which is toxic and bioavailable in soil, to Cr(IIl), thereby decreasing the
toxic effects and mobility (Aransiola et al., 2022a, 2022b; Garau et al., 2019; Jabeen
et al., 2009; Wu et al., 2010).
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5.4 Bioaccumulation of TTE

Vermicompost is produced from biodegradative interaction of microbes and earth-
worms with organic matter. The earthworms themselves are bioaccumulators and
can be used to remediate toxic elements (Sinkakarimi et al., 2020). Studies have
shown that the concentration of TTE can be reduced via accumulation by earth-
worms (Swati & Hait, 2017; Richardson et al., 2017, 2020). Azhar-u-ddin et al.
(2020) also reported an improved selenium uptake and mobility in bean plant P.
vulgaris L. by 4% in the presence of the earthworm Eisenia fetida. Earthworms are
able to accumulate toxic elements due to their developed species-specific detoxifica-
tion systems such as synthesis of toxic element-binding proteins (metallothioneins),
cytochrome P450 enzymes, and antioxidants (Hussain et al., 2021; Swati & Hait,
2017; Yuvaraj et al., 2021), which are in the earthworms’ gut. The earthworm gut is
high in digestive enzymes and microbial flora, which produces fine granular prod-
ucts that are packed with microflora and nutrients. These products are involved in
detoxification reaction and metal-specific distribution by controlling the toxicity and
element fractionation through redox reactions (Srut et al., 2019). When TTE such
as Zn, Cu, Pb and Mn transit in the gut of earthworm, the possibility of change in
specie in the soil resulting from decomposition of organic matter and change in soil
properties such as soil texture and soil pH can affect toxic element accumulation as
well as the population and composition of the earthworm population (Duarte et al.,
2012; Huang et al., 2021). For example, Wang et al. (2019a) reported that an earth-
worm gut enriched with microbiome reduced As(V) and released As(IIl). Vijver
et al. (2006) reported increased bioaccumulation and elimination of toxic elements
by Aporrectodea caliginosa earthworms exposed to Cu, Cd, Ca, Pb, and Zn. Huang
et al. (2009) also showed an increased concentration of Cu accumulation in Eisenia
fetida earthworm from less than 50 umol kg~! fresh weight to around 125 umol kg~!
fresh weight when exposed to increasing Cu concentrations (4, 20, 50, and 100 pM).
While Sinkakarimi et al. (2020) reported an increased toxic element accumulation in
three different earthworm species (E. fetida, Aporrectodea rosea, and Aporrectodea
trapezoides) when exposed to increasing Cd and Pb concentrations in soil.

Apart from bioaccumulation, earthworms in vermicompost also affect soil content
and TTE bioavailability. According to Lemtiri et al. (2016), E. fetida in Cd-, Cu-, Pb-,
and Zn-contaminated soil decreased the bioavailability of Zn and Cd but increased
the uptake of Cd by Z. mays. From the research, the concentration of Pb increased
with exposure to high content of Pb (Fig. 3). Vicia faba and Z. mays plants were
able to reduce the accumulation of Pb and Cd in earthworms and also enhance the
reproduction activity of earthworms in the contaminated soils. Studies carried out
by Wang et al. (2019b) showed that the activities of E. fetida earthworm in addition
with biochar and Brassica chinensis L. plants increased the content of toxic elements
in shoots of Bok choy by elevating the bioavailability of Cd (9.5%), Pb (20.6%), and
Zn (22.8%).

Other studies have also reported increased bioavailability of Zn content in soils
through reduction of the element fraction in the Fe—-Mn oxides. The pH of the soil
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reduced, while the dissolved organic carbon (DOC) and the microbial biomass carbon
content increased (Dehghanian et al., 2018). Sahariah et al. (2015) also showed
activities of earthworm species on toxic element remediation and biodegradation of
Cu, Pb, Mn, and Zn during vermicomposting.

Although changes in the speciation of toxic elements affect bioaccumulation by
earthworms, they also facilitate sorption of the TTE onto organic ligands in the
vermicompost, which has been demonstrated by several studies, reduced fraction of
Cu, Ni, Cd, As Cr, Zn, and Pb irrespective of the substrate and earthworm species
(He et al., 2016; Lv et al., 2016).

6 Conclusion

The contamination of TTE is a major problem in agriculture and food production
due to their negative effects on the environment and human health, posing a severe
danger to future generations. The need for reliable and environmentally friendly tech-
niques to mitigate the toxic effects of TTE in the environment has given rise to the
development of several techniques. However, phytoremediation using natural hyper-
accumulators still suffers from few drawbacks, such as the longer period required
to remediate highly and moderately TTE-polluted soils, which may be attributed to
low biomass production and growth rate of the hyperaccumulators plants. There-
fore, to achieve faster and effective phytoremediation, there is a need to enhance the
technology. Innovations used to enhance phytoremediation include altering the soil
conditions, plant and microbial interactions, or the use of agronomic products such
as application of vermicompost. Vermicompost, produced from the joint biodegra-
dation of organic matter by earthworms and microorganisms, have been utilized
for detoxification and remediation of TTE-contaminated soils. This eco-friendly,
sustainable method is cost-effective and generally accepted as the best remediation
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approach. When applied in phytoremediation, vermicompost plays several roles in
enhancing the process, such as improving soil fertility, promoting nutrient cycling,
and boosting microbial and enzymatic biodegradative activities, which thus lead to
immobilization of TTE and also bioavailability of TTE in a form that can be used and
accumulated by plants. It also boosts the growth rate of hyperaccumulator plants,
thus facilitating the uptake, tolerance, translocation, and detoxification potentials in
phytoremediation.
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Vermiconversion and Vermifiltration )
of Wastewater Treatment Geckle

J. V. Addy, C. O. Aguoru, R. D. Akogwu, B. T. Buukume, and B. A. Ella

Abstract Wastewater and sludge are produced globally in large quantity. The lack
of proper wastewater management has a direct impact on water quality and on the
diversity of biological aquatic ecosystems. Vermifiltration is an earthworm-assisted
process for the treatment of liquid and solid wastes with the use of a vermifilter.
A vermifilter is constructed using different types of soil incorporated with earth-
worms that are capable of treating wastewater. The worm species, biomass, hydraulic
retention time, hydraulic loading rate, type of wastewater, and seasonal variation
greatly influence the performance of vermifiltration. In the alimentary canal of earth-
worms, enzymes and microorganisms synergize for considerable improvement in the
decomposition of liquid/solid waste without sludge formation. The earthworm bulk
densities per cubic meter (m—>) of bedding during vermifiltration assist in reduc-
tion efficiencies of 41%-89% (total nitrogen [TN]), 46%—86% (NH4*-N), 34%—
74% (NO3~—N), 3%—17% (total phosphorous [TP]), 18%—38% (ortho-P), 35%—66%
(total solids [TS]), 90%—-95% (total suspended solids [TSS]), 88-92% (biochemical
oxygen demand [BOD]), 80-90% (chemical oxygen demand [COD]), and 90-92%
(total dissolved solids [TDS]) and reduction of pathogens that is evident with no
odor formation after vermifiltration. Heavy metals are also reduced when a specific
metal-binding protein, metallothionein, inside the chloragogenous tissue links heavy
metals to form protein—metal complexes that can accumulate in the tissues of earth-
worms. The advantages of vermifiltration technology over conventional systems of
sewage treatment are a low-energy system, a source of animal feeds, no formation of
sludge, and an odorless system. It is recommended that vermifiltration that is envi-
ronmentally friendly be used in the treatment of wastewater for being cost-effective
without the production of sludge and odor as compared to conventional methods.
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1 Introduction

A large amount of solid waste, wastewater, and sludge has been produced worldwide
as a result of urbanization (Aransiola et al., 2021; Suthar, 2009). The accumula-
tion of solid waste has become a persistent crisis around the world (UNEP, 2015,
2024; Oliveira et al., 2024). Studies have shown that municipal solid waste (MSW)
and agricultural waste contain 42% and 80% organic matter, respectively, making
both appropriate biodegradable matters (Raphela et al., 2024). It is estimated that
global solid waste could reach 7 megatons per day in 2025 if no improvement is
made to the present solid waste disposal methods (Hoornweg & Pope, 2016; UNEP,
2024). Such an enormous increase in MSW raises the urgency for an efficient, eco-
friendly process to treat MSW into an environmentally friendly product (Oliveira
et al., 2024). Many developing countries cannot deal with this remarkable increase.
Different MSW management and handling methods were produced to overcome
the difficulty of municipal solid waste and agricultural waste buildup. Nevertheless,
all of those treatment methods have some limitations. One of the modern environ-
mentally friendly trends to resolve the waste accumulation setback is vermicom-
posting. It involves the synergy of both earthworms and microorganisms for waste
biodegradation (Singh & Kalamdhad, 2016).

In developing countries, an estimated 90 percent of the total untreated wastewater
is currently discharged directly into rivers, lakes, or oceans (Kirschner et al., 2024;
Cohen et al., 2010). Lack of proper wastewater management has a direct impact on
the diversity of biological aquatic ecosystems, altering the fundamental integrity of
our life support systems, on which a wide variety of sectors from urban progress
to food production and industry depend (Lorena et al., 2025). It is important that
wastewater management is valued as part of integrated, ecosystem-based manage-
ment that functions across different sectors of the environment (Kirschner et al.,
2024). Water is very essential to all aspects of life, the defining feature of our planet.
Water is one of the most important substances for the sustainability of the ecosystem.
It is indispensable on earth for the maintenance of life forms. Access to safe water,
to meet various human needs, is a human right. It is estimated that over one billion
people lack access to safe drinking water with an estimated 2.6 billion persons lack
access to basic sanitation (WATER, 2017). Unsafe water supply and unhygienic
sanitation conditions are responsible for over 90% of diarrhea diseases worldwide
(WHO, 2019). Only one percent of freshwater is accessible for extraction and use; the
remaining ninety-seven and a half percent of all water is found in the oceans. Healthy
and functioning aquatic ecosystems provide us with a dazzling array of great benefits,
such as food, medicines, and tourism. The degradation of surface and groundwater
water quality has increased due to discharges of inadequately treated wastewater
(Aguoru et al., 2015). Water availability is critically affected by water pollution, and
it needs to be managed properly so as to mitigate the negative impacts of increasing
water scarcity (WATER, 2017). Global populations are rapidly increasing, and with
the rise in population growth so does wastewater production and the increase in the
number of people vulnerable to the impacts of severe wastewater pollution. Sewage
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need to be properly treated before discharging into the environment to reduce the
organic loads, or else, the more dissolved oxygen (DO) will be consumed by aerobic
bacteria, thereby reducing the DO values (Sinha et al., 2008). This would adversely
affect the survival of aquatic organisms.

Vermifiltration (VF), which means the introduction of earthworms to the filtration
systems, was first advocated by José Toha in 1992, which is a novel technology that
is newly conceived with various advantages over the conventional wastewater treat-
ment systems (Li et al., 2008). It is a technology with no energy requirement or very
low energy and zero-waste production technology. It is cheap and easy to construct,
operate, and maintain, and most importantly, it is environmentally friendly. Earth-
worms and microorganisms are jointly involved in the process of vermiconversion
with considerable improvement in decomposition of waste without sludge formation
(Xing et al., 2010).

Earthworms serve as mechanical blenders by modifying the physical and chem-
ical status of organic matter. This process gradually reduces the carbon—to-nitrogen
ratio and increases the surface area that favors microbial activities for further decom-
position (Dominguez et al., 2003). Earthworms provide the required conditions for
the proliferation of microorganisms and biodegradation of wastes in their gut and are
therefore considered as natural bioreactors. The soil and gravel particles that consti-
tute part of the bed in the vermifilter (VF) help in the filtration of the wastewater
through the adsorption of organic impurities. Environmental, social, economic, and
legal factors are the challenges facing wastewater treatment and disposal. The tech-
nology of vermifiltration can effectively control liquid and solid waste. This practice
allows composting of biodegradable materials and, at the same point, utilizes their
products to improve crop production, which eliminates the use of chemical fertilizer.
The prominence of chemical fertilizers usage has led to the long-term discrepancy
in soil pH and fertility, which has caused severe damage to the ecosystem. To cope
with these insightful problems, the vermiculture technology has become a viable
alternative as it synchronizes with nature and not against it. The utmost benefit of
a vermifiltration system is that there is no development of “sewage sludge,” and
stinking odor is also removed (Hughes, 2013). The sludge is required to be treated
prior to being discharged into the environment. Earthworms feed willingly upon the
sludge components, speedily convert them into vermicompost without odor with a
decline in pathogens to safe levels (Zhao et al., 2010).

2 Concept of Wastewater

Wastewater can be defined as “a mixture of one or more of sewage (excreta, urine, and
fecal sludge) and gray water (bathing and kitchen wastewater), effluent from commer-
cial and industrial firms, and other urban effluent runoffs (agricultural, horticultural,
and aquaculture effluent, either dissolved or as suspended matter) (Aransiola et al.,
2021; Jayakody, 2014). Contamination of wastewater can be with pathogens, organic
matter, organic compounds, synthetic chemicals, nutrients, and heavy metals. The
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water contaminants are either in particulate matter or solution and are transported
along in the water from different sources and affect the quality of water. These
components can possess (bio-)cumulative, synergistic, and persistent characteris-
tics affecting ecosystem health and functionality, production of food, and human
well-being (Pimentel, 2009).

Wastewater generally may contain unsafe dissolved or suspended matter.
Unchecked discharge of wastewater undermines biodiversity, natural resilience, and
the capability of the planet to provide essential ecosystem services, impacting equally
rural and urban populations and affecting various sectors ranging from health to
industry, agriculture, fisheries, and tourism. The less privileged are the most severely
affected (Auta et al., 2022).

2.1 Impact of Wastewater on Ecosystem Function
and Human Health

All waterways in the environment are connected. The unregulated discharge of
untreated wastewater therefore has implications for the health of aquatic ecosystems,
which then threatens the well-being of humans that depends on the resilience of biodi-
versity and ecosystem services. Eutrophication is one of the most widespread global
problems. It is a process by which water bodies are increasingly rich in plant nutrients,
primarily nitrogen and phosphorus, originating from agricultural and urban areas, all
the way through the earth or straight into rivers and oceans (Glibert et al., 2008). More
than two-thirds of this nitrogen makes its way into waterways, exceeding all natural
inputs to the nitrogen cycle. Almost half of phosphorus mined annually for fertil-
izers returns to the ocean—about eight times the natural input (Steffen et al., 2009).
Together, the excess nitrogen and phosphorus cause potentially toxic algal blooms
and biodiversity changes, which in turn lead to overwhelming hypoxic actions and
promote dead zones, ensuing huge economic losses across many sectors (Herndndez-
Sancho et al., 2010). The dead zones are estimated to affect over 245,000 km? of
marine ecosystems, predominantly equivalent to the total global area of coral reefs
(Diaz, 2008). A broad variety of toxic pollutants from land-based sources are found
in both fresh and salt waters, ranging from farming and industrial chemicals, such as
organic compounds and heavy metals, to personal-care goods and pharmaceuticals
(Amobonye et al., 2023; Aransiola et al., 2022). The impacts of these are extensive.

Estimates of the universal burden of water-associated human diseases, according
to the World Health Organization (WHO, 2004), that some 2.2 million persons die
annually from diarrheal estimate disease, 3.7 percent of all deaths, and over half of the
people suffering in hospitals are from water-related diseases. Annually, out of 10.4
million deaths of children that die under the ages of five, 17 percent are ascribed to
diarrheal disease. The underlying cause is unsafe water, poor hygiene, and inadequate
sanitation (WHO, 2004). Therefore, there is an urgent need for wastewater treatment
that is environmentally friendly and cost-effective.
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2.2 Vermifiltration Process

In a typical vermifiltration system, there are lower beds where the liquid wastes are
biodegraded, normally by means of attached biofilm growth. The filtered organic
solids from the incoming wastewater in the upper beds are biodegraded with the
aid of earthworms and associated microbes and form a layer of rich organic matter
material known as humus. Humus production in the system increases the hydraulic
conductivity and porosity of the upper beds. The particles that make up the humus
create a high surface area that leads to more adsorption of contaminants (e.g., metals,
nutrients, surfactants) (Hughes, 2013). The humus produced by the use of earthworms
helps to overcome clogging and cake formation and thus reduces the solid fraction. It
also helps to reducing the maintenance requirements of the system (Ojuolape et al.,
2015; Sinhaet al., 2008). The burrowing activities of worms in the wastes generate air
spaces through movement and turning of the substrate, therefore producing an aerobic
situation in the humus, with available oxygen to aerobic decomposer microbes, which
accelerates the biological decomposition of the wastes. Earthworms are burrowing
animals, and their alimentary canal acts as a bioreactor where enzymes like amylases,
cellulases, lipases, proteases, and chitinases are secreted for biochemical change of
the proteinaceous and cellulosic materials in the organic wastes. The accelerated
oxygenation of the humus produces greater oxygen exchange with the wastewater
flowing through the vermifiltration system and leads to greater removal of chemical
oxygen demand (COD) from the system. Nitrification in the system also increases
with the oxygenation of the incoming wastewater (Hughes, 2013).

3 Key Factors in the Vermifiltration Process

There are a number of factors that will impact the performance of a vermifiltra-
tion system. The key factors are earthworm species and biomass, hydraulic conduc-
tivity, hydraulic retention time, constituents and characteristics of the wastewater,
and seasonal variation.

3.1 Biology of Earthworm Species Used in Vermifiltration

Earthworms belong to the Annelida phylum, and the class Oligochaeta comprises
over 1800 species; most of the species belong to the Lumbricidae family, including
the genera Dendrobaena, Eisenia, and Lumbricus. Some of the earthworm species
involved in vermifiltration are Lumbricus terrestris, Eudrilus eugeniae, Eisenia
fetida, Libyodrilus violaceous, Eisenia andrei, Megascolex mauritii, Perionyx exca-
vatus, Lampito mauritii, Lampito rubellus, and Drawida willsi (Sinha et al.,
2008).
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Earthworms are cylindrical, bilaterally symmetrical, long, narrow, and segmented
animals with a hydraulic skeletal system (without bones). The body is covered with
delicate cuticle, dark brown, which glistens. The body weight range is between
1400 and 1500 mg during 8-10 weeks. The life span of an adult earthworm is
about 3-7 years, depending upon the environmental situation and type of species.
Earthworms port millions of “nitrogen-fixing” and “decomposer microbes” in their
alimentary canal. They search for food with the aid of “chemoreceptors” in the gut.
Their body contains 14% carbohydrates, 14% fats, 65% protein (70-80% “lysine-
rich protein” on a dry weight), and 3% ash. Generally, earthworms can also exhibit
high water loss tolerance by dehydration. Earthworms proliferate very speedily and
are bisexual animals. After copulation, each worm produces a “cocoon’ where sperm
enter to fertilize the eggs. About three cocoons can be produced per worm per week.
Earthworms take approximately only 4-6 weeks to become sexually mature and
continue to grow throughout their life. Earthworms are grouped into three categories.
Diverse worm species have dissimilar burrowing characteristics and, as a result, have
different impacts on the treatment practice. The optimal worm density is one of the
essential parameters for the efficient performance of a vermifiltration system (Li
et al., 2008). The treatment efficiency of vermifiltration is affected positively by the
quantity of worms per unit area in the vermifilter bed. A vermifiltration system ought
to be started with sufficient worms to vermicompost the received wastes and generate
an appropriate humus filter. It has been projected that a comparatively high quantity
of at least 15,000-20,000 worms/m> of the vermifiltration system should be used
(Sinha et al., 2008).

3.2 Hpydraulic Retention Time

Hydraulic retention or residence time (HRT) is the normal time wastewater remains in
the vermifiltration treatment system. HRT is a vital factor in vermifiltration treatment
where the worms and microbes convert and stabilize nutrients, suspended materials,
biochemical oxygen demand (BOD), and COD in the wastewater. The efficiency
treatment of the system increases with HRT. As noticed in soil-based treatment
systems, a high hydraulic loading rate (HLR) can reduce the hydraulic retention
time of the system and consequently the treatment’s efficiency (Sinha et al., 2008).
The reason is because wastewater requires a definite contact time with the wastew-
ater for the adsorption of contaminants, conversion of nitrogen, BOD, and COD
reduction (Hughes, 2013). The greater will be the efficiency of vermiprocessing and
retention of nutrients if there is longer contact of wastewater with earthworms in the
system. Therefore, the flow of wastewater in the vermifilter is an essential factor, as
it determines the retention rate of suspended organic matter and solids. The slower
rate of wastewater discharge on the top of the vermifilter bed can result in maximum
HRT and hence slower percolation into the bed. The quantity of live adult worms and
performance per unit area in the vermifilter can also influence HRT. In a novel study
to treat rural sewage constantly, Li et al. (2008) observed that once HLR exceeded
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3 m*/m?/day, some worms escaped from the vermifilter. Nevertheless, an application
of 1 m*/m?/day was accepted to be the most appropriate for more efficient and stable
treatment.

3.3 Hpydraulic Loading Rate

The amount of wastewater that a given vermifiltration (VF) system can reasonably
treat at a given time is the hydraulic loading rate of the vermifilter (VF) system.
HLR can thus be defined as the pace at which wastewater enters the vermifiltration
system. A high HLR can reduce the HRT of the system and therefore the treatment’s
efficiency. This is mainly for the reason that wastewater requires a certain contact
time with the humus and attached growth in vermifiltration to allow for the adsorption
of contaminants, transformation of nitrogen, and reduction of COD (Hughes, 2013).
It significantly depends upon the number of live adult earthworms operating per
unit area in the vermifilter bed. The size and physical condition of the worms are
also vital for determining the HLR. Hydraulic loading rates vary among soil types.
The penetration rates depend upon the characteristics of the soil defining pore size
distribution, soil morphological characteristics, and clay mineralogy (Sinha et al.,
2008).

3.4 Characteristics of Wastewater

The alkalinity or acidity (pH) of the wastewater influences the continued existence
and activity of worms. Vermifiltration systems have been found to stabilize the alka-
line or acidic wastewater. It is also established that the earthworm species E. fetida
and E. andrei can tolerate pH values between 6.2 and 9.7, with juvenile destruction
at both upper and lesser pH levels. The composition of wastewater may signifi-
cantly influence the population of earthworms and can limit the treatment process.
The toxicity of diverse components and their threshold limits have not been studied
extensively. In an attempt to surmount this information gap, Hughes (2013) studied
the concentration of sodium and ammonium salts that reduce the performance of
a vermifiltration system and found that sodium chloride is one of the toxic ionic
compounds in wastewater. Redox potential of the wastewater is vital in the vermi-
filtration system (Morand et al., 2005). It ought to remain positive to sustain the
population of worms, as worms cannot live in an environment with low availability
of oxygen for a long time (Li et al., 2008).
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3.5 Effects of Seasonal Variation on Vermifiltration
Performance

The successful function of vermifiltration systems may depend on the existing
climatic conditions, as they influence earthworm’s continued existence. This is a
significant consideration in places wherever the temperature drops severely, espe-
cially during winter periods, and also in areas with exceeding temperatures above
40 °C. Li et al. (2008) studied the effects of seasonal variation on the treatment effi-
ciency of sewage in vermifiltration systems. The HLR was adjusted by the authors
to correct the varying temperature by raising the loading rate throughout the summer
months and lessening it during the winter period. It was established that the treatment
effectiveness was not considerably affected owing to seasonal fluctuations, excluding
the hottest and coldest days.

3.6 Vermifilter Design and Operation

The temperature in the laboratory should be maintained at 21.5 °C with 50% humidity.
The vermifilter is made of about 30—-40 kg of gravel with a layer of compost or garden
soil on top, which forms the vermifilter bed. The vermifilter has provisions to collect
filtered water at the bottom through a pipe fitted with a tap. A net of wire mesh lies
above the chamber to allow only water to trickle down while holding the gravels
above. The bottommost layer of the vermifilter is made of gravel with an aggregate
size of 7.5 cm, and it fills up to the depth of 25 cm. Above this layer lies another
layer of 25 cm with aggregates of 3.5-4.5 cm sizes filling up. On the top of this is
the 20-cm layer of aggregates of 10—12 mm sizes mixed with sand. The topmost
layer of about 10 cm consists of garden or compost soil in which the earthworms
are released (Fig. 2). The worms are given around one of week settling time to
acclimatize in the new environment in the soil bed. About 8-10,000 numbers of
earthworms per cubic meter and in quantity (biomass) as 10 kg per cubic meter
(cum) of soil for optimal function. The design parameters of vermifiltration include
stocking density of earthworms, hydraulic loading rate (HLR), hydraulic retention
time (HRT), and the filter media. The quantity of wastewater a vermifiltration system
can reasonably treat in a given period of time is the volume of wastewater applied
per unit area of the vermifilter bed per unit time, also known as the hydraulic loading
rate of the vermifilter system. High hydraulic loading rate leads to reduced hydraulic
retention time and possibly reduces the treatment efficiency (Sinha et al., 2008).
The hydraulic retention time (HRT) was kept uniformly between 1 and 2 h in all
experiments. Around 5-6 L of municipal wastewater is kept in a calibrated 10-
L capacity polyvinyl chloride (PVC) drum. These drums are kept on an elevated
platform just near the vermifilter kit. The PVC drums had a tap at the bottom to which
an irrigation system is attached. The irrigation system consists of simple 0.5-inch
polypropylene pipe with holes for trickling water that allows uniform distribution of
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wastewater on the soil surface (vermifilter bed). Wastewater from the drums flows
through the irrigation pipes by gravity. The wastewater percolates down through
various layers in the vermifilter bed, passing through the soil layer inhabited by
earthworms, the sandy layer, and the gravels and, at the end, was collected in a
chamber at the bottom of the vermifilter (Fig. 3). The treated wastewater is collected
the next day and analyzed for the efficiency performance of the system which has been
measured in terms of chemical oxygen demand (COD), biochemical oxygen demand
(BOD), water quality indicator organisms like fecal coliform and total coliform, and
removal performance efficiencies of pathogenic microbes like Salmonella spp. and
Escherichia coli (Sinha & Herat, 2002) (Fig. 1).

Freeboard

vermibed

Dairy VWastewater Flow
Filter Sand

38 om Peristaltic Pump

Fig. 2 Appearance of sewage before and after treatment. Bottle A: clear vermifiltered sewage
water; bottle B: hazy water from the controlled kit; and bottle C: turbid and cloudy sewage water
(Sinha et al., 2008)
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Fig. 3 BOD removal at different hydraulic loading rate (Kumar et al., 2022)

4 Significance of Vermifiltration

Vermifiltration systems are widely recognized for their ability to lower wastewater’s
levels of solids, organics, and nutrients. These decreases are mostly ascribed to the
filtering capabilities of the vermifilters as well as the cooperative activities of earth-
worms and microbes. Singh et al. (2019) claimed that the primary reason for organic
reduction through vermifilters is because the solids are held in the bedding’s pores
and capillaries, where earthworms eat them and then expel them as nutrient-rich
castings that are extremely advantageous for plant growth. The accelerated miner-
alization of organic phosphates to inorganic orthophosphates is responsible for the
observed increases in orthophosphates, especially in systems with higher earthworm
densities.
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4.1 Reduction of Chemical Oxygen Demand (COD)
in Relation to Hydraulic Loading Rate (HLR)

Chemical oxygen demand means the chemical decomposition of organic and inor-
ganic pollutants in wastewater that cannot be biologically removed. The COD amount
removed was reported to be higher than that removed by the microbial system. This
was actually because the enzymes in the alimentary canal of earthworms aid in the
breakdown of those numerous chemicals that could not be degraded by microbes.

Table 1 displays the BOD/COD ratio at various HLRs. In comparison with the
influent’s initial characteristics, the ratio in vermifilter effluent was found to be signifi-
cantly lower. This may be because earthworms’ guts contain a variety of enzymes that
aid in the breakdown of substances that are impossible for geomicrobial processes to
break down. The lowest BOD/COD ratio value of 0.14 4 0.1 was recorded at HLR
2.5m*m~2d~!. BOD removal in vermifiltration was higher than COD removal in the
same reactor. This might be because earthworms rely on the biodegradable portion
of wastewater.

Laboratory-scale geofilter and vermifilter tests at varying hydraulic loading rates
were conducted by Kumar et al. (2022). Figure 3 describes the differences in BOD
removal at various HLRs. It can be shown from Fig. 1 that BOD of effluent was
remarkably low both in vermifilter and geofilter. At an HLR of 2.5 m® m=2 d~!, the
greatest BOD removal in a vermifilter was 96%, but in a geofilter, it was 70%.
The efficiency of the vermifiltration process in comparison with the geomicro-
bial system is demonstrated by the symbiotic activity of earthworms and aerobic
microorganisms, which speeds up and improves the decomposition of organic matter
(Rajpal et al., 2012; Tomar & Suthar, 2011). When the HLR was 3.0 m* m=2 d~!,
the removal was unsuccessful. This may be connected to elevated humidity and
vermifilter scouring, both of which are detrimental to earthworm development and
vermifiltration process efficiency (Xing et al., 2010).

In another related study, Miito et al. (2024) treated dairy wastewater in vermifilter
systems and achieved reduction efficiencies ranging between 35 and 66% of the COD
(Fig. 3a). Higher earthworm densities generally resulted in significantly (p < 0.05)
greater reductions in COD compared to lower earthworm densities, with the control
units (without earthworms) demonstrating the lowest COD reduction efficiency at
35% (Fig. 3b).

Table 1 BOD/COD ratio for

vermifilter and geofilter at HLR (m* m~2d~!) Vermifilter? Geofilter?

different HLRs (Kumar et al., 1.5 0.33 £0.12 0.40 £ 0.15

2022) 2.0 0.33 +0.17 049 +0.17
2.5 0.14 £ 0.10 0.50 £0.17
3.0 0.14 £ 0.13 0.53 +0.10

#Mean concentration =+ standard deviation of the physicochemical
parameters
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Fig. 4 The effect of earthworm population density on a COD reduction efficiency and b the signif-
icance of the various earthworm densities on COD reduction from dairy wastewater. Error bars
indicate the standard deviation of the dataset (Miito et al., 2024)

Higher COD removal in vermifilter is credited to the activity of earthworms and
their associated microorganisms that reduce the wastewater organics by their enzy-
matic activity (Kumar & Kaushal, 2022; Sinha et al., 2008). The average COD
removal rate in a vermifilter is over 74%, whereas in a geofilter, it is 68%. The
percentage COD removal rate is significantly higher in vermifilter as compared to
geofilter. This is attributed to the enzymatic activity of the microorganisms in the
earthworms. Though significant reduction of COD is achieved by the microbial—
geological system in the geofilter, the formation of sludge and colonies of bacteria
and fungi for longer times frequently chokes the system, and it fails to work (Li et al.,
2008) (Fig. 4).

4.2 Reduction of Total Suspended and Dissolved Solids

A total suspended and dissolved solid (inorganic and organic pollutants) that are
moreover suspended or dissolved in the wastewater. These solids are trapped and
assemble over time as sludge and then clog the system that ceases to function prop-
erly. Nevertheless, in the vermifilter, the biosolids are ingested by the earthworms
and egested as vermicompost. Therefore, there will be no choking and discontinuous
functioning or stationary phase of the vermifilter bed. Sinha et al. (2008) estab-
lished that total dissolved solids (TDS) and total suspended solids (TSS) removal
efficiency of 90-92% and 90-95%, respectively, for dairy wastewater. Manyuchi
et al. (2013) reported the removal efficiency of TDSS by 95% using a vermifilter to
treat sewage wastewater, and Tomar and Suthar (2011) also found that the removal
efficiency of TSS and TDS by a vermifilter was 88.6% and 99.8%, respectively,
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Fig. 5 The effect of earthworm population density on a total solids (TS) and b total suspended
solids (TSS) reduction efficiencies (Miito et al., 2024)

for urban wastewater. Xing et al. (2010) reported 57-77.9% removal efficiency of
total suspended solids (TSS) using pilot-scale vermifiltration. Kumar et al. (2011)
reported that the efficiency of TDS decreased by 82% in a vermifilter for sewage
wastewater treatment.

Dairy wastewater concentrations of TS and TSS ranged from 1.1 to 5.4 g L™!
and 0.7 to 2.6 gL.~!, respectively. The vermifilter units showed reduction efficiencies
ranging from 24 to 54% for TS and 50% to 87% for TSS. Notably, no significant
differences (p < 0.05) were found between the TS reduction efficiencies among all
earthworm densities (Fig. 5a) and the control unit (without earthworms), as shown
in Fig. 5b. The highest reduction efficiencies of suspended solids were found in the
vermifilter units with 10,000 and 15,000 worms m—>, which were attributed to the
earthworms’ increased consumption of the suspended solids (Miito et al., 2024).

4.3 Reduction of Turbidity

Higher levels of turbidity are usually associated with disease-causing microorgan-
isms. Untreated raw sewage turbidity value of 120 nephelometric turbidity unit
(NTU) was reduced to 1.5 NTU with worms (vermifiltration) and 3.6 NTU without
worms (geofilter). The results specify that the average decrease in turbidity by earth-
worms is over 98%, while that without earthworms is also significantly high (Chaud-
huri et al., 2000). It appears that the geological system too plays a very significant
role in turbidity elimination by “adsorption” of suspended particles on the surface
of the soil, sand, and the gravels. Turbidity of treated wastewater is affected by high
retention time, and percent removal of turbidity increases with an increase in HRT.
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4.4 Reduction of Nitrogen

Nitrogen compound concentrations in dairy wastewater were found to be 238—-386 mg
(total nitrogen [TN]) L', 99-151 mg [NO; -N] L', and 72-184 mg [NH,*-N]
L~!.For TN, NO3;-N, and NH4*—N, the vermifilter systems obtained reduction values
of 41%—-89%, 34%—74%, and 46%—86%, respectively (Fig. 6a—c). The findings also
showed that the reduction efficiencies of the three nitrogen species increased signif-
icantly in general with larger earthworm concentrations. The systems that had the
highest earthworm population density (15,000 earthworms m~?) also had the highest
TN reduction efficiencies (86%, 74%, and 74%) among all the systems that were
examined.

The vermifilter’s reported increases in TN, NH4*-N, and NO3;-N reduction effi-
ciencies at greater earthworm densities imply that the rates of ammonification, nitrifi-
cation, and denitrification are influenced by earthworm activity. These activities take
place as wastewater moves through the units’ anoxic and aerobic levels. Ammo-
nium nitrogen and/or ammonia are produced when organic sources of nitrogen
undergo ammonification. Nitrogen from ammonium undergoes additional nitrifi-
cation to produce nitrate nitrogen, which may subsequently undergo denitrification
to produce free nitrogen gas. The reduction and transformation of nitrogen are addi-
tionally facilitated by a few more physicochemical processes, such as adsorption,
filtering, and sedimentation.
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Fig. 6 The effect of earthworm population density on a total nitrogen, b NO3 ™-N, and ¢ NO3 ™-N
reduction efficiencies. Error bars indicate the standard deviation of the dataset (Miito et al., 2024).
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Increased earthworm activity has also been shown to support aerobic nitrogen
degradation, enzymatic activity ammonification/nitrification, and oxygen transfer in
vermifilter systems (Singh et al., 2019; Wang et al., 2021).

4.5 Reduction of Phosphorus

The vermifiltration systems had reduction efficiencies of between 3 and 17% of total
phosphorus (TP) for the total phosphorus concentration in dairy wastewater of 34—
44 mg [TP]L~! and 9.1-18 mg [ortho-P] L~!; however, they also showed up to 38%
increases in ortho-P concentrations (Fig. 7a, ¢). The control units had the highest TP
reduction efficiencies (Fig. 7b), while the units with the highest earthworm densities
(between 10,000 and 15,000 earthworms m~3; Fig. 7d) had the highest increases
in ortho-P. Samal et al. (2017) state that the main causes of phosphorus reduction
in vermifilters are adsorption on bedding surfaces and biotransformation to soluble
forms like ortho-P.

The reduced adsorptive capacity of the vermifiltration beds as a result of earth-
worm burrowing activity and phosphorus fixing in the earthworms’ excreta is
the reason for the lower TP reduction efficiency in the vermifiltration units with
greater earthworm densities. However, the bioconversion of organic phosphorus and
polyphosphates into ortho-P, a more soluble form of phosphorus, is primarily respon-
sible for the rise in ortho-P concentrations with higher earthworm populations. Jiang
et al. (2016) reported on the conversion of organic phosphorous and polyphosphates
to ortho-P during vermifiltration, attributing this to microbiological and enzymatic
activity triggered by earthworms.

The reduced adsorptive capacity of the vermifiltration beds as a result of earth-
worm burrowing activity and phosphorus fixing in the earthworms’ excreta is
the reason for the lower TP reduction efficiency in the vermifiltration units with
greater earthworm densities. However, the bioconversion of organic phosphorus and
polyphosphates into ortho-P, a more soluble form of phosphorus, is primarily respon-
sible for the rise in ortho-P concentrations with higher earthworm populations. Jiang
et al. (2016) reported on the conversion of organic phosphorous and polyphosphates
to ortho-P during vermifiltration, attributing this to microbiological and enzymatic
activity triggered by earthworms.

5 Mechanisms of Earthworm Activities in Vermitechnology

Earthworms are decomposers and adaptable waste eaters. Earthworms feed primarily
on organic waste and employ different actions to degrade the waste.
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Fig. 7 The influence of a earthworm population density on total phosphorus reduction efficiency,
b the significance of the various earthworm densities on total phosphorus reduction rates, ¢ the
effect of earthworm population density on ortho-P reduction efficiency, and d significance of the
various earthworm densities on ortho-P reduction, during vermifiltration. Error bars indicate the
standard deviation of the dataset (Miito et al., 2024).

5.1 Grinding Action

They act as aerators, crushers, chemical degraders, grinders, and biological stimula-
tors, thus promoting the growth of “beneficial decomposer bacteria” (Sinha & Herat,
2002). The stones in the muscular gizzard of the earthworm aid in grinding the solid
waste into fine particles measuring about 2—4 microns, which pass for enzymatic
actions in the intestine. The intestine and gizzard collectively act as a “bioreactor”
(Sinha & Herat, 2002). The organic loadings of wastewater in the vermifilter soil bed
are strengthened by earthworms when the clay particles are granulated, thus raising
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the “hydraulic conductivity” of the system. They also grind sand and silt particles,
hence giving a large total specific surface area, which enhances the capability to
“adsorb” inorganics and organics from the wastewater. In addition, the vermicast
formed as well offers excellent hydraulic conductivity of sand. This is ultimate for
diluted wastewater like sewage.

5.2 Enzymatic Action

Earthworms exude enzymes, cellulases, amylases, proteases, chitinases, and lipases
in their alimentary canal, which aid speedy biochemical change of the proteinous
and cellulosic materials in the organics from solid waste. They consume the food
substances, pick the harmful microbes, and mixed them with minerals together with
beneficial microorganisms as “vermicasts” in the earth (Zhao et al., 2010). The two
vital processes—

(1) vermiprocess and microbial processes—work simultaneously in the vermifiltra-
tion system.

Earthworms accommodate millions of decomposer (biodegrader) microorganisms in
their alimentary canal and are excreted alongside nitrogen (N) and phosphorus (P)
in their excreta (vermicast). The plant nutrients phosphorus and nitrogen are further
used by microbes for reproduction and vigorous action. The microflora connected
with the intestine and vermicasts of the earthworms and discovered species like
Pseudomonas, Spiroplasma, Mucor, Paenibacillus, Azoarcus, Burkholderia Alcali-
genes, and Acidobacterium which possess the potential to degrade numerous organic
pollutants.

(i) Suspended and dissolved (organic and inorganic) solids

They are held by adsorption and stabilized during complex biodegradation processes
in the soil occupied by earthworms and aerobic microbes. Soil processes intensifi-
cation and aeration by earthworms facilitate soil stabilization and filtration system
to become successful and lesser in size (Sinha et al., 2008).

(iii)) Digestive enzymes live in the body of earthworm such as phosphates, protease,
alkaline, and cellulase. These enzymes had an important relationship with the
N and P cycle and the turnover of carbon (Aira et al., 2007).

Other kinds of earthworm enzymes were the antioxidant enzymes, such as SOD
and CAT, which had been often used as biomarkers of environmental stress. These
enzymes could protect cells against adverse effects of reactive oxygen species. An
increase in the activities of these enzymes indicated deterioration in environmental
conditions.

The production of enzymes by microorganisms in earthworms is found to degrade
and stabilize the organics in wastewater is significant due to their ability to decompose
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cellulose, proteins, starch, and sugars, which ensures the integrity of the vermifil-
tration system. The examination on the enzymatic activity of the isolated bacterial
species would supply vital data for understanding organic matter degradation in
vermifiltration (Xing et al., 2010).

(iv) Earthworms consume harmful microbes in the wastewater, thus preventing
choking of the system and maintain a culture of useful biodegrader microbes
to function (Sinha et al.,).

5.3 Effect of Earthworms on Microbial Activity and Sludge
Treatment

Polymerase chain reaction denaturing gradient gel electrophoresis (PCR-DGGE)
is widely used to analyze and measure bacterial diversity. PCR-DGGE reveals the
distributions and compositions of bacterial communities in the vermifilter at the
genetic level and express evidence of the biological reaction of the microbes to
earthworms. The different banding patterns and intensities obtained upon analysis of
samples from different depths of the filter beds in the biofilter and vermifilter systems
are likely due to the presence or absence of earthworms. The available organic matter
reduced when the influent passed through the filter bed; accordingly, the microbial
diversity distribution along the depth followed the same pattern in the BF. However,
in the VF, there is a higher bacterial diversity and richness in the film collected from
the top and the bottom of the filter bed. These findings show that the burrowing
activities of the earthworms led to improved aerobic conditions in the vermifilter
bed, which favored the conditions for aerobic microorganisms. In addition, there are
more earthworms dwelling at the top and the bottom of the filter bed, where more
oxygen is available, which tally well with the greater bacterial diversity observed at
the top and the bottom of the filter bed (Zhao et al., 2010).

The mucus and casts produced by earthworms have a stimulatory effect on the
microorganisms. Mucus is a source of carbon for microorganisms, and the casts are
often enriched with available C, N, and P (Aira et al., 2007). They contain more active
microbial communities compared to the foods that earthworms consume (Suthar,
2009). In addition, it has been recognized that Eisenia fetida has a unique native gut-
associated microflora that contributes to the growth of a diverse microbial community
in vermifilter systems (Toyota & Kimura, 2000). Analysis of VF biofilm is dominated
by members of the phylum Proteobacteria, and Pseudomonas sp. ascribed to the
phylum Proteobacteria was exclusively detected in the VF (Table 2).

5.4 Sludge Stabilization by the Filter System

It is apparently complicated to calculate the exact total biomass quantity in the
filters, as the biomass amount gradually decreases along the depth of the reactor.
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Table 2 Sequences closely related to those of the denaturing gradient gel electrophoresis bands
(Zhao et al., 2010)

Band Closely related sequences (accession no.) Identity

name (%)

1 Uncultured Acidobacteriaceae bacterium clone GASP-WA1S1_E10 96
16S ribosomal RNA gene (FJ495179)

2 Uncultured gamma proteobacterium clone 98
E03_SGPLO02 16S gene (EF221170)

3 Uncultured bacterium clone nbw503d06¢1 94
16S ribosomal RNA gene (GQ102089)

4 Uncultured Xanthomonadaceae bacterium clone 96
Amb_16S_839 16S (EF018572)

5 Uncultured Acidobacteriaceae bacterium clone GASP-WA1S1_E10 96
16S ribosomal RNA gene, partial sequence (EF072059)

6 Uncultured Bacteroidetes bacterium clone MAOO162B11 97
16S ribosomal RNA gene, partial sequence (FJ532911)

7 Pseudomonas sp. An30H-SC-S gene for 16S rRNA, partial sequence 97
(AB267465)

8 Pseudomonas sp. An30H-SC-S gene for 16S rRNA, partial sequence 97
(AB267465)

9 Uncultured soil bacterium clone FACE.R2.EC.B04 98
Small subunit ribosomal RNA gene, partial sequence (FJ621004)

10 Uncultured bacterium clone Toolik_Jun2005_Intertussock_39 93
16S ribosomal RNA gene (DQ510149)

Therefore, the volatile suspended solids (VSS) reduction can be determined using
the mass balance between the quantity of total influent and effluent (including both
the mixture in the sedimentation tank and supernatant) according to 24 h of operation
using Eq. (1).

VSS reduction(%) = (Q.C,.a — .C'.b)/(Q.C,.a) (1)

where Q is the influent flow during a day period (24 h); a is the influent, ratio of VSS/
S; b is the effluent VSS/SS; C, is the influent SS concentration; and C’ is calculated
by Eq. (2).

_ Q-V).Ci+ V.,
Q

C/

@)

where C| is the supernatant SS concentration, mg/L; C is the SS concentration of
the mixture in the sedimentation tank at the end of the period, mg/L; and V| is the
effective volume of the sedimentation tank, L. The VSS reduction obtained by the
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digestion of earthworms (Ryss earthworm) in the VF system is defined as the amount of
sludge digested by the earthworms (W gigest) divided by the amount of organic matter
in the influent as shown in Eq. (3).

RVSS,earthworm(%) = (Wdigest-mearthworm)/(Q-Caﬂ) (3)

Wdigest = (Vvingest - Wcast) “4)

where Mearthworm 18 the total biomass of earthworms in the vermifilter

0, C,, and a are defined above; Wjgeq is the digested sludge by earthworms;
Wingest 18 the sludge ingested by earthworms; and W, is the earthworm casts. An
estimate for Wiygeq Was calculated by Eq. (5).

Wingest = Wcast(l - OMI)/(l - OM2) (5)

where OM; is the organic matter content in the cast of earthworm (%), OM; is the
organic matter content in the raw sludge, and W, of the VF could not be obtained
directly using Eq. (5).

Therefore, the excrement of the earthworms was dried at 105 °C for 2 h, after which
the dry weight was measured. W, was expressed in mg of dry weight of the cast per
gram of fresh weight of earthworm per day (mg g~! d="). Earthworms in the VF ingest
and digest sludge (Table 2). On average, the cast production per gram of earthworms
and the corresponding organic matter content for the cast were 11.9 + 1.9 (mg g~!
d~") and 52.6 £ 4.2%, respectively (Table 3). Therefore, the average VSS reduction
due to direct digestion by the earthworms was 13.6%. Furthermore, earthworms
mostly digest the organic portion of their feed. Sludge breakdown produces lesser-
sized sludge particles, which leads to an enhancement in the sludge biodegradation
by microbes.

The typical scanning electron microscopy (SEM) micrographs of influent and
effluent samples were collected, in addition to the earthworm cast. The monographs
revealed loosely filled, fluffy composition characterized by a dominance of rod-
shaped cells in the raw sludge and obvious extracellular polymeric substance (EPS)
medium in which the cells were entrenched. The floc structure in the biofilter effluent

Table 3 The amount of sludge ingested and digested by earthworms (Zhao et al., 2010)

Organic matter content | Earthworm cast Sludge digested by Sludge ingested by

in earthworm cast (%) | production (mg g_l earthworms (W gjgest) | earthworms (Wingest)
dh (mgg~'dh (mgg~'d™h

52.6 £4.2 119+ 1.9 64+£1.0 183 +2.8

Note Organic matter content in earthworm cast and earthworm cast production were measured,
while Wgigest and Wingest were calculated using Egs. (4) and (5), respectively
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had similar characteristics to that of the raw influent, except that a remarkable reduc-
tion in rod-shaped cells was observed, indicating the incomplete interference of
extracellular polymers in the biofilter effluent.

The new casts produced by the earthworms in the vermifilter exhibited a different
physical appearance, being porous, and fragmented. The casts also showed a signif-
icant reduction of flocs. On the contrary, the surface composition of the vermifilter
effluent sludge was more compacted than that of the earthworm cast, an indication
of a significantly lower amount of filamentous bacteria.

6 Advantages of Vermifiltration Technology Over
Conventional Systems of Sewage Treatment

There are a number of advantages of the vermifiltration system when compared with
other biological wastewater treatment systems.

Vermifiltration of wastewater treatment is low-energy system with distinct advan-
tages over all the conventional biological wastewater treatment systems, which is
highly energy demanding and expensive to install and manage without any income
generated. There is one hundred percent (100%) capture of organic materials in
the vermifilter process, with less capital and operating costs and production of the
vermifilter, a high value-added end product.

6.1 No Formation of Sludge

The hydraulic conductivity in any filtration system of the infiltrative surface is impor-
tant in achieving effective treatment. Though, in the soil filter, there is a significant
removal of biological oxygen demand (BOD), COD, and suspended solids, the forma-
tion of sludge and films of microorganisms that multiply under conditions of excess
nutrients as slime capsules, creating a “clogging zone” that can decrease the hydraulic
conductivity of the filtration medium and may cause system failure (US EPA, 2002).
The vermifiltration system is convenient to operate as there is no sludge formation
when compared to conventional activated sludge treatment methods (Sinha et al.,
2010a, 2010b). Over 10% removal rate of nitrogen and total phosphorus with the use
of vermifilters compared to activated sludge systems (Li et al., 2008). Aeration and
clogging that that are limitation in constructed wetland systems and reed beds can
be handled by vermifiltration.
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6.2 Vermifiltration is a Low-Energy System

Most vermifiltration systems require no external source of energy to pump wastew-
ater, though some energy may be required in pumping the wastewater to the vermi-
filtration unit if gravity flow is not adequate (Sinha et al., 2008). The vermifiltration
method of sewage management is a low-energy reliant and has distinct benefits over
every conventional natural wastewater management system—the “trickling filters,”
“rotating biological contactors,” and “activated sludge process,” which are extremely
energy demanding, expensive to install and manage, and do not produce any income.
Since the conventional methods are typically the flow technologies and have limited
hydraulic retention time (HRT), it constantly results in a “left behind stream” of
compound organics and heavy metals (while just the simple organics are used) in the
“sludge” that requires further treatment (requiring additional energy) prior to landfill
disposal. This becomes unproductive. There is 100% capture of organic materials
in the vermifilter process. The assets and cost of operation are less with a high rate
added end product (vermicompost) (Sinha & Herat, 2002).

6.3 Reduction of Heavy Metals and Endocrine-Disrupting
Chemicals by Earthworms

Although some trace amounts of heavy metals are essential for living organisms for
metabolism, any excess amount of these metals can be harmful to life (Aemere &
Ogunlaja, 2007). Earthworms are capable of bioaccumulation of heavy metal ions by
the formation of organometallic complexes in their gut, which reduces heavy metals
solubility. This decreases the concentration of water-soluble heavy metals (Suthar,
2009). The decrease in mobility and bioavailability of heavy metals throughout
vermicomposting by earthworms is achieved through two major forms of cellular
adaptations: the binding of metals to nuclear proteins to form inclusion nuclear bodies
and the cytoplasmic method concerning the production of a specific metal-binding
protein, metallothionein (MT), inside the chloragogenous tissue. Earthworms have a
specific ability to regulate heavy metals; particularly, trace metals, accumulation, and
control mechanisms could be metal-specific (Aemere et al., 2020). Metalloprotein
and metallothionein work against the ecological stress caused by a mixture of contam-
inants, specifically by metal (Vondel, 2006). The binding of metals to organic matter
mostly more firmly bound fractions, partially reducing the accessibility of metals
to earthworms. The earthworm gut could adjust the mobility of metals and support
their absorption. It is well recognized that MT also acts as a part of the antioxidant
system and is involved in the scavenging of free radicals and reactive oxygen species
(Aemere et al., 2020). Every contaminant in the environment has a threshold, though,
beyond which detoxification occurs.

These are defense mechanisms that organisms develop in the presence of the
contaminants. One of such mechanisms is that concerning metallothioneins (MTs),
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proteins containing cysteine, which are capable of linking toxic metals (Conti, 2008).
Metallothioneins are low-molecular weight cysteine-rich (up to 33% by composi-
tion) proteins expressed by organisms under stress states, mainly when induced by
metals at certain levels. MTs are encoded by multigene families that differ in their
responses to diverse inducers, including heavy metals, hormones, hydroxyl radicals,
oxidants, strenuous exercise, superoxide, and glucocorticoids, generated by gamma
radiation and cold exposure. The major roles of MTs comprise of protection against
oxidative stress, detoxification of xenobiotic metals, and the homeostasis of trace
metals (Zn, Cu, Mn, Fe, Pb, and Cd among others) and maintaining redox pool,
metal ion transport, scavenging of radical and regulation of expression (Adebayo &
Anumudu, 2015).
Earthworms normally use three ways to metabolize heavy metals:

(i) Control in fatty (chloragogen) cells of the wall of the alimentary canal
(i) Storage of heavy metals in waste nodules produced within the body cavity
(iii) Excretion via the calciferous glands.

The gut-related processes in earthworms may also raise metal accessibility. The
earthworm-modified epithelial cells, which form the chloragosomes, the eleocytes
of the alimentary canal, contain constituents of ion exchange compounds—phenolic
hydroxyl, carboxyl, phosphoric acid, and sulfonic acid groups—that act as cation
exchange system with the ability of taking up and accumulating heavy metals. They
willingly bioaccumulate metals (lead [Pb], copper [Cu], cadmium [Cd], mercury
[Hg], manganese [Mn], calcium [Ca], iron [Fe], and zinc [Zn]). The transformation
of highly toxic Cr(VI) to nontoxic form Cr(III) during the metabolic process in
the mitochondrial and cytoplasmic fractions was reported through vermicomposting
with Eisenia fetida (Singh & Kalamdhad, 2016). Metal toxicity will take place when
the ability of these mechanisms to bind metals is exceeded.

Endocrine-disrupting chemicals (EDCs) alter the regular function of the endocrine
system. Harmful effects of EDCs are more prominent in young animals, which have
lesser body mass, a quicker cell division rate than adults, and are in the middle of
their developmental process. EDCs that influence the endocrine system by fastening
to hormone receptors alter the reproductive anatomy, decrease reproduction rates
(Heindel et al., 2012), result in somatic anatomical abnormality, and change the
body state of aquatic organisms. Tissues of earthworms have been reported to
contain significantly high concentrations of EDCs (dibutyl phthalate dioctyl phtha-
late, bisphenol-A, and 17B-estradiol) in (E fetida). Earthworms either accumulate or
degrade “organochlorine pesticide” and “polycyclic aromatic hydrocarbons” (PAHs)
residues in the medium in which they feed. It has been established that earthworms
can also tolerate toxic chemicals in soil environments. In 1976 in Italy, there was
a chemical plant explosion at Seveso that contaminated vast areas of the soil with
chemicals like 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD), which is extremely
toxic; different fauna species perished except for some earthworms that survived.
The earthworms were able to ingest TCDD-contaminated soils and bioaccumulate
dioxin in their tissues, which was then concentrated on an average 14.5-fold. Studies
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also showed that Eisenia fetida survived 1.5% crude oil with several toxic organic
pollutants (Sinha, 2014).

6.4 Reduction of Pathogens and Antibacterial Properties
of Earthworms

The presence of coliforms is frequently used as an indicator of general pathogenicity
in any sample. Previous studies have revealed that vermicomposting involves a
relationship between earthworms and microorganisms in which microorganisms
perform biochemical degradation of the waste material, while earthworms degrade
and regulate sludge through muscular actions of their upper gut and add mucus to
the ingested substance, thus increasing the surface area for microbial action (Aira
et al., 2007; Suthar, 2009). This indicates a mutualistic association between earth-
worms and microorganisms. The earthworm and microorganism connections accel-
erate the mineralization of organic materials, which favors the breakdown of excreted
polysaccharides.

Earthworms are vital macerator organisms, and they constantly devour the
colonies of microorganisms in the vermifiltration process. Earthworms are capable
of consuming pathogens (fungus, bacteria, protozoa, and nematodes) present in both
wastewater and sludge. They also produce a coelomic fluid that possesses “antibacte-
rial” properties and captures the formation of all microorganisms that cause decaying.
Some bacteria and fungi found in the worms also generate “antibiotics™ that kill
pathogenic organisms in the waste biomass, making the medium virtually germ-
free. The fungus Penicillium spp. which produces antibieties antibiotic “penicillin,”
has been reported to be present in the intestine of earthworms. The removal rate
of pathogens, Salmonella spp., enteric viruses, fecal coliforms (E. coli), and ova of
helminths from sewage and sludge is much faster when they are processed by Eisenia
fetida. Among all the pathogens, Escherichia coli and Salmonella spp. are greatly
reduced (Aira et al., 2007).

Vermifiltration can decrease pathogens to harmless levels through the action of
intestinal enzymes in earthworms (Table 4). In addition, the microbes that earthworms
leave behind are useful to the VF as they compete with pathogenic organisms for
the limited nutrients. The likely reason for pathogen removal is ascribed to the fact
that these pathogens get subjected to different toxic and antibiotic secretions from
the earthworms and related microflora (Sinha et al., 2008). So, there is a chance of
the antibacterial activity of the microorganisms that inhibits or prevents the increase
of pathogens during the treatment.

Diversity of microorganisms exists in the body of earthworms, which exhibits the
potential to reduce or prevent the growth of other known pathogens (Zhao etal.,2010).
Some bacteria and fungi fostered by earthworms also produce antibiotics, which kill
the pathogenic organisms in the waste biomass, making the medium virtually sterile
and odorless. So there is a likelihood of the resistance mechanism to inhibit the growth
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Table 4 Pathogen removal performance of vermifiltration

Organisms Influent Effluent VF K Effluent GF K
Total coliforms (MPN/ | 3.5 x 108 2.5 x 10° 3.15 2.0 x 100 2.24
100 mL)

Fecal coliforms (MPN/ | 2.0 x 10° 8.3 x 1023 2.88 6.5 x 10* 1.49
100 mL)

Fecal streptococci 3.3 x 100 1.9 x 10%3 3.74 3.0 x 10* 2.04
(MPN/100 mL)

Total heterotrophic 1.4 x 10° 2.0 x 10° 3.85 6.8 x 10° 232
bacteria (CFU/mL)

Total fungi (CFU/mL) |2.2 x 10° 7.5 x 102 3.46 1.6 x 10* 2.14
Actinomycetes (CFU/ | 6.5 x 10° 52 x 10* 1.09 2.5 x 10° 0.4
mL)

Salmonella (CFU/mL) | 1.2 x 10° 1.5 x 10% 3.9 1.2 x 10* 2.0
E. coli (CFU/mL) 1.5 x 10° 1.4 x 10* 2.03 1.5 x 10° 1.0

All values are average; n = 17; and K = log removal (Arora et al., 2014).

of pathogens (Sinha et al., 2010a, 2010b). There exists a mutualistic interaction of
earthworms and microorganisms—in an environment that is best appropriate for
earthworms that may further improve the antibacterial activity and cause the death
of pathogens in a vermifilter. This significant observation described the antibacterial
property of the isolated microflora and a possible reason for the removal of pathogens.

6.5 Vermifilter Treatment of Sewage is an Odorless System

There is a lack of stinking smell as the earthworms arrest putrefying matters in the
wastewater and sludge. By their burrowing behaviors, they also create an aerobic
condition in the soil bed and the waste substrate therefore preventing the actions
of anaerobic microorganisms that release stinking hydrogen sulfide and mercaptans
(Sinha et al., 2008).

6.6 Source of Fish and Animal Feeds

Protein-rich probiotic feeds for fishery, poultry, and piggery are produced from earth-
worm biomass. The availability of food (organic matter and microbes) and water that
provide moisture are available in wastewater for rapid multiplication of earthworms
to produce a huge population (biomass) within a short period of time. Large quanti-
ties of worm biomass are available as “probiotic” feed for fish, poultry, and livestock
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Fig. 8 Vermifiltration of wastewater demonstration site in Scotland IMMOQUA, 2018)

farming. It is a good source of essential amino acids, lysine, and methionine (Hughes,
2013).

6.7 Wastewater Recycling and Reuse

Water is a limited and scarce resource. A global increase in population implies
more water will be required for food production, which means placing an extra
burden on accessible water provisions. The development of affordable and acces-
sible natural-based wastewater treatment processes like vermifiltration is very vital.
For example, in Scotland, an innovation sanitation system (Littlemill) uses earth-
worms to treat wastewater (Fig. 8). It is therefore relevant that recycling and reuse
are fundamental for sustainability. Vermifiltration of restaurant wastewater could be
reused for agricultural and horticultural purposes (Addy et al., 2019).

7 Conclusion

Vermifiltration is a novel technology capable of providing sustainable management
of organic wastewater treatment by means of recycling water and nutrients for an eco-
friendly environment. However, to bring vermifiltration to a large-scale commercial
treatment protocol, more comprehensive research is essential to develop the effec-
tiveness of vermifiltration system. The investigation of potentially harmful microbes
before and after treatment is also advantageous, as a large amount of wastewater
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contains unsafe pathogens; therefore, it is ideal to subject them to proper analyzing
before the treated water can be discharged or reused.

Vermifiltration systems rely on living organisms (earthworms and microbes) to
treat wastewater. With increasing earthworm bulk densities during vermifiltration,
there was larger reduction efficiencies of 41%-89% (TN), 46%—86% (NH4"-N),
34%-74% (NO3~-N), 3%—-17% (TP), 18%—38% (ortho-P), 35%—66% (COD), 24%—
54% (TS), and 50%—87% (TSS). In addition, their burrowing behaviors create aerobic
environment, thus preventing anaerobic microorganisms from generating mercap-
tans and hydrogen sulfide that are accountable for foul smell. There is lack of
sludge production, which is a main challenge faced in the conventional wastew-
ater management. Most critical factors needed for optimal performance in vermi-
filter system include climatic conditions, constituents of wastewater, water loading
capacity or rate, retention time, species of earthworm, and biomass. Studies from
different scholars recommend vermifiltration for rural areas, smaller communities,
and small-scale industries to produce organic wastewater as a feasible substitute to
conventional wastewater treatment as it provides conditions that are favorable for the
growth of earthworms.
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Abstract On a global level, the administration of solid materials has grown to be
a significant problem. There is an urgent need to recycle these wastes because they
can be a rich source of fertilizers for plants and soil conditioning agents. Earthworms
can effectively break down various organic wastes into nutrient-rich vermicompost.
By utilizing several earthworm species, an effort has been made in this chapter to
emphasize the vermicomposting of various organic wastes. A thorough literature
search was conducted using search terms on “Google Scholar, PubMed Central,
SpringerLink, Science Direct, and” acceptable studies of vermicomposting of various
organic wastes were chosen. Vermicomposting may turn any type of organic waste
into fertilizer. It was discovered that the waste needed to be combined with additional
organic material for different types of vermicomposting (cattle dungs). The excessive
amount of organic waste kills the earthworms even though the vermipit with 20-30%
of litter wastes combined with 70-80% additional biologically rich material, like calf
dung, may easily turn garbage into a valuable product. The present chapter illustrated
how vermicomposting is an effective and superior way to recycle these wastes even
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if many forms of organic solid waste cannot be directly digested by earthworms. A
variety of crops can be grown in the fields with the help of the vermicompost that
is created in this way. Also, farmers need to be persuaded to utilize vermicompost
in their fields by educating them on the negative impacts of artificial pesticides and
fertilizers.

Keywords Vermistabilizing + Organic waste + Vermicompost + Earthworms

1 Introduction

The Latin name for earthworms and vermicomposting is vermes. Due to its
widespread use in the treatment of many types of organic waste, vermicomposting
has gained increased attention in recent years (Bhat et al., 2018; Chauhan & Singh,
2013; Ghatnekar et al., 1998). Vermicomposting speeds up the natural decomposi-
tion of vegetative matter, which nonetheless occurs eventually (Benitez et al., 2005;
Ojuolape et al., 2015). The organic material as well as farm waste materials of the
soil can be efficiently maintained by making use of natural manure along with other
waste from agriculture. Earthworms have been widely used for the recycling of a
variety of organic wastes, including municipal solid wastes (Ciavatta et al., 1993),
wheat straw (Bannik & Joergensen, 1993), sewage sludge (Govi et al., 1993), forestry
waste (Marttinez-Inigo & Almedros, 1994), vegetable waste (Vallini & Pera, 1989),
farmyard manure (Jakobsen et al., 1988), sorghum stalk, wheat straw, paddy straw
(Gaur & Singh, 1995), and coir pith (Jothimani, 1994). Famous scientists Charles
Darwin and Aristotle referred to earthworms as the “intestine of earth” and the
“unheralded soldiers of mankind,” respectively, because they could digest a variety
of organic resources. Animal excretions from various species are produced all over
the world, and when appropriately employed through vermicomposting, they may
improve the physical and chemical properties of soil and can be utilized for crop
fertilizers (Bhardwaj, 1995; Chauhan & Singh, 2015).

Vermicomposting is an effective method for reducing the quantity of natural
waste that, unless correctly handled, could damage rivers and groundwater with
its highly concentrated flow of nitrates, phosphates, and ammonia (Aransiola et al.,
2022; Krishna et al., 2017; Ramnarain et al., 2019). As soon as food enters all
earthworms’ digestive tracts, the bacteria within start to break down the organic
components it contains, turning them into vermicast (Singh, 2018). This vermicom-
post changes the soil’s biological, chemical, and physical properties, which encour-
ages plant growth (Datta et al., 2016). Vermicompost contains the following types
of commonly found nutrients: organic carbon (9.5-17.98%), nitrogen (0.5-1.50%),
phosphorus (0.1-0.30%), potassium (0.15-0.56%), sodium (0.06-0.30%), calcium
and magnesium (22.67-47.60 meq/100 g), copper (2-9.50 mg/kg), iron (2-9.30 mg/
kg), zinc (5.70-11.50 mg/kg), and sulfur (128-548 mg/kg) (Kale, 1995). In light of
this, vermicomposting enables the biological conversion of trash into a useful organic
fertilizer (Bozym, 2012; Kostecka, 2000). One of the key elements of an organic
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farming system, vermicompost, is sometimes known as “black gold” (Cresent, 2003).
Comparing vermicomposting to thermophilic composting, the nitrogen loss was
dramatically reduced by 10-20%. Methane and nitrous oxide emissions were both
reduced by 25-36% and 22%, respectively, via vermicomposting. A higher earth-
worm density resulted in a 3—14% increase in carbon dioxide emissions, buta 10-35%
decrease in methane emissions (Nigussie et al., 2016). Biological characteristics of
the earth include the stimulation of bacterial populations that lessen the onslaught
of different pathogenic microorganisms. The soil’s chemical composition includes
minerals like both micro- and macronutrients required for the development of plants,
as well as its physical characteristics like soil texture and capacity for holding water
(Bhat et al., 2018; Datta et al., 2016; Hansen, 2007; Singh, 2018).

2 Earthworm Category

Earthworms were divided into three types by Bouche (1977) based on their biological
makeup and kind of feeding habitat: epigeic, anecic, and endogeic. The most popular
earthworm species for vermicomposting are those found in epigeic ecological groups,
like Eisenia andrei and Eisenia fetida (Aransiola et al., 2022; Dominguez, 2018).
The epigeic species have a high rate of bioconversion and are surface feeders. They
can withstand a variety of adverse environmental situations like reduced food avail-
ability, predator pressure, etc., and remain stable in an unstable and unpredictable
ecosystem. Earthworm species can quickly develop their population for vermicul-
ture and produce vermicompost thanks to these epigeic species’ rapid rate of repro-
ductive as well as grazing as opposed to the endogeic and anecic ecological cate-
gories (Dominguez, 2018; Julka, 2008). Several investigations have utilized anecic
earthworm populations such as Lampito mauritii for vermicomposting (Tripathi &
Bharadwaj, 2004) and endogeic earthworm populations such as Metaphire posthuma
(Das et al., 2016; Sahariah et al., 2015).

3 Mechanism of Worm Action in Vermistabilization

Vermistabilization, a challenging physical as well as biological process for trans-
forming sludge, employs earthworms (Fig. 1). Among other things, worms can serve
as a biological stimulating, grinder, crusher, aerator, and chemical degrader (Sinha
et al., 2002). Earthworms consume infections, mineralize nutrients, break down the
organic portion of the sewage sludge, and consume heavy metals (bacteria, fungi,
nematodes, and protozoa). They essentially serve as a “sludge digester” (Fig. 2).

1. The sludge is softened before it enters the digestive tract by the grume that the
earthworms’ mouths exude.
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2. The digestive tract’s inner walls secrete calcium, which neutralizes the softened
sediment components in the esophagus and sends them to the stomach and gizzard
for additional processing.

3. Itis first delivered through the intestines over the enzymatic breakdown of food,
where it is broken down into 2- to 4-m-sized granules with the aid of stones inside
of the neuromuscular gizzard. A “bioreactor” is the intestine and gizzard.

4. Proteases, amylases, lipases, chitinases, and cellulases, which are secreted here
and then absorbed, break down the ground and pulped sludge components in the
intestine.

5. Humification, the last step in the vermiprocessing and sludge degradation process,
transforms the big organic particles into intricate, amorphous colloids that include
phenolic compounds. This stabilized sludge is then expelled as waste (vermicast).

4 Earthworms Boost Microbial Sludge Communities
in Sewage that Work Together to Stabilize Wastes

Earthworms improve aeration, which boosts the number of microorganisms that
break down waste materials (Binet et al., 1998; Dash, 1978). Additionally, they keep
millions of bacteria in their guts that are decaying, excreting these bacteria in their
waste with minerals like phosphate as well as nitrogen (Singleton et al. 2003). The
microorganisms also utilize the nitrogen and phosphorus for increased activity and
cellular reproduction. According to Edward and Fletcher (1988), ingested material
contains bacteria and actinomycetes that can multiply up to 1000-fold as it travels
through the stomach. A worm population of roughly 15,000 will support a billion-
strong microbial community (Morgan & Burrows, 1982). In their study of the ecology
of the microbes in the gastrointestinal tract and vermicasts of earthworms, Singleton
et al. (2003) found that species of Paenibacillus, Pseudomonas, Acidobacterium,
Azoarcus, Mucor, Burkholderia, Alcaligenes, and Spiroplasma that were capable of
decomposing an extensive variety in chemical compounds. Even PCBs and Mucor
spp. dieldrin can be broken down by Alcaligenes species. When conditions are favor-
able, earthworms and microorganisms collaborate to hasten and enhance the break-
down of the organic stuff found in the waste (Morgan & Burrows,1982; Xing et al.,
2005).

5 Advantages of Earthworms’ Vermistabilization of Wastes

When vermicompost is stabilized, its quality is noticeably better than that of conven-
tional composting, which is thermophilic (temperatures can rise to 55 °C), killing
many beneficial microbes and losing nutrients, especially nitrogen. It is also rich
in important minerals and beneficial soil microbes (owing to nitrogen gassing off).
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Additionally, earthworms keep their bodies well-oxygenated, and aerobic processes
advance around tenfold more rapidly than anaerobic ones.

6 Almost Odorless Procedure

The worms create aerobic conditions within the waste products by their burrowing
efforts, suppressing the activity of anaerobic bacteria that release unpleasant
hydrogen sulfide along with mercaptans.

7 Several Vermicomposting Substrates

Vermicomposting is a well-liked and cost-effective method for the disposal of various
kinds of solid waste. Numerous scientists have examined how various earthworm
species perform on various types of garbage and have also reported on the earth-
worms’ reproductive behavior based on the formation of cocoons and hatched eggs
at the conclusion of each experiment.

8 Agricultural Residues

The interactions of agricultural wastes with bacteria and fungus control how quickly
agricultural residues decompose in the soil. The earthworms may also turn crop
residue into vermicompost. Tian et al. (1997) examined the function of the earth-
worms for the decomposition in five botanical residues—*“Dactyladenia barteri,
Gliricidia sepium, Leucaena leucocephala, maize, and rice straw” —by combining
them to generate mulch. They discovered that the number of earthworms is larger in
Leucaena and Gliricidia mulches (54%) than in controls. Cortez and Bouche (2001)
conducted a study on the breakdown of fresh and composted Nicodrilus meridionalis
leaf litter in the Mediterranean region and came to the conclusion that pre-composting
the litter made it more palatable and enhanced the earthworm biomass. In contrast,
earthworm biomass decreased when new litter was fed. Earthworms and oyster mush-
rooms could be used in a two-stage bioconversion process to turn inedible biomass
into biohumus, according to Manukovsky et al. (2001). They mixed potato trash using
the straw from wheat (1:3), processed it by adding mushrooms, and then added earth-
worms to create humus. This produced a healthy supply of mushrooms in addition
to the biohumus needed for plant growth. In order to solve the issue of lignocellu-
losic waste degradation, the scientific viability of composting straw from wheat with
biological inoculations (Pleurotus sajor-caju, Trichoderma harzianum, Aspergillus
niger, and Azotobacter chroococcum), while following vermicomposting was exam-
ined by Singh and Sharma (2002). They discovered that the addition of bioinoculants
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and earthworms to lignocellulosic waste resulted in a faster overall development of
nutrient-rich vermicompost. The concentration of N, P, and K increased significantly
throughout the experiment. Chaudhuri and Bhattacharjee (2002) looked at Perionyx
excavatus breeding and biomass production on a variety of different experimental
dieting, including cattle dung (control) along with its mixture with food waste, litter
wastes, and bamboo straw (1:3 dried weight of cattle dung with each other waste).
In contrast to a mixture of kitchen waste, they discovered that straws of bamboo and
dry leaves had the highest rates of biomass and reproduction. Manna et al. (2003)
investigated the effects of epigeic earthworms belonging to tropical on the break-
down of forest waste, specifically “Tectona grandis, Madhuca indica, and Butea
monosperma.” These worms included “E. fetida, P. excavatus, and Dichogaster
bolaui.” They determined that the 7. grandis waste might have proven more appro-
priate. They also discovered that E. fetida had a higher rate of reproduction in the
forest litter than P. excavatus and D. bolaui. According to a study by Gajalakshmi and
Abbasi (2004) on the vermicomposting of leaves from neem, earthworms (Eudrilus
eugeniae) consumed neem leaves enthusiastically turning as much as 7% of the food
they consumed as vermicomposting on a daily basis. The researchers additionally
discovered that brinjal’s growth and fruiting were considerably enhanced by the
vermicomposts made with leaves of neem. Tripathi and Bhardwaj (2004) carried
out comparisons of the decomposing capability, generation of biomass, and lifecycle
of L. mauritii and E. fetida utilizing heterogeneous beds comprised of cattle dung,
sawdust, kitchen waste, and wheat straw. Due to E. fetida’s high reproduction rate,
they found that it was a more successful breeder than L. mauritii. Gajalakshmi et al.
(2005) effectively converted the mango litter wastes into vermicomposts with a pair
of vermibeds having 62.5 and 75 individual earthworms for each liter. A vermibed
with 62.5 worms per liter yielded 13.6 g of vermicast per liter per day, but one having
75 worms per liter produced 14.9 g per liter per day. They also noted that the carbon/
nitrogen decreased over the course of the research in comparison with the beginning,
which was a result of the earthworm’s gut bacteria using carbon. In the vermireactor,
earthworm biomass grew by 103%, they added. According to Garg et al. (2006), E.
fetida is effective at vermicomposting a variety of organic wastes, including agricul-
tural waste. The amount of “total organic carbon (TOC)” dropped in crop waste as
a factor of three, followed by kitchen waste by a factor of two, institutional waste
at a proportion of one, and textile waste from industries at a proportion of 1.5 when
compared to control.

Kurien and Ramasamy (2006) looked at the capacity of two types of earthwormes,
“E. fetida and E. eugeniae,” in the biological conversion of Colocasia esculenta in
various vermibeds. They discovered that E. fetida was not as effective in producing
vermicasts as E. eugeniae. By using Perionyx sansibaricus earthworms to study the
degradation of different kinds of wastes, including farm wastes, farm manures, and
urban municipality solid wastes, Suthar (2007) discovered that vegetable waste and
leaf litter substrates produce the most biomass and have the highest growth rates (mg/
day), the average number of cocoons, and the highest reproduction rates (cocoon/
worm) when compared to other substrates. This study discovered large increases in
total nitrogen from 80.8 to 42.3%, phosphorus from 33.1 to 114.6%, and potassium



170 S. Kameswaran et al.

from 26.3 to 25.2%, while finding significant decreases in overall the amount of
organic carbon from 14 to 37% and the carbon/nitrogen ratio ranges from 52.4 to
69.8%. The study revealed that the population death was highest with a combination
of domestic trash and cow dung and lowest with a combination of vegetable market-
place wastes and litter waste. Suthar (2010a) sought to convert vegetable waste into
nutrient-rich biofertilizers by mixing it alongside wheat straw waste, cattle dung, and
biogas slurry with different ratios. This was done using the earthworm E. fetida. He
claimed that beds with quickly digesting bulked residues, for example, biogas slurry
40% with cattle dung 60%, have higher rates of waste reduction and humification.
Potassium (3.2-15.3%) and organic carbon (4.8-12.7%) are significantly lower in
the product, whereas total nitrogen (5.9-25.1%), accessible phosphorus (1.2-10.9%),
exchangeable calcium (2.3—10.9%), and exchangeable magnesium (4.5-14%) are all
higher.

Pineapple waste broke down quickly while vermicomposting at a pilot size with E.
eugeniae, according to Mainoo et al. (2009). Vermicomposting, which may be applied
to recycle degradable waste into a nutritious biofertilizer with a carbon/nitrogen
ratio between 9 and 10 and up to 0.4% of total nitrogen, 0.4% total phosphorus,
and 0.9% total potassium, was also promoted by them. The composting process of
grass and paddy straw was studied by Ramnarain et al. (2019) using three distinctive
treatments: paddy straw only, paddy straw with grass litter, and grass litter only.
Researchers noticed that the lowest rates for vermicompost generation were for grass
litter alone and straw from rice alone, respectively. The number of earthworms (E.
eugeniae) and the formation of vermicomposts, on the other hand, were the subjects
of Khwanchai and Kanokkorn’s (2018) research. Among the waste from agriculture
that they examined were watermelon peeling, soybean meal waste, coir, coffee waste,
and so on. They discovered that E. eugeniae helped create vermicompost that had
nitrogen, phosphorus, and potassium levels that were, respectively, 01.10%, 00.66%,
and 01.31% larger than initial garbage and that the biomass of individual earthworms
increased from 28.33 to 104.67% over time.

9 Weeds

The scientific community is very interested in weed management because of the
negative effects it has on several ecosystems, including a forest, a farm, and a city
(Suthar & Sharma, 2013). One of the naturally occurring organic materials that
are easily available for vermicomposting is weeds like water hyacinth (Eichhornia
crassipes). In addition to serving as a water cleanser against water pollution, water
hyacinth helps several fish species by releasing their sticky eggs in its roots. However,
the high concentration of this plant can be used to produce vermicompost, which is
not beneficial for the water bodies (Saha et al., 2018). In their study of the ecolog-
ical vermi-conversion of the water hyacinth within different beds using E. eugeniae,
Gajalakshmi et al. (2002a) found that a vermi-bed with a high earthworm population
yielded five to six times greater quantity of vermicompost than a vermi-bed with a
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low earthworm population. Various varieties of water hyacinths, namely fresh, dried,
and chopped fresh plants, wasted weeds eliminated by the vermi-beds after isolating
essential fatty acid compounds, pre-composed fresh weeds, and pre-composed spent
weeds, were tested in the vermicomposting process by Gajalakshmi et al. (2002b).
They discovered that the earthworms favored the pre-composed shapes as a feed
the most. Additionally, they discovered that mixing cattle dung (14% of the feed
volume) alongside different kinds of water hyacinth plants was a significantly posi-
tive impact on vermicast output compared to the corresponding unblended feed and
that different types during spent weeds were preferred over the corresponding kinds
of novel weeds. According to Gupta et al. (2007), who noticed the possibility of water
hyacinths spiking with cattle dung producing vermicompost, earthworms developed
and reproduced satisfactorily in a 25% WH and 75% CD diet mixture. The biomass
increase, amount of eggs laid, and number of cocoons produced were all significantly
impacted by a higher proportion of WH in the diet combination. Gajalakshmi et al.
(2001a) underlined the importance of “two epigeic species, E. eugeniae (Kinberg)
and P. excavatus (Perrier),” as well as “two anecic species, L. mauritii (Kinberg)
and Drawida willsi (Michaelsen),” for the efficiency and long-term viability of
water hyacinth vermicomposting. They discovered that “E. eugeniae, P. excavatus,
L. mauritii, and D. willsi” were the top four producers of vermicompost. Singh and
Kumar (2017) examined the vermicomposting processes of two land-invasive plants,
“Lantana camara L. and Parthenium hysterophorus L.,” using E. fetida. They used
cattle dung to create five different concentrations of weed, namely 0%, 20%, 40%,
60%, and 80%. Throughout the experimental time, they also assessed the physico-
chemical characteristics of each concentration. According to their findings, aquatic
vegetation may be utilized as an initial substrate for composting because the amount
of EC, pH, and total organic carbon decreased whereas the quantities of nitrogen,
phosphorous, and potassium increased at all dosages. Singh and Kalamdhad (2016)
observed comparable outcomes for the physicochemical characteristics of vermi-
compost to be compared with starting trash while conducting composting of the
aggressive green plant Salvinia natans using the earthworm E. fetida. Addition-
ally, they reported that during the research trials, the earthworm population, as well
as development, increased. Physicochemical characteristics, microbial populations,
and enzyme activities were all examined by Gusain and Suthar (2020) when Ager-
atum conyzoides were vermicomposted in ratios of 25%, 50%, and 75% (v/v). They
discovered that the pH and the amount of organic carbon decreased, while the levels
of N, PO43-, K, and Ca improved by 69.9%, 148.7%, and 92.43%, respectively, in
vermicompost. In comparison with the initial feed mixture, they also reported higher
microbial populations and enzyme activity in vermicompost. They found that among
the aforementioned three concentrations, vermicomposting can be effective in the
range of 50-75% of A. conyzoides waste combined with 25-50% of cattle dung.
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10 Animal Dung

According to Nasiru et al. (2013), animal dung was a valuable resource for supplying
plants with a combination of macronutrients and micronutrients. When huge amounts
of animal waste are generated, it can be challenging to appropriately collect and
dispose of the animal excreta, even though only a small portion of the nutrients
expelled are used as manure. Uncontrolled and excessive production of animal excre-
ment led to overfertilization, disease dissemination, soil contamination, stench, water
pollution, and a rise in emissions of greenhouse gases (Nasiru et al., 2013). The
optimum waste management solution for this type of trash is vermicomposting. In
order to evaluate the possibility of breeding Dendrobaena veneta at various temper-
atures (10, 15, 20, or 25 °C) on aerobic paper sludge or on horse manure, Fayolle
et al. (1997) researched the life cycle of the species. They concluded that horse
dung would not be an ideal breeding medium for this particular species after noting
that the type of food can alter the D. veneta life cycle. Dominguez et al. (2001)
studied the physiology as well as population growth of E. eugeniae in animal dung
in miniature containers kept at 15, 20, 25, and 30 °C. They discovered that at 25 °C,
growth, maturity, and biomass productions were all significantly higher than at 15,
20 and 30 °C. Gunadi and Edwards (2003) looked at growth as well as death rates of
E. fetida using pre-composted including fresh livestock manure, fresh pig dung of
different maturities, vegetable, and fruit waste (Aransiola et al., 2022). They showed
how E. fetida could not survive with fresh cattle dung, fresh young pig dung, vegeta-
bles, and fruit wastes and that the earthworm’s proliferation accelerated in partially
decomposing pig dung compared with pre-composed cattle dung. For the treatment
of natural wastes from cattle, vermicomposting is frequently used. When the manure
of goats and cow manure were compared for their composting process capacity
using E. fetida, Loh et al. (2005) discovered that the latter had a higher population
and reproduction rates for E. fetida over the former, while cocoons and the embryo
growth were unaffected. Borges et al. (2017) additionally looked at the progress of
biological degradation alongside an upsurge in earthworms’ rate of growth using
an assortment of pig dung and calf manure. They concluded that, under controlled
temperature and moisture conditions, animal dung is a good waste for the vermicom-
posting process. The method is successful at stabilizing the metals, according to Lv
etal. (2016) evaluation of the consequences of the composting process on the species
with the movement of toxic metals (Zinc, Lead, Chromium, and Copper) within pig
manure and animal manure.

11 Industrial Waste

In response to global modernization, the industry sector has been growing daily.
These industries create various products that are helpful to society, but they also
create various kinds of sludge and effluent. In addition to polluting the land and
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groundwater, the open disposal of this toxic sludge will waste a valuable carbon
resource (Singh et al., 2010). Government awareness, environmental protection laws,
and landfill space reduction have brought to our attention alternative methods for
retrieving a rich reservoir of vital nutrients from waste. These forms of biological
waste can be recycled and broken down by earthworms to natural fertilizer, which is
full of nutrients and helps to reduce pollutants in the environment (Bhat et al., 2018;
Julka, 2008).

12 Paper Industry Waste

According to Tripathi (2014), while paper consumption climbed by 9% in 2012,
the paper and pulp production industry only grew by 8.4%. The US paper industry
recorded a record profit of $100 million in just 2009 alone (Kaur et al., 2010). The
harmful paper mill sludge produced by these paper manufacturers is enormous. The
quantity and composition of wastes are influenced by the initial components used, the
processes used, and the characteristics of the intended paper. The two main constraints
limiting the process of biodegradation are polysaccharides and low oxygen content,
or below 0.05% in the sludge of pulp and paper plants (Elvira et al., 1997). The
cellulose content of the paper mill waste is high, but the nitrogen amount is low.
Cattle waste, which acts as an organic inoculant for bacterial populations, can be
combined with pulp and paper factory waste to solve these issues, and the area can
subsequently be treated with earthworms (Butt, 1993).

Gajalakshmi et al. (2001b) discovered that increasing the amount of dairy manure
in the mixture used for feeding between 14.3 and 20% had an overall moderately
favorable impact on earthworm survival in their investigation with regard to vermi-
composting for pulp and paper waste with varied levels of cow manure. Gupta and
Garg (2009) discovered that earthworm proliferation and reproduction were unaf-
fected by paper waste up to a concentration of 30% in a vermireactor when it was
mixed with cattle manure to generate vermicompost with E. fetida. Mohan (2017)
examined the biological transformation of pulp and paper factory waste to produce
high in nutrient compost using E. fetida and documented any variations in physical
and chemical characteristics in the waste prior to and after vermicomposting. The
25% combination of sludge from paper factories and a 75% mixture of cattle manure
were found to generate valuable manure with great efficiency. Amouei et al. (2017)
similarly came to the conclusion that earthworms may quickly digest paper mill
sludge waste. Hence, vermicomposting is an effective solution to address the issues
associated with the disposal of waste from paper mills.
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13 Sugar Industry Waste

A sugar refinery represents a single of the essential agricultural industries for the
production of sugars and ethanol as well. According to Tewari et al. (2007), India
has over 500 sugar factories and about 300 molasses-based liquor refineries. During
the grinding and extraction of sugarcane, these industries produce a large amount
of reusable organic residue, including press mud, sugarcane refuse, and bagasse.
According to Yadav (1995), each tonne of fresh crushed sugarcane results in the
production of 35 kg of press mud. Press mud production in India is thought to
be around 3.6 and 3.9 million metric tonnes annually (Karwal & Kaushik, 2020;
Rasappan et al., 2015). According to Bhat et al. (2014), this press mud is an excel-
lent source of protein, catalysts, macronutrients, micronutrients, organic matter, and
organic carbon. The press mud possesses a pH value of 7.1, 313 g/kg of carbon
from organic matter, 24 g/kg of N, 3.6 g/kg of phosphorus, 0.86 g/kg of potassium,
and 12.1 g/kg of calcium, accordingly, whereas the amounts about iron, copper,
manganese, and zinc are 22,440, 870, 2008, and 1392 mg/kg. Several researches
vehemently supported the usage of press mud in vermicomposting on a commercial
basis.

Bhat et al. (2014) investigated the physicochemical changes and the genotoxi-
city potential of press mud trash before and subsequent to vermicomposting. They
discovered that the nitrogen, phosphorus, sodium, electrical conductivity, and pH
level contents of the final product were higher than those of their original input
combinations. On another hand, values for organic matter, potassium, and the ratio
of carbon to nitrogen fell from the initial feed combination to the final one. They also
concluded that the percent deviation rose as waste concentration rose and vice versa.
However, when vermicompost was substituted for the initial waste combination, the
percentage of aberration was reduced. A pair of imported earthworms (E. fetida and
E. eugeniae) together with a single indigenous earthworm (P, excavatus) have been
successfully used by Khwairakpam and Bhargava (2009) in monocultures as well as
poly-cultures to observe the modifications in press mud. Their research revealed that
while monoculture and polyculture gave comparable results, earthworm polyculture
produced the best outcomes. According to Sangwan et al. (2010), excellent vermi-
composting material that had higher nitrogen, phosphorous, and potassium levels
were produced when press mud and calf dung were mixed in a ratio of 50%. When
sugary beet mud and paper pulp were mixed with cow manure for vermicomposting,
Bhat et al. (2015) observed that the amount of waste present showed a big effect on
how quickly the earthworms developed.

The vermicomposting of various types of waste from sugar refineries was
researched by Shweta Kumar et al. (2010) with an improvement in vermicom-
post quality and a decrease in stabilization time. Their research showed that the
composting of trash with microbes accelerated vermicomposting manure. Suthar
(20104, 2010D) tested the consistency of vermicomposting by combining press mud,
distilleries wastewater, animal manure, and biogas generator slurry, with wheat
stubble in different ratios. E. fetida was able to thrive and reproduce thanks to
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the combinations of industrial sludge used in the vermicomposting process. They
discovered that when a certain amount of waste within the feeding combination
decreased and vice versa, the rate of mineralization was raised. Perionyx ceylanensis
may successfully convert press mud and an equivalent volume of cow manure into
vermicompost, according to Prakash and Karmegam (2010).

14 Textile Industry Waste

The textile industries produce some of the most hazardous solid wastes, and their
disposal at open dump sites, farming regions, near street borders, or close to railroad
lines may contaminate the ground, water sources, or ground waters, endangering the
health of the general population. E. fetida was used in many trials by Kaushik and
Garg (2003, 2004) to create vermicompost from textile mill waste mixed with cow
manure. According to their research, as much as 30% of the combined product of
animal dung and textile industry wastewater possesses excellent vermicomposting
materials. However, the earthworms’ development and sexual maturation are delayed
when extra textile industry wastewater can be added to the cattle manure. Garg
and Kaushik (2005) also had successful results using E. fetida to vermi-stabilize
textile industry wastewater mixed using poultry manure. As a result, using a diet that
was a mixture made by combining 70% poultry manure along with 30% textile
industrial waste, earthworms thrived and replicated favorably. The scientist also
advised against using any chemicals from the textile sector in the sludge waste used
in vermicomposting because doing so might make the worms sick.

Garg et al. (2009) tested vermicompost manure using textile industrial waste
combined with both cattle manure and horse manure using E. fetida. Temperature
fluctuations had a substantial impact on E. fetida’s development and fertility rate,
according to their research. In contrast to increases in P and N levels, vermicom-
posting manure caused decreases in electrical conductivity, pH level, and carbon/
nitrogen proportion, along with potassium. Bhat et al. (2013) tested the composting
process of that waste product by mixing the textile dyes along with cattle manure in
a number of independent proportions. The electrical conductivity, carbon/nitrogen
proportion, and organic matter, along with K salt, all decreased, while the nitrogen
(N), sodium, pH levels, and quantity of phosphorus all increased.

15 Food Industry Waste

Waste materials generated through the food sector, particularly effluent sewage, is a
significant source of organic material. The open discharge of food industry sludge
may be the primary cause of environmental contamination. Eisenia fetida and E.
andrei were examined by Tajbakhsh et al. (2008) for their capacity to convert ingested
mushrooms into vermicompost. They observed a decrease in pH levels from 7.23 to
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6.69 with electrical conductivity (forty percent below starting garbage) throughout
the research. In contrast, they also caused vermicompost’s nitrogen and phosphorus
contents to rise relative to the original raw material, by 42-85% and three times,
respectively. Yadav and Garg (2009) also demonstrated the efficiency of using E.
fetida for recovering minerals from food sector wastewater treatment plant sludge.
The results of the studies demonstrated that while composting, pH levels, electrical
conductivity, organic matter, organic carbon, carbon/nitrogen proportion, nitrogen,
phosphorus, and potassium all decreased. Eisenia fetida has been used to vermicom-
post sludge from biogas plant slurry and sewage treatment plants serving the food
processing industry, according to Yadav and Garg (2010). They discovered that “E.
fetida” could not endure in an environment that included only sludge. The matura-
tion of vermicompost is aided, however, by the addition of sludge to the slurry from
between 20 and 30% biogas plant. Researchers came to the conclusion with “ver-
micomposting” by a combination of industry sewage waste and slurry from biogas
plants could serve as a better way of reducing sludge from food processing plants.

While generating the waste materials in different ratios using cow manure, Garg
et al. (2012) evaluated the efficacy of “E. fetida for vermicomposting” of food
processing sludge mixed with a variety of biological wastes. Nitrogen, from 60
to 214%; phosphorus, from 35.8 to 69.6%; sodium, from 39 to 95%; and potassium,
from 43.7 to 74.1%, all increased considerably from the beginning feed combina-
tions, whereas the pH levels, from 8.45 t019.7%; organic carbon, from 28.4 to 36.1%;
and carbon/nitrogen ratio, from 61.2 to 77.8%, all decreased. Trash can be vermicom-
posted into excellent-quality manure if it is combined together with organic matter
in large enough amounts, according to numerous studies.

16 Alcohol Industry Waste

The distillery is a significant segment of the sugarcane industry. Since alcohol indus-
tries produce a sizable amount of sewage sludge, much like other industries, prop-
erly disposing of this solid waste was a top priority. Due to its high concentrations of
vital plant nutrients like nitrogen, potassium, phosphorus, calcium, zinc, manganese,
copper, and iron, distillery sludge can serve as a soil conditioner once it has under-
gone the proper biological processing. Suthar and Singh (2008) used the earthworm
P. excavatus to examine the composting process of cattle manure and industrial
residue from a distillery. According to their findings, pH levels, zinc, manganese,
iron, organic carbon, and copper significantly decreased, whereas nitrogen, phos-
phorus, potassium, calcium, and magnesium significantly increased. The effective
“vermicomposting” process of the industrial wastewater from distilleries boosted
using cow manure was also studied by Suthar (2008) using various E. fetida ratios.
Final manure showed large increase during nitrogen, phosphorus, and potassium
but a considerable decline in pH and organic carbon. Additionally, they discovered
that earthworm populations along with fertility rates had been greater in beds that
contained as much as 40% reduced distillery sludge, indicating that using more
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industrial sewage might limit earthworms’ potential. Nevertheless, the wastewater
treatment that included alcohol sewage collected from 40 and 60% distilleries showed
an elevated increase in the amounts of macronutrients and a reduction in the pH and
the amount of organic carbon in the vermicomposting. As a result, earlier research
revealed that earthworms can only break down distillery waste when it is combined
in exactly the right amounts with cow manure. The amount of solid waste within
the mix for feed has increased along with the rate of waste decomposition, and the
contrary is also true. In Singh et al.’s (2014) investigation on the vermi-remediation
recycling distilleries sewage produce the compost, E. fetida was used. They mixed
the industrial sewage solid waste from the distillery along with cow manure in several
unique percentages, for example, 0, 25, 50, 75, and 100%. They investigated their
rates about survival, development, maturation, and cocoon, along with multiplication
accumulation, that boosted via an increase within the proportion of cows manures.

17 Thermal Power Plant Fly Ash

Fly ashes’ disposal difficulties are problematic in several nations, particularly in
India (Karwal & Kaushik, 2020). The development of techniques for utilizing both
small- and huge-scale volumes of fly ash is crucial because India generates 150
million metric tonnes of fly ashes each year (Gupta et al., 2005). Bhattacharya and
Chattopadhyay (2006) claim that toxic metals (lead, cadmium, and chromium) and
several incompatible fertilizers (iron, manganese, copper, and zinc) significantly
changed during the vermicomposting of fly ash. They created various combinations
of both fly ashes along with cattle manure in addition to treating with and without
earthworms. The solubility of a number of trace elements has also been estimated
repeatedly. According to their investigation, adding E. fetida into different mixtures
of fly ashes with calf manure resulted in the conversion of a significant amount of
micronutrients into forms that could be accessed.

Gupta et al. (2005) tested the vermicomposting of a fly ash mixture with animal
manure with four different proportions, which includes 20, 40, 60, and 80%, and they
discovered that 40% of the fly ash mixture produced the most earthworm hatchlings.
They discovered that E. fetida can lessen the toxic effect of metals and that as much
as 60% of fly ash plus animal manure mixtures might be successfully composted
via vermi-composting. Moreover, fly ash spiked with calf manure was vermicom-
posted by Venkatesh and Eevera (2008) in several ratios, including 1:3, 1:1, and 3:1.
In comparison with fly ash alone, cattle dung mixes treated with earthworms had
increased macronutrients and micronutrient contents. The general accessibility of
nutrition with the 1:3 proportion had substantially greater than it was for the other
treatments. Singh et al. (2016) additionally investigated composting of cattle manure
with fly ash from thermal power plants in a variety of proportions. They discovered
that while pH levels, electrical conductivity, total organic carbon, and carbon/nitrogen
proportions all considerably altered between the original into the final product, total
K, and P increased significantly. Also, the vermicompost was discovered to have the
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lowest levels of heavy metals, indicating that the microflora in earthworms’ guts can
convert waste’s toxic effects into a nontoxic state.

18 Winery and Beverage Industry Waste

The squeezing dripping, and compressing procedures needed to make wine result in
large amounts of waste being produced by the wine and beverage industries, namely
grape seeds, grape marc, skin, and stalks. The beverage industry, which had a market
value of twenty-two billion dollars and an annual growth rate of around 19% in
India during 2013, will continue to grow dramatically through the next twenty years.
The production of biological waste by these businesses will then rise as a result. E.
andrei was evaluated by Nogales et al. (2005) for its potential to bioconvert different
vineyard wastes through vermicomposting into vermicompost, a valuable product.
They postulated that vermicomposting raised the agricultural benefit of vineyard
waste from factories via lowering the amount of carbon to nitrogen in addition to
raising the humic materials, pH, and mineral content by losing between 19 and 31%
of the total amount of carbon compounds contained in plant material by the end of the
process. Biosludge coming from the alcoholic beverage industry that was mixed with
cow dung, according to Singh et al. (2010), was vermicomposed. The findings show
that 50:50 mixes could deteriorate or break down after 75 days during earthworms
have been given currently a dosage of 25 g/kg of feeding mixture. Several studies have
shown that beverage industry sludge can be stabilized through vermicomposting, but
that it must be mixed with animal dung because pure sludge is hazardous to worms.

19 Vermicompost’s Physicochemical Characteristics After
Conversion from Waste

The physical and chemical characteristics have changed between garbage toward
vermicompost, although the modification also becomes reliant on the waste’s initial
composition. One of the most crucial factors in determining the vermicompost’s
maturity is the pH (Esmaeili et al., 2020). Lower pH concentrations can be found
in grasses (Trapa natans, P. hysterophorus, L. camara) as well as in cattle, goats,
rabbits, pigeons, horses, diverse waste from industries, waste from agriculture, and
other wastes. The generation of organic acids throughout the waste mineralization
cycle may be responsible for the reduction in pH of vermicompost (Nakasaki et al.,
2005). However, certain garbage additionally demonstrated an elevation in pH levels,
which might have been brought on by the breakdown of organic acids, volatile fatty
acids, and organic nitrogen into ammonium during the vermicomposting process.
The EC content, which is also used as a criterion for deciding whether to utilize
vermicompost as fertilizer, indicates the quantity of all of the dissolved salts formed
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throughout the course of vermicomposting (Gusain & Suthar, 2020). Several types of
organic wastes have experienced increases and decreases in EC concentration. The
rise in various soluble salts during the vermicomposting process may be the cause
of the increase in EC (Singh et al., 2019). However, the use of particular essential
salts by the microbial populations throughout the procedure of vermicomposting
may cause a decrease in electrical conductivity (Chauhan & Singh, 2013; Sharma &
Garg, 2018). Vermicompost that has an EC level under 4 mS/cm is suitable for use
as fertilizer, according to Wong et al. (2001).

All types of organic garbage contain less carbon than they did at the beginning.
According to Sharma and Garg (2018), earthworms as well as microorganisms may
have contributed to the decline in organic carbon in vermicompost by converting
organic molecules into CO;. These earthworms may have contributed to the vermi-
compost’s lower carbon content by consuming carbon for their own growth (Soob-
hany et al., 2017). Also, the decline in carbon demonstrated how effectively earth-
worms degrade garbage (Ansari & Rajpersaud, 2012). There has been an increase in
nitrogen, phosphorous, and potassium concentration from the initial garbage to the
finished vermicompost. The nitrogen, phosphorus, and potassium contents in vermi-
compost are influenced by the trash’s initial concentrations of each element. The
amounts of the elements nitrogen, phosphorus, and potassium may have raised into
the vermicompost as a result of the accumulation of mucous, elimination materials,
and catalysts produced by the earthworms (Ganiger et al., 2020).

20 Vermicompost Storage and Packaging

The gathered vermicompost needs to be kept cold and dark to prevent moisture
and nutrient loss from sunshine. Additionally, rather than being stuffed into sacs,
gathered vermicompost material ought to be stored in the open. Packing must be
completed at the time of sale, and laminated packaging is always recommended. To
keep the moisture level and beneficial microbial population stable when compost is
being stored outside, water should be sprinkled on a regular basis. If its moisture
level is kept at 40%, vermicompost can be kept for longer periods of time—up to
one year—without losing any of its quality.

21 Benefits of Vermicompost

The recycled organic wastes mentioned above can be utilized to create vermicompost,
which can be used as effective organic manure. The worms in excess can be utilized
to recover vermiproteins, and the vermicompost that is thus produced can be applied
to agricultural land. Vermicomposting improves soil microbial activity, soil porosity,
plant development, water retention, and aeration in fields. It also suppresses plant
disease. Vermicompost is a good fertilizer due to the rise in total N, P, and K content.
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With a lot of waste that is discharged into the environment and the demand for
chemical fertilizers, these vermicompost manures also decrease.

22 Conclusion

Vermicomposting may be a better option for the treatment of various forms of solid
organic debris, according to this study, which also found that it is a cheap, effi-
cient process. Earthworms cannot directly digest different types of organic waste,
but they can mix the waste with other nutrient-rich organic materials, such as leaf
litter and cow dung, to effectively destroy it. Another discovery is that when between
25 and 30% of the organic matter is combined with 70 and 75% of some other
organic matter, such as cow manure, vermicompost can be created easily. Neverthe-
less, the high percentage or amount of organic waste results in earthworm mortality.
Farmers need to be taught how to use vermicompost technology to turn cattle manure
through high in nutrient vermicompost using agricultural uses in order to cut their
costs in conventional agriculture. Therefore, by using this technology, companies,
governments, and also farmers would additionally benefit financially in addition to
contributing to the protection of the surroundings.
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Abstract Improvements in agricultural methods and technology, spurred by the
Green Revolution and the rapidly increasing human population, have resulted in the
rise of agro-industries over the past five decades. This, in turn, led to the production
of high amounts of waste, such as husks, bagasse, and pulp residues of fruits. These
agro-industrial wastes and residues have the potential for conversion into new prod-
ucts with increased value while reducing environmental pollution. Vermicomposting
technology has emerged over the past few decades as a sustainable and cost-effective
treatment method for effectively utilizing wastes from a variety of agro-industrial
processes and turning them into products with additional value for use in land restora-
tion techniques. Vermicompost, the end result of the process, is a humus-like, finely
ground material that can be used as a fertilizer source to reintegrate organic matter
into agricultural soils. This makes the process an attractive and sustainable treat-
ment option among researchers and organic farmers. The present chapter is intended
to provide information on the processes involved in vermicomposting, the use of
vermicompost for agricultural soil restoration and increment in crop yield, and its
economic importance.
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1 Introduction to Agro-industrial Sludge

Agro-industries contribute immensely to the global economy with a measured
production mean value of 23.7 million tonnes of food every day, of which a larger
percentage is from developing countries that often depend on small-scale agriculture
and income from formal as well as informal agro-industries (Amor et al., 2019).
Improvement in agricultural practices and technology, which was initiated by Green
Revolution and the rapidly increasing human population, has led to the expansion of
agro-industries over the past five decades (Herndndez et al., 2013).

Agro-industries produce high amounts of waste, such as husks, bagasse, and pulp
residues of fruits. These residues have the potential for reuse and for obtaining new
products with increased value with a possible reduction of environmental pollution
and sustainability (Ojuolape et al., 2015; Pelizer et al., 2007). Agro-industrial wastes
include peanut, wheat, corn, potato, and rice by-products. Sugar-processing waste
and fermentation liquor are also examples of wastes generated from agro-industries
that are very suitable for microbial growth (Siddeeg et al., 2019). Agricultural wastes
generated from oil extraction industry or other agro-industries are usually in large
quantities. These wastes are indiscriminately dumped or buried in landfills which
results in environmental and socioeconomic issues (Gonzalez-Moreno et al., 2022).
On a global scale, they contribute majorly to the issue of environmental contam-
ination and pollution. It cannot be overemphasized that continuous utilization of
natural resources, rapidly increasing population growth, and rising individual energy
consumption will lead to an increase in waste generated from agro-industries (Sekeri
et al., 2020).

1.1 Composition of Agro-industrial Sludge

Agro-industrial sludge produced from agro-industries includes dairy, vinasse, cheese
whey, potato, coffee, cassava, beverage, palm oil, olive oil, pulp and paper mill, and
slaughterhouse wastewaters. The composition of the sludge is greatly influenced by
the raw materials’ source, the nature of the products, the system type, the methods
of operation, and the stages involved in processing (Prazeres et al., 2012; Teh et al.,
2014). Cheese whey is an essential waste stream of cheese factories. The distillery
factories generate vinasse as a wastewater, which consists of a wide range of organic
components that may vary in composition depending on the feedstock and the distil-
lation methods adopted (Robles Gonzalez et al., 2012). Likewise, coffee-processing
wastewater from coffee-producing agro-industries contains organic substances like
pectin, sugars, and proteins (Von Enden, 2002). The physical and chemical composi-
tion of agro-industrial sludge is diverse; it usually consists of high concentrations of
inorganic and organic pollutants, nutrients such as nitrogen, phosphorus, and potas-
sium, pesticides, and toxic compounds including heavy metals that may affect water,
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soil, and air quality (Abubakar et al., 2016; Leh-Togi Zobeashia et al., 2018). Agro-
industrial residues can also contain some beneficial nutrients. Pardo et al. (2014)
discovered that agro-industrial pineapple residues had higher fiber content than the
edible portion or pulp, which was dominant in the leaf bracts, shell, and core residues.
Other research has also shown some beneficial uses of agro-industrial pineapple
residues, which include their use as a source of protein supplement (Diaz-Vela
et al., 2017; Mensah & Twumasi, 2017), bromelain extraction (Chaurasiya et al.,
2015; Manosroiet al., 2014), vinegar manufacture (Madurai et al., 2016), enzyme
production (Aransiola et al., 2023a; Arun & Sivashanmugam, 2015; Selvakumar &
Sivashanmugam, 2017), biofuel production (Aransiola et al., 2023b; Aworanti et al.,
2017; Ogunleye et al., 2016; Shamsul et al., 2017), among others.

1.2 Environmental Effects of Improper Disposal
of Agro-industrial Sludge

The uncontrolled release of untreated agro-industrial effluents into the environ-
ment can enhance eutrophication processes and cause instability in the ecosystem
leading to several harmful effects on humans, animals, and plants. These effluents can
contaminate shallow and groundwater aquifers (Amor et al., 2019), which renders the
water bodies unsuitable for other utilization. They harbor large amounts of organic
compounds that have the potential to cause environmental pollution (Abubakar et al.,
2016). These organic compounds with high chemical oxygen demand (COD) and
color values, when released into the ecosystem, affect aquatic organisms and human
health and cause visual contrast in the natural characteristics of landscapes (Chen
et al., 2020). Other adverse effects caused by agro-industrial sludge include changes
in soil physicochemical properties, increased salt content in soil, soil microbial popu-
lation, increased heavy metal concentrations in the soil, foul odors, depletion of water
resources, outbreaks of endemic/native/indigenous diseases, and a rise in the deple-
tion of dissolved oxygen in water (Yaqoob et al., 2021). Thus, when released without
being properly treated, it poses a serious risk to the environment (Chen et al., 2020).
The numerous adverse effects of improper disposal of agro-industrial sludge indi-
cate that effluents should be properly treated to significantly reduce the pollutant
load and volume before disposal. For instance, Roldi et al. (2013) reported that in
the northeastern region of Parand, agro-industrial wastes from cassava, sugar, and
ethanol production are all easily available, and proper disposal is necessary as these
waste products could become harmful to the environment. Agro-industrial sludge
is usually disposed of on agricultural fields and utilized as a source of fertilizer. If
it is not properly treated and is applied in its raw state, it poses various environ-
mental hazards such as pathogen infestation and groundwater pollution with nitrate
and organic pollutants (Chiochettaet al., 2014; Diiring & Géth, 2002; Huguier et al.,
2015). Therefore, before and after soil application, the benefit over the risk must be
carefully considered (Fig. 1).
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Fig. 1 Flow chart illustrating the emission pathways of wastewater and sludge from the pulp and
paper industry and their environmental and health Impacts. (adapted from Gupta et al., 2019)

2 Application of Vermitechnology to Agro-industrial
Sludge

As discussed above, agro-industries generate many by-products and wastes that will
most likely have a deleterious impact on the environment if they are not treated
appropriately. Included among these by-products is agro-industrial sludge, which
has an enormous impact on the environment; hence, it is of necessity to find the
right technology for mitigating these impacts. One of such technologies that will not
only reduce the waste or make it less harmful to the environment, but also make the
by-product a very useful material, is vermitechnology. Vermitechnology is the study
which involves the application of technologies that utilize earthworms to break down
waste organic materials for sanitation and convert them for agricultural reuse (Kumar,
2005; Ojuolape et al., 2015). It has three main branches: vermifiltration, which is a
process for purifying industrial and agricultural effluents; vermicomposting, which
is a process that depends on earthworms for composting organic waste material; and
vermiculture, which is the rearing of earthworms on a larger scale to be utilized
for other processes. Vermicomposting is the method needed for composting agro-
industrial sludge. It is an alternative option in solid waste disposal with greater
socioeconomic benefits (Aransiola et al., 2022; Sharma et al., 2022).
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2.1 Vermicomposting

Vermicomposting involves a simple, low-cost biotechnology for composting that
utilizes a particular species of earthworms (epigeic worms such as Eisenia fetida) to
enhance the process of waste conversion and produce a more valuable end product
called vermifertilizer, vermicompost, or vermicast (Ahmad et al., 2021; Aransiola
et al., 2022; Vavouraki & Kornaros, 2023). It is a process of synergetic interaction
between earthworms and microorganisms to biooxidize and stabilize organic waste
(Dume et al., 2022; Sharma et al., 2022). It is considered the best technique to
manage organic waste because it is environmentally friendly, economically viable,
simple, practicable, and socially acceptable (Ahmad et al., 2021; Sharma & Garg,
2018). Vermicompost can be considered an organic fertilizer source and a biological
control agent, which helps in protecting plants from pests and pathogens (Thakur
et al., 2021). The end product of vermicomposting is also referred to as black gold
(Ahmad et al., 2021); thus, it can be said to be a simple waste-to-wealth technology.

In composting, organic matter must first undergo an accelerated biooxidation
process known as thermophilic stage (45 °C to about 65 °C), during which microbes,
primarily bacteria, fungi, and actinomycetes, release heat, CO,, and water. With
turning or aeration, the heterogeneous organic material is converted into a homoge-
neous and stabilized humus-like product. While vermicomposting is also a biooxida-
tion and stabilization process of organic material, it involves the joint action of earth-
worms and microorganisms and does not involve a thermophilic stage. The turning,
fragmentation, and aeration processes are carried out by the earthworms (Ahmad
et al., 2021). Vermicomposting is, in other words, a mesophilic process that makes
use of microorganisms and earthworms that are agile at 10-32 °C. This procedure
takes less time than composting because the waste goes via the gut of the earth-
worm, where a considerable but little understood transformation occurs, producing
earthworm castings (vermifertilizer) that are rich in microbial activity, plant growth
regulators, and pest-repelling properties (Crescent, 2003; Nagavallemma et al., 2004).

The soil harbors over 3000 species of earthworms around the world. The body of
an earthworm contains about 60—70% protein with a high level of essential amino
acids like methionine and lysine, which are higher than that of livestock and fish
(Rostami, 2011). The body of an earthworm consists of 2-3% minerals, 6—11%
fat, 5-21% carbohydrates, niacin, and vitamin B12 in particular (Edwards, 1985).
Pathogens are adversely affected by earthworm activity on organic waste, and some
studies have found that vermicompost is a healthier organic fertilizer than compost
and manure (Asgharnia, 2003). Of the over 3000 species of earthworms, Eudrilus
eugeniae, E. fetida, Eisenia andrei, and a few others are the most desirable for vermi-
composting (Ahmad et al., 2021; Rostami, 2011). These worm species are epigeic
which prefer to inhabit the top surface of soil and feed on organic materials such
as compost, organic bedding, vegetable waste, and other products that are natu-
rally rich in nutrients as compared with species that feed on plain soil. Unlike other
species, these species have the capacity to eat as much as half their body weight daily;
hence, they are able to adequately break down and decay organic waste, leading to
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production of high-quality organic compost. Furthermore, they are more resistant to
unfavorable environmental conditions caused by fluctuations in moisture and temper-
ature regimes. They are very active throughout the year, able to decompose organic
matter very quickly and produce vermicompost in the shortest possible time (Ahmad
et al., 2021). Earthworm tissues accumulate significant amounts of potentially toxic
elements (PTEs), which suggests that vermicomposting could be an appropriate alter-
native technology for reducing toxic materials being released into the environment
(Dume et al., 2022). The movement of earthworms aerates, mixes, and grinds the
substrate, which creates a favorable condition for microbes present in both the waste
and the worm’s intestinal tracts, which are responsible for the biochemical degra-
dation of organic material (Pizzanelli et al., 2023). The presence and activities of
earthworms have been proven to accelerate cow dung decomposition, resulting in
the mineralization of organic compounds (Vavouraki & Komaros, 2023).

Among the epigeic species, E. fetida, also termed as banded worms, is the most
utilized all over the globe due to their high efficiency, breeding capacity, and adapt-
ability (Ali et al., 2015), while E. eugeniae is very common in tropical and subtrop-
ical nations (Kumar, 2005). Eisenia fetida has been widely used in different types of
agro-industrial sludge such as textile mill sludge (Garg & Kaushik, 2005), vegetable
market waste and wheat straw (Suthar, 2009), tannery sludge (Viget al., 2011), food
industry sludge (Yadav & Garg, 2010), and so on (Fig. 2).

Fig.2 A close-up image of earthworms on rich, moist soil during vermicomposting
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2.2 Processes Involved in Vermicomposting

of Agro-industrial Sludge

The essential steps in vermicomposting are adapted from Ahmad et al. (2021) but
modified (Fig. 1):

(a)

(b)

(©)

(@

Choosing a suitable site: Factors to consider for a proper site for setting up
vermicomposting include safe and secure space, availability of dung or manure,
favorable environment for earthworms, and access to water.

Preparing the site for the chosen vermicomposting system: This means
constructing the bed/windrow system of choice. For example, construct tanks
made with normal bricks with dimensions of 4.5 m in length, 1.5 m in breadth,
and 0.9 m in height. However, the size could be decreased or increased to
dimensions suitable for operation. Provide partition walls with small outlets for
smooth movement of earthworms from one tank to another. Moisten the surface
of the soil thoroughly by sprinkling it with water. Subsequently, apply bedding
materials (such as wood chips, dry leaves, straw, or grass) of about 20 mm
thickness into the tank as the first layer. Water is once again sprinkled over the
layer of bedding materials. Lay out a generous amount, about 0.3—0.5 m thick,
of farmyard manure or cow dung evenly over the bedding materials and apply
water in a sprinkling fashion to make it adequately moist.

It should be noted that the cow dung used should not be too fresh or too old.

It should be an estimated 10-15 days old at least, since the heat produced from
fresh cow dung can kill earthworms. Similarly, cow dung that is too old will be
depleted of nutrients, as it would have decomposed, and earthworms will not
get sufficient food from it.
Adding the agro-industrial sludge: Add the agro-industrial sludge (such as
sludge from sugar, palm oil, winery, dairy, and meat processing). Again, spread
about 0.3-0.5 m layer of cow dung evenly and sprinkle an adequate quantity of
water.

It is worthy of note that sprinkling water after each layer is necessary in

order to moisten the materials as this initiates the activities of microorganisms
for the initial decomposition of the material. If bedding materials are too dry,
it is advised to first soak it in water before applying to the bed. This enhances
easy moistening of materials and prevents moistening of piles.
Introducing earthworms: Lay out about 1 kg of vermiculture (with earthworm
population of about 800—1000) over the layer of cow dung. Again, apply evenly
a 2- to 3-in. layer of green leaves, and sprinkle water on it. Next, cover the
vermicompost bed with jute/gunny bags or other materials that can provide
cooling and prevent entry of sunlight. Grass straws, broad leaves, and reeds can
also be used. To achieve optimum moisture and temperature conditions in the
vermicompost bed, sprinkle water regularly over the gunny or jute bags.
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Fig. 3 Flow chart illustrating the steps for setting up a vermicomposting system

(e) Watering regularly: To sustain optimum conditions for earthworm growth and
functioning, maintain a moisture content of 35-40% and temperature of 15—
30 °C in the bed. This can be achieved by regular watering of the bed at least
two times a week, and turning the bed once or twice a month if necessary.

Following the steps above, vermicompost is ready in about 8—12 weeks. Watering
should be stopped before harvesting to allow drying of the top part of the vermi-
compost. On maturity, vermicompost appears dark brown in color, very porous,
granulated, and free of any foul odor as observed by Ahmad et al. (2021). The vermi-
compost is screened to remove undecomposed materials and worms. The vermicast
is allowed to dry for few days, weighed, and stored (Fig. 3).

2.3 Composition of Vermicompost from Agricultural Sludge

Vermicomposting is regarded as an effective process for getting rid of organic waste
from agro-industrial sludge (Rupani et al., 2023), and the resulting vermicompost has
more exchangeable plant nutrients than the traditional/garden compost. Also, because
of the different makeup of the sludge from which the vermicompost is made, the
nutrient content of the vermicompost tends to be different. Several researchers have
reported increased nutrient content in sludge after vermicomposting. This includes
Yadav & Garg (2011), Kumar et al. (2010), and Sen and Chandra (2007), who
observed an increase in nutrients in sugar sludge after vermicomposting. Nogales
et al. (2005), Gémez-Brandén et al. (2022), and Ferndndez-Bayo et al. (2008) also
studied the effect of composting with earthworms on winery sludge and observed
an increase in plant nutrients in the sludge after vermicomposting compared with its
nutrient content before vermicomposting. Yadav & Garg (2011) found that the C:N
ratio and organic matter content in sugar sludge increased after vermicomposting.
Vermicompost from agro-industrial sludge (such as sugar, winery, dairy, and meat
processing) has a lot of plant nutrients; hence, it is employed as a soil amendment
(Yadav & Garg, 2011). They provide important plant nutrients which help to enrich
the soil. Aside from this, they are also rich in organic carbon, sugar, protein, and
enzyme. Although farmers are hesitant to feed it directly to the soil because of its
smell, significant degradation and fermentation have been used to make sure they
are suitable for agricultural use (Sen & Chandra, 2007). In addition to the nutrients
included in these agro-industrial sludge, the composting process used to create a
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sludge also adds nutrients, making the finished product more densely nutrient-rich
for plants (Rupani et al., 2023).

Press mud is an example of an agro-industrial product that is generated after sugar
has been extracted in the sugar industry (Yadav & Garg, 2011). Organic leftovers
after the sugarcane juice was clarified had a pH of 7.1, 313 g/kg of organic carbon,
24 g/kg of nitrogen, 3.6 g/kg of phosphorus, 0.86 g/kg of potassium, 12.1 g/kg of
calcium, a C:N ratio of 13,0, 870 mg/kg of copper, 22,440 mg/kg of iron, 1392 mg/kg
of zinc, and 2008 mg/kg of manganese (Sangwan et al., 2008). These nutrients were
reported to be more than those contained in the pressmud before vermicomposting.
Sen and Chandra (2007) also found a 2.0-fold higher nitrogen concentration than in
compost after vermicomposting.

The impact of vermicomposting on the C:N ratio and nutrient content of wine
sludge, as well as the micro- and macronutrient composition of the final product,
aligned with the quality criteria for high-quality vermicompost, as studied by Gémez-
Brandén et al. (2022). They reported a significant increase in the nutrient content of
the wine sludge after vermicomposting. Singh et al. (2014) investigated how vermi-
composting with E. fetida affected distillery sludge and found that the amounts of
the tested micro- and macronutrients increased. They also noted that this combina-
tion improved physicochemical properties and aided faster stabilization (low C:N
and greater electrical conductivity [EC]). This evidence made vermicomposting a
superior choice to traditional composting.

All micro- and macronutrients, including nitrogen (N), phosphorus (P), potas-
sium (K), iron (Fe), zinc (Zn), copper (Cu), manganese (Mn), growth promoters and
regulator hormones like auxin and gibberellin, enzymes like protease, lipase, and
chitinase, and helpful bacteria like Bacillus subtilis are abundant in vermifertilizer
(Ahmad et al., 2021; Vavouraki & Kornaros, 2023). Vermicompost typically contains
between 32 and 66% moisture and has apH of 7.0. As shown in Table 1, vermicompost
has a higher percentage of micro- and macronutrients than conventional compost.
These nutrients are readily available for plant uptake.

2.4 Examples of Vermicomposting of Agro-industrial Sludge

24.1 Vermicomposting of Sludge from Pulp and Paper Industry

There has been a steady growth of the pulp and paper industry in recent years,
owing to the importance of pulp production in many new markets. For instance,
total global paper consumption in 2009 was 371 million tonnes, and by 2012, global
paper and paperboard production was over 390 million tonnes, with 490 million
tonnes predicted for 2020 (Bajpai, 2013). Every year, the paper and pulp industries
consume large amounts of resources, such as wood and water, while also producing
huge volumes of solid waste and wastewater that must be treated (Gopal et al., 2019).
According to Abdullah et al. (2015), daily production of solid waste from pulp and
paper mills increased from 16,200 to 19,100 tons between 2001 and 2005. The amount
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Table 1 Nutrient composition of vermicompost and garden compost

Nutrient element Vermicompost (%) Traditional compost (%)
Organic carbon 9.8-1313.4 12.222
Nitrogen 0.51-1.61 0.8
Phosphorus 0.19-1.02 0.35
Potassium 0.15-0.73 0.48
Calcium 1.18-7.61 2.27
Magnesium 0.093-0.568 0.57
Sodium 0.058-0.158 <0.01
Zinc 0.0042-0.110 0.0012
Copper 0.0026-0.0048 0.0017
Iron 0.2050-1.3313 1.1690
Manganese 0.0105-0.2038 0.0414

Source Nagavallemma et al. (2004)

of industrial sludge produced by the pulp and paper sectors is clearly increasing. The
industry has found it difficult to manage and properly dispose of sludge because of
strict environmental rules on solid waste disposal. It is therefore expedient to use
suitable methodologies to treat and utilize this waste in an environmentally friendly
manner.

Sludge from the pulp and paper industry is often composed of water, carbohy-
drates, micro- and macronutrients, trace metals, and wood fibers such as cellulose,
hemicellulose, and lignin. The presence of structural polysaccharides and a low
nitrogen level (< 0.5%) in sludge can cause difficulty in biodegradation. However,
the difficulties could be mitigated by adding nitrogen-rich substances that act as
natural inoculants for microbial populations in the sludge. Quintern (2014) proposed
that pulp mill sludge be subjected to the vermicomposting process with the addition
of nutrient-rich municipal biosolids. Ferndndez-Gémez et al. (2013) investigated the
possibility of employing vermicomposting to break down waste from a paper mill
that was combined with tomato plant debris in various ratios. They concluded that
the best feed ratio for promoting E. fetida growth and reproduction throughout the
vermicomposting process was a 1:2 mixed ratio of paper mill sludge and tomato plant
waste. Moreover, vermicompost made from a mixture containing a greater percentage
of tomato plant waste displayed a higher level of humic acid. Negi and Suthar (2018)
reported that paper mill sludge mixed with cow dung in 50-75% proportion yielded
good results.

Likewise, in another study by Yadav and Madan (2013), paper mill sludge was
combined with various forms of waste (i.e., mixture of agricultural, municipal, and
poultry waste) for vermicomposting using E. fetida. Different combinations of paper
mill sludge (PMS) and different wastes (containing agricultural waste, municipal
solid waste, and poultry waste) were used in three proportions for composting and
vermicomposting: 1:1, 1:3, and 3:1. Different chemical parameters were measured
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every 15 days during the 60-day experiment, and it was discovered that the total Kjel-
dahl nitrogen, available phosphorus, and total potassium increased, while the organic
carbon decreased, as the composting and vermicomposting processes progressed. It
was concluded that among the three treatment units, paper mill sludge and different
waste mixture in the ratio of 1:3 showed the best results. This implies that vermicom-
posting of paper mill sludge will yield a better result when combined with a higher
percentage of nutrient-rich materials. An additional benefit of vermicomposting of
paper mill sludge to the environment is that it may be a useful method to remove heavy
metals, which could have posed toxicological risks, from the sludge. Suthar et al.
(2014) tested the vermicomposting of effluent from paper mills that had been mixed
with cow dung and reported a noticeable decrease in the amount of heavy metals
present in the final products after 60 days. Lead (Pb) showed the greatest reduction
(95.3-97.5%), followed by Cu (68.8-88.4%), Cr (47.3-80.9%), and Cd (32-37%).
Vermicomposting, they concluded, might be a promising technique for bioremedia-
tion of heavy metals from industrial sludge. The viability of using Perionyx excavatus
to vermicompost paper mill sludge that was combined with cow manure and food
processing waste in various ratios was examined by Sonowal et al. (2013). They
found that the total phosphorus and total nitrogen had increased by 76.1 and 58.7%,
respectively, whereas the total organic carbon had reduced by 74.5% when using
the feedstock of sludge, cow dung, and food processing waste in equal ratios. They
concluded that vermicomposting was a superior method for handling and getting rid
of the sludge generated by pulp and paper mills.

2.4.2 Vermicomposting of Sludge from Sugar Industry

The sugar industry is an important agro-industry around the world (Martinez-Burgos
et al., 2021). It produces sugar as well as numerous sludges or wastes during the
manufacturing process. Sugarcane bagasse, pressmud, molasses, sugar beet mud,
and pulp are all by-products of the industrial processing of sugarcane and sugar
beets. Every year, more than 30 million tons of sludge from sugar industries are
produced worldwide, with India accounting for 12 million tons. These sludges are
often disposed of in open fields, contaminating and degrading the land and water
of that area. Disposal problems of sugar industrial sludge include prohibitive costs,
environmental contamination, offensive odors, and prolonged natural decomposition
times (Bhat et al., 2014).

According to Bhat and Vig (2019), vermistabilization using earthworms is one
alternative approach for utilizing sugar industry sludges to produce value-added
organic manure. It is a low-cost bioconversion method (Muthukrishnan & Swami-
nathan, 2017) and is also effective in converting toxic chemicals in sludge into harm-
less and usable forms. Vasanthi et al. (2014) successfully turned pressmud sludge
mixed with cow manure and Jeevamirtham Azospirillum using E. eugeniae into fertil-
izer. The organic fertilizer generated from the vermicomposting process was odor-
less, more mature, and nutrient rich. It contained higher nitrogen, phosphorus, and
potassium but lower organic carbon and C:N ratio. Bhat et al. (2014) biotransformed
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pressmud sludge mixed with cow dung in various compositions using Eudrilus fetida.
At the conclusion of the vermicomposting process, they observed that potassium and
the C:N ratio had dropped while nitrogen, phosphorus, sodium, electrical conduc-
tivity, and pH had increased. They also observed that pressmud sludge’s genotoxicity
was decreased through vermicomposting, as evidenced by the final vermicompost.
Recent studies that utilize sludge from sugar production to produce nutrient-rich
organic fertilizer by combining it with other substrates include Namli et al. (2020)
and Sharma et al. (2022).

2.4.3 Vermicomposting of Sludge from Palm Oil Processing Industry

One of the most important vegetable oils produced worldwide is palm oil, which
plays a significant role in the global oils and fats market. Its production generates
solid wastes and effluents, the sustainable treatment of which is vital for the growth
of the oil chain in palm oil-producing countries (Choudhary & Grover, 2019; Koura
etal., 2017). Palm oil mill effluent (POME) is regarded as the most hazardous waste
from palm oil processing industry if released untreated into the environment. The
effluent from palm oil mills is a viscous brownish liquid containing high solids,
oil and grease, COD, and biological oxygen demand (BOD) values. Despite being
organic in nature, POME is difficult to disintegrate under natural conditions. Owing
to the fact that earthworms can digest POME and produce valuable products, effective
treatment of POME using vermicomposting technique is recommended as a good
alternative sustainable management approach that is cost-effective (Chozhavendhan
et al., 2022; Rupani et al., 2022; Vyas et al., 2022).

Research conducted by Lim et al. (2014) in a laboratory-scale experiment utilized
E. eugeniae to biodegrade palm oil mill effluent (POME). POME was absorbed in
varied ratios into amendments (soil or rice straw) for the earthworm. The pH, elec-
trical conductivity, and nutritional content all increased significantly in the presence
of earthworms, whereas the C:N ratio, soluble chemical oxygen demand, and volatile
solids all decreased significantly from 0.687 to 75.8%, from 19.7 to 87.9%, and from
0.687 to 52.7%, respectively. They reported a decrease in earthworm development
toward the end of the experiment. With more nutrients and a lower C:N ratio in the
vermicompost, rice straw performed better as an amendment and absorbent than soil.
It also reduced soluble chemical oxygen demand more than soil. The highest quality,
nutrient-dense vermicompost was produced by the treatment using rice straw and
POME in a 1:3 ratio.

In a similar laboratory-scale experiment conducted by Bidattul Syiratet al. (2013),
changes in the physicochemical properties of vermicompost resulted in a decrease in
pH (1.8%), C (1.9%), C:N ratio (12.86%), P (37.5%), Fe (48.5%), Cu (24.7%), Zn
(10%), and Mn (11.6%) and an increase in available micro- and macronutrients such
as K (3.8%), N (11.2%), Ca (5.9%), and Mg (15.4%) compared to those of the initial
substrate. These two findings proved that palm oil mill sludge could be recycled to
produce vermicompost that is rich in micro- and macronutrients, which are essential
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Fig. 4 Images showing traditional palm oil processing in Nigeria. A Boiling of oil palm fruit in
a large drum until softened; B Manual extraction of oil from the softened fruit and separation of
sludge; ¢ use of local machines to separate oil from sludge

for plant growth, has good physical properties, a low C:N ratio, and optimal stability
and maturity (Fig. 4).

2.4.4 Vermicomposting of Sludge from Dairy Industry

The dairy industry is one of the world’s greatest producers of wastewater, gener-
ating massive amounts of dairy processing sludge (DPS) (Shi et al., 2021), particu-
larly the milk processing industry (Lee et al., 2018). India, the world’s largest milk
producer, has been producing 94.5 million tonnes of milk annually, and in 2015, that
number rose to 155 million tonnes and this will keep increasing (Lee et al., 2018;
Suthar, 2012). Dairy processing sludge is classified into two main types: lime-treated
dissolved air flotation sludge and biochemically treated activated sludge. Traditional
disposal practices of the sludge like landfilling and disposal into surface water have
caused pollution and damage to soil, groundwater, and surface water.

Suthar (2012) conducted an experiment using the composting earthworm E. fetida
to stabilize wastewater sludge from milk processing industry that was combined with
cow dung as an amendment. He concluded that the mixture of wastewater sludge
and amendment in a ratio of 3:2 had a greater rate of mineralization and had much
lower levels of pH, organic carbon, and C:N ratio. The waste mixture also contained
more total nitrogen, available phosphorus, exchangeable cations (K* and Ca?*), and
extractable trace metals (Fe, Mn, and Zn). When a higher concentration of wastewater
sludge was used, significant earthworm mortality was recorded, indicating that the
formation of various chemicals, such as nitrogen oxide, ammonia,and organic acids,
may be detrimental to earthworms. However, Suthar et al. (2012) also investigated
the possibility of using vermicomposting on wastewater sludge from dairy industry,
combined with cow manure and plant waste (such as wheat straw and sugarcane trash)
in various ratios. The study found that the optimal feed condition for earthworm
growth and activity was a waste mixture that contained wastewater sludge, cow
dung, and plant waste in proportions of 60%, 10% and 30%, respectively. These
results validate that earthworm (E. fetida) is suitable for the conversion of noxious
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Fig. 5 Images of milk production stages. A Extraction of milk from cows; B processing of the
collected milk; C generation of wastewater/sludge from milk production

wastewater sludge from the dairy industry into enriched products for land restoration
programs. Recent studies on efficiently using wastewater from the dairy industry
include Liu et al. (2021) and Sharma et al. (2022). A study to assess the synergistic
effect of biochar amended in dairy industry sludge mixed with cattle dung resulted in
vermicompost with physicochemical properties suitable for vermiremediation (Dutta
et al., 2023) (Fig. 5).

2.5 Environmental and Economic Importance
of Vermicompost of Agro-industrial Sludge

Several researchers have reported increased nutrient content in sludge after vermi-
composting. This includes Yadav & Garg (2011), Kumar et al. (2010), and Sen and
Chandra (2007), who observed an increase in nutrients in sugar sludge after vermi-
composting. Nogales et al. (2005), Gomez-Brandén et al. (2022), and Fernandez-
Bayo et al. (2008) also studied the effect of composting with earthworms on winery
sludge and observed an increase in plant nutrients contained in the sludge after vermi-
composting compared to the nutrient content of the sludge before vermicomposting.
Yadav & Garg (2011) also reported an increase in the C:N ratio and organic matter
of sugar after vermicomposting. These advantages ensure plant growth-promoting
activity and improved crop yield.

Generally, many studies have reported an increased crop yield after the appli-
cation of vermicompost, for example, increased yield of rice stalks (Jeyabal &
Kuppuswamy, 2001), improved tomato growth (Federico et al., 2007), and enhanced
maize growth performance (Abd Karim et al., 2022).

Hence, it can be said that the use of vermicompost benefits farmers, industries,
the environment, and the broader national economy.

To farmers: The use of fewer inorganic nutrients or other forms of input nutrients
saves production costs. Improved soil quality leads to increased soil productivity,
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which enhances agricultural production quality and quantity. It also provides an
extra source of income.

To industries: Vermicomposting is a technology for reducing pollutants at a low
cost.

To the environment: Vermicompost reduces pollution from agro-industrial sludge
because it is used as a raw material to improve soil fertility. Vermicomposting is also
a method for removing heavy metals.

To the national economy: Vermicomposting boosts the rural economy by providing
additional source of income. It leads to savings in purchased input in agriculture.
There is also less wasteland formation.

3 Conclusion

Vermicomposting is becoming a more popular and cost-effective treatment option
for a variety of agro-industries due to the pollution and environmental difficulties
associated with the incorrect disposal of most agro-industrial waste. Vermicompost
frequently offers a better overall nutritional profile than regular compost. Vermi-
compost treatment improves soil structure and aggregation while increasing organic
matter content, nutrient status, cation exchange ability, microbial activity, microbial
biomass carbon, and enzyme activities. As a result, soil health improves and plant
growth increases. The practice of vermicomposting of agro-industrial waste should
be promoted globally.
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Abstract This chapter is about the biorestoration of soil contaminated with poly-
cyclic aromatic hydrocarbons and heavy metals through the process of vermitech-
nology. Polycyclic aromatic hydrocarbons are chemical compounds made up of two
or more aromatic rings that are fused and arranged in a linear or clustered pattern.
They are highly hydrophobic and resistant to environmental degradation. The pollu-
tion of soil by heavy metals poses a huge risk to food security and the environment
due to the increase in human population and anthropogenic activities. Biorestora-
tion is a process by which microorganisms and their products are employed to
remove contaminants from the soil. Different sources of heavy metals and polycyclic
aromatic hydrocarbons in the environment have been identified, including, but not
limited to, the application of chemicals in agricultural practices, industrial activities,
and naturally occurring forms. Vermitechnology is a process that uses earthworms
and their gut-related organisms to accelerate the decomposition of various types of
biomass into fertilizer. The formation of the drilosphere, which improves soil aera-
tion, is enhanced through the action of earthworms, leading to the enhancement
of plant development and yield via complex mechanical and biochemical reactions
between soil abiotic and biotic factors. Vermitechnology is an eco-friendly method of
degrading or transforming solid waste into useful or easily degradable products, and
it presents an opportunity for resource recovery and recycling. Bacteria are the most
widespread and minute microscopic organisms in the soil and are responsible for the
degradation of organic matter, nitrogen and sulfur transformation, and nitrogen fixa-
tion. Fungi, such as those in the family Actinomycetes and Basidiomycetes (mostly
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mushrooms), also aid in the decomposition of organic matter. The text explains the
different methods of soil biorestoration, such as ex situ biorestoration, in situ tech-
niques, natural attenuation, projected bioremediation, and composting. Therefore,
vermitechnology can be described as a biological method suitable for the cleanup of
contaminated soil.

Keywords Vermitechnology « Vermifiltration - Biorestoration + Earthworm

1 Introduction: Biorestoration of Soil

1.1 Soil

Soil can be defined as the loose surface material that covers the land, consisting of
both organic and inorganic matter. It serves as a fundamental resource in agriculture,
providing essential nutrients and water to plants, as well as structural support to their
root systems (Agriculture Victoria, 2021). The composition and characteristics of soil
vary widely due to differences in its physical and chemical properties. These vari-
ations are influenced by several natural processes, including weathering, microbial
activity, and leaching (Agriculture Victoria, 2021). Weathering, which involves the
breakdown of rocks and minerals over time, contributes to soil formation and nutrient
availability. Microbial activity plays a crucial role in decomposing organic matter,
releasing nutrients that plants can absorb. Leaching, on the other hand, involves the
movement of dissolved substances through the soil profile, which can impact soil
fertility and nutrient distribution (Abdalgadir et al., 2024; Mir et al., 2024).

1.2 Soil Organisms

Several organisms can be found in the soil, namely bacteria, fungi, and macroscopic
soil animals such as earthworms. The microorganisms commonly found in the soil
include:

(i) Fungi

(i) Bacteria
(iii) Algae
(iv) Nematodes
(v) Protozoa

Plant growth can be enhanced and hindered depending on the diversity of soil
organisms. Beneficial activities of soil organisms (both micro and macro) include:

(i) Transformation of the form of essential elements
(i) Organic matter decomposition
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(iii)) Nitrogen fixation
(iv) Improvement of the structure of soil via aggregation
(v) Improvement of aeration and drainage.

It has been established that some soil organisms can be in competition with plants
for inorganic nutrients under some conditions. Earthworms, by means of their chan-
nels, help in improving aeration and drainage in the soil. They also integrate organic
matter into the soil.

Bacteria are ubiquitous in the soil and are the most connected to the decomposi-
tion of organic matter, change of nitrogen and sulfur, and nitrogen fixation. Fungi,
especially actinomycetes and basidiomycetes, help in organic matter decomposition.

1.3 Physical Features of Soil

The physical characteristics of soil include:

(i) Texture
(ii) Structure
(iii) Color
(iv) Depth
(v) Stone content
(vi) Porosity (the space between the particles).

The structure of soil plays a crucial role in determining plant health, as it directly
influences key factors such as aeration, water retention, and drainage within the soil
profile. Good soil structure facilitates the movement of air and water, ensuring that
plant roots receive adequate oxygen and moisture for optimal growth and devel-
opment. Conversely, poor soil structure can lead to issues such as waterlogging,
compaction, and restricted root penetration, which can negatively impact plant health
and productivity. Different soil types exhibit varying degrees of structural quality,
with some naturally possessing better aggregation and porosity than others. However,
with appropriate management practices, the physical characteristics of soil can be
significantly improved to enhance its suitability for plant growth (ref). Techniques
such as organic matter addition, proper irrigation management, crop rotation, and
reduced tillage can help enhance soil structure by promoting the formation of stable
aggregates and improving porosity. To effectively assess and manage soil conditions,
it is essential to carefully examine its physical properties, including texture, struc-
ture, porosity, and compaction levels. Understanding these features allows farmers
and land managers to implement strategies that support sustainable soil health and
long-term agricultural productivity (Manning et al., 2024). Regular monitoring and
soil testing can provide valuable insights into the physical state of the soil, enabling
informed decisions to optimize its structure and function.
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1.4 Chemical Characteristics of Soil

The chemical properties of soil include:

(i) Organic matter

(i) Inorganic matter which consists of iron, aluminum, and silicon
(iii) Colloidal properties
(iv) Acidity and basicity.

1.5 Soil Texture

Soil texture is the measurement or determination of the percentage amounts of sand,
silt, and clay particles in the fine earth fraction (UBC Wiki, 2020). It also includes
the quantity of organic matter, which determines the texture of soil. The percentage
quantity of sand, silt, organic matter, and clay present determines the grade of the
texture. Fractions such as clay, silt, and organic matter make up the solid part of the
soil that forms aggregates. Aggregates are held together by organic matter and clay
particles. The major cementing agent of soil aggregates is organic matter (Fig. 1).

The structure of soil impacts plant growth by affecting aeration, percolation,
and availability of nutrients to plants. Soil texture is a function of the comparative
fractions of inorganic matter of varying sizes.

The inorganic fraction of soils in Australia are described using the sizes below
(Agriculture Victoria, 2021):

(i) Particles less than 0.002 mm in diameter—clay

(i) Particles between 0.002 and 0.02 mm in diameter—silt
(iii) Particles between 0.02 and 0.2 mm in diameter—fine sand
(iv) Particles between 0.2 and 2 mm in diameter—coarse sand
(v) Particles greater than 2 mm in diameter—gravel.

Sand
Silt
Clay

Organic matter

Fig. 1 Soil aggregate (Agriculture Victoria, 2021)



Biorestoration of Polycyclic Aromatic Hydrocarbon- and Heavy ... 213

Table 1 Microbiological

classification of soil Type of soil Microorganism type | Agriculture types
Disease suppressors | Penicillium sp. Ecological
Aspergillus sp.
Disease Inducers Fusarium sp. Modern
Pythium sp.
Botrytis sp.

Nutrient synthesizers | Saccharomyces sp. | Natural
Rhizobium sp.

Azospirillum sp.
Azotobacter sp.

Zymogenous Trichoderma sp. Organic
Lactobacillus sp.

Source WilliamUsher (2021)

Clay

Clay is known for its very large surface area which makes it chemically active and
able to bind nutrients on its surface. These nutrients dissolve into soil water to be
utilized by plants. The factors that distinguish clay from silt and sand are its sticky
nature, swelling capacity, and ability to form shape (ref).

Sand

The predominant mineral in the sand proportion of most soils is quartz. The particles
of sand have poor water retention capacity, low chemical activity, and reduced surface
area per unit weight compared with silt and clay (Mureithi et al., 2024).

Silt

Silt has little chemical activity and a limited surface area. Soils that contain a high
proportion of silt tend to compact when exposed to heavy traffic which in turn affects
aeration and percolation.

1.6 Microbiological Classification of Soils

Table 1 shows the microbiological classification of soils.

1.7 Important Functions of Microbes in the Soil

The important functions of microbes in the soil include:

(i) Mineral solubilization
(ii)) Mineralization of organic matter
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(iii) Nitrogen fixation
(iv) Chelation of minerals
(v) Root growth and morphology
(vi) Absorption and translocation of minerals
(vii) Enzyme and vitamin production
(viii) Production of phytohormones
(ix) Soil aggregation and stability.

1.8 Soil Contamination

Soil contamination is defined as the accumulation of chemical compounds, radioac-
tive waste, salts, and persistent harmful substances or pathogens that can negatively
affect biological systems (Okrent, 1999; Mareddy, 2017). The increased accumu-
lation of pollutants such as heavy metals, pesticides, and petroleum derivatives
increases the levels of toxic compounds in the soil, which negatively affects the
ecosystems and, consequently, human health (Aransiola et al., 2021; Palansooriya
etal., 2020; Leena et al., 2023). In the soil, pollutants can be removed, washed away
by wind and runoff, adsorbed, or leached by infiltrating water that passes through
the lower layers to the groundwater (CETESB 2020).

1.8.1 Main Sources of Soil Contamination

The main sources of soil contamination include:

(i) Petroleum products (containing pollutants such as hydrocarbons, heavy metals,
radioactive metals, and non-hydrocarbons)
(ii)) Urban waste
(iii) Pesticides
(iv) Herbicides
(v) Industrial effluents
(vi) Chemical and biological warfare (Ashraf et al., 2020) (Table 2).

2 Biorestoration

Biorestoration is a process that employs microorganisms and/or their products to
rid soil of contaminants (USEPA 2012). It can also be described as the applica-
tion of microorganisms to degrade or immobilize waste materials (Shanahan, 2004).
Biorestoration technology takes advantage of microorganisms to remediate, degrade,
destroy, contain, or transform benign contaminants in air, water, sediments, and soils.
The use of microbes in modern biorestoration is credited, in part, to George Robinson
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Table 2 Sources of soil contamination
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Petroleum Chemical war Urban source Agrochemical Biological warfare
derivatives source
Exploration, Contaminants, Energy generation | Insecticides, Bacteria, viruses,
production, toxic chemical emissions; soil herbicides, fungi, and toxins
refining, compounds, and | pollution by fungicides, and
transport, and | arms; soil transportation and | fuel spills on
consumption contamination manufacture; soil | farms
from Cold War contamination by
army operations | residues and
sludge from
wastewater
treatment

(US Microbics, 2003). He pioneered the use of microorganisms in the elimination of
contaminants in the late 1960s, along the coast of Santa Barbara, California, demon-
strating with an oil spill. Since the 1980s, there has been an increase in the application
and research in the area of biorestoration (Shannon & Unterman, 1993). Very impor-
tantly, natural soil microorganisms play a vital role in soil biorestoration as biogeo-
chemical tools to degrade polymers into monomers/simple inorganic compounds or
into their constituent elements (ref). This process is known as mineralization. By
the mechanism of ionic exchange, the microorganisms are attached to soil particles.
By mineralization, transformation, or alteration, the harmful chemicals are targeted
using detoxification process (Shannon & Unterman, 1993). The use of biorestora-
tion for treatment of wastewater is well established in different civilizations, but its
application in the degradation and elimination of hazardous contaminants has been
receiving more attention in recent time.
The classification of soil remediation methods includes:

(i) Physical
(i1)) Chemical
(iii) Biological methods (carried out either in [in situ] or outside [ex situ] of the
polluted area).

Biological processes such as biorestoration and phytoremediation are eco-
friendly, have the ability to remove diverse contaminants, and are more cost-effective
compared to preexisting techniques (Soleimani, 2014). Due to these features, they
are being studied intensively.

2.1 Types of Biorestoration

Biorestoration can be classified into two, in situ or ex situ, depending on the site
of application (Fig. 2). Ex situ biorestoration is expensive because it involves trans-
portation and excavation, but it is suitable for the removal of a higher number of
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Bioslurping
Intrinsic
Biorestoration Permeable
Barriers (PRB) Bioventing

Projected

Biorestoration Bioaugmenation Biosparging

Phytoremediation
Biostimulation

Semi-Solid Phase Sludge
Blurestarahan Bioreactor
Land Farming

/ Composting

Biorestoration

Solid Phase Biofiltration

Biorestoration

Fig. 2 Different types of biorestoration

contaminants under a monitored condition(s). In situ biorestoration does not involve
excavation but has the drawbacks of the inability to see and carry out effective moni-
toring below the surface of the contaminated site and the high cost of equipment.
These factors sometimes make in situ methods unfeasible. Consequently, cost is
not a factor that determines the method of biorestoration to use, but the type of
contaminant(s) present at a site.

2.2 In Situ Techniques

This type of biorestoration takes place at the site of contamination without the exca-
vation of contaminated materials. It can be classified into two types, namely, intrinsic
and projected bioremediation.
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2.2.1 Natural Attenuation/Passive/Intrinsic Biorestoration

This is a degradation process that is natural and employs the use of microorganisms
that are indigenous to the site to destroy contaminants without enhancing the process
with any artificial means (Kumar et al., 2018). It is the cheapest in situ biorestora-
tion technique because the process does not involve any external factors. However,
continuous monitoring is necessary for biorestoration to progress and be sustainable.
Before the application of intrinsic biorestoration, a risk evaluation should be carried
out to ensure that there is a relatively short time for the contaminant to undergo
complete biorestoration to avoid exposure to humans and animals.

2.2.2 Projected Biorestoration

There are different types of projected biorestoration, namely:

(i) Improved techniques

(ii)) Permeable reactive barriers
(iii) Bioaugmentation

(iv) Biostimulation.

Permeable Reactive Barriers

This method is used to remediate contaminated groundwater polluted by heavy metals
and chlorinated hydrocarbons. The reactive barriers are made up of iron that is buried
in the contaminated groundwater stream. Polluted water flows naturally through the
iron barrier; the pollutants are trapped and react, releasing purified water. Permeable
reactive barriers (PRBs) are reactive to captured pollutants, passive with little energy
consumption, cheap, and permeable to allow water to flow. The performance of PRBs
depends on the type of medium, which further depends on factors such as envi-
ronment, type of contaminant, effects on health, system steadiness, hydrogeology,
biogeochemistry, and financial implications.

Improved Techniques
Bioslurping/Multiphase Extraction

Bioslurping integrates bioventing, soil vapor extraction, and enhanced vacuum
pumping for restoration of soil and groundwater using indirect oxygen supply to
improve the degradation of contaminants (Azubuike et al., 2016). This technique is
effective in removing groundwater contaminants that have low density and are water
insoluble such as light nonaqueous phase liquids (LNAPLs), which float on the water
table. It transports pollutants upward with the aid of a tube that sucks LNAPLS from
a tank. This technique should only be employed when the pollutants are at 7 m or
less below the soil surface. This is because the performance of the vacuum pump is
poor at greater depth. Bioventing, on the other hand, is used to biodegrade water and
air contaminants after their removal from the surface. The principal cons of its usage
are oxygen transfer rate, microbial activity, and the high moisture content of the soil
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which reduces air permeability. Moreover, bioslurping is not an ideal method for soil
that is low in permeability.

Bioventing

Bioventing entails enhancing biorestoration via the improvement of microbial
activity through increased oxygen supply and controlled stimulation of airflow. It
involves improving restoration by the addition of nutrients and humidity to effect the
degradation of contaminants to products that will be harmless to the environment.
This method has been successfully applied in the restoration of soils contaminated
by hydrocarbons.

Biosparging

Biosparging is a process that involves the introduction of air into the soil to elevate
the microorganisms’ degradation capacity. As opposed to bioventing, air is blown
into the covered, area and this causes upward movement of unstable contaminants.
The success of biosparging depends on the permeability of the soil, which in turn
controls the accessibility of microorganisms to pollutants and the biodegradability
of pollutants.

Phytoremediation

This method involves the application of flora in a contaminated area to enhance
biological, chemical, biochemical, physical, and microbiological interactions to
reduce contaminant toxicity. This process occurs via diverse means such as biodegra-
dation, filtration, vaporization, and so on, depending on the contaminant types. Most
times, radioactive elements and heavy metals are the pollutants that are normally
removed, degraded, and sequestered, while organic pollutants are extracted using
biodegradation, vaporization/stabilization, and rhizodegradation (Aransiola et al.,
2013). Plants interact with pollutants in many different ways such as phytoextraction,
phytovolatilization, phytostimulation, phytotransformation or phytodegradation,
phytostabilization, rhizodegradation, and rhizofiltration.

Bioaugmentation

In this process, previously isolated and selected native or genetically modified micro-
bial species are added to the natural microflora of the polluted site so as to elevate oil
degradation. This method is known to be very effective when the natural microflora
of the contaminated site are incapable of degrading the pollutants. A lot of work
is still to be done on bioaugmentation for its application to achieve successful and
desirable results.

Biostimulation

Biostimulation is a process that entails the addition of growth-enhancing factors such
as nutrients like nitrogen and phosphorus to stimulate native microorganisms. If it
does not produce effective restoration of the polluted site, oxidizing agents or oxygen
can be added. The stimulating agents/nutrients are usually applied underground using
injection wells.



Biorestoration of Polycyclic Aromatic Hydrocarbon- and Heavy ... 219

2.3 Ex Situ Techniques

This is a method that entails the excavation of polluted material to be degraded in
a special facility at a different site. The factors to consider before choosing this
technique are contaminant types, depth and extent of contamination, operating costs,
location, and geological characteristics of the polluted area (Azubuike et al., 2016). In
ex situ methods, better rate of degradation is achieved because of a more robust control
of environmental conditions, compared to in situ treatment techniques. Furthermore,
there is uniformity, and shorter time is required because of the capability to homoge-
nize the excavated polluted material. However, it has the disadvantage of being expen-
sive due to excavation costs and site restoration. Also, the excavation of soil increases
the mobility of pollutants and consequently exposure to them. It is, therefore, neces-
sary that the site be preadapted by installing coating systems in the affected site in
order to prevent the leakage of pollutants (Azubuike et al., 2016). Ex situ techniques
are classified into two types, namely semisolid-phase restoration and solid-phase
restoration.

2.3.1 Semisolid-Phase Biorestoration

Bioreactors

Bioreactors are defined as manufactured facilities or equipment that aid a bioactive
system. Sludge bioreactors are safely and easily used in the treatment of hydrocarbon
contaminants. The remediation can include the use of oxygen (aerobic) or the absence
of oxygen (anaerobic). They are cylindrical in shape and range in capacity from a few
liters to cubic meters, and they are usually made of stainless steel and tough glass.
The polluted substances usually end as suspension or dried material are delivered
(ref).

The polluted material can be delivered to the reactor as a suspension or dry
substance which is an advantage. Other benefits include the ability to effectively
treat pesticides, heavy metals, volatile organic compounds, etc. and to satisfactorily
control variables such as pH, temperature, aeration rate, mixing intensity, substrate
concentration, and inoculum level. Bioreactors are one of the most effective ways to
treat contaminated soil due to the fact that the conditions of production can be moni-
tored/controlled, consequently leading to an increase in the ability of microorganisms
to biodegrade.

2.3.2 Solid-Phase Biorestoration

This type of biorestoration involves four methods, namely:

(i) Biopiles
(i) Landfarming
(iii) Composting
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(iv) Biofiltration.
Biopiles

Biopiles involve the piling of polluted soil, which is then aerated so as to improve
microbial biodegradation activity. They are built on concrete slabs and membranes
that are waterproof in nature to reduce spreading of contaminants to the surface
and to prevent the diffusion/dispersion of contaminants around the polluted site
as a result through wind and rain. Biopiles are effective in the biorestoration of
most hydrocarbons. Oil fractions with low molecular weight, such as gasoline,
are partially reduced through evaporation and released during aeration, while the
medium-weight products, such as diesel and kerosene, are majorly reduced by the
process of biodegradation.

Landfarming

This is a soil biorestoration method that entails the mixing of polluted soil with
hydrocarbons to enhance physical, biological, and chemical processes of the soil for
biodegradation. Itis a basic technique with alow cost and low footprint. Depending on
where the treatment of contaminated soil is carried out, landfarming can be classified
as either ex situ or in situ technology.

Some of the drawbacks of using this method are poor efficiency in the removal of
inorganic pollutants, low microbial activity due to hostile environmental conditions,
additional cost incurred due to excavation, and the need for a large work site. A
major drawback of the technique is the release of volatile organic compounds into
the environment. However, this method requires low rainfall (274 mm), climates
with high rate of evaporation (annual evaporation of 2700 mm), and large expanses
of land to produce desirable results.

Composting

This is an ex situ method that involves the decomposition of organic waste using
thermophilic biological agents under aerobic conditions to achieve a humic transfor-
mation known as compost. The compost is used as a soil fertilizer. In order to achieve
this, a temperature range of 40—70 °C, high presence of oxygen, and nutrient pH in
the region of neutral are key to obtaining extensive biodegradation. Composting is
not just used to recycle organic waste but also to bioremediate polluted soil or sludge.
During the process, microbial activity degrades hazardous organic compounds and
reduces the bioavailability of metals. Microorganisms from the soil become part of
the process when the compost is mixed with soil. Of recent, this method of bioreme-
diation has enjoyed more attention chiefly because it has been established that it has
high efficiency with respect to degradation of petroleum hydrocarbons, pesticides,
chlorophenols, etc.
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3 Polycyclic Aromatic Hydrocarbons (PAHs)
Contaminated Soil

Polycyclic aromatic hydrocarbons (PAHs) are micropollutants with the potential
to cause cancer, and they persist in the environment as a result of their highly
hydrophobic (properties that repels water) nature. PAHs are chemical compounds that
comprise many intertwined aromatic rings arranged in a clustered or linear manner.
Naturally, they contain only hydrogen (H) and carbon (C) atoms, but oxygen (O),
nitrogen (N), and sulfur (S) atoms may readily substitute in the benzene ring to form
heterocyclic aromatic compounds.

3.1 Categorization of Polycyclic Aromatic Hydrocarbons
(PAHs) Sources in the Environment

Pollution of soil with PAHs is categorized into three aspects, namely:

(i) Heavily polluted (PAH > 1000 ng g')
(ii) Unpolluted (> _PAH < 200 ng g’l)
(iii) Weakly polluted (PAH 200600 ng g™!) (Wu et al., 2019).

Many (several hundreds) of PAHs have been identified over the years, but just
28, which have been established to be hazardous, are presented in Table 3 by the US
Environmental Protection Agency (EPA) (USEPA, 2008).

The main sources of polycyclic aromatic hydrocarbon (PAHs) contamination are:

(i) Natural
(i) Anthropogenic activities (Mojiri et al., 2019).

3.1.1 Natural Emission Sources

The natural emission sources include forest infernos, volcanic eruptions, and moor-
land fires (they are of less importance) induced by lightning flashes (Abdel-Shafy &
Mansour, 2016; Ravindra et al., 2008; Srogi, 2007).

3.1.2 Anthropogenic Activities

Human activities are the major factors in PAH pollution. They are categorized into
four types, namely:

(i) Mobile

(i) Industrial

(iii) Domestic

(iv) Agricultural emission sources (Ravindra et al., 2008).
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Table 3 Priority PAHs as

listed by US EPA (USEPA, Number* | PAH compound Number of rings
2008) 1 Benzo(a)anthracene 4
2 Chrysene 4
3 Benzo(a)pyrene 5
4 Benzo(b)fluoranthene 5
5 Benzo(j)fluoranthene 5
6 Benzo(k)fluoranthene 5
7 Fluoranthene 4
8 Benzo(r,s,t)pentaphene 6
9 Dibenz(a,h)acridine 5
10 Dibenz(a,j)acridine 5
11 Dibenzo(a,h)anthracene 5
12 Dibenzo(a,e)fluoranthene 6
13 Dibenzo(a,e)pyrene 6
14 Dibenzo(a,h)pyrene 6
15 Dibenzo(a,l)pyrene 6
16 TH-Dibenzo(c,g)carbazole 5
17 7,12-Dimethylbenz(a)anthracene | 4
18 Indeno(1,2,3-cd)pyrene 6
19 3-Methylcholanthrene 4
20 5-Methylchrysene 4
21 1-Nitropyrene 4
22 Acenaphthene 3
23 Acenaphthylene 3
24 Anthracene 3
25 Benzo(g,h,i)perylene 6
26 Fluorene 3
27 Phenanthrene 3
28 Pyrene 4

*Compounds numbered 1-21 are listed on the Toxic Release
Inventory reported by the US EPA National Waste Minimization
Program, while those numbered 22-28 are listed on the US EPA
Priority Chemical List

3.1.3 Industrial Sources

Some industrial emission sources include large machineries powered by gasoline,
gasification of coal, oxygen furnace, diesel engine, and electric arc furnace (Ravindra
et al., 2008; Srogi, 2007). Other sources like iron and steel production, insecticide
and fungicide production, exhaust from refineries, waste incineration, aluminum
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production, dye manufacturing, cement production, coal-tar pitch manufacturing,
rubber tire production, and asphalt-producing industries are the primary sources of
PAH emissions as a result of incomplete combustion (Abdel-Shafy & Mansour, 2016;
Gupte et al., 2016; Mojiri et al., 2019; Ravindra et al., 2008; Srogi, 2007).

3.1.4 Mobile Sources

These include exhaust from many automobiles and large means of transportation
such as trains, aircrafts, ships, and off-road lightweight and heavyweight vehicles
(Ravindra et al., 2008; Srogi, 2007).

3.1.5 Domestic Sources

Sources from this type of anthropogenic activities include household activities like
cooking on gas burners, wood burning, coal coking, garbage burning, kerosene stoves,
and so on (Gupte et al., 2016; Johnsen & Karlson, 2007; Ravindra et al., 2008).

3.1.6 Agricultural Sources

These sources occur when there is burning of agricultural waste and open biomass
under conditions that cause incomplete combustion (Ravindra et al., 2008). In urban
areas, high PAH pollution is mainly due to industrial, mobile, and domestic sources,
while in rural areas it is due to domestic and agricultural sources. The extent of PAH
contamination peaks in winter, then spring, autumn, and summer, in that order. PAH
contamination is high in winter and spring because of poor diffusion due to atmo-
spheric conditions like gentle winds and low temperatures, increased residential
heating, high rate of incomplete combustion of fossil fuel, and lower photodegra-
dation (Miura et al., 2019). Different types of PAH emission sources are shown in
Fig. 3.

Atmospheric PAHs in their gaseous state, like aerosols, get deposited in the envi-
ronment (soil, plants, and water) in the particulate phase through processes such as
dry or wet deposition (Abdel-Shafy & Mansour, 2016). As a result of high hydropho-
bicity and low vapor pressure, polycyclic aromatic hydrocarbons with three and above
aromatic rings have very strong adsorption to soil particles (Abdel-Shafy & Mansour,
2016). Subsequent pollution of plants, groundwater, and food is caused by accumu-
lation of PAHs in the soil. Roots of plants absorb PAHs from contaminated soil and
translocate them to other parts of the plant. Exposure to PAHs can occur in three
ways, namely, ingestion, inhalation, and skin contact (Burchiel & Luster, 2001). In
addition, exposure can occur through more than one route, that is, more than one
way; for example, inhalation and skin exposure to contaminated soil (Abdel-Shafy &
Mansour, 2016; Rengarajan et al., 2015).
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Fig. 3 Different types of PAH emission sources

The most common place of exposure for many people is their offices or places
of work. For instance, police officers are exposed via inhalation of vehicle exhaust
gases and road dust containing polycyclic aromatic hydrocarbons during traffic. Also,
workers in factories where coke is produced are exposed (Lee & Vu, 2010). Other
ways of exposure include consuming foods that are smoked or grilled, drinking
polluted water, smoking, etc. (Suman et al., 2016). Smoking one cigarette exposes
the smoker to 2040 ng of benzo(a)pyrene (Skupinska et al., 2004). For nonsmokers,
their diet can have up to 70% of PAH exposure (Skupinska et al., 2004).

Furthermore, the quantity of PAHs in drinking water is between 1 ng/L. and
11 pg/L, and the WHO'’s highest acceptable quantity of benzo(a)pyrene is 0.7 ug/L
(Skupinska et al., 2004). Foods that are processed domestically and industrially by
toasting, roasting, drying, frying, barbecuing, and baking always contain PAHs (Rose
et al., 2015). Vegetables and fruits can become contaminated with PAHs through
polluted soil and atmospheric deposition (Zelinkova & Wenzl, 2015). Furthermore,
tea and coffee which are the most commonly consumed beverages in the world
get contaminated with PAHs via heating during production, industrial drying and
roasting, and atmospheric disposition (Duedahl-Olesen et al., 2015).

In 2015, Duedahl-Olesen et al. carried out an investigation to check for
the presence of PAH4 (benzo(b)fluoranthene, chrysene, benzo(a)anthracene, and
benzo(a)pyrene) in some brands of coffee and tea. The results show that black tea
and coffee have high PAH4 of about 25-115 pg/kg and 2.2-5.1 pg/kg, respectively.
According to German Environment Agency (GEA), products that are used daily
such as mouse pads, bicycle handles, toys, bathing shoes, sports items, and so on
contain PAHs (Brandt & Einhenkel-Arle, 2016). Also, industrial soot, tar oils, and
extender oils used in the industry to achieve desired elasticity, softness, and flexibility
of rubber-made products contain extended PAHs. In 2015, Paschke et al. detected
benzo(a)pyrene, pyrene, phenanthrene, and naphthalene in inks used in newspapers,
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measuring up to 52, 553, 778, and 283 ng/kg, respectively. Regardless of their toxi-
city, PAHs are unavoidable in daily life due to their use in the manufacture of domestic
products.

3.2 Polycyclic Aromatic Hydrocarbons (PAHs) in Soil

The accumulation of PAHs in the soil organic components is fast because of its
stable chemical structure and hydrophobic nature (Abdel-Shafy & Mansour, 2016).
The major sources of PAHs in soil environments are limitless including the use
of commercial composts for horticulture, vehicular exhaust emissions, industrial
pyrolysis, and fossil fuel combustion. (Ambade & Sethi, 2021; Ambade et al., 2020;
Arora & Reddy, 2013; Bosetti et al., 2007; Kumar et al., 2020; Zhang et al., 2015). The
contamination of soils with PAHs has the potential to affect ecological and human
health. In addition, PAHs pose an ecotoxicological risk to air quality, aquatic life,
plants, and soil functions and biomes. Chemical properties and environmental condi-
tions are the factors that decide the movement and occurrence/persistence of PAHs in
the environment (CCME, 2010; Neff et al., 2005; Wilcke, 2000). The natural/initial
makeup of PAH mixtures which can be altered by post-emission transport, transfor-
mation, and other processes is determined by soil properties, compound properties,
vegetation, and other ambient conditions (Katsoyiannis et al., 2011; Keyte et al.,
2013; Tobiszewski & Namiesnik, 2012; Wilcke et al., 2014).

In the developed world, research activities are being carried out to determine the
characteristics of PAHs in soils and the hazards they pose to plants and animals (Arp
etal., 2014; Bandowe et al., 2019; Cai et al., 2008; CCME, 2010; Davie-Martin et al.,
2017; Desaules et al., 2008; Sun et al., 2018; Wilcke, 2007). Procedures, regulatory
guidelines, and rules are being set in different countries so as to safeguard and assess
the risks PAHs pose to humans and ecosystems. In addition, they are used to identify
soils that require remediation (CCME, 2010; Desaules et al., 2008).

3.3 Hazards of PAHs to Humans and Other Animals

Polyaromatic hydrocarbons pose health risks to humans, wildlife, and livestock
(CCME, 2010; Douben, 2003; IARC, 2010). They are recognized as persistent
organic pollutants due to the many fused aromatic rings in their structure. They
have mutagenic properties and are carcinogenic (U.S. EPA, 2003). Either directly or
indirectly, the human body gets exposed to PAHs intended for the soil (Ambade et al.,
2021a,2021b, 2021c, 2021d; Roy et al., 2017; Tarafdar et al., 2018). Furthermore, in
human organs, the development of cancerous tumors is a result of long-term exposure
to PAHs (IARC, 2010). The evaluation of their potential to be mutagenic or carcino-
genic requires reliable data on exposure which is near impossible to collate in practice
(White & Claxton, 2004). Despite this difficulty, nations like Denmark, Canada, and
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the Netherlands have developed guidelines for the cleanup of soil polluted with PAHs
(Chung et al., 2006).

4 Heavy Metals Contaminated Soil

A group of elements with metallic properties such as actinides, lanthanides, metal-
loids, and transition metals are known as heavy metals. (Singh et al., 2011). They can
be classified as essential (with different enzymes) and nonessential (Aransiola et al.,
2023; Theron et al.,2012). Based on this classification, essential heavy metals include
trace elements such as copper, iron, zinc, manganese, cobalt, selenium, and molyb-
denum. They interact with the body by binding to proteins, consequently affecting
cell functions and making their concentrations closely regulated (Babaniyi et al.,
2023; Theron et al., 2012).

The pollution of soil by heavy metals is a major source of concern for food
security and the environment as a result of increase in human population and anthro-
pogenic activities, astronomical growth of industry and agricultural activities, and the
disturbance of natural ecosystems by humans (Sarwar et al., 2017). Anthropogenic
activities, such as the use of materials containing metals in homes and agriculture
and the increase in the number of industries and mining activities, are causes of envi-
ronmental pollution and increase in human exposure to heavy metals (Tchounwou
et al., 2012). Globally, about five million sites are estimated to be contaminated
with heavy metals, and they are above the allowed levels (Li et al., 2019). Heavy
metal contamination affects humans and ecosystems and causes issues pertaining
to nonavailability of land for agricultural production, food quality, and food chain
safety, which leads to land tenure and food security problems (Wuana & Okieimen,
2011). Nonessential heavy metals are lead, mercury, cadmium, arsenic, tungsten,
plutonium, and vanadium (Abioye et al., 2013). They can penetrate the cells/tissues
because of their physicochemical characteristics such as ionic charge and potent
toxins (Duce & Bush, 2010; Johri et al., 2010). Vanadium requires special attention
because it is established as the major threat to all life forms as a result of its high
toxicity at low levels of exposure. In addition, nonessential heavy metals serve no
essential function in living organisms (Atobatele & Olutona, 2015).

Mercury, lead, cadmium, and arsenic are among the metals with the most toxicity
in the environment according to the Environmental Protection Agency (EPA) (Goyer,
2004). Over 20 heavy metals with acute toxicity are listed by the US Agency for
Toxic Substances and Disease Registry (ATSDR), but mercury (Hg), arsenic (As),
lead (Pb), and cadmium (Cd) pose a risk to human health. Arsenic is ranked number 1
on ATSDR’s list, followed by lead, and cadmium ranks seventh. Furthermore, arsenic
is the most common cause of acute heavy metal poisoning (Fay & Mumtaz, 1996;
Floraetal.,2011). Arsenic (As) is classified as a metalloid because of its metallic and
nonmetallic properties: it is a naturally abundant element in the Earth’s crust (Kesici,
2016; Nriagu et al., 2007). It is in inorganic (high toxicity) and organic forms in the
soil (Shrivastava et al., 2015). In well-drained (toxic) surface soils, arsenic occurs



Biorestoration of Polycyclic Aromatic Hydrocarbon- and Heavy ... 227

predominantly as oxyanions of As>* (arsenate), whereas As?* (arsenite) species are
more abundant in reducing environments, such as waterlogged soils (Roberts et al.,
2010).

Cadmium (Cd) is a major pollutant because it is soluble in water and highly toxic
(Benavides et al., 2005; Pinto et al., 2004). With inorganic and organic ligands, it
tends to form stable dissolved complexes, thus inhibiting its sorption and precipitation
(Kubier et al., 2019). In addition, it can inhibit the DNA-mediated transformation in
microorganisms and interrupt enzyme activities; its main sources are from human
activities such as agriculture, industry, and mining (Kabata-Pendias, 2010; Kubier
et al., 2019).

Lead (Pb) is a widely available toxic heavy metal; it negatively affects living
organisms at different levels: biochemically, physiologically, and morphologically.
It has a high mobility and persistency in soil and water. Also, it accumulates in the
upper part of the ground (Pourrut et al., 2011; Tangahu et al., 2011; Zeng et al.,
2007). Even though lead is a naturally occurring element, human activities such as
manufacturing, mining, and fossil fuel usage all play a huge role in increasing its
concentrations in soils (Tchounwou et al., 2012).

4.1 Sources of Heavy Metals in Contaminated Soils

Soil is a major and important part of the ecosystem. Soil is prone to contamination
from different sources because of its absorbing and emitting capabilities. Soil is
our habitat and where we engage in different forms of agriculture, but it is not safe
from heavy metals. Heavy metals enter the soil through human activities and parent
materials (lithosphere). Factors such as climatic conditions, composition of parent
rock, extent of weathering, biological, physical, and chemical features of the soil, etc.
affect the presence and division of metals in the soil. Human activities are the major
cause and are gradually increasing day by day, which results in the deterioration of
the environment (Xu et al., 2019).

Heavy metals exist in the air in the form of aerosols and reach the soil by
rainfall and natural processes of sedimentation. They enter the soil through many
sources which include: wastewater, metal mining and milling processes, fertilizers,
pesticides, biosolids (sewage sludge) and manures, industrial wastes, and air-borne
sources. They enter the environment through dust produced by transportation, dirt,
gas, metallurgy, energy, and construction. Industrial effluents are known to be harmful
chemicals which are usually released to water bodies or an open area. Nowadays,
people make use of a huge number of pesticides and fertilizers for agricultural
production. The incessant use of these substances leads to soil degradation.

Fertilizers are reported to contain pollutants like heavy metals. Fertilizers
containing nitrogen and potash have low amounts of toxic heavy metals while phos-
phoric fertilizers have high amounts of such heavy metals. High concentration of
heavy metals is found in vegetables and crops grown close to industrial areas, munic-
ipal and agricultural wastewater, and busy roads (Xu et al., 2019). Many types of
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industries release different kinds of toxic heavy metals which end up in the soil. Some
of them are lead from paints industries, cadmium from metal smelters, and nickel
from steel industries. Exhaust gases released from vehicles are the major sources of
lead contamination in plants, air, and soil (Xu et al., 2019). (Look for more references
for this section).

4.2 Heavy Metal Contamination in Soil

Globally, contamination of soil by heavy metals from the industries, agricultural
chemicals, volcanoes, etc. is a huge concern (Hinojosa et al., 2004). Pollution by
heavy metals has significant effects on microbial activity, plant quality, and yield
(Yao et al., 2003). As a result of this, heavy metals are seen as one of the main
soil pollutants. Soil properties such as pH, clay content, and organic matter play a
huge role in how long metals can affect biological and biochemical properties and
activities of plants (Speira et al., 1999).

Enzyme activities of the soil are indirectly affected by heavy metals; this happens
by having negative effects on the microorganisms which synthesize the enzymes.
Additionally, in Karaca et al. (2010) concluded that different metals influence activ-
ities of enzymes in various ways because of differing chemical affinities of enzymes
in the soil system. On the contrary, the longer the effect of heavy metal, the higher the
bacterial and fungal community tolerance to their presence. A very good example is
the arbuscular mycorrhizal (AM) fungus, which is key in the restoration of polluted
ecosystems (Mora et al., 2005). In Chen et al. (2010) reported that heavy metals
triggered an increase in soil actinomycetes while there was a decrease in bacterial
biomass, species, and richness.

Activity of soil microbes and their diversity is responsible for the maintenance
of soil structure, recycling of plant nutrients, plant growth communities, control of
plant pests, and detoxification of toxic chemicals. They are key determinants of soil
quality. Sustained pollution by heavy metals can have adverse effects on soil, by
causing changes in the population, diversity, and activities of microbes in that soil.

Cadmium (Cd) has lower affinity and greater mobility for soil colloids, which
is responsible for its higher toxicity to enzymes compared to lead (Pb). In the soil,
chromium appears as Cr(Ill) and Cr(VI); they are known for their toxicities and
different chemical properties. Cr(VI) is a powerful oxidizing agent and is highly toxic,
whereas Cr(III) is a micronutrient and not known to be harmful; itis 10-100 times less
toxic than Cr(VI). At high concentrations, Cr(VI) is known to have damaging effects
on microbial cell metabolism and to shift the diversity of soil microbial populations
(Rehman et al., 2023). Heavy metals are harmful to soil microorganisms, leading
to changes in the number, diversity, and interactions of soil microbial communities
(Ashraf & Ali, 2007).

It is therefore safe to conclude that soil pollution affects soil microbial properties
such as enzyme activity, microbial population, diversity, and replication rate, which
in turn serve as useful indicators of soil pollution.
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5 Role of Vermitechnology

All over the globe, the increase in the rate of waste generation and deposition is
a subject of concern (Anand & Sinha, 2019; Dada et al., 2021). Soil is exposed
to contamination by heavy metals and polycyclic aromatic hydrocarbons (PAHs)
which pose a lot of threats to the biotic community due to their nondegradability and
recalcitrancy in the environment (Wei et al., 2020). Metals at high concentrations are
toxic to plants and animals (Singh et al., 2022). Bioremediation is established as a
safe and efficient method of restoring polluted sites compared to other technologies
and methodologies of waste management (chemical, physicochemical, and thermal
processes) available. In the search for a cost-effective, eco-friendly method that can
be used directly on land for bioremediation of polluted sites, global attention seems
to be turning toward vermitechnology.

5.1 Vermitechnology

Vermitechnology is the application of earthworms to degrade organic materials for
environmental cleanup and possible use of end products in agricultural manuring. It
has become a global biological technology which employs earthworms to enhance
degradation and simultaneously removing contaminants in polluted environments.
This approach of bioremediation involves using earthworms in the bioaccumula-
tion of contaminants for enzyme-mediated biodegradation and biotransformation
into safe products (Almutairi, 2019). Vermitechnology is an emerging technology
and an eco-friendly approach to bioremediation. The technology serves as a means
of recovering nutrients from organic waste to replenish soil fertility (Samal et al.,
2019). Vermitechnology involves vermifiltration (purifying effluents using earth-
worms), vermiculture (commercial rearing of earthworms), and vermicomposting
(composting organic wastes using earthworms) (Aransiola et al., 2022).

Aristotle, about 2000 years ago referred to earthworms as “the intestines of the
earth.” Earthworms are important and are a significant part of the soil biomass,
not least because they perform indispensable role in nutrient cycling in the soil.
Earthworms are detritus feeders and have been recognized for the vital role they
play in the degradation of organic matter/wastes and the sensitive position they
occupy in the food chain (Aemere et al., 2020; Dada et al., 2021). This confirms the
statement of Darwin that “no other creature has contributed to the building of the earth
as earthworm.” Species of earthworms utilized in vermitechnology are the epigeic
species because they carry out the process more rapidly and produce a more suitable
end product. Examples are Eisenia fetida, Perionyx excavatus, and Eudrilus eugeniae
(Singh et al., 2018). Earthworms are long, cylindrical, and bilaterally symmetrical
annelids. They are terrestrial invertebrates with over 1800 species identified globally.
The guts of earthworms host millions of enzymes and biodegrading microbes, which
facilitate the bioconversion of organic matters in the soil (Dada et al., 2021) (Fig. 4).
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Fig. 4 Vermicomposting facilities

Vermitechnology has found wide application in aquaculture, wastewater treat-
ment, organic fertilizer production, anticancer drug production, and solid waste
management. Vermitechnology employed in aquaculture is vermiculture. This
involves the commercial growing or culturing of earthworms, cocoons, and/or
vermiwash, which can be used as or incorporated into fish feed.

5.2 Vermifiltration

Vermifiltration is vermitechnology applied in the treatment of wastewater. In this
technique, earthworm-inoculated compost or soil is used as filter bed through which
the wastewater is passed and filtered. It is a biotreatment technology of wastewater
using earthworms for greater utilization and recycling of used water. The vermifil-
tered water, also referred to as “vermiaqua,” is sterile, highly nutritive, odor free,
pathogen free, chemical free, and neutral in pH. Vermiaqua can be used for toilet
use, domestic laundry, irrigation in farms and gardens, as well as industrial usage.

Here, earthworms function as bioreactors and biofilters, which adsorb pollutants
from wastewater and reduce chemical oxygen demand (COD) and biochemical
oxygen demand (BOD) to acceptable levels (Sinha et al., 2012). Earthworms are
also employed in the stabilization of sewage sludge and in the purification of water
in trickling filters of sewage plants in the United States and the United Kingdom
(Rai, 2019). Vermifiltration is a cost-effective and eco-friendly method of wastewater
treatment.

The important determinants of the efficiency of vermifiltration are the species/
population of the worms, content/type and features of the wastewater, hydraulic
retention time, and hydraulic conductivity (Krishnasamy et al., 2013).



Biorestoration of Polycyclic Aromatic Hydrocarbon- and Heavy ... 231

5.3 Vermiculture

In the 1950s, the Canadian earthworm collectors started operations in vermiculture
in order to meet the market demand for fishing baits by fishers. In 1970, it had spread
to England, Mexico, Japan, the United States, Southeast Asia, and now to all parts
of the globe (Rai, 2019). Vermiculture is the commercial rearing of earthworms for
the production of protein-rich materials for fishery, poultry, and dairy industries. It is
the scientific method of breeding and rearing earthworms. The goal of vermiculture
is to increase the population of worms so as to ensure a sustainable harvest. It forms
the basis for vermifiltration and vermicomposting. Vermiculture can also be done on
a small scale at home. Cement tanks, earthen pots, wooden boxes, plastic trays, and
tubs can be used for vermiculture bed with holes at the bottom for the purpose of
aeration (Rai, 2019).

5.4 Vermicomposting

Vermicomposting has been defined by Singh et al. (2022) as a biooxidative process
that involves the interaction of earthworms, microorganisms, and other degradable
components of the soil environment. In vermicomposting, earthworms and their gut
microbes work hand in hand to biodegrade organic waste. Through their muscular
actions, earthworms convert larger organic material into smaller ones, which are
further degraded by the gut microbes (Samal et al., 2019).

They find application in industrial and other human activities that cause accumu-
lation of waste residues (Abdellah et al., 2022; Wei et al., 2020). Singh et al. (2022)
reported vermicomposting as a cost-effective and eco-friendly method that could
transform allopathic sludge into a safe, nutrient-rich compost that could be used
for agricultural purposes. Eudrilus eugeniae is more suitable for tropical climates
because such areas are less prone to temperature fluctuations.

5.5 Advantages of Vermitechnology

1. Compost produced via vermicomposting is completely organic. It produces
nontoxic materials with good structure. Vermicompost is not harmful to soil,
plants, or the environment.

2. There is increase in the level of nutrients available to plants. Vermicompost is
higher in nitrate content, which is a better form of nitrogen available for plant
utilization and growth.

3. Vermicompost acts as a soil conditioner with the ability to stimulate plant growth.
They improve seed germination, seedling growth, and development. It also
improves soil aeration and texture.
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4. The level of beneficial microorganisms is increased.

5. Protection of plants against phytopathogens: A high level of beneficial microbes
present in the soil outcompetes potential disease-causing pathogens. They also
colonize plant soil-root area, preventing attachment of pathogens to plant roots.

6. It prevents unnecessary disposal of organic or vegetative food wastes. Vegetative
food wastes that would have constituted environmental nuisance are converted
into useful products such as agro-fertilizers by vermicomposting.

5.6 Roles of Vermitechnology in Biodegradation of PAHs

Polycyclic aromatic hydrocarbons (PAHs) are recalcitrant pollutants with many
benzene rings and are known to pose a serious threat to the biotic community and
the environment (Kosnar et al., 2019). Earthworms speed up the removal of PAHs as
they burrow through the soil, making contaminants more available for degradation
by microbes.

Kosnar et al. (2019) established through an experiment that soil biochemical
activity is enhanced by adding earthworms to treat organic wastes to produce usable
organic amendments. Ekperusi and Aigbodion (2015), in a study on the bioreme-
diation of soil polluted with diesel using the earthworm E. eugeniae, reported that
during a 90-day period of study, there was a decrease in pH, total nitrogen, chloride,
electrical conductivity, total organic carbon, calcium, sodium, potassium, phosphate,
nitrate, sulfate, zinc, magnesium, manganese, copper, nickel, cadmium, vanadium,
chromium, lead, mercury, arsenic, and total petroleum hydrocarbons (TPH) due to
the activities of earthworm. They reported a decline in total petroleum hydrocarbons,
toluene, benzene, ethylbenzene, and xylene concentrations in diesel-contaminated
soil treated with E. eugeniae. According to Soobhany et al. (2015), when E. euge-
niae was inoculated in waste containing heavy metals, it was effective in diminishing
toxic heavy metals.

5.7 Roles of Vermitechnology in Biodegradation of Heavy
Metals

The soil environment is a known reservoir of heavy metals. Earthworms are capable of
surviving in a heavy metal-contaminated soil through the collection and accumulation
of heavy metals in their tissues. Biosorption and accumulation of heavy metals in
earthworms result in striking a sense of balance between uptake and excretion of
wastes, determining their survival in a heavy metal-contaminated environment (Singh
etal., 2018). According to Malley et al., earthworms are biological indicators of the
presence of toxic heavy metals, a matter which indicates a potential environmental
hazard (Paoletti et al., 1991). Earthworm chloraogocyte cells and bacteria in their
guts have the capability to reduce the genotoxic effects of harmful pollutants and
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heavy metals through detoxification (Singh et al., 2022). This is owing to the fact
that earthworms are capable of accumulating and tolerating high levels of toxic metals
without experiencing significant damage (Aemere et al., 2020).

Earthworms have been proven to be both productive and protective for the envi-
ronment and society. Earthworms may be manipulated to increase their intestinal
uptake of pollutants through food limitation (Dada et al., 2021). They are naturally
resistant and adapt quickly to environmental changes. Wei et al. (2020) reported that
adsorption efficiency of humin (an activator that can trigger the biosorption of heavy
metals by improving biodiversity and biomass of heavy metal-resistant bacteria) was
increased when waste residues contaminated with heavy metals were subjected to
vermicomposting.

It has been argued that metallothionein-induced bioaccumulation and sequestra-
tion could be responsible for the levels of metal reduction in contaminated sites (Dada
et al., 2021). Metallothioneins are heat-stable, low molecular weight, cysteine-rich
ubiquitous proteins expressed by living organisms under environmental stress condi-
tions induced by the presence of metals at certain concentration levels (Aemere et al.,
2020). They are a group of metal-binding proteins which may be responsible for the
detoxification of heavy metals in earthworms. They can also be used as biomarkers
to assess the ecotoxicological impact of pollutants in the environment.

5.8 Factors Influencing Vermitechnology

Growth rate, onset of maturity, rate of reproduction, and population buildup of earth-
worms during vermicomposting are dependent on temperature, moisture content, pH,
and other physicochemical properties of the environment or substrate. Earthworms
have the ability to thrive well even under unfavorable environmental conditions. They
can grow within a wide temperature range of 5-43 °C. Growth and maturation of
earthworms have been found to be best at 20-25 °C. However, increased temperature
up to 30 °C hastens the rate of growth and reduces the time to attain sexual maturity.
Their reproduction and biomass production are pH dependent (Dominguez et al.,
2001). Neutral or near-neutral pH is the best for the growth of earthworms (Kaplan
etal., 1980; Singh et al., 2018). Activities of earthworms usually result in declines in
pH, moisture content, and electrical conductivity (Ekperusi & Aigbodion, 2015). A
moisture content of 80—85% is best for the growth of earthworms in a vermicompost.

Earthworms present a promising solution to combat the global problem of envi-
ronmental pollution as a result of their ubiquity, high biodegradation capacity, and the
millions of enzymes and microbes they harbor in their guts. For a successful vermi-
culture and vermicomposting, vermicompost pit should be protected from direct
sunlight, ants, rats, birds, and excessive rain to ensure a high survival rate of worms.
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6 Conclusion

The high levels of hazardous compounds in the soil, especially due to pesticides,
heavy metals, and petroleum derivatives, negatively affect the ecosystem balance
and human health. Activities such as agriculture and, by extension, food safety have
been greatly compromised due to the pollution of water and soil by heavy metals
and polycyclic aromatic hydrocarbons (PAHs). Over the years, several methods have
been employed to deal with the issue of soil, environmental, and water pollution by
different pollutants with varying degrees of success. Vermitechnology, which is the
application of earthworms to degrade organic materials for environmental cleanup
and the possible use of end products in agricultural manuring, has recently attracted
the attention of many researchers for being the most eco-friendly method available.
It is also attractive because its products are suitable for a lot of purposes, especially
agriculture. Vermitechnology presents a promising solution to combat the global
problem of environmental pollution. It is a sustainable and cost-effective method
that can be used to restore soil health and improve food safety. By giving more
attention to vermitechnology, researchers and governments all over the world can
make the environment safer for humans, animals, and plants. Let us all work together
to promote the use of vermitechnology and protect our planet for future generations.
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Sustainable Management )
of Agro-industrial Waste Using e
Vermitechnology

Rahil Dutta, Anu Bala Chowdhary, Surbhi Sharma, Jahangeer Quadar,
Raman Tikoria, Jaswinder Singh, and Adarsh Pal Vig

Abstract Agricultural, agro-industrial, and cellulose-based industrial wastes often
remain underutilized, posing environmental challenges such as noxious odor emis-
sions, extensive land occupation, and contamination of groundwater and surface
water. These waste materials harbor the potential to serve as a sustainable and scien-
tifically managed source of renewable energy. Over the past few decades, vermi-
composting technology has emerged as an environmentally sound approach for effi-
ciently harnessing agro-industrial processing waste, transforming it into value-added
products conducive to land restoration efforts. The output of the vermicomposting
process, known as vermicompost, possesses properties akin to humus, characterized
by fine granulation and friability. Vermicompost can be effectively employed as a
soil conditioner, reintroducing organic matter into agricultural soils. The vermicom-
posting process enhances the concentrations of essential nutrients such as nitrogen,
potassium, and phosphorus in the compost, concurrently mitigating the risk of phyto-
toxicity by reducing the levels of toxic elements within the compost. The efficacy
of the vermicomposting process is contingent upon several variables, including the
nature of the raw materials and various process parameters such as pH, temperature,
moisture levels, aeration, the type of vermicomposting system employed, and the
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species of earthworms utilized. This chapter provides a succinct overview of vermi-
composting process technology and presents the state of research in vermicomposting
for the treatment of agro-industrial processing wastes.

Keywords Earthworm - Vermicomposting + Agro-industrial waste + Sustainable
development

1 Introduction

In the present era, waste management has become a serious environmental issue
due to increasing quantities of waste caused by fast urbanization, industrialization,
and population expansion (Ahmed et al., 2023; Bhat et al., 2018). According to a
report published in 2018, the yearly output of municipal solid garbage throughout the
world was roughly 2.01 billion tonnes, with over 33% not being handled in a way that
was safe for the environment. Additionally, it is predicted that the amount of global
waste will increase to 3.4 billion tons by 2050 (Kaza et al., 2018). This highlights
the urgent need for effective waste management strategies, including recycling and
composting, to mitigate the adverse effects of municipal solid waste on public health
and the environment.

The management of agro-industrial waste is a critical challenge confronting
numerous countries, particularly those with significant agricultural and industrial
activities. These wastes can come from agricultural activities such as crop residues,
animal manure, and agroprocessing waste such as rice husks, sugarcane bagasse, and
sawdust. Improper management of these wastes can lead to environmental pollu-
tion, soil degradation, and health hazards. In addition, agro-industrial waste can
also contribute to greenhouse gas emissions, contributing to climate change (Devi
etal., 2022; Leh-Togi Zobeashia et al., 2018). Effective sustainable waste mitigation
and management strategies such as anaerobic digestion, composting, and utilization
of waste for energy production can help reduce the environmental effect of agro-
industrial waste and encourage sustainable agriculture practices (Koul et al., 2022).
Governments, private sector, and other stakeholders need to work together to develop
and implement effective waste management policies and practices to mitigate the
negative effects of agro-industrial waste.

Vermicomposting is a type of composting method in which earthworms are
utilized to convert organic materials into a high-quality final organic manure.
The aerobic mesophilic biooxidation of the organic waste during vermicomposting
involves the coaction of earthworms and microbes that transforms waste into valuable
manure (vermicast) (Aransiola et al., 2024; Chen et al., 2023; Swati & Hait, 2018).
During the process of vermicomposting, mineralization of waste results in liberation
of CO,, heat, and water (Fig. 1). In addition to biodegradation process, the earthworm
and microbial respiration contribute to the release of CO,. Earthworm castings are
rich in plant growth-promoting hormones and nutrients (Ahmed & Al-Mutairi, 2022;
Aransiola et al., 2022).
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Fig. 1 Vermicomposting process as a sustainable option for solid waste management

As part of the vermicomposting process, earthworms play a vital role in breaking
down and aerating the substrate, thereby increasing the available surface area for
microbial activity (Bhat et al., 2018). During the vermicomposting process, the
synergistic interaction between earthworms and microbes leads to the secretion of a
diverse range of enzymes, including amylases, chitinases, proteases, lipases, cellu-
lases, and more. This enzymatic activity facilitates the conversion of organic mate-
rials, thereby making previously unavailable micro- and macronutrients accessible
to plants in forms that can be readily absorbed and utilized (Babaniyi et al., 2023;
Bhat et al., 2018; Dutta et al., 2023). Earthworms contribute to the production of
coelomic fluids, which possess antimicrobial properties capable of eliminating para-
sites and harmful bacteria found within the waste material and producing pathogen-
and odor-free vermicompost (Aransiola et al., 2023; Ojuolape et al., 2015; Sinha
etal., 2010). Vermicomposting has been proven to be a superior approach to conven-
tional composting. Vermicomposting is faster than traditional composting because
it uses the ability of earthworms and microorganisms to metabolize organic compo-
nents (Thakur et al., 2021). Additionally, the collaborative action of earthworms
and microbes in the vermicomposting process leads to an accelerated rate of miner-
alization and humification. As a result, the final product, vermicompost, exhibits
significantly higher nutritional value compared to conventional thermal composting
methods (Bhat et al., 2018). Different agro-industrial residues are found to be viable
feedstocks for earthworms (Garg & Gupta, 2009). Different studies have proved the
potential of vermiremediation in treating waste from various industries (Maharjan
et al., 2022). As a result of its low cost, simplicity, and improved nutrient avail-
ability, vermitechnology is one of the most appropriate technologies for sustainable
and efficient management of all types of organic waste.
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2 Vermicomposting and Vermiculture

With each passing day, the severity of solid waste management emerges as an esca-
lating global issue demanding urgent attention and effective solutions because of
the enormous rise in population, industrialization, and urbanization (Singh et al.,
2011). Several environmental problems, including unpleasant odors and groundwater
contamination, are brought on by the massive volumes of organic waste produced
globally (Chia et al., 2020; El-Fadel et al., 1997). Numerous approaches have been
suggested and implemented to ensure effective management of solid waste. Material
recovery, recycling, source reduction, landfill disposal, incineration, waste-to-energy
conversion, and composting are a few of the many techniques covered by these
strategies (Abubakar et al., 2022; Ojuolape et al., 2015). The disposal of garbage in
unreliable landfills is linked to a number of issues, including groundwater pollution,
biodiversity loss, greenhouse gas emissions, etc., while open burning of waste is also
considered one of the major problems of solid waste management (Mohan & Joseph,
2021).

The productivity of soil can be maintained with the help of various micro- and
macroflora species, which have the ability to convert waste material into usable plant
nutrients. Several types of remedial technologies are being employed to decompose
waste material. Among the multitude of sustainable and environmentally friendly
practices today, vermicomposting stands out as a remarkable process (Ravindran
et al., 2021; Sharma et al., 2019). The technique of vermicomposting employs the
biodegradation activity of earthworms to balance the nutrient flow from one system
to another (Sim & Wu, 2010). The detailed process of vermicomposting has been
illustrated in Fig. 2a, b.

2.1 Earthworms and Types of Earthworms Used
in Vermicomposting

Earthworms are classified as cylindrical-shaped, simple, and segmented coelomates
(Table 1). They are known to have rounded, elongated bodies, and sharply shaped
heads. Moreover, their distinguishing characteristic lies in the absence of both carti-
lage and bones. Earthworms are devoid of appendages, but they have various hooks
that match the chaetae for catching the substrate. Earthworms exhibit remarkable flex-
ibility and locomotion abilities, owing to the presence of circular rings encircling
their delicate and moist bodies. By utilizing the motion of their setae, these crea-
tures efficiently navigate their surroundings, propelling themselves forward through
a rhythmic back-and-forth movement (Dutta et al., 2021; Prasad & Kashyap, 1989).

Vermicomposting is a biotic process that involves the participation of various
microorganisms, including bacteria, fungi, and oligochaetes, in the biochem-
ical decomposition of organic substrates (Dominguez et al., 2010). The process
commences with the inoculation of the organic substrate into a container filled with
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bedding material, which acts as a habitat for the earthworms. As the earthworms
feed on the organic substrate, they generate excreta in the form of castings. Cast-
ings exhibit elevated concentrations of essential plant macronutrients, such as phos-
phorus, nitrogen, potassium, as well as enriched microbial communities that facilitate
the breakdown of the organic matter (Vukovi¢ et al., 2021). The vermicomposting
process is modulated by the physicochemical parameters of the environment, such
as moisture content, pH, and temperature. Thus, the proficient management of these
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Table 1 Classification and characteristics of different types of earthworms

S. No Classification | Characteristic features Examples
1 Anecic (1) Reside in permanent, vertical Lampito mauritii
burrows in deep soil Lumbricus terrestris

(i1) Consume organic waste on the
topsoil surface
(iii) Act as efficient soil aerators

2 Endogeic (i) Reside in mineral soil layers and Metaphire posthuma
horizontally branched burrows Pontoscolex corethrurus

(ii) Feed on mineral soil particles and | Megascolex konkanensis
decaying organic matter

3 Epigeic (i) Capable of biodegrading organic | Eudrilus eugeniae
matter Eisenia andrei
(ii) Tolerant to disturbances Eisenia fetida
(iii) Capable of decomposing litter Eiseniella tetraedra

Adapted from Ali et al. (2015), Dutta et al. (2021)

factors is fundamental to the achievement of successful vermicomposting (Loehr
et al., 1985). Vermicomposting represents a sustainable and eco-friendly means of
waste management, offering the benefits of waste reduction and the production of an
effective soil amendment for use in agricultural and horticultural contexts.

Earthworms have been referred to as the “unheralded soldiers of mankind”
because they are known to digest a variety of organic materials. The density of earth-
worms is a representative of soil degradation, as earthworm density decreases with the
enhancement of soil degradation (Pathma & Sakthivel, 2012). Earthworms involve
themselves in various mechanisms of soil formation and humus accumulation (Blouin
et al., 2013). The internal system of earthworms contains an array of microorgan-
isms, certain hydrolytic enzymes (cellulase, amylase, lipase, protease, and urease),
and hormones that prove helpful in the fast decomposition of wastes which further
transforms the complex organic matter into final product called “vermicompost” in a
comparatively shorter duration than traditional composting mechanisms (Dutta et al.,
2021; Singh et al., 2016).

Depending upon their feeding behavior, physiological traits, morphological char-
acteristics, and burrowing mechanisms, they are classified as anecic, endogeic, and
epigeic. Table 2 presents a comprehensive compilation of various earthworm species,
showcasing their distinct characteristics and features.

3 Factors Affecting Vermicomposting

The effectiveness of the vermicomposting process depends on a number of control
variables viz., moisture, pH, temperature, carbon-to-nitrogen (C:N) ratio, and aera-
tion, which regulate the continuity of the vermicomposting process (Ali et al., 2015;
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Kumar, 2011; Vukovi¢ et al., 2021) (Table 3). The detailed explanation of the factors
affecting vermicomposting is discussed below:

(a) Moisture

The optimal moisture condition in which the earthworms can thrive efficiently is
ranged between 60 and 70%. Various factors that affect the moisture content in
vermicomposting include the physical characteristics of the waste material used, its
porosity, and the system in which the process of vermicomposting is carried out.
By periodically sprinkling water, the moisture content is maintained throughout the
process of vermicomposting (Ali et al., 2015; Garg & Gupta, 2009).

(b) pH

The efficiency of earthworms is maximum in the pH range of 5-9. Furthermore, a
range of 7.5-8 is considered to be optimal for the proper functioning of earthworms.
The increase in the pH leads to the release of high amount of ammonia gas that results
in unpleasant odors from the feed mixtures. The pH values are first lowered by the
creation of CO, and organic acids; as the process moves forward, the pH values rise
due to the breakdown of proteins (Suthar & Singh, 2008).

(c) Temperature

Scientific observations have unequivocally demonstrated that temperature serves
as the paramount factor influencing the development, metabolism, and growth of
earthworms. Extensive research reveals that a vast majority of earthworm species
exhibit optimal performance within a temperature range of 25-35 °C for the vermi-
composting process. When the temperature goes beyond the optimal temperature,

Table 3 Factors affecting vermicomposting

Factor Description

Temperature The optimal temperature range for vermicomposting is 25-35 °C.
Higher or lower temperatures can negatively affect worm activity and
the decomposition of organic matter

Moisture The moisture content of the composting material should be 60-70%.
Too much moisture can lead to anaerobic conditions and odors, while
too little moisture can slow down the decomposition process

pH The pH range for vermicomposting should be 6.0-8.0. Acidity or
alkalinity outside of this range can negatively affect worm activity and
the decomposition of organic matter

Carbon-to-nitrogen The optimal carbon-to-nitrogen (C:N) ratio for vermicomposting is
ratio between 20:1 and 30:1. Too much carbon can lead to slow
decomposition, while too much nitrogen can result in odors and a
buildup of ammonia

Oxygen Vermicomposting requires adequate oxygen for the worms and
microorganisms to breathe. Proper aeration is essential to prevent
anaerobic conditions and to promote decomposition
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metabolic activities of earthworms become unstable that ultimately leads to the death
of the earthworm species. Different earthworm species respond to temperature in
different ways. Dendrobaena veneta, for example, exhibits superior growth perfor-
mance at lower temperatures and exhibits a lower tolerance for high temperatures
compared to Eisenia fetida. Eisenia fetida demonstrates optimal growth at 25 °C and
exhibits a wider temperature tolerance range of 0-35 °C. Although Eudrilus eugeniae
and Perionyx excavatus similarly demonstrate optimal development at around 25 °C,
within a range of temperatures typically spanning from 9 to 35 °C, these earthworms
exhibit their characteristic tolerance for environmental conditions (Ali et al., 2015;
Samal et al., 2019).

(d) Carbon-to-Nitrogen Ratio (C:N)

The C:N ratio is important for a number of processes in earthworms, including
cell formation, growth, and metabolism. Carbon and nitrogen should be provided as
substrates in the right proportions for healthy nutrition (Ndegwa & Thompson, 2000).
The C:N ratio, one of the most crucial factors in waste stabilization, determines the
index for compost maturity. When the substrate’s initial C:N ratio is 25, the increased
compost maturity is evident with a C:N ratio of less than 20. Microbial respiration,
driven by rapid mineralization and the breakdown of organic matter, results in the
release of carbon dioxide, leading to the loss of carbon from the system. Earthworms
also increase nitrogen levels by producing mucus, which lowers the ratio of carbon
to nitrogen overall. However, the initial nitrogen levels in the substrate have a major
role in determining the vermicompost’s ultimate N content and the overall level of
breakdown. Since nitrogen is lost as volatile ammonia at high pH, pH drop also has
a significant impact on nitrogen retention (Suthar, 2009a, 2009b).

(e) Aeration

An adequate oxygen supply is necessary for a vermicomposting system to function.
Worms have high rates of death due to a combination of factors, including oxygen
deprivation and the production of poisonous chemicals (such as ammonia and other
phytotoxic metabolites) (Garg & Gupta, 2009). By physically turning the substrate
biomass on a regular basis or by mechanically mixing it, proper aeration might be
accomplished.

4 Vermicompost as Organic Manure

Vermicompost, a unique organic fertilizer, is meticulously created through the
controlled decomposition of organic waste by the collaborative efforts of earth-
worms, microorganisms, and other soil fauna. Vermicomposting process is efficient
in breaking down a wide spectrum of organic substrates, including green waste, food
waste, and agricultural residues, into nutrient-rich manure. The physical properties of
vermicompost include a dark brown, crumbly texture with a pleasant earthy aroma.
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It is a well-aerated material with good water-holding capacity, which helps improve
soil structure and fertility. Vermicompost has a high nutrient content, with a good
mix of macronutrients (phosphorus, nitrogen, and potassium) and micronutrients
(iron, sulfur, calcium, magnesium, zinc, and copper). The nutrient composition of
vermicompost exhibits variability, influenced by both the specific feedstock utilized
and the prevailing composting conditions. However, in general, vermicompost has
been reported to have higher nutrient concentrations than traditional compost. The
nutrients in vermicompost are more readily available to plants, as they are present in
soluble forms and are released slowly over time, thereby reducing the risk of leaching
and nutrient runoff.

Vermicompost is also a rich source of beneficial microbes, such as bacteria, fungi,
actinomycetes, and protozoa. These microorganisms play a crucial role in soil health
by decomposing organic matter, releasing plant-available nutrients, suppressing plant
pathogens, and improving soil structure. The presence of these microbes in vermi-
compost enhances soil fertility, stimulates plant growth, and improves plant resis-
tance to stress. The application of vermicompost to soil has numerous benefits for
plant growth and soil health. The organic matter in vermicompost helps improve
soil porosity, structure, and water-holding capacity, leading to better root growth
and nutrient absorption by plants. The slow release of nutrients from vermicom-
post also ensures a steady supply of plant nutrients over an extended period, which
reduces the need for additional fertilizer applications. The beneficial microorganisms
in vermicompost help suppress soil-borne diseases, improve plant resistance to pests
and environmental stresses, and enhance the overall health and productivity of the
soil—plant system (Aransiola et al., 2022).

5 Vermicomposting of Agro-industrial Wastes

Vermicomposting, a unique process that harnesses the power of earthworms to trans-
form organic waste into a valuable compost enriched with nutrients, has gained atten-
tion as a sustainable solution for agro-industrial waste management. Agro-industrial
waste is a potential source of organic matter and plant nutrients that can be effec-
tively processed through vermicomposting (Table 4). This approach not only reduces
waste volumes and associated environmental impacts but also generates a valu-
able end product that enhances crop productivity and soil fertility. Vermicomposting
thus presents a cost-effective and environmentally friendly option for agro-industrial
waste management, promoting circular economy principles in agriculture.
Sangwan et al. (2010) conducted a study utilizing the epigeic earthworm E. fetida
to explore the potential of vermicomposting for converting waste materials from the
sugar industry, specifically pressmud (PM) in combination with cow dung (CD),
into vermicompost. The results showed that while 100% CD produced the greatest
earthworm growth, a 1:1 PM and CD ratio still allowed sustained growth and repro-
duction. Higher PM percentages in reactors negatively affected earthworm growth
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Table 4 Agro-industrial processing wastes tested for vermicomposting

S. No. | Agro-industrial waste Organic amendment Earthworm
species

Biosolid vinasse and vine shoots | Vermicompost E. fetida

2 Empty fruit bunches from palm | Cow dung E. eugeniae
oil mill

3 Filter cake from sugarcane E. fetida
factory

4 Grape marc from winery Mature vermicompost E. andrei
industry

5 Pressmud from sugarcane Cow dung E. fetida
industry

6 Dairy sludge (a) Cereal straw, (b) wood shavings | E. andrei

7 Lignocellulosic wastes E. fetida

8 Paper-pulp mill sludge Cattle manure E. andrei

9 Paper-pulp mill sludge (a) Pig slurry, (b) poultry slurry, (¢c) | E. andrei

sewage sludge
10 Paper-pulp mill sludge Brewery yeast L. terrestris

Adopted from Garg and Gupta (2009), Lim et al. (2016)

and fecundity. The process of vermicomposting led to a reduction in carbon concen-
tration while increasing the concentrations of phosphorus, nitrogen, and calcium in
the resulting vermicompost. This study demonstrates that vermicomposting is an
environmentally friendly and practical solution for effectively managing pressmud
(PM) waste and generating valuable fertilizer material. It is important to note that
the optimal mixture for successful vermicomposting involves a maximum of 50%
pressmud (PM) combined with cow dung (CD).

In a study conducted by Bhat et al. (2016), the potential of vermicomposting using
the earthworm E. fetida to reduce genotoxicity in postvermicompost feed mixtures
of bagasse waste was investigated. Different proportions of bagasse waste mixed
with cattle dung (B0, B25, B50, B75, and B100) were prepared on a dry-weight
basis. The genotoxicity of the initial bagasse extracts and the postvermicompost
extracts was evaluated using the Allium cepa root chromosomal aberration assay.
The results demonstrated that the postvermicompost extracts exhibited enhanced
root length and mitotic index compared to the initial bagasse waste. Among the
mixtures, the B50 extract showed the highest increase in root length (96.60%), while
the B100 mixture exhibited the highest mitotic index (14.20 £ 0.60) after 6 h of
treatment, which was similar to the control group. Furthermore, the genotoxicity
analysis of the postvermicompost extracts revealed a significant reduction (21-44%)
in aberration frequencies compared to the initial extracts. The highest reduction in
genotoxicity was observed in the B75 extract (44.50%). These findings indicate that
the vermicomposting process utilizing E. fetida effectively reduces the genotoxicity
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of bagasse waste. Therefore, vermicomposting can serve as a potential alternative
for managing and mitigating the harmful effects of bagasse waste.

In a 90-day pilot-scale vermicomposting study conducted by Kumar et al. (2012),
Eudrilus eugeniae worms were utilized along with various agro-industrial wastes as
substrates. The researchers observed significant changes in different parameters when
vermicomposting beds were prepared using a mixture of spent wash and pressmud
(PS), combined with cow dung (CD) at different ratios. The vermicomposting process
led to notable reductions in pH levels (ranging from 11.4 to 14.8%) and organic
carbon content (ranging from 4.2 to 30.5%). Conversely, there were increases in
total nitrogen content (ranging from 6 to 29%), available phosphorus content (ranging
from 5 to 29%), exchangeable potash content (ranging from 6 to 21%), and turnover
rate (ranging from 52 to 66%). Worm mortality was found to be highest when 100%
pressmud was used as the substrate, indicating its adverse impact on the worms.
On the other hand, the vermicompost produced from a ratio of 75% pressmud to
25% cow dung (PS:CD) exhibited the highest quality. Based on the results, it can
be concluded that vermicomposting effectively decomposes pressmud when mixed
with spent wash and enhances the quality of the resulting vermicompost.

In a 60-day research, Ganguly and Chakraborty (2021) assessed the efficiency of
vermicomposting using E. fetida in handling primary waste (VCP) and secondary
waste (VCS) from paper mills. To find the ideal circumstances, several mixtures of
straw, cow dung, and sun-dried paper mill waste were investigated. The VCP1 and
VCS1 experiment sets, which used paper mill waste, cow dung, and straw in a ratio
of 5:4:1, were successful in preserving physiochemical parameters and supporting
earthworm populations. The study demonstrated that vermicomposting led to enzy-
matic enrichment of the resulting vermicompost, with 19 enzymes aiding in the
maintenance of the compost’s carbon-to-nitrogen (C:N) ratio. Both VCP1 (Zn: 40%
> Pb: 36% > Cr: 28% > Cu: 25%) and VCS1 (Zn: 44% > Pb: 41% > Cu: 19% >
Cr: 13%) significantly reduced their heavy metal contents as a consequence of the
vermicomposting process, with a clear link between the two being shown in the
decline of the C:N ratio. The bioremediation process in the earthworm populations
of VCP1 (Zn: 0.40>Cu: 0.23>Cr: 0.18 > Pb: 0.11) and VCS1 (Zn: 0.47 > Cu: 0.25 >
Cr: 0.21 > Pb: 0.14) was further validated by monitoring the bioaccumulation factor
(BAF). Based on its findings, the study hypothesized that adding straw, cow dung,
and paper mill waste in a ratio of 5:4:1 might significantly improve the vermicom-
posting of various harmful organic paper mill wastes. Through vermicomposting,
this strategy manages and enriches such waste products while lowering their heavy
metal concentration and fostering bioremediation.

Badhwar et al. (2020) conducted a study focusing on vermicomposting paper
mill sludge (PMS) and tea waste (TW) using E. fetida earthworms in combina-
tion with cow dung (CD). The main objective of the study was to employ an eco-
friendly vermiconversion technique to address the waste disposal issue associated
with PMS. Physicochemical parameters were carefully monitored at 30-day inter-
vals throughout a 90-day period. The final pH values recorded for all vermicom-
posting units fell within the range of 6.09—6.95, indicating a suitable environment
for the process. Following the vermicomposting process, total nitrogen (TN), total
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phosphorus (TP), and total potassium (TK) contents increased by factors ranging
from 0.30 to 0.87, 0.53 to 3.23, and 0.33 to 0.63, respectively. This increase was
accompanied by elevated electrical conductivity (EC) and ash content. The treat-
ment containing the highest proportion of PMS exhibited the most significant reduc-
tion in total organic carbon (TOC), with a decrease of 23.91%. This reduction was
attributed to the activity of the earthworms. Furthermore, all treatment combinations
resulted in a noteworthy decrease in the carbon-to-nitrogen (C:N) ratio, ranging from
38.63 to 54.05%. Based on the study findings, it was concluded that a combination of
paper mill sludge, tea waste, and cow dung can be effectively converted into valuable
manure through vermicomposting facilitated by earthworms. This approach offers a
sustainable solution for managing these waste materials while producing beneficial
organic fertilizers.

In a study conducted by Dutta et al. (2023), the potential of vermiremediation was
evaluated utilizing bovine dung (BD) and milk-processing industry sludge (MS) in
various diet mixes. The synergistic impact of adding paddy straw biochar (BC) at a
10% application rate during vermicomposting was also studied by the researchers.
The findings showed that in terms of earthworm quantity, biomass, cocoon forma-
tion, and hatchlings, the feed combinations MS25 and MS25BC10 (25:75 + 10%
BC) displayed the lowest earthworm mortality and the maximum growth. Notably,
compared to nonbiochar treatments, all feed mixes with biochar amendments demon-
strated improved earthworm growth and reproduction. The pH, total organic carbon
(TOC), and carbon-to-nitrogen (C:N) ratio all decreased in the final vermicompost
generated from all feed mixes. Additionally, following vermicomposting, all feed
mixes showed an increase in electrical conductivity (EC), total Kjeldahl nitrogen
(TKN), total accessible phosphorus (TAP), total potassium (TK), total sodium (TNa),
and ash content. All feed combinations had much lower heavy metal concentrations
as a result of the biochar addition. According to the study’s findings, adding biochar
might improve mineralization, boost nutrient concentration, and lower heavy metal
level, producing vermicompost of high quality that is appropriate for agricultural
use.

The vermicomposting capacity of postharvest wastes from regional commodi-
ties such as wheat, millets, and pulses was examined in a study by Suthar (2009a,
2009b). Three different types of vermibeds were created by combining crop remnants
with animal dung, and a fourth vermibed was created using manure from cow
sheds. Vermicomposting resulted in a decrease in the amount of organic carbon and
an increase in total nitrogen, accessible phosphorus, exchangeable potassium, and
exchangeable calcium. Among the several vermibeds, the one containing cow stall
dung had the highest growth rate, biomass gain, and cocoon formation. The poten-
tial of vermicomposting as a method for producing value-added agricultural waste
products, such as vermicompost and worm biomass, which can support sustainable
crop production, was emphasized in the paper.
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6 Conclusion

The sustainable management of agro-industrial waste using vermitechnology holds
great promise for addressing the dual challenges of waste reduction and soil enrich-
ment. This approach not only contributes to environmental preservation but also
supports the transition toward more sustainable and resilient agricultural systems.
Furthermore, the use of earthworms in waste management aligns with the principles
of circular economy and sustainability. By converting waste materials into a valued
resource (vermicompost), vermitechnology contributes to closing the nutrient loop
and reducing the reliance on synthetic fertilizers, which often have negative envi-
ronmental impacts. As we look to the future, it is imperative to further explore and
harness the potential of vermitechnology while considering its broader implications
for agricultural sustainability and environmental well-being.
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1 Introduction

Owing to changeable natural processes and rapid anthropogenic activities, contam-
inants and wastes have accumulated in the environment (Khan et al., 2023a; Wani
et al., 2023). Among others, the use of phosphate fertilizers, drilling of metals and
amalgamation (Magbool et al., 2022), pesticide application (Tarla et al., 2020), as
well as food processing (Tripathi et al., 2020) are sources from which contaminants
and wastes invade our soil, water, and air. The high accumulation of contaminants
in the environment imposes significant environmental and health implications on
plants, animals, and humans (Sabreena et al., 2022; Yan et al., 2020).

The presence of contaminants within agricultural soil impairs plant growth,
reduces food production, and interferes with food supply (Alengebawy et al., 2021;
Rashid et al., 2023). Also, metals can be part of the food we eat through absorption
by crops and may pile up in the body over time, causing diseases and even deaths
(Sabreena et al., 2022; Yan et al., 2020; Zaynab et al., 2022). The accumulation of
chromium (Cr) in the human body causes cancer (Chen et al., 2022). The accumula-
tion of zinc (Zn) results in kidney dysfunction (Maywald & Rink, 2022). Similarly,
chronic exposure to lead (Pb) damages the nervous system and causes cardiovascular
problems (Collin et al., 2022).

Phytoremediation and vermicomposting play huge roles in environmental
cleanup. Contrasting to conventional remediation methods such as encapsulation and
electrokinetics, phytoremediation and vermicomposting offer promising, economi-
cally feasible, and environmentally friendly technologies (Kafle et al., 2022; Wani
et al., 2023; Yan et al., 2020). In addition to remediation benefits, the recovery of
contaminants from plant tissues as a result of phytoremediation presents commer-
cialization privileges (Alsafran et al., 2023; Zarull et al., 2002). Among others, there
is a high possibility for the reuse of remediated (recovered) metals in phytomining.

Along with the above, vermicomposting of organic residuals does not just nullify
the necessity of disposing of residuals; there are also the benefits of high-nutrient
vermicompost (Ratnasari et al., 2023). Increasingly, vermicompost is being accepted
as a substitute for chemical fertilizers in agriculture and horticulture (Rehman et al.,
2023).

In this chapter, we:

e offer an overview of phytoremediation of organic and inorganic contaminants

e provide an overview of vermicomposting of organic wastes

e discuss mechanisms, benefits, and limitations of both phytoremediation and
vermicomposting

e cxamine the combined application of phytoremediation and vermicomposting.
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1.1 Phytoremediation

Phytoremediation is a plant-based approach that involves the capitalization of green
plants to draw out elementary contaminants and/or reduce the bioavailability of
contaminants within the environment (Khan et al., 2023a). Phytoremediation tech-
niques are based on the abilities of some green plants to degrade, immobilize, bioac-
cumulate, and/or dissipate contaminants from the environment (Kafle et al., 2022;
Sabreena et al., 2022). Pertinently, ornamental plants are becoming increasingly rele-
vant in phytoremediation (Kelechi & Njoku, 2022; Rocha et al., 2022; Sadasivam,
2022). Largely, trees with high transpiration rates and large roots such as willow (Salix
sp.), hemp (Cannabis sp.), and poplar (Populus sp.) are eminent in phytoremediation
(Sadasivam, 2022).

Generally, plants with the potential for high metabolism (absorption capacity) and
high biomass production are fundamental in phytoremediation (Hostyn et al., 2022;
Khan et al., 2022). Also, plants with high tolerance to toxic effects of contaminants,
hardy and less prone to herbivore infestations, are relevant (Hostyn et al., 2022).
The appropriate selection of plants is pivotal to maximizing the benefits of phytore-
mediation (Kafle et al., 2022). Plants’ effectiveness can be enhanced by amending
the soil with ethylenediaminetetraacetic acid (EDTA) (Saman et al., 2022), biochar
(Zhao et al., 2022), and endophytic microorganisms (Wani et al., 2023; Yan et al.,
2020), among other soil amendments (Saman et al., 2022). Additionally, plants can
be genetically engineered to enhance the effectiveness of phytoremediation (Yan
et al., 2020).

Kafle et al. (2022) and Sharma et al. (2023) documented the following contami-
nants that can be effectively remediated during the phytoremediation process:

Metalloids

Metals

Agrochemicals
Chlorinated solvents
Petroleum hydrocarbons
Radiochemical elements
Explosives

Inorganic substances
Organic waste.

1.1.1 Mechanisms of Phytoremediation

Tables 1 and 2 and Fig. 1 show mechanisms that plants adopt in sequestering,
containing, and/or detoxifying organic and inorganic contaminants in phytoreme-
diation. Basically, the mechanisms involve uptake, transformation, translocation,
compartmentalization, and occasionally mineralization of contaminants from the
environment. Different plants utilize different mechanisms, either in solitary or in
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combination, depending on the forms and types of contaminants and the environ-
ment. For this chapter, mechanisms that are specific to the soil will be elaborated
(Table 1).

1.1.1.1  Phytodegradation

This is a degradation technique that involves the mineralization of organic contam-
inants by certain enzymes found within plant cells (Asante-Badu et al., 2020;
Esposito et al., 2021). Through sunlight-driven chemical reactions, enzymes miner-
alize contaminants into simpler compounds needed for plant growth (Verma, 2022).
Agrochemicals and chlorinated solvents are notable examples of organic contami-
nants that can be degraded through this mechanism (Table 3). Bhandari et al. (2021)
reported the effective degradation of chlorinated solvents and pesticides by dehalo-
genase enzymes. Similarly, aniline and nitroaromatic compounds were effectively
decomposed by volatile enzymes and nitroreductase enzymes, respectively (Bhandari
etal., 2021).

Table 1 Mechanisms of phytoremediation by process (Sharma et al., 2023)

Process Mechanisms Types of contaminants
Degradation * Phytodegradation * Organic
* Rhizodegradation * Organic
Accumulation * Rhizofiltration * Organic and inorganic
* Phytoextraction * Inorganic
Dissipation * Phytovolatilization * Organic and inorganic
Immobilization |« Biological hydraulic containment * Organic and inorganic
* Phytostabilization * Organic and inorganic

Table 2 Mechanisms of phytoremediation with consideration to medium (Kafle et al., 2022)

Medium Mechanisms

Soil, sludge, or sediment * Phytodegradation
Rhizodegradation
Phytoextraction
Phytovolatilization
Phytostabilization

Wastewater and surface water ¢ Phytodegradation
Rhizodegradation
Rhizofiltration

Groundwater Phytodegradation
Rhizodegradation
Rhizofiltration
Phytovolatilization

Biological hydraulic containment
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Fig. 1 Schematic representation of phytoremediation of inorganic and organic contaminants

Table 3 Examples of plants known to effectively utilize phytodegradation, rhizodegradation, and
phytostabilization during phytoremediation

Mechanism Plants Contaminants | References
Common name | Scientific name

Phytodegradation | Horseradish Armoracia Benzophenone | Magbool et al.
Sage rusticana Agrochemicals | (2022)
Poplar Salvia officinalis (such as Poulios et al.
Four o’clocks | Populus spp. herbicides) (2020), Bak et al.
French Mirabilis jalapa Saturated (2023)
marigold Tagetes patula hydrocarbons | Abdullah et al.

(2020)

Rhizodegradation | Maize Zea mays Petroleum Sivaram et al.
Sesbania Sesbania hydrocarbons | (2020)
Cucurbits cannabina Polycyclic Kafle et al. (2022)
European Cucurbita sp. aromatic Njoku et al. (2022)
blackberry Rubus fruticosus hydrocarbons
Bermuda grass | Cynodon dactylon | Total

petroleum
hydrocarbons

Phytostabilization | Sword lily Gladiolus spp. Metals (Ni, Cu, | Wani et al. (2023),
Lovegrass Eragrostis spp. Cr, Zn, and Pb, | Lacalle et al.
Alyssum Alyssum spp. among others) | (2023), Sharma
Haumaniastrum | Haumaniastrum sp. et al. (2023),
Black Solanum nigrum Fernandez-Braia
nightshade Salix spp. et al. (2023)
Willow
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The effectiveness of phytodegradation is subject to a plant’s ability to absorb
and translocate contaminants to transformation sites, without effectuating cell death
(Abdullah et al., 2020). Howbeit, studies have noted that chelating agents and other
soil conditionings enhance contaminants’ solubility, thereby aiding their uptake by
plants (Yang et al., 2022). In addition, other remediation techniques are sometimes
used in synergy with plant transformation (Dong et al., 2023). Phytodegradation
is also known as phytotransformation. As shown in Table 3, sage (Salvia spp.) and
poplar (Populus spp.) are examples of plant species with the aforementioned enzyme
systems (Bak et al., 2023; Poulios et al., 2020).

1.1.1.2 Rhizodegradation

This is another degradation technique in phytoremediation, and it is similar to
phytodegradation. However, the degradation of organic contaminants occurs in the
rhizosphere through the activities of free-living symbiotic microorganisms that are
sustained by root exudates (Sivaram et al., 2020; Wani et al., 2023). In a recent
study, microbial association within the roots of Bermuda grass (Cynodon dactylon)
resulted in 81% degradation of total petroleum hydrocarbons (TPHs) (Njoku et al.,
2022). Similarly, polycyclic aromatic hydrocarbons (PAHs) were degraded by the red
mangrove (Rhizophora mangle) in association with Bacillus sp. and Pseudomonas
aeruginosa (Wu et al., 2023).

1.1.1.3 Phytostabilization

This is an immobilization technique in which plants absorb and precipitate contam-
inants (such as metals) found within plant roots or the rhizosphere, thereby limiting
their mobility and bioavailability within the environment (Bakshe & Jugade, 2023;
Sharmaetal., 2023; Wani et al., 2023). The mechanism does not reduce contaminants’
toxicity (Bakshe & Jugade, 2023; Sharma et al., 2023). Rather, through precipitation
in the rhizosphere and/or accumulation by the roots, contaminants’ movement in
plants’ unsaturated zone is restricted or prohibited (Mocek-Pidciniak et al., 2023).

Hence, the disadvantage of phytostabilization lies in the continuous existence
of contaminants in the system (Sharma et al., 2023). Also, the need to regularly
carry out surveillance to ascertain the continued immobility and reduced bioavail-
ability of contaminants is a major drawback of phytostabilization (Sharma et al.,
2023). Nevertheless, its potential to minimize soil erosion, decrease runoff, and
inhibit the leaching of metals into groundwater are remarkable advantages (Sarkodie
et al., 2022). Generally, phytostabilization improves soil fertility (Wani et al., 2023)
and restores ecosystem functioning (Wani et al., 2023). Phytostabilization does not
produce secondary wastes (Wani et al., 2023).

Phytostabilization comes in useful where phytoextraction is neither possible nor
desirable (Wani et al., 2023). For instance, phytostabilization could be useful in
limiting the off-site movement of metals from a barren contaminated site. Several
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studies have documented the effectiveness of phytostabilization in decreasing the
mobility and bioavailability of metals and metalloids (Ferndndez-Braiia et al., 2023;
Lacalle et al., 2023; Sharma et al., 2023; Wani et al., 2023;). Sword lily (Gladiolus
sp.) and alyssum (Alyssum sp.) are examples of metal-tolerant plants that have proven
successful in phytostabilization (Table 3) (Wani et al., 2023). These plants have the
ability to produce chelating agents (Wani et al., 2023). Phytostabilization is also
known as phytoimmobilization.

1.1.1.4 Phytovolatilization

With this dissipation technique, plants absorb contaminants via their roots, trans-
forming them into significantly diluted and less harmful forms, and subsequently
releasing them into the atmosphere via their leaves (Yan et al., 2020). Naturally
occurring plants capable of volatilizing metals into harmless organic compounds are
very limited (Wani et al., 2023). Plants are mostly genetically modified for phyto-
volatilization (Wani et al., 2023). Cultivated tobacco (Nicotiana tabacum) and thale
cress (Arabidopsis thaliana) are examples of genetically modified plants that have
demonstrated effectiveness in phytovolatilization (Niedbata et al., 2021; Nilsson,
2022). Some other examples of plants used for phytovolatilization are listed in
Table 4.

A limitation of this mechanism is that volatile compounds released into the atmo-
sphere can undergo precipitation and consequently be redeposited into the envi-
ronment (Khan et al., 2023b). However, as Meagher (2000) rightly posits, these
compounds are adulterated, thereby inducing little or no environmental hazards. It
has been noted that phytovolatilization undergoes photodegradation (Asante-Badu
et al., 2020). Generally, phytovolatilization is considered a beneficial remediation
technique (Asante-Badu et al., 2020). It is devoid of plant harvesting and biomass
disposal (Yan et al., 2020). Phytovolatilization has been reported to eliminate arsenic
(As), selenium (Se), mercury (Hg), and numerous noxious contaminants (Niedbata
et al., 2021; Nilsson, 2022; Yan et al., 2020).

1.1.1.5 Phytoextraction

Phytoextraction, also referred to as phytoaccumulation, involves the absorption of
contaminants by plant roots and their translocation and concentration aboveground
in plant tissues (Asante-Badu et al., 2020). Typically, plants with a high tolerance
for heavy contaminants, the hyperaccumulators, are planted on contaminated sites.
After a while, the plants are harvested and incinerated, and the ash is used in land-
fills. To achieve a significant cleanup, numerous cycles (cultivating, harvesting, and
incinerating) are used.

Poor biomass production and the slow growth rate of most hyperaccumulators are
major limitations of phytoextraction (Bian et al., 2020; Yan et al., 2020). However,



270

A. O. Eniola et al.

Table 4 Examples of plants known to effectively utilize phytovolatilization and phytoextraction
during phytoremediation

Mechanism Plants Contaminants References
Common name | Scientific name

Phytovolatilization | Rabbitsfoot Polypogon Metalloids and Nilsson (2022)
grass monspeliensis Metals (especially Niedbata et al.
Cultivated Nicotiana As, Se, and Hg) (2021)
tobacco tabacum Organochlorines
Thale cress Arabidopsis (e.g.,
Tulip tree thaliana 1,4-dichlorobenzene)
Two-grooved | Liriodendron
milkvetch tulipifera
Prince’s plume | Astragalus
Perennial reed | bisulcatus
grass Stanleya pinnata

Phragmites
australis

Phytoextraction Soybean Glycine max Agrochemicals Shah et al.
Sunflower Helianthus Explosives (2023)
Alfalfa annuus (Trinitrotoluene) Babu et al.
Tomato Medicago sativa | Metals (2021)
Chinese brake | Solanum Organic compounds | Li et al. (2020)

fern

Alyssum
Alpine
penny-cress
Shiny
Elsholtzia
Lettuce
Perennial grass

lycopersicum
Pteris vittata
Alyssum
bertolonii
Thlaspi
caerulescens
Elsholtzia
splendens
Lactuca sativa
Lolium perenne

studies have shown that phytoremediation can be assisted or induced using genet-
ically modified plants, microorganisms, and/or synthetic and organic amendments
(Wani et al., 2023). You et al. (2022) reported that fast-growing and high biomass-
producing nonaccumulator plants such as willows, when used in conjunction with
chelating agents, are effective in phytoextraction. Importantly, the study showed
that chelating agents improve the bioaccumulation of metals without negatively
affecting plant growth (You et al., 2022). Some examples of plants with evidence of
effectiveness in phytoextraction are shown in Table 4.

1.1.2 Assisted Phytoremediation

As earlier mentioned, phytoremediation can be enhanced using genetically modified
plants and microorganisms, as well as natural and synthetic amendments (Kafle et al.,
2022; Wani et al., 2023; Yan et al., 2020).
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1.1.2.1 Genetic Engineering Enhancement

With genetic engineering, desirable genes for enhanced uptake, translocation, seques-
tration, and detoxification of contaminants can be transferred to plants (Kafle
et al., 2022). The resulting transgenic plants are characterized as fast-growing,
high biomass-producing, and metal-tolerating (Kafle et al., 2022). Tussipkan and
Manabayeva (2022) documented that the combination of transgenic plants with
bacterial genes degraded simazine (herbicide) into diverse nonhazardous simpler
forms. Several studies have reported the effectiveness of genetic engineering in in situ
phytoremediation (Venegas-Rioseco et al., 2021; Zarull et al., 2002). More studies
are required to fully understand its effectiveness in a real-world situation.

1.1.2.2 Microbial Enhancement

Through bioaugmentation and biostimulation, microorganisms enhance the uptake
of heavy metals and metalloids, as well as the degradation of other contaminants
(Kafle et al., 2022). Biostimulation is the introduction of additional nutrients such as
phosphorous (P) and nitrogen (N) for the stimulation of existing microorganisms in
contaminated media (e.g., soil) (Janati et al., 2021). On the other hand, bioaugmen-
tation involves the introduction of additional microorganisms (genetically modified
or natural) to a contaminated environment (Janati et al., 2021).

Zeng et al. (2021) reported that heavy metal removal in soil increased by 52, 44,
and 32% for manganese (Mn), zinc (Zn), and arsenic (As), respectively, following
the addition of Burkholderia spp. Similarly, Sarkodie et al. (2022) reported that Cd
uptake increased by 43% using Sedum plumbizincicola. Also, Lacalle et al. (2023)
noted that the introduction of actinobacterial consortium with organic matter resulted
in the most efficacious transformation of hexavalent chromium to trivalent chromium
(Lacalleetal.,2023). Evidently, plant growth-promoting endophytic bacteria (PGPE)
and plant growth-promoting rhizobacteria (PGPR) enhance metal accumulation and
plant growth through the secretion of indole acetic acid (IAA), siderophore, auxins,
and other compounds (Wang et al., 2022).

Along with the above, fungi also play a huge role in phytoremediation. Arbuscular
mycorrhizal fungi (AMF) enhance the bioavailability of contaminants through direct
and indirect interaction with contaminants (Bhantana et al., 2021). AMF produce
phytohormones (Pons et al., 2020) and enhance plant roots’ absorptive surface area
(Gao et al., 2023). Bioaugmentation of red clover (Trifolium pratense) with AMF
resulted in higher Zn accumulation.

1.1.2.3 Natural and Synthetic Chelate Amendments
The treatment of soil with natural and synthetic amendments enhances the bioavail-

ability, uptake, and translocation of metals in the phytoextraction process (Garbowski
et al., 2023). Additionally, natural and synthetic amendments enhance plant growth
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Table 5 Natural and synthetic chelating agents utilized in phytoremediation

Amendments Plants Contaminants References

Common name ‘ Scientific name

Natural organic amendments

Sugar beet White clover Trifolium repens | Ni, Cd, Cr, Fe, | Rashmi et al.
residue (SBR) Rock samphire | Crithmum and Zn (2023), Lashen
maritimum et al. (2022)
Paper beet Pine tree Pinus nigra Pb and Cd Mittal et al. (2021)
residue (PBR) Red oak Quercus rubra
Wood biochar Maize Zea mays Cu, Cd, As, and | Qiu et al. (2022)
Pb
Bamboo and rice | Sedum Sedum Cu and Pb Sakhiya et al.
straw biochar plumbizincicola (2022)
Chemical amendments
EDTA Sedum Sedum alfredii Pb Dong et al. (2023),
Broad bean Vicia faba Pb Saman et al. (2022)
Ethylene glycol | Four o’clocks Mirabilis jalapa | Cd Mobhrazi et al.
tetraacetic acid Chickpea Cicer arietinum | Pb (2023), Zhang et al.
(EGTA) (2022)
Sodium dodecyl | Hollyhocks Althaea rosea Cd Chakraborty et al.
sulfate (SDS) Pot marigold Calendula Cd (2021), Correia
White poplar officinalis Zn et al. (2022),
Populus alba Khoshdast (2021)

(Rashmi et al., 2023). Several researchers have reported the efficacy of diverse
chelating agents in the increased accumulation of metals and metalloids (Gul et al.,
2021; Yang et al., 2023; Zulkernain et al., 2023). Table 5 shows some examples of
natural and synthetic amendments.

EDTA is posited as the most efficacious chelating agent (Saman et al., 2022).
According to Saman et al. (2022), EDTA increases metal uptake from contaminated
soil to over 1% of shoot dry biomass. However, possibilities of long persistency in
the environment, leaching in groundwater, and adverse effects on microorganisms
have limited the acceptance of EDTA (Yang et al., 2022). Hence, the use of other
chelating agents has been recommended by several researchers (Gul et al., 2021;
Yang et al., 2022; Zulkernain et al., 2023).

1.1.3 Benefits and Limitations of Phytoremediation

The benefits of phytoremediation outweigh its limitations. Overall, phytoremediation
improves the environment, leaving no significant secondary contaminants. Also,
phytoremediation is highly cost-effective. The result of a study showed that while
phytoremediation of one acre of soil costs between USD 60,000 to 1,000,000, soil
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Table 6 Benefits and limitations of phytoremediation application

Benefits

Limitations

Application is possible ex situ and in situ
(Alsafran et al., 2023; Zarull et al., 2002)

Physical accessibility of contaminants to plant
roots is necessary for in situ applicability. In
situ is not effective for highly hydrophobic
substances. Current phytoremediation
knowledge is from research carried out in situ.
There is a need for numerous field research to
ascertain effectiveness (Kafle et al., 2022)

Phytoremediation can be adapted to cover a
substantial area and can be easily predisposed
(Tan et al., 2023). Diverse mechanisms can
remediate diverse contaminants (Alsafran

et al., 2023; Zarull et al., 2002)

Choosing mechanisms that can remediate
multiple contaminants at once remains a tough
decision (Sadasivam, 2022)

It is effective even at both high and low
concentrations of contaminants (Alsafran
et al., 2023; Zarull et al., 2002)

Sustaining plant growth in highly contaminated
environments could be difficult. Thus,
applicability could be limited by high-level
toxicity contaminants (Alsafran et al., 2023;
Kafle et al., 2022)

Diverse plants are available for use (Alsafran
et al., 2023; Zarull et al., 2002)

Some plants may only proliferate under certain
environmental conditions and seasons. Also, the
phytoremediation capacity of some plants may
be affected by diseases and pests (Kafle et al.,
2022). Additionally, the choice of plants for the
remediation of different contaminants could be
difficult (Alsafran et al., 2023; Zarull et al.,
2002). Hence, numerous research is needed in
addressing the aforementioned concerns

It is an autotrophic system that derives its
source of energy from the sun and can
therefore be easily managed (Yan et al., 2020)

excavation can cost up to USD 4,000,000 (Riaz et al., 2022). A comparison of the
benefits and limitations of phytoremediation is made in Tables 6, 7, and 8.

1.2 Vermicomposting

Vermicomposting is the process of recycling diverse biodegradable wastes such as
domestic residue, animal manure, and agro-waste into nutrient-rich vermicompost
using earthworms (Ahmad et al., 2022; Kaur, 2020). Vermicompost is a high-nutrient
biofertilizer, mainly comprising decayed organic matter, microorganisms, and worm
casts (Rehman et al., 2023). Vermicomposting is similar to conventional composting
techniques, except for the use of earthworms (Kaur, 2020). Vermiculture, which is
the science of raising and breeding earthworms, is key to vermicomposting.
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Table 7 Benefits and limitations of phytoremediation with consideration to cost and time factors

Benefits Limitations

Cost-effectiveness

Highly cost-effective. Operation and labor Mechanisms could be slow and

costs are cheaper, in comparison to time-consuming. Also, when plant deaths

conventional remediation techniques (Alsafran | occur, there could be an increase in the cost of

et al., 2023; Zarull et al., 2002) the process (Alsafran et al., 2023; Zarull et al.,
2002)

The recovery of contaminants from plant To avoid accidents, additional efforts are

tissues presents commercialization privileges directed (Alsafran et al., 2023; Zarull et al.,
(Alsafran et al., 2023; Zarull et al., 2002). High | 2002)

possibility for the reuse of remediated
(recovered) metals in phytomining. High
biomass-producing plants such as willow may
be further utilized during incineration and
construction, among others (Kalak, 2023)

Time factor

Though it takes years to fully remediate a Phytoremediation is time-consuming,
contaminated site, the result always beats time. | compared to other conventional methods
Also, assisted phytoremediation reduces the (Wani et al., 2023)

time required for cleanup (remediation) (Wani
et al., 2023)

Earthworms belong to the phylum Annelida and class Oligochaeta, and over 4000
species have been identified worldwide (Baturina et al., 2020). Sadly, seldom are
they used in the recycling of organic wastes (Baturina et al., 2020). Earthworms
can be broadly categorized into burrowing or nonburrowing earthworms (Baturina
et al., 2020). Table 9 summarizes the key differences between the two categories of
earthworms.

Earthworms weigh about 0.5-0.6 g, consume organic wastes equivalent to their
body weight, and produce 40-60% of consumed waste as vermicast (Kaur, 2020).
Earthworm gut microorganisms secrete enzymes capable of degrading consumed
organic wastes into various nutrients needed for soil fertility and plant growth. Ergo,
vermicompost is significantly higher in macro- and micronutrients than traditional
compost (Emendu et al., 2022). Table 10 compares the nutrient contents of traditional
compost with that of vermicompost prepared from cattle dung.

1.2.1 Vermicomposting Modes and Methods

Vermicomposting can be categorized into two modes: the continuous and batch
modes (Kaur, 2020). In the batch mode, both substrates and earthworms are added
at the beginning, without any further addition throughout composting (Kaur, 2020).
On the other hand, the continuous mode involves the continuous addition of organic
wastes, subject to earthworms’ consumption rate (Kaur, 2020).



Phytoremediation and Vermicomposting

275

Table 8 Other benefits and limitations of phytoremediation

Benefits

Limitations

Efficacy

Highly effective in the remediation of organic
and inorganic contaminants (Kafle et al., 2022;
Wani et al., 2023; Yan et al., 2020)

Efficacy is highly dependent on environmental
conditions and seasonal factors, plant
physiology, and the physicochemical condition
of the media (soil) (He & Matthews, 2023;
Kafle et al., 2022). Hence, success could be
site-specific (Kafle et al., 2022)

Has high efficacy in remediating sites
contaminated with multiple contaminants
(Alsafran et al., 2023; Zarull et al., 2002)

The effects of the different contaminants on
plant physiology and performance should be
considered (Alsafran et al., 2023; Zarull et al.,
2002)

Assisted phytoremediation using genetic
engineering, microorganisms, and chelating
agents enhance effectiveness (Wani et al.,
2023; Yan et al., 2020)

As aresult of genetic engineering of plants,
undesirable plant species might ensue. Also,
the use of chelating agents could increase the
concentration of metals in soil, consequently
increasing the possibility of leaching (Yang
et al., 2022)

Environmental and human impact

Environmentally friendly. Overall,
phytoremediation improves the environment,
leaving no significant secondary contaminants.
It is highly conservative of natural resources,
highly biologically active, nonintrusive, and
nondestructive (Alsafran et al., 2023; Zarull

et al., 2002). It helps check erosion and
leaching of contaminants (Yan et al., 2020)

Also, there is a high risk of bioaccumulation of
contaminants in the food chain (Alengebawy
et al., 2021). Thus, necessary precautions must
be taken, and proper biomass disposal is
required (Alsafran et al., 2023; Zarull et al.,
2002)

Implication on plant growth and agriculture

Phytoremediation boosts soil fertility and
health. It aids plant phytochemicals and growth
rate (Bhat et al., 2022; Yan et al., 2020)

There is still the possibility of leaching
(Alengebawy et al., 2021)

Contaminated soil can be remediated for
agricultural purposes (Alsafran et al., 2023;
Zarull et al., 2002)

Both modes have their limitations and strengths. However, there is the need to
stockpile wastes before commencing batch vermicomposting. Howbeit, wastes get
composted at about the same time in batch mode. On this account, the risk of contam-
ination that is associated with the subsequent addition of wastes in continuous mode
is nullified in batch vermicomposting (Kaur, 2020). Also, space could be saved from
the upward mounding of wastes in batch mode. The addition of all waste at a time is
posited to increase the risk of generating too much heat for earthworms. Numerous

methods fall under both modes.
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Table 9 Differences between nonburrowing and burrowing earthworms (Baturina et al., 2020)

Characteristics Nonburrowing Burrowing
Length 10-15 cm 20-30 cm
Color Purple or red Pale in color
Life span 28 months 15 years
Habitat Soil upper layers Deep in the soil

Vermicomposting property

Have a faster rate of converting
organic wastes to vermicompost

Have a slower rate of
vermicomposting

Examples

African nightcrawler (Eudrilus
eugeniae) and red worm
(Eisenia fetida)

Asian earthworms (Pheretima
posthuma and Pheretima
elongata)

Table 10 Comparison of the macro- and micronutrient content of traditional compost and
vermicompost with weight in mg/Kg (Emendu et al., 2022)

Nutrient content Traditional compost Vermicompost
pH 8.30-8.50 8.83-9.01
Carbon-to-nitrogen ratio 42.68-45.92 14.89-16.03
Total nitrogen (%) 0.79-1.27 1.20-3.60
Total organic carbon (%) 44.39-46.41 37.01-37.23
Total sodium (%) 0.51-0.91 1.03-1.79
Total phosphorous (%) 0.62-1.22 0.68-2.30
Total potassium (%) 2.80-5.21 —0.18-3.98
Electrical conductivity (mS/cm) 3.20-3.24 2.79-2.85
Mn 11.25-14.79 37.13-38.89
Fe 618.44-621.64 588.52-591.56
Cu 7.81-8.27 8.83-9.23
Zn 9.48-10.22 11.17-11.91
1.2.1.1 Tower Method of Vermicomposting

This is highly domesticating, simple, and fast. Wastes are added to earthworms
contained in polyvinyl chloride (PVC) pipes that are permanently and vertically
erected in dug holes (Kaur, 2020). Wastes can be periodically added. Thus, there is

no need for stockpiling.

1.2.1.2  Flow-Through Reactor Method

The term “flow-through” denotes the nondisturbance of earthworms in the reactors
(Kaur, 2020). As described by Kumari and Mohan (2021), earthworms are placed in
a common rectangular-shaped elevated box of about 3 m in width. Organic materials
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Fig. 2 Windrow vermicomposting (vermicompost is made in the form of rectangular heaped ridges)

are subsequently added from the topmost layer. Using a hydraulically driven bar,
casts are removed from the reactor via the bottom grid.

1.2.1.3 Windrow Vermicomposting

Windrows are commonly used by commercial farmers (Kaur, 2020; Liu & Wang,
2020). They are rows about 3 feet wide, 3 feet high, and 100 feet long in structure
(Fig. 2) (Kaur, 2020; Liu & Wang, 2020). Windrows are seeded with earthworms,
and fresh organic matter feeds are added to their edges to lure out earthworms (Kaur,
2020). Static piles, top feed, and wedges are the commonest ways of carrying out
the windrow method of vermicomposting (Kaur, 2020; Liu & Wang, 2020). Batch
mode is used in static pile windrow, whereas the continuous mode is utilized in top
feed and wedges (Kaur, 2020; Liu & Wang, 2020).

Static pile windrows are elongated, rectangular, or square-shaped piles of mixed
bedding and feed (Kaur, 2020). Before settling, the pile’s height should not surpass
1 m (Kaur, 2020; Liu & Wang, 2020). To ensure ventilation, piles should be produced
outdoors. Also, to prevent rain, they should be covered with corrugated iron (Liu &
Wang, 2020).

Top-fed windrows follow a static pile approach, except that a layer of new bedding
material about 10 cm is continuously fed into the system (Kaur, 2020; Liu & Wang,
2020). Also, the lining is utilized in preventing worms’ escape (Liu & Wang, 2020).
However, the lining has been criticized for limiting air movement, constituting anaer-
obic conditions, and causing the death of some earthworm populations, thereby
limiting the effectiveness of vermicomposting.
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Wedge windrow also adopts the continuous mode, as well as the use of lining
(Kaur, 2020; Liu & Wang, 2020). However, there is an engrossing modification
to wedges (Kaur, 2020; Liu & Wang, 2020). An initial earthworm-bedded stock
is added inside an approximately 1 m tall multisided corral-type structure (Kaur,
2020; Liu & Wang, 2020). Straw, hay, bales, wood, and concrete are examples of
materials utilized for the sides of the corral-type structure (Kaur, 2020; Liu & Wang,
2020). Periodically, fresh materials are added via the open side of the corral-type
structure (Kaur, 2020; Liu & Wang, 2020). With each addition, worms are lured by
the fresh food, leaving cast behind (Kaur, 2020). Following the filling of the corral,
it is scooped for casting (Kaur, 2020; Liu & Wang, 2020).

1.2.1.4 Bin or Bed Vermicomposting

This is the easiest method of vermicomposting (Kaur, 2020). Bins and beds can
be made from untreated, nonaromatic wood (Fig. 3), plastics, and plant protectors,
among others (Kaur, 2020). Following the addition of decayed leaves, composted
animal manure or shredded paper, a handful of soil, some water for moisture, and
earthworms should be added to the bin or bed (Kaur, 2020). Primarily, added soil
offers a burrowing platform for burrowing earthworms such as red earthworms (Kaur,
2020). Red earthworms remain the best worms for bin vermicomposting (Kaur,
2020).

The addition of eggshells to the bed reduces the acidity level of the bed. Addi-
tionally, egg shells enrich earthworms with calcium (Kaur, 2020). Fish, meat, and
other fatty foods should not be bin-composted. Otherwise, there will be the produc-
tion of a foul smell (Kaur, 2020). Stacked bins and top-fed beds are types of bin or
bed methods of vermicomposting. While the top feed uses the continuous mode, the
stacked bin adopts both modes.

Top-fed beds are similar to top-fed windrows, except that the bed is a floor
contained within four walls (Kaur, 2020). Also, top-fed beds are commonly built
with straws, bales, or insulated sides, which could be utilized in insulating them
(Kaur, 2020). The stacked bin uses a vertical dimension in addressing the issues of
space (Kaur, 2020). However, the stacked bin must be small in size, to enable easy
lifting by forklift or by hand.

1.2.1.5 Trench or Pit Vermicomposting

Following the lining of dug pits with lining materials such as canvas feed bags,
earthworms and organic materials or wastes are buried in the pit (Kaur, 2020). Pits
or trenches are periodically watered to maintain moisture. Also, earthworms are
subsequently added at the time of watering. Watering could be carried out weekly.
Figure 4 shows a picture of a pit or trench.
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Fig. 3 Bin or bed vermicomposting with wood protector (vermicompost is prepared in bins or
bed-shaped containers protected by wood or other suitable materials)

1.2.1.6  Trough Vermicomposting

This is another continuous mode of vermicomposting, where a minimum of one-
week-old manure is periodically spread across a trough, followed by the addition of
earthworms (Kaur, 2020). More layers of manure are added every 10 days until the
trough is filled.

1.2.2 Benefits and Limitations of Vermicomposting

Vermicomposting, just like phytoremediation, offers important environmental bene-
fits. Studies have documented the effectiveness of vermicomposting in recycling
diverse organic wastes into vermicompost (Eremeeva et al., 2023; Hajam et al., 2023;
Ratnasari et al., 2023; Vukovi¢ et al., 2021; Vyas et al., 2022). The application of
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Fig. 4 Pit or trench vermicomposting (organic materials are placed in dug-out trenches or pits)

vermicompost in agriculture enhances soil physicochemical and biological quality
(Kaur, 2020). Also, vermicompost enhances plant growth and productivity (Kaur,
2020). Specific benefits of vermicompost in soil and plants are shown in Table 11.

In addition, vermiwash is a high-quality organic fertilizer. Vermiwash, just like
vermicompost, is significantly rich in micro- and macronutrients, plant growth
hormones, and enzymes (Kaur, 2020). Vermiwash is the clear, transparent, pale
yellow liquid (fluids) extracted from the watery washing of vermicompost (Kaur,
2020). Vermiwashing is carried out by passing water into columns of earthworm
actions. It takes about 40-50 days to get the clear, transparent pale yellow fluid from
the vermiwash unit (Kaur, 2020).

While vermicomposting plays a pivotal role in environmental cleanup and agri-
culture, its application is associated with some limitations. The separation of earth-
worms from vermicompost requires adequate care and attention (Eremeeva et al.,
2023). Also, earthworms proliferate at 60—70% moisture level, mesophilic temper-
ature, and a neutral pH (Eremeeva et al., 2023). Earthworms’ ingestion system and
the resulting cast are subject to feed substrates, topography, moisture content, and
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Table 11 Benefits of vermicompost on soil and plants (Kaur, 2020)
Soil Plant

Its richness in humic acid balances soil pH | Supplies plants with essential aids and nutrients
needed for the suppression of plant diseases

Allures soil indigenous deep-burrowing Eases mineral absorbing by plants

earthworms

Enhances soil nutrient recycling Enhances root growth and plant structure of the
plant in porous soil

Increases infiltration, water-holding Ameliorates plant growth, crop germination, and

capacity, aeration, and porosity yield

Offers the uttermost microbial population | Offers uttermost microbial population to plants
to the soil

Increases available water-holding and
water retention capacities

Reduces leaching

Improves soil texture and plant roots’
anchoring

Increases enzyme activities

Soil can be amended with finished
vermicompost during phytoremediation

temperature, among other factors (Xiao et al., 2022). Similarly, microbial growth and
dispersal during vermicomposting directly correlate to available nutrients, temper-
ature, moisture, as well as pH (Xiao et al., 2022). It is important that all vermi-
composting methods be protected from direct sunlight. Also, shade is crucial to the
maintenance of moisture content.

1.3 Combined Application of Phytoremediation
and Vermicomposting

Although phytoremediation and vermicomposting are distinct in their techniques,
their combined application could offer intriguing and efficacious outcomes. Nedjimi
(2021) reported that the integration of tiger worm (Eisenia andrei) vermicompost
with black oat (Avena strigosa) enhanced the removal of Pb, Cr, and Cd from the
soil. Also, several studies have reported the significant roles that earthworms play in
the enhancement of phytoremediation of heavy metals (Aransiola et al., 2021; Babu
etal., 2021; Gudetaetal., 2023; Liu et al., 2023; Nedjimi, 2021; Sharma et al., 2023).

Among the aforementioned, Kaur (2020) revealed that the integration of red earth-
worm (Eisenia fetida) with mustard greens (Brassica juncea) significantly enhanced
the phytoremediation of Cd. Also, Nedjimi (2021) documented that the decrease
in soil pH as a result of earthworms’ secreted organic acids (such as humic and
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fulvic acids) enhanced heavy metal bioavailability in the rhizosphere of plants during
phytoremediation of the metal-contaminated site.

Their combined application, especially in sites contaminated by diverse contami-
nants and wastes, will result in faster and more sustainable remediation. While vermi-
composting offers a sustainable solution to organic wastes, phytoremediation reme-
diates both organic and inorganic contaminants. Also, vermicompost and vermiwash
are rich sources of nutrients, growth hormones, and enzymes for phytoremediation
plants. Additionally, vermiwash could be applied as a biopesticide.

2 Conclusion

The dramatic rise in the accumulation of contaminants and wastes in the environment
calls for sustainable environmentally friendly approaches such as phytoremediation
and vermicomposting. Vermicomposting remains an effective waste management
technique. With earthworms, toxic substances are significantly decomposed from
waste, leaving vermicompost. Vermicompost is a high-nutrient organic fertilizer.
Vermiwash, which is extracted from vermicompost, is another high-nutrient biofer-
tilizer. Vermicompost and vermiwash are rich in nutrients, plant growth hormones,
and enzymes.

Phytoremediation mechanisms are effective at remediating diverse organic and
inorganic contaminants. Numerous plants have the capability to degrade, immo-
bilize, bioaccumulate, and/or dissipate organic and inorganic contaminants. Also,
plants can be genetically modified for better performance. Phytoremediation can be
equally enhanced through microorganisms and a good number of soil amendments.
Numerous studies have been carried out on phytoremediation and vermicomposting.
Their application, separately and/or combined, is important.
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Symbiotic Relationship of Microbial )
Communities and Vermicompost ek

Aisha Bisola Bello, Idris Abdullahi Dabban, Ibrahim Mohammed Hussaini,
Wuna Muhammad Muhammad, Abdulsamad Omotayo Aiyelabegan,
and Adejoh Suleiman Ocholi

Abstract Vermicomposting is a process where organic wastes are degraded through
the earthworm—microorganisms synergistic relationship. Although vermicomposting
effectively reduces organic biomass and in turn generates quality bio-fertilizers
required for plant growth and soil improvement, there is sparse knowledge about
the microbial communities involved in the decomposition process. On the basis
of habitats, sizes, and feeding habits, vermicompost earthworms are divided into
epigeic, anecic, and endogeic, with the epigeic earthworms being a better option
for vermicomposting as a result of their rapid conversion of organic matter to
vermicast. The vermicast of earthworms is a high-quality nutrient-rich fertilizer
containing nitrogen-fixing bacteria, auxin, gibberellin, micronutrients, beneficial
microbes, phosphate-solubilizing bacteria, humus, and nitrogen, phosphorus, and
potassium (NPK). Microorganisms involved in vermicompost are bacteria, fungi,
and actinomycetes, with soil improvement and plant protection capacities. The posi-
tive impact of the symbiotic relationship between earthworms and microorganisms
has been recognized. The earthworm’s ability to degrade organic matter is ascribed
to the microbial communities residing in the gut of the earthworms and in turn estab-
lishes a suitable environment through aeration, burrowing, secretion, and cast for an
enhanced microbial activity. In view of these, this chapter highlights the biotic and

A. B. Bello (X) - I. A. Dabban
Department of Biological Sciences, Federal Polytechnic Bida, Bida, Nigeria
e-mail: aisha.bisolabello@fedpolybida.edu.ng

I. M. Hussaini

Department of Microbiology, Faculty of Life Sciences, Ahmadu Bello University Zaria, Zaria,
Nigeria

W. Muhammad Muhammad

Department of Microbiology, Faculty of Life Sciences, Federal University of Technology Minna,
Minna, Nigeria

A. O. Aiyelabegan
Helix Biogen Institute, Ogbomoso, Nigeria

A. S. Ocholi
Department of Biology, Kogi State College of Education, Kabba, Nigeria

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 289
S. A. Aransiola and N. R. Maddela (eds.), Vermitechnology: Economic, Environmental
and Agricultural Sustainability, https://doi.org/10.1007/978-3-031-96212-7_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-96212-7_13&domain=pdf
mailto:aisha.bisolabello@fedpolybida.edu.ng
https://doi.org/10.1007/978-3-031-96212-7_13

290 A. B. Bello et al.

abiotic components of vermicompost, phases involved in the vermicompost process,
and the symbiotic relationship of earthworms and some groups of microorganisms.

Keywords Bacteria - Earthworms + Fungi - Vermicompost - Vermicast

1 Introduction

Vermicomposting is a biotechnological, non-thermophilic, bio-oxidative process that
involves earthworms (Eisenia fetida) and associated microbes (Abdelsattar et al.,
2023; Pathma & Sakthivel, 2012). It is a process of waste biodegradation through
the synergistic actions of earthworms and microbial communities through their guts,
resulting to cast also known as earthworm manure (Ali et al., 2015; Dominguez et al.,
2019; Villar et al., 2017). However, understanding vermicomposting of crop residue
and manure in combination with nutrient-rich sources in the soil is required (Raza
etal., 2022).

The essential factors on which the vermicomposting process depends are abiotic
and biotic. The abiotic factors include pH, temperature, aeration, moisture content,
C/N ratio, and many others (Kaur, 2020; Yadav et al., 2022), while the biotic factors
include mainly earthworms and microorganism, although there are also abundant
protozoa and many animals of varying sizes, including nematodes, and microarthro-
pods. Earthworms are macroscopic clitellate oligochaete annelids that live in soil.
They are major components of the soil fauna in a wide variety of soils and climates and
are involved directly or indirectly in biodegradation of organic matter such as accel-
erating decomposition and recycling elements in association microbes (Munnoli,
2015; Zhang et al., 2023). Based on feeding habitat, earthworm species have been
classified into epigeic, anecic, and endogeic (Bhat et al., 2017; Medina-Sauza et al.,
2019; Singh et al., 2020). Among which epigeic species have been reported to have
better vermicomposting potential with E. fetida been the most important earthworm
species for vermicomposting due to its high rates of consumption, digestion and
assimilation of organic matter, tolerance to a wide range of environmental factors,
short life cycles, high reproductive rates, and endurance and resistance to handling
(Dohaish, 2020).

Though microorganisms are principally responsible for the biodegradation
process in vermicomposting or vermiremediation because of their presence in the gut
earthworms, their activity and population are stimulated by earthworms through their
feeding, aeration, and the excretion of casts (Aransiola et al., 2022; Gémez-Brandén
et al., 2012; Thakur et al., 2022).

The biotic interactions between microbial decomposers and the soil fauna
including earthworms include competition, mutualism, predation, and facilitation
(Iven et al., 2023; Sampedro & Dominguez, 2008). These biotic components are
found in a range of trophic levels; some feed primarily on microorganisms (micro-
bial feeders), organic matter (detritivores), or a combination of organic matter
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and microorganisms (microbial detritivores), while others feed on animals (carni-
vores). The diverse microbial community in vermicomposting serves as the primary
producers; they are numerically abundant and are responsible for breaking down and
mineralization of organic matter, while the secondary and higher level consumers
existing alongside microbes, feeding on and dispersing them throughout the organic
matter.

The vermicomposting process takes place in two different phases based on the
activity of earthworms; this include the active phase, during which earthworms
process organic matter, altering its physical state and microbial composition; the
duration of this phase mostly depends on the species, density of the main drivers of
the vermicomposting process, and the rates at which they ingest the organic matter.
The active phase is then followed by the maturation phase characterized by the
displacement of the earthworms towards fresher layers of undigested waste, during
which the microbial decomposers takeover the decomposition of the earthworm’s
processed waste (Aira & Dominguez, 2008; Ducasse et al., 2022).

Vermicomposting systems sustain a complex food web, in which earthworms
interact intensively with microorganisms and other fauna within the decomposer
community, accelerating the stabilization of organic matter and greatly modifying
its physical and biochemical properties (Dominguez et al., 2010; Munnoli, 2015;
Munnoli et al., 2010). These microorganisms and earthworms act symbiotically to
accelerate and enhance the decomposition of organic matter resulting in faster miner-
alization and humification (Chowdhury et al., 2022; Emperor & Kumar, 2015). The
earthworms augment the symbiotic gut microflora with secreted mucus and water
to increase their degradation of ingested organic matter (Edwards & Arancon, 2022;
Pramanik et al., 2007). The activities of the earthworm increase the surface area avail-
able for microbial activity (Ahmed & Al-Mtairi, 2022; Gémez-Brandén et al., 2012).
Such activities enhance the turnover rate and productivity of microbial communities,
thereby increasing the rate of decomposition. The symbiosis between earthworms
and microorganisms in vermicomposting has been reported to hasten the decom-
position process to a significant extent when compared to traditional composting
methods that utilize only microorganisms (Bhat et al., 2017). Earthworms indirectly
alter the dynamics of chemical processes in organic matters, via comminution and
influencing the activity of the microflora (Pathma & Sakthivel, 2012; Yadav & Singh,
2023). Microbes serve as sources of protein-rich food for earthworms, and they work
synergistically to increase organic waste decomposition (Emperor & Kumar, 2015).
Vermicomposting has been reported to modify the microbial community of organic
matter in diverse ways (Chen et al., 2022; Pathma & Sakthivel, 2012). For instance, a
study on the vermicomposting of municipal solid wastes with a high organic compo-
nent was conducted. The amount of total organic carbon was found to have signif-
icantly decreased, while the variety and evenness of the bacterial community had
significantly increased. The findings showed that the composition and structure of
the bacterial population were significantly influenced by earthworms (Srivastava
etal., 2021). Another study by Bianco et al. (2022) examined microbial populations
in the pretreatment stage and vermicomposting stage of brewer’s spent grain, which
is particularly rich in cellulose, hemicellulose, lignin, and nitrogen. The stabilization
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of organic matter was indicated by a decline in the total organic carbon accompa-
nied by an increase in the total nitrogen. In comparison with the initial materials,
the Chaol and Shannon index of bacteria and fungus clearly increased in the final
vermicompost. Similarly, Gémez-Brandén et al. (2010) discovered that during the
vermicomposting of grape marc, the earthworms’ presence altered the organization
of the microbial community and led to a decreased abundance of bacteria (except
for Gram-negative bacteria) and fungi. Nechitaylo et al. (2010) also reported on the
effect of earthworms on bacterial diversity in soil and observed that the bacterial
counts in gut/vermicompost were higher than those in the surrounding soil.

Earthworm activity profoundly affects the physical, chemical, and biological prop-
erties of organic substrates. These worms voraciously feed on such substrates, which
are grounded into fine powder in the gizzard before been acted upon by diges-
tive enzymes, microorganisms, and other fermenting substances further aiding their
breakdown within the gut. The earthworms only utilizing a small portion of it for
their growth and excrete a large proportion in a half-digested form ‘casts’ which
can be easily decomposed into vermicompost by a wide range of microorganisms
from the guts of earthworms (Pathma & Sakthivel, 2012). The decomposition of
organic matter during vermicomposting process through fragmentation and inges-
tion is due to the earthworm’s gut-associated processes, which includes all the modi-
fications that the organic matter and the microorganisms undergo during transit in
the gut of worms (Gémez-Brandén et al., 2022) (Fig. 1). Such modifications include
the addition of sugars and other substances, modification of the microbial diversity
and activity, modification of the micro-fauna populations, homogenization, and the
intrinsic processes of digestion, assimilation, and production of mucus and excre-
tory substances like ammonia and urea, which serve as nutrients for microorganisms.
These endosymbiotic microorganisms enhance decomposition through the produc-
tion of various extracellular enzymes that degrade various compounds in the organic
matter. Other physical modifications of the substrate caused by the burrowing and
tunnelling activities of the earthworms aerate the substrate and enable water, nutri-
ents, oxygen, and microbes to move through it, further enhancing decomposition
(Aira et al., 2008; Das & Paul, 2023).

Various bacteria and fungi species have been reported in vermicomposts produced
by different earthworm species. Yasir et al. (2009) reported Proteobacteria,
Bacteroidetes, and Actinobacteria in vermicompost containing E. fetida. Similarly,
in vermicompost containing E. fetida, Satpathy et al. (2020) reported Actinomyces
israelii, Azotobacter, Micrococcus luteus, Bacillus cereus, Bacillus subtilis, Pseu-
domonas aeruginosa, and Enterobacter species. Azotobacter, autotrophic Nitro-
somonas, and Nitrobacter were observed in Eudrilus species vermicomposts by
Gopal et al. (2009). Emperor and Kumar (2015) isolated Klebsiella pneumoniae,
P. aeruginosa, Enterobacter aerogenes, Morganella morganii, Proteus vulgaris,
Escherichia coli, Enterococcus faecium, B. subtilis, and B. cereus in vermicom-
post of Eudrilus eugeniae and K. pneumoniae, P. aeruginosa, Enterobacter acro-
gens, Citrobacter diversus, and B. subtilis in vermicompost of E. fetida. Their
study also reported the following fungi species in vermicompost Rhizopus nigricans,
Chaetomium globosum, Aspergillus flavus, Aspergillus niger, Aspergillus nidulans,
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Fig. 1 The process of vermicomposting by earthworms (Rusénescu et al., 2022)

Cladosporium herbarum, Fusarium oxysporum, Fusarium moniliforme, and Peni-
cillium citrinum. All these microbes found in the vermicompost were reported to be
present in the gut of the earthworm species. According to Singleton et al. (2003), the
gut of earthworms contains ‘nitrogen-fixing” and ‘decomposer microbes’ which are
released along with nutrients in their final excreta. Bhat et al. (2017) reported that
ingested material while passing through the gut of earthworms increases the number
of microbes up to 1000-fold. Karanpantzou et al. (2023) also reported that ingested
waste material yields a decreased C/N ratio, increased total nitrogen, neutral pH,
excess enzymatic activities, and rich source of beneficial microorganisms such as
nitrogen-fixing bacteria, plant growth stimulating, and enzyme-producing bacteria.

2 Components of Vermicompost

The components of vermicompost are generally divided into abiotic and biotic
(Fig. 2). The abiotic components include all physical and chemical parameters
present in vermicompost that can affect the success of vermicomposting. The phys-
ical component includes soil type, temperature, pH, moisture content, and aeration,
while the chemical components comprise of carbon, nitrogen, phosphorus, potas-
sium, calcium, sodium, etc. Biotic component of vermicompost includes all living
organisms present and/or their active products present in the mixture. They include
stocking density of diverse species of earthworms and microorganisms including
bacteria, actinomycetes, and fungi. Products of these organisms are enzymes, plant
growth promoters, and regulators as well as other important metabolites (Bolong &
Saad, 2020).
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Fig. 2 Component of vermicompost

2.1 Abiotic Components of Vermicompost

2.1.1 Physical Components of Vermicompost

(a) Soil Type

The abundance and distribution of worms in addition to overall efficiency of vermi-
compost are affected by the nature of soil (Laossi et al., 2009). The texture of the
soil used in vermicompost affect other characteristics such as nutrient availability,
hydration, and ion exchange capacity. Loamy soil supports most species of earth-
worms in vermicompost than sandy and clay soils (Ahmed & Al-Mutairi, 2022).
Although reports reveal clay soil sometimes support few species earthworms found
in vermicompost such as Aporrectodea caliginosa, the salt content of the soil also
affects the abundance of earthworm in the compost material (Hendrix et al., 2008).

(b) pH

The pH of vermicompost preparations varies from different sources from slightly
acidic to neutral and slightly acidic in nature with pH value range of 6.5-8.2
(Bolong & Saad, 2020; Sinha et al., 2009). However, the pH of vermicompost can
decrease or increase significantly until the process is complete. This may be due to the
activities of earthworms present in the mixture, the presence of organic acid, high
mineral content, application of fertilizer, nitrogen and phosphorus mineralization,
and breakdown of organic matter by microorganisms to simultaneously produce
organic, fulvic, and humic acids as well as carbon dioxide (Pathma & Sakthivel,
2012). However, pH lower than 7.2 may slow down decomposition and pH higher
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than 8.0 may result to the release of ammonia with an unpleasant odour (Vijayshankar
et al., 2024).

(c) Temperature

The temperature of vermicompost greatly influences the metabolism, growth, repro-
duction, behaviour, and respiration of earthworms and other microorganisms that
may be present in the mixture (Ahmed & Al-Mutairi, 2022; Hendrix et al., 2008).
The survival of earthworms in vermicompost is at certain maximum range of temper-
atures; meanwhile, increasing temperature range above the limits kills off the earth-
worms. However, earthworms’ tolerance to temperature changes in vermicompost
varies from species to species (Ahmed & Al-Mutairi, 2022). Temperature range for
optimum application of vermicompost has been reported to be 1015 °C, but the most
excellent condition for activities of earthworm is observed to be in the night where
temperature of vermicompost is 10 °C and below (Duiker & Stehouwer, 2007).

(d) Moisture Content

The body weight of earthworms is made up of 75-90% water. Also, for adequate
growth and development, the respiration of earthworms requires a moist skin and
humid surface blood capillaries. Therefore, sufficient moisture is required in vermi-
compost for proper activity of earthworms and other microorganisms present in
the compost material (Ahmed & Al-Mutairi, 2022; Bohlen et al., 2004). The need
for a humid environment in vermicompost varies between species of earthworms
found around the world. Generally, for optimum activity, about 60-70% humidity
of the vermicompost material is necessary. Although some studies suggest that for
optimum performance, the compost material should be retained at 45% moisture
content (Bolong & Saad, 2020). In other words, the vermicompost activity using
damp soils is higher than desiccated soil; hence, desiccation of the vermicompost
matter is always prevented (Bohlen et al., 2004; Hendrix et al., 2008).

(e) Aeration

Aeration is a major physical component and factor that affects the nutritional quality
and efficiency of vermicompost. Adequate aeration is required for all vermicompost
materials to allow for oxygen supply and to make oxygen readily available to the
earthworms and microorganisms present in the compost matter (Bolong & Saad,
2020).

2.1.2 Chemical Components of Vermicompost

Apart from environmental factors, the chemical composition of vermicompost is
also dependent on other factors such as species and population of earthworm and
microorganisms (amylolytic, lignolytic, cellulolytic, or nitrogen-fixers) as well as
initial substrate found in the compost material (Vijayabharathi et al., 2015). The
chemical constituents that make up most vermicompost materials (Fig. 3) include
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Fig. 3 Chemical components of vermicompost (Vijayabharathi et al., 2015)

organic carbon (C), phosphorus (P), nitrogen (N), potassium (K), magnesium (Mg),
calcium (Ca), copper (Cu), zinc (Zn), and sulfur (S) (Kale, 1995; Vijayabharathi et al.,
2015). The concentration of exchangeable K*, Ca?*, and Mg?* in vermicompost is
usually higher that the primary substrate which is an indication of the conversion of
chemicals to readily available nutrient forms (Edwards, 1998; Vijayabharathi et al.,
2015).

2.2 Biotic Components of Vermicompost

2.2.1 Earthworms

Earthworms are known to have great influence on volume, flora, and fauna of the
soil. They have a crucial function in soil formation, turnover of carbon, degradation
of cellulose, and accumulation of humus. Thus, the activities of earthworms greatly
change the physical and chemical as well as the biological characteristics of the
compost soil material. Although earthworms require little part of wastes for growth
and multiplication, they voraciously feed on large portion of organic wastes and
expel a great quantity of the consumed organic waste material in a semi-digested
form (Jambhekar, 1992; Pathma & Sakthivel, 2012). The partly digested organic
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waste is rapidly transformed into vermicompost by microorganisms, hormones, and
enzymes present in the intestine of the earthworm (Dominguez & Edwards, 2004;
Nagavallemma et al., 2004; Pathma & Sakthivel, 2012).

Earthworms are classified under the phylum annelid as they are cylindrical,
narrow, long, and bilaterally symmetrical. They are shimmering dark brown
segmented invertebrates, enveloped in a fragile cuticle. Depending on ecological
conditions and species type, they have a life span of 3-7 years. Earthworms are
hermaphrodites, and they are categorized into epigeic, endogeic, and anecic (Fig. 4)
on the basis of size, behaviour, nutrition, and trophic and ecological function
(Bhatnagar & Palta, 1996; Eisenhauer & Eisenhauer, 2020) (Table 1).

Epigeic Earthworms

This class of earthworms is small in size with a short life cycle and high repro-
duction rate, and their body is evenly pigmented. They are found within litters on
soil surface where they feed on and mineralize litters (Eisenhauer & Eisenhauer,
2020). Epigeic earthworms are phytophagous as they most often do not consume
soil. Meanwhile, they rapidly convert organic matter into vermicompost with the aid
of an active gizzard, making them an effective waste degraders and nutrient libera-
tors. Epigeic earthworms used in vermicomposting include E. fetida, Bimastus eiseni,
Lumbricus castaneus, Lumbricus festivus, Lumbricus rubellus, Eiseniella tetraedra,
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Fig. 4 The three main ecological classes of earthworm (Eisenhauer & Eisenhauer, 2020)
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Table 1 Classification of
Sakthivel, 2012)

earthworms, habitat, features, benefits, and examples (Pathma &

Class of | Epigeics Endogeics Anecics
earthworm
Polyhumic | Mesohumic Oligohumic
Habitat Soil surface | Uppermost | Horizons A and B Horizons B | Deep permanent
layers, soil (A1) and C burrows in the
compost, and soil
leaf litters
Features Smaller size, | Small size, | Medium size, forms Very large in | Large in size,
uniformly forms extensive horizontal size, forms | dorsally
pigmented horizontal | burrows, bulk (A1) soil | extensive pigmented, forms
body, active | burrows, feeder horizontal extensive, deep,
gizzard, short | rich soil burrows, vertical
life cycle, feeder feeds on permanent
high poor, deep burrows, low rate
reproduction soils of reproductive,
rate, and nocturnal,
phytophagous phytogeophagous
Benefits Effective Facilitate prominent modifications in the physical | Forms vertical
degraders and | makeup of the soil; efficient use of energy from burrows affecting
nutrient poor soils for augmentation of the soil water—air
liberators, association and
efficient effective nutrient
compost mixing through
producers movement of
nutrients from
deep layers to the
surface of the soil
Examples | Eisenia Octolasion Pontoscolex Amynthas sp. | L. terrestris, L.
fetida, cyaneum, O. corethrurus, polyphemus, A.
Lumbricus lacteum Allolobophora longa
rubellus, L. chlorotica
castaneus, L.
festivus,
Eiseniella
tetraedra,
Bimastus
minusculus,
B. eiseni,
Dendrodrilus
rubidus,
Dendrobaena
veneta, D.
octaedra
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Bimastus minusculus, Dendrobaena octaedra, Dendrobaena veneta, Dendrodrilus
rubidus (Pathma & Sakthivel, 2012).

Endogeic Earthworms

Endogeic earthworms cause elaborate changes in the soil’s physical composition.
The life cycle of this class of worm is medium, and they are characterized by faintly
pigmented body (Eisenhauer & Eisenhauer, 2020). They vary in size from small to
large with the formation of broad parallel burrows within the soil. Endogeic earth-
worms survive by feeding on particulate organic matter as well as the soil, hence
making them geophagous in nature. This group has potentials for major soil enhance-
ment since they are known to effectively exploit energy from poor soils. Examples
of endogeic earthworm include Aporrectodea trapezoides, A. caliginosa, Aporrec-
todea rosea, Octolasion lacteum, Octolasion cyaneum, Amynthas sp., Allolobophora
chlorotica, and Pontoscolex corethrurus (Pathma & Sakthivel, 2012). Endogeics are
further categorized into three:

(i) Polyhumic: found on the top soil, small-sized, and feed on rich soil.
(i1) Mesohumic: established in the A and B horizon of the soil, medium-sized, and
feed on bulk (A1) soil.
(iii) Oligohumic: dwell in B and C horizons of the soil, very large worms that feed
on deep poor soil.

Anecic Earthworms

These are bigger, dorsally pigmented, nocturnal worms, having low reproduction
rate and phytogeophagous mode of feeding. Anecics form midden, permanent, and
extensively deep, vertical burrows in which they live in (Eisenhauer & Eisenhauer,
2020). The vertical burrows they form affect the air—water relationship by accel-
erating their movement from deep layers to the soil surface which facilitates the
effective integration and mixing of nutrients. Examples of anecics include Aporrec-
todea longa, Lumbricus terrestris, and Lumbricus polyphemus (Kooch & Jalilvand,
2008). Epigeic and anecic earthworms have been greatly utilized in vermicomposting
processes (Asha et al., 2008). The epigeic earthworms such as E. fetida, E. eugeniae,
Perionyx excavatus, and Eisenia andrei have been exploited for the conversion of
organic waste materials into vermicompost matter (Gebrehana et al., 2023; Hijam
et al., 2022; Hussain et al., 2018; Munnoli et al., 2010; Suthar & Singh, 2008).

2.2.2 Microorganisms and Their Metabolites

Depending on the primary substrate of the vermicompost, the community of microor-
ganisms including bacteria, fungi (yeast and moulds), and actinomycetes differs
greatly with species of earthworm and subsequent vermicompost matter. Communi-
ties of mesophilic microorganisms have been isolated from vermicompost with earth-
worm species, for example Allolobophora caliginosa, A. terrestris, and L. terrestris
(Vijayabharathi et al., 2015). The age of earthworm does not influence the microbial
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groups (Ferndndez-Gomez et al., 2012). However, the number of microorganisms
may differ between species of earthworm due to environmental conditions, ecolog-
ical group, food type, and their varying capabilities in digestion and assimilation of
microbial biomass (Brown & Doube, 2004). Combination of these vermicompost
features makes it a hotspot of microorganisms. E. fetida is known to accommodate
indigenous microflora especially in the gut of the earthworm (Toyota & Kimura,
2000; Vijayabharathi et al., 2015).

During the movement of ingested materials through the gut of earthworms, micro-
bial populations present in the gut of the worms can be rapidly multiplied up to
1000-fold (Edwards & Fletcher, 1988). However, the structural characteristics of the
microflora of vermicompost are affected by the interaction of the earthworm with the
biological as well as physicochemical components of the compost material (Monroy
et al., 2009).

Bacteria

Bacteria populations from the phyla Bacteroidetes, Actinomycetes, Firmicutes,
Chlorobi, Proteobacteria, and Planctomycetes have been isolated the earthworm
E. fetida in vegetable waste compost where the anaerobic group Bacteroidetes
was the most predominant (Huang et al., 2013). In compost from goat manure,
Bacillus, Pseudomonas, and Microbacterium are the predominant groups of bacteria
(Pathma & Sakthivel, 2013). Homemade and commercial composts (municipal
solid waste, poultry litter, and sewage sludge) contain a diverse group of bacteria
such as Actinobacteria: Cellulosimicrobium cellulans, M. oxydans, and Microbac-
terium spp.; Proteobacteria: Pseudomonas spp. and Pseudomonas libanensis; Firmi-
cutes: B. cereus, Bacillus benzoevorans, Bacillus megaterium, Bacillus macroides,
B. subtilis, Bacillus pumilus, and Bacillus licheniformis; and ungrouped geno-
types: Sphingomonas spp. and Kocuria palustris (Vaz-Moreira et al., 2008). Mean-
while, Bacteroidetes, Alphaproteobacteria, Betaproteobacteria, Flavobacteria, Pseu-
domonas spp., Alphaproteobacteria, and Alcaligenes spp. (Betaproteobacteria) have
been isolated from the earthworm vermicompost of A. caliginosa and L. terrestris
(Nechitaylo et al., 2010).

Fungi

Fungi species are also present in vermicompost matter from which the phyla Saccha-
romycetes, Tremellomycetes, and Lecanoromycetes are found to be the most domi-
nant within the primary materials of the vermicompost matter (Bonito et al., 2010).
Other fungi groups found in vermicompost include Sordariomycetes, Pezizomycetes,
Agaricomycetes, Saccharomycetes, Orbiliomycetes, and Eurotiomycetes (Bonito
etal., 2010; Huang et al., 2013). Dactylaria biseptata, Paecilomyces spp., Cephalio-
phoratropic, Williopsis californica, Trichoderma spp., and Geotrichum spp. are some
beneficial fungi established in vermicompost (Harman, 2006; Siddiqui & Mahmood,
1996; Vaz-Moreira et al., 2008).
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Actinomycetes

Actinomycetes are another important group of microorganisms associated with
vermicomposts, specifically the gut flora of earthworm (Jayasinghe & Parkinson,
2009). The antagonistic effect of actinomycetes makes them more predominant than
fungi in vermicompost (Jayasinghe & Parkinson, 2009; Pathma & Sakthivel, 2013).
Major actinomycetes group found in vermicompost includes Streptomyces spp.,
Micromonospora spp., and Rhodococcus (Huang et al., 2013; Yasir et al., 2009).
Streptomyces spp. is a well-known antibiotic producer. Other microbial populations
present in the earthworm’s gut especially pathogenic fungi, Gram-positive bacteria,
and litter-decomposing organisms are inhibited by actinomycetes, which make acti-
nomycetes and other microorganisms resistant to antibiotics predominant in the gut of
the earthworm; hence, they are applied as biocontrol agents against various pathogens
of plants (Pathma & Sakthivel, 2013).

Enzymes in Vermicompost

The activities of amylase, cellulose, protease, invertase, protease, peroxidase, phos-
phatase, xylanases, dehydrogenase, urease, and various other enzymes are present in
vermicompost matter (Devi et al., 2009). Availability of these enzymes in vermicom-
postis attributed to metabolic activities of microorganisms present in the earthworms’
gut (Pathma & Sakthivel, 2013). Although there is a wide range of enzymes in vermi-
compost, the vermicomposting process gives rise to fluctuations in their activities
which is attributed to the changing population of microorganisms at every stage of
the process (Jouquet et al., 2006).

Plant Growth Promoters and Other Metabolites

Vermicompost matter contains plant growth promoting metabolites, for example
auxins, cytokinins, gibberellins, and indole acetic acid (IAA) in addition to humic
acids. These compounds are in significant concentrations and from microbial source
(Atiyeh et al., 2002). However, the liquid extract of vermicompost known as the
‘vermiwash’ contains an assortment of excretory metabolites from earthworm as well
as microorganisms (Pathma & Sakthivel, 2013). These metabolites have biocidal
and plant growth promoting characteristics due to the occurrence of antibiotic
compounds in addition to macro- and micronutrient (Fig. 5). Thus, vermicompost
and its liquid portion (vermiwash) are ample source of plant growth-promoting
substances (Edwards et al., 2004).

3 Phases of Vermicomposting

By combining the efforts of earthworms and microorganisms, vermicomposting is
a special process that takes place in an earthworm’s gut to turn organic wastes into
organic fertilizer or vermicompost (El-Haddad et al., 2014). In a nutshell, when an
earthworm consumes organic waste, the substrate travels through its stomach and
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is broken down by helpful bacteria in the worm’s intestine. Vermicompost, a finely
split peat-like substance that is easily accessible to plants, is created in the digestive
system by the breakdown of substrate by mucus or chemical secretions, enzymes,
and antibiotics (Adhikary, 2012; Naidoo et al., 2017; Pathma & Sakthivel, 2012,
2014).

Earthworms consume fungus and other readily available microbes throughout
this intricate breakdown process to create vermicompost, which is more enriched in
comparison with the starting state of the digested wastes. Both physical and biological
elements are involved in the vermicomposting process. Fragmentation, turnover, and
aeration are examples of physical processes. Enzymatic digestion, nitrogen enrich-
ment, and the transformation of both inorganic and organic materials are examples
of biochemical processes (Edwards & Lofty, 1972; Pierre-Louis et al., 2021).

Vermicomposting is different from composting in that it uses earthworms and
microorganisms to bio-oxidize and stabilize organic waste. There are two stages in
the mesophilic phase of vermicomposting: active and maturation phases (Pathma &
Sakthivel, 2012).

3.1 Active Phase of Vermicomposting

Active phase is the first phase of vermicomposting, and it is characterized by intense
activity of earthworm (Gémez-Brandén et al., 2019). Red wigglers, the most common
earthworm used for vermicomposting, may eat up to 75% of their body weight
per day. Earthworms need oxygen and water, which they exchange through their
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skin. They weigh around 0.2 g. Earthworms decompose organic waste in this phase
by consuming, breaking up, and decreasing the amount of the waste as well as
by absorbing quickly biodegradable substances which are sugars, organic acids,
proteins, and peptides (Dominguez et al., 2019; Fornes et al., 2012).

Similar to composting, the length of the active phase varies and depends on the
kind and density of earthworms, which are the process’s primary drivers, as well as
the rates at which they ingest and digest waste (Dominguez et al., 2010).

The impact of earthworms on the breakdown of organic waste during the vermi-
composting process is mostly caused by mechanisms related to gut-associated
processes (GAPs). All the changes that the bacteria and decomposing organic waste
go through throughout the intestinal transit are included in these processes. Addi-
tion of sugars and other substances such as enzymes (proteases, lipases, cellulases,
chitinase), alteration of microbial diversity and activity, alteration of microfauna
populations, homogenization, and intrinsic processes of digestion, assimilation, and
production of mucus and excretory substances like urea and ammonia, which consti-
tute a readily assimilable pool of nutrients for microorganisms, are some of these
modifications (Dominguez et al., 2009; Madhushani et al., 2024).

Additionally, the endosymbiotic microorganisms found in earthworms’ guts facil-
itate decomposition. These microorganisms create extracellular enzymes that break
down cellulose and phenolic chemicals, speeding up the breakdown of material that
has been consumed. Aeration and homogeneity of the substrate are two further phys-
ical changes made by earthworm burrowing that encourage microbial activity and
accelerate decomposition (Dominguez, 2004).

3.2 Maturation Phase of Vermicomposting

The maturation phase is characterized by the earthworms moving away from older
layers of digested waste, when bacteria take up the job of breaking down the already
processed waste by the earthworm (Dominguez, 2004).

After GAPs are finished, the resulting earthworm castings proceed through cast-
associated processes (CAPs), which are more intimately related to ageing processes,
the activity of the microflora and microfauna present in the substrate, and the physical
change of the ejected materials (Aira et al., 2005; Madhushani et al., 2024).

The earthworm’s burrowing and ingestion of organic matter help to mix and
aerate the soil, promoting the growth of microorganisms. As the earthworm digests
organic matter, it also excretes castings that are rich in nutrients, which serve as a
food source for the microorganisms. The earthworm’s displacement to a new layer
allows for the microorganisms to continue to decompose the previously processed
biological material. This creates a dynamic and interconnected system where the
earthworm and microorganisms work together to break down and recycle organic
matter, leading to the improvement of soil health and fertility (Fig. 6).

Through vermicomposting, important plant nutrients like nitrogen, potassium,
phosphorus, and calcium that are present in the organic waste are transformed into
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inorganic forms through these additional microbial activities, making them consid-
erably more soluble and accessible to the plants than those in the parent substrate
(Jusselme et al., 2019; Ndegwa & Thompson, 2001).

Therefore, the use of vermicompost might both lessen the need for chemical
fertilizers and the negative impacts they have on the soil and other natural resources,
as well as lessen the quantity of organic waste that is disposed of in landfills (Chanda
etal., 2011).
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4 Symbiotic Relationship Between Bacteria
and Earthworms in Vermicompost

4.1 Symbiotic Relationship

Bacteria establish symbiotic associations with earthworms in the drilosphere (portion
of the soil impacted by the activity of earthworms and composed their secretions,
cast and burrow) as well as with the earthworms’ gut as endosymbionts (Gudeta
etal., 2021, 2022). These associations result in the transformation of organic matter
in vermicompost, where earthworms breakdown organic materials and soil particles,
thereby increasing their availability for degradation and vermicompost formation by
aerobic and anaerobic microorganisms (Pathma & Sakthivel, 2012).

Organic matter decomposition capacity of earthworms is linked to the communi-
ties of microorganisms colonizing their intestinal track (Medina-Sauza et al., 2019).
Bacteria and other microorganisms are ingested by earthworms from decomposing
organic matter as well as from the soil. Earthworms selectively stimulate microor-
ganisms in the soil which in turn assist them in organic matter digestion, since
earthworms lack well-developed organs for digestion and sufficient biodegradative
enzymes (Hong et al., 2011; Medina-Sauza et al., 2019).

The activity and biomass of microorganisms are stimulated by the earthworm
through organic matter aeration and fragmentation which increases it surface area and
aid microbial degradation. Therefore, the structural and compositional characteristics
of microbial communities in vermicompost influenced the activity of the earthworms
(Dominguez et al., 2019).

Physiological conditions of the earthworm gut and diets regulate the microbial
community of its gut (Gong et al., 2022). Organic compound and moisture contents
of the earthworm gut make it favourable for bacterial proliferation, dormant bacteria
activation, and endospore germination (Pathma & Sakthivel, 2012). Dormant soil
bacteria are activated by energy-rich mucus produced by earthworms in the drilo-
sphere; this activation results in accelerated microbial activities and processes. The
glycoproteins containing mucus are found in the earthworm’s intestine and on their
cutaneous surface (Medina-Sauza et al., 2019).

The number and diversity of beneficial microbial community in vermicompost are
enhanced by the activities of the earthworms. Furthermore, activities of earthworms
at the same time suppress the pathogenic microorganisms, for example, reduction in
number of B. cereus var. mycoides and complete elimination of pathogens (E. coli
and Serratia marcescens) after earthworm gut passage (Pathma & Sakthivel, 2012).

Microorganisms associated with the gut of earthworms reciprocate by increasing
the earthworm fitness (Ankrah & Douglas, 2018; Gong et al., 2022; Shapira, 2016)
and aiding in the digestion of wide variety of compound by producing enzymes such
as cellulase, amylase, and protease, which aid digestion (Munnoli et al., 2010). They
also protect the earthworms from pathogenic microorganisms (Gudeta et al., 2021).
The resistance earthworm to mercury (a toxic trace metal) and its bioaccumulation
as methyl-Hg is reported to be linked to the activity of microbiome colonizing the
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earthworm intestine (Brantschen et al., 2020; Martin-Doimeadios et al., 2017). Thus,
the gut microbiomes of earthworm play a vital role in the utilization of resources,
metabolism, energy generation, and defence against pathogens (Dishaw et al., 2014).
Hong et al. (2011) reported that growth and casts production rates of earthworms in
vermicompost are increased by Paenibacillus motobuensis WNO.

4.2 Bacteria Species Associated with Vermicompost
Earthworms

Composition of the bacterial communities in earthworm gut is dependent on the
species of the earthworm, feeding habit, and features of the adjacent environment
(Suna et al., 2020). Eight bacteria phyla, namely Actinobacteria, Acidobacteria,
Bacteroidetes, Chloroflexi, Firmicutes, Proteobacteria, Planctomycetes, and Nitro-
spirae, and form the core network of bacterial community that associate with earth-
worms (Medina-Sauza et al., 2019). However, the dominant bacterial taxa commonly
reported in the gut of earthworm are Proteobacteria, Acidobacteria, Actinobacteria,
Firmicutes (Liu et al., 2018; Ma et al., 2017; Medina-Sauza et al., 2019; Sapkota
et al., 2020), and Bacteroidetes (Suna et al., 2020).

Bacteria species such as Photobacterium ganghwense, Aeromonas hydrophila,
and P. motobuensis are reported to colonize the intestine of E. fetida (an epigeic
earthworm). These bacterial species produce a variety of enzymes which enhance
organic matter biodegradation. These enzymes include amylase, cellulase, lipases,
and proteases (Hong et al., 2011).

Pseudomonas oxalaticus with oxalate degradation ability was isolated from
gut of Pheretima species, a vermicompost earthworm (Khambata & Bhat, 1953;
Khyade, 2018). Nitrogen-fixing anaerobic bacteria species, Clostridium beijerinckii,
Clostridium butyricum, and Clostridium paraputrificum, were reported to colo-
nize the gut of vermicompost earthworm E. fetida (Citernesi et al., 1977; Khyade,
2018). Nitrogen fixing and phosphate solubilizing bacterial species are also reported
among symbiotic beneficial bacteria associated with earthworms in vermicompost
(Adhikary, 2012). Nitrogen-fixing and phosphorus-solubilizing species of Serratia
and Bacillus as well as nitrogen-fixing Kluyvera ascorbata were isolated from the
gut of earthworm (Hussain et al., 2016).

The nutrient-rich and limiting oxygen condition of earthworm intestinal tract
is favourable for the proliferation of facultative anaerobic, anaerobic bacteria, and
archaea (Koubova et al., 2015). So also, bacteria with the ability of aromatic
compounds degradation under limiting oxygen supply such as member of the genera
Bacillus and Paenibacillus are common colonizers of the earthworm gut (Konig,
2006). Bacteria species of the genus Verminephrobacter have been reported as
symbiont of most lumbricid earthworms and are harboured in their nephridia (Lund
etal., 2014).
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Earthworm gut is reported to favour the proliferation of some specific groups
of microorganisms, namely glucose fermenters such as members of Aeromon-
adaceae, Clostridiaceae, and Enterobacteriaceae (Meier et al., 2018; Wust et al.,
2011); utilizers of cellobiose such as Cellulosimicrobium funkei (Kim et al., 2016);
methanogens such as members of Methanobacteriaceae, Methanomicrobiaceae, and
Methanosarcinaceae (Depkat-Jakob et al., 2013); and denitrifying bacteria such
as Bradyrhizobium, Dechloromonas, Pseudomonas, and Flavobacterium (Drake &
Horn, 2007).

4.3 Beneficial Role of the Symbiotic Association Between
Microbes and Earthworms in Vermicompost

The rich and diverse microbial community and enzymes in the intestine of earthworm
facilitates the rapid decomposition of organic materials making vermicomposting
faster (approximately 4—8 weeks) than composting process (approximately 20 weeks)
involving only microorganisms (Nagavallemma et al., 2004; Pathma & Sakthivel,
2012).

Symbiotic relationship between earthworms and microorganisms results in
increased availability of rhizospheric bacteria in soil (Pathma & Sakthivel, 2012).
The favourable gut microenvironment of earthworm activates and increases the popu-
lation of rhizospheric bacteria that are ingested alongside the rhizosphere soil. These
rhizospheric bacteria are the plant growth-promoting rhizobacteria, and they include
Azospirillium, Azotobacter Bacillus, Pseudomonas, and Rhizobium (Sinha et al.,
2010). Increase in rhizospheric bacteria population stimulates plant growth and health
directly by enhancing nutrient availability, accelerating nutrient assimilation, and
producing plant growth hormones and indirectly by suppressing plant pathogenic
microorganisms (Elnahal et al., 2022).

The symbiotic relation between endosymbiotic microbes and earthworm during
vermicomposting enhances organic matter decomposition and mineralization; this
results in increased availability of nutrients for plant (Emperor & Kumar, 2015).
Vermicompost increases the mineral content of the soil and favours the survival of
beneficial soil microbes; hence, it application results in remarkable increase in the
yield (Gudeta et al., 2022) (Fig. 7).

This relationship results in the production of peat like material that is highly
porous, rich in nutrient with high water-holding capacity and low carbon: nitrogen
ratio (Dominguez et al., 2019). The activities of the earthworms and their gut micro-
biome contribute to the structure, health, and sustainability of the soil. These activities
also play a vital role in nutrient circulation within the ecosystem (Bi et al., 2021).
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5 Symbiotic Relationships Between Fungi and Earthworm
in Vermicompost

The biodegradation and conversion processes during composting are mostly a result
of the activities of the resident microbial community, among which fungi play an
important role. In vermicomposting, fungi species are an important component; they
play a major role in the degradation and conversion processes of composting (Sahoo
et al., 2015) including the decomposition of lingo-cellulosic materials such as cellu-
lose, hemicellulose, and lignin, which brings about the maturation of compost matter.
Fungi are known to utilize numerous source of carbon and can survive extreme condi-
tions as such they mainly are responsible for compost maturation. Vermicomposting
has been reported to modify the microbial community of organic matter in diverse
ways (Pathma & Sakthivel, 2012).

Earthworms stabilize organic residues and mitigate pathogenic organisms; they
also greatly affect the fungal communities. Earthworms select fungal species by
influencing spore germination and creating microsites favourable or unfavourable for
fungal development. Fungi are an important part of the natural diet of earthworms,
although earthworm can digest fungi species, thereby increasing the number of fungi
during gut transit of compost material in the earthworm (Vyas et al., 2022). Viable
fungal count in casts produced by earthworms was reported to be greater than that
of the initial waste substrates, suggesting that not all the fungi were digested; in fact,
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the rate of germination of fungal spores has been reported to be enhanced under the
favourable condition of earthworm’s gut (Pramanik et al., 2011).

Studies on the feeding preferences of species of earthworm disclosed selective
feeding strategies in various species of earthworm to certain fungi (Neilson & Boag,
2003). Zirbes et al. (2012) reported a study carried out by Cooke and Luxton in 1980
on the effect of microbes on food selection by an earthworm species (L. terrestris)
which showed that the earthworm species L. terrestris preferred apple leaves and
paper discs inoculated with microorganisms, particularly those inoculated with the
fungi species, Mucor sp. and Penicillium sp., indicating that the growth of fungi
on organic substrates may enhance the availability of carbohydrates and nitrogenous
compounds to earthworms. Similarly, Bonkowski et al. (2000) studied the preference
of earthworm species to a variety of soil fungi. They concluded that earthworms use
early successional fungal species as cues to detect fresh organic food sources in soil
but the nature of this preference remains unknown. Aside bacteria, the biological,
geological and chemical composition of vermicompost is also affected by fungi, but
information on their relationship with earthworms and subsequent outcome of this
interaction is scanty (Xiang & Li, 2014; Zhang et al., 2018). Majority of researches
on earthworm—fungi relationship is usually focused on arbuscular mycorrhizae, and
this has been found to transform the physical, chemical, biological composition of
vermicompost soil (Milleret et al., 2009; Zhang et al., 2016), nutrient uptake by plants
(Aghababaei et al., 2014; Li et al., 2012), and the type and distribution of fungi in the
compost material (Cao et al., 2018) (Fig. 8). Although the symbiotic relationship of
earthworm and mycorrhizae in vermicompost is not well understood, the available
data suggest that there is a synergistic effect of this relationship, which results in
increased performance on plants growth (Li et al., 2013a).

Earthworms significantly boost root mycorrhizal fungal colonization in soils
contaminated with heavy metals like Cd and As (Cheng et al., 2007; Meng et al.,
2021), and the beneficial effects were dependent on the quantity of earthworms and
the timing of earthworm inoculation. A recent study found that only in the presence
of no-till and straw removal methods can the inoculation of earthworms in soil boost
the presence of mycorrhizal fungi in wheat roots, stimulating mycorrhizal absorption
(Yang et al., 2020). According to Li et al. (2015), the interaction between earthworms
and arbuscular mycorrhizal fungi (AMF) enhances the shoot and root biomasses in
maize plants by encouraging phosphate acquisition. To boost the efficiency of N and
P in the soil, earthworms in sweet potato plants controlled the activities of soil urease
and alkaline phosphatase, and the AMF promoted the activities of soil phosphatase
and increased root phosphorus absorption (Li et al., 2016). These findings imply that
the relationship between earthworms and mycorrhizal fungus is advantageous for
both parties involved.

Meanwhile, on the basis of the ecological classes of earthworms (anecic, endogeic,
and epigeic), there is a considerable variation in the concentration and dispersal of
infective units of mycorrhizal fungi depending on the species of earthworm utilized
in the vermicompost material (Medina-Sauza et al., 2019). Although the ability of
the different ecological classes of earthworm to effectively disperse infective units
of mycorrhizal fungi in vermicompost is still under investigations, some earthworm
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species currently investigated include endogeic earthworm such as Aporrectodea
trapezoids, P. corethrurus, Octochaetona phillotti, Lampito mauritii, and anecic
earthworm L. terrestris (Fig. 9) (Li et al., 2013b; Medina-Sauza et al., 2019).

Epigeic and anecic species deposit vermicast on soil surfaces which consequently
favours the dispersal of infective units of mycorrhizae and in turn favours root colo-
nization by the fungi (Curry & Schmidt, 2007). However, there is a decrease in the
dispersal of mycorrhizal infective units by endogeic species which in turn decreases
root colonization by the fungi.

Reports suggest this group of worms use these fungi as their food source (Chen
et al., 2023). Furthermore, the colonization of plant roots by mycorrhizal fungi can
be promoted by earthworms in the vermicompost materials through favouring the
growth and proliferation of some certain microbial groups present in the soil which
may assist in root colonization by fungi (Zhang et al., 2016). Though there is scarce
information with regard to this association, Gram positive have been reported to
be involved in this interaction with mycorrhizae (Dempsey et al., 2013). A limita-
tion of this earthworm—mycorrhizal interaction in vermicompost materials is that
only a few species of fungi have been reported to be used successfully in several
researches. This include Funneliformis mosseae, Rhizophagus irregularis, Rhizoph-
agus intraradices, Acaulospora sp., Claroideoglomus claroideum, Glomus caledo-
nium, Glomus etunicatum, and Glomus geosporum (Medina-Sauza et al., 2019).
There is a partial comprehension of the dynamics of this relationship with these
fungal species. Also, a wider variety of fungal species from different families need
to be studied with potentially increased rates of colonization, abilities to transfer
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Fig. 9 Earthworm species involved in concentration and dispersal of mycorrhizal spores

nutrients in the vermicompost soil to their host plants, and increased growth of
mycelium (Cao et al., 2018). Meanwhile, information on the role of earthworms to
potentially affect the composition and community structures of the mycorrhizal fungi
in the vermicompost materials is not well documented (Medina-Sauza et al., 2019).

6 Conclusion and Future Prospects

Earthworms are the key players in the ecological process of waste biodegradation
and soil improvement through their synergistic relationship with microorganism;
however, microorganism carries out the decomposition of organic matter. The symbi-
otic relationship between the earthworms and the microbial communities has led to
organic waste management resulting into availability of organic fertilizers that can
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serve as an substitute to or lessen the application of chemical fertilizers, reducing
adverse pollution, climatic conditions, soil structure, pest and disease control and
improved plant yields. This relationship also provides bacteria capable of nitrogen
fixation, phosphate solubilization, and production of enzymes capable of biodegra-
dation of waste, converting the organic substances and making them easily accessible
to plants. Therefore, it is worthy to note that vermicompost has a huge potential in
agriculture and its application should be largely extensive in the near future alone
or in combination with inorganic fertilizers. This will be a step closer to achieving
economic, environmental, social, and global sustainability. However, the nutrient
factor of soil vermicompost does not provide enough support to explain the enhance
crop production, indicating that other materials influencing plant growth within the
vermicompost are present. These materials includes humic acids and plant growth
hormones like auxins, gibberellins, and cytokins among the substances with the
ability to enhance plant growth. Despite the plant growth-promoting potential of
vermicompost, application of high concentration could impede the growth of plant
negatively due to high concentration of salt soluble; therefore, the application of
moderate concentration could provide maximum crop yield. Regardless of the mature
being organic and safe for use, it is time-consuming and may take about six months
to complete the process of converting organic waste to usable vermicompost. Setting
up is also expensive as specialized containers are required to carry out vermicom-
posting. The process also requires lots of care and attention; invariably, a professional
training is required to handle the process. Additionally, a lot of space is required to
generate an ample amount of compost. Because organic fertilizer retail prices are
higher than those of synthetic fertilizer, farmers now use it at a relatively low rate.
Vermicomposting is largely dependent on and mediated by earthworms and microor-
ganisms interacting with the soil biotic and abiotic components. The knowledge of
vermicompost has been heavily informed by the mechanical, physical, bio-chemical,
and ecological process; therefore, effective optimization and sustainability of the
process due to partial understanding of the microbial communities and their struc-
tural diversity may not be achieved. Recent advancement in technologies such as
omics approach can be employed through bioinformatics, metabolomics, genomics,
and metagenomics to better understand the structure of the microbial communities
and the earthworm for optimal vermicast production.
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Abstract An effective way to turn organic matter into useful compounds is through
vermicomposting. This procedure uses earthworms’ gastrointestinal tracts to stabi-
lize organic wastes. The result is an odorless, clean, peat-like material that has a
good form, the ability to retain moisture, and organic matter that contains gener-
ally appropriate amounts of nitrogen, phosphorus, potassium, and other minerals
necessary for plant development. Vermicompost’s outcome is abundant in important
nutrients, macro and micro, as well as simple microbes. The use of vermicompost
enhances both fertility and the condition of the soil while also promoting better plant
development and total production. Plant growth regulator vermiwash is a liquid that
is sprayed on leaves and has a significant amount of macro and micronutrients,
vitamins, and hormones like auxins and gibberellins. By enhancing the “biological,
chemical, and physical features” of the soil while also sustaining humus and organic
matter in the soil, such inputs assist in preserving soil health and may be utilized to
encourage the growth of useful soil microbes. It additionally aids in the uptake of
humic acids or their breakdown products, which influence the overall growth and
metabolism of plants. It also improves the hormonal and biochemical activities of
humus substances. Water holding capacity, soil structure, drainage, seed germina-
tion, base exchange capacity, and soil erosion are all improved. For improving the
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health of soil in organic farming, they may thus be used extremely effectively as
biotic indicators.

Keywords Vermicast - Vermiwash - Biological wastes + Vermi-biotechnology -
Vermicomposting - Biofertilizer + Earthworm

1 Introduction

Excessive usage of chemical-based fertilizers affects both the environment and
human health while also changing the physicochemical characteristics and texture of
the soil. Chemical-based fertilizers have presented a severe threat to the ecosystem
and destroyed beneficial insects, worms, and microbes in soil (Ansari & Ismail,
2001). Food ingredients lose their flavors and tastes with time. Food grains, fruits, and
vegetables lose some of their ability to be stored and kept, making them more prone
to disease. Increased concentrations of various chemicals and metals are caused by
increased usage of chemical fertilizers, which ultimately have an impact on crops and
the watershed. Protein, vitamins, amino acids, ascorbic acid, and other nutrients are
depleted in the soil as a result of the overabundance of phosphorus, nitrogen-rich,
and potassium fertilizers, compromising the fertility and conservation of the soil
and possibly accelerating desertification. In addition, nitrogenous fertilizers damage
water and food supplies, endangering human health. The human body can develop
stomach cancer as a result of consuming meals and beverages with high nitrate
(NO);~ concentrations. While just for a brief time and for a single crop, these chem-
ical fertilizers produce amazing results. Use of synthetic fertilizers in excess has a
negative impact on soil quality and crop output (Gupta, 2005). Potash, phosphate, and
nitrogen fertilizers are used excessively, which pollutes the water and food supplies
and has a major negative impact on health (Bhattacharya, 2004).

In addition to altered soil textures and physicochemical properties, the uncon-
trolled use the pesticides and chemical fertilizers also results in the destruction of
useless insects, microbes, and bugs within the soil itself. Nitrogenous fertilizers in
the nitrite and nitrate form contaminate food and water, causing major issues. These
problems led to a disruption in biological matter cycling, a decline in native soil
health, and a plateau in production (Mondal et al., 2017; Singh & Chauhan, 2015).

The usage of biofertilizers can address these issues. The application of non-
chemical-based fertilizers, as well as insecticides, represents a few of the common
practices that are being adopted using innovative farming practices that utilize biofer-
tilizers as one of their components. Biological wastes can be effectively managed to
produce biofertilizers. The application of vermiwash or vermicompost with biopes-
ticides in agricultural farms satisfies the plants’ need for nutrients as well as their
need for resistance (Bhattacharya, 2004; Eastman et al., 2001; Gupta, 2005; Leh-Togi
Zobeashia et al., 2018).

According to Trivedi and Goel (1984), there was a great deal of pressure to increase
grain yields through the utilization of contemporary agricultural methods. Field soil
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is significantly harmed by contemporary agricultural practices. Organic materials
are not completely recycled, which has an impact on the soil’s ability to replenish
nutrients and, eventually, on crop yield. The use of heavily chemical fertilizers to
boost crop productivity is among the primary causes of the destruction of soil’s flora
and fauna, which are responsible for their natural quality.

The primary focus of agricultural scientists has been the creation of modern agri-
culture that can be free from chemicals as well as secure for both people and animals.
Organic farming refers to a variety of nontraditional agricultural techniques. Vermi-
composting and organic farming are the steps that will enable us to coexist peacefully
with nature. Sustainable agriculture is essential to minimizing contamination of the
environment, keeping soils healthy, limiting the loss of soil, as well as decreasing
the usage of fossil fuels and natural resources by following proper conservation
principles (Garg et al., 2006; Lalandera et al., 2015; Cito Namulisa et al., 2022).

Utilization of organic farming practices enhances agricultural product quality,
conserves resources, and preserves soil fertility. A biotechnological practice called
organic farming may be able to address the urgent shortage of plant nutrients required
for long-term productivity. Biofertilizer applications are claimed to be optimal for a
sustainable future and safe for the environment. The majority of biofertilizers, like
vermicomposts, are often made from biological wastes. Understanding biological
wastes is preferable before talking about vermicomposting (Gupta, 2005).

2 Biological Waste

Millions of tons of agricultural and household trash, as well as cow manure, are
produced each year in India. Several odor and environmental issues were brought
on by these wastes in the neighborhood. Industrial waste from gurgum released
hazardous gases, which led to major environmental issues. If they are not properly
managed, the wastes from horses, goats, and sheep can cause unpleasant problems.

Another big waste problem in the field is the issue of postharvest waste from
several native crops, such as vegetable garbage, golden gram (Vigna radiata), wheat
(Triticum aestivum), sorghum (Sorghum vulgare), and pearl millet (Pennisetum
typhoides). The issues with managing solid waste have gotten worse as a result
of the high rate of industrialization. These problems span from rural areas, where
agricultural wastes, including cattle and vegetable wastes, are generated, to urban
and industrial areas, where municipal garbage, textile and sugar mill wastes, wine
industry wastes, sludge from dairy wastes, and other waste materials are generated.
By microbial breakdown, these wastes contribute to a number of diseases, odor, and
pollution issues (Bhartiya & Singh, 2012a).
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3 Natural Farming

Natural farming represents one of the greatest possibilities for waste management
in ecologically friendly agriculture. It offers significant assistance in boosting food
output, income sources, soil texture upkeep, and environmental preservation. In India,
organic farming has been practiced for a long time. The importance of using animal
feces as manure was emphasized in classical texts like the Rigveda. Before 1000 BC,
green manures were a common practice, as the Atharava Veda noted. Animal excre-
ment, oil cake, and other types of dung were documented in Kautilya’s Arthashastra.
According to the available literature, around 1900, “Sir Albert Howard, a British
agronomist,” started organic farming in a village in North India (Gupta, 2005).

Up to 50% of agriculture in the United States suffered a substantial loss of its
precious, nutrients-rich topsoil, according to a survey by the USDA in the late 1970s.
Each hectare loses over 15 tons of topsoil on average; the average person may find
the numbers confusing. The United Nations, which monitors soil erosion with satel-
lites, believes that losses per hectare in northern India exceed those in the United
States. These global statistics are equally concerning. The farm will suffer terrible
consequences from this topsoil erosion. Wind and water carry away the smaller
particles, leaving behind a coarser subsoil that needs more fertilizer to support plant
growth because there is lesser agricultural waste capable of breaking down the soil
(Ranganathan, 2006; Suthar, 2007).

The supply of water for agriculture in dry and semiarid areas must be increased
by irrigation because water is a necessary component for plant growth. The FAO
estimates that 70% of the water used by humans worldwide is used to irrigate 270
million acres of land. Organic agriculture is an agricultural method that promotes
the utilization of as much organic material as possible while discouraging the use of
artificially produced agro-inputs in order to maintain soil fertility, and productivity,
along with insect control for circumstances that ensure environmentally friendly
resources and an ecologically sound environment (Becagli et al., 2022; Gupta, 2005;
Ranganathan, 2006).

In natural agriculture, vermicomposting is a superior technique that helps improve
soil quality and allows earthworms to manage waste. That constitutes some of the
more interesting components because it helps to create a larger interaction between
nutrition, the quality of the environment, as well as the safety for the health of people
and animals. One better method of waste management than microorganisms is using
earthworms. Compost is made from agricultural waste and is a valuable product
that can be utilized in farming like compost for increasing food output. Various
species of earthworms have transformed various natural and human-made garbage
into beneficial compost. Earthworms consume a variety of materials and ingest them
as vermicompost, which is a peat-like substance. These substances include waste
from sewers, rice stubble, flue ash, water hyacinth, leaves of mango, waste from the
vine fruit business, municipal solid garbage, slurry from paper manufacturing plants,
waste from farming, plant litter, and sewage from cattle and dairy manufacturing
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operations. Earthworm vermicomposting helped solve the waste problem by waste
recycling (Garg et al., 20006).

4 Earthworm

Earthworms are members of the class Oligochaeta, phylum Annelida. The cylindrical
body has ring annuli that are distributed more or less evenly along its length. The
dorsal side of the body can be identified by its deeper color and black middorsal
line due to the presence of a strong lateral blood artery that is placed directly below
its semi-translucent skin. Genital apertures and papillae, which are found in the
body’s anterior area, are characteristics of the ventral surface. The eyes, hearing, and
lungs are gone. They are driven through the soil’s surface as a result of the rain’s
saturation and breathe the air which has been diffused through their thin skins into
the spaces between the particles of soil. The earthworms have been hermaphrodites,
meaning they have both sex organs on a single person but need a partner to mate
because the sexes are located in distinct segments. The clitellum, which surrounds
young earthworms that are reproducing, secretes sacs after which other worms’
sperm is kept. The sperm and eggs are enclosed inside the worm as the mucus passes
over it. The worm seals at both ends when it is released, forming a 1/8-inches-
long lemon-shaped cocoon. Although they have over three thousand different types
of earthworms, only a few epigeic varieties are used in vermicomposting. Several
species efficiently work the soil and recycle organic substances to help plants develop
(Sinha, 2009).

The normal earthworm is endozoic, epigeic, and anecic. Anecic worms are
nocturnal organisms that emerge from their vast tunnels deep under the mineral layer
of the earth to collect food. The endozoic worms likewise burrow, though consider-
ably less frequently, rarely emerge from their tunnels above ground, and they eat soil
organic materials. The majority of endozoic creatures have extremely extended life
cycles and weak regeneration abilities. The epigeic species eat decomposing organic
waste and dwell in the surface litter. They have a rapid potential for regeneration and
are quite active (Aransiola et al., 2022; Kumar, 2014).

In order to stabilize the inorganic materials for plants into organic molecules
and increase the fertility of the soil, earthworms are essential. Earthworms multiply
their inorganic substances, in addition to a few hormones and vitamins that promote
plant development, by mixing the worms’ cast into compost. They also assist in the
management of solid organic waste that is decomposing and dumped in landfills,
which causes odor issues and pollutes the water, soil, air, and human population’s
health. The benefits of earthworms are well understood thanks to extensive scientific
studies. According to Charles Darwin, “the worms seem to be the main promoters of
vegetation,” perforation and loosening soil, and introducing straw, stalks of leaves,
and twigs into it to make it more permeable to rain and plant fiber. Primarily through
producing an endless supply of “worm-cast,” which is fine fertilizer for grains and
grass made of their waste (Gupta, 2005; Mondal et al., 2017; Ranganathan, 2006).
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Worms are primarily detritivores and omnivores; however, they usually have
particular food preferences. They consumed a variety of living and dead organic
materials, including fungi, bacteria, algae, nematodes, diatoms, and protozoa. The
trash was totally broken down, and it was stabilized in organic form. The worms
prefer the soil when it is sufficiently moist, warm, and full of organic debris that
is decaying at night because they are nocturnal. Earthworms were known as the
“intestine of the earth” by Aristotle (Ranganathan, 2006).

Earthworms act like biological indicators of soil quality and are sometimes
referred to be farmers’ buddies. Earthworms sustain an adequate amount of microbes,
fungi, protozoa, actinomycetes, spiders, insects, and millipedes needed to maintain
a healthy soil. The earthworms are well recognized as having a significant role in
the development of rich soil. Maintaining soil quality results in soil fertility. The
decomposition process is moving forward at a fast enough rate to discharge nutrients
that plants need for healthy development. Since most life processes were depen-
dent on extreme temperatures, earthworms, for example, are thermostatic fermenta-
tion systems and have sophisticated systems for regulating their body temperatures
(Ranganathan, 2006; Suthar, 2007).

A few of the factors influencing earthworm distribution in the soil are soil textures,
temperature, aeration, moisture, organic minerals, pH, decaying matter, feces, as
well as reproduction potentials (Garg et al., 2006; Suthar, 2006). The condition of
the earthworm’s diapause is greatly impacted by the pH (Aalok et al., 2008). These
are the primary tunneling crustaceans as well as their activity has increased the soil’s
ability to retain water. They also provide the best conditions for bacterial and plant
root growth in an aerobic environment (Wurst et al., 2003). The earthworm may
serve as helpful bio-indicator for soil metal contamination (Khyade & Pawar, 2016).

Earthworms are an integral part of the food chain and may extract harmful
compounds through soils (Handriks et al., 1995; Spurgeon & Hopkin, 1996). Their
earthworm population is mostly controlled by the soil’s nutrient resources and the
external biotic parameter (Albanell et al., 1988; Edwards & Bohlen, 1996). The
decomposition of degradable wastes poses environmental problems, and the earth-
worms are known to collect insecticides as well as heavy metals like cadmium, nickel,
lead, and mercury in their tissues (Bhartiya, 2013; Bhartiya & Singh, 2012a, 2012b;
Kaplan et al., 2011; Ojuolape et al., 2015; Samadhiya et al., 2013).

According to Ismail (1993) and Aalok et al. (2008), the earthworm’s gizzards
allow them to masticate organic materials, which increases the surface area available
for microbial attack on feces. They contribute to keeping the pH of the soil stable
by using the biocatalysts in their digestive tract, which include amylase, lipases,
lichenases, proteases, cellulose, and chitinases. All enzymes are extremely active
within a specific pH range (6.3 to 7.3). Earthworms have the capacity to sepa-
rate oxygen from air, supplying the gut microflora in the process. This encourages
several oxygenated waste preservation processes and eradicates pathogens from the
soil. They boost the activity of nitrogen fixation in the soil by providing the ideal
circumstances of food, air, and moisture to the nitrogen-fixing bacteria.

From ancient times, people have known that earthworms may convert organic
wastes from the soil into products with value-added that can fertilize the land. As the
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first contemporary scientific investigation into this subject, Charles Darwin’s research
on the beneficial role of earthworms in soil ecology was published in 1881. Earlier
in the modern era, vermicomposting was said to have been invented in the United
States of America. Based on the scientific usage of vermicomposting, earthworm
growing was promoted in the late 1940s as a productive way for farmers to increase
the fertility of their soil. In the United States, Japan, Britain, and France, research on
earthworms’ potential to improve garbage management and land reclamation began
in 1970. According to Science 1889, Cuba heavily relies on vermicomposting being
its main form of fertilization for the elimination of both farm and urban solid waste.
As aresult, the extensive research shows that vermicomposting is a highly promising
waste management technique. With more than a calendar year of practical knowledge
in the management of natural resources, “Grace Mckellar Centre, Geelang, Victoria,
Australia,” offered consultancy services. Each week, this facility vermicomposted
around 13 cubic yards of garden trimmings, paper waste, and kitchen scraps.

Earthworms, as well as their ash, have also been used as a tooth powder and stimu-
lating agent for head hair growth in addition to being utilized as a natural antipyretic.
This is used to cure stones in the bladder, a high fever, jaundice, smallpox, piles, and
other conditions. Earthworms and their extract have antioxidant effects, and they can
also open the bronchi and treat rheumatism, impotence, and other conditions. The gel
and its Eisenia fetida extract prevent damage from oxidation because the earthworm
tissue contains significant amounts of antioxidants like glutathione (GSH) and GSH
peroxide. On albino rats, glutathione peroxidase (GPx), reduced GSH, and enzymes
are shown to be increased by the paste of Lampito mauritii, whereas lipid peroxidation
is decreased. The oral use of the earthworm glue of L. mauritii has restored gastroin-
testinal injury by lowering stomach acid secretion, reducing acidity, and elevating
pH. Also, it had boosted the activity of antioxidant enzymes like GSH, GPx, and CAT
to stop albino rat stomach mucous membrane damage. In both the acute and chronic
phases, earthworm paste and its extract exhibit anti-inflammatory activities. Earth-
worm L. mauritii’s ethanolic and petroleum extracts have anti-inflammatory effects
in albino rats. The dermal extraction phosphagen of Lumbricus terrestris inhibits the
growth of mammary cancers in SHN mice. Strong antibacterial capabilities may
be found in the tissue extract and coelomic fluid of earthworms. Pseudomonas
aeruginosa, Salmonella enteritidis, Streptococcus pyogenes, and Escherichia coli
few disease-causing and nonpathogenic microorganisms that are resistant to several
earthworm extracts (Ansari et al., 2015; Balamurugan, 2006; Garg et al., 2006).

Due to their high proteins (65%), lipids (14%), carbohydrates (41%), and ashes
(3%), earthworms have been utilized as a feeding component for aquatic animals.
They are also used as animal feed in the poultry sector. Earthworms have long been
a staple food for several native tribes in New Guinea and Africa. Due to their high
protein level, earthworms are utilized as a supplement in the Philippines for recipes
like adobo and dinuguan (Ghosh, 2004).

According to Albanell et al. (1988), earthworms sped up the process of mineraliza-
tion and transformed manure into castings that had a greater level of humification and
nutritional content. In order to make fishing baits, chicken feed, as well as aquarium
fish food that complied with industry requirements, Cynthia and Rajeshkumar (2012)
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examined whether the research team L. mauritii had a significant amount of protein.
The bio-potential of the earthworm organisms Perionyx excavates, over controlling
waste as well as earthworm cocoons, and biomass generation is best maximized by
a 3:1:1 mixture of cow dung, sawdust, and guar-gum waste from industries (a ligno-
cellulosic waste that is of guar Cyamposis tetragonaloba) (Suthar, 2006). According
to Ismail (1993), the best species in both vermicomposts and soil preservation in the
southern part of India are Perionyx excavatus and L. mauritii.

Earthworms serve as essential in protecting soil fertility, managing soil processes,
and fostering the cycling of nutrients together with different creatures (Chauhan,
2013; Ismail, 1993; Kumar, 2014). These epigeic species of earthworms are
frequently used in vermicomposting to control trash. The earthworm species
Lumbricus rubellus, E. fetida, Peryonix excavates, Eudrilus eugeniae, L. mauritii,
and Perionyx sansibaricus are among those recommended for the decomposition of
organic materials (Suthar, 2007; Talashilkar & Dosani, 2005). Two species, E. euge-
niae (night crawler), and E. fetida (redworm) as well as foreign species like P. exca-
vatus, Denderobaena veneta, and L. rubellus are commonly used for vermiculture in
India (Edwards et al., 1995; Lalandera et al., 2015).

4.1 Earthworms that Are Suitable for Vermicomposting

Together, earthworms as well as the bacteria were connected with preserved nutrition
in the vermicast and managed the biodegradable wastes created through metabolism.
The utilization of five different species of earthworms—D. veneta, E. fetida, E.
eugeniae, Peryonix excavatus, and L. rubellus Hoffmeister—has been proposed for
the degradation of organic materials. India makes extensive use of exotic species like
P. excavatus, L. rubellus, and D. veneta, as well as domestic species like Eudrilus
eugineae and E. fetida, for vermiculture. Annual applications of animal manure and
poultry litter increase the concentration of nutrients in soil (Aransiola et al., 2022;
Suthar, 2007).

Parthasarathi and Ranganathan (2000) claim that the production by vermicom-
posts with various blends of fly ash and dung from cattle significantly increased
the level of plant nutrients following the inoculation of E. eugeniae. In the stomach
and cast of P. excavatus, L. mauritii, and E. eugeniae, Aspergillus spp., Micrococci
spp., Pseudomonas spp., and Bacillus spp. were identified as phosphate-dissolving
microbes (Kinberg). In Eastern UP, India, the usage of E. fetida (Savigny) has been
advised for vermicomposting. The species P. excavatus and L. mauritii are suggested
as being ideal for the effective composting process and management of soil in South
India. The Perionyx sensibaricus, Denderobaena vaneta, L. rubellus, and P. exca-
vatus are suitable for the management of solid wastes. The earthworm’s best function
was also seen in the bioaccumulation of various heavy metals from various animal
excrement. With every combination of cattle dung and agricultural waste, the levels
of toxic metals dramatically decreased after vermicomposting (Ismail, 1993).
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4.2 India Uses Certain Species of Earthworms

The use of epigeic species that live on the surface for vermicomposting was advised
by certain vermitechnologists, whereas endogeic and anecic species that burrow were
advised by others. The following epigeic species are widely employed: E. fetida, E.
eugeniae, P. sansibaricus, and the endemic P. sansibaricus Michaelsen. Most likely,
the best one for vermicomposting is E. fetida. Additionally, the “Institute of National
Organic Agriculture (INORA)” in Pune, India, encourages the use of surface-living
worms since they quickly multiply and consume a variety of trash (Garg et al., 2006;
Julka et al., 2009).

According to Lalandera et al. (2015), P. excavatus and L. mauritii are suitable
species for the composting process in the southern region of India. For the treatment
of solid waste, D. veneta, P. sansibaricus, L. rubellus, and P. excavatus are ideal.
According to Bhartiya and Singh (2012a, 2012b), earthworms play a key role in the
bioaccumulation of many heavy metals from animal excrement, including chromium,
nickel, cobalt, lead, cadmium, and arsenic. After vermicomposting, the levels of toxic
metals significantly decreased in all mixtures of cattle dung and agriculture waste.

The quantity of earthworms in the soil is influenced by their temperature, texture,
moisture, aeration, pH, inorganic salts, organic matter, dung, and litter, as well as by
their ability for reproduction and dispersal. The proportion of earthworms in soil is
larger in temperate areas, whereas in tropical areas, humus feeder worms outnumber
organic feeder worms. The main factors limiting the numbers of earthworms are the
external biotic parameters and inadequate nutritional resources. Because a nitrogen-
rich diet promotes growth and reproduction, earthworms prefer it. The majority of
worms were found in soil that was between 12 and 45% moist. The key regulating
elements for their population growth are the soil’s nutrient resources and the external
biotic parameters. The majority of pesticides and heavy metals are very difficult to
harm earthworms. Worms could counteract the effect by producing more mucus,
limiting their motility, and boosting their reproductive potential up to a specific
concentration. Pesticides and heavy metals are also known to accumulate in the
tissues of earthworms. E. fetida was capable of concentrating sodium but not lead.
According to soil characteristics (Bhartiya & Singh, 2014), Ca and pH properties,
earthworm tissues bioaccumulate toxins differently (Nath et al., 2009).

According to Edwards (1998), the symbiotic relationship between earthworms
and bacteria serves as a method for regulating enzymes throughout processes and
maintains the nutritional content of vermin-cast. The usage of the following five
earthworm species has been recommended: D. veneta, P. excavatus, E. fetida, E.
eugeniae, and L. rubellus. In India, vermiculture is commonly practiced using indige-
nous species, including P. excavatus, D. veneta, and Lumbricus, as well as domestic
species like Eudrilus eugineae (night crawler) and E. fetida (redworm). In loam-
less manures for horticulture, worm-digested cattle dung acts as a complement to
peat. An increased nutritional concentration of metals in soil is the result of repeated
annual treatments of animal waste and poultry litter. Modern biotechnology, known
as vermiculture, involves the development of the earthworm E. fetida as well as the
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use of their casting as a vital tool for trash management and the composting process.
For efficient and environmentally responsible waste management, earthworms serve
as natural bioreactors.

Regarding the treatment of the organic matter in the south of India, L. mauritii,
L. rubellus, P. sansibaricus, and P. excavatus are appropriate species, as are P. exca-
vatus, L. rubellus, and D. veneta. Vermicomposts frequently use the epigeic species
E. eugeniae to break down organic waste. When contrasting the various ratios of
the cattle dung and fly ash using inoculating of E. eugeniae, the level of nutrient
accessibility was considerably higher in the 1:3 (fly ash to cow dung) treatments.
Pseudomonas sp., Bacillus sp., Micrococci, and Aspergillus sp. found among the
phosphate-solubilizing bacteria discovered in the casts and intestines of P. exca-
vatus, E. eugeniae, and L. mauritii. The vermin-cast of E. eugeniae was abundant
in cellulolytic bacteria that fix nitrogen and were capable of saturating rocks with
phosphate (Venkatesh & Eevera, 2008).

According to L. mauritii, the species prefers areas with high C/N ratios for the
treatment of activated sludge in order to prevent environmental pollution. Eudrilus
eugeniae’s population and growth are directly impacted by time and space. The earth-
worms are a crucial biotic component of soil that, by breaking down organic matter
that is decaying, maintains soil health and complies with environmental regulations.
Earthworms serve as a source of food for the catfish Mystus Vittatus since they are
so rich in nutrients. Vermicomposting of paper mill sludge using L. mauritii. The
only meal that E. eugeniae did not favor was water hyacinth, whereas the addition
of cow dung at a rate of about 14% had a good effect on biomass growth and hatch-
ling output. Under experimental conditions, the L. terrestris favors solid sludge from
paper mills. Even though earthworm growth was slow, solid paper mill sludge had
no harmful effects on them in a laboratory setting. Several exotic epigeic species
are employed for vermicomposting in India, including E. eugeniae and P. excavates
(Parthasarathi and Ranganathan 2000; Samadhiya et al., 2013; Suthar, 2007).

5 What is Vermicast

Vermicomposting or vermicasting is the practice of employing earthworms to break
down organic waste. Unlike conventional composting, itis a natural, odorless, aerobic
process. Earthworms consume garbage and subsequently excrete castings, which are
granules of nutrient- and organically rich soil that are dark, odorless, and useful for
improving the soil. Earthworm castings serve as a fertilizer that may be applied more
quickly than compost since the nutrients are released more slowly for developing
plants ( Awadhpersad et al., 2021; Hassan et al., 2022; Ortega-Torres et al., 2023)
(Fig. D).

However, feeding garbage to the earthworms causes nitrogen to mineralize, which
is then followed by the phosphorus, along with sulfur decomposition after digestion.
Vermicast nutrient content varies with the type of earthworm diet. Casts typically
contain between 75 and 80% moisture and have a C:N ratio of 12-15:1, 1.5% to
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Fig. 1 a A model vermicompost bed with sheds; b large-scale vermicompost production

2.5% N, 1.25% to 2.25% P,0s, and 1% to 2% K,O. Nutrients can be given to plants
in line with their needs because of the controlled-release granule form of earthworm
castings.
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6 Vermicomposting and Vermiculture

According to Ghosh (2004), vermiculture is a cutting-edge form of biotechnology
in which earthworm E. fetida breeding and multiplication, as well as the use of
its castings, have become crucial methods for recycling trash and creating vermi-
compost. Earthworms are necessary for the breakdown of biodegradable wastes
such as cattle, pig, and dairy solids, poultry, sludge, game, rabbit, and horse dung;
agricultural wastes; municipal waste; and urban waste (Chauhan & Singh, 2012;
Singh & Chauhan, 2015). Earthworms can be used as inexpensive and environmen-
tally friendly bioreactors for waste management, according to research by Aalok
et al. (2008) (Table 1).

Vermiculture is the large-scale industrial farming of a particular species of earth-
worm for the benefit of both the soil and man in a selected area or containers that
mimic semi-natural circumstances. When it comes to their capacity for composting,
different earthworm species have varying potential. Several species might be utilized
in the production of high-protein aquaculture feed. The protein content of dead earth-
worm (E. fetida) powder ranges from 62 to 64%, along with amino acids, 4.3% lysine,
2.3% cystine, and 2.2% methionine. A mixture of soil microbes and an efficient
species of earthworm is used in verticulture (Edwards & Arancon, 2006; Ghosh,
2004; Singh & Chauhan, 2015).

An eco-biotechnical method called vermicomposting uses earthworms to convert
complex organic materials with high energy content into stabilized humus-like prod-
ucts. Since they modify the raw materials as well as alter the process of biological

:‘l?:r:ficlal ]};?g;:;tailezrg S. No. Nutrient* Vermicompost
vermicompost 1 C:N 8.37
2 Total nitrogen (%) 4.2
3 Total phosphorus (%) 0.83
4 Total potassium (mg kg~ 1) 920.0
5 Total calcium (%) 3.9
6 Total magnesium (%) 32
7 Total manganese (mg kg~') | 320.95
8 Total zinc (mg kg™ ') 200.12
9 Total Fe (mg kg~!) 5986
10 Total copper (mg kg™!) 42.62
11 Organic carbon (%) 20.5
12 EC (dSm™!) 7.41
13 pH 7.64

“These values are subject to variation depending on the type of
organic waste
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movement, earthworms are important participants in the biochemical breakdown of
organic materials by bacteria (Ansari et al., 2015; Garg et al., 2006).

There are a number of epigeic earthworms that feed on detritus and can be raised
in organic waste. The top contenders for the organic waste recycling market have
been identified as the earthworm species: P. excavatus, E. eugeniae, and E. fetida.
Through aeration, bioconversion, their excretions, and a qualitative or quantitative
impact on the telluric microflora, earthworms speed up the conversion of organic
waste into stabilized forms (Kaviraj & Sharma, 2003).

According to Chauhan and Singh’s (2014) research, vermicomposting might be a
good strategy for turning organic materials into worthwhile goods using earthworms.
Crucial nutrients for plants incorporated into feed substances, such as N, P, PO,>~,
and Ca, are converted during the process into forms with greater solubility as well
as absorbability for plant microbes compared to those found in parent material. By
ingesting various solid organic wastes, earthworms produce vermicompost, a peat-
like substance that is considerably more fractured, porous, and conducive to microbial
activity than the original waste was. This is due to the thorough humidification as well
as the degradation that vermicompost has undergone. The process of composting is
a rapid yet efficient way to reuse rubbish from farms, cities, and kitchens. It also
bioconverts organic waste into compost that is rich in nutrients, thanks to the activity
of earthworms, which also have a large population of actinomycetes and helpful
microorganisms. It boosts drainage capacity, porosity, and aeration, which lowers
the amount of water needed to irrigate crops. It boosts the availability of nutrients
and might be used to make complicated fertilizer pellets. Vermicomposts used for
green gram, chickpea, and field peas increased percentages of germination by 92, 90,
and 93, respectively, along with raised crop yields by 9, 14, and 12 g/ha, according
to Baghel et al. (2018).

Vermicomposts significantly reduce the number of dangerous pathogenic bacteria.
It is commonly accepted that during the thermally sensitive stage of the process of
composting, harmful organisms are eliminated. Nevertheless, composting with earth-
worms boosts and speeds up the rate of nitrogen mineralization. The humification
process is more pronounced and rapid during the maturation stage of vermicom-
posting (Fig. 1). Moreover, compared to composting, this technique may result in a
larger reduction of heavy metals that are bioavailable. In terms of trash management,
vermicomposting is more useful than composting. It is one of the most important
measures in resolving this ecological problem and stabilizing organic waste (Mishra
etal., 2014).

Vermicomposting uses fine-separated peat mass materials that have high perme-
ability, excellent air circulation, water flow, and water-retaining capability. Vermi-
composts have been shown to have higher levels of organic matter and total organic
carbon, readily available NPK alongside additional micronutrients, and microbio-
logical activity of enzymes, as well as plant growth hormones. Vermicomposts have
a balanced pH, a higher ability to exchange cations, a lower ability to dissolve ions,
and a higher concentration of humic acids. The plants rapidly absorb the nutri-
ents present. Vermicomposts are more durable than the original material and have
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improved the physicochemical characteristics of the soil. They also have increased
nutrient availability (Mondal et al., 2017; Sinha, 2009).

Vermicomposting, according to Sharma and Garg (2018), is a biochemical break-
down method used for organic waste that requires the relationship between bacteria
and earthworms. Vermicomposting products contain higher levels of plant-available
nutrients and a considerably wider variety of agricultural and aquacultural probiotics
than traditional compost. Vermicompost is therefore regarded as a microbial fertilizer
used primarily on agricultural grounds. Animal manure can be used as a substrate
to create vermicomposts. Vermicomposts encourage the development of soil qual-
ities such as granulation, fine dirt, effective aeration, simple root penetration, and
increased water holding capacity. Organic manure may enhance the soil’s physical
properties and its organic content, water transfer and retention, mass density, as
well as accumulation. Field crops, decorative and flowering plants, cereals, legumes,
sugarcane, and vegetables are just a few of the crops where vermicompost has been
shown to affect plant growth and production. They also showed that the increased
response by plants was only apparent while vermicompost had been applied around
10% to 40% of the quantity in the growth medium; larger dosages of vermicom-
post, however, do not promote plant development due to the excessive salt quantity
(Bansal & Kapoor, 2000; Hand et al., 1988).

7 Vermiwash

Vermiwash, a liquid biofertilizer, has a pale yellow appearance. This is a powerful
fertilizer made from an extract of earthworms’ mucus and excretory secretions,
which help plants grow and produce more (Fig. 3). It has micronutrients, hormones,
vitamins, and the ability to resist disease. A honey-brown substance, including
heterotrophic microbes, fungal organisms as well as nitrogen-fixing organisms and
phosphate solubilizers, macro- and micronutrients, hormones, enzymes, and vita-
mins, is vermiwash (Table 2). It is a liquid organic biofertilizer pesticide. Vermiwash,
liquid manure, is especially beneficial as a foliar spray for fostering the development
and productivity of plants and also for halting the spread of disease. Using the vermi-
wash complex, lawns, nurseries, and orchids can all be successfully grown. Vermi-
wash, a coelomic fluid extraction, is a source of many enzymes, auxines, cytokinins,
and gibberellins, among other plant growth regulators. Additionally, it contains vita-
mins, especially B12. To encourage crop development and production, the resulting
manure is obtained in the form of liquid and sprayed onto plants as foliar fertilizer.
Moreover, it makes crops more resistant to dangerous diseases. Vermiwash boosts
crop output by providing foliar manure for the roots of the plants. Administration of
vermicompost alongside vermiwash, which slowly releases nutrients for absorption
together with other nutrients like auxins, gibberellins, and cytokinin, has been linked
to improved plant development and higher yield (Manyuchi & Nyamunokora, 2014;
Nath & Singh, 2016). Vermiwash supports plant growth by providing a wealth of
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hormones, enzymes, vitamins, macronutrients, and micronutrients (Ortega-Torres
et al., 2023; Verma et al., 2018) (Figs. 2 and 3).

The bacteriostatic substances in the earthworm-produced vermiwash protect the
vegetation against pathogenic bacteria. Vermiwash is well-known to be used in the
morning, just before sunrise, as well as evening, just after sunset, for spray-on foliage
applications. Additionally, this is asserted that mixing liquid manure with biopesti-
cides in a 1:1 ratio and diluting them ten times in water will affect cow urine and
vermiwash (Ismail, 1993).

Table 2 General decomposing bacteria and fungi forming a symbiotic relationship with earth-
worms found in vermiwash and vermicasting

Genera Bacteria/fungus | References

Absidia glauca Fungus Tiwari and Mishra (1993)
Actinomycetes Bacteria Singh et al. (2015), Balachandar et al. (2018a, 2018b)
Actinobacteria Bacteria Singh et al. (2015)
Agrobacterium spp. Bacteria Tripathi et al. (2005)
Alternaria alternate Fungus Tiwari and Mishra (1993)
Azotobacter spp. Bacteria Tripathi et al. (2005)
Bacillus circulans Bacteria Idowu et al. (2008)
Clostridium absonum | Bacteria Idowu et al. (2008)
Firmicutes Bacteria Singh et al. (2015)
Mycorrhizae Fungus Singh et al. (2015)
Penicillium absonum | Fungus Tiwari and Mishra (1993)
Proteobacteria Bacteria Singh et al. (2015)
Rhizobium spp. Bacteria Tripathi et al. (2005)
Staphylococcus aureus | Bacteria Idowu et al. (2008)

Fig. 2 Vermicomposting
techniques are used in the
production of organic tea
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Fig. 3 Vermiwash preparation steps

According to Zaller (2006), vermicompost extract foliar spraying has been demon-
strated to provide a number of advantages for fruit flavor, including the reduction
of “late blight” in farm-grown tomatoes. Moreover, it stops the microorganisms that
cause illness in tomato plants. It has been demonstrated that the use of aqueous
compost extract can lessen both necrotrophs’ and biotrophs’ elocote illness. The
soil-borne diseases and pests have been found to be suppressed by aqueous extracts
of vermicomposts. Given their high nutritional content, vermicompost extract and
composts make sense as potential spray fertilizers. Generally speaking, spraying onto
foliage provides an easier way of supplying fertilizers to more vigorous vegetation
than root treatment.

In dry conditions, foliar fertilization is significantly more successful than soil
treatment, according to Mishra et al. (2014). Vermiwash has reportedly been sprayed
on different varieties of tomatoes, significantly increasing the plant’s growth and
fruit production. Foliar sprays containing nutrients can also be used to counteract the
decline of the absorption of nutrients through roots that occurs as the reproductive
phase begins, as an outcome of increased sinks’ competition for sugars. The quality
and conditioning of the soil have increased with the judicious and selective use of
organic additions, including vermicomposts, vermiwash, mulch (farm wastes), and
green manures.

It has been demonstrated that adding fluids from pots containing earthworms
has an impact on rye-grass generation of dry matter. The fruit quality of plants can
be impacted by the microbial population in conventional thermophilic composts,
humic compounds in vermiwash, or both. Vermiwash is applied to plant leaf regions
to control pest arthropods and plant parasitic nematodes while enhancing plant
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growth, productivity, and seed germination. The increased microbial activity in
vermiwash results in the significant production of plant-promoting hormones like
auxin, cytokinins, and gibberellins. Humic acids are created in large quantities during
vermicomposting and leach out of vermicomposts during vermiwash extraction.
Humic acid promotes the growth of plants. Thermophilic compost extract has been
shown to be beneficial against a number of fungal infections that affect fruits and
leaves (Awadhpersad et al., 2021; Sudha et al., 2003).

According to Shukla and Singh (2010), nitrogen, which is present in vermiwash as
a type of fluid, nitrogen-containing elimination compounds, hormones that regulate
growth, and enzymes, has a substantial impact on the germination of seed and the
growth of bean seedlings. Vermiwash’s black gramme spraying showed a remarkable
growth. Okra plant growth and productivity are dramatically impacted by vermicom-
posed weeds and their aqueous extract. Vermiwash is a natural plant growth stimulant
for crops, including coconuts, horticulture, and tea. A natural fertilizer with inorganic
N and K is called vermiwash.

Vermiwash made from vegetable waste and cow dung has been shown to be
highly effective against the cow pea powdery mildew illness. The vermiwash also
contains nitrogen-fixing bacteria such as Azobacter, Agrobacterium, and Rizobium
species, as well as a cocktail of enzymes including proteases, amylases, ureases,
and phosphatases. The vermiwash’s microbe population had a big impact on how
phosphorus, which is found in organic substances, moved through its biological
cycle. The biogeochemical cycle of phosphorus is dissected, then mineralization
using enzyme complexes made by microorganisms, such as phosphatase (Balam,
2000).

Vermiwash is an excellent foliar spray and insecticide when mixed with diluted
cow’s pee (8 L of water, 1 L of vermiwash, and 1 L of cow’s urine). By using
vermiwash topically, soya bean (Glycine max) growth and yield were improved
(Rana, 2000). Marigold plants’ growth and output significantly increased as a result
of using vermiwash. Vermiwash was used weekly, which resulted in a 7.3% increase
in radish output. Additionally, it may be utilized as a liquid foliar fertilizer at a 20—
30% concentration and stops dangerous fungi from developing their mycelium. This
is clear that vermiwash can be a useful tool for encouraging plant development while
preventing a variety of bacterial illnesses.

The effects of vermiwash created from various waste materials alone and in binary
mixtures of both plant developments along with crop production have not yet been
studied, in spite of the topic’s significant investigation. When various wastes from
cattle are mixed into agricultural also food waste separately, along with bipolar
configurations, there is a significant effect on certain vegetable crops (Chauhan &
Singh, 2014; Rao, 2005; Thangavel et al., 2003).
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8 Conclusion

The employment of epigeic earthworms will significantly reduce the pollution risk
brought on by the decomposition of organic wastes, as is evident from the afore-
mentioned accounts. The appropriate method for converting trash into rich organic
manure is vermicomposting. Utilizing vermicompost as well as vermiwash in the
fields on the farm can help the plants grow and be more productive. If earthworms
are introduced into farming regions, various wastes can be recycled more effectively.
Therefore, we may infer that vermi-biotechnology, along with the use of earthworms
in fields of crops and vermicompost/vermiwash, is an effective method for promoting
environmentally friendly development.
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Abstract Rapid urbanization, economic expansion, and population growth have
intensified the problem of managing organic waste from domestic agriculture and
firms, posing serious environmental and financial dangers. The improper disposal
of waste endangers the environment and increases the risk of disease spread. In
order to address this global issue, this study reviews the role of vermitechnology
in plant growth and nutrient enhancement. The chapter explores the process of
vermicomposting for both organic and inorganic materials, including the produc-
tion of vermiwash as a biocide and fertilizer. It covers the management of organic
solid waste (OSW) and earthworms, factors affecting vermicomposting efficiency,
and the reduction in material weight during the process. Additionally, it discusses
moisture requirements, the interaction between aeration and oxygen availability, the
influence of raw material particle size on composting, and plant growth in relation
to nutrient availability. The chapter also examines direct nutrient uptake by plants
from the soil and the role of symbiotic relationships with soil microorganisms in
nutrient acquisition. Notably, the chapter describes vermicomposting as an environ-
mentally friendly technological approach for managing OSW. More so, the chapter
emphasizes the critical necessity of vermitechnology to be a method that emerges
as a sustainable solution for agricultural and sanitary applications by utilizing the
potential of earthworms to digest organic waste. This chapter concludes that the
problems created by rising organic waste can be efficiently addressed through the
incorporation of vermitechnology, paving the way for a more ecologically conscious
and resource-efficient future.
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1 Introduction to Vermitechnology

Utilizing local species of earthworms on the surface and below for soil management
and composting is known as vermitechnology (Aransiola et al., 2022). Vermicompost
improves soil nutrient content, boosts soil microbial activity, increases oxygen avail-
ability, sustains natural soil temperature, promotes soil porosity and water infiltration,
and enhances plant growth, yield, and quality. Vermitechnology is the study and prac-
tical use of processes that use earthworms to break down organic waste for sanitary
and agricultural purposes. Earthworms can decompose and stabilize solid organic
waste as well as organic waste that is suspended or dissolved in water (Ansari &
Ismail, 2012). The role of an earthworm in improving soil health may be unmatched
by that of any other living thing in the soil. Earthworms enhance plant growth by
improving soil aeration, water infiltration, soil structure, nutrient cycling, and water
movement. They are also one of the primary organic matter decomposers (Labenz,
2022; Rekhaetal., 2018). More specifically, earthworms serve as key detritus feeders
and are important for soil metabolism and the decomposition of organic materials
(OMs), making them excellent markers of the health of the soil. According to Ansari
and Ismail (2012), soil fertility is improved by a complicated process that involves
the partial breakdown of OMs and combining them with earthworm cast, which is
a mixture of mucus and gut microbial flora. They have an impact on the soil by
creating the drilosphere, which increases soil porosity. For plant growth and produc-
tivity, earthworms play a very vital and useful role. Because of the importance of
earthworms, vermitechnology, which uses native kinds of surface and underground
earthworms for composting and soil management, has been developed (Ojuolape
etal., 2015).

But according to Labenz (2022), a certain kind of soil’s capacity to work within
the restrictions of an uncontrolled or carefully controlled ecosystem in a way that
promotes animal and plant productivity, upholds or enhances the air and water quality,
as well as promotes health and habitation of humans is known as soil health. An earth-
worm may be the most important living thing in the soil, contributing significantly
to the improvement of soil health. By enhancing soil aeration, infiltration, struc-
ture, nutrient cycling, and water movement, earthworms promote plant growth. With
large quantities of humus, nitrogen (2-3%), phosphorus (1.55-2.25%), potassium
(1.85-2.25%), and other micronutrients, along with more favorable soil microbes
such as “nitrogen-fixing bacteria” and mycorrhiza fungus, vermicompost is also a
nourishing organic fertilizer (Charan et al., 2024). Vermicompost is considered a
remarkable plant growth enhancer, as supported by scientific studies (Chaoui et al.,
2003; Guerrero, 2010). According to Ansari and Ismail (2012), vermicast produced
by worms contains 19.58% phosphorus as P,Os and 7.37% nitrogen. Earthworms are
among the primary decomposers of organic matter, and they rely on microorganisms
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living in OM and soil for their food. As earthworms burrow and consume soil, they
create tubular pathways that can persist in the ground for a long time (Charan et al.,
2024). These burrows enhance soil porosity, allowing greater air and water infiltra-
tion, which in turn reduces bulk density and supports root growth. The casts produced
by earthworms enrich the soil with essential nutrients such as nitrogen, phosphorus,
potassium, and magnesium, thereby improving its fertility. Aristotle aptly referred to
earthworms as “the intestines of the earth and the replenishing agents of soil fertility”
(Shipley, 1970). They act as biological soil quality indicators since a healthy earth-
worm population suggests that the soil is healthy, given that it is home to numerous
bacteria, viruses, fungi, insects, spiders, and other species (Lachnicht & Hendrix,
2001). However, when OM is digested in their intestines and becomes more abun-
dant, earthworm casts also contain microbes. Therefore, it is widely understood how
earthworms contribute to soil structure, soil productivity, agriculture, and environ-
mental management of organic waste. Microbe development and the recirculation
of nutrients from organic matter promote plant growth. The soil structure as well as
aggregate stability are also improved by earthworm casts and the binding chemicals
they release (Ismail, 2005).

Ansari and Hanief (2013) also state that there are three distinct kinds of earth-
worms, each of which has a unique lifestyle in the soil and a unique way of feeding
and burrowing. Epigeic species are those that inhabit the soil’s surface, are often
small, eat decomposing plant matter, and have evolved to withstand the variations in
temperature and moisture that occur there. Endogeic species inhabit the top layer of
the soil and eat soil components and OM. As they crawl through the soil, they create
short-lived burrows that are lined with worm casts. Deep-burrowing anecic species
create long, enduring tunnels that can reach several feet into the ground. They mostly
pull surface material back into their burrows to eat. They block the burrow’s entrance
with OM or worm casts. The optimal conditions are created by no-till farming and
other conservation techniques that increase plant residue and soil structure. An abun-
dance of earthworms is a reliable sign of healthy soil. It is unquestionably true that
Darwin (1892) studied their actions in detail and came to the conclusion that “it may
be questioned if there are any other animals that have played such a vital part in the
history of the planet as these lowly organized creatures.” For a while, it has been
understood how crucial earthworms’ job is for agriculture. Along with other organ-
isms, earthworms have played a critical role in regulating soil processes, maintaining
soil fertility, and fostering nutrient cycling (Ismail, 1997). Earthworms are essential
to the structure of the soil because they produce aggregates and enhance the physi-
ological conditions that enable plant growth and nutrient uptake. By expediting the
decomposition of organic matter and plant litter and, as a result, releasing nutrients
in a form that plants can absorb, they help increase soil fertility.
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2 Vermicomposting of Organic and Inorganic Materials
Processes

Vermicomposting is a technique wherein earthworms and other microorganisms
break down and stabilize organic waste through biological means to produce vermi-
compost. These are a crucial component of modern organic farming. Its outstanding
qualities make preparation simple, and it is safe for plants. The microbiological
activity is substantially stimulated, the organic waste substrates are broken up, and
mineralization rates are increased by the earthworms. By lowering pollution, they also
have a great chance to support organic farming and reclaim land. Additionally, a lack
of soil fertility has always been a barrier to increasing agricultural output (Aransiola
et al., 2024; Pariyar et al., 2022). Vermicompost, according to Pariyar et al. (2022),
quickly transforms trash with more and more diverse microbial activity, forming
humus-like substances that have a finer structure than thermophilic composts. As
the earth’s intestine, earthworms are potential bioreactors that not only assist in
the removal of solid organic waste produced by households, municipalities, or the
agricultural sector but also contribute to the enhancement of the soil’s physical and
chemical composition, texture, and microbial population (Aransiola et al., 2022).
Therefore, when added to clay soil, vermicompost, an organic substance that is
stable and in the form of fine granules, helps to loosen the soil and improve the air
entry path (Fig. 1).

In order to avoid waterlogging and improve water-holding capacity, the cast’s
hydroscopic mucus absorbs water. Vermincompost contains organic carbon, which
releases nutrients into the system more gradually, allowing for easier plant absorption.
Vermincompost enriches the soil with additional elements not present in synthetic
fertilizers (Ahangar & Keshtehgar, 2015). Additionally, vermicomposting provides
a way to recycle and utilize the massive organic agricultural waste that farmers tradi-
tionally burn so as to advance our agricultural development in a more effective, cost-
effective, and ecologically responsible way. Technology has advanced since Darwin
(1892) first highlighted the significance of earthworms in the handling of organic solid
waste (OSW) and the production of the useful bio-product vermicompost (Ismail,
2005; Yatoo et al., 2020).

Similar to this, vermicomposting utilizes epigeic earthworms (Fig. 2) such as
Eudrilus eugeniae, Lumbricus rubellus, Eisenia fetida, and Perionyx excavatus;
however, in tropical or subtropical environments, P. excavatus has been shown to be
an effective composting earthworm (Udayakumar & Parthasarathi, 2021). Vermitech
is a technique for vermicomposting that combines regional earthworms of the epigeic
and anecic species: P. excavatus and Lampito mauritii (Ismail, 1993, 2005). Vermi-
compost is a type of compost created by adding earthworms, and Vermitech is a
technique for composting that involves employing a local species of earthworm
(Ismail, 1993). Vermicompost normally consists of a finely divided ground peat-
like substance with excellent structure, porosity, aeration, drainage, and moisture-
retentive capacity (Lal & MS, 2024). Additionally, vermicompost boosts soil micro-
bial activity, raises oxygen availability, keeps soil temperature normal, increases soil
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Fig. 1 Organic waste management through vermincomposting

porosity and water infiltration, as well promotes plant development, yield, and quality
(Arora et al., 2011). So, the input material has a significant impact on the nutrient
content of vermicompost. Most mineral elements, in accessible forms, are typically
present in greater amounts than in the source material (Edwards & Bohlen, 1996).
Biological, chemical, and physical qualities of soil are improved by vermicom-
post (Kale, 1998). Research has shown that vermicompost positively impacts all
yield characteristics of various crops, including sugarcane, rice, and wheat. There
is strong evidence that it encourages plant growth. Earthworm farming is known
as vermiculture, and the waste these worms create is known as vermicast (Lalitha
et al., 2000). Compost, cow dung, and other animal excretions are widely used in
agriculture to cultivate plants. The problem of eliminating waste from our indus-
tries, homes, etc., is one we face in today’s society. We can use vermicomposting
technology to efficiently manage our trash. By using this method, we may compost
the biodegradable waste while also using the compost’s byproducts to improve crop
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Fig. 2 Sample of vermicomposting (Planet Natural, 2001)

growth without using synthetic fertilizers. According to Ansari and Ismail (2012),
using synthetic fertilizers throughout time has led to degraded soil health, decreased
yields, an increase in insect and disease occurrences, and environmental contami-
nation. The vermitechnology has emerged as the most effective corrective tool to
address these grave issues (Edwards & Bohlen, 1996; Kumar, 2005).

2.1 Vermiwash as Biocide and Fertilizer

It is highly recommended to utilize vermiwash, a liquid created when water passes
through a worm-action column, as a foliar spray. It contains micronutrients produced
from organic molecules in the soil, together with excretory mucus and mucus secreted
by earthworms. In the natural ecosystem, they are passed on to the plant’s leaves,
young shoots, and other parts. When properly collected, vermiwash is a transparent,
translucent fluid with a little yellow hue (Ismail, 1997; Zambare et al., 2008). A liquid
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Fig. 3 Verminwash production (Bendalam & Kaviti, 2020)

fertilizer called vermiwash (Figs. 3 and 4) is obtained after water has flowed through a
column of active worms, often known as a foliar spray or worm column. Agricultural
waste, kitchen waste, and nitrogen-rich material like cattle dung, goat droppings, and
pig manure are possible frequent sources of earthworm nourishment (Ismail, 2005).
It is made up of the main micronutrients in the soil, organic compounds in the soil
that are advantageous to plants, earthworm excretory and secretory products, as well
as other components. Vermiwash appears to have the capacity to act as a modest
biocide and a fertilizer simultaneously (Ismail, 1997).

In addition, vermicast (Fig. 5) is the feces that earthworms excrete, and vermicul-
ture is the practice of raising them (Ansari & Kumar, 2010; Ismail, 1997). Compost,
cow dung, and other animal wastes are used extensively in agriculture to cultivate
plants. Getting rid of waste from our homes, businesses, and other sources is a
challenge in today’s world. We can use vermicomposting technology to handle our
garbage in an efficient manner. With the help of this procedure, we can compost
the biodegradable waste while also using the compost’s byproducts to increase crop
productivity and do away with the need for chemical fertilizers. According to Ansari
and Ismail (2001), over time, the use of synthetic fertilizers has led to soil health
deterioration, decreased yields, an increase in insect and disease outbreaks, and envi-
ronmental pollution. The most efficient corrective method to deal with these serious
problems has been identified as the vermintechnology (Das et al., 2014; Kumar,
2005). Therefore, organic farming contributes to a number of benefits, including
the elimination of chemical fertilizers and pesticides, the recycling and regeneration
of waste into wealth, the improvement of soil, plant, animal, and human health, and
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Fig. 4 Agriculture liquid organic vermiwash (Agriculture Farming, 2020)

the development of environmentally friendly, economically viable biosystem models
(Ansari & Ismail, 2001; Gudeta et al., 2021).

Similar to this, the bioactive macromolecules from an earthworm’s skin secretion,
coelomic fluid, and mucus were directly able to protect pathogenic soil bacteria
against the worm, eradicating the disease from the environment. Earthworms create
symbiotic relationships with bacteria, provide a critical component for plant growth,
and control plant root disease (Gudeta et al., 2021). More specifically, Vermiwash
application has a synergistic effect in reducing insect infestations such as thrips
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and mites and producing a lot of healthy pods to boost production (Kanchan et al.,
2013). The production of crops is significantly harmed by parasitic arachnids called
acarids. For instance, Aghamohammadi et al. (2016) showed that under laboratory
conditions, vermiwash-treated bean leaf (Phaseolus vulgaris L.) displayed a strong
repellent outcome against Acarina (Tetranychus urticae) as compared to leaves that
are not treated. Vermiwash can also be used in agricultural fields being an insecticide
to manage infection with red spider mites, according to Thakur and Sood’s (2019)
research that it effectively suppressed the growth of red spider mite (7 urticae) eggs.
Vermiwash’s repulsive qualities are related to the mucus that is present in it (Nadana
et al., 2020). When an earthworm is irritated, coelomic fluid is discharged as mucus
through dorsal pores as a coping technique. This bioactive fluid has been found to
have antifungal, insecticidal, and pesticidal properties (Nadana et al., 2020).

2.2 Management of Organic Solid Waste and Earthworms

Organic waste dumping from home, agricultural, and industrial sources has recently
resulted in significant environmental risks and economic issues (see Fig. 1). The
control of organic waste has become a major problem worldwide as a result of rapid
urbanization, economic expansion, and population rise. The improper organic wastes
can harm the ecosystem, perhaps spread disease. Landfills, open dumping, and incin-
eration are not environmentally sustainable disposal methods because of the produc-
tion of some leaching and hazardous gases, which can contaminate the environment.
For maintaining a pollution-free environment, managing organic waste is a critical
challenge (Bhat et al., 2018). Burning organic wastes significantly increases envi-
ronmental pollution, which results in contaminated air, water, and land. Along with
dust particles, this process also releases a substantial measure of atmospheric carbon
dioxide, which is a significant factor in global warming. Burning also eliminates the
soil’s OM, wipes off microbial life, and changes the soil’s physical characteristics
(Livan & Thompson, 1997; Siddiqui et al., 2022). Earthworms can be used to process
the waste from the food, wood, and paper sectors as well as domestic waste, munic-
ipal trash, sewage sludge, and other types of waste (Ansari & Ismail, 2012). For
managing OSW in the tropical and subtropical environments, the best earthworms
for vermicomposting are E. eugeniae and P. excavatus. (Kale, 1998). Earthworms are
used in the composting process to speed up vermicompost production and shorten the
time it takes for waste to stabilize. Because it places a strong emphasis on soil health
and food quality, more and more people are turning to organic farming. Vegetables
with other crops have been successfully grown using Vermiculture and vermicompost
alongside other biological inputs. It was discovered that these methods are produc-
tive and affordable (Ansari & Ismail, 2012). In this respect, it is possible to recycle
organic waste to create beneficial organic manure for use in agriculture. Compost
plays an increasing role in the drive to boost food production in an environmentally
responsible way.
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Compost is evolving significantly in an effort to increase food yield in an envi-
ronmentally responsible manner. Tons of organic agricultural waste are burned by
farmers every year, and vermicomposting provides a way for the reuse and recy-
cling of waste in order to further agricultural development in a more effective, cost-
effective, and ecologically friendly way (Rini et al., 2020). The management of
increasing amounts of solid waste in an environmentally friendly manner is a serious
issue that must be addressed at all costs. Both the rice and the sugar sectors burn
their waste, which greatly contributes to environmental pollution and contaminates
the air, water, and land. Along with dust particles, this process also releases a consid-
erable amount of atmospheric carbon dioxide, which is a significant factor in global
warming. Therefore, organic farming contributes a number of benefits, including
the exclusion of chemical fertilizers and pesticides, the recycling and regeneration
of waste into wealth, the improvement of soil, plant, animal, and human health, and
the development of environmentally friendly, economically viable biosystem models
(Ansari & Ismail, 2012).

As a result, a lot of attention is being paid to adopting environmentally sound,
commercially viable, and socially acceptable tools that will strengthen the poten-
tial recovery of nutrients with the least amount of pollution. The most effective
way to manage waste is by recycling or composting it and then using it in agricul-
ture. Converting industrial waste into vermicompost offers dual benefits, as it reduces
pollution while transforming waste into a valuable fertilizer (Bhatetal.,2015). Never-
theless, one of the most effective methods for recovering priceless nutrient elements
from OSW is composting. Nutrients are biologically stabilized during composting,
which is a regulated biological disintegration process in which bacteria transform
OM-based products into products that have been stabilized and sterilized. Earthworm
technology and vermiculture are terms used to describe the breeding of earthworms
in organic substances and earthworms’ biological conversion of OMs. One of the
greatest and richest organic fertilizers in nutrients available is vermicompost. Vermi-
composting is an excellent method for waste management, as it involves recycling
or composting waste and using it in agriculture. Transforming industrial waste into
vermicompost provides dual benefits by reducing pollution and converting waste into
a nutrient-rich fertilizer (Bhat et al., 2015; Soobhany, 2019).

One of the finest qualities and richest in nutrients organic fertilizers available
is vermicompost. Earthworms are also referred to as “nature’s ploughman” or
“the farmer’s friend. “Earthworms were referred to as the “unheralded soldiers of
mankind” by Sir Charles Darwin, the “protector and producer” by Sir Anatoly Igonin,
and the “intestine of earth” by Aristotle because they preserved the soil’s fertility and
could digest a variety of organic substrates (Dada & Balogun, 2023; Martin, 1976).
Earthworms are segmented, bilaterally symmetrical, hermaphrodites with a body
color of dark brown and a clitellum for creating cocoons that are classified under
the phylum Annelida and class Oligochaeta. Earthworms’ gizzards break down OMs
into smaller pieces. Microbial symbionts (bacteria, protozoa, and fungi) live inside
the earthworm’s gut and are in charge of degrading organic matter (Munnoli et al.,
2010).
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3 Factors Influencing Vermicomposting

Earthworms consume various organic waste products and turn them into “Cast-
ings.” Because it includes nutrients that are stable but still accessible to plants, the
finished product is greatly valued as a soil amendment. Farmers may be offered
castings. Worms are another commodity that can be directly sold for the purpose of
fish baits or as a supplement to livestock feed (Ndegwa et al., 2000). Thus, vermin
composting is an ecologically friendly method for managing OSW, avoiding the bad
odor and other ecological problems that come with dumping or landfilling garbage,
while creating an equivalent or greater amount of income from the sale of its prod-
ucts. Commercial vermin composting is a relatively new idea that has been used
for at least a decade. Earthworms can be used as a treatment method for a variety of
waste streams, according to several scientific studies (Amaravathi & Reddy Mallikar-
juna, 2015). Earthworms engage in both physical/mechanical and biological activity
during this process. Aeration, mixing, and actual grinding of the substrate are among
the physical/mechanical processes. The substrate is broken down by microorganisms
in the earthworms’ intestines to carry out the biochemical reaction. The most expen-
sive part of a conventional microbial composting process is typically these physical
or mechanical operations. To guarantee healthy growing worm populations, environ-
mental elements like moisture, temperature, and aerobic conditions in the nutrient
medium must be maintained. The selection of the best species for the available feed
material and the production and growth rates of the worms are all necessary for a
profitable production.

3.1 Reduction of Weight During Vermicomposting

Earthworms may obtain enough nourishment from the soil to thrive even in diffi-
cult conditions and ingest a variety of OMs. Because of bio-oxidation and the
stability of organic matter brought about by microorganisms and earthworm inter-
actions, the weight of the substrate used for vermicomposting decreases as the
population of earthworms increases. Even though microorganisms are primarily in
charge of the biochemical breakdown of organic matter, earthworms are crucial
to the process because they condition and fragment the substrate, which increases
the microbial surface area and changes the biological activity of the organism
(Compose-Turner.net, 2022). High earthworm population densities in vermincom-
posting systems lead to a quick conversion of new OM into earthworm castings
and a greater weight reduction of the vermincompost. The dry matter or weight of
the compost utilized will decrease for vermincomposting due to the development of
earthworms and biodegradation by microorganisms (Pattnaik & Reddy, 2010).
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3.2 Moisture Requirements

All types of earthworm species depend on moisture for survival. Moisture within the
worms’ bodies provides them with structure, allows them to move, and helps them
collect oxygen. It is one of the prerequisites for the composting process since nutri-
tious sources are only capable of being absorbed by microbes when combined with
water. The majority of worm species have a moisture range of 60—85%, which enables
the worm to retain all moisture that may otherwise be lost by evaporation (Amara-
vathi & Reddy, 2014; Kovacik et al., 2018). The ideal water content for composting
raw materials is often between 50 and 60%. Insufficient moisture (less than 30%)
would hinder microbe activity and make it difficult for OMs to break down, whereas
excessive moisture would slow composting, cause anaerobic decomposition, odor
creation, and nutrient bleeding (Amaravathi & Reddy, 2013). Therefore, the mois-
ture content of the composting material has a direct impact on both the ventilation
capacity of the compost turner machine and the structural integrity of the compost
material. Air will not be allowed to pass through if there is more than 60% water
content, causing the materials to become compact and the compost to develop a direc-
tion toward anaerobes. In this instance, ventilation needs to be improved. Meanwhile,
microbes will be rejected and have an impact on their growth if the moisture content is
less than 20%. As a result, moisture is needed in compost piles for microbial activity
necessary for proper decomposition to take place (Nagavallemma et al., 2006). To
ensure an effective decomposition rate, residents of locations with limited rainfall
must periodically water the compost pile. The pile should be moistened with just
enough water, but it is important to prevent overwatering because that might cause
the air in the pile to be replaced with water, which would suffocate the microor-
ganisms. Due to the anaerobic conditions created, the decomposition process will be
slowed down and unpleasant odors will be produced (Amaravathi & Reddy, 2013). To
enhance air, piles that are overly damp should be turned often. If a pile is excessively
dry, it should be turned and watered.

3.2.1 Interaction Between Aeration and Oxygen Supply

The amount of aeration and oxygen supply, one of the crucial factors in effective
composting, is correlated with the organic content of the composting materials, i.e.,
the higher the content of organic carbon, the higher the rate of oxygen consumption.
When the oxygen content falls below 18%, the microorganism’s life activity in the
composting process will be reduced, and is likely to result in a stink (Xia et al.,
2019). The issue with the oxygen supply argument is not about the availability of
oxygen in the air, but rather ensuring a consistent supply without relying on excessive
ventilation at the same time. On the other hand, compost workers should prevent
overly prolonged waste disposal and poor odors brought on by insufficient oxygen,
as well as temperature drops in waste dumps and excessive energy and operating
costs brought on by unnecessary aeration (Hénault-Ethier et al., 2016).



The Role of Vermitechnology in Plant Growth and Nutrient Enhancement 355

As previously stated, oxygen is therefore necessary for the microorganisms
engaged in aerobic composting to break down organic waste effectively. Anaerobic
composting can achieve decomposition without oxygen, but such decomposition
processes are exceedingly sluggish, emit unpleasant smells, and frequently produce
chemical compounds that are poisonous to plants. The best method for residential
settings is aerobic composting due to the unpleasant smells that anaerobic composting
emits (Jjagwe et al., 2019). However, there are various ways to provide oxygen to the
pile. It is normal to be able to speed up decomposition by simply mixing or turning
the pile a few times each month to give the decomposers the required oxygen. The
pile’s decomposition will proceed more quickly if it is raised off the ground, allowing
ventilation from both the pile’s bottom and top. Using PVC pipes with holes already
drilled in them and putting them through the compost container is an additional
option. According to Gémez Brandén et al., (2019), fresh air can enter the center of
the pile through the PVC pipes’ perforations and ends.

3.3 Temperature

The optimal temperature range for the majority of worm species is between 15 and
27 °C, although each species has different tolerances and requirements for specific
temperatures. So, the amount of moisture in the system has a significant impact on the
worm’s tolerance of temperatures outside its optimal range. For vermin composting,
heat is more problematic than cold. Worms generally prefer chilly temperatures. In
the spring, as the temperature warms and cools, they are at their peak in terms of
activity and reproduction (Kovacik et al., 2018). However, a critical element in the
success of composting is the temperature’s impact on microorganism development.
Because so many physical and chemical interactions are occurring inside the pile, heat
is produced as the pile decomposes. The biological activity depends on the temper-
ature of the compost pile. There is widespread agreement that thermophilic bacteria
are more effective in degrading OMs than mesophilic bacteria. When mesophilic
bacteria have had a chance to function for one or two days, the temperature of the
composting process rises to 50 to 65 °C, where it can achieve the necessary safe
conditions and eliminate the majority of dangerous bacteria in about five to six days
(Hasan et al., 2021). In a nutshell, too low a temperature would significantly lengthen
the thrashing process, while too high (above 70 °C) would have a negative effect on
the microorganisms that break down organic waste during composting. Slow decom-
position may be caused by inadequate heat. Microbes and invertebrates essential to
the process can be killed by excessive heat (Vukovi¢ et al., 2021). Microbes that
contribute to decomposition primarily fall into one of two categories:

e Mesophilic creatures that thrive between 70 and 100 °F.
e creatures that are thermophilic and thrive between 113 and 155 °F.
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Table 1 Process parameters for aerobic composting, acceptable, and ideal conditions

Condition Acceptable Ideal
Nutrient balance (carbon to nitrogen ratio) 20:1-40:1 25:1-35:1
Moisture content by weight (%) 40-65 45-60
Oxygen content (%) > 5% > 10
Temperature (°C) 43-66 55-60
pH 5.5-9.0 6.5-8.0
Porosity (%) 45-65 45-65
Bulk density (kg/m?) 600 600

Moderate temperatures encourage the growth and activity of mesophilic bacteria,
which are the most effective decomposers. Higher temperatures kill disease organ-
isms and weed seeds. For accelerated decomposition, pile temperatures between 90
and 140 °F are desirable. However, many of the microbes and invertebrates will
perish or become less active if temperatures rise above 140 °F. The pile should be
turned at this point to improve airflow and reduce the temperature. The injection of
nitrogen and/or water may be necessary if a pile never reaches 120 °F, since cold
weather can also hinder the pile from heating (Jafari et al., 2021).

3.4 Conditions for pH

In general, the substrate’s pH has a significant role in regulating the development
of earthworms and the microorganisms found in their guts. The substrate’s pH must
be neutral or close to 7.0 for the best results to improve microbial and earthworm
activity (Amaravathi & Reddy, 2015). Therefore, a neutral or weak alkali has the
best pH value for microorganisms, and a pH value that is excessively high or too
low may make disposing of compost challenging. Additionally, the pH level has an
impact on nitrogen loss; when the pH is above 7.0, nitrogen volatilizes as ammonia
(Vukovi¢ et al., 2021). However, pH values between 6.0 and 7.5 are ideal for bacterial
development, whereas those between 5.5 and 8.0 are ideal for fungal growth, and
these values have a key function in the process and the size’s quality of the composting
source material’s particles (Table 1).

3.5 Electrical Conductivity (EC)

The quantity at any temperature of dissolved salts present inside the compost or soil
will be revealed by the electrical conductivity (EC) measurement. Minerals in the
form of soluble salts make it easier for plants to take in the necessary soil-derived
salts. Hence, substrate or vermin compost’s enhanced EC is a benefit for enhancing
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soil fertility. According to Kovacik et al., (2018), vermicompost with a higher EC is
thought to be of superior quality.

3.6 The Carbon to Nitrogen Ratio

The carbon and nitrogen ratio is the most crucial among the several elements required
by microorganism degradation. The temperature of compost is correlated with the
carbon—nitrogen ratio. The growth of bacteria and other microorganisms will be
constrained, the rate at which OMs decompose will be slow, and fermentation will
be the result if there is a high material ratio, i.e., if nitrogen is often insufficient while
carbon is more frequent. Additionally, the high carbon-to-nitrogen ratio in the source
materials will quickly result in a similarly high carbon—nitrogen ratio in the finished
compost. This imbalance can deplete the soil’s nitrogen content, leading to nitrogen
deficiency, which ultimately hinders plant growth (Nurhidayati et al., 2016). But if
the ratio of carbon to nitrogen is too low, particularly less than a ratio of 20:1, carbon
elements that can be consumed are scarce while nitrogen elements are comparatively
abundant. As a result, the nitrogen in materials turns into ammoniacal nitrogen and
volatilizes, which lowers fertilizer efficiency because there is a significant amount of
nitrogen loss. Therefore, the composting should achieve the ideal carbon—nitrogen
ratio (25-35:1) needed for microorganisms in order to ensure that the microorganism
nutrients of organic breakdown are balanced (Alavi et al., 2017).

3.7 Composting Raw Materials’ Particle Size

Reduced pellet size will enhance surface area, encourage microorganism activity, and
speed up the composting process because microorganisms carry out their activities on
the surface of organic pellets. However, overly thin materials also restrict airflow and
lower the oxygen level during composting, which slows the rate of microorganism
activity. As a result, it is necessary to reduce the size of raw materials on the basis
of air ventilation (Hosseinzadeh et al., 2020). However, completed compost needs
to be stable and mature in order to be packaged and transported without risk and not
have negative consequences when used. Smaller particles, however, have a larger
surface area than larger ones. The rate of decomposition increases with the amount
of surface area that microorganisms have access to. Because of this, reducing the
size of composting material will hasten decomposition (Vukovi¢ et al., 2021). Larger
materials can be reduced in size using a shredder or a woodchipper. Simply mulching
leaves with a lawnmower before raking them might minimize their size.
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4 Plant Growth in Relation to Nutrients

The composition and quantity of mineral nutrients present in the soil play a signif-
icant role in determining plant growth and development. Because of their relative
immobility, plants frequently encounter substantial difficulties in receiving an appro-
priate supply of essential nutrients to meet the requirements of fundamental cellular
activities. Reduced plant fertility or productivity may occur from a deficiency in any
one of them. A lack of nutrients can cause stunted growth, the death of plant cells,
or chlorosis caused by a decrease in the chlorophyll pigment production needed for
photosynthesis (Gupta et al., 2023; Morgan & Connolly, 2013). Deficiency of certain
nutrients can have a big influence on agriculture, lowering plant quality or crop yield.
Due to the fact that plants are the primary producers in the majority of food webs,
nutrient deficiency can also result in a decrease in overall biodiversity. However,
McDonald (1994) asserts that there are two universal characteristics of plant nutri-
tion. First, because all physiological processes in the plant ultimately depend on the
integration of one or more mineral nutrients in a form appropriate to the underlying
biochemistries, an increase in the size of plant organs and their proper functioning
ultimately depend on an appropriate availability of essential nutrients. Second, the
quantities and availability of nutrients that are stored and the extent of recycling
within the plant will determine the degree to which current nutrient intake that is
available externally influences growth processes (Hungria et al., 2021).

The availability of some nutrients can differ as a result of changes in the climate and
atmosphere, which can have a negative impact on plants. It is crucial to comprehend
how plants have evolved to overcome some of these challenges in a world where
the climate is constantly changing. Therefore, phenomena like storage and recycling
can be crucial for an individual’s survival and fitness in nutrient-poor environments
or under conditions of changing nutrient supply (Abbott & Robson, 2018). Seeds,
as an example, can contain enough nutrients to allow for a significant increase in
plant size without further nutrient uptake, in contrast to plantlets developed from
cell culture. Additionally, when crop output rises, soil nutrients are removed from
the soil at a faster rate, underscoring the significance of replenishing soil fertility
through effective and efficient fertilizer management. The availability of native soil
nutrients depends on the soil’s capacity to absorb nutrients lost during crop removal.
N, S, and micronutrient supplies from mineralization of soil organic fractions are
finite, whereas P, K, Ca, Mg, and micronutrient supplies are replenished by mineral
dissolution and surface exchange reactions (Ahanger et al., 2016; Rao et al., 2024).
The degree to which nutrients are mobile in soil affects ion transport to plant roots,
assessments of the nutrients’ availability to plants, and ultimately decisions about
nutrient management. Soil testing is necessary to determine the crop’s nutrient needs
and the soil’s ability to supply nutrients in order to manage nutrients effectively
(Havlin, 2020). The nutrient stored in micro-propagated plantlets will be limited,
and current growth will predictably depend heavily on the current availability and
uptake of mineral nutrients.
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Mineral nutrients are typically taken up by plant roots from the soil, although a
variety of conditions might alter how well nutrients are taken up. First, some soils’
chemistry and composition may make it more difficult for plants to absorb nutrients.
In some soils, the nutrients might not be present, or they might be in a form that
the plants can’t use. These issues may be made worse by the soil’s characteristics
like water content, pH, and compaction (Yadav et al., 2021). Second, certain plants
have processes or structural characteristics that help them thrive in specific kinds of
nutrient-poor soils. In fact, in an effort to overcome nutrient scarcity, the majority of
plants have developed nutrient uptake mechanisms that are tailored to their local soils.
A change in root structure, which may increase the root’s overall surface area to boost
nutrient uptake or may lengthen the root system to reach additional nutrient sources,
is one of the most common responses to nutrient-limited soils. These adjustments
may result in a larger allocation of resources to total root growth, which would raise
the ratio of roots to shoots in nutrient-limited plants (Lépez-Bucio et al., 2003).
Additionally, different nutrient shortages are known to cause distinct responses in
plants, and these responses can differ between species. Preventing the growth of the
main roots (typically linked to Phosphorus shortage), a development and density
of lateral roots increasing (frequently associated with N, P, Fe, and S deficient),
an increased density and development of root hair are the most frequent changes,
according to Gebremikael et al. (2016) (often associated with P and Fe deficiency).

4.1 Direct Plant Uptake of Nutrients from the Soil

Potassium (K): Potassium is the most prevalent cation in plant cells and is regarded
as a macronutrient for plants. In plants, potassium has a lot of crucial roles, including
regulating the charges of cellular anions, activating enzymes (Aransiola et al., 2023;
Babaniyi et al., 2023), regulating stomatal opening and closing, and acting as an
osmoticum for cellular development. As a result, plants cultivated in sandy soil
usually experience potassium deficiency, which manifests as a variety of symptoms
such as restricted growth and fertility, leaves browning, leaf tips curling, and leaves
yellowing (i.e., showing chlorosis) (Rana et al., 2020). Additionally, for many years,
potassium uptake mechanisms have been the focus of extensive research. Early
research suggested that plants directly absorb potassium from the soil using both
high and low-affinity transport mechanisms. When potassium levels in the soil are
enough for plant growth and development, low-affinity transport systems typically
work. This process allows K* to passively transfer from areas of higher external
concentration into plant cells, where the K* concentration is lower. This process is
mediated by ion channels in the plasma membrane of root cells. The availability
of potassium does not seem to have a substantial impact on the expression of these
low-affinity transporters (Abdelgawad et al., 2019).

Conversely, when potassium is scarce, plants typically generate high-affinity K*
transport channels. High-affinity potassium transport likely involves a large number
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of proteins. Two proteins have been identified in Arabidopsis as important trans-
porters in this process (Khan et al., 2019). The AKT]I is a protein channel that
likely mediates a transport mechanism passively with an enhanced K* affinity under
conditions of potassium shortage. Whereas, AtHAKS, a carrier protein, is assumed
to mediate active transport of potassium into plant roots (Aransiola et al., 2023;
Pyo et al., 2010). Meanwhile, in order to transfer potassium throughout the plants,
research has shown that a number of transport systems are present in plants (Ge &
Zhang, 2019). Even though there is still much to study about the uptake of potas-
sium, as well study plant translocation. It is evident that mechanisms are intricate and
carefully regulated to aid plants absorb enough potassium from the soil in a variety
of situations (Ahanger et al., 2017; Hmaeid et al., 2019).

Iron (Fe): A cofactor for proteins needed for several essential metabolic functions,
such as photosynthesis and respiration, iron (Fe) is essential for the development and
growth of plants. Iron is the fourth most common element in the crust of the Earth,
but it is frequently a limiting element for plants because it frequently forms insoluble
complexes in aerobic soils with neutral to basic pH (Guerinot & Yi, 1994). It is
believed that up to 30% of soils worldwide pose a problem of iron limitation for
plants. Therefore, many plants face challenges due to insufficient iron availability.
Plants with low levels of iron frequently exhibit interveinal chlorosis, a condition
in which the leaf’s veins continue to be green and the spaces between them turn
yellow. As a result of iron’s low solubility in various soils, prior to transporting
iron throughout the plant, plants frequently must deploy iron in the rhizosphere,
also referred to as the region of soil that surrounds and affects the roots (Walker &
Connolly, 2008).

4.2 Plant Nutrient Acquisition Through Symbiotic
Relationships with Soil-Based Microorganisms

Nitrogen and phosphorus are considered among the most limiting elements for plant
growth and productivity because they are often available in limited quantities or in
forms that plants cannot readily utilize. As a result, symbiotic partnerships with soil-
borne microbes have evolved during the course of many plant species’ evolutionary
processes. Both the host plant and the microbe symbiont benefit from these partner-
ships because they allow them to share vital resources that are necessary for their
own productivity and survival (Khan et al., 2016).

Nitrogen fixation: Despite being the most abundant gaseous element in the atmo-
sphere, nitrogen in its N, form cannot be directly used by plants. In soils with low
nitrogen content, plants may suffer from nitrogen deficiency. Nitrogen deficiency
severely restricts plant productivity since both proteins and nucleic acids must have
it to function (Khanna et al., 2019b). In order to boost the availability of nutrients,
crop productivity, and overcome nitrogen deficit in an agricultural environment,
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nitrogen-rich fertilizers can be added to agricultural soil. However, as surplus nutri-
ents frequently wind up in groundwater, eutrophication and the resulting depletion
of oxygen in related water-based ecosystems, this can be a risky practice (Khanna
et al., 2019a). So, nitrate and ammonium can indeed be absorbed by plants directly
from the soil. However, some species of Fabaceae (legume) plants begin symbiotic
partnerships with a genus of microorganisms that fix nitrogen, known as Rhizobia,
when nitrogen sources have been absent. These interactions are rather specialized and
necessitate chemical signal recognition between the bacterium and the host plant.
When a plant releases substances called flavonoids into the soil, the bacteria are
drawn to the root and the relationship begins (Kumar et al., 2017).

The bacteria react by releasing substances known as Nod Factors (NF), which
locally alter the root’s and its root hairs’ structure. To enclose germs in a small
corner, the root hair coils sharply. An infection thread, formed by the invasion of
the plant cell membrane and the breakdown of the plant cell wall, extends to the
root cortex’s cells. As bacteria develop into what are known as bacteroids, they are
encased in a membrane generated from plants (Sethi et al., 2023). These structures
are permitted access to cortical cells’ cytoplasm, where they transform nitrate from
the air into ammonia, which plants can utilize. The bacteroids get carbohydrates
produced by photosynthetic processes in exchange, which they might employ to
produce energy (Ferguson et al., 2010; Limpens & Bisseling, 2003).

5 Conclusion

Environmental hazards are exacerbated by the buildup of organic waste from various
sources, such as household, agricultural, and industrial wastes, which can be recycled
using crude and unrefined technology. Vermicomposting is a step toward environ-
mentally sustainable organic farming and is a key component of vermitechnology that
can be used to grow various fruits, vegetables, and other crops. Innovations in organic
waste management can lead to zero-waste farms, eliminating the need for burning or
discarding organic waste. Instead, they focus on recycling and repurposing valuable
OM, helping to restore and preserve natural resources through biotechnology. Addi-
tionally, since plants are immobile and often face environmental nutrient deficiencies,
they have developed advanced systems to acquire essential macro- and micronutri-
ents for healthy growth, development, and reproduction. These adaptations include
changes in their growth patterns and root structures, which enhance their ability to
absorb critical nutrients from the soil. They also introduce systems that help plants
absorb nutrients more efficiently and form partnerships with other organisms to help
them get the nutrients they need. All of these processes help plants get more nutrients
from the soil. By combining these systems, plants can increase their ability to absorb
nutrients while preventing the development of extra nutrients that could be damaging
to the plant. There is no doubt that crop yields, ecosystem health, the composition
of plant communities, soil ecology, and biodiversity are all indisputable indicators
of agricultural success and are significantly influenced by a plant’s capacity to use
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these mechanisms. Finally, in order to utilize waste in agriculture, the most efficient
approach is to first compost or recycle it. Vermicompost is among the best and richest
in nutrients available organic fertilizers in the market. Hence, vermicompost is one
of the best organic fertilizers available in terms of quality and nutrient content. Also,
vermiwash appears to have the capacity to serve as both a modest biocide and a
fertilizer.
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Abstract The impact of climate change is having severe consequences all over
the world, but even more significantly in sub-Saharan Africa. The region’s heavy
reliance on rain-fed agriculture, coupled with the poor soil nutrient status of many
farmlands, has compounded the effects of this crisis. The disruptions caused by
recent events have affected many farming households and communities, leading
to problems with agricultural food chains, food security, and socioeconomic well-
being. Some researchers have suggested vermitechnology as a sustainable solution
to address these issues. Vermitechnology, which is the commercial application of
technologies that utilize earthworms for degrading waste organic materials to produce
vermicast for agricultural reuse, may offer great potential, but several factors may
impede these potentials, especially within the African context. In this chapter, we
discuss the potentials, the limitations, the role of earthworms, and the advantages of
vermicomposted foods.
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1 Vermicompost Organic Farming in Sub-Saharan Africa:
A Myth, an Illusion, or an Imperative?

The climate change crisis impacts many parts of the world, especially sub-Saharan
Africa (Bichisa et al., 2023; Blanc, 2012; Calzadilla et al., 2013; Serdeczny et al.,
2016; Watson et al., 1998). The region is already experiencing higher temperatures,
more frequent and intense heatwaves, and more prolonged droughts, which are all
affecting crop yields and the overall productivity of agricultural systems which can
have severe consequences for agriculture and food security (Falloon & Betts, 2009;
FAO, 2011; Reilly et al., 2003; World Bank, 2007; Zhou, 2023).

In addition, rising sea levels and more frequent extreme weather events, such as
floods and hurricanes, are also posing a threat to the region. These challenges are
making it more difficult for farmers to grow food and provide for their families, and
they are also contributing to the already high levels of poverty and food insecurity
in the region (Betts et al., 2007; IPCC, 2007; Long et al., 2006).

Several coping, adaptive, and mitigating strategies against climate change have
been suggested such as (Paavola & Adger, 2006; Ringler, 2008):

1. Adopting sustainable agriculture practices: This can include practices such as
agroforestry, conservation agriculture, and drip irrigation, which can help to
improve the productivity and sustainability of farms.

2. Implementing water conservation measures can include improving irrigation
efficiency, harvesting rainwater, and reusing greywater.

3. Promoting renewable energy sources: This can include things like solar panels,
wind turbines, and small hydroelectric projects, which can help to reduce reliance
on fossil fuels.

4. Enhancing disaster preparedness and response can include investing in early
warning systems, strengthening infrastructure, and developing evacuation plans.

5. Planting trees and other vegetation can help absorb carbon dioxide from the
atmosphere and provide other ecosystem services such as erosion control and
wildlife habitat.

6. Reducing greenhouse gas emissions: This can include improving energy effi-
ciency, transitioning to low-carbon transportation options, and transitioning to
low-carbon energy sources.

While implementing the above can be very beneficial to the agricultural food
chain, the environment, and farming households, the complexity and dynamics of
the implementation can sometimes be daunting, too technical, and not affordable to
farmers. This is particularly true in most parts of sub-Saharan Africa, where there is
now a growing focus on the potential of vermicomposting in helping to address some
of the challenges facing agriculture in the region (Aranda et al., 1999; Maboeta &
Rensburg, 2003; Mainoo, 2007; Ndegwa & Thompson, 2001).

Vermicomposting, or the use of worms to decompose organic matter and produce
compost (Fig. 1), can be a valuable tool for improving soil health and increasing
crop yields in sub-Saharan Africa. It is a sustainable and environmentally friendly
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Fig. 1 The vermicomposting process for different types of organic waste. Reproduced from Singh
et al. (2020)

method of waste management that can also provide an additional source of income
for smallholder farmers (Akinnuoye-Adelabu et al., 2019; Aransiola et al., 2022;
Lim et al., 2015; Maturi et al., 2022; Singh et al., 2020).

Some of the benefits of vermicomposting in sub-Saharan Africa include:

(a) Improving soil structure and water-holding capacity: Vermicompost contains a
higher concentration of nutrients and organic matter than traditional compost,
which can help improve the design and fertility of the soil. It also helps to
increase the soil’s ability to hold water, which is essential in areas with irregular
rainfall patterns.

(b) Reducing the need for synthetic fertilizers: Vermicompost can be used as a
natural alternative to synthetic fertilizers, which can be expensive and harmful
to the environment. It can also help to reduce the reliance on chemical inputs,
which can be a significant cost for smallholder farmers in sub-Saharan Africa.

(c) Reducing food waste: Vermicomposting can help reduce the amount of food
waste generated by households and restaurants, a significant problem in many
parts of sub-Saharan Africa. By turning this waste into valuable compost, vermi-
composting can help close the food waste loop and reduce the pressure on
landfills.

Organic farming is an agricultural method that prioritizes sustainability, environ-
mental friendliness, and humane practices (Luttikholt, 2007; Reganold & Wachter,
2016; Seufert et al., 2017). This approach utilizes natural processes such as vermi-
composting to improve land health and productivity instead of synthetic inputs like
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chemical fertilizers and pesticides (Gattinger et al., 2012; Lori et al., 2017; Muller
et al., 2017).
There are several significant benefits of organic farming:

(a) Environmental benefits: Organic farming is a viable solution to mitigate the
harmful effects of conventional agriculture on the environment. It can effectively
address issues such as soil depletion, water contamination, and the emission of
greenhouse gases. It can also help to conserve biodiversity by promoting the
use of native species and reducing the reliance on monoculture.

(b) Health benefits: Organic foods have been found to contain higher levels of some
nutrients, such as antioxidants, and lower levels of pesticides and other contam-
inants. They may also be less likely to have genetically modified organisms
(GMOs).

(c) Social benefits: Organic farming can help support small-scale farmers and rural
communities and promote fair labor practices. It can also contribute to food
security by reducing the reliance on imported inputs and promoting the use of
locally available resources.

Thus, vermicompost organic farming combines the strength of vermicomposting
with that of organic farming to deliver healthy foods produced in the most environ-
mentally sustainable way, which has economic potential for all the stakeholders in
the value chain.

While vermicomposting organic farming is not a silver bullet solution to all the
challenges facing agriculture in sub-Saharan Africa, it can be an essential part of an
integrated approach to improving soil fertility and productivity in the region. It is just
one tool that can be used as part of an integrated approach to improving soil health
and increasing crop yields. Other important factors for the success of agriculture in
the developing world include access to credit, training and extension services, and
infrastructure, such as roads and storage facilities. It is also essential to recognize
that different regions and farming systems will have different needs and challenges
and that a one-size-fits-all approach is unlikely to be effective. Instead, it will be
necessary to carefully assess a particular region’s needs and constraints and develop
tailored methods considering these factors.

Overall, vermicompost organic farming has the potential to make a significant
contribution to the sustainable development of agriculture in sub-Saharan Africa.
While there may be challenges to implementing vermicomposting on a larger scale
in the region, it is an important technology that should be considered as part of an
integrated approach to improving soil health and increasing crop yields.
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2 Limitations of Vermitechnology and Organic Farming
in Nigeria

Organic agriculture was the practice of the people of Africa in the years gone by.
Human interrelationship with their immediate environment initially had little or no
adverse effects. However, the population explosion and technological advancement
have upset the natural ecosystem. Applying machines and chemical farm inputs
disturbs soil health and destroys beneficial bio-organisms. This continuous disruption
and depletion of arable land, with the resultant health implications on human/animal
health, gave rise to calls for organic farming, of which vermitechnology is a branch.

Vermicomposting is a great way to create high-quality organic fertilizer from
plant waste (Ojuolape et al., 2015). Other methods of utilizing plant waste, such as
composting and anaerobic digestion, are more complex and expensive and may not
be able to handle all types of plant waste (Abbasi et al., 2012; Yaser & Lamaming,
2022). Landfills, which currently operate the most biodegradable waste, are already
overwhelmed and unsuitable for the disposal of plants (Annepu, 2012). Vermireactors
with high rates have a lot of advantages, such as high earthworm densities, pulse-fed
operation, and high surface area-to-volume ratios. These reactors optimize the use
of space and ensure better substrate agitation, uniform moisture distribution, and
no leachate generation. Moreover, they prevent the formation of anaerobic pockets
commonly found in traditional vermireactors.

Vermicomposting is a unique method because it is aerobic. When phytomass is
used for vermicomposting, only 40% of the carbon is converted into CO,, while
the rest becomes vermicompost, which can enrich the soil. This process also helps
with carbon sequestration because the CO; released comes from already sequestered
carbon. Although vermicomposting has potential benefits, it has only been studied
in laboratory feasibility studies and has yet to be implemented on a larger scale for
phytomass utilization. In Nigeria, the low awareness of vermitechnology among farm
families significantly contributes to the current situation. While farmers are familiar
with earthworms as valuable allies, the knowledge of vermitechnology is almost
nonexistent. Farmers generally know that earthworms enrich the soil with nutrients
due to their burrowing and conversion of organic matter into vermicast. However,
the awareness that it could be cultured on a large scale to produce soil-friendly
organic matter for commercial farming is missing. Most of those who (primarily
researchers) know this technology are still practicing it at experimental stations.
Most of the earthworms cultured in Nigeria are used as bait by anglers and as part
of raw materials for livestock feed.

Also, there is neither known public support for organic farming research nor
effective and holistic support for smallholders in Nigeria. This has severely hindered
the awareness and subsequent widespread adoption of innovations. With no defi-
nite government policy to encourage organic farming and vermitechnology, much is
therefore not expected from the citizen regarding adoption.

Also, the requisite skills and know-how about the vermicomposting technique are
missing. From Fig. 2, there is no doubt that technical know-how is necessary for



374 A. E. Adeyemi et al.

Using both rotary drum and
vermicomposting
technologies for converting
biomass into valuable
product

Biological management for
degrading invasive weed

Rich in N,PK
in less time
period

Compost extract

Returning the nutrients to the application

soil

Fig. 2 The vermicomposting process. Reproduced from Kauser and Khwairakpam (2022)

success in any endeavor. The procedural process for achieving vermicast in a large
quantity such that a farmer could satisfactorily adopt organic farming is yet to be
mastered. The concept of high-rate vermicomposting and its associated knowledge
has been developed by researchers and authors, as evidenced by the works of Abbasi
et al. (2011). Furthermore, there is limited availability of organic matter for contin-
uous enhancement of the soil nutrients because biomass and organic waste materials
are finding other uses. Simply put, organic farming methods are more expensive than
traditional farming systems. This could discourage many would-be organic farmers.

Also, it takes time before the complete restoration of depleted soil nutrients in
organic farms. Two or more years could pass before an organic farm can produce
crops in full. The time it takes for nutrient recovery causes many to shun the idea
of organic farming. People must feed daily to survive. The fallow period could pose
severe adverse consequences in the farming-feeding continuum.

Moreover, vermitechnology depends on natural and climatic conditions such as
soil fertility, moisture content, temperature, and the right combination of substrates.
For instance, the substrate should be void of oil, salt, and harmful chemicals, and
the required temperature to produce vermicast must also be observed. Keeping these
conditions could be a challenge for an average would-be organic farmer.

Research conducted by Abbasi et al. (2012) has shown that adding enormous
amounts of cow dung to plant-based biomass (phytomass) is not a practical solu-
tion (Onwosi et al., 2022). This is because processing the phytomass requires an
equivalent amount of animal manure, which is difficult to obtain due to its high
demand for various purposes. Animal manure is not free like waste phytomass,
but it can still be cost-effective. However, collecting and transporting it can release
harmful greenhouse gases like methane and nitrous oxide, as well as pollutants such
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as ammonia. Therefore, using manure in large-scale phytomass vermicomposting
can have negative consequences such as pollution and global warming (Abbasi et al.,
2015). Vermicomposting is very slow and takes time! Since the efficiency of any inno-
vation is a function of the rate of its process, the rationale for its continuous usage
is diminished. It typically takes at least 65 days to convert phytomass to vermicast
unless pre-composting is done beforehand. However, pre-composting can increase
the process’s time and cost, making it less economically viable.

Furthermore, there is a lack of a clear standard to determine the output of a
vermireactor and how to confirm that the initial materials have been completely
transformed into the desired outcome. This lack of criteria makes optimizing the
efficiency and cost-effectiveness of the vermireactor’s operation difficult. Previous
efforts have mainly focused on batch reactors with lengthy and unsupported solid
retention times (SRTs) (Abbasi et al., 2015).

3 The Role of Earthworms in a Successful Vermicompost
Organic Farming

Earthworms’ importance and functional role in the soil have received much attention
recently. The earthworm is lauded by Aristotle as “the intestine of the earth,” thus
making them a very special invertebrate with unique roles on the earth’s surface,
especially in the soil (Fig. 3). They are referred to as farmers’ friends that work day
and night without any cost. They plow the field without cost during their burrowing
activities, which is one of their significant roles in organic farming.

Earthworms are a crucial component of soil in various regions across the globe,
both temperate and tropical. Their presence is essential to agroecosystems’ overall
sustainability, as Pelosi et al. (2014) pointed out. In many land ecosystems, these
species are crucial because they affect the soil in various ways. They impact soil
structure, including porosity and water infiltration, and promote root penetration
through compacted layers. Additionally, they play a role in soil fertility, biochemical
cycles, and other organisms, according to Brussaard et al.’s (2007) research. Table 1
shows a list of different species of earthworms identified across Africa and their
suitability or otherwise for vermicomposting (Table 1).

4 Classes of Earthworms

In organic farming, earthworms play various roles depending on their ecology.
Bouche’s (1977) and Curry’s (2004) classifications have identified three main ecolog-
ical groups: epigeic, endogeic, and anecic. These groups collaborate and share func-
tions to fulfill their respective roles, as explained by Briones (2014). It is crucial to
understand this for effective farming practices. The epigeic (Fig. 4a) are the topsoil
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Fig. 3 African nightcrawler. Source Original picture by authors

dwellers that mainly feed on the litter and the microflora that are found with and
joined in close association with them (Blouin et al., 2013). Their primary function
is to significantly impact the breakdown of organic material and the circulation of
nutrients, increasing available space and interacting with other organisms in the soil.
Hence, they help in the soil detoxification process, waste disposal, pest control, affect
the soil surface roughness, and increase water infiltration rate, and all these bring
about soil fertility to cultivate crops, which is very important (Riidisser et al., 2021;
Smith et al., 2008).

Endogeic earthworms, or mineral dwellers, reside and nourish themselves within
the soil (see Fig. 4b). These creatures create horizontal burrows and consume soil
with high amounts of organic matter. Some consume minerals and organic particles,
while a few oligohumic endogeic species feed on low-quality organic matter found
in deep horizons of the tropical soil. They are supported by mutual relationships
with microflora, as stated by Bernard et al. (2012) and Rombke et al. (2005). Their
activities stimulate the growth of plant roots, microbial community, and induction of
organic matter decomposition, hence, helping in soil structure maintenance by stabi-
lizing and controlling erosion rates, decomposition, and fixing process, biological
population control, and aiding plant production (Brown et al., 2004; Riidisser et al.,
2021).

Figure 4c shows Anecic species, which are vertical burrowers that construct
permanent vertical burrows in the soil. Their presence significantly enhances water
infiltration. At the entrance of their burrows, they build middens on the soil surface
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Table 1 Earthworm species distribution across Africa
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Species

Country/Region

Suitable for vermicomposting

Agastrodrilus opisthogynus

Ivory Coast

No

Amynthas minimus South Africa, Asia No
Amynthas rodericensis South Africa, Asia Yes
Chuniodrilus palustris Ivory Coast No
Chuniodrilus zielae Ivory Coast No
Dichogaster affinnis West Africa No
Dichogaster agilis Ivory Coast No
Dichogaster annae West Africa Yes
Dichogaster bolaui West Africa Yes
Dichogaster gracilis West Africa Unknown
Dichogaster grafii Congo No
Dichogaster itolienses Rwanda No
Dichogaster modigliani West Africa No
Dichogaster saliens West Africa No
Eminoscolex lavellei Rwanda No
Eudrilus eugeniae Ghana, Ivory Coast, Nigeria, West | Yes
Africa
Gordiodrilus peguanus Central Africa No
Hyperiodrilus africanus Ghana, Ivory Coast, Nigeria, West | Yes
Africa
Millsonia anomala Ivory Coast No
Millsonia ghanensis Ivory Coast Unknown
Millsonia inermis Burkina Faso No
Millsonia lamtoiana Ivory Coast No

Source Fragoso et al. (1999), Hauser (1993), Blanchart et al. (1997), Rossi (2003)

a) Epigeic earthworms

b) Engeic earthworms

¢) Anecic earthworms

Fig. 4 Types of earthworms. a Epigeic earthworms. b Endogeic earthworms. ¢ Anecic earthworms.

Source www.trees.com
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that contain visible pieces of organic matter and casts, as reported by Medina-Sauza
etal. (2019). Their presence brings about large macrospores, which in turn contribute
to the water flow regulations in the soil (Fischer et al., 2014; Van Schaik et al., 2014).
They help curb rain’s profound effect on soils and plants (Andriuzzi et al., 2015).
According to Johnston et al. (2015), they can break down and create soil structures.
Unlike other species, endogeic species can impact the entire soil profile. They work
alongside other species to maintain water flow, stabilize mass, control erosion rates,
and aid in decomposition and fixing processes.

4.1 Earthworm and Nutrient Cycling

Using organic amendments in farming can improve nutrient availability and promote
the breakdown of organic matter, especially when earthworms are involved. Bertrand
et al. (2015) have demonstrated that cast can enhance nutrient use efficiency and
decrease nitrate leaching in soil. The rich nutrient content in the cast can effectively
enrich the soil. Calcium, potassium, and magnesium, some of the water-soluble
nutrients, are also enhanced as soil organic matter and litter pass through the gut of
earthworms. The grinding of organic minerals in the earthworm gut dissolves these
nutrients, as explained by Carpenter et al. (2007).

Studies have shown that certain types of earthworms, specifically the endogeic
(geophagous) groups, can enhance the soil’s carbon and nitrogen mineralization
process. This has been documented in various studies conducted by Lavelle et al.
(1998), Araujo et al. (2004), Coq et al. (2007), and Gopal et al. (2017). Meanwhile,
epigeic earthworms have been found to increase phosphorus levels in soil or substrate,
as noted in a study by Medina-Sauza et al. (2019). Research suggests that the cast
(excrement) produced by earthworms contains high levels of essential nutrients,
particularly mineralized carbon and readily available phosphorus, compared to the
soil around it. This is due to the priming effect caused by the earthworms’ ingestion
and digestion and their gut microbiome’s influence on the decomposition rate of
organic matter in the soil (Athmann et al., 2017; Ros et al., 2017). Organic matter
decomposition in earthworms is credited to the microorganisms in their digestive tract
and the structures they create, forming the drilosphere. This unique location supports
microbial activities, as Barois et al. and Bernard et al. (2012) noted. According to
Taheri et al. (2018), the positive priming effect helps recycle nutrients, particularly
organic Nitrogen and Phosphorus, in the soil’s organic matter. Hence, by enhancing
nutrient availability, earthworm benefits plant growth in organic farming.
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4.2 Earthworm and Plant Growth

Earthworms enhance plant growth and yield by actively improving soil conditions,
promoting root penetration, nutrient absorption, and gas exchange. They play a signif-
icant role in nitrogen release in organic matter, facilitated by excretion, mucus secre-
tion, and organism death. Furthermore, species that feed on litter effectively transfer
nitrogen from surface detritus to plants, thus making them essential for successful
plant growth (Amador & Gorres, 2005; Costello & Lamberti, 2008; Van Groenigen
etal., 2014).

Other mechanisms can change gene expression, such as releasing signal molecules
when earthworms are present. These mechanisms are responsible for earthworms’
positive effects on plant growth, as explained by Puga-Freitas et al. (2012). Signal
molecules are generated by plants and soil organisms, including microorganisms and
soil fauna (Puga-Freitas & Blouin, 2015). The molecules in plants, such as sugar,
organic acids, and vitamins, play a crucial role in signaling pathways that trigger
the production of phytohormones like auxins, gibberellins, cytokinins, ethylene, and
abscisic acid (ABA). They also activate the plant’s immune system and regulate its
growth and development through secondary metabolites. Puga-Freitas et al. (2012)
discovered that Humic acids, Indole acetic acids (IAAs), and aminocyclopropane-L-
carboxylate (ACC) are among the signal molecules produced by earthworms.

In 2019, Hernédndez reported the presence of jasmonic acid (JA), salicylic acid
(SA), and ABA in the vermicompost of Eisenia fetida. The impact of signal molecules
on plants in the presence of earthworms has been extensively observed. These obser-
vations, particularly about vermicompost, have consistently demonstrated increased
growth and yield and the development of flowers and fruits. Furthermore, these
effects have been linked to significantly improved tolerance to both biotic and abiotic
stresses.

Certain types of earthworm species, such as E. fetida, Aporrectodea caliginosa,
and Aporrectodea rosea, have been found to positively impact plant growth by
producing IAA, ACC, and humic acids with the help of associated bacteria, according
to Medina-Sauza et al. (2019). Furthermore, studies have demonstrated that earth-
worms play arole in seed burial and the growth of seedlings, and they can potentially
impact the makeup of plant communities by aiding certain species in out-competing
others, whether through their function or taxonomy (Milcu et al., 2006; Schmidt &
Curry, 1999).

5 Earthworm and Microorganisms’ Biodiversity

Earthworms’ interaction with soil microbes is one of their prominent role in biodiver-
sity. They modify the environment of soil microorganisms (Lavelle et al., 1997) and
regulate the availability of resources to other organisms by causing physical, chem-
ical, and biological changes in the biotic and abiotic materials (Jones et al., 1994).
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Thereby impacting the structure of the soil microbial community (Egert et al., 2004).
Earthworm guts inhabit many microorganisms with varied taxonomical affiliations
and functions (Ahmed & Al-Mutairi, 2022). Earthworms can digest microbes and
even encourage the growth of certain soil microbes that aid in the digestion of organic
matter. This enriches the soil with bacteria that can break down the materials that
earthworms feed on, as well as bacteria that can survive in the low-oxygen environ-
ment of the earthworm gut and help reduce nitrate levels (Chapuis-Lardy et al., 2010;
Fujii et al., 2012; Hong et al., 2011; Nechitaylo et al., 2010; Shan et al., 2013).

Earthworms can affect the abundance or serve as a distinct microhabitat of some
Protists, Nematodes, and other invertebrates (Cameron et al., 2013; Stromberger
et al., 2012; Tiunov et al., 2001). Medina-Sauza et al. (2019) have found that the
effect of earthworms on microbial communities depends on the earthworm species
and microhabitat. The impact can be beneficial, detrimental, or have no effect at all.

Due to the presence of microorganisms in earthworms’ intestines and excrement,
the soil benefits significantly from high levels of nitrogen fixation. This leads to
a significant increase in the percentage of nitrogenase casts and promotes more
excellent nitrification in the soil, resulting in a higher amount of nitrogen being
present in the soil (Atiyeh et al., 2000; Chan et al., 2004). Soil microorganisms play
a crucial role in soil organic matter decomposition and mineralization. The structure
of soil microbial communities is changed by earthworms to accelerate soil organic
matter decomposition and mineralization (Scheu et al., 2002).

6 Earthworm and Soil Structure

Different authors have proposed earthworms to be an excellent indicator of soil
health (Fusaro et al., 2018; Kibblewhite et al., 2008) and a sustainability check in
agricultural landscapes (Bispo et al., 2009; Paoletti, 1999; Turbe et al., 2010). The
abundance and diversity of earthworms were rated high as an indicative value of fifty
(50) biological soil parameters (Rutgers et al., 2012). Their activities can improve
ecosystem productivity, such as increased soil fertility, flood and erosion control,
and restoration, increasing agricultural output (Van Groenigen et al., 2014). Soil
structure is crucial for soil fertility and other essential functions. Earthworms are
vital contributors in this regard as they significantly shape soil structure and nutrient
cycling. These ecosystem engineers are incredibly beneficial for themselves and
other organisms that rely on them for creating habitats (Blouin et al., 2013; Jones
etal., 1994).

Consuming soil minerals and organic components, earthworms have the power to
boost the stability of soil structure significantly. This is achieved through the creation
of casts and increased carbon mineral associations, both of which work together to
improve the overall stability of soil aggregates (Deeb et al., 2017; Oades, 1993).
Assessing the aggregate strength of soil is a critical factor in determining its quality.
This is because it influences the distribution of pore sizes in the soil, ultimately
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affecting air and water movement through it. The presence of well-aerated soil is
crucial for the growth and survival of plants and microbes.

Research suggests that earthworms play a crucial role in plant growth and decom-
position and contribute to the nutrient cycle (Johnsen et al., 2005; Fujii et al.,
2012). Earthworms are estimated to produce up to 100 tons of casts, significantly
contributing to stable soil aggregates forming (Brown & Doube, 2004). As earth-
worms move through the soil, feed on it, and release material, they significantly
impact the soil structure’s reorganization (Chapuis-Lardy et al., 2010).

7 Earthworms, Pests, and Diseases

It is worth noting that earthworms are crucial in managing pests and plant diseases.
They enhance nutrient availability and even boost the plant’s resistance through their
actions. According to Ahmad and Al-Mutairi’s research in (2022), earthworms play a
vital role in maintaining healthy plant growth. Earthworm activity has been found to
increase plant growth and suppress disease incidence. Stephens and Davoren (1997)
reported a decrease in disease incidence in some plants like Clover, grains, and grapes
caused by Rhizoctonia spp and Gaeumannomyces spp (Clapperton et al., 2001) when
exposed to earthworms. Also, diseases were suppressed in three vegetables infested
with Fusarium oxysporum spp., Asparagi, F. proliferatum (Asparagus), F. oxysparum
f.sp. Lycopersicum (Tomato), and Verticillium dahlia (Eggplant) when augmented
with Lumbricus terrestris. However, it was also observed that the disease suppres-
sion may have been mediated through microbial activity (Elmer, 2009). Further-
more, earthworms reduced the Fusarium wilt of strawberries, and this was done by
regulating microorganisms and degrading phenolics using Metaphire guillemi and
E. fetida; in this case, M. guillemi was found to be more effective in reducing the
Fusarium wilt of strawberries (Bi et al., 2018).

8 Earthworm Burrows

Research has consistently demonstrated that earthworms burrow deeper into culti-
vated soils than forest and grassland soils. This was reported by Brown et al.
(2000) and Kuzyakov and Blagodatskaya (2015). Earthworms significantly reduce
soil erosion in temperate and tropical soils, according to studies conducted by Le
Bayon et al. (2002). Their burrowing and casting activities help to increase the soil’s
structural stability and porosity and influence soil mechanical and hydraulic prop-
erties. This creates a pathway for water flow and generates macropores, crucial for
water infiltration and supplying crops with water. Earthworms also aid soil aeration
and control surface runoff and erosion (Bertrand et al., 2015; Laossi et al., 2010;
Ritsema & Dekker, 2000; Spurgeon et al., 2013).
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The walls of their burrow contain higher levels of Carbon and Nitrogen than the
surrounding soil. These walls are also crucial for the mineralization and nutrient
turnover (Binet & Trehen, 1992; Don et al., 2008), creating a suitable habitat for
microbial and plant communities and other processes driven by microbes, which is
essential (Monard et al., 2011). Furlong et al. (2002) have observed that fresh casts
and middens are characterized by elevated microbial activity. Moreover, the gut of
earthworms houses thriving microbial communities that flourish in such conditions.
(Thakuria et al., 2010).

9 Earthworm and Livestock Farming

Earthworms are found to be helpful in livestock farming. They are a good source of
protein with nutritional value like fish nutrient profile (Sogbesan et al., 2007; Jabir
et al., 2012). These seeds can be used either fresh or milled, and they are a great
source of nutrients (Chiripasi et al., 2013). Various countries have used them to add
nutrition to poultry, fish, and swine feed ( Vieira et al., 2004; Rawling et al., 2012).

10 Factors Affecting Earthworm Population

Cultural practices, including crop rotation, irrigation, drainage, organic matter inputs,
and tillage, can impact the earthworm population. As earthworms reside in the soil,
these practices can influence their numbers. The amount of earthworm biomass
depends on crop management (Pelosi et al., 2009; Bertrand et al., 2015). The impact
of earthworms on plant growth and soil pathogens is likely to be influenced by soil
properties like water content and soil organic matter, which are also affected by
cultural practices.

Organic manure is highly beneficial for earthworms, as it is their primary food
source. However, mechanical weeding can negatively impact their physical structure
and reproductive functions. The diversity and distribution of earthworms are also
influenced by various factors such as climate, soil quality, moisture content, temper-
ature, and pH. Farmers must choose the right tillage system and utilize organic fertil-
izers to maximize earthworm abundance in their fields. Numerous studies have high-
lighted the advantages of these practices, including research conducted by Bertrand
et al. (2015), and Ahmed & Al-Mutairi (2022).



Organic Farming—The Role of Vermitechnology 383

11 The Nutritional or Health Benefits of Organic Foods
Produced Through Vermitechnology

Several studies have been done to compare the nutritional or health benefits of organic
foods and foods produced through vermitechnology, and below are some of the
benefits.

11.1 Higher Content of Antioxidants

Antioxidants prevent damage to the cell due to the activities of reactive oxygen
or nitrogen species, such as peroxides, dioxygen, and free radicals, by neutralizing
them. It has been reported in several studies that organically produced foods or foods
produced by vermitechnology contain a higher content of antioxidants compared to
those produced by conventional agricultural practices (Lester et al., 2007; Reganold
et al., 2010). Antioxidants such as SA and phenols were demonstrated to be more
available in organic foods. Antioxidants are essential in promoting the health of
both humans and plants due to their protective activities in preventing cell damage
from the destructive activities of these reactive species or radicals. Lycopene is
the primary carotenoid in tomatoes and is the main component responsible for
the red coloration of this vegetable. Its concentration was discovered to be higher
in tomatoes produced via vermitechnology, meaning that the anticancer, antidi-
abetic, anti-inflammatory, antiatherogenic, anti-allergenic, antithrombotic, antimi-
crobial, vasodilator, and cardioprotective effects (Ali et al., 2020). Shankar et al.
(2008) observed a significantly higher lycopene content in tomatoes produced by
vermitechnology compared to other conventional practices.

12 Higher Concentration of Bioactive Compounds

Foods produced by vermitechnology have been discovered to contain higher amounts
of bioactive compounds that promote health, such as ascorbic acid, minerals, sugars,
Iycopene, phenols, nitrates, and pectin. These nutrients perform many vital functions
in the body, such as preventing constipation, stimulating blood circulation, reducing
high blood pressure, maintaining the structure of bones, removing toxins from the
body, and regulating lipid profiles (Ali et al., 2020). According to a study by Ahirwar
and Hussain (2015), organically produced tomatoes contained more ascorbic acid
than conventionally produced ones. This is because ascorbic acid synthesis requires
glucose, which is more readily available in organic farming. Furthermore, using
chemical fertilizers in conventional farming practices can decrease the amount of
ascorbic acid and other bioactive secondary metabolites in crops.
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13 Prevention of Many Chronic Degenerative Diseases

The concentration of many critical secondary metabolites of plants that play an essen-
tial role in preventing chronic degenerative diseases such as cancer, cardiovascular
diseases, and neurodegenerative diseases is higher in foods produced by vermitech-
nology than those produced by traditional conventional farming. Secondary metabo-
lites such as carotenoids like lycopene and p-carotenoids, tocopherol, ascorbic acid,
and other bioactive phenolic compounds can reduce and prevent many diseases,
especially chronic diseases (Navarro-Gonzdlez et al., 2018), as they are involved in
preventing reactive oxygen species (ROS) by neutralizing free radicals, prevention
of cellular proliferation and damage, expression of cytokine and signal transduction
pathways, modulation of enzymatic activities, preventing apoptosis as well as metal
chelation (Ali et al., 2020).

14 Higher Nutritional Value

In conventional agriculture, more attention is given to taste and crop yield rather
than to nutritional content, which decreases the nutrient quality of such products.
Organically produced foods contain high nutrient levels because they are supplied
with nutrients and conditions in their natural forms and are given sufficient time for
their development. Using vermitechnology offers optimal conditions for plants to
absorb essential nutrients required for their growth, potentially clarifying the reason
behind this phenomenon (Prasad, 2021).

15 They are Chemical Free with Excellent Storage Value

Food products produced by vermitechnology are free from chemicals and thus consid-
ered safer than those produced by conventional agriculture. It has also been discov-
ered that the storage quality or keeping quality of vermitechnology produce, such
as flowers, fruits, vegetables, and food grains, is higher and better than in conven-
tional agriculture (Chakrabarty et al., 2009). Using chemicals in traditional farming
can result in unpredictable outcomes and leave harmful residue, which may lead to
various health risks. Such risks include damage to the nervous system, cancer, infer-
tility, immune disorders, blue baby syndrome, brain cancer, leukemia, and congenital
disabilities in children, as stated by Sharma and Agarwal (2014).

An example is the discovery that foods produced by conventional agriculture
contained higher amounts of nitrates, which can easily be transformed into nitrites
with the capability of binding with oxygen molecules in the blood due to their reac-
tive nature. This makes oxygen unavailable for binding by the hemoglobin, leading
to methemoglobinemia and anoxia. Studies have shown that combining nitrites with
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secondary amines can produce nitrosamines, which are known to be highly carcino-
genic. Meanwhile, Huuml et al. (2011) research found that organic farming methods
have better quality tomatoes that maintain their firmness than nonorganic farming
techniques.

16 Higher and Better Sensory Benefits

Vermitechnology-produced fruits and vegetables boast flavonoids, phenolics, and
anthocyanin compounds that create natural pigmentation, aroma, and flavors. This
delivers an enhanced sensory experience for consumers. Tomatoes cultivated via
vermitechnology showcase a juicier and more robust tomato aroma; they are less
mealy than conventionally grown tomatoes (Sharma & Agarwal, 2014). It is vital to
avoid excessive nitrogen as it can hurt taste and flavor by decreasing carbohydrate
synthesis and glucose content, which is common in foods produced through chemical
fertilizers.

17 Conclusion

Vermicomposting, an evolving environmentally friendly technology and it is a cheap
but rich source of organic nutrients to the soil. Although global adoption of the tech-
nology is low at the moment due to inadequate awareness that vermicast could be
cultured in commercial quantities, there is nonetheless great future for it as aware-
ness intensifies. The nutritional and health benefits of vermitechnology-produced
food brighten its foreseeable future acceptance in the world of agriculture, given the
support of government and other stakeholders in the field of agriculture.
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Abstract The extensive dependence on agrochemicals in conventional agricultural
practices in today’s scenario needs a comprehensive evaluation of organic approaches
to reduce the adverse impacts of their application. The implementation of vermiwash
is such an organic approach with various potential. The earthworm-rich media used
to create vermicompost also yields the brown-colored, odorless liquid extract known
as “vermiwash.” It has a high concentration of bacteria, mucus, vitamins, various
bioavailable minerals, hormones, enzymes, and antimicrobial peptides. The present
chapter elucidates several techniques for manufacturing vermiwash and explores its
potential as an organic fertilizer for sustainable agriculture. The impact of vermi-
wash treatment on agricultural and vegetable crops is also emphasized. The chapter
concluded with the potential of vermiwash in enhancing soil fertility.
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1 Introduction

In 1881, renowned scientific visionary Sir Charles Darwin brought widespread atten-
tion to earthworms’ vital role in decomposing organic matter in his book “The
formation of vegetable mould through the action of worms, with observations on
their habits.” Professor Otto von Graff in Germany performed the first fundamental
study on earthworms’ potential for recycling organic wastes into organic fertilizer.
In the United States, Hartenstein and Mitchell of the State University of New York
initially employed Earthworms and vermiculture technologies to dispose of munic-
ipal sewage sludge (Singh & Sinha, 2022). The application of earthworms includes
a food source, biocontrol agents against pests and disease, and degradation prod-
ucts as biofertilizers. Vermiculture refers to the agricultural practice of cultivating
earthworms, while vermicomposting involves the process of organic material decom-
position facilitated by earthworms. The vermicomposting yields two products based
on the decomposition technique: vermicompost and vermiwash. Vermicompost is a
solid product of vermicomposting, whereas vermiwash is a liquid filtered from the
water wash of earthworms (Aransiola et al., 2022; Rose et al., 2024). Vermiwash,
a product of vermiculture, is essentially a liquid wash passed through the bodies of
earthworms. Earthworm mucus and other excretory materials, including micronu-
trients and organic compounds from the soil, are commonly found in vermiwash
(Akazawa et al., 2023; Dominguez et al., 2017; Sulaiman & Mohamad, 2020). In
accordance with the findings of Clause et al. (2014), it has been determined that the
quality of vermicast is influenced to a greater extent by the type of soil (62%) as
compared to the species of earthworms (10%). Nath and Singh (2016) observed a
similar finding regarding the nutritional quality of vermiwash in response to various
combination of feed material. Vermiwash is rich in vitamins, amino acids, minerals
(such as potassium, calcium, zinc, copper, nitrogen, iron, and magnesium), beneficial
microorganisms, and growth hormones (such as cytokinin and auxins) (Aghamoham-
madi et al., 2016; Gudeta et al., 2021). Vermiwash has been extensively studied as a
liquid fertilizer and a spray due to its high nutritional quality. Vermiwash application
in the soil increases its carbon content, cation exchange capacity, nutrient content,
bulk density, and water-holding capacity (Akazawa et al., 2023; Mishra et al., 2014).
Therefore, vermiwash is an organic product that supports environmental conser-
vation. One advantage of this substance is its homogeneity, which allows it to be
applied uniformly to both soil and plants through spraying. Moreover, vermiwash
provides various vital nutrients to plants without causing leaching and works well as
a fertilizer, whether used alone or in conjunction with other types of fertilizers, both
organic and inorganic. The use of vermiwash has been associated with enhanced
seed germination, plant growth, yield, and nutritional composition of agricultural
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products (Joshi et al., 2023; Patnaik et al., 2022). Vermiwash, being an organic fertil-
izer, might potentially serve as a viable solution to the problems associated with
chemical fertilizers. The prospective substitution of chemical inputs in crop produc-
tion can reduce economic expenditures and possibly facilitate the development of
organic goods, which may possess higher market value. Organic products, or crops
raised with natural fertilizers, are in high demand because of rising concerns about
food safety and environmental impact (Rose et al., 2022a; Ramnarain et al., 2019).
Hence, the current chapter offers an in-depth examination of the techniques used in
producing vermiwash and its potential as a liquid organic fertilizer.

2 Vermiwash Preparation Methods

Vermicompost is the solid product of earthworms, attributed to the biodegradation
of organic raw materials such as leaf litter, cow dung, or other organic materials.
However, vermiwash is a liquid product that results from the vermicomposting
process. Vermiwash can be produced in both batch and continuous modes at various
scales, including large and small. The continuous method involves the consistent
provision of vermiwash after introducing worms to a continuous supply of raw mate-
rials, whereas the batch mode requires periodic inoculation of worms (Gudeta et al.,
2021; Thirunavukkarasu et al., 2023).

2.1 Method-I1

The conventional method of vermiwash production is carried out in a large plastic
or brick container with a hole in the bottom (Fig. 1). This was developed by the
Ecoscience Research Foundation. The container is often referred to as vermipit or
vermireactor, comprised of diverse configurations of various materials organized in
layers, extending from the bottom to the top, as shown in Fig. 1 (setup for 250 L
container). The bottom layer consists of barrels, gravels, or broken small pieces of
brick up to a height of about 25 cm, followed by a second layer of coarse sand of the
exact measurement. Some studies recommend the use of a loam soil layer above the
coarse sand (Chattopadhyay, 2015). The first layer acts as a filter and absorbs excess
water from the vermipit added from the top. The second layer is filled with sandy soil
to prevent the accumulation of extra water in the medium. The third layer consists of
vermicompost material, which comprises moistened pre-decomposed organic waste
or 10-day-old cow dung and a dense number of adult or young earthworms, along
with organic soil (a loamy soil layer of 30-45 cm thickness). An equal number of
epigeic (surface) and anecic (sub-surface) earthworm species are commonly used
in the conventional method. Lampito mauritii (anecic indigenous), Eisenia fetida
(epigeic, red wigglers), and Eudrilus eugeniae (exotic, African nightcrawler) are
commonly employed earthworm species to produce vermiwash (Tharmaraj et al.,
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Fig. 1 Conventional procedure for the preparation of vermiwash

2011; Thirunavukkarasu et al., 2023). A covering layer consisting of cow dung pats
and hay shields the vermipit from direct sunlight and ensures adequate moisture
retention within the medium. Some studies recommend the application of coconut
fronds and jute cloth as the top layer of vermipit (Tharmaraj et al., 2011). Daily
additions of fresh water ensure that the vermicompost stays damp.

Moreover, the pit contents must be turned once every two or three days to improve
aeration during vermicomposting. After 60 days of composting with earthworms,
the resulting vermiwash can be harvested. Nevertheless, the duration of this interval
may differ among various studies. After 30 days of incubation, Gopal et al. (2010)
harvested vermiwash produced by Eudrilus sp. on a substrate of partially decomposed
coconut leaf litter and cow dung (10:1 w/w basis). The vermiwash filtering and
accumulation compartment consists of a 10 cm bottom layer of smooth pebbles,
10 cm middle layer of clean, coarse gravel, and a final 10 cm top layer of clean beach
sand. A substrate weighing 100 kg was hydrated by adding water until it reached a
consistent moisture content of 40%. Nayak et al. (2019) extracted the vermiwash in
a 15-20 L plastic container with an initial foundation layer of medium-sized bricks
or stones 10-15 cm high, followed by a coarse (15 cm) and fine sand (12.5 cm) layer.
Subsequently, indigenous earthworms of the species Eisenia foetida are introduced
into the experimental setup along with a mixture of fertile soil, partially digested cow
dung (20-25 cm), and organic waste (40—45 cm). A daily supply of 2 L of fresh water
is provided. The vermiwash preparation process starts in the unit after 16-20 days,
with a daily output rate of around 1-2 L.
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Fig. 2 A household system to produce vermiwash

2.2 Method-11

The Sri Paramakalyani Centre for Environmental Studies in Alwarkurichi, India,
developed a household system to produce vermiwash. The apparatus mainly
comprises a 10-15 L capacity plastic tub with a wide base, a plastic perforated
funnel, and a hand pump (siphon) (Fig. 2). The funnel is placed in the middle
of the plastic tub with its wide-open end covered with a nylon net to only allow
passage of liquid extract. The percolation of extra water is regulated by placing
a layer of stones and sand around the perforated plastic container. About 3 kg of
vermicompost is distributed outside the plastic funnel in the tub and moistened
throughly with three liters of water. After 24 h, the vermiwash in the funnel is
extracted using a tube and syphon mechanism, which yields a honey-brown liquid
containing heterotrophic bacteria, fungi, and actinomycetes, including nitrogen fixers
and phosphate solubilizers (Lourduraj & Yadav, 2005).

2.3 Method-111

This method utilizes a 1000 L plastic barrel and is suitable for producing a large
volume of vermiwash, i.e. 20 L/day. Gravel serves as the foundation, and on top of
that, a series of layers are placed, including biogas slurry, sand, red soil, compost
derived from partially decomposed biomass, and, ultimately, fresh green leaves as
the uppermost layer. Adding more compost, worms, and trash helps to regulate the
vermipit’s temperature. After three months, 20 L of fresh water is added to the
vermireactor to produce 20 L of vermiwash, which can be diluted in a 1:3 or 1:5 ratio
before application.
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2.4 Method-1V

Making vermiwash in this manner is straightforward and inexpensive. The technique
includes an earthen pot with a 10 kg capacity packed with stone fragments to a depth
of 10 cm, followed by a plastic net. Subsequently, a substantial stratum of coir fiber,
accompanied by a humus encompassing a population of 1500-2000 worms belonging
to Eudrillus euginae or Eisenia foetida, is evenly distributed. Daily, kitchen waste
and a splash of fresh cow dung slurry are added to the pot until a dark brown or black
mass is formed. After 24 h, roughly 1.5 L of vermiwash can be collected by adding
two liters of fresh water to the pot. This procedure can be repeated until the brown
hue of the wash begins to fade. The solid compost in the pot can be gathered and
used as manure (Alexander et al., 2009).

2.5 Method-V

In this method, earthworms undergo heat stress to produce vermiwash. The method-
ology used in this approach is based on the research conducted by Karuna et al.
(1999). Briefly, about 30 g of adult earthworms (Eisenia foetida) are introduced into
a glass beaker containing 500 ml of warm (40 °C) distilled water and stirred for
5-6 min. After that, they are promptly taken out and transferred to another plastic
beaker containing sterilized water at room temperature. Any leftover excretory and
secretory materials that have clung to the worms’ bodies are collected after thor-
ough rinsing. The pale straw-yellow contents of the glass and plastic beakers are
combined, labelled as vermiwash, and kept in a sterile dark-color container at 4 °C.
Kale (1998) prepared vermiwash from Eisenia euginiae without mixing the casts,
and this study included 1 kg of adult earthworms (about 1000 worms), which were
released into 500 ml of lukewarm distilled water (3740 °C) and stirred for 2 min.
The worms are extracted, subjected to a second rinsing process using 500 ml of water
at room temperature (30 °C), and reintroduced into the container. The earthworm’s
bodies produce sufficient mucus and body fluids when subjected to agitation in luke-
warm water, referred to as true vermiwash. Pattnaik et al. (2015) utilized Eisenia
foetida weighing 7-9 g to create vermiwash by soaking them for 5 min in 100 ml of
lukewarm distilled water. After removing the earthworms, the filtrate can be used as
100% vermiwash.

2.6 Method-VI

This method produces vermiwash by subjecting the earthworm to cold stress.
According to Parmanik (2010), 25 fully mature worms of Eisenia foetida, roughly
equal in length are subjected to cold stress by introducing them into a beaker filled
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with ice cubes that maintain a temperature of about —5 °C for 3—4 min. Subsequently,
the worms are transferred to a glass beaker with a capacity of 500 ml, containing cold
distilled water for 7-8 min, and subjected to stirring occasionally. Afterwards, the
worms are moved to a sterile beaker containing distilled water at room temperature.
The light yellow exudates from both containers are combined, designated as vermi-
wash, and stored in a dark-colored, sterilized glass container at 4 °C (Chattopadhyay,
2015).

2.7 Method-VII

The vermiwash is prepared by collecting water that passes through a column of worm
action. This method includes two bags concealed in a vertical column. The outside
cover is a storage bag for food items, while the inside cover is a sheet of 100 x 50 cm
black polythene. The black polythene is stitched into a funnel shape and fitted with
the plastic funnel to facilitate drainage through a muslin cloth. The column contains
15 cm of subsequent layers of coarse sand, garden soil, and rotten powdered cow
dung. The culture material (plant: cow dung (1:1)) is piled on top of the layer until it
reaches a height of 25 cm. The excess water is removed after a short soak. Every day,
the unit is moistened (80% moisture). After 15 days, drainage is collected from the
top of the column by spraying half a liter of water (Mayooran & Mikunthan, 2012).

3 Characteristic of Vermiwash

In general, vermiwash appears like a honey-brown colored worm coelomic liquid
extract comprising various enzymes, plant growth regulators such as indole-3-
acetic acid (IAA), cytokinin, gibberellic acid A3 (GA3), and vitamins. Earth-
worm excretory materials and other organic waste components are essential for
plant growth and development (Jayabhaye & Bhalerao, 2015). In addition to the
nonliving compounds, it has a unique microbiota essential for litter decomposing
and mineralizing several nitrogenous and phosphorous components available in
the soil by producing enzymes. It has been reported that vermiwash is abundant
in genera such as Azotobactor, Agrobacterium, Rhizobium, phosphate solubilizing
(PBS) (Pseudomonas, Bacillus, Micrococcus, Aspergillus), and urease-producing
microbes (Gammaproteobacteria except for Cupriaviduss species) (Chandukishore
et al., 2023; Gudeta et al., 2021; Zambare et al., 2008). The various characteristics
of the components of vermicompost are given in the following paragraph.
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3.1 Facilitate Plant Growth and Productivity

Several studies have shown that vermiwash is a wonderful plant tonic, improving
growth and development by supplementing the required macro- and micro-nutrients.
The abundance of these nutrients hinders the survival of pathogenic bacteria. In
contrast, decomposer bacteria can thrive by directly ingesting them through a sapro-
phytic feeding mode (Das et al., 2014). Research has shown a higher concentration
of nitrogen, phosphate, potassium, zinc, iron, manganese, copper, etc., in vermiwash
compared to vermicompost made from cow manure (Gudeta et al., 2021). It also
contains hormones like IAA and GA3, as well as enzymes like phosphatase, amylase,
and cellulase, all of which are essential for plant growth and development. Various
studies have shown that vermiwash improves the properties of plants, including root
length, shoot length, biomass, leaf number, and fruit seed, and flower production
(Nayak et al., 2019). Further, a minimal amount of vermiwash is adequate for seed
germination and growth. In addition to directly applying to the soil, foliar spray
is also effective in improving plant growth and development (Fathima & Sekar,
2014). Researchers also found that combining vermiwash with other agents, such
as vermicompost, enhances plant growth compared to the individual applications of
each.

3.2 Antimicrobial Properties

Various metabolites are present in vermiwash, which can enhance plant growth and
development by reducing the load of pathogenic microorganisms and improving the
nutritional value (Gudeta et al., 2021). One of the important secretory components
is an antimicrobial peptide from earthworm’s mucus and skin, including lysozyme,
fetidins, eseniapore, bacteriostatins, lysenin, and coelomic cytolytic factor. These
active components act specifically against pathogens through phagocytosis, encap-
sulation, agglutination, opsonisation, clotting, and lysis properties (Homa, 2018).
For instance, the antimicrobial property of the earthworms’ secretion enhanced plant
growth and development by inhibiting pathogenic fungi such as Fusarium gramin-
earum. In addition, the coelomic fluid in earthworms effectively controls protozoans.
Interestingly, plants treated with showed better seed germination, shoot, and root
length than those treated with GA3 (Kobayashi et al., 2004). These reports indicate
that earthworm secretory material is a significant part of the vermiwash quality.

3.3 Suppressing Pathogenic Microorganisms

Research has shown that vermiwash contains a high concentration of decomposer
bacteria, which can effectively diminish harmful organisms such as bacteria and
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fungi. A particular type of metabolite produced by the Pseudomonas species found
in vermiwash can suppress the growth of fungal disease that affects the productivity of
certain commercially essential plants (Gudeta et al., 2021; Kalantari et al., 2018). The
vermiwash derived from cow dung and vegetable wastes using Eisenia foetida can
effectively control mildew disease (Balam, 2000; Das et al., 2014). The beneficial
microorganisms in vermiwash commonly serve as antagonistic agents competing
with pathogenic organisms in the soil for space and nutrients. Hence, vermiwash
significantly enhances soil health by eliminating harmful bacteria and creating a
supportive environment for better plant growth and development (Ojuolape et al.,
2015).

3.4 Biopesticides Properties

The use of vermiwash as a biopesticide has shown its efficacy as a significant propor-
tion of the treated plants exhibited a notable absence of foliar damage caused by leaf-
eating organisms. Vermiwash enhanced the yield of lablab beans and showed strong
growth and more resistance to plant insects. Researchers reported that vermiwash
is an ideal agent for productivity and management of Lucinodes orbanalis infection
on Solanum melongena (brinjal crop) and Leptocorisa varicornis on Oryza sativa
(Mishraetal., 2015). A moderate concentration of vermiwash effectively controls the
Leptocorisa species that infects Solanum lycopersicum, i.e. tomato (Sayyad, 2017).
In addition, the vermiwash produced from animal waste blended with gram bran
and neem oil was an effective insecticide for managing the pod borer (Helicoverpa
armigera) (Nath & Singh, 2015).

4 Vermiwash as an Organic Fertilizer

The first green revolution in India greatly increased crop productivity; however,
the extensive use of chemically synthesized fertilizers over time has compromised
soil robustness, decreased agricultural output, increased insect pest and disease rates,
and led to environmental pollution. The persistent use of a wide range of agriculturally
significant chemicals, such as fertilizers, plant growth enhancers, and pesticides, has
deleterious consequences on ecosystems due to the contamination of soil, water,
the food chain, and the genetic diversity of plants (Mukhi et al., 2022; Rose et al.,
2022b; Ram et al., 2022). The second green revolution started with organic farming,
now attracting a booming eco-friendly fertilizer market (Nayak et al., 2019). The
application of vermiwash as an organic fertilizer is discussed in the following sub-
sections.
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4.1 In Agricultural Crop

According to Mishra et al. (2013), the pest Helicoverpa armigera, which threatens
gram crops (Cicer aritenium), may be efficiently managed using vermiwash. This
approach has been shown to significantly enhance the production of gram crops.
Another study found that using vermiwash increased the grain by 11.21% and stover
yield by 10.28% compared to the control for corn (Zea mays L.) (More et al., 2013).
Chattopadhyay (2015) investigated the effect of vermiwash collected from the vermi-
compost unit infested with Eisenia foetida on seed germination of green mung (Vigna
radiata). The seed germination increased up to 100% using vermiwash prepared with
cold stress technology in a ratio of 1:5. A study on Sorghum bicolor under salt stress
showed that the application of vermicompost and vermiwash together increased the
crop yield by maintaining nutritive equilibrium in soil, delaying salt-mediated injury,
and improving the growth (Sharif et al., 2016). Compared to the recommended chem-
ical fertilizer, the foliar application of vermiwash amalgamated with vermicompost,
significantly improved germination yield in Linum usitatissimum L. (Makkar et al.,
2017, 2019). Suganya et al. (2018) reported that Zinc oxide (ZnO) nanoparticles
modified with vermiwash of Eudrilus eugeniae improved seed germination in the
green gram (Vigna radiata). Rathika et al. (2020) investigated the effect of combining
vermiwash and citric acid on the biomass of Sorghum bicolor cultivated in lead and
nickel contaminated soil. The biomass of S. bicolor was increased by applying vermi-
wash (24% and 26%) and citric acid (11% and 9%) on soil polluted with lead and
nickel, respectively. The vermiwash treatment exhibited significant improvements in
shoot and root lengths and chlorophyll concentrations compared to citric acid due
to the potential of vermiwash as a chelator. A recent study compared the effect of
different organic manures on the growth, yield, and quality of betelvine (Piper betle
L.), including vermiwash, on a positive note (Ekka et al., 2023) (Fig. 3).

4.2 In Vegetable Crop

In 2013, Elumalai et al. investigated the use of vermiwash by applying liquid fertilizer
directly to the leaves to determine plant growth, internode diameter, phyllosphere
region, and leaf count, wet and dry weight of the shoot and root of Abelmoschus escu-
lentus, and reported maximum efficiency at 15% serving concentration followed by
10% vermiwash, gibberellic acid (100 g/ml) and naphthalene acetic acid (100 g/ml).
In another study, significant improvements in the growth, yield, and antimicrobial
activity of Andrographis paniculata were observed with combinations of vermicom-
post, vermicompost extract, and vermiwash compared to the recommended dose of
chemical fertilizer and the control sample (Vijayakumar & Muthuselvam, 2013). In
another study on Bhut Jolokia (Capsicum assamicum), foliar spray with vermiwash
modifies the arbuscular mycorrhizal dependency and nutrient stoichiometry of the
plant, subsequently leading to improvement in crop growth (Khan et al., 2014). A
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Fig. 3 The images showing the production of the vermiwash from an open vermireactor (a) and
a closed container (b), and its application in a nursery (c¢) and in an open agriculture field
(d) (Khadwala, 2024; Indiamart 2024)

study conducted on French dwarf beans (Phaseolus vulgaris L.) showed that combi-
nations of vermicompost leachate and vermiwash can be used as fertilizer for sustain-
able bean cultivation by controlling electrical conductivity (Ayyobi et al., 2014). The
combination of vermiwash obtained from different sources (neem, rice straw, and
bagasse) and a standardized hydroponics solution can be the most effective treatment
in hydroponics for promoting better plant growth and yield of Colocasia esculenta
(Australian Poi) (Ansari et al., 2015). The concentration of vermiwash with humic
acid (3:1.5%) appeared to be the most fruitful formulation, which increased overall
growth, including branching efficiency, total sugar content, and total protein content
of Allium cepa (Prasad et al., 2016). The vermicompost and vermiwash can mitigate
the adverse effects of high salt concentrations on plant growth and bulb formation in
potato plants (Perez-Gomez et al., 2017). A study on Abelmoschus esculentus (L.)
with different concentrations of vermiwash reported improvements in chlorophyll
and protein content, along with 100% seed germination (Senthilmuruganetal., 2018).
The formulation of panchagavya and vermiwash improved the yield and quality of
bitter gourd (Momordica charantia L.) by foliar application (Gajjela & Chatterjee,
2019). Yassen et al. (2020) reported that applying vermiwash via foliar spray effec-
tively improved the maximum vegetative growth, yield, and nutrition status of lettuce
(Lactuca sativa L.) without side effects. Rajput et al. (2021) examined the impacts
of seed biopriming with Trichoderma pseudokoningii and vermiwash treatment on
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the nutrient content of tomatoes and the defense response against Sclerotium rolfsii
under heat-stress conditions. The treatment reduced oxidative damage and pathogen
infection, ultimately improving plant growth. Furthermore, vermiwash and drip irri-
gation techniques can positively influence the correlation coefficient between the
root length and stem length of chili plants (Capsicum annuum) (Rao et al., 2022).
Seeds cultivated by traditional farming methods often exhibit high responsiveness to
fertilizers but may lack the necessary quality features needed to maintain agricultural
yields in the face of shifting climate trends (Wani et al., 2023).

S Vermiwash and Soil Properties

The biochemical characteristics of soil significantly affect soil fertility. The recy-
cling of organic nutrients and bioenergy from waste materials is emerging towards
achieving the goal of sustainable agriculture (Kobayashi et al., 2004). Recent research
has shown that the combination of vermiwash with vermicompost enhances the
biochemical characteristics of soil by enriching micronutrients and improving its
physical and chemical properties (Tharmaraj et al., 2011). Compared to the untreated
control, vermiwash-treated soil exhibits considerably higher values for pH, elec-
trical conductivity, porosity, moisture content, water holding capacity, and macronu-
trients, including nitrogen, phosphorus, potassium, calcium, iron, and magnesium.
Therefore, crop varieties treated with vermiwash showed rapid growth and consid-
erable productivity (Nayak et al., 2019). As discussed earlier, vermiwash is rich in
macro- and micronutrients, hormones, vitamins, beneficial microflora, antimicro-
bial agents, and bioinsecticidal compounds, thereby helping to improve the physio-
chemical characteristics of the soil. Tripathi et al. (2005) reported that the diversity
of microflora increased in vermiwash-treated soil, which decomposes organic mate-
rial in the soil and makes nutrients available to plants. In addition, these microflora
enhance plant defence against prokaryotic and eukaryotic organisms (Tharmaraj
et al., 2011). Moreover, the vermiwash-treated soil exhibited reduced pH compared
to untreated soil, which enhances the plant’s nutrient absorption ratio. The water-
holding capacity, moisture content, and porosity of soil also improved with the vermi-
wash (Ansari & Kumar, 2010). These enhanced properties would certainly help the
plants grow and develop better. Ansari and Kumar (2010) studied the effect of vermi-
wash on okra (Abelmoschus esculentus) productivity attributed to the enhanced soil
properties of the vermiwash. Similarly, Tharmaraj et al. (2011) conducted a study
on Oryza sativa and observed an improvement in soil properties, which led to a
significant increase in the number of leaves, leaf length, plant height, and root length.
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6 Conclusion

In conclusion, vermiwash possesses the inherent properties essential for enhancing
plant growth, development, and productivity by providing defense against pathogenic
microorganisms, annoying insects, and essential nutrients. It should be acknowledged
that the selection of vermiwash compositions should be contingent upon the intended
application, since it exhibits significant variation between plant species. The use of
vermiwash has been shown to improve the physicochemical characteristics of soil,
leading to an enhancement in soil fertility. The enhanced characteristics of the soil
depend on the specific composition and concentration of the vermiwash used for soil
treatment. The optimization of planting soil and crop variety is crucial in achieving
optimal growth and development.
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Abstract Globally, anthropogenic pollution and contamination from farming,
industrial, and other activities are constantly being applied to the soil. The focus
is increasingly turning to biological in situ alternatives since traditional physico-
chemical cleanup technologies have substantial costs and environmental deteriora-
tion associated with them. The most recent vermicomposting model is eco-friendly,
affordable, low maintenance, requires little space, protects against predators, uses
little water, has a self-roof, and is simple to operate. Out of the approximately 3000
species of earthworms found globally, over 500 species have been identified in India.
Earthworms use physical and biological mechanisms to carry out their vermicom-
posting activity. When compared to biochemical processes, which entail the break-
down of waste by a variety of enzymes present in earthworms’ guts and are regulated
by bacteria present in their intestines, physical processes involve the aeration, mixing,
and grinding of substrate. Vermiremediation is a viable long-term biological cleanup
approach; however, it is only effective on soil that has only a minimal amount of
contamination. It is necessary to therefore review the future direction of research on
vermitechnology.
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1 Introduction

Today’s worldwide scientific community is looking for a technology that is socially
acceptable, ecologically sustainable, and commercially feasible. Vermiculture tech-
nique includes all the positive traits and attributes (Sinha et al., 2010). Vermiculture
research is undergoing a revolution for several environmental applications and devel-
opment (Aransiola et al., 2024). For a very long time, vermiculture researchers from
all over the world were aware of the importance of earthworms in managing soil
fertility, managing waste, and managing trash. However, some relatively recent find-
ings regarding their function in the treatment of contaminated soil and waste water
and possible usage in present-day medication to safeguard human health, including
dissolving blood clots for stroke, thinning blood, lowering of blood pressure, curing
cancer, acting as an inflammatory agent and helping patients with heart diseases,
curing arthritis and rheumatisms, providing antibiotics, and being a rich source of
high-quality protein, have emerged.

Through intricate mechanical and biochemical interactions with soil’s abiotic
and biotic elements, earthworms increase plant growth and production (Sinha et al.,
2008). The mechanical disintegration of soil particles caused by earthworms’ inges-
tion of the soil increases the surface area available for biotic activity. Water,
particles, nutrients, and aeration travel through, through, and through earthworm
burrows. Earthworms’ intestines are home to millions of enzymes and microorgan-
isms that speed up the biochemical conversion and mineralization of soil organic
materials, enriching the soil (Sinha et al., 2008). Increased plant growth and crop
output are made possible by all of these mechanisms working in conjunction with
other elements. Earthworms are known to have the ability to lessen a number of
environmental problems. (Dada et al., 2016; Sinha et al., 2008).

Around the world, soil is contaminated and exposed to anthropogenic pollution
from farming, industrial, and other activities. Chemicals, organic wastes, and inor-
ganic substances or elements, notably metals, are common soil pollutants (Dada
etal., 2015). The focus is increasingly turning to biological in situ alternatives since
traditional physicochemical cleanup technologies have high costs and ecological and
environmental instability.

It is well recognized that earthworms working as soil ecological engineers have a
significant impact on nearby biological, physical, and chemical. Earthworms enhance
agricultural output by increasing the soil’s nutritional content, reducing the toxicity
of wastes, and maybe even helping to detoxify polluted soil. Since the 1800s, earth-
worms have been extensively investigated for a variety of applications as a result of
their role in maintaining the terrestrial ecosystems. Studies on its application in soil
remediation may date back to the 1980s (Sinha et al., 2010). However, this subject
has just lately experienced a rapid expansion, and the word “vermiremediation”
has only recently been used (Sinha et al., 2008). Vermiremediation, a word used to
describe the method by which earthworms remove toxins from soil. In order to alter,
degrade, or eliminate pollutants from the soil environment, vermiremediation makes
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use of the abiotic and biotic interactions, life cycle, burrowing, and feeding activity
of earthworms (Aransiola et al. 2022a).

2 Concept of Vermiremediation

Vermis (Latin for “worm”) and remedium (Latin for “remedy”) are combined to
form the phrase “vermiremediation” (means to remove something bad). Edwards
and Arancon coined the phrase “vermiremediation” initially (2006). However,
Rodriguez-Campos et al. (2014) may be the first authors to define the phrase, which
is “the use of earthworms for eliminating toxins from the soil or when earthworms
assist in the degradation of nonrecyclable substances.” A thorough definition was
presented here with care because it seems that this definition is rather ambiguous.
Vermiremediation is an earthworm-based bioremediation method that collects and
extracts, transforms, or degrades toxins in the soil environment by the use of earth-
worms using the ability of burrowing, eating, secretion, and metabolism. Figure 1
illustrates these procedures (Aransiola et al., 2024).

v Primarily an aesthetically beautiful x  Only weakly or moderately polluted soils that enable earthworm
v Ecologically acceptable survival are suitable for vermiremediation.
v’ Earthworms typically clean up polluted ground  x The survival of earthworms may be impacted by the toxicity of

without removing the topsoil pollutants in severely polluted soil

v' Preserving or even increasing soil fertility and utility

x Vermi diation is only applicable to depths with earthworm activity.

<

Used to remediate a variety of environmental

x Since vermir-emediation mostly depends on the eating habits of the
pollutant

T e o el (0 el e Tl worm species, food availability may potentially limit its potential

eliminate pesticides, herbicides, PAHs, PCBs, and ~ * If handled carelessly or disposed of improperly, toxins that have built

crude oil up in earthworms might enter the food chain
¥ Vermiremediation can also enhance soil quality % Vermiremediation could also be used under tight guidelines.
¥ Earthworms continue to serve as ecosystem x Due to their sensitivity, earthworms may not survive in certain

engineers climates, seasons, or other environmental circumstances

Fig. 1 Strengths and weaknesses of vermiremediation
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3 Organic Pollutants: Vermi-Transformation
and Vermi-Degradation

When enzymes produced by earthworms, like CYP450, are used to transform
organic pollutants, this is referred to as vermi-degradation/vermi-transformation.
By this definition, one of the steps to “vermicomposting” and “vermi-conversion”
is “vermi-transformation/vermi-degradation.” Vermi-conversion is the name for the
quick conversion of slowly biodegradable solid wastes into useful fertilizer elements
using earthworms and microbes together (Sahariah et al., 2014). Vermicomposting
is a method of biologically converting organic waste into stabilized organic fertilizer
(Lim et al., 2016). It appears that the two words refer to the same bioconversion
procedure. Therefore, using the contaminant removal or detoxification abilities of
earthworms or “vermin-endophyte” in vermi-conversion and vermicomposting auto-
matically involves the remediation of contaminants. Vermi-conversion and vermi-
composting, on the other hand, focus on biodegradable solid wastes, whereas vermi-
transformation and vermi-degradation directly address the treatment of chemicals
(e.g., organic pollutants). There is research on vermin metamorphosis that has mostly
examined the ecotoxicological consequences of organic pollutants on earthworms
(Zhao et al., 2016).

4 Organic Xenobiotics Detoxification by Earthworms

Through their metabolic processes, earthworms can collect organic xenobiotics
from contaminated environments. Various earthworm species, primarily E. fetida,
have been reported to be able to metabolize some organic contaminants, including
polycyclic aromatic hydrocarbons (PAHs), pesticides, herbicides, and 2, 4, 6-
trinitrotoluene (Renoux et al., 2000). Scientists have recently been interested in
the enantioselective breakdown of chiral insecticides in earthworms (Wang et al.,
2014). There have also been a few organic pollutants’ metabolites found in earth-
worms. In earthworms, 10:2 fluorotelomer alcohol may be converted to perfluoro-
carboxylic acids, perfluorodecanoate, perfluorononanate (Zhao & Zhu, 2017). In the
soil, n-ethylperfluorooctane sulfonamide ethanol may be converted to perfluorooc-
tane sulfonamide, perfluorooctane sulfonate, n-ethylperfluorooctane sulfonamide
acetate, and this metabolite was the main one produced by earthworms (Zhao et al.,
2016). However, given the intricacy of vermitransformation and vermidegradation
processes, numerous metabolites must be identified. According to one description,
the biochemical metabolic digestion of organic pollutants in earthworms involves a
number of enzyme-catalyzed steps (Li et al., 2018; Saint-Denis et al., 1999).

The CYP450 genes of L. terrestris and E. fetida have been discovered. Direct
conjugation of organic pollutants or conjugation of metabolites from Phase I
processes with glutathione, amino acids, or sugars are two examples of Phase II
conversion. By forming covalent bonds with any of these endogenous molecules,
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conjugation results in hydrophilic conjugates. For instance, the pyrene metabolites
produced by E. andrei are all conjugates of 1-hydroxypyrene. Due to its great sensi-
tivity and ecological importance, glutathione S transferase (GST) was one of the most
researched enzymes in Phase II. GST aids in the elimination of reactive electrophiles
by catalyzing the conjugation process between GSH and electrophilic xenobiotics.
While this is happening, GST works as a crucial Phase II detoxifying enzyme to
excrete and get rid of the byproducts of Phase I metabolism (Aransiola et al., 2019;
Ojuolape et al., 2015).

5 Advantages of Vermi-Remediation

Vermiremediation provides a number of benefits over traditional physicochemical
approaches, and subsequent research has shown that it is technologically possible.
Vermiremediation, like phytoremediation, is primarily an aesthetically beautiful,
ecologically acceptable method (Sinha et al., 2008). Earthworms typically clean
up polluted ground without removing the topsoil, preserving or even increasing
soil fertility and utility. The environment is just somewhat disturbed. It can also be
used to remediate a variety of environmental pollutants. According to Rodriguez-
Campos et al. (2014), the presence of earthworms in the soil can help eliminate
pesticides, herbicides, PAHs, PCBs, and crude oil. Because vermiaccumulation for
organic pollutants may contribute significantly, as opposed to phytoaccumulation,
it is a comparatively efficient approach when compared to phytoremediation strate-
gies. By increasing organic matter, nutrient concentrations, and biological activity,
vermiremediation can also enhance soil quality (Sinha et al., 2008). Previous studies
also demonstrated that even in contaminated soil, earthworms continue to serve as
ecosystem engineers.

5.1 Limitations of Vermi-Remediation

Like other bioremediation techniques, the vermiremediation method has several limi-
tations. Only weakly or moderately polluted soils that enable earthworm survival
are suitable for vermiremediation. The survival of earthworms may be impacted
by the toxicity of pollutants in severely polluted soil (Rodriguez-Campos et al.,
2014). Additionally, depending on the ecological groups of earthworm species used,
vermiremediation is only applicable to depths with earthworm activity. Earthworms
are divided into three groups based on their preferred habitats: epigeic, anecic, and
endogeic. Epigeic earthworms, like E. fetida, are classified as detritivores based on
their feeding habits and are found on the upper surface of soils where they primarily
consume plant litter and other organic debris.

Similar to Anecics, endogeic is known as a geophagous and a phyto-geophagous
species, respectively. Since vermi-remediation mostly depends on the eating habits
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of the worm species, food availability may potentially limit its potential. However, if
handled carelessly or disposed of improperly, toxins that have built up in earth-
worms might enter the food chain. Vermiremediation could also be used under
tight guidelines. Due to their sensitivity, earthworms may not survive in certain
climates, seasons, or other environmental circumstances, which might impede
vermiremediation procedures.

6 Colonization and Inoculation of Earthworms in Polluted
Site

Vermiremediation may need a lot of earthworms (Sinha et al., 2008). Therefore, the
technique for introducing earthworms into contaminated soil to activate vermire-
mediation is the first issue that has to be resolved. The earthworm inoculation
methods discussed by Butt and Grigoropoulou (2010) included grass cutting and
relaying, chemical/physical extraction with broadcasting, and the earthworm inocu-
lation unit technique. Additionally, both their benefits and drawbacks were clearly
stated. However, a study of earthworm survival in polluted sites is required to confirm
colonization and ensure the viability of vermiremediation.

7 The Fate of Earthworms Used for Vermi-Remediation

What happens to earthworms once they are utilized to remediate soil contaminated
by organic matter is another significant subject. Earthworms used in vermiremedia-
tion should be managed carefully since they can acquire a lot of organic pollutants.
Burning earthworms as hazardous trash in specialized landfills is a potentially easy
approach for securely disposing of them, similar to the post-treatment of plants
employed in phytoremediation. To progress the application of vermi-remediation,
these difficulties must be further researched because they are rarely taken into
account. Finally, vermicomposting has steadily gained recognition as a growing solu-
tion for the treatment of organically contaminated soil. Vermiremediation has been
the subject of several investigations during the past ten years. In order to promote
the general application of mirage remediation, further basic studies will be required
in the future.
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8 Future Direction/Research in Vermitechnology

India’s success in agricultural output following the first Green Revolution in the late
1960s, led by Swami Nathan, Karwar, and Bourlaug, produced a huge increase in
agricultural productivity. This is brought about by a growth in the use of contempo-
rary agricultural inputs, including farm machinery, chemical fertilizers, pesticides,
herbicides, hybrid varieties of seeds, and other inputs. Despite hardly any growth in
net planted area, India’s food grain output more than quadrupled during the first green
revolution. From 95 million tons in 1967-1968 to 209 million tons in 1999-2000,
it climbs. India became self-sufficient and self-independent in terms of agriculture
and food supplies as a consequence of increased productivity, but this had a negative
impact on the ecosystem and gene pool as a whole. The effects of its unsustainable
use turned the emphasis back to organic farming. A paradigm change in agriculture
is seen in this situation. Farmers are converting to environmentally friendly methods.
For the generation of vermicompost and vermiwash, new vermitechnology models
employ the surface and subsurface varieties of the earthworm Eudrillus eugenie.
Agriculture has a huge need for the work being done on vermitechnology. Together
with soil bacteria, earthworms play a crucial role in soil fertility and processing.
In clay soil, the usage of vermicompost enhances air movement. The hygroscopic
nature of mucus increases its capacity to store water by absorbing it. Vermicompost
enriches the soil with extra nutrients that chemical fertilizers do not have (Kale,
1998). When water is passed through a column of worm activity, coelomic fluid and
vermicomposting filtrate are recovered. It is extremely beneficial as a foliar spray and
contains a variety of micronutrients, enzymes (Aransiola et al., 2022b), hormones,
and microorganisms (Babaniyi et al., 2023). When properly collected, vermiwash is
a translucent liquid with a light yellow hue. Agro waste, kitchen trash, and nitrogen-
rich materials like cow, sheep, and pig manure can all be used as the earthworms’
food sources.

In the second half of the twentieth century, the world’s population more than
quadrupled, from 2.5 billion in 1950 to 6 billion in 2000, and it will reach 12 billion
people by the end of the century. The emerging and third-world nations of Asia,
Africa, and South America have seen and will continue to see the majority of this
population growth. In India, there were just 361 million people, and by the year 2000,
that number had increased to 1004.5 million, virtually tripling in the second half of
the twentieth century. India is already one of the largest producers and exporters of
various agricultural commodities, but the negative effects of these advancements are
quickly becoming apparent. Now it is evident that these developments have adversely
affected on ecosystem at large. Effects are noticed not only in soil, water, produced
food, and air, but also went way beyond and affected on gene pool of wild seeds and,
in turn, affect biodiversity.

Due to increased environmental awareness, the negative impacts of agrochemi-
cals, rising input costs, fluctuating commodity prices, and the evolution of pesticide
resistance in pests. In India, agriculture has undergone a paradigm shift as a result of
this altered situation. Organic agricultural techniques are now being used by more
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farmers. It appears that the second evergreen revolution is about to begin. In light
of this, we have begun developing high-quality, affordable agricultural supplies to
support the farming community.

9 Prospects of Vermitechnology in Solving Environmental
and Agricultural Problems

Vermicompost is a soil conditioner and plant feeding material created by earthworm
species like the red worm (Eisenia foetida) by altering the physical and chemical
properties of cow feces and organic plant components. There are severe worries
about the security of natural resources due to the widespread use of agro-chemicals,
which endangers human health and the environment, degrades soil quality, and raises
disease resistance (Kumar & Gupta, 2018). The need for effective organic goods as
biological fertilizers and insecticides has prompted scientists to create sustainable
agricultural production systems. In this area, aerobic compost and vermicompost
products, which boost soil quality in all aspects, have acquired enormous significance.
Chemical fertilizer usage has a major impact on environmental degradation since it
uses up fossil fuels, produces carbon dioxide, and pollutes the atmosphere, water,
and soil. The loss of soil fertility and the resulting negative effect on agricultural
output are direct consequences of the improper use of chemical fertilizers.

Ecological and sustainable agricultural techniques are the only way to undo the
damage done to the environment by the widespread use of chemical fertilizers, it
has become clear in recent years. Soil, under normal conditions, is home to a wide
variety of micro and macroorganisms that break down organic matter into humus and
plant nutrients. The presence of earthworms in the soil is crucial because they aid in
nitrogen cycling and boost soil fertility. Because of this, earthworms have been appro-
priately dubbed “the buddy of farmers” by Charles Darwin. Producing ‘““Vermicest,”
a product considered to have a biological suppressive impact on plant development,
plant nutrition, and rot factors, is made possible by vermicomposting techniques,
which are a reliable, inexpensive, and sustainable approach for evaluating diverse
organic wastes. Vermicompost (worm manure) allows for a low-input production
method, which is crucial for small and medium-sized agricultural producers, and
helps offset the initial drop in output seen when switching from conventional to
organic farming. Food safety for people and animals is ensured by vermicomposting
procedures, which also promote a sustainable agricultural production model that is
both environmentally and economically beneficial (Demir et al., 2010).

As a means of boosting soil productivity, vermicompost helps produce aggre-
gates in the soil. It enhances the soil’s ability to store water and to absorb air,
and it strengthens the soil’s overall structure. The plant’s root growth is aided by
these as well. As a result, the plant is able to take up more of the soil’s benefi-
cial nutrients, leading to enhanced growth and a higher harvest. Also, the organic
structure of the vermicompost put into the soil provides an increase in soil nutrients
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(Misirhioglu, 2011). Soil worms have a major impact on the health of a garden’s
soil, its fertility, and its yields. Their feeding and gallery opening activities have a
number of beneficial effects on the soil, including a shift toward a more favorable
nutrient-to-organic-matter ratio, deeper water penetration, and faster incorporation
of topsoil-applied organic matter, lime, and fertilizers. Studies have also shown that
they improve the quality of grain, enhance yields in fields, and decrease the preva-
lence of root infections (Tomati & Gali, 1995). A wide variety of plants from all over
the globe, including those from Turkey, have been subjected to several vermicompost
experiments. In most cases, vermicompost was applied alongside conventional fertil-
izers in the lab, and the outcomes were compared based on the status of the control
groups. Vermicompost research mostly focuses on how it affects crop productivity
and disease. Insufficient studies have been done in the economic field. The phys-
ical, chemical, biological, and microbiological changes it brings to the soils it is
applied to make vermicompost a trustworthy organic fertilizer that increases agri-
cultural productivity while decreasing nutrient loss. Among its many well-known
advantages are that it acts as a soil conditioner, contains an adequate quantity of vital
plant nutrients, helps prevent pesticide and disease buildup, boosts crop yields by
improving soil quality, and costs less to use over the long run. Biological origin defi-
ciency may be remedied by incorporating vegetable leftovers, farm manure, chicken
manure, rubbish compost, and organic industrial wastes into the soil. There is a
favorable correlation between the incorporation of these minerals into the soil and
an increase in crop yield and quality (Entry et al., 1997; Pascual et al., 1997; S6nmez
et al., 2002).

Research into vermiculture contributes to the fields of waste management, soil
purification and revitalization, and eco-friendly agriculture. There are basically
just two places where commercial vermiculture is done. For starters, there’s worm
biomass generation and processing vermicompost. Creating worm biomass is done
so that worms may be used as a protein source in the poultry and fish farming indus-
tries. In contrast, vermicomposting is a method used to stabilize soils that have been
contaminated by sewage, sludge, or other similar wastes in the process of stabi-
lization. Grain yields, in particular, benefit from earthworms’ presence, increasing
by 35% (Baker, 1994). It’s true that vermicompost applications are very new to
the United States, in contrast to compost applications made from a broad variety
of materials, which are quickly becoming ubiquitous here. Previous research using
vermicompost has highlighted its beneficial impacts on plant production and quality,
as well as its enhancement of the physical and biological structure of the soil. Further
research and investigations are needed to disclose the full extent of vermicompost’s
acknowledgment in our nation and its impact on plant production. It has been shown
via research those organic fertilizers are better for plants, soil, the environment, and
the economy. The primary goals of these research are to improve plant production
and to demonstrate that these improvements are sustainable in comparison to the use
of chemical fertilizers. When applied to the rhizosphere, where microbial activity is
greater than in other sections of the soil, bio fertilizer and vermicompost enhance the
soil’s physicochemical qualities and biological productivity. Soil biodiversity and
biomass improve as a result, and less chemical fertilizers are required. An increase
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in maize plant dry matter was seen with a drop in soil pH after using worm compost
made from garbage (Ferreira & Merchant, 1992).

The impact of vermicompost and chemical fertilizer on radish plant production
and quality was investigated by Kumar and Gupta (2018). Vermicompost treatment
resulted in the greatest gains in plant height, dry matter, tuber weight, and root
length. Overall, it was shown that vermicompost treatment led to a greater increase
in yield than the control group. The organic matter content of the soil, the aeration
of the soil, the water holding capacity, the ease of nutrient absorption by plants,
and the yield are all favorably impacted by vermicompost. Vermicompost improves
soil porosity, facilitates root spread, and stimulates greater root growth, all of which
contribute to a higher harvest (Jackson, 1967). Many people and groups are interested
in sustainable and organic agriculture since vermicompost is considered an organic
fertilizer, is produced in a natural way, and does not degrade the soil.

Some features and benefits of worms and vermicompost can be listed as follows.

e Boosts the resilience of plants and hastens their growth, allowing for an early
harvest. With its granular form, it controls soil structure, boosts water retention
capacity, and vastly improves soil aeration, providing an early harvest by roughly
15-20 days.

Nitrogen-fixing microorganisms have benefited plants greatly.

Since it makes the soil more pliable, it boosts soil productivity, and it allows plants
to absorb more of the soil’s nutrients, leading to higher-quality end products with
a higher solids-to-water ratio.

e Profitability is achieved by a significant increase in output thanks to the incor-
poration of worm feces, which includes components like enzymes, amino acids,
growth hormones, and vitamins in the fertilizer.

e [t saves money since fewer herbicides and fungicides are needed because there
are no weed seeds present. When chemical fertilizers are used less often, fertilizer
expenditures are lowered.

It alleviates pesticide-induced plant stress.
Soil pH regulation improves plant health, which in turn raises yields and profits.
It also reduces seed loss and expedites the sprouting process.

e Body fluids (coelom liquid) that worms transmit into manure promote resistance

against plant illnesses and protect plants from cold.

Vermicompost has a positive impact on the bottom line because of the reasons
listed above. Vermicompost helps farmers save money and make more money on
their crops, according to the findings.
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10 Applications of Vermitechnology in Global Warming
Mitigation

Increases in both population and trash production are serious problems, especially in
emerging nations. While composting and vermicomposting are low-impact ways
to manage organic waste, they do have certain drawbacks, including the emis-
sion of greenhouse gases (GHGs). This overview provides a comprehensive anal-
ysis of the key factors driving GHG production, including aeration, C/N ratio,
temperature, pH, bulking agent, and moisture content (Cao et al., 2020). In many
circumstances, vermicomposting reduces GHG emissions compared to composting,
especially methane (CH4) emissions. Nevertheless, earthworms are also substantial
contributors to nitrous oxide (N,O) during vermicomposting; therefore, comparing
the two processes in terms of GHG emission (GHGSE) is necessary. Carbon dioxide
and other GHGs and Hydrogen Carbon Dioxide (CO,).

Carbon dioxide (CO,) is a major contributor to global warming because it acts
as a GHG by trapping heat in the atmosphere. The current global CO, concentra-
tion is believed to be approximately 416 ppm, and NASA predicts that this number
will continue to climb in the near future (NASA, 2021). There are two types of
carbon dioxide (CO;,) created during the composting process: biogenic CO, and
non-biogenic CO,. In contrast to the CO, that was created by burning fossil fuels
like coal and oil, the CO, that was produced by biological processes, including litter-
fall decomposition and soil respiration. Since CO, released during decomposition is
already taken up as a food source by plants, it is not included for the GWP assessment
of carbon dioxide gas for organic waste (Swati & Hait, 2018). Rapid CO, emissions
during composting indicate a high level of microbial activity and overall organic
matter decomposition (Aransiola et al., 2023). Modifying emission-causing factors
may lead to a decrease in GHGsE. Increases or decreases in GHGSE might be drasti-
cally affected by the inclusion of changes. With a biochar dosage of 10%, Wang et al.
(2014) showed that CO, emissions from composting pig dung could be reduced by
26.06%. There are two distinct phases in composting, the first thermophilic phase
and the final maturation, or mesophilic, phase, during which the waste is stabilized.
Both aerobic and anaerobic thermophiles ingest and metabolize readily available
OM during the thermophilic phase. High temperatures (50-70 °C) and increased
microbial activity characterize this phase, leading to the volatilization of OM and the
release of CO, and NHj;. At the last stage of maturation, temperatures decrease to the
40 to 50s Celsius, suggesting that all biodegradable OM in the trash has been decom-
posed and that very little or no GHGSE remain. According to Awasthi et al. (2020),
CO, emissions were quite high at first but then steadily declined. Several studies have
revealed that CO, emissions from substrates such as municipal solid waste, green
waste, and sewage sludge are greatest at the beginning of the composting or vermi-
composting process and gradually decrease as the process progresses. Composting
food waste produces a large amount of carbon dioxide (CO;) during the first two
weeks, but this emission gradually decreases as the process progresses (Wang et al.,
2014).
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Numerous other scientists have also seen a rise in composting temperatures. The
first phases, as shown by Lle6 et al., (2013), may reach temperatures as high as
55 °C before gradually cooling down. Thus, it is probable that the high temperatures
during the first stages are linked to the increase in CO, emissions during the initial
stages. Liu et al. (2021) also noted this, citing temperature spikes and the breakdown
of organic matter as the primary causes of the rise in emissions. Although carbon
dioxide emissions are more widespread, other gases, including nitrous oxide (N,O)
and chlorofluorocarbons (CHy), contribute to ozone depletion and have GWPs that
are 298 and 25 times higher than CO,, respectively. As the CO, emitted during
composting comes from the natural breakdown of plant matter, it has a zero global
warming potential.

Methane (CH,)

The production of CHy is second only to that of CO, among GHGs (Leh-Togi
Zobeashiaetal.,2018). In the previous 10 decades, CH4’s GWP has been seen to be 28
times higher than CO,’s. The pace of CH4 emissions, the amount of material utilized,
the moisture content, the temperature, and the activity of methanotrophic bacteria all
have a role in the total amount of CH4 emitted by composting operations. GHGSE is
reduced by increasing the aeration rate, whereas high CH4 emissions are encouraged
by decreasing the aeration rate. It has also been shown that sporadic oxygen delivery
helps cut GHG emissions. In addition, the compost pile’s heterogeneity might lead
to CH4 emissions in places with little access to air.

Nitrous Oxide (N,0)

Composting generates a significant amount of N,O via a process called denitrifi-
cation. Turning the pile redistributes and transfers nitrates, and the solubility in the
pile affects the emission rate. Nitrous oxide (N,O) generation is stimulated by the
availability of carbon during OM decomposition, which in turn impacts the avail-
ability of oxygen (O,) at microsites. Researchers observed that both lignite and
non-lignite windrows emitted negligible amounts of N,O. The majority (76.7%) of
lignite windrows’ GHGSE were found to be N,O. We measured 1.16 (0.3) g kg 1
DM of cumulative N,O emission from the lignite windrow and — 0.52 (0.1) g kg
1 DM from the non-lignite windrow. The nitrification process is sluggish, as seen
above. Composting manure results in less nitrogen (N) loss as N,O when lignite is
added to the mix. Another research by Swati and Hati (2018) demonstrated that N, O
emissions were significantly reduced when bamboo biochar was used as an additive
during composting of poul 5t9 try manure. Biochar increases oxygenation of the
compost’s surface and the temperature, both of which reduce the activity of nitri-
fying microorganisms and enzymes and so reduce the production of nitrogen oxide
(N20). In comparison to the overall loss of N, the loss of N,O was just 3.15-0.58%.
Excessive acidification (pH 6 and pH 5) was observed by Cao et al. (2020) to hasten
N,O emission by 18.6% and 17.6%, respectively. As the pH drops from 7 to 5.5, the
denitrification process emits more nitrogen oxides. Vermicomposting using agricul-
tural waste was used to demonstrate complete N,O emission, and it was shown that
vermicompost emits less N,O than thermophilic compost. The configuration of the
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pile is what caused the increased release of N, O in thermophilic compost. Vermicom-
post, on the other hand, has a 53% lower emission of N,O because the earthworms
eat away at the arrangement or stratification and homogenize the material. It was also
established that the earthworm’s gut underwent denitrification, leading to reduced
N,O emissions.

11 Conclusion

The future guidelines in vermitechnology are the formulation of policies by stake-
holders and environmentalists in order to improve and adopt this environmentally
friendly technology because earthworms have a variety of enzymes present in their
guts and are regulated by bacteria present in their intestines. These enzymes could
be extracted for other industrial and biomedical uses. Also, since earthworms use
aeration, mixing, and grinding of substrate produce useful products, they possess a
valuable nutrient in their by-product which could be a perfect answer to improve
plant proliferation and curb global food insecurity.
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