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Abstract

Emerging contaminants (ECs) in the environment pose o substantial worldwide problem. The pollution owing 1o these
pollutants requires rigorous research due 1o their harmiul impact on soil microbes, flora, fauna, and human health. This
category contains a varied armay of substances, including medications, personal care #tems, indusirial chemicals, and
microplastics. Such pollutants pose severe hazards to ecosystem integrity and biodiversity. Emerging pollutants largely
come from anthropogenic activity, including indusirial operations, and iheir abundance dramatically aliers soil ecosys-
tems. Therefore, this review highlights the interactions of emerging contaminants with soil microbiome. Soll microbinl
communitics are crucial 1o nutrient cycling and the preservation of soil health, The entry of new pollutants into soil
ecosystems affects these microbial communities, altering their ecological activities and undermining overall soil bealth.
These pollutants engage with soil microbes through multiple methods, resulting in modifications i the diversity of soil
microbiota and eventually influencing plamt survival and performance. The issue of contamination by cmerging toxins
is particularly acute in urban conlexts, where industrial operations and inefficient wasie management techniques lead 10
increased concentrutions in the ecosystem. This pollution impacts the composition and guantity of soil microarganisms,
alters their genetic traits, and affects their funclional activities. The exposure 1o new pollutants disrupts ecological balance
and poses significant health risks 1o humans, This analvsis elucidates the inleractions between developing pollutants and
soil microorganisms, stressing the significance Tor soil ecosysiem processes and offering options for mitigation 1o encour-
age a healthy environment.
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Introduction

Emerging contaminanis are compounds that have lately been
recognized as environmental pollutants, generally coming
from industeial, agricultural, and pharmaceuticnl operations
(Calvo-Flores et al, 2008; Chahal ¢t al, 2023, This categor-
zitlon comprises medications, personal care items, and sev-
eral industrinl chemicals that often remain beyond the reach
of normal environmental surveillanee (Patel et al, 2020}
Additionally. they encompass micro/nanoplostics, polyMuo-
roalky| substanees (PFAS), heavy metals, and polychlori-
nated biphenyls (PCHs). (Chabol et al. 2023). The presence
ol these pollutaints poses major threats o soil health and
mierobial communities, polentinlly leading to modificationy
i nutrlent eyeling, pathogen dynamics, and the general via-
hility of ecosystems (Nwankwo et al. 2025),

The rising frequency of new pollutants in the environ-
ment causes considerable problems for soll integrity and the
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Soil microbial communitbes are significantly impacied by ECs,

Increased contamination altems the composition and genetlc tmils of 4ol microbiom,
Soil health disruption compromises the vitl ecosysten) services like nutrients ¢yveling,
The study of EC-microorganism interactions | crucial for environmental health,

Inclustrial ¢lwembeals © Pharmoceuticals

virious microbial communities it supports {Maddela ¢l al,
2022), The spread of these contaminants may disiurb the
population of soil bacteria, leading to detrimental effects for
ecoaystein processes ond agricultiml output. These pollul-
wnts (nteract with soil microblal communities by affecting
both thelr composition and function (Nwankwo et al. 2028),
[heir presence can limit microblal development, diminish
biodiversity, and interfere with critical biogeochemical pro-
cesses, consequently compromising sofl health and Fertility
(Chijn 20243 Furthermore, xenobiotic chemicals originm-
ing from pesticides, herbicides, antibiotics, ond fertilizers
contribute to soil deterioration and comprom ise agricultural
sustninability, The pollation of soil due 1o these compounds
ncdversely influences plant nutrition and the variely of ben-
eliclal microorganisms within the soil matrix (Chahal et al,
2023). Consequently, less nutrient eveling occurs, resull-
ing in lower soil fertility and impaired interactions between
plants and the soil environmenl.
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I 16 wital w wnderstind that polluted soll infMuences more
than agricultural operations; it also impairs water supplies
and heightens threats o both biodiversity and humaon health
(Okeke et al. 2023; Purl et al. 2023), Confemporary pol-
litwivls wre enlering lerresivial and sedimentary settings,
consequently worsening environmental concerns (Chahal
el al. 2023}, While nanomnoterials like metal nanoparticles
(AgNPs ond Titanium Dioxide (TIOL) nanoparticles) are
commanly emploved in environmental ¢leamip, thelr intro-
duction into ecosysiems poses considerable risks 10 micro-
organisms, perhaps leading to mortality or harm, alongside
modifications to their genetic structures (Wang et al. 2024,
The unigue physicochenlenl properiles that make nanopar-
tiches valuable (thelr small size, high surface anea, and reac-
tivity ) also enable them 1o penetrate biological harviers,
accumulate in organisma, and cause toxicity through mech-
anisms distinet from their bulk counterparts, The massive
manufbcture of plastic ilems has resulied in the pervasive
presénce of microplastics throughout soils, aquatic systems,
nnd several other habitats {Kone et al. 2020, Practices such
as irvigation, fertilization, the application of sludge, and
atmospheric deposition have made soil a significant store
foor polbutants (Ling et al. 2022), Research demonsirates that
irvigation with trested wastewaler substantiolly increnses
soil microplastic contwm ination and introduces heavy mat-
als, personal care products, pharmaceuticals, and persisient
organic pallutants into the soil, Microbial communities are
crucial 1o biogeochemical eycles within the soil, and the
mtroduction ol new pollutants can dramatically aifect the
mukeup of these communitios, conseguently altering many
soll parameters (D el al, 2022}, Li et al, (2022) angue that
the levels of soil enzymes and the nitrification process are
mstly determined by the bacierial composition and abun-
dance, whereas diversity Is primarily shaped by the avail-
ability of nitrogen and phosphoris n the sobl. This review
nttempts o study the conneclions between developing pol-
lutants and soil microorganisms,

The significance and relevance of bacteria present
in soil ecosystems

Soil conditions are prone to ongoing modification. Humus,
which includes o number of vital nutrients and chemicals,
plays a crucial function in promoting o broad amy of
microorganisms inside the soil (Fagunwa and Chlanbiw oning
2020). The rhizosphere is inhabited by several species of
soil microorganisms, including archeae, bacterin, fungi,
wiruses, eyanobacieria and protoeoa (Jabborova et al. 20210,
These microorganisms engage n numerous roles, such as
digesting contaminants, preserving soil health, and allow-
ing nutrient transfer 1o plants, The rhizosphere relers to the
soll layer proximal to plant roots, whereln the qualities of

the soil are affected by oot sctivity, The maintenance of
different biclogical forms and ecosystems s substantinlly
dependent on microbial diversity, The svnergistic interac-
tons between plants and microbes are vital Tor ecosystem
lunetionality (Okeke et al, 2023). Roots anchor plams into
the substrate, permiiting the uptake ol water and lons, while
also functioning ns reservoirs For nulrients; additionally,
they engage with o wide variety of soil microbes (Fagunwa
e Cllanbiwoninu 2020}, Certain soil bacteria create rela-
tonships with rocis by dwelling within them or in thelr
proximity, and these interactions can be helpful, nevtral, or
accidental {Jabborova e nl, 2021), Svmbiotic interaciions
are represenited by the parnerships between dlasotrophic
bacterin and legumes, as well s with myeconthizal fungi.

Soll mieroorganisms and root systems have a vital role in
allecting plant development and metabolic netivities (Okeke
et nl, 2023}, In 1904, Lorenz Hiltner invented the word rhi-
sosphiere, dellning it us the habital of bacteriorhiz, which
s crucinl for plant nuteition (Khan et al, 2022) Hiltner's
findings revenl o link between o powerful plant immune
response and the struciurel properiies of the rhizosphere
micrabiome, The rhizosphere is characterized by a larger
density of bacterial populations, a grenter diversity of bacte-
rial species, and helghtened microblal activity compared to
the bulk soil (Jabborova et al. 2021). Root exudates, com-
posed of varlous compounds, promole benelicial bacteria
developmont and plant healih, Plant species secrete ithese
substances from their roots, modifying soll biochemistry
and creating o conducive environment for the growth of
beneficinl bacterin that improve plant health, These sub-
stances include carbolydrates, amino acids, organic acids,
and essentinl nutrients, supporting microbial populations in
the rhizosphere (Fagunwa and Olanhiwoning 2020; Okeke
el al. 2023; Wang et al. 2024),

Bedemific Hieratre in the ficld of emerging contaminants
i sodl and on soil migrobisme s shown in Flg. 1. Schol
arly agreement shows that three basic passive mechanisms,
which are dilfusion, isn channel transport, and vesioular
transport, nre important o the production of ehemicals by
plant roots, DHiTusion enhinees the movement of tiny nei-
trl amned poliar molecules through Hpld membranes o the
cells (Khan et al,, 2022}, The translocation of carbohvdmies,
amine scids, and carboxylate anions across the membrane s
miedlnted by proteins, happening ln response o (he eleciio-
chemical gradient generated across the membranes of roo
cells. Various plant species, their genetic makeup, and the
features of root exudates have a crucial role in regulating
the growth of rhizospheric bacterfa (Ling et al, 2022, Roo
exudntes selectively promote ceniain thizospherle micronoge
ganiime: for instinee, citrie aeid exuded by cucumber roots
wrncts Bacilluy amploliguefuciens, whereas fumaric acid
from banang roots sttracts Bacillus subtilis, resulting in
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biofilm formation on the rools {Jabborova el wl. 2021} The
possible benefits provided by endophytes and nboveground
microbiola Include greater crop resistunce against pathos
pens, decreased stress, and improved growth performance,
There s o rising trend wward harnessing beneficinl bacleria
in plice of prtificial lfertilizers and synthetic pesticides Tor
crop development. The administration of miciobial inocus
lants 10 seeds, which ereate symbiotic imeractions within
the rood system, constiiuies o praiseworthy ngricullural wech.
nigie for disense mitigation {1ing et al, 2032}, Furthermore,
microorganisms can ameliorate matrient shomage stress in
plants by boosting antioxidant activity and decneasing the
huildup of damaging reactive oxygen specles (ROS) (Wang
el al. 2024}, Predominantly, soll bacteria play o vital role i
religving the harmiul impacts of waler shormage on plants
by boosting nutrient availability, changing soll struclure,
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crepfing protective chemicals, and encouraging disease
resistance In plants {(Wang @1 al, 2024},

Sources and kinds of emerging contaminants in the
agricultural sector

Emerging pollutants occur from numerous sources coie
nected with anthropogenic setivities, industrial disclurges,
mariculiurnl fechnigues, ond urban runodl, resulting in the
Introdiction of complleated chemieal combinations into
ecosystems. 1T improperly managed, these pollutinis pose
threats to soil microbiote, agricultural lands, soil integrity,
g wleimately, human and environmental bealth {Chkeke e
Bl 20233,

Pesticides, herbicides, ond fungicides nre important cons
tributions to soil pallution {Aralappanavar et al. 20240, b),
Although vital for agriculiueal production, the persisience
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of pesticides in the enviromment leads 1o thelr accumulation
in soil and water, protentinlly threatening species amnd chiang.
ing ecological conditions (Fan et al, 2022), Improper fertil-
feer application may resull in nuirient leaking inta soqumie
systems, producing eutrophication and rising nitrous oxide
emissions, which negatively influence the environment ns
i greenhouse gas. Furthermore, many fertilizers include
trace gquantities of pollutants such o8 heavy metals, which
can nccumulate in soll, consequently aflecting soll health
and food safery (lomova et al, 2025) The employment of
ireaied wastewater and sewage sludge in agriculiurl opemn-
tions allows the entrance of medicines, personnl care llems,
aid household chemicals into the enviromment (Fan et al,
022 While nuirient and water conservailon mensures are
useful for agriculture, they may accidentally increase the
possibility of undesired bivlogical agents in the soil, even-
tually disturbing the growth and stability of both microbial
commiumnities mnd surmounding plant Hie,

Moreover, mdustrinl  emissions  Trom  manufciurimg
and mining, along with numerous other activities, disperse
heavy metals, polyeyelic aromatic hydrocarbons (PAHs),
and persistent organic pollutants (POPs) imo the environ-
ment (Jomova et al, 2028), Additionally, the application of
nanomaterials in agriculweal techniques introduces nanopar-
thehes that concentrate inside the soil, consequently altering
soll properties and the activities of soil organisins (Rasid
et al. 20235 The consequences ol ¢limate change ¢ontrib-
ute 1o pollution, since flood events transfer toxing into agri-
cultural arens, while drought circumstanees enhance their
concentrations within the soll {Aralappanavar ef al. 20244,
B, Rainfall runofl over arbanized surfices funler contami-
nates nearby lnnd with metals, PAHs, and differeni chemical
compounds ( Aralappanivar et al, 20240, b).

Microplastics, coming from irvigation techniques, agrl
culvural inputs, and ofganic components, are moie abuidant
in soils, compromising soll quality and structure while also
allowing the transler of additlonal pollutants (Fan el al,
2022 Global trade and dilferent farming practices lheilitale
ihe transmission of comaminanis over wide distances, Even
when a pesticide is outlawed In one jurisdiction, it may still
be applied in other places and then reintroduced into (he
previous arga through imported comimaodities (Rashid et al,
2023} The transition of certain pollutants inte melabolltey
during degradation might couse dangers that differ from, or
il times surpiss, those associaed with the original chem -
cals { Aralappanavar et al, 2024a, b). This activity contrib-
utes to the formation of pollutants inside the soil.

Muimierous studies hove indicated that differem pharinn-
ceuticals can accumulate in soil and plants owing to the
discharge ol remed wastewater and sludge from wasle
management facilities (Okoye ef al. 2022). A more immedi-
ite worry Inéludes peaticides, which have the potential 1o

travel up o 300 m from thelr application locations, A fun-
dumental problem resides in the enormous gap between the
discovery of pollutants and the complete evaluntion of their
environmental consequences. Currently, ecotoxiciy stud-
s play i incrensingly essentinl role in determining the
Impacts of pollutints on soll biota. Recent studies indicate
that 90% of soll samples and 54% of earthworm specimens
evalumled contained different pestbeides. In addition 1o paly-
chlorimated biphenyls (PCRs), per- and polyluoroalky] sub-
slances (PEAR) comprise a group of indusirial chemicals
regularly identified in soil, with thelr prevalence ascribed
o munufacturing dischorges and the breakdown ol legacy
PFAS compounds, Research reveals that the breakdown of
fluoroielomer-based polymers is connected with the world-
wide degradation of PEAS. This highlights the widespread
presence of pew pollutants, indicating a need for the devel-
apment of eMective mitigation techiigues, To identify the
leatures of developing pollutants, they are often divided into
medicines, agricultural chemicals, and industrinl by-prod.
uets { Khan et al., 2022). The origins of these environmental
pollutants are depicted n Fig. 2.

Pharmaceuticals

A congiderable proportion of agriculiuml soils is damaged
by the presence of pharmaceuticals, Including antibior-
fes wnd hormoies, which permeate these settings thioigh
trewbed wastewater, biosolids, and animal dung. Rashid et al,
(2023 ) Found that biosolics applied in agriculiaral echnigues
Ineluded several medications, with triclocarbun exhibiting
the highest quantity reported s 23 pg/g. Certain medications
survive in the sail long after athers have undergone degra-
dtion; for indtinee, carbamazeping demonsirates high lon-
gevity in the soil matrix, whereas oxytetracyeling ranks as
ihe second most durable aitiblote (Okove ¢l al. 2022). The
pcdministration of pntibiotics within pharmaceuticsl prac-
tices promotes modificntions in the variety and functionnl
copacity of soll microorganisms (Singh et al. 2023), This
disturbance severely impacts essential processes, including
nitrogen fixation, phosphors solubilization, and the decom-
position of organic matertals. Notably, wetracveline is noted
for its inhibitory effects on nitrogen-fixing bacteria, thereby
lowering the nitrogen avalioble o plans. Furthenmore, the
mntiblotics sulfomethoxazsole and tetrseyeline lmin soll ure-
mse aetivity, hence slowing the breakdown and recyeling of
preanic molecules,

Antibiotics applied In medicine generate variations in
the vieriety and Tunctioning of soll microbes, thereby alier-
ing processes such as nitrogen fixation, phosphorus avail-
whility, and the breakdown ol omganie matter {Shahane and
Shivay 2021}, The administrotion of tetrocycline (o soil
milcroorganisms has been reporied to limit the aclivity of

ﬁ Springer
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Fig: 2 Emerging contaminmis in agneullaml sosks = (n) Souries of
contmmninants in the B agroecosyatem, (b Concentrations of difler-
enl emenging contaminanis in agriculiural soils of diflerem soil depihs,
such aa DH, 0000230 mg D2, 03020060 m wnd D 3, (0L60-0,960 m (data
from Ciodia et ol 2023), and ie} Existing evidenoe of oo-contaminoni

nitrogen-fixing bacterin, potentially leading o o lower avail-
ubility of nitrogen for plant uptake, Furthermaore, studies
show that entibdotics such as sulfimethoxazole and tetracy-
cline decrvase the enzymatic activity of urease, hence low-
ering the rate of organic mater breakdown within the sofl
matrix, Fharmsceuticals can also change the chemical chars
acteristics of sall, Research indicated that the administration
of carbamazepine, diclofenae, Auoxetine, arlistat to carth-
worms | Eisenia ferlda) resulted in modifications in both soil
pH and the pH within the earthworms, which might have
ramifieations for other soil-dwelling creatures.
Additionally, some substinces ingested by planta may
translocate to other serinl components, including stems,
leaves, and fowers, potentially lending 1o bloaceumulation
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mberncthons « Green: limited dati to support polentinl for contaminant
beracibiong, Pink: existing data demonsirates contaminan| lemctois
iy U enwiremmend, and Bed: existing dati demonstrades contaminmi
Esternctiong and mplications Tor henan bealth (data o Canee o
il HIX5)

mlong the food chiain, Various studies imply that lealy veg-
elables, such as letuce and spinach, may absorb pharma-
ceutical residues. In experiments using radish (Rapheoms
sativus ) and ryegrass (Loffum perenne), researchers found
five medicines inside plant tissues, with carbamazepine hav-
ime the highest quantities of 52 peg inradishoand 33 pe'g in
rvegrass. Monetheless, the level of absorption s dependent
upon both the plant species and the exact chemical contents
of the medications. The research also Found that sulfumetha-
¢ine concentrations remained below the detection limit of
<0.00 pg'g (Earl et al, 2024),

The presence of medicines i agricultural soil creates
considerable concerns for health and food security (Okoye ot
al, 20223 Specifically, the extended detection of substances
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sich as carbamazeping and oxyteracyeline shows chronle
contamination, These compounds impair critical soil pro-
cesses by reducing beneflicial bacterial populationg respon-
sible for nitrogen fixstion and by lowering engyme activity,
hence underfining their harmiful influence on soll feniliy.
The porential for bioaccumulation in crops poses conceims
to human health upon ingestion. Moreover, the impacts of
Fertilizers on soll pH and the survival of earthworm pogpaln-
thons show that these agents may allect the larger ecosys-
tem, Glven the increasing usage of biosollds and waslewnler
in agricultural techniques, it is vital to investigate the conse-
quences of medicines on soil health,

Pesticides

While pesticides, which include herbicides, Tungicides, and
tnsecticides, play an important role n contempomry agri-
culture, excessive application can adversely Infuence soil
health and alter the connections among plants, microorgan-
sms, and soil. Repons from the European Union reveal that
around 83% ol lopsoil samples include pesticide residues,
with over hall exhibiting residues of various pesticide kingds,
This ublguitous soll pollution poses dangers 1o non-targel
creatures, For instance, organophosphate pesticides can
kill eanthworms, which are necessary for the breakdown
of organic matter and soil aeration, consequently reducing
soll vitality wnd lowering the chances for plant development
{Mishra et al., 2022}, Among the different pesticide combi-
mations observed in EL soils, glyphosate and its metabolile
AMPA were the most widespread, identified in 25% ol the
spmples, demonstrating thelr prolonged persistence in the
environment (EEA, 2021),

Studies have indicated thit pesticide levels on organic
fisrms are much lower than those seen on conventional farms
(EEA, 2023), Moreover, pesticides can aflect the chemical
gomposition of ool exudaies, which are eritical for nutrient
uptake and microbinl interactions, Glyphosate, in particular,
impairs plants” pelentinl o reerult mycorehizal fungi and
thizobacterin by reducing root exudate production (Bueno
de Mesquita et al,, 2023), Resldual pesticide residues have
also been identified in bees, nectar, and pollen, potentially
altering the symbiotic internctions between plants and soil
microbes, Furthermore, pesticides demonstrate o tendency
to sty in the soil, sdding to persistent pollution, Fthopro-
phos was discovered in the topsoll at 16 of the 20 locations
tested in diy arens, which were present in all 15 subsurfnce
samples, demonstrating its lengthy retention within the soil
matrix (Faraj et al, 2024),

Residues from pestheldes can Impede plant development
by interrupting important cellular activithes und restricts
ing nutrient absorption. which moy particularly damage
delicate species. Moreover, the transpor of pesticides into

groundwater or their Incorporation into deeper soll layers
through precipitation and irrigation greatly heightens the
dianger of groundwater pollution (Faraj et al. 2024}, Pestj-
cldes offer multiple diMiculdes w soll healih and the long-
term profitability of agriculiural systems. The finding of
pesticide residues in 83% of topsoll samples neross Europe,
ns reported by ELU study, shows the vast contamination of
ngriculivral land by these compounds, Furthermore, 25%
il sl samiples suggested thint these polhitants hiave severe
long-lerm consequences on soll ecosystems (Froger e al,
2023), Pesticides can accidentally alier soil biota, includ-
I earthworins aned numerons myeorrhizal fungi, which ure
vital For stimalating plant development, Consegquently, this
disturbance con bead to lower roor exudation, poor nutriem
absorption, and consequently reduced crop yields,

Mlditionally, mon-targel species, such os bees, and ol
commponents, ineluding nectar and pollen, typically display
pesticide residues, underlining the substantinl ecological
repercussions and implications for pollination processes,
The tronsler of pesticides into groundwater poses serious
environmental wid public healih problems (Earl et al. 2024),
As the demand for agricultural productlon and lvestock
mangerment rises in o quest o promote populatlon sustiain-
ubility and environmental stewardship, it s vital 1o seek
alternate pest management options that eschew ehemical
trestments. The major focus should be on establishing inie-
groved pest management, biological control technigues, and
pplying less persigtent pesticides that ane beneficial to soil
health, ecological imegrity. and the sustainability of funire
ngriculiurnl production (Earl et al, 2024),

Industrial contaminants

Industrial operations and amendments, such os sewage
sludge application, have resulied in considerable accumula-
tions of heavy metals, microplastics, and per- and polyfluo-
roalkyl substances {PFEAS in solls, predominantly through
runofl und depodition processes (Mondol ¢ al, 2024}, These
priallutants drastically [nfluence sofl guality and plant devel-
opment viability, Microplastics jected Into agriculurml
il by rrigation and lertilieer application modily critical
soil qualities, including porosity, water retention capacity,
i bulk density, Their presence can restrict water penetri-
Hon, Inhibit gas exchunge, and clog soll pores erucial Tor
plant health {Mondol et al, 2024},

Research suggests that agricultural soils in the UK con-
tin between 320 and 12,560 microplastic panticles per Kilo-
granm, Observations suggest o large temporal Increase, with
2022 levels indicating n 1.6-Told spike compured 1o 1966,
Elevated microplastic concentrtions, linked 1o organic and
inorganic fertilizer applications, underline the importance of
these inputs in microplastic buildup (Cusworth et al, 2024),
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Stuclies hive shown that higher microplastic content corre-
sponds with lower bulk density and enhanced soil porosity
by 7-15%. These nlterations contribute w reduced water
relention, crugial for supporting plants during droughis,
Furthermore, another study  indicated thal microplastiey
negatively impacted fungal populations in well-warered
soils due to hazardous compounds, wheress inndequate
witer managemen! enhanced Tungal growlh in dry soils
Hinked with microplastic enteapiment (Mondol et al, 2024),

The PFAS, recognized Tor thele environmental persis-
tence, are commanly identified in agriculiuml soils due o
bivsolid application and the use of polluled waler sources.
Perflucrooctanesullonic ackd (PFOS) Is the major PFAS
componenl, secounting for around 6% 10 80% of observed
values, with concentrations ranging from 0.6 to 3.0 ng'p
dry weight in waste-treated wetlands in Uganda, Similarly,
solls in South Korea contain PFAS coming from irigation
with texiile wastewater efMuent, with values between 0,12
and 13.9 ng/g dry weight, Research has proven a connec-
tion between PFAS exposure und deleterlous effects on
plant development, incliding decreased seed germination,
restricted rool growth, und altered nutrient absorption (L1 et
al. 2022), Additionally, PFAS penetration into agriculnml
products offers significant dangers for human consumption.
These lindings emphasize two key coneerns; lower agricul-
furnl yields mnd the danger of bivaccumulaiion in the Tood
chadn, affecting human health (Baee et gl 2024),

Industrinl pollutants such as microplastics and PFAS
create substantinl and chronie thrents o agricultural soily
and crop vield. The rising abundance of microplasties hos
drastically affected crucial factors for healthy plant growih,
bulk density, porosity, and water retention, thereby altering
agricultural operations, especially in waler-scarce countries,
PFAS pollution appears in lower agricultural vields and
probable bioaccumulation in food systems (Earl et al, 2024),
Cilven thelr longevity in crops, these chemicals pose long-
term hazards to sustainable agriculture and public health,
In view of continued industrial development, wekling these
difficuliles needs improved ndusieinl wasle management,
increased waler treatment techinology, and targeled reme-
dintion tactics. Future reseorch should foeus on clarliving
pollutant-soil-ecosystem internctions and creating creative
technigues 1o decrense threats 1o agriculural production and
foad safety,

Mechanisms of interaction

Understanding the mechanism  of  Interaction  belween
emerging contaminants and soil microbio is crucinl for
evaluating their ecological implications wnd  develop-
ing effective remedintion strategies. The mechanisms of
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Invernctions Involve adsorption and desorption, blodegrada-
tion as well o8 bioaccumulation,

Adsorption and desorption

The processes of adsorption and desorption are crucial 1o
understanding the interactions between developing toxins
and soll micrabiota, regulating thelr bioavailability and eco-
logical consequences (Ren et al, 2018), Adsorption refers
i the attachment of pollutants o soil particles, a process
impacted by parameters such ps soil composition, pH, and
organic matter concentration (Chen et al, 20203, This mech-
i detenmines the retention of pollutaonts within the soil
matrix and greatly impacts their availability o microbial
populations. Conversely, desorption includes the release
ol pollutants from soil particles back ito the environment,
alfected by soll compasition, molsture, and the chemical
characteristics of the contaminants {Sarkar et al, 2021), This
dynamie equilibrium influences not only pollutant bioavail-
ability o soil microorganisms but alse their lreakdown and
transfommation in the environment,

Emerging pollutants such ss plastics are pervasive in
environmeniul matrices (Barbosa et al. 20200 The inter-
action of plastic wash with soil organic matter and their
extensive persisience, oflen lasting for centuries, contribute
o the prodduction of micros and nanoplastics (Blsing and
A lungg 2018, Recent research employing model solls has
ghown intermctions between micro- and nanoplasties with
polychlorinated biphenyls (PCDs) and heavy metals Vel
peboer et al, 2014, Davranche et al, 2009), These poricles
display harmiul effects on soll biota, including disturbance
of the gul microbiota of Enchyiracus crvpticns and delele-
rious effects on soil engyme Runctional diversity {Maddela
et al. 2022). Additionally, microplastics have been demon-
strated to diminish a=diversity in microbial communities (Li
et nl, 2020). Thus, soils serve us final sinks Tor plastic trash
and locations for micro- und nanoplastic formation, posing
miajor threats 1o sobl biot and trophic transmission,

Most emerging contaminants (ECs) display subsianiinl
resention within the soll matrix, even after extended water
wiishing, due to thele high alfinity Tor soll components com-
pured to other pollutants (Biel-Maeso et al. 2021). Column
miscible displacement tests by Teljdn et ol (20014) dem-
onstrnted that naproxen, o nonsteroidal mnti-inflammatory
medication, exhibits minimal sorption to aguifer matrices
bt greater nffinity for solid porticles, The complexation of
ECs emerges from numerous interaction processes within
ol | matrices, comsiderably impacting their behavlor and fox-
leity [0 terrestrial ecosystems. For example, the adsorption
rate and equilibrium capacity of triclosan (TCS) on polyeth-
vlene (PE) were measured as 293 mg pg ' h' and 1248 pg
g 'L respectively, but TCS adsorplion rates on polystyrene
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(PS) and soll partiches were much lower (0.27 and 0,60 myg
pg' h', respectively). Understanding these interactions |s
erucial Tor forecasting environmental destiny and directing
remediation and soil healh management.

Furihermore, adsorption and desorption setivilies pro-
mote polhitant retention while boosting microbial break-
down pathways, thereby lowering bicavailability and
toxicity (Ren et al, 2018), The balance belween these mech-
anlsms Is erlveal for clarity ing contam inant-soll microbiots
fteractions and their elfect on microbial community srug-
ture and function.

Biodegradation

Biodegradation is a crucial method via which soll bacterin
dttenuate the consequences of developing contaminanty
by tirming eomplex pollutants ino simpler, less hasardos
molecules (Bala et al, 2022) This technigue detox|fies pol-
Iuted soils and increases ecosystem health, Diverse micr-
bial toxn, including bacterin and fungi, play erueinl roles
in pollutant breakdown, ultimately improving soil quality
and boosting plant development, Biodegradation includes
complicated imernctions between pollutanis and microbial
populations, changing dangerous compounds into less toxic
ones (Maglione et al, 2024}, This knowledge nssists in iso-
lating microbial strains with strong degradation capacity,
haosting remediution elficacy.

Soil microbes demonastrate extrmordinary metabolic plas-
ticity, enabling them to break down or change o wide spee-
trumm of new pollutants by using them as carbon or energy
sourees, Biodegradation acts as o significant natural atenu-
atlon process; nevertheless, its performance depends on
parameters such as pollutant availability, microbial com-
ity makeup, and environmental elrcumstances (Zhang
el al, 2024 A detalled study of microblal metabolic path-
wiys might inspire blosugmenation procedures, wherein
successful straing are Introduced (nto polluted locations o
speed pollutant breskdown, This technique also permits
identification of Important enzymes involved in degrada-
tion, increasing remedintion outcomes and boosting soil
health and ecological stability,

Bioaccumulation

Hioaccumulntion refers w the stendy accumulation of chem-
bcals, including new toxing, inside the tissues of organisms
over lime, dramatically affecting microbiotn and their eco-
logical aetivities ( Yu et al. 2024), This process can detrlmen-
tally infleence microbinl diversity and metabolic aetivity,
consequenily affecting soil health, since certain pollutants
may limit migrobinl activities or stimulate the growih of
pathogenic species, Additionally, bioaccumulition in soil

microbes chan impair crucial nutrient eyeling mechanisims
requited for plant development and soil fertility, Co-oecur-
ring contaminants, such ad heavy metals and antibiotics,
ool exhibit combined woxie elfects, confounding microbinl
responses. These intersctions may exacerbate toxiclty or
promote microbinl reslstance mechanisms, altering gene
expression and ecosystem functioning (You et al, 2023),

Conversely, sofl health can be enhanced with the intro-
duetion of microorganisms that promote nutrient svallability
and attenuate or neutralize huzardous xenobiotics {Rebelo et
nl, 20230, Emerging pollutants alter soil microbioti com-
position and function via multiple processes (Wang et al.
20247, Microorganisms may utilize pollutnts as carbon and
energy sources or co-metabolize them in the presence of
ndequate substrates (Bala et al, 2022), Plant-microbe inter-
actions in the rhizosphere, especially those linked to pollu-
ton degradation or removal, have gained substantial interes
foar theehr potentlal in biaremediation (Chaudbry et al, 2008),
Plums con change their rhizosphere microblome by netively
shedding substrates, which dilffer among species {Santoyo
20227, These exudates are crucial in bioremediation, since
they considerably impact the pace and efficiency of micro-
binl pollutant breakdown {Ling et al, 2022),

Understanding blonceumulation mechanisms ad related
interactions is vital 1o clarify contaminant routes into the
food chaln and their consequences on higher trophic lev-
els, This understanding is vieal for creating ways (o reduce
emerging contamingnis” detrimental impacts on soil ecosys-
tems, Furthermore, monitoring microbial resctions 1o these
contaminants might serve as significant markers of gcosys-
tenn healih,

Impact of emerging contaminants on soll ecosystem

Evicdence from varfous studies Indicates that soll pollution
with emerging contaminanis can disrupt the interrelation-
ships within the soil-plant system (Fig. 2), Certain chemi-
culs persiat in the soll, whereas others may decompose into
harmiful by-products. Emerging  comaminants  influgnce
the physicochemical propenies of soil, Impacting charme-
teristics such as texwre, porosity, pH, and mineral content
i Singh et al, 2023}, The presence of these contaminants in
soll can modify microbial communities and faunal diversity,
thereby influencing plant survival and overall performance
(K b el al, 2022)

Direct toxicological effects of contaminant-
microblome interactions

Fmerging contaminants exert direst wxicological impacis
on soil microorganisms through various  mechanisms,
Heavy metils and nanoparticles inflict cellular damnge by
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inducing oxidative stress, disrupting membrane integrity,
and causing DNA damage. Similarly, per- and polyfluoro-
alky| substances (PFAS) elicit oxidative stress while also
compromising membrane stability and collular metabo-
lism, These direct toxic effects frequently lead 1o dimin-
ished microbial biomass, decrensed eneymatic aclivities,
and alterations in community composition that favor morg
resilient species (Ameen et al, 2021; Khan and Sikder 2024,
Campillo-Cora et al. 2025), The observed effects encom-
pass a spectrum of mechanisms, including the induction of
oxidative stress, membrane domage, prodein denaturation,
DMNA disruption, and enzyinatic inhibition, which collec-
tively undermine microbial viability aid compromise ecio-
system functionality,

Oxidative stress and generation of reactive oxygen
species

Oxidative stress constitutes the prineipal mechanism by
which emerging contnminants inflict direct toxicity upon
soll microoeanisms. The introduction of beavy metals,
manoparticles, and diverse organic pollutants instigates the
procduction of reactive oxygen specied (ROS), which inelude
hy droxyl radicals (HO-), superoxide anions (Os-), hydrogen
peroxide {(H:0s), and hydroperoxyl radicals (ROO-). These
lighly renctive entities surpass the capacity of cellular anti-
onicdant defense systems, resulling in extensive damage
across microbial cellulor structures (Sule et al, 2022; Silva
et al. 2023).

Heavy metals, including copper, iron, and chromium,
engige in Fenfon and Haber-Weiss reactions, therehy
catalyzing the synthesis of hydeoxyl radicals from hydro-
zen peroxide. Pers and polyRuoroalkyl substances (PFAS)
similarly elicit oxidative stress by perturbing cellular redox
cquilibrivm snd disrupting mitechondrial electron transport
chains (Juirez-Maldonado et al, 2021).

Herbicides and pharmaceutical agents play a substantial
role in the generation of reactive oxypgen species (ROS)
within soil bacterial populations. Investigations involy-
ing Stesotraphomanas sp. subjected 10 herbicides revealed
increased concentrations of malondialdehyde and perox-
idhe, signifyving pronounced oxidalive stress. The herbicide
mesotrione was found to exacerbate oxidative stress and
elevate hydrogen peroxide production in Pomoea aranatis,
whereas 2. 4-dichlorophenoxyscetic acid resulted in height-
ened peroxide levels in Psewdomonas sp. (Silva et nl, 2023,
Bakaeva et al. 2024),

Membrane damage

Bacterial cells subjected 1o emerging contaminants demon-
strate marked elevations in lipid peroxidation by products,
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including malondialdehyde (MDA), diene conjugates, and
triene conjugates, Investigations involving Comamanas
fesiasieronf exposed 10 hexachlorobenzene revealed height-
ened concentrations of these peroxidution byproducis, sig-
nifving congiderable membrane impairment (Dimova et al,
2022; Silva et al, 2023).

Organic pollutants exhibit a pronounced efficacy in pene-
trating cytoplasmic membranes, keading to membrane swell-
ing and enhanced Muidity (Murinovd and Dercovl 20143,
Preterioration of membrane integrity results in modified
permenbility, disrapted fonic gradients, and the forfeiture of
selective transport mechanisms crucial for cellular homeo-
slasis. The infiliration of organic solvents into membranes
Induces an unregulated efMlux of protons and potassium
lons, consequently diminishing the proton-motive foree and
compromising energy conservalion ( Zheng et al. 2024).

Protein denaturation and enzymatic disruption

Heavy metals exert direct toxicological effects by binding
o sulfhydrey] groups in proteins, which induce conlorma-
tonal altertions and enzymatic inactivistion, Metals such as
cadmium, mercury, and Jead exhibit o pronounced allinity
for eysteme residues, thereby disrupting the disulfide bonds
essentinl for maintaining the leriinry structure of proteins
(Mishen et al. 2007 Timaa et al, 2025), Empirical studies
indicate that soil subjecied w heavy mewl contamination
displays markedly lower protein concentrations in compari-
son 1o uncontaminated controls, with protein levels prov-
ing o be more sensitive indicaters of contamination than
conventional eneymatic assavs (Hang e al. 2003; lHimaa et
ul, 2025),

DMNA damage and genetic disruption

Emerging pollutants are known 1o induce DNA damage
through both direct interactions and reactive oxygen species
(ROS Fmedioted pathways, Heavy metals exhibit a propei-
sity 1o bined directly 1o DNA bases, nolably guaning, resuli-
ing In structural modifications and compromised replication
fidelity. Nanoparticles, particularly those composed of tran-
sition metals, facilitate the synthesis of 8-hydroxydeoxy-
puanosine and other oxidative DNA lesions, which can lead
o mutagenic base pairing during the replication process
(Rim et al. 20133 Organophosphate pesticides, includ-
ing chlorpyritos, methyl parathion. and malathion, trigger
apoptosis and the formation of DNA interstrand crosslinks
in bacterial organisms, (Sule el al, 2022),

The toxicily of nanopariicles |s notably influenced by
their size, as evidenced in investigations of DNA dam-
nge, Smaller nonoparticles posseas an enhanced genotoxic
capacity aributed o their superior cellular uptake and
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increased surface reactivity, Research indicates that sil-
ver nanoparticles (AgNPs) cause substantinl DNA strand
breaks and chromosomal anomalies in soil bacteria, with
s ellects being amplified under lower pH conditions that
facilitate nanopariicle dissolution and the release ol sllver
poins (Mishra and Yang 2025)

Protein denaturation

Heavy metals exert direct oxbeological elfects by binding
to sulflydry] groups in proteins, which leads to conforma-
tional alierations and subseguent engymatic inactivation,
Cadovluin, mercury, and lead exhibit o partioularly strong
alfinity Tor eysteine residues, thereby disrupiing the disul-
fide bonds that are essentinl for maintining prolein ter-
tiary structure, leading fo cellular dysfunction (Mishra et
al. 200 7; Cui et al. 2001 8). The principal resistinee mechn-
nksm emploved by bacterin Involves the adsorption of metal
o (o repctive groups within cellular components, thereby
focilitating their sequestration within the cell protoplast.
Nevertheless, when the buffering capucity s surpussud,
metalloregulutory systems bécome inellective, lending 1o
conformational changes in protein channels and wanspor-
eri that impair cellular function (Zhang et al,, 2013 limaa
et al. 2025),

Enzymatic inhibition by emerging contaminants

Soil eneymes ore integral w0 biogeochemical cyeles, and
thelr Inhilyition constitutes o significant toxicological impact
of emerging contaminants, Pere and polyfluoroalkyl sub-
stances (PFASR), particularly long-chain vorlanis such as
perfluorooctanesul foni acid (PFOS), markedly inhibit criti-
cal enzymes, including sucrase and urense, which are vitl
for carbon and nitrogen eyveling, respectively. Such inhibi-
tory effects arise from variows mechanlsms, ineluding com-
petitive binding to active sites, allosterle alterations, and
oxidative damage o eneyme structures {(Shitt el ol, 20233,

Microplastics similarly interfere with enzymatic fune-
tions, with research indicating reductions in activities of
[lucosidase (32%), urease (40%), and dehydrogennse
(50%) within contaminated soils (Aralappanavar et al,
2024, b), Investigations involving bacteria] strains revealed
thast exposure (o Sulfonyiuren berbicides, such as metsuls
furon-methyl, led to a substantinl reduction in acelolnetate
synthase (ALS) aetivity (50-73% inhibition), the enzyvine
responsible for the biosynthesis of branched-chain amino
aclds (Bakaeva et al, 2024), Exposure to pesticides consis-
tently diminishes e netivities of catalise (CAT), superos-
ibe dismitnse (SOD), and glutathione peroxidase (GPx) in
soil bacterin. Notably, the herbicides acetochlor and meto-
lschlor specifically influence antioxidant engyme aetivities,

with catalinse exhibiting helghtened sensiiivity 1o oxidative
siress conditions {Sule et al, 2022; Silva et al. 2023).

Impacts on gene expression

Emerging  contuminants markedly  influence  microbial
gene expression profiles, with repercussions that irsnscend
mere DNA damnge. Exposure to heavy metals induces the
ipregulation of stress response genes, encompassing those
thet encode heat shock proteins, DNA repalr ensymes, and
efflux pumps. Nonetheless, extreme levels of contmming.
Hon may surpass these protective mechanisms, culminating
I extensive transeriptional disraption (Hmoa el al, 2025),
Clene expression analyses conducted on Stessrophiomicny
mceliophifio subjected w elevated concentrations of hydro-
gen peroxide indicated that the enzymes KutA2 and alkyl
hy droperoxidase are pividal Tor bacterln] survival in oxida-
tHve siress environmenis, This emphasizes the eritleal mle
ol antioxidant gene expression in the adaptation of bacteria
i the stress induced by emerging contaminants {Silva et al,
2023)

Per- and polyfluoroalkyl substances (PFAS) have been
demonstrated to nfluence the expression ol genes assoc|-
mted with membrane transpon, energy metabolism, and the
blosynthesis of secondary metabolites, Prolonged exposure
o PFAS can leod to imeversible genetic changes that modify
lcrabinl community compos|tion and functional capabilis
ties (Shittu et al. 2023),

Impact on antibiotic resistance and gene transfer

A eritical concemn associnled with emerging contaminants
is their contribution to the enhancement of antibiotic resis-
tance in environmental bacteria, Soll functions as o princi-
pal reservoir Tor antiblolic-resistance genes {ARGs), with
the extensive application of antibiotics acceleraling thelr
dissemination. The soil resistome encompasses resisiance
genes that con be ransferred among baclerial communitics,
therely impacting human healili via hovizonial gene irins-
fer mechanisms (Wang et al, 2020, Han et al, 2022), The
prevalence and diversity of ARGs in soil are modulated by
several factors, including the structure of bacterial commu-
nities, phyvsicochemical soil properties, and the presence of
mibile genetic elements. Research has indicated significum
positive comelations between ARGs and transposase and
integrnse genes, highlighting the role of mobile genetic ele-
ments in the dissemination of reslstance genes (Han et al,
2022)

Horlzontal gene transfer { HGT) constitutes a fundamen-
til mechanism for the disseminution of antiblotic resistance
penes nmong soil bacteria, The primary HGT mechanisms,
conjugation, wanstormanion, and ansduction, function
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within soil environments, with transformation being partic-
ularly vital for the uptake of extracellular DNA from lysed
bacterial cells, Recent investigations have shown that even
minimal concentrations of extracellular antibiotlc redis-
tance genes (e ARGS) in soil can catalyze rapid evolutionary
changes in antibiotic resistance via natural transformation
{Tao et al, 2022). Envirommental (aetors considerably affect
the efficiency of HGT, with intermediate soll moisture ley-
els (5-20%) creating opimal conditions for transformation
vecurrences, Additionally, the presence of seleclive pressure
from antibloties, even ol low goncentrations, faciliites rare
transformation events 10 proliferate within bacterial popula-
tions, thereby posing substantial visks 1o human health (K-
tredge et al. 2021},

Impact on soil microbiome

Soil microbes play a key role In sustaining healthy soil
ecosyslems by aiding the blodegradation of organic matter,
recyeling important nutrients, strengthening soil structure,
minimizing pollution, snd stimulating nuirient absorption
by plants (Singh et al. 2023), Various studies indicore that
subsiances such ns aniibiotics { Vasiichenko ei al. 2023), fun-
gicides ( Vasilchenko et al, 2023, perfluoroalliyl compouncs
(Yin et al. 2023), and textile dves exhibit oxic efects on
soll Bocterla, reducing microbinl abundance and altering
soil microbiot distribution, Emerging pollutants can inllus
ence microbial makeup, changing genetic features, popula-
tion density, and overall microbial setivities (Aralappanavar
et al, 20240, b). Recent research shows that microplas-
Hes—including polyethylene, polystyrene, and palyvinyl
chloride—Influence the soil microbiome by increasing the
relative abundance of Actinobacterin, Proteobacteria, and
Ascomycota, while deereasing Basidiomyeola, Acidobacie-
ria, and Chyiridiomycota populistions {Fun et al, 2022),
Compounds such as phihalaes and polyviny] chloride
have boosted fungal species ineluding Fomeoaen, Ridino-
eladivfla, Capronia, and Cladophialophora, The presence
of microplastics and other emerging conaminants (ECs)
changes populations of Gemmatimonadota, Actinobacteria,
Acidobacteria, Chloroflex], Basidiomycots, Planctomy-
cetotn, mnd Ascomyeota. These microbial nlierations may
explain differences In nutrient cyele and metal regulatory
activities, Disruption o microbial biodiversity by ECs
oecurs through direct toxicity or indirectly by changes in
ambient circumstanees, nutrition availability, and microbial
genetics. Multiple studies demonstrate thal ECs such ns
antibiotics and textile dyes negatively influence soil organ-
fsms { Wiing et al, 2024}, Exposure to harmiul ECs prom otes
tolerant species, enabling résislance microbial growth, Anti
biotics in pharmaceutical waste block eritical enzyme sys-
tems involved in carbon transfonmation, allecting microbial
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survivil and modifying metabolic activities, Additionally,
compounds generated from eggs can change microbial
environments, benefit certnin species while disadvaniage
others, Similarly, microplastics may foster certain microbil
communities al soil-plastic interfaces, thereby allering total
iiversity (™ath et al. 2023},

Certnin ECs can modify soil pH, impacting enzyme
petivity, cellular energy generation, and nutrient availabil-
Iy, consequently endangering soil microbial survival. Some
microonganisms exploit ECs s altemate energy sources,
ingrensing thewr development (Bloor et al. 2021}, Nanoma-
terinls and antibiotics can harm microbial cells or induce
genelle lerations, changing community stucture. Nandg-
materials disturb cell integrity or induce mutations, while
antibiotics apply selection pressure, encournging resistance
genes that may co-select for other functional genes regulal-
ing soil biogeochemical processes (You et al, 2022). Antj-
Blotbes may alfect microbial genstics or boost development
of resistant species, enhancing their competitive advantage.
Application of sewage sludee, animal dung, or avermee-
tin corresponds with increased antibiotic resistance genes
(ARGH) in soils (Mo et al, 2022), Only resistant bacteria
survive, affecting seil microblome makeup and abundance,
Kumar et al, (2022} revenled that exposure 1o dibenzolfuran/
dibenzp-p-dioxin enabled survival only of microomganisms
possessing dioxygenase genes, Similarly, Triclosan expo-
sure induced considerable aligrations in fungal and bacterinl
soil populations. ARG presence in agricultuml soils allows
resistant populations vin horizontal gene transfer, with
changes enhunced in soils polluted with ARGs, PFAS, and
micio- and nanoplishics,

Microplastics Impact microbial diversity by offering
habitats Tor novel microbial species, Changes in diver
sity impact soil enzyme activity and nutrient cyveling. Soil
pollution with phthalute derivatives and microcystin low-
ers niltrogen-processing bacterinl numbers and capacities,
Exposure 1o carbendazim, red-538 dve, and chlorothalonil
lowers soil eneyvme aetivity (Chasubian et al. 2023,

Emerging pollutants also affect soil microbiota around
plant roots, reducing nutrlent absorption. For example,
ilbendizole atlects arbuscular mycorhizal processes of
Rbiizoprhragus irreemdaris in Lotuy faposicns rools, altering
phosphorus absarption (Geetha Thanuja et al., 2022). Soil
contamination by silver nanoparticles damages ectomycor-
rhizal fungl, lowering their viability and restrieting nutrient
uptiake and development of forest plants. Overall, altera-
tions in soil microbinl diversity huve far-reaching ecological
implications, Alered microbial populations can intermup
nutrlent cyele, limiting sofl fertility and plant development.
Long-term changes in soll ecosystem serviees may affect
agricultural output and ecological stability (Wang et al.
20247, Understunding iivteractions belween soll components
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and bacieria s vital w assess and minimize detrimenial
impacts on terrestrial habitnts, Figure 3 depiets the conses
guences of developing pollutants on soil health.

Impact on the soil fauna

The existence of soil founa is vital for sustuining soil health,
as it helps the breakdown of organic matter, boosts the guan-
tity and variety of soil microbes, and improves the physical
and chemical features of the soil (Ahmed and Al-Mutairi,
1022), Recent dutn suggests thal emerging contaminants
(ECs), including pesticides, micro-pono plastics (MM Ps),
and troce amounts of medicinal chemicals, severely dame
age soil fiuna, hence lessening their vital role in preserving
i clean and fruitful soil ecosystem {Astayking et al. 2022},
Research has shown that earthworms exposed (o MNPs,
organophosphate insecticides. dibenzofuran, and polychlo-
rinated dibenaodioning in polluted soils developed pustro-
intestingnl damage, which reduced their nutrition nhsomiion
capacity and overall longevity. Furthermore, modifications
in the microbiol communities within earthworms were iden-
tified following exposure to modest quantities of pesticides,
The application of ECs such as antibioties, nanoparticlis,
and bisphenal A (BPA) has been proven Lo disrupt repro-
duciive systems and increase death rales in earihwors,
enchyirseids, and collembolons. These findings also indi-
cited considerable modifications in the DNA and engymatic

profiles of soil fauna living in polluted habitats, The atempts
of soll arganisms 10 avold contaminated places, along with
higher infertility and moriality rates. may hasten changes
in diverse soil-dwelling anlmal populations, which might
have severe impacts on the larger ecosystem, The effecty of
developing pollutants on soil fauna are depicted in Fig. 4,

Effects of plants

The presence of plants in soil supports the resldence and
functioning of microbes and diverse tiny animals {Hakim
el al. 2021} Consequently. any impairment in plant health
dromatically undermines the svmblotic soil-plam interac-
thom, Extensive sclentific inguirkes have proven that environ-
mientil contaminants {ECs) or thelr metabolites significantly
influence seed germination, rool and shool developmend,
wind the overall growth and survival of plants, Numerous
detrimental effects have been documented following the
exposure of plants to soils contaminated with microplastic
nanoparticles (MNPs), ineluding mutations in Mol foaba L,
(fava bean), inhibited cell division. prolonged seed germi-
nition periods, alerations in photosyiihetic processes in
Lepiaftum saitvign L. {garden cress), and stunted growtl in
drabidopsis thalfora (thale eress), Furthermore, the rools
of Vicla faba, Onvza satfva, and Lactica sativa may meet
physiological dysfunctions when microplistics stick (o their
sirfpces, Bevond tris (2-chloroethyl) phosphate (TCPP,

Impact of Emerging Contaminants on Soil
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chemicals such as triclosan, antibiotics, nanoparticles, tex-
tile residues, and pesticides are known 1o severely aflect
jrlant health upon contact

Exposure to these agents con couse reduced seed genmi-
mation rtes, shorer rool lengihs, lower bicanass, changes
in oot and shoot characteristics, difficulties with fruiting,
changes i plamt metabolism, lower antioxidan levels,
varimions in notrient composition, changes in rool exudale
profiles, and un inerease inonecrotic and chlorotic lenl cons
ditions (Huet et al, 2021), Numerous studies have demon.

strated that plamts prefer o sore ECs nside thele cellular

structures, which exscerbiies (he dineet negalive impacts
of these pollutants on nearby Nors, Optlmal plant growih
i dependent upon adeguate intenctions between aoil and
plants; it is obvious that ECs in agricultural solls hold the
ability 1o disrupt several elements of both soil and plant
systems {Ingraffia et al, 20223, These disturbances cumuln-
tively contribute to lower vields in erops,

Effects on humans

Human clvilization is finmly based on agriculture, which
mintaing lite and supplies important food resources inters
nationally { Wijernthinn- Yapa and Pothirana 20220, However,
the expansion of potluants in the food supply, owing 1o
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Gastrointestinal
damage

Increased mortality

contemporary agricultural techniques, offers a huge concern
(Earl et al. 2024). Varlous substances, including pesticides,
herbdcides, fertillzers, nntibiotics, microplastics, broimi-
naded Name retardants, hormones, and chemical additives,
represenl major hazards 10 worldwide food salety. Witer
iw crucinl for both agriculiuml production and the workers
engaged In maintaining the continuity of our food supply.
e exeessive use of agriculral pesticides leads (o water
contaminition, severgly harming ecosystems, agricalivm!
produgtivity, and public health (Rad et al, 20225 Emerging
pollutants con permente waler sounces, providing substan-
tinl health concems to people, even at small doses (Bayabil
el al. 20220 The dischnrge of pollutants from agriculiuml
netivitles greatly jeopardizes sensltive aguatlc ecosystems
in wetlands, lakes, rivers, and other woter bodies (Rad et
il 2022,

The introduction of additional toxins through imigaiion
further exacerbates the problem, as these compounds may
persiat on eonsumables (Al-Hazmi et al. 2023) Adquatic
speches are ol risk of sequiring antibiotic resislance due 1o
the indiseriminule spplication and shsorption of such sub-
slanees nuo water, which disturbs normal nutient eyeling
nnd endangers humuan populations by exposing them Lo onti-
biotie-resistant bacteria (Okeke et al. 20233 The system-
utic wse of antibiotics in anjmals in agricalioral production
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riises concemns over the possibility of amibiotle reslstance
among consumers, agriculturnl workers, and the larger com-
munity, consequently straining healtheare resovrces (Okeke
et al. 2023; Kavusi ¢t al. 2023)

Effect of on the soll physiochemical properties

The fundamentnl variables forming the physiochemical
characterisiics of soll are Important o e creatlon of a
strong soil ecosystem, Optimal soll density nelther too com-
pacted nor extremely loose, permits approprinte air cireuln-
tion, which helps the organisms live nside the soil matris.
This stme Turther helps plant roots 1o elliciently absorh
essential water via nearby rool haies (Zhou et pl, 2021),
Saoil pH substantially regulotes mutrient avallobility and the
makeup ol diverie microbial communities within the soil
ecosystem (Ferrprez et ol, 2022), Additionally, it plays a
slgnificam functlon in inMuencing the concentration of dis-
solved organic carbon present in the soll,

The deployment of manmade nanoparticles (MMNPs) in
agriculural contexts con modily several physical and chem-
ical charmeteristics of the soil through muliiple processes,
MNP interact with soll, chinging lundamental features and
impacting physical and chemical processes. They ocoupy
soil pore spaces, consequently altering soil density, strug-
tural stability, and the interstitin] spaces between particles,
Consequently, this modification alects the rates of waler
evaporation from the soil, its water retention eapacity. and
its oxygenation levels (Singh et al. 2021), The presence
of MNPs may also promote preferred channels for water
ransport, leading to diverse hydrologlcal behaviors within
the soil, Moreover, the action of MNPs generales alier-
tions in soil aggregation through both natural snd human
mechanisms. They hinder the cohesion of sofl particles,
hence disturbing the development of aggregntes. Research
reveals that MNPy can dimindsh populations of Actinobaeie
rin. organisms necessary for soil aggregition, consequently
affecting the overall composition of the soil (Zhou et al,
20210,

The wjustment of pH values in soll owing 1o antiblio-
fes and fungleides arfses from thelr chemical internctions
within the soil matrix. Prolonged administration of antibi-
otics and zoxamide in agricultural situstions is connecled
wilh soil acidification. This [l in soil pH 18 likely owing
o the release of protond or to the disturbance of microbial
communities that regulate soil pH levels {Liu et al. 3023),
Emerging contaminants (ECs) can profoundly impact nutri-
ent dynamics and their evcles within the soll ecosysten,
For Instance, mlero-nano plastics (MNPs) might limit the
avillability of vital nuirients for plants and other ereatures,
Furthermore, they inhibit essential enzymes such as chitin-
ase and leucine aminopeptidase, which play critienl roles

I nutrition eveling, as revealed by Zhou et al, (20210 This
inhibition may occur through direct impacts on enzyme
nelivity or by alfecting the nature of microbinl communiiies
responsible [or eneyme aynihesls,

Additionally, centaln ECs can Interact with soil miner-
nlw, therelore changing their chameteristics and reactivity,
potentinlly reducing the soil's capacity Lo retain nutrients
mned cations. The presence of ECs may also inlluence the
sl 1 redon s, therehy Impaciing nuirient accessibility
mind imlerobial activity (Maddeln el al, 20223 Alertions
in the physicochemical chamcteristics of soil produced by
ECs can have important ramifications for soil health, plant
development, and the overall opertion ol ihe ecosysiem,
Emerging pollutanis, such as microplastics, afltect the physi-
cal wid chemical features of soil, altering aspects like the
prganic carbon content and the soil's structural integrity,
These ndjustments subseguently impact microbial bicmass,
diversity, and the stability of microbial networks by modify-
Ing habitan conditions and the availability of nutetents {Han
et al, 20243 Understanding these processes is critical for
creating measires lo reduce the consequences of BCs on
soll quality,

Economic impacts of emerging contaminants

Emerging pollulanis offer enormous obstacles o Inter-
nabonal commerce and exert influence on the economic
sector, in addition to their adverse consequences on envi-
ronmental wand buman health, Given the global movement of
Tooed goodds, o comamination orlginating in one place might
hive effects on food saliely globally, Consequently, 1t s vital
T governments o collaborate in monloring and address-
ing these coneems (Lee ¢t al, 2021}, The implementation of
global food safety lnws is dependent upon the work of orga-
nizations such ax the World Henlth Organizntion (WHO)
e il Food and Agriculiure Organization (FADOL, which
need coordinated involvemant among nations {Schonrock
et ul,, 2023),

Adaptation Mechanisms and Microbial Resilience

Soil microorganisms utiliee o range of adaptive strategies
o manage the stress induced by emerging contmminants,
Imimediote sdaptmtion encompasses epigenetic alierations,
et ivit lon of stress response pathwiys, and metabolie recon-
figuration, which may confer rapid vet potentiolly reversible
wlerance. In contrast, long-lerm adaptation is charncterized
by genomic alierations and permanent physiological modi-
fieations thal improve survivil and fimess in contaminated
environments (Tan et al. 2022). Furthermore, cross-protec-
tion mechanisms enable microorganisms that have adapied
lo one Iype of stressor 1o concurrently acquire wlemnce w
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warious other environmental pressures, This phenomenon s
especinlly pertinent in contaminated soils, where multiple
stressors requently coexist, thereby exerting selective pres-
sire that favers the proliferation of broadly wolémm micn-
Bial strains { Tan et al, 2022},

Network Complexity and Microbial Interactions

Microbinl co-occumrence networks In contaminated soily
freguently demonstrate modified complexity and eonnectiv-
ity patterns in contrast to unaltered environments, Minimal
contamination levels can enhanee network connectivity, ns
microorganizims establish more collabornitive relationships
1o mitigate stress, Conversely, elevited contamination levels
generally result in network frngmentation and diminished
functional diversity, with only the most resilient species
persisting (Wang et nl. 2025), These alterations in network
atructure have significant implications for ecosystem stubil-
ity and resilience, as simplified microbinl communities may
exhibit reduced capacity to sustain vital ecosystem fune-
itlons when faced with further \environmeninl siressors,

Maoblle genetic elements as mediators of
contaminant interactions

Soil eeosystems are Increasingly exposed to a diverse array
of emergent contaminants (FCs), including pharmaceuiis
cals, per- and polyfluorcalky] substances (PFAS), micro-
plastics, and other persistent organic pollutants. These
contaminants intersct with soll microvrganisms through
complex mechanisims thit fundamentilly reshape microbial
eomiminity structure and function, The moblleme, the col-
lective pool of mobile genetic elements (MOGEs) ineluding
plasmids, transposons, integrons, bacteriophages, and inte-
grative conjugntive elements, serves as a critical mediator
in these interctions, enabling rapld bacterinl adaptation 1o
contaminated environments while simultaneously feilitats
ing the disseminmtion of both benelicinl and detrimemal
traits {Bhat et ol 2023; Zhang et al, 2024),

Plasmids serve as cruclal vehicles for the horizontal
transler of genes encoding cortaminant degradation path-
ways and resistance mechanisms, Conjugative plusmids
carrying catabolle genes can rapidly disseminate throughout
soil bacterinl communities, enabling commmunity-wide adap-
tatkon 1o novel contaminants, Swdies have demonsiraled
that  plasmid-medioted bloaugmentation can  effectively
enhance the degradation of various organic contaminunts
by promoting gene transler 1w indigenous bacterial popu-
lathons (Garbisu et al, 2007), Class | integrons represent
particularly mportant MGEs in contaminmled sobls, fune.
tioning ws platforms (or the capture, integration, and expros-
sion of adaptive gene cassettes, These elements are found in

‘E} Springer

2-8% of soil bacteria and become highly nctive under stress
conditions through SOS response activation, Integrons can
rapidly sequire novel gene cosseties encoding resistance to
ntibiotics, heavy metals, and other contaminants, eniabling
sw il adaptation w chinging envirsmmental conditions (Al-
Libaicly and Alsalian 2023 Bhat et al, 2023 )

lrmnsposable elemients facilitale genetic rearrangements
that can lend 10 novel metabolic capabilities, In contam|-
ned sofls, ransposons play important roles in mobilizng
resistance genes and catabolic pathways between different
genetic contexty, Studies have revenled remarkable conser-
vistion of transposon structures in soil bacteria, suggesting
theli lindamental importance in bocterial adapiation { Shin-
tanl et al. 2023) Integrative and Conjugative Elements
(CEs) represent large mobile DN A molecules that integrate
o host chromosomes and transfer through conjugation.
These elements oflen carry multiple adaptive functions,
ineluding sromatic compound degrdmtion paibwivs, mik-
ing them particularly relevant for environmental remedin-
tion applications (Hirose 2023),

Resistance dissemination through mobile elements

The use ol untibioties, especially In veterinary medicine
i treal diseases and promote animal growih, consumes
npproximately 70% of global antibiotics, leading to the
profiferation of antibiotic resistance genes and posing o
significant global healih threat (Oati et al. 2025), Soil envi-
ronments serve o8 major reservoirs for antibiotie resistance
genes, with mobile genetic clements (MGEs) facilitating
their dissemination across bacterlal communities (Men-
donga et al, 2025), The plastisphere his been identified as
i particulor hotspol for resistonee gene accumulation and
transler. Class | imtegrons are especially imporiand, being
found i higher abundances i contnminated versus pristine
soils (ALLibaldy and Alsulion 2023; Bhat et al, 2023),

Henvy metal contamination selects for MGE popula-
tioms that are enriched in muliple genes conferring resis-
tnee o heayy melals. These elements carry genes encoding
varlous. resistinee mechanisms, Including eMux pumps,
vt lothionedng, and detoxification enzyimes. The horizon-
tal trams ler of metal resistance genes can occur rapidly fol-
lowing contamination events (Mahbub ef al, 2023, Wel et
il, 2025, The co-occurrence of multiple resistnece genes
on gingle MGES creates opporiunities for cross-resistance
development, where exposure o one contaminant selects
lor resistance (o others. This phenomenon s parlicularly
problemaiie in agelcaliuml soils tha recelve muliiple nputs,
Ineluding antibiotics, heavy metals, and pesticides | Wel et
il 2025),



Thee Interactions of Emergent Contamiants (ECs) with 5ol Micmobiome

Page 17l 27 M

Mitigation strategies for emerging contaminants

Mitigation strategies nimed ot reducing the impact ol emeng-
ing contaminants on soll microblome are essential for main-
taining ecosystem health and functionality. The remediation
approaehes regarded as sufe and efficient nre bioremedintion
technigues and soil management practices, Other mitigation
siralegles are summarized in Table 1.

Micrubes play a significant part in environmental cleanup
trough boremediation, where they lower contaminumt
concentrations to harmless levels vin biological processes
i Maglione et al, 2024), Despite the difficulties presented
by emerging contaminants, soil microorganisms exhibit
significam potentlal for Moremediation applications. Indig-
enous soll bacterla harbor cylochrome PASO genes, which
facilitate the degradation of persistent organic pollutants,
including pesticides and other xenobiotic compounds, Nowm-
bly, Pyendimaonay fuorescens and Bacillus polvmvra have
demonstrated particularly high degradation elfficacy ngainst
chlorinated hydrocarbon pesticides (Doolotkeldieva et al.
2018).

The efficiency ol bioremediation is significantly influ-
enced by the nccessibility of contam inants and the metabaol e
capacity of soil microorganisms s well ns the opthmibem-
tion of environmental parameters sueh as temperature, pH,
moisture content, and nutrient availability, Biostimulation
technigues that augment indigenous microbial octivity
ihrough nutrient supplémentation have shown prombkse i
expediting the degradation of contam inants (Doolotkeld]-
evin e al. 2018; Kikde and Shamma 2024), Bioaugmenin-
tion strategies, which involve the introduction of specialized
degradative microorganisms, can enhance the eMciency ol
hioremedintion, particularly when integrated with  bioss
timulation methods, The combination ol bioaugmentation
and phytoremedintion hos revealed particular potential, s
plant rools create conducive environments for the newly
imtroduced microorganisms while simultneously wlding in
contaminant uptake and transformation {Kekde and Sharma
2024). Advanced molecular methodologies are facilitating
the creation of engineered microbial systems with enhanced
capabilities for the degradation of specific contaminants,
Such npproaches represent promising pathways for effec-
tively addressing the challenges posed by emerging con-
lminants In soil ecosystems,

Understanding  the  internctions  belween  pollutanis
and soil elements pfecting bloavallability s essentinl lor
developing effective bioremedintion strategies. the rhizo-
sphere, the region of soil that is touched by plant roots, is a
hotspot for microbial activity and has a large potential for

ihe breakdown of toxie oganie compounds {Pathan et al,
20200, The rhizosphere, enriched with microbial activity
due w plant root intersctions, is vrucial Tor degrading toxic
organic compounds (Saravanun et al,, 2022 Rhizoromedia-
Hon, which integrates plants and their thizosphere microbes,
v o cost-gllective and etficient in-situ phytoremediotion
approach { Segura and Hamos 2013; Saravanan et al,, 2022},
Koy ecological concepis are vital for successiul rhizosphene
blowe medfon, ofMering o viable altermtive (o conventionl
physicochemical remediation methods. Environmental fie-
tors such as serobic conditions, temperature, and pH impact
microbinl activity and the effectiveness ol bioremediation
processes,

Bioremediation of emerging contaminants and
research direction

e bloremedialion of emerging contiminants represents
one of the most pressing environmental challenges of the
21wt century, requiring novel approaches that transcend tra-
iltional microbinl restment methods, Innovative strlegies,
Inehading synthetic microbial consrtia, microblome engl-
neering. nanobloremediation, and the integration of amics
technologies with machine learming, are revolutionizing our
ability o predict, monitor, and enhance the degradation of
complex pollutonts (Adomuo et al, 2023; Lea-Smith ¢t al,
2028). These cutling-edge approaches leverage advancis
in synthetic hiology, nanotechnology, artificial intelligence,
and systems biology to create moie efficient, tangeted, and
adaptuble remedimion systems,

Synihetic microbial consortia (SMC) represent o para-
digm shift from tmditional monocullure-bhased approaches
to milti-species engineered systems that exploit synergis-
tic internctions for enhanced pollutant degradation. These
consortin are deliberately assembled 0 exhibit functional
redvndiney, metabolic versatility, and ecologioal resilience
through earefully orchestrated division of lnbor and cross-
Teeding relationships {(Adamu et al, 2023,

Recent advancements n SMC have achleved signifi-
canl suecess In nddressing emerging contaminants, Heavy
mietil bioremediation his reached 85% elliciency using
Bacillus subtilis and  Psemdomonas aeruginosa through
bloaccumulation and exopolysaccharide (EPS) production.
For plastie degrodation, Meowella sakadensis and Boaedfus
coagmlans effectively degraded polvethylene terephihal-
e (PET), presenting sustainable alternatives to chemical
recyeling (Adamu et al, 2023), In pharmaceutical degruda-
Hon, engineered consoriia enhanced catnbolic pathways for
both aliphatic and aromatic compounds. with Peeudiomons
putida and Acinetobacter bavlyi demonstrating synergistic
degradution of polveyclic aromatic hydrocarbons PAHs,
Synthetic consortin also showed potentiol in breaking down
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Table 1 Mitgathon strmeghes for
ACHTIE STETRe] contiminants
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complex pollutants, including pharmaceuticals and indus-
trinl solvents (Renganathan et al. 2025).

Microbiome engineering modifies microbial commu-
nities 10 enhance pollutant degradation, recognizing that
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community structure impacts efficiency and degradation
products, thus favoring optimization over naturnl assem-
blages (Xu and Jiang 2024), Biosugmentation has shown
significant success, with treated microblomes exhibiting a
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high percentage o key degrmding enzymes sourced from
inoculated bacterin (Ruan et al. 2024), Engineered rhi.
zosphere microbiomes provide diverse functions such as
organic pollatant degradation and plant growth prom-
tion, decreasing the need for chemical inputs (Xu and Jiang
2024y The combination of microbiome engineering with
phvioremediation fosters synergies by improving environ-
ments for engineered micrabes and enhancing plani con-
tmbnam wlerance and degracdation eMclency (Kakde and
Sharma 2024),

Nanobioremediation (NBR) combines nanotechnology
with biological processes, levernging biogenic nanopar-
teles from planls or microorganisms W lnprove con-
wminant removal efficiency, This approach overcomes
traditional  biovemedintion  limitatons  while  ensuring
environmental salety (Dag et al. 2025) Mechunisms such
ns biosorption, biosceumulation, biomineralization, and
enzyvimatie reduction occur through plant-microorganism
mlermctions, converting toxic substances (nto less harmiul
forms, Nanoparticles possess unique attributes such as high
surface-to-volume ratios, enhanced reactivity, and targeted
delivery, which enhance thelr effectiveness in environmen-
il remedintion ( Pandey 200 8),

Nanobioremediation has demonstrated success acrosy
diverse contaminant types. Silica nanoparticles com-
bined with Psendomonas eruginosa and graphene oxide
remove polyeyelic aromatic hydrocarbons (PAH&), Mag-
netic nanoparticles immobilized with Halomoma species
elfectively degrade palladium metal contnmination. Recent
studies show that nano-biosorbénts and  nano-cotalysis
significamly enhance remedintion efficiency compared Lo
conventional approaches. The integration of nanobloreme-
diation with other strategies, such s phytoremediation and
chemical lechnigues, can enbance conlaminant removal
eMeiency and manage complex pollution scenarios more
effectively (Das o1 al. 202 5),

Metagenomic analysis has emerged as n powerful tool for
predicting degradation potential ond optimizing bioreme-
diation strutegies, System-wide metagenomic approachies
cin predict microbial degrdmtion by profiling community
metabolic potential, including genes involved In pollatant
degradation and key soil functions (Jeffries et nl. 2018).
Metagenome mining paired with bioinformatic predictions,
structural modeling, and functional assays provides o pow-
erful approach for discovering novel enzymes for soil reme-
dintion. Three novel enzymes (two dioxygenases and one
peroxidase) identilied through metagenomic approaches
demonstrated elliciency in degrading naphthaleng  and
phenanthrene, with enhanced capabilities for anthracene
and pyrene degrdation when combined with inorzanic oxi-
dants (Nagy et al, 2024),

Metaproteomics provides crucial insights into the Tune-
tional and phylogenetic processes involved in biodegrada.
tion, enabling real-time assessment of microbial community
responses o contumination, The siudy of proteins induced
by contamination allows tacking of anthropogenically
Influgnced processes ot comtaminuted sites. Metabaolo-
mics combined with bioinformatics 1ools enables better
undersianding of microbial communities, their cambolic
pathways, and genes responsible for encoding cambolic
enyimes. Targeted and untargeted metabolomics using LCY
MS/MS systemns investigate reprogrammed metabolism
underlyving biofilim formation and pollutant degradation pro-
cedses (Chandran ¢l al. 20207,

Artificial intelligence and machine learming algorithims
pre revolutionizing bioremediation through enhanced pre-
diction and optimizstion capabilitics. Al analyzes vost data-
sels ingluding genomic data, environmental parameters, and
histortcal blovemediatlon outcomes 1o kdentify patterns and
relationships that may elude traditional methods (Blessing
& Oloteru, 2025), Al=driven monitoring systems continis
ously collect dota from contaminaled sites, analyzing vari-
iwbles like microbial activity, pollutant concentrations, and
environmental parmmeters (o oplimize remediation sirale-
gies in real-time, These systems enable dynamic bioremedi-
ution through reinforcement leaming that adjusts treatment
parameters based on real-time data (Singh et al. 2025). Bio-
sensors ntegrated with loT and Al provide mapid, on-site
moniloring copabilitics essentinl for preventing contami-
nation spread and optimizing treatment efficiency. Sman
blosensor systems enable real-time pollutant detection and
detoxification, offering continuous moniloring crucial for
lorge-senle applications (Huang er al, 2023), Nano-scale
hivsensors enable real-time monitoring of molecules with
enhanced senalifvity and specificity. These devices can
detect tiny molecules like drugs and environmental con-
tminants i real=time, offermg significant improvements
pver conventional monitoring approaches (Thanigaivel et
al. 2025). Sman biosensor systoms integrate multiple sens-
i miocalities with AT algorithims to provide comprehensive
enyironmental monitoring capabllities. These systems oller
rapid, on-site, and real-time monitoring essentlal for pre-
venting contamination spread and optimizing remediation
strmtegios (Huang ef al, 2023).

Bloaugmentation

The growth of different pollutants continues to severely
damiage agroecosystems and jeopardizes the Interactions
between soil mnd plans, This lssue is compounded by the
presence of xenobiotic and non-degradable chemicals,
which impose severe stress on plant life (Aguilar-Romero
el ol 20220 The introduction of bioaugmentation offers a
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potential technigue o alleviate adverse siresses within the
soil ecosystem, hence minimizing the deleterious impacts
on plants and strengthening the interactions between soil
and vegetatlon, ultimately resuliing in enhanced agricul-
tural yields, Current research focuses on the acelimatization
of mierabial populations 1o certain toxing through labom-
tory (rinls, which aims to boost their efficney upon intros
duction into agumtic systems (Aguilar-Romero et al, 2022
Findings suggest that tbuprofen was elficiently removed hy
00%% within n 21-day tmeframe, The most notnble microbes
found using this in-situ remediation appronch were Flavo-
bacterium and Fluviieola from the Bacteroidetes phylum,
Mhermomicrobia from Chloroflexd, and Nevinpwaea from
Actinobacteria, While this technology exhibits substan-
tal efficacy, it has obsiscles in discovering uncommon
microbes capable of digesting particular substances, None-
theless, o novel iteration of the process involving agqueous
extracts from specifically prepared Blo-mixtures has solved
this problem,

Soll management practices

Soil management procedures and soil managemeni prac-
tices are crucial 1o reducing the consequences of devel
oping pollutants on microblal diversity and functionality
within the seil ecosystem, Enhancements in agriculiurl
prodhuction and environmental protection cun be realized by
approprinte contral of the rhizosphere microbiome {Lee el
al. 2023). Despite its complexity, the interactions within the
rhizosphere are crucial lor maximizing plamt development
and production (Lee et al. 2023} Microbinl communities
contribute 1o crop improvement by boosting nutrient avail-
ability, providing defense againi diseases, and promoting
response 1o varied stresses, The usage of extremophilic
microorganisms, which are capable of salely digesting
harmiul compounds in the soll, provides o promising tech-
nique for encournging incrensed productivity in plant-soil
i}'H.IIH'!'I.!-.

Kumawal et ol (2022) underline the  need-10-know
microbiplogical processes to properly control these [nterac-
tons and aceomplish desired outcomes. Although the pres-
ence of pollutants in soil offers substantinl obatacles, these
issues may be handled by rigorous soll management pro-
cedures and praciices, Recent breakthroughs in imalecular
methods ave permitted better nsights into the funetioning
of the thizosphere microbiome and its control, The applica-
tion of thizosphere engineering permits the production of
microbiomes that may ol gest certaln contam inanis, improve
effective plant-soil communleation, and boost agriculral
procluctivity in Asin (L et al, 2023). Arbuscular mycorrhi-
zal (AM) fungi, which display endurance under harsh envi-
ronmental circumsiances, hove emerged o8 o sustainable
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method for enhancing agriculiural vields, The regulation of
nitrogen levels in soil and the prevention of root diseases,
alongside improved plant yield through AM colonization,
cah largely be attributed 1o the enhancement of soil health,
nutrient avallability, Increased phosphate solubilization, and
the remediation of soll contaminants (Murali et al, 2021),
A short treatmient with Fleoparam significantly altered the
rhizesphiere of pepper plonts, increasing the growih of sev-
eral Baciflus and Riizobiuwm species linked with nutrient
management and corresponding with inereased growth of
pepper. Additionally, recent research into microbial commu-
nities in sugarcane has revenled their substuntial significance
I the health ad production of this crop (Aguilar-Romere
el al, 2023),

Biofertilizers

Experts apply information regarding root-assoc inted micro-
organisms and put plant growth-promoting rhizobactena
(PGPRY into fertilizers to promaote the symbiotic connee-
tons between plants and soil, henee enhuncing erop yvields,
Biofertilizers contain diverse PGPR, including blue-green
wlgae, lungal mycorrhizae, Azoiobacter, Azospivilfom,
Psewdomonay spp., Bacillus spp., and Rhizobium, These
bioferiilizers, often relerred o as bioinoculants, impoct soil
dymnmies through ditferent methods, such s relieving siress,
enhuncing soil putrients, controlling pathogenic hacieria,
and altering phytohommonal activity. Overall, biological
nitrogen fixsation and the conversion of complex molecules
Into simpler nutrients considerably boost nutrltional avail-
ability, The invalvement of fevtilization in this environment
Is erucial, since beneficial organisms like Clostridium and
Arbuscular Myeorrhizal Fungi (AMR) contribute 1o these
processes (Asadu et ul, 2024).

Tvpleally, Bloferilizers are delivered ps inocula and may
be obtwined from solid or lguid subsirates, Recent break-
throughs in microbiology have brought glyeerol and starch
s protective agents Tor successtul biofortilizer packoging
belore distribution. Empirical research reveals tha bioleriil-
lzers can greatly Improve soll nutrlent prodiles, particularly
with trece elements thal may be Insulficient {Asuch el al,
20243, For example, silicon, which enhances plani stress
resilience, s relensed from silicares through blodegradation
Tacilitated by botenillzers, Desplie their elficacy, the adip-
ton of biofertlizers remains limited due 1o challenges in
selecting appropriate bocterial strains, the transient nature
ol live bacterinl eMicacy, und difficulties in assessing their
sultabi iy neross varying environmentnl parmmeters such as
temiperature, pH, and salinliy, High tolerated concentrations
of different contaminanis by soil engymes in hioremediation
is shown in Fig, 5. Additionally, concerns regarding the pos-
sible dangers linked with pathogenic or mutagenic microbes
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Fig, 5 High talermiesd concentm-
s ol differeinl contmminants by
won | erieyimes in Bboremedlation
(NP, mianoporticles; CMCa,
Carboxy metliyl oellilase) (Data
from Mdikuryayo el al, 2HE28)

Contaminant versus
enzyme system

T Y|

Lithium - Urase, Peroxidase

Zein NPs - B-1,4-glucosidase

Li;O NPs - Urease
Zn0O NPs - Urease

Co40, NPs - CMCase

Bisphenol A - Alk. phosphatase,
Arylsulfatase

Tetracycline - f-glucosidase
TiO, NPs - Urease

st b consldered. Conversely, hybrid systems, including
nano-biotertilizers, have emerged i viable answers 1o 1ome
of these difficuliies (Mahapairn et al, 2022).

Knowledge Gaps and Future Perspectives

Despite progress in identilying many ememnging contami-
s (ECs), severnl pollutants remain poorly understood,
notably regarding their prevalence, destination, and impacis
in soils (Maddela et nl. 2022} Novel medications, transfor-
mation products, and complex mixes of microplastics and
nancmaterials are partbcularly understudied In terrestrial
ecosystems (Chwn et al, 2025). This gap hampers appropri-
e ecological risk assessment. Moreaver, ECs seldom occur
alone; soils generally include complex chemical combing-
tions that may interact synergistically or antagonistically,
alfecting toslelty o soll microorganisms ( Ramakrishnan ¢t
al. 2001, For example, simulaneous exposure 1o medicines
and heavy metals might boost selection for antimicrobial
resistance genes, wherens mixes of plasticizers and pesti-
cides may odversely alfect wicrobinl metabolism, Puture
research should emphasize describing these lesser-known
ECs and their combined effects, wilizing improved analyti-
el and ecotoxicological tools to untnngle these intermctions,
Understanding such synergistic impacts is vital Tor proper
risk appraisal and appropeiate remediation.

A fundamental difficulty (n soll microbial ecology s
demonstrating cousal lnknges between changes in micro-
bial community composition and implications for soil ecos
system processes, Soil microbiota varies and is functionally

| L T T T 1
0 1000 2000 3000 4000 S000

mg kg™’

redundant; therefore, alterations in taxonomic abundance
may not necessarily translate into functional changes (Ped-
ille ernl, 20253, Additionally, microbial communities adjus
dymamically o stressors like BC exposure through functional
compensation and metabalic alerations, confounding est]-
mietes of impacts on nutrienl eveling, organic matter break-
diwen, and pollutant degradation (Sarkar et al, 2021}, Most
Investigntions depend on conelniive data from sequence-
Ing omd eneyme tests, which do not completely disclose
mtheeular pathwiys, Integrative technigues incorporating
multi=omics (nelagenomics, melatranseriplomics, melabo-
lomies), stable isotope probing, and functional assays wne
negded o discover potive bocieria and provesses engaged
in ecosystem functioning under contaminition stress {Shah
et nl, 2024). Coupling microbiological dumtn with soil physl-
cochomical wnd plant responde measurements will give a
hishistie knaw ledge of eeosysiem-level consequences,
Trasdlitionpl environmental risk assessment (ERA) Trame-
works rely on chemical concentrations and foxicity data
from model species, sometimes disregarding the crucial
fungtions of soil microblota (Elsharkawy and Sharkawy
2025). Given the viml sctivities of microbial communi-
ties In soil health and ecosvstem services, Incorporating
microbial ecological endpoints within ERA v imperative,
This integratlon should incorporate microbial diversity,
funetional gene abundance, enzyme actlvity, and resistance
pene prevalence as Indicators of soll guality and pollutam
effect, These microbial measurements cian ael ud early wain-
Ing signs of ecological alieration not detected by chemical
mnalysis alone. Incorporating microbial doto into prediction
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models can Increase visk assessment accurcy by accouni-
ing for biodegradation potential and microbial adaptabilicy.
Achieving this need multidisciplinary collaboration among
microbiologists, ecotoxicologists, chemists, and politleions
o produce uniform microbial evaluation lechnigues and
regulatory standards, Ultimately, this imegration will boost
envirommental management, educate sustninable land-use
plans, and safeguard soll ecosystems Trom rising contuml-
nation risks.

Conclusion

Emerging pollutants pose significant risks (o soil health and
disturb the symbiotic interactions between plants and soil,
ultimately affecting global food security. These contamis
mants undermineg soll fertility and adversely impac! iimpor-
tant milcroorganisms, resulting in o decrease In agriculiurl
yield, Implementing strategies that focus on microbial
control and the administrution of low fertilizer levels may
alleviate the harm ful consequences of agricultuml practices,
Such solutions boosi the resistunce of planis against con-
lamination while improving resource consumption, Mever-
theless, there exists a scarcity of understanding nddressing
the implications of new pollutants within agricultural envi-
romiments, Therefore, o coord inmed strategy is vital 1o allow
Jobnt resenrch netivithes that Imegrite poliey breakthroughs
with practical tactics for farmers to hamess these improve-
mients to their advantage,
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