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Abstract

This study was designed to determine the potential of indigenous mixed microbial consortium isolated from palm oil mill effluent
(POME) in reducing organic load and biodegradation of POME. Isolation and identification of indigenous microorganisms was
subjected to standard microbiological methods and sequencing of the 16S rRNA and 18S rRNA genes. Sequencing of the 16S
rRNA and 18S rRNA genes of the microbial strains suggests that they were identified as Micrococcus luteus101PB,
Stenotrophomonas maltophilial 02PB, Bacillus cereus103PB, Providencia vermicolal 04PB, Klebsiella pneumoniael 05PB,
Bacillus subtilis106PB, Aspergillus fumigatus107PF, Aspergillus nomius108PF, Aspergillus nigerl09PF, and Meyerozyma
guilliermondiil 10PF. Results revealed that total percent reduction efficiency by the aerobic mixed microbial consortium for all
bacteria—fungi combination (ABFC) gave a biochemical oxygen demand (BOD) reduction efficiency of about 90.23%, chemical
oxygen demand (COD) 91.06%, and total suspended solids (TSS) 92.23% and bacteria—fungi stepwise (BFSW) recorded BOD
reduction efficiency of 85.28%, COD 84.45%, and TSS 86.18% in 1000 mL of POME. The HPLC chromatogram results
revealed increase in glucose level due to breakdown of cellulose which represents the cellulosic materials in POME by mixed
microbial consortium signifying biodegradation of cellulose as a clean-up process for the tested POME sample. Therefore, the
indigenous microbial strains are promising organisms for industrial applications. These microbes have direct applications in
industrial process such as bioremediation and biodegradation of wastewaters.
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Introduction

< J.D. Bala

jerrybrown316@yahoo.com; bala.jeremiah @futminna.edu.ng The palm oil industry is identified as one of the agricul-

tural industries in Malaysia that generate the highest pol-
lution load into rivers throughout the country [81]. The
production of palm oil, however, results in the generation
of large quantities of polluted wastewater commonly re-
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ferred to as palm oil mill effluent (POME). POME is a
non-toxic liquid waste with unpleasant smell; its chemical
oxygen demand (COD) and biochemical oxygen demand
(BOD) values are high enough to cause serious pollution
and environmental problem to the rivers. COD and BOD
of POME are very high and COD values greater than
80,000 mg/L are frequently reported. Incomplete extrac-
tion of palm oil from the palm nut can increase COD
values substantially [60].

The treatment of POME usually involves cellulose-
[69] and oil-degrading [60] microorganisms. However,
the biological processes for wastewater treatment consist
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of mixed communities with a wide spectrum of microor-
ganisms, including bacteria, protozoa, fungi, rotifers, and
possibly algae [68].

Microbial degradation of organic wastes in wastewaters
using microorganisms such as bacteria, molds, and yeasts
had shown to be capable of completely degrading organic
matter in wastewaters [32]. The use of a consortium of micro-
organisms is often desired since a simulation of the natural
processes occurring in the environment is not possible with
single-species populations but requires consortia activities
[25]. The activities are mutual interactions between two or
more populations in a given community, which enable the
microorganisms to maximize their metabolic capabilities and
to maintain community integrity and stability [35].

Very few studies have been conducted on aerobic digestion
process for the treatment of organic pollutants present in
POME [82]; as such, there seems to be dearth of information
on the microbiology of POME in literatures [58]. The total
suspended solids (TSS) which are the cellulosic material in
POME are still present after treatment using various physical
and chemical treatment processes. These remain a problem to
be resolved further [2]. The use of microorganisms in biolog-
ical treatment of wastewaters offers an alternative solution to
reduce the COD, BOD, and TSS content of effluents [8].
Thus, the exploitation of microorganisms for biological treat-
ment offers a very efficient tool for purifying contaminated
effluents and water [39]. In addition, Maygaonkar et al. [54]
reported that the physical and chemical treatment of industrial
effluents is found to be insufficient whereas the biological
treatment is most often found to be effective.

Therefore, this work represents one of the few studies on
the aerobic biotreatment technology of POME-contaminated
wastewater in Malaysia. Treatment of POME is essential to
avoid environmental pollution. Biotreatment of POME by
Yarrowia lipolytica NCIM 3589 has been studied [60].
Abass et al. [1], Soleimaninanadegani and Manshad [72],
and Bala et al. [16] have also reported aerobic digestion of
POME by selected microorganisms. Treatment of POME has
been variously reported by other workers [3, 29, 56, 70].

The anaerobic digestion treatment of POME has employed,
almost exclusively, uncharacterized microbial consortia to re-
duce the polluting power of wastes and wastewaters using
various types of bioreactors by researchers and the ponding
systems in the mills [55, 62]. This involves a consortium of
unknown microorganisms.

This study seeks to avoid the anaerobic conditions required
for operating and maintaining anaerobic strains, as aerobic
condition requires less hassle compare to anaerobic conditions
in terms of microbial strain sustainability. In the present study,
microorganisms were isolated from POME and the best iso-
lates capable of degrading organic wastes were further select-
ed and used to inoculate the POME. The bioremediation and
biodegradation potential of the microorganisms based on their
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efficiency for organic load reduction and the percent reduction
was monitored with a goal to enhance industrial effluent treat-
ment. Therefore, so far, to the best of our knowledge, no work
has been done on the isolation of different acrobic microor-
ganisms in POME and the cellulosic degradation in oil-
contaminated wastewater such as POME.

It has been reported that one of the major sources of water
pollution is suspended solids. Suspended solids in POME are
considered as organic matter [47]. The TSS which represent
the cellulosic materials in POME constitute about 50% of the
POME sample [29] and still remain to be explored. Various
physical and chemical treatment processes have been de-
signed to treat agricultural and industrial effluents such as
POME; however, the problem of chemical residues and TSS
which is still present after the treatment process remains to be
resolved further [2].

The application of microorganisms such as Trichoderma
viride spores, 1. viride mycelium, Yarrowia lipolytica, and
Saccharomyces cerevisiae for the treatment of POME from
other source was not that effective in organic load reduction
[49]. This may be due to the fact that these microorganisms are
not indigenous to POME [49]. This gap offered researchers a
greater opportunity to explore the organic load reduction of
POME by their indigenous (autochthonous) microbes. To this
end, in this treatment proposal, effective indigenous mono or
mixed culture of viable microorganisms is required to be se-
lected. This is the focus of the present study and it is designed
for this purpose. This has therefore attracted the interest of this
study.

Thus, while enjoying a most profitable commodity, the
adverse environmental impact from the palm oil industry can-
not be ignored. Hence, serious measures have to be taken to
prevent the growing pollution and ecological degradation re-
lated to POME while maintaining the sustainability of the
economy. This study was designed to determine the potential
of indigenous mixed microbial consortium isolated from
POME in reducing organic load in POME, thereby decreasing
COD, BOD, and TSS which represent the cellulosic materials
in POME.

Methods
Sample Collection

Raw POME was collected aseptically from MALPOM Sdn.
Bhd. Pinang Malaysia palm oil mill industry in a sterile mi-
crobiological container (20 L) and brought back to the labo-
ratory. The raw POME was collected directly from the tap
connected to the holding tank containing the raw POME be-
fore discharge. In collecting raw POME sample from the
POME holding tank, the mouth of the tap connected to the
holding tank was swabbed with cotton wool soaked in
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ethanol. This was done in order to disinfect the mouth of the
tap. The tap was allowed to run for few minutes and the con-
tainer was used to collect the POME sample and quickly
corked. Prior to sample collection, the POME sample inside
the container was inverted a few times in order to rinse the
inside wall of the container. The sample was later poured out
into the surrounding. This step was done three times and the
container was finally placed to collect the POME sample. The
POME sample was kept in an ice box while transporting to the
School of Industrial Technology laboratory, in Universiti
Sains Malaysia. The physicochemical characteristics of the
sample were determined in accordance with the standard
methods published by the American Public Health
Association [12].

Sample Preservation

The raw POME was preserved at 4 °C, in order to prevent the
wastewater from undergoing biodegradation due to microbial
action [12]. The sample was brought out from the refrigerator
and left at room temperature before usage.

Experimental Design

A factorial complete randomized design (CRD) was used to
determine the percentage reduction of the physicochemical
parameters in 1000 mL POME sample experiment by all bac-
teria—fungi combination (ABFC) and bacteria—fungi in step-
wise (BFSW). A 12x2x2 CRD and a 5x2x2 CRD for
bacteria and fungi strains were used respectively. Analysis of
variance (ANOVA) was carried out using SPSS for the data
generated and means were separated using least significant
difference (LSD) at 95% (P < 0.05) level of confidence.

Experimental Setup

The experimental setup consists of cultivation, isolation, and
enumeration of total heterotrophic indigenous palm oil- and
cellulose-utilizing bacteria and fungi from POME. Enzyme
activity for the detection of lipase- and cellulase-producing
bacteria and fungi on solid media by plate assay was also
carried out in our previous studies [13—18]. One thousand
milliliters (1000 mL) of POME sample was used to determine
the percentage reduction of the physicochemical parameters
by ABFC and BFSW. HPLC analysis for biodegradability of
POME sample was carried out.

Microorganisms

Only four bacteria strains (Micrococcus luteus 101PB,
Stenotrophomonas maltophilia 102PB, Bacillus cereus
103PB, and Bacillus subtilis 106PB) and two fungi strains
(Aspergillus fumigatus 107PF and Aspergillus niger 109PF)

were selected for POME inoculation and treatment based on
the criteria that they were able to display good growth and
degradation of oil and cellulose as sole source of carbon and
energy in liquid mineral salt medium (MSM) from our previ-
ous work [14, 17, 18]. The bacteria and fungi strains were
isolated from our previous studies [13—18]. Genetic identifi-
cation of the isolated strains was performed by determining
nucleotide sequences of 16S rRNA and 18S rRNA genes for
bacteria and fungi strains respectively in our previous studies
[13—18]. The isolated bacteria and fungi strains from POME
in our previous work were investigated for their ability to
produce lipase and cellulase on solid media by plate assay
[18]. Biodegradation potential and growth profile in liquid
MSM were also investigated in our previous study [13—18].

Sequences of primers used for bacteria strains are:

27F: 5'-AGAGTTTGATCMTGGCTCAG-3'

1492R: 5'-GGGTTACCTTGTTACGACTT-3'

Sequences of primers used for fungi strains are:

ITS1 F: 5'-TCCGTAGGTGAACCTGCGG-3'

ITS4 R: 5'-TCCTCCGCTTATTGATATGC-3'

Treatment of POME by Selected Mixed Microbial
Consortium

In our previous study, batch culture experiment containing
250 mL of POME sample was used to evaluate the reduction
efficiency potential of individual bacteria strains [16]. POME
sample volume was increased in order to evaluate the mixed
microbial strain percent reduction potential in 1000 mL
POME sample. Reduction of organic load of POME by se-
lected mixed microbial consortium using a 1000-mL plastic
container containing both bacteria and fungi strains was car-
ried out after successful reduction of organic load conducted
in a 250-mL conical flask with individual bacteria strains from
POME in our previous study [16]. The objective of this ex-
periment in a 1000-mL plastic container was to mimic the
practicability of the reduction efficiencies of the mixed micro-
bial consortium in a 1000-mL plastic container as large
amount of the effluent will be encountered during field
application.

Three sets of experiment were carried out. The first three
plastic containers in triplicates were inoculated with ABFC.
These microbes comprised of Micrococcus luteus 101PB,
Stenotrophomonas maltophilia 102PB, Bacillus cereus
103PB, Bacillus subtilis 106PB, Aspergillus fumigatus
107PF, and Aspergillus niger 109PF. The second three plastic
containers in triplicates were inoculated with the isolates in a
stepwise manner with the bacteria inoculated first
(Micrococcus Iluteus 101PB, Stenotrophomonas maltophilia
102PB, Bacillus cereus 103PB, and Bacillus subtilis
106PB), then on the 25th day, fungi (Aspergillus fumigatus
107PF and Aspergillus niger 109PF) were inoculated (BFSW)
and monitored for 50 days. Ten milliliters (10 mL) each of the
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bacterial and 20 mL each of the fungal inoculums containing
10 cells/mL with an optical density (OD) of 1.2 at 600 nm
were used to inoculate 1000 mL POME sample without addi-
tion of nutrients. The last experimental setup in triplicates was
the control which no microbes were added. All the experimen-
tal setup was kept at ambient room temperature. This was
maintained throughout the study. The aeration provided at
interval of every 24 h was kept constant while the period
(days) to evaluate samples for biodegradability of POME
was varied at the 25th and 50th days. The aforementioned
plastic containers were monitored for 50 days. This is to allow
for maximum degradation of the organic load by the microbes
as longer time would be required during field study and to
mimic the practicability of environmental field application.
Samples were aseptically withdrawn out at 5-day interval for
physicochemical analysis. HPLC analysis for reducing sugars
(glucose, sucrose, and fructose) was carried out before treat-
ment in between the 25th and 50th days (after treatment) as an
index for biodegradability of POME.

One thousand milliliters (1000 mL) was maintained as the
working volume while at an interval of 24 h; 100 mL of the
POME sample was withdrawn from the plastic containers and
replaced with another 100 mL raw POME sample. The addi-
tion and withdrawal of 100 mL of POME in 1000-mL exper-
iment were to assay the potential of the selected isolates to
continuously reduce the organic load in the 1000-mL experi-
ment for a long period of time and to maintain a semi contin-
uous system. Aeration was provided by gradually stirring the
POME sample in the plastic containers with a glass rod once at
an interval of 24 h. The dissolved oxygen (DO) of the POME
sample was measured to be 0.45-1.02 mg/L with a dissolved
oxygen meter.

Analytical Methods and Characterization of POME

The following parameters BOD, COD, TSS, and oil and
grease contents were analyzed by standard methods [12] for
50 days. These analyses were carried out according to the
standard procedures [12]. Characterization of the POME was
carried out before and after the treatment to determine the
efficiency of the treatment. All the experiments were per-
formed in triplicates. The efficiency for organic load reduction
and the percent reduction was measured using the following
Eq. 2.1 [61]. COD, BOD, TSS, and oil and grease contents
were analyzed with a standard method [12] and presented as
percent reduction.

CrawroMe—C

Reduction (%) = x 100

(2.1)

C'raw POME

where C,. poMe 1S the concentration of COD, BODs, TSS,
and oil and grease contents of raw POME.
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Cris the concentration of these parameters after treatment.
Each set of these experiments was done in triplicates.

All physicochemical parameters of the POME sample were
determined in accordance with the standard methods pub-
lished by the American Public Health Association [12]. The
basic parameters that were analyzed for raw POME sample
are as follows: chemical oxygen demand (COD), biochemical
oxygen demand (BOD), total suspended solids (TSS), and oil
and grease (O&G) contents.

BOD was determined according to the standard method
5210 B [12]. Dissolved oxygen meter (YSI) model 5000/
5100 with membrane probe was used. COD was determined
according to the standard method 5220 A [12] and digested
by HACH COD reactor model 45600. TSS was determined
according to the standard method 2540 D [12]. A Memmert
Lab oven model U and a muffle furnace were used. O&G
were determined according to the standard method 5520 B
[12]. In the hexane-extractable partition-gravimetric meth-
od, hexane was evaporated by Buchi Rotavapor R-210/215.

Determination of Reducing Sugar Content in POME
Sample by HPLC

High-performance liquid chromatography (HPLC) was per-
formed on a Waters model equipped with Refractive Index
Detector (RID) 2414 Waters model, Waters Sugar Pak™
chromatographic column 1; HPLC pump 515 Waters model
and a temperature control module Waters model were used
for sugar analysis (glucose, sucrose, and fructose) of
POME. The analysis was conducted according to
Takemoto et al. [75].

Preparation of Standard Solution

Standard of glucose, sucrose, and fructose was prepared by
diluting 1.5 g of each into a 100-mL volumetric flask contain-
ing deionized water. Ten milliliters from the stock standard
solution was taken and transferred into the 100-mL volumetric
flask and topped up with deionized water to a 100-mL mark
on the flask. Two milliliters (2 mL) of the diluted standard
solution was withdrawn using a syringe and passed through
a Sep-Pak disposable cartridge that has been previously acti-
vated with 2 mL of methanol and 4 mL of deionized water.
The diluted standard solution was finally filtered through a
nylon membrane syringe filter with 0.22 um pore size before
analysis.

Preparation of Mobile Phase for HPLC Analysis

Calcium-ethylenediaminetetraacetic acid (Ca-EDTA) was
prepared by diluting 0.04 g Ca-EDTA into 1000 mL of deion-
ized water. The resulting solution was further filtered using a
vacuum membrane filter pump. The filtered solution was
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Table 1 HPLC conditions for reducing sugar analysis
Model Waters

Oven temperature 25°C

Max temperature 90 °C

Pump flow 0.5 mL/min

Max pressure 2000 psi (13,789,514.6

Newton/square meter [N/mz])
Refractive index detector
30°C

Calcium-ethylenediaminetetraacetic acid

Detector
Detector temp
Mobile phase

Column Waters Sugar Pak™ chromatographic column 1

transferred into a 1000-mL bottle and placed in an ultrasonic
bath for 15 min in order to remove any air bubbles before
usage.

Sample Preparation

Palm oil mill effluent (POME) sample was centrifuged and
2 mL of the centrifuged sample was slowly passed through
the Sep-Pak disposable cartridge that has been previously
activated with 2 mL of methanol and 4 mL of deionized
water. Two milliliters (2 mL) of the collected sample was
further filtered through a nylon membrane syringe filter
with 0.22 pum pore size into a small vial bottle before
analysis.

HPLC Standard Conditions

Reducing sugars (glucose, sucrose, and fructose) were
analyzed by HPLC using the standard conditions as
stated in Table 1. Samples were identified by comparing
their retention time with those of known carbohydrate
standards.

Results and Discussion
POME Characteristics

Raw POME collected from the palm oil mill was thick,
brownish in color, in colloidal suspension, oily, and viscous
with an obnoxious odor. The brown color of the raw palm oil
mill effluent is composed of organic compounds such as an-
thocyanin and carotene pigments that were extracted from
fresh fruit bunches in the sterilization process [56].
Furthermore, it included polyphenol compounds, tannin,
polyalcohol, and melanoidin [4, 56]. The raw POME sample
consists of high COD concentration up to 75,900 mg/L, BOD5
34,393 mg/L, TSS 14,467 mg/L, oil and grease 191 mg/L, and
pH 4.74 as presented in Table 2.

The high values of the parameters obtained from raw
POME in the present study suggest the attendant-polluting
potential of POME and the adverse environmental impacts.
Researchers have reported alarming rise in environmental pol-
lution due to the discharge of untreated POME into the envi-
ronment [1, 7, 26, 38, 46, 51, 54, 56, 72, 82].

The value of pH recorded in this study is low (4.74), which
is more acidic than the pH of 6.56 reported by Ohimain et al.
[59]. The low pH of the POME indicates that it is acidic and
should be treated to reach 7-7.5 pH as indicated level of plant
compatibility. The acidic character of POME may have been
influenced by the corrosion of iron used in processing [72].
Jameel et al. [48] and Din et al. [33] have reported that the
acidic nature of POME is due to the presence of organic acids.
Oswal et al. [60] in a similar study have reported the acidic
nature of POME.

In comparison, Chin et al. [29] have reported that POME
contains a high concentration of organic matter, COD con-
centration of 65,000 mg/L, BODs of 48,000 mg/L, and oil
and grease greater than 2000 mg/L. Other investigators have
also reported values similar to the present study with BODj5
(25,000-43,750 mg/L), COD (50,000-55,775 mg/L), TSS
(16,500-18,479 mg/L), oil and grease (130-8020 mg/L),
and pH (3.5-4.7) ([6, 51, 57, 77]; and [2]). The result of

Table 2 Characteristics of raw
palm oil mill effluent (POME)
and discharge standard limits

Parameters Raw POME (mg/L) Discharge effluent standard
Malaysia Thailand
Chemical oxygen demand (COD) 61,200-75,900 - <1000
Biochemical oxygen demand (BOD) 30,500-34,393 100 <100
Total suspended solids (TSS) 12,800-14,467 400 <150
Oil and grease (O&G) 145-191 50 <25
pH 437-4.74 5-9 5-9

All parameters are in mg/L except pH

Source: Malaysia: Environmental Quality Act 1974 [37]; Thailand: Environmental Management Guideline [36]
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oil and grease in the present study was low when compared
with results from other researchers who obtained higher
values for oil and grease [5, 56, 72, 78]. Although, Lam
and lee [51] also reported low values of 130 mg/L for oil
and grease comparable to the present study which exceeded
the discharge standard limit. The difference may be due to
differences in species of oil palm, degree of oil extraction
during milling, and method of extraction, whether local or
automated. The volume of water used during the milling
process is also a factor to consider. In addition, Yacob
et al. [83] have reported that the chemical properties of
POME vary widely throughout the year due to mill opera-
tions and seasonal cropping.

Percentage (%) Reduction of BOD, COD, and TSS
by Mixed Microbial Consortium of Microorganisms
(ABFC and BFSW in 1000-mL Experiment)

One thousand milliliters (1000 mL) of POME was used to
evaluate the reduction efficiency of all the microbial isolates
in combination. Two sets of experiments were conducted
which involved the inoculation of all the microbes into the
1000-mL experiment (ABFC) and secondly the inoculation
of the microbes in a stepwise manner where bacteria was
inoculated first followed by fungi (BFSW).

Percent reduction efficiency of BODs, COD, and TSS by
consortium of microorganisms in 1000-mL experiment is pre-
sented in Figs. 1, 2, and 3 respectively. Results in Figs. 1, 2, 3
represent levels of percentage reduction efficiency (RE %) of
the aforementioned parameters in POME. Results revealed
that reduction efficiencies of BOD, COD, and TSS for
ABFC and BFSW in 1000-mL experiment are as follows:
total percent reduction efficiency for ABFC gave a BOD

=4—ABFC
=i—=BFSW

BOD reduction (%)

Control

0 5 10 15 20 25 30 35
Incubation Period (Days)

40 45 50

Fig. 1 Percentage reduction of BODs by all bacteria—fungi combination
(ABFC) and bacteria—fungi stepwise (BFSW) in POME sample
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Fig. 2 Percentage reduction of COD by all bacteria—fungi combination
(ABFC) and bacteria—fungi stepwise (BFSW) in POME sample

reduction efficiency of about 90.23%, COD 91.06%, and
TSS 92.23; BFSW recorded BOD reduction efficiency of
85.28%, COD 84.45%, and TSS 86.18% and the control ex-
periments for all the parameters showed reduction efficiency
ranging from 23.47 to 31.58% (Figs. 1, 2, and 3).

ABFC reduction efficiency as compared with discharge
effluent standard revealed that 3360 mg/L of BODj5 after treat-
ment is above the discharge effluent standard for Malaysia and
Thailand (100 and <100 mg/L respectively) (Table 2),
6785 mg/L of COD after treatment is above the discharge
effluent standard for Thailand (< 1000 mg/L; no COD dis-
charge effluent standard for Malaysia) (Table 2), and
1124 mg/L of TSS after treatment is above the discharge ef-
fluent standard for Malaysia and Thailand (400 and < 150 mg/
L respectively) (Table 2).

100
90
80
70

60
=4—ABFC

== BFSW

Control

50

40

TSS reduction (%)

30

20

10

0

0 5 10 15

20 25 30 35

40 45 50

Incubation Period (Days)

Fig. 3 Percentage reduction of TSS by all bacteria—fungi combination
(ABFC) and bacteria—fungi stepwise (BFSW) in POME Sample
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Plate 1 Gel picture of genomic
DNA of bacteria isolated from
POME. Lane 1: 101PB; 2:
102PB; 3: 103PB; 4: 104PB; 5:
105PB; 6: 106PB; M: Lambda/

HindIIl marker Marker —

Genomic DNA

BFSW reduction efficiency as compared with discharge
effluent standard signifies that 5062 mg/L of BODj after treat-
ment is above the discharge effluent standard for Malaysia and
Thailand (100 and < 100 mg/L respectively) (Table 2),
11,802 mg/L of COD after treatment is above the discharge
effluent standard for Thailand (< 1000 mg/L; no COD dis-
charge effluent standard for Malaysia) (Table 2), and
1999 mg/L of TSS after treatment is above the discharge ef-
fluent standard for Malaysia and Thailand (400 and < 150 mg/
L respectively) (Table 2).

In order to meet the discharge effluent standards, succes-
sive treatment of the treated effluent for another consecutive
time using the same microbial consortium in the present study
will possibly achieve 100% reduction of the organic load
(BOD, COD, TSS) since the same mixed microbial consor-
tium of microorganisms was able to significantly reduce
84.45-92.23% of the organic load. This will further improve
the present treatment technology as a clean-up process for the
tested POME sample and the treated effluent.

ABFC showed significantly higher reduction of BODs,
COD, and TSS compared to BFSW (Figs. 1, 2, and 3). This
suggests that these indigenous microbial isolates are promis-
ing organisms for industrial applications. Hence, this mixed
microbial consortium has direct applications in industrial pro-
cess such as bioremediation and biodegradation of oily waste-
waters. Control experiment showed the lowest reduction effi-
ciency compared to treatment experiments (Figs. 1, 2, and 3).

Plate 2 Gel picture of purified

PCR product of bacteria isolated ho.
from POME. Lane 1: 101PB; 2: 56650
102PB; 3: 103PB; 4: 104PB; 1500 —
5:105PB; 6: 106PB; M: 1-kb
ker (Fermentas) il
mar Marker
Purified PCR
product

This revealed the potency and effect of our inoculated micro-
bial isolates in this treatment technology. Qingwei et al. [63]
have reported the effect of inoculation on organic matter bio-
degradation as compared to control experiment where no
strains were inoculated. Plates 1, 2, 3, and 4 show genomic
DNA and purified PCR product of bacteria and fungi strains
isolated from POME while Figs. 4, 5, 6, 7, 8, and 9 revealed
phylogenetic trees of the bacteria and fungi strains isolated
from POME as members of the consortium used in this study.

In the present study, bacterial and fungal strains that were
originally isolated and identified from POME in our previous
study were used as consortium since a simulation of the nat-
ural processes occurring in the environment is not possible
with single-species populations but requires consortium activ-
ities [25]. Such activities are typically interactions between
two or more populations in a given community, which enable
the microorganisms to maximize their metabolic abilities and
to maintain community integrity and stability [35].

ABFC showed significantly higher reduction of the param-
eters compared to BFSW. This may be due to the combined
synergistic effect of both bacteria and fungi combinations at
the beginning or onset of the treatment process which was
inoculated at the same time and proceeded throughout the
treatment process compared to BFSW which involved the
inoculation of bacteria combination first at the beginning
followed by fungi combination on the 25th day in the treat-
ment process. The synergistic effect of mixed microbial

6
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Plate 3 Gel picture of genomic
DNA of fungi isolated from
POME. Lane 1: 107PF; 2: 108PF;
3: 109PF; 4: 110PF; M: Lambda/

HindIII marker
Marker

Genomic DNA

consortium for POME treatment brings about enhanced per-
formance for effective biodegradation. However, synergism
has been reported among mixed microbial consortium of or-
ganisms [28]. Benka-coker and Ekundayo [20] and Chigusa
et al. [28] had reported that the performance of mixed micro-
bial cultures could therefore be attributed to synergistic activ-
ities of the organisms.

Other studies have revealed the role of bacteria and fungi
combination in bioremediation processes. De Felice et al. [30]
used a combination of bacteria and yeast to degrade olive oil
mill wastewater. The microbial combination reduced the COD
of olive oil mill wastewater by 80%. Oswal et al. [60] have
used the combination of Yarrowia with a consortium of bac-
teria and algae developed from garden soil, achieving COD
reduction rate of 99% for the treatment of POME. The use of
mixed cultures of bacterial strains has been previously report-
ed by Bala et al. [13]. AbdulKarim et al. [2] in a similar study
have also reported the use of Trichoderma harzianum and
Penicillium in the treatment of palm oil mill effluent.
Recently, Hernandez et al. [43] also reported the treatment
of agro-industrial wastewaters using microalgae—bacteria
consortium.

In a similar study, Sugiura et al. [73] and Sathishkumar et al.
[67] reported that mixed microbial combination showed the

Marker

Purified PCR products

Plate 4 Gel picture of purified PCR product of fungi isolated from
POME. Lane 1: 107PF; 2: 108PF; 3: 109PF; 4: 110PF; M: 1-kb marker
(Fermentas)
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maximum percentage reduction of organic load. Hamme et al.
[41] noted that such mixed culture combination displays meta-
bolic versatility and superiority to pure cultures. Consequently,
Sathishkumar et al. [67] reported that a microbial consortium
containing a number of microorganisms is considered to be well
suited for the degradation of industrial wastewaters.

It has been reported that mixed microbial consortium cul-
tures are better degraders compared to individual strain cul-
tures ([27, 64, 73, 67]; Bala et al.[13]) because each member
strain of the consortium acts in concert to effect the break-
down of all the different organic pollutants in wastewaters.
A consortium culture also provides the necessary microenvi-
ronment, such as providing nutrients and being at the correct
pH, thus stabilizing the culture for each of the members [42].
Thus, the use of a consortium of microorganisms is often
desired since a simulation of the natural processes occurring
in the environment is not possible with single-species popula-
tions but requires consortia activities [25]. The activities are
mutual interactions between two or more populations in a
given community, which enable the microorganisms to max-
imize their metabolic potential and to maintain community
integrity and stability [35].

I_ Strain 101PB
| Micrococcus_luteus_dbj_AB539843_1
IMicrococcus_luteus_dbj ABS539843_1_
—— Micrococcus_luteus_emb_AJ409096_1
Micrococcus_luteus_gb_EU438932_1
Mi ;_luteus_gb_KC355291_1
Micrococcus_luteus_gb_KF054881_1
f————————— Micrococcus_luteus_emb_AJ717369_1
Micrococcus_luteus_gb_KF733697_1
Micrococcus_luteus_emb_HG941665_1
Micrococcus_luteus_emb_AJ717368_1
IMicrocoocus_luteus ;_gb_FJ189776_1

0.0003 Strain 101PB

Fig. 4 Phylogenetic tree of Micrococcus luteus 101PB based on 16S
rRNA gene sequence comparisons
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Fig. 5 Phylogenetic tree of
Stenotrophomonas maltophilia
102PB based on 16S rRNA gene
sequence comparisons

——— Strain 102PB

Stenotrophomonas_maltophilia_dbj_AB194326_1

Stenatronh

. maltophilia_gb_FJ707375_1

Stenotroph ltophilia_emb_FN645727_1
Stmot:qixanmas maltophilia_gb_HQ647276_1
Stenotroph _maltophiha_gb_JX392997_1

Cton 1

_maltophiha gb_KF358247_1
41—‘Smouwhmzs maltophiha_gb_KF378761_1
Stenotrophomonas_maltophilia_gb HM137729_1

Stenotroph Itophilia_gb_JQ619623_1
Stmmmphmas maltophilia gb_JQ619623_1_

0.0004

In the present study, it is worth noting that the achieved
reduction of the parameters tested can further be treated in
order to reduce the pollution load of POME into rivers, its
attendant-polluting potential, and the adverse environmental
impacts including land and aquatic ecosystem contamination
and loss of biodiversity.

Moreover, the 1000-mL experiment in the present study
resulted in a slower reduction process, even if similar final
results were also obtained in the batch culture experiment
containing 250 mL of POME sample in our previous study.
The observed difference in the rate of the processes can pos-
sibly be ascribed to a reduced aeration of the larger volume
system (1000-mL experiment) in respect to the shaken flask
250 mL POME sample experiment [50]. Thus, the indigenous
microbial isolates are proven to be a good candidate for the
effective reduction of organic load of POME. One of the ma-
jor findings of the present study suggests that ABFC can be
applied at the beginning of field bioremediation program in
order to rid the environment of pollution load as a result of
discharge of contaminated wastewaters since it shows higher
reduction of most of the parameters (Figs. 1, 2, and 3).

Noteworthy in the present study also is the use of fungi in
the biotreatment of POME. Fungi by nature are mostly aerobic
and some cannot be used under anaerobic condition. The suc-
cessful use of fungi in the present study provides an advantage
over anaerobic treatment of POME which employed, almost
exclusively, uncharacterized microbial consortia.

Strain 103PB

Bacillus_cerens_gb_KF835391_1
Bacillus_cereus_gb_JF432000_1

Bacillus_cerens_gb_HQ143564_1
Bacillus_cereus_F837_76_gb_CP003187_1
Bacillus_cereus_gb_JX993816_1

Bacillus_cereus_gb_KF835390_1

Bacillus_cereus_gb_KC692161_1

Bacillus_cereus_gb_JX544748 1

0.0004 .
Strain 103PB

Fig. 6 Phylogenetic tree of Bacillus cereus 103PB based on 16S rRNA
gene sequence comparisons

Stenotroph _maltophilia_dbj_ABS547223_1

Strain 102PB

It has been reported that the presence of glucose could
cause catabolite repression in the medium and result in the
inhibition of the production of some hydrolytic enzymes [9,
10]. On the 25th day, there was a little increase in the level of
residual glucose as detected by HPLC analysis (Figs. 12, 13,
14, and 15) and the production of enzyme continuous until the
30th and 35th days onward (Figs. 1, 2, and 3). On the 50th
day, the concentrations of residual glucose increased signifi-
cantly (Figs. 12, 13, 14, and 15), and hence, the residual glu-
cose caused catabolite repression. Increasing of residual glu-
cose in a medium will increase the occurrence of catabolite
repression [9, 10]. As a result, there is inhibition in the cellu-
lase and lipase enzymes produced by the microorganisms and
a decrease in the reduction of the parameters (BODs, COD,
and TSS) was evident as a decline in the graph (Figs. 1, 2, and
3), but a small amount of the enzyme already produced is still
working, that is why the decline did not go down quickly.

Furthermore, lipase- and cellulase-producing microorgan-
isms were prone to catabolite repression in the presence of
residual glucose in the medium and thereby lead to the decrease
in the trend of the percent reduction of the parameters (BODs,
COD, and TSS) (Figs. 1, 2, and 3) in the POME sample which
was evident by the decline in the graphs of all the parameters
measured. Catabolite repression inhibits or represses the pro-
duction of hydrolytic enzymes of an organism in the presence
of residual glucose which will cause a decrease in the percent
reduction of the organic load (parameters) since the enzymes

— Strain 106PB

Bacillus_subtilis_gb_KF624694_1
Bacillus_subtilis_gb_KF624694_1_
Bacillus_subtilis_gb_JF495105_1

Bacillus_subtilis_gb KF8$31392_1
Bacillus_subtilis_gb_KC166863_1
Bacillus_subtilis_gb_KF241533_1
Bacillus_subtilis_gb_KF636527_1
Bacillus_subtilis_gb_AY583216_1

Bacillus_subtilis_gb_GQ305125_1
Bacillus_subtilis_gb_JN644613_1
Bacillus_subtilis_dbj AB735992_1

0.0003 Strain 106PB

Fig. 7 Phylogenetic tree of Bacillus subtilis 106PB based on 16S rRNA
gene sequence comparisons
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Fig. 8 Phylogenetic tree of
Aspergillus fumigatus 107PF
based on 18S rRNA gene
sequence comparisons

Strain 107PF

Aspergillus_fumigatus_gb_KC119199_1
Aspergillus_fumigatus_gb_EU664467_1
Aspergillus_fumigatus_gb_KC119200_1
Aspergillus_fumigatus_gb_GU594751_1
Aspergillus_fumigatus_gb_AY214446_1
Aspergillus_fumigatus_gb_HQ285578_1
Aspergillus_fumigatus_gb_HQ285569_1
Aspergillus_fumigatus_gb_AY373851_1
Aspergillus_fummgatus_dbj_AB369897_1
Aspergillus_fumigatus_gb_FJ810502_1
Aspergillus_fumigatus_gb_GU566242_1
Asperg]lns fumigatus_emb_FM999057_1
fumigatus_emb_FM999058_1
Aspergillus_fumigatus_emb_FM999059_1
Aspergillus_fumigatus_emb_FM999061_1
Aspergillus_fumigatus_gb_HQ026746_1
Aspergillus_fumigatus_gb_JF729022_1
Aspetgﬂlns fumigatus_gb_JX501382_1

;é

tina_sp DMRF_8_gb_KJ433667_1
Aspexg]lns fumigatus_gb_EU664467 1_
Aspergillus_fummgatus_gb_JX501388_1

0.0004

involved in the degradation process are inhibited [10].
Bockema et al. [24] have reported that Burkholderia glumae
strain PGI does not produce lipase in the medium containing
glucose suggesting that lipase gene expression in the strain PGI
was prone to catabolite repression. The presence of residual
glucose inhibited or repressed the production of lipase in the
medium, and hence, the degradative activity of the enzymes
was inhibited which led to a decrease in the reduction of the
organic load. In a similar study, Al-Gheethi [9] reported that
Sporosarcina pasteurii, B. subtilis, and Staphylococcus xylosus
lose the ability to produce cellulase in the presence of increased
glucose. In addition, Lynd et al. [53] reported that the produc-
tion of enzymes for the utilization of complex substrates, such
as cellulose, is induced only in the presence of the substrate (or
products thereof) but suppressed when easily utilizable sugars,
such as glucose, are available in the medium.

Allcock and Woods [11], Al-Gheethi [9], Al-Gheethi et al.
[10], and Bala [18] have reported that microbial strains can

Strain 109PF

Aspergillus_niger gb EF634376_1

Aspergillus_niger gb GQ259131_1

Aspergillus_niger gb EF661185_1

Aspergillus niger gb KF304798_1

Aspergillus_niger gb KF737862_1

Aspergillus_niger gb KF737863_1

Aspergillus_niger gb EF661186_1

Aspergillus_niger gb EF634375_1

Aspergillus_niger emb_AM270051_1

Aspergillus_niger emb_AM270052_1

Aspergillus_niger gb_GQ229077_1

Aspergillus_niger gb_KJ365316_1

Aspergillus_niger gb_KC119204_1
Aspergillus_sp_6_BRO_2013_gb_KF367541_1

Aspergillus_niger gb KF747362_1
IAsperg'llm_m'ger r_gb_JF838357_1
0.001 Strain 109PF

Fig. 9 Phylogenetic tree of Aspergillus niger 109PF based on 18S rRNA
gene sequence comparisons
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Strain 107PF

continually produce hydrolytic enzymes if they do not under-
go catabolite repression to degrade their substrate (cellulose)
and obtain the end-product (glucose) which can be detectable
as long as the degrading microbes produce the enzymes. Even
though microbes can utilize glucose for their survival (ener-
gy), it will be very less as compared to the production of the
glucose in the medium.

Biodegradation of Cellulose in POME Sample
HPLC Analysis

Biodegradability of cellulose was examined by high-
performance liquid chromatography (HPLC) analysis. The
sugars in POME were identified by using HPLC.
Identification of the three sugars was performed by comparison
of the retention time of the sugars in the POME sample and that
of the known standards. The HPLC profile of the sugars in
control and before treatment of raw POME revealed that glu-
cose and fructose were found in POME (Figs. 10 and 11). Other
retention time in the results denotes the presence of some sugars
also found in POME that were not identified. Ohimain et al.
[58] had reported the presence of sugars in POME.

Figures 12 and 13 and Figs. 14 and 15 revealed HPLC
chromatogram results of after treatment at the 25th and 50th
days for ABFC and BFSW respectively. The level of glucose
in the tested sample after treatment was determined by com-
paring the total peak area of the chromatogram of the tested
samples with that of the control [42]. If the peak level of
glucose increased compared to the control, this indicated cel-
lulose biodegradation in the tested sample (Beguin and Aubert
[22], [52, 74)).
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Fig. 10 HPLC chromatogram showing glucose and fructose with retention time of 9.480 (No. 6) and 11.750 (No. 7) respectively before treatment (raw
POME). Residual glucose peak height (h) 4.128 mV (day 1)

The HPLC chromatogram results for the peak levels of  with ABFC and BFSW indicates enzymatic hydrolysis of

glucose obtained in the tested sample as compared with the  cellulose in the POME by cellulases [40]. The bacteria and
control and before treatment suggested that after treatment ~ fungi in the present study were previously confirmed to
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Fig. 11 HPLC chromatogram showing glucose and fructose with retention time of 9.470 (No. 4) and 11.000 (No. 5) respectively in control sample.
Residual glucose peak height (h) 7.371 mV (50th day)
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Fig. 12 HPLC chromatogram showing glucose peak level after treatment with ABFC at 25th day. Glucose retention time (9.430: No. 7). Residual

glucose peak height (h) 11.007 mV

possess the ability to produce extracellular cellulase and
lipase on solid media by plate assay in our previous study
[13—18]. These enzymes (cellulase) are responsible for the
breakdown of cellulose in POME [80]. The breakdown of
carbon substrate such as cellulose by bacteria and fungi has
been previously reported [60]. The identified bacteria and
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fungi in the present study are associated with cellulase
production.

The composition of POME is mainly water, oil, suspended
solid, dissolved solid and sand [46], and total suspended solids
(TSS), as well as cellulose wastes [65], vegetative matter,
colloidal slurry of water, and solids including about 2%
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Fig. 13 HPLC chromatogram showing glucose peak level after treatment with ABFC at 50th day. Glucose retention time (9.960: No. 7). Residual

glucose peak height (h) 75.601 mV
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Fig. 14 HPLC chromatogram showing glucose peak level after treatment with BFSW at 25th day. Glucose retention time (9.420: No. 6). Residual
glucose peak height (h) 9.188 mV

suspended solids originating mainly from cellulose fruit de-  of the POME [45]. This, therefore, necessitates the degrada-
bris, that is, palm mesocarp [23]. The suspended solids in  tion of cellulose in POME by cellulase-producing bacteria and
POME which are the cellulosic material derived from palm  fungi. During degradation, cellulose in the POME is broken
mesocarp are organic in nature [29] and constitute about 50%  down and mineralized [71].
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Fig. 15 HPLC chromatogram showing glucose peak level after treatment with BFSW at 50th day. Glucose retention time (9.970: No. 6). Residual
glucose peak height (h) 30.913 mV
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After treatment with ABFC and BFSW at the 25th and
50th days, glucose peak was evident as a result of biodeg-
radation of cellulose in the POME sample as compared
with the control and before treatment (Figs. 10, 11, 12,
13, 14, and 15). During the enzymatic hydrolysis, cellu-
lose is degraded by the cellulases to reducing sugars pri-
marily glucose that can be fermented by yeasts/fungi or
bacteria to ethanol [74]. Cellulases refer to a class of en-
zymes produced mainly by fungi, bacteria, and protozoa
that are capable of decomposing cellulose into small frag-
ments, primarily glucose [44].

After treatment with ABFC at the 25th and 50th days,
peak area levels of glucose increased from the 25th day to
the 50th day (Figs. 12 and 13). It was also observed that
higher glucose peak area was obtained in the ABFC than
in BFSW on the 50th day indicating more degradative ac-
tivities in ABFC. This was evident in the 1000-mL experi-
ment where ABFC show significantly higher TSS reduction
than BFSW to validate the glucose high peak level in ABFC
during the HPLC analysis suggesting cellulose was degrad-
ed in both ABFC and BFSW. On the 50th day, higher glu-
cose peak levels were observed in both ABFC and BFSW
compared to that on the 25th day, control, and before treat-
ment (Figs. 10, 11, 12, 13, 14, and 15) suggesting that cel-
lulose was further degraded. Li and Ni [52] have reported
that cellulose in Dioscorea zingiberensis processing waste-
water was further and completely degraded by microorgan-
isms based on the observation of the absorbance peaks of
the wastewater sample after treatment during their study.
Similarly, Lynd et al. [53], Ray [66], Hii et al. [44], and
Dipasquale et al. [34] also reported that the enzymatic hy-
drolysis of cellulose requires the use of cellulase which con-
verts cellulose into glucose. Based on the aforementioned
results revealed in the present study by the HPLC analysis,
microorganisms in this study were able to attack native cel-
lulose in POME exhibited as TSS which represent the cel-
lulosic materials in POME to glucose.

The evidence of the increased glucose peak level in the
HPLC analysis (Figs. 12, 13, 14, and 15) suggests that the
microorganisms in the present study are known to be strongly
cellulolytic and are capable of solubilizing native cellulose. It
is now established that at least three different types of enzyme
known as cellulases are involved in the breakdown of native
cellulose to glucose. The enzymes include endoglucanases,
exoglucanases, and {3-glucosidases and it has been shown that
these enzymes are hydrolytic in character [79].

We intend to elucidate the specific function of these
enzymes in the overall process of enzymatic cellulose deg-
radation pathway. Figure 16 represents the pathway in-
volved in enzymatic degradation of cellulose to glucose
as corroborated by the HLPC results. Eq. 3.1 revealed
the reaction equation for the enzymatic hydrolysis of cel-
lulose to glucose.
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Fig. 16 Cellulose biodegradation pathway to glucose (modified from

Béguin and Aubert [22], Tomme et al. [76], Deobald and Crawford
[31], and Lynd et al. [53])

H+
(Cg H10 Og )y +nHz0 ——— nCq My Op
glucose
cellulose

Cellulase

(3.1)

Reaction equation for the enzymatic hydrolysis of cellulose
to glucose (modified from [21])

Endoglucanases (EG) cleave 3-glucosidic bonds at ran-
dom in the middle of cellulose molecules [53] (Fig. 16),
exoglucanases (exo-cellobiohydrolases) (CBH), hydrolyze
cellulose molecules stepwise either from the reducing or
the nonreducing ends [19, 21], liberate cellobiose subunits
[21] (Fig. 16) and [3-glucosidases, finally hydrolyze cello-
biose into glucose [21, 34] (Fig. 16) as detected by the
HPLC analysis in our present study. The colour of the
raw POME (brownish) was observed to change from
brownish (before treatment) to dark (after treatment) after
the treatment process. This could possibly be due to
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Fig. 17 Physical appearance of
POME before (left: brownish)
and after (right: dark) treatment
process

biodegradation by the microbes. Physical appearance of
POME before and after treatment process is presented in
(Fig. 17).

Conclusions

Results revealed that the mixed microbial consortium contain-
ing bacterial and fungal strains isolated from POME possesses
the ability to reduce organic load from POME. This reduction
trend of the parameters (BODs, COD, and TSS) in the present
study is positive to the biotreatment process of wastewater
such as POME. The potentiality of the mixed microbial con-
sortium in decreasing the parameters indicates the reduction in
the environmental organic load on the receiving water stream.

The breakdown of cellulose-based polysaccharides by
mixed microbial consortium into glucose suggests that micro-
organisms in the present study were able to attack native cel-
lulose in POME exhibited as TSS which represent the cellu-
losic materials in POME as an indication of biodegradation of
cellulose as a clean-up process of the tested POME sample.
Therefore, it is suggested that the use of mixed microbial
consortium will be an effective and eco-friendly technology
for the reduction of organic load from POME. Besides the
reduction potential efficiency of the mixed microbial consor-
tium, the present treatment proposal showed more advantages
since no additional physical or chemical treatment was re-
quired. The study would help in understanding the role of
indigenous bacteria and fungi strains from POME in biologi-
cal treatment technology of wastewaters such as those of oil
processing-like POME. These results, however, indicate the
prospect of isolating indigenous microorganisms in the
POME for effective biotreatment of POME. Hence, the indig-
enous microbial strains are promising organisms for industrial
applications. These microbes have direct applications in in-
dustrial process such as bioremediation and biodegradation
of oily wastewaters.

In a nutshell, more technically advanced research ef-
forts are required for searching, exploiting new bacterial
and fungal strains having plasmid-linked degradation

ability, and improving the practical application to prop-
agate the use of bacterial and fungal strains for biore-
mediation of industrial wastewaters. Most research on
bacterial and fungal potential to purify polluted waste-
waters has been performed on a laboratory scale; hence,
there is a need to extend such research to pilot scale and
to apply it to industrial processes. Furthermore, the pro-
cess should be scaled up to larger volume, in order to
confirm the applicability of the system. Therefore, the
work on pilot scale and the development of treatment
plants are to be encouraged for biotreatment of raw
wastewaters.
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