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Abstract

The Bacterial community structure and dynamics in a crude oil-polluted soil undergoing land farming was
monitored over a 56-day period to evaluate their role in different stages of bioremediation in order to develop better
remediation procedures. Hydrocarbon polluted soil was collected from the site of remediation in Ibaa community,
Rivers State Nigeria, on days 0, 9, 29, 36 and 56 during remediation. The Bacterial community structure at different
stages of remediation was compared to an unpolluted soil collected 70 meters away from the site undergoing
remediation. Metagenomic DNA samples from the soil were sequenced using lllumina MiSeq and analyzed using
the QIIME pipeline. Soil total petroleum hydrocarbons (TPH) and polycyclic aromatic hydrocarbons (PAHs) were
quantified as bioremediation progressed with GC-FID. The baseline TPH pre-remediation was 9,146.6 mg/kg which
reduced to 677.2 mg/kg on day 56 while the PAHs concentration reduced from 3,248.8 mg/kg pre-remediation to
356.5 mg/kg on day 56. Alpha diversity analysis using Shannon and inverse Simpson diversity indices revealed that
the sample collected on day 36 of bioremediation had the highest diversity and richness of organisms while that
taken on day 56 had the least diversity. Principal coordinate analysis showed that the polluted soil-pre-remediation,
the samples taken on days 0 and 9 during treatment clustered together. A gradual shift from the abundance of
Actinobacteria to the abundance of Proteobacteria was noticed during the preliminary stage of remediation (days
0-9) which became very rapid from the mid to late stages of the remediation process. This study demonstrated that
bacteria of the phylum Proteobacteria played key role in the remediation process immediately the polluted soil was
amended as their increasing abundance correlated with hydrocarbon removal from the site.

Keywords: Crude oil; In-situ bioremediation;
Bacterial structure; Land farming treatment

preferable because of low cost requirement and minimal side effects on
the environment [12,13].

Metagenomics;

Molecular tools and sequencing have been widely used in
determining the bacterial community structure and function and also
the catabolic capacity which may be related with the attenuation rate
[14,15]. Amongst all, high throughput technology such as illumina and
454 platforms were less widely used which gives comprehensive
information on the taxonomy and metabolic potential of bacterial
communities in contaminated environments [9,16,17]. Moreover, the
traditional PCR based tools provide information on a target group of
microorganisms such as either bacteria or fungi, high throughput
sequencing methods give more detailed information on the different
microbial capacities available with genomic DNA or amplicon-based
sequencing. In the last decades, metagenomics has been developed to

Introduction

Oil industries have contributed enormously in the pollution of
various ecosystems in Niger Delta, Nigeria. The severe pollution of the
environments through oil spillage has posed hazards to the populace
through the contamination of soils and aquifer [1]. Pollution of the
farmland, fisheries and water bodies are one of the major problems
that is associated with oil pollution because most of the people’s
livelihood depends solely on them [2]. Therefore, effort to negate the
impact of the pollution has led to the development of some techniques
like Land farming [3].

Field bioremediation is less expensive when compared with other
chemical methods of pollutant cleanups with no environmental impact
[4-6]. Water and carbon dioxide remain the resultant end products of
biodegradation. During bioremediation process, a number of indices
such as microbial counts and pollutant concentration monitored and
use to predict and conclude the success of the technology [6].

Environmental degradation caused by oil pollution has been a great
problem facing the oil-rich Niger Delta region of Nigeria [7,8]. Studies
have reported the environmental degradation caused by oil pollution
and their negative effects on biotic and abiotic components of the
ecosystem [9-11]. Several different physical and chemical methods are
used to restore the polluted sites to its original state (Riser-Roberts,
1998), however, bioremediation by land farming technique are

study the genetic potential and to determine the actively expressed
genes of an organism or mixture of organisms without the need to
culture them in the laboratory [18,19]. This technology has revealed
the composition and functioning of a number of poorly accessed and
explored microbial communities. Therefore, in this study, we used
metagenomics to analyze the bacterial community structures that are
involved in bioremediation of crude oil-polluted soil.

Materials and Methods

Study area

Polluted site that was undergoing remediation by land farming
treatments at Ibaa in Emohia Local Government Area of Rivers state,
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Nigeria. The pollution was as a result of pipeline vandalisation from
the restive youths of the community.

Sample collection

The hydrocarbon polluted soil was collected with 0-15 cm and 0-30
cm using soil auger [20] from different points at each phase of the
study under aseptic conditions [21]. The soil was collected from four
sampling points and mixed together to obtain homogenous mixture
after excavation.

The excavated soil was transported to Pharmacology laboratory and
Environmental microbiology laboratory of Niger Delta university and
University of Port Harcourt for molecular and microbiology/
physicochemical analysis, respectively while the amplicons were sent to
Ingaba, South Africa for 16S RNA Illumina Miseq.

Bioremediation study

Ibaa site, Rivers state: This was a 56 day bioremediation of the
polluted sites using remediation by enhanced natural attenuation
(RENA). There was no plate to show for in this site as a result of
insecurity in this region during the study period.

Microbiological analysis

Enumeration of total culturable heterotrophic bacteria (TCHB): The
spread plate method on plate count agar (Anatech Laboratories Ltd)
was used in the enumeration of heterotrophic bacteria [20].

Enumeration of total culturable hydrocarbon utilizing bacteria
(TCHUB): The enumeration of total culturable hydrocarbon utilizing
bacteria (HUB) was done on Bushnell Hass agar using the vapour
phase method.

Isolation, characterization and identification of hydrocarbon
utilizing bacteria: After enumeration, representative colonies of the
different morphological types that appeared on the plates after
incubation was carefully picked with a sterile inoculating needle and
sub-cultured to purify them. This was done by streaking aseptically,
onto freshly prepared nutrient agar plates. After incubation the purity
of the isolates was checked by subjecting them to the Gram staining
technique and molecular methods was used in identification.

The diversity of the bacteria was determined to species or strain
levels using Next generation Seguencing (Illumina Miseq platform) by
Inqaba, Pretoria, South Africa. Meanwhile the Polymerase Chain
Reaction (PCR) with appropriate primers was done at the Niger Delta
University Bedford, Bayelsa State.

Molecular identification

DNA extraction: Extraction was done using a ZR bacterial DNA
mini prep extraction kit supplied by Inqaba South Africa. Two
hundred and fifty mg of soil was added into a ZR Bashing Bead Lysis
tubes, 750 microlitre of lysis solution was added to the tube. The tubes
were secured in a bead beater fitted with a 2 ml tube holder assembly
and processed at maximum speed for 5 minutes. The ZR bashing bead
lysis tubes were centriguged at 10,000 xg for 1 minute.

Four hundred (400) microlitres of supernatant was transferred to a
Zymo-Spin IV spin Filter (orange top) in a collection tube and
centrifuged at 7000 xg for 1 minute. One thousand two hundred (1200)
microlitres of soil DNA binding buffer was added to the filtrate in the

collection tubes bringing the final volume to 1600 microlitre, 800
microlitre was then transferred to a Zymo-Spin IIC colum in a
collection tube and centrifuded at 10,000 xg for 1 minute, the flow
through was discarded from the collection tube. The remaining volume
was transferred to the same Zymo-spin and spun. Two hundred (200)
microlitre of soil the DNA Pre-Was buffer was added to the Zymo-spin
IIC in a new collection tube and spun at 10,000 xg for 1 minute
followed by the addition of 500 microlitre of soil DNA Wash Buffer
and centrifuged at 10,000 xg for 1 minute.

The Zymo-spin IIC colum was transferred to a clean 1.5 microlitre
centrifuge tube, 100 microlitre of DNA elution buffer was added to the
colum matrix and centrifuged at 10,000 xg microlitre for 30 seconds to
elute the DNA. The eluted DNA was transferred into a zymospin IV-
HRC spin filter placed in a 1.5 ml microcentrifuge and spun at 8000
rpm for 1 min. The ultra pure DNA was then stored at -20 degrees for
other downstream reaction.

DNA quantification: The extracted genomic DNA was quantified
using the Nanodrop 1000 spectrophotometer

16S rRNA amplification: PCR targeting bacterial V1-V3 hyper
variable region of 16S rRNA was done using universal primers 27F: 5’
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGTTTGAT
CCTGGCTCAG and 518R:5
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATTACCGC
GGCTGCTGG primers with adapters on a ABI 9700 Applied
Biosystems thermal cycler at a final volume of 50 micro litres for 35
cycles. The PCR mix included: the X2 Dream taq Master mix supplied
by Inqaba, South Africa (taq polymerase, DNTPs, MgCl), the primers
at a concentration of 0.4 M and the extracted DNA as template. The
PCR conditions were as follows: Initial denaturation, 95°C for 5
minutes; denaturation, 95°C for 30 seconds; anealing, 52°C for 30
seconds; extension, 72°C for 30 seconds for 35 cycles and final
extention, 72°C for 5 minutes. The product was resolved on a 1%
agarose gel at 120 V for 15 minutes and visualized on a UV
transilluminator.

Sequencing: Sequencing was done on an Illumina Miseq platform
by Inqaba, Pretoria, South Africa.

Protocols for DNA sequencing using Illumina Miseq platform: See
supplementary materials.

Soil physicochemical analysis

The Physicochemical properties of the polluted site were
determined at the beginning of the study in order to have a baseline for
the soil characterization. The following parameters were determined
and monitored; soil pH (digital pH meter; Jenway 3015, United
Kingdom)), total organic carbon (Nelson and Sommers 1975), Nitrate
(Brucine method as reported by UNEP, 2004), Phosphate
(Colorimetric method as adopted by UNEO, 2004), total petroleum
hydrocarbon [22], polyaromatic hydrocarbons and bacterial indices
(total heterotrophic bacterial count; total hydrocarbon utilizing
bacterial).

DNA extraction, library construction and metagenomic
sequencing

The DNA for metagenomic analysis was extracted from the samples
using a ZR bacterial DNA mini prep extraction kit supplied by Inqaba
South Africa. Two hundred and fifty mg of soil was added into a ZR
Bashing Bead Lysis tubes, 750 microlitre of lysis solution was added to
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the tube. The tubes were secured in a bead beater fitted with a 2 ml
tube holder assembly and processed at maximum speed for 5 minutes.
The ZR bashing bead lysis tubes were centriguged at 10,000 xg for 1
minute.

Four hundred (400) microlitres of supernatant was transferred to a
Zymo-Spin IV spin Filter (orange top) in a collection tube and
centrifuged at 7000 xg for 1 minute. One thousand two hundred (1200)
microlitres of soil DNA binding buffer was added to the filtrate in the
collection tubes bringing the final volume to 1600 microlitre, 800
microlitre was then transferred to a Zymo-Spin IIC colum in a
collection tube and centrifuded at 10,000 xg for 1 minute, the flow
through was discarded from the collection tube. The remaining volume
was transferred to the same Zymo-spin and spun. Two hundred (200)
microlitre of soil the DNA Pre-Was buffer was added to the Zymo-spin
IIC in a new collection tube and spun at 10,000 xg for 1 minute
followed by the addition of 500 microlitre of soil DNA Wash Buffer
and centrifuged at 10,000 xg for 1 minute.

The Zymo-spin IIC colum was transferred to a clean 1.5 microlitre
centrifuge tube, 100 microlitre of DNA elution buffer was added to the
colum matrix and centrifuged at 10,000 xg microlitre for 30 seconds to
elute the DNA. The eluted DNA was transferred into a zymospin IV-
HRC spin filter placed in a 1.5 ml microcentrifuge and spun at 8000
rpm for 1 min. The ultra-pure DNA was then stored at -20 degree for
other downstream reaction.

Sequencing

Sequencing was done on an Illumina Miseq platform by Inqaba,
Pretoria, South Africa.

Statistical analysis

Statistical analyses were carried out using Statistical package for
social sciences (SPSS, Version 17.0). Analysis of variance (ANOVA)
was carried out at 95% level of confidence using statistical package for
social sciences.

Results

Site description and microbiological properties of crude oil
polluted soil

The Baseline Physicochemical and Microbiological properties of
crude oil polluted soil in Ibaa community are presented in Table 1
while the Physicochemical and Microbiological properties during
bioremediation monitoring are shown in Table 2. The baseline TOC of
the site was 5.647 + 0.12%, while the control was 1.973 + 0.08% which
revealed an increase in TOC because of the pollution (Table 1). The
PAHs and TPH of the polluted soil decreased progressively with time
during treatments (Table 1). The study of TPH from the baseline to the
end of the study was done using gas chromatography frame ionization
detection. The TPH and PAHs concentrations at the baseline, day 0, 9,
29, 36, 56 and control, the TPH and PAHs concentrations were 9146.6
+ 20.19 mg/kg and 3453.9 + 43.12 mg/kg, 8635.68 + 19.56 mg/kg and
3248.2 + 19.97 mg/kg, 6125.7 + 17.79 mg/kg and 2750.1 + 15.03
mg/kg, 4171.9 + 2011 mg/kg and 1894.2 + 9.04 mg/kg, 2435.2 + 13.7
mg/kg and 1177.9 + 17.03 mg/kg, 677.2 + 4.98 mg/kg and 356.5 + 6.12
mg/kg, 479.7 + 2.33 mg/kg and 2797 + 3.06 mg/kg, respectively (Tables
land2).

Samples Parameters
pH TOC NO3- PO,% TPH PAH THBC THUBC

Baseline 5.03 £ 0.01 5.647 £0.12 0.833 + 0.003 8.105+ 0.21 9146.6 £20.19 | 3453.9+43.12 | 6.70x102+0.4 | 1.36 x 102 +
0.08

Polluted day| 4.82 £ 0.03 5.068 +0.18 0.667 + 0.005 10.834 £ 0.14 8635.68 + 19.56 | 3248.8+19.97 | 7.50 x 10% +|580 x 102 *

zero h 0.211 0.11

Unpolluted 6.12+0.03 1.973 £ 0.08 3.841+0.08 20.521 +0.37 479.7 +2.33 279.7 + 3.06 84x10+07 | 140 x 102 %

(CTRL) 0.09

Table 1: Baseline Physicochemical and Microbiological properties of crude oil polluted soil in Ibaa Community. Data in the table represent mean
of triplicate values. Values with the same superscript letter(s) in a given column are significant at the 0.05 level, whereas values with different
superscript letter(s) or combinations of letters in a column are not significant at the 0.05 level. Legend: THBC; Total petroleum bacterial count,
NO57; Nitrate concentrations, PO,3; TOC; Total organic carbon, pH; Hydrogen ion concentration, Phosphate concentrations, HUBC;
Hydrocarbon utilizing bacterial count, TPH; Total petroleum hydrocarbons, PAHs; Polycyclic aromatic hydrocarbons

Samples Parameters

TPH PAH

THBC THUBC

Treatment 9

6125.7 £ 17.79

2750.1 £ 15.03

2.3x104£0.15

3.60 x 102+ 0.14

Treatment 29

4171.9 £ 20.11

1894.2 £ 9.04

8.40 x 10%+0.08

7.10 x 10% + 0.06

Treatment 36

2435.2 £13.17

1177.9+£17.03

50x105+0.3

1.50 x 103+ 0.15
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Treatment 56 677.2+4.98 356.5+6.12 4.20 x 103 £ 0.05 3.30 x 102+ 0.3

Table 2: Physicochemical and microbiological properties of crude oil polluted soil during bioremediation monitoring in Ibaa community. Data in
the table represent mean of triplicate values. Values with the same superscript letter(s) in a given column are significant at the 0.05 level, whereas
values with different superscript letter(s) or combinations of letters in a column are not significant at the 0.05 level. Legend: THBC; Total
petroleum bacterial count, THUBC; Total hydrocarbon utilizing bacterial count, TPH; Total petroleum hydrocarbons, PAHs; Polyaromatic
hydrocarbons.

OTU based analysis of Alpha diversity of the various samples

After quality screening to remove sequencing errors and chimeric Observed Chaot Shannon InvSimpson
sequences, the samples were rarefied to even number of 115 to ® 1500 - @® ®
accommodate all the samples (Figure 1). the total number of OTUs
were 4258 while the total number of counts were 22727. The summary 44 70-
of microbial counts per sample is showm below PS36: 153.0, PSBL: 90~ e
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100 29; polluted soil day 29, PS 36; polluted soil day 36; PBSL; polluted
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Figure 1: Rarefaction curve of even sampling depth obtained from
sequences data. Legend: Ctrl; control, PS0; polluted soil day 0, PS 9; @ e

polluted soil day 9, PS 29; polluted soil day 29, PS 36; polluted soil 41 70®
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Bacterial diversity: The alpha diversity measure was carried out
using different diversity indices (Figure 2) and compared with THBC
from culture dependent method. This showed a high bacterial diversity
increase at day 29 followed by day 36 during treatments and a 1 il 1 «- .
corresponding and progressive increase of THBC from culture
dependent method (Figure 3). Also when compared with TPH, we
observed a progressive decrease from 9146.5 to 677.2 during PSBL and
PS56, respectively (Figure 3).

L @ 61257

Alpha Diversity Measure
®

5o @ o772
‘ 863568
500~ ® 91466

samples

. . . . Figure 3: Alpha diversity measure using various diversity indexes
Welghted un.lfrac PCoA plot comparing the samples during during the 56 days bioremediation. Legend: Ctrl; control, PS0;
bioremediation polluted soil day 0, PS 9; polluted soil day 9, PS 29; polluted soil day

Principal Coordinates Analysis (PCoA)/NMDS (Non-metric multi- 29, PS 36; polluted soil day 36; PBSL; polluted soil baseline.

dimentional scaling) is a technique that helps to extract and visualize a
few highly-informative components of variation from complex,
multidimensional data.

This is a transformation that maps the samples present in the
distance matrix to a new set of orthogonal axes such that a maximum
amount of variation is explained by the first principal coordinate, the
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second largest amount of variation is explained by the second principal
coordinate, (Figure 4). The principal coordinates can be plotted in two
or three dimensions to provide an intuitive visualization of differences
between samples.

pC2 (22.31 %)

%s36

.PSZ‘B 1759 $SBL

%so

530 PC1 (54.16 %)
PC3(9.59%)

L3

Figure 4: Principal component analysis (PCOA) of the samples to
determine sample relatedness. Legend: PS0,9, 29, 36, 56; Polluted
soil day 0, 9, 29, 36, 56, PSBL; Polluted soil baseline, Ctrl; Control.

This showed the samples spread based on how related they are. In
the first principal component (PC1 54.16%), the samples (PSO, PS9,
PSBL) together which showed that they are polluted and are from a
single source. The PC2 (29.59%) showed the distance between the
samples (PS36, PS29, PS56) which was as a result of the changes as the
remediation progresses. Meanwhile, the PS56 was further away from
the CTRL because the CTRL was taken 80 km away from the polluted
soil.

Samples Taxa
TPH
& A Taxa
8 2435.2
— c 41719
o 479.7
E 6125.7
F 677.2
o 863568
H 9146.6
0.2-
o
8 Phylum
= y
=z R o8 R ® Samples
* Acidobacteria
# Actinobacteria
00 * Bacteroidetes
& Cyanobacteria
e * Firmicutes
L) @ Nitrospirae
* Planctomycetes
-0.2- @ Proteobacteria
ps20 plss e TM7
*ﬂl?ﬁ OE]D DIZS O;')D AOIZS f}lGG 0.25 O:SG
NMDS1
Figure 5: NMDS plot to determine sample relatedness and the taxa’s
responsible for the sample spread. Legend: TPH; Total petroleum
hydrocarbon; Alphabet A-H represent different concentrations of
TPH; Colours represent different bacteria Phyla.

Moreover, the NMDS split plot (Figure 5) was used to determine the
sample relatedness and the taxa’s responsible for the sample spread. In

Figure 4.1, there were changes in the PS during the remediation as
remediation progresses with their respective phyla and changes in
TPH. The polluted soils (PSO, PS9, PSBL, PS29) were all clustered
together and PS36, PS56 and CTRL were distant from each other
which showed that the remediation was successful and loss of TPH
achieved.

Bacterial distribution and abundance study

Figures 6a and 6b showed the representative of the phyla and top
five phyla encountered from the study. All the five phyla were present
in polluted soil baseline (PSBL) but the growth of Cyanobacteria was
not encouraged during the treatments. However, TM6 and TM7 are
unclassified organisms that are novel. Figures 6a and 6b have shown
that there was a shift in bacterial communities as remediation
progressed. Proteobacteria was generally the most abundant phylum
during remediation (PS29, PS36, PS56) while Actinobacteria was
predominant in PSBL, PS0 and PS9.

| Gemmatmonadstes
Panciomyores.
[JProtacesa
g
B
[ vemccriona
o

=
=

P
fg

Phyum

Figure 6a: Bacterial phyla associated with petroleum hydrocarbon
degradation.

o Pso Ps29 Ps3s Psse Pso PSBL
200 -
Phylum
8 Addohncsng
s Actinobacteria
3
g Cyancbacteria
2 100- Firmicutes
Protecbacteria
o “

Phylum

Figure 6b: Abundance study of Top five phylum encountered from
the study.

Also, Acidobacteria dominated the control sample and was the least
predominant (low abundance) in PSBL while treatments slightly
encouraged their growth. Treatments do not encourage the growth of
Firmicutes and Cyanobacteria, but they still remain present in the
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polluted soil. The Proteobacteria abundance at class level from all the
samples (Figure 6¢) showed that Alphaproteobacteria were the most
predominant followed by beta and gammaproteobacteria.

Ctri PSO PS29 PS36 PS56 Ps9 PSBL
200~
Class
® [ Aphaproteobacteria
E Bexaurmscbaclana
8
5 Deltaproteobacteria
<2 100- Gammapramonacmna
D D l
Phylum
Figure 6c: Proteobacteria abundance at the class level from all the
samples.

The NMDS plot revealed the sample relatedness and taxa’s
responsible for the sample spread (Figure 5). The samples PS0, PS9 and
PSBL were closely related while as remediation progressed there was a
change among the samples PS29 and PS36. Also, PS 56 and control was
distant away from the polluted soil which revealed eco-restoration of
the polluted site. Moreover, different phyla responsible for the spread
were also identified.

The hierarchical heat map at phylum level revealed the microbial
community structure of the samples at a glance (Figure 7). The PSO0,
PSBL and PS9 were closely related as well PS29 and PS36 while PS56
represent the root of all the samples and contain all the component of
other samples (Figure 7). The colours indicate the relative abundance.
Light and dark green colours indicate high and low abundance level,
respectively. The abundance study showed that Proteobacteria
dominate during the treatments followed by Actinobacteria and
Firmicutes. Meanwhile Acidobacteria predominate the control.

Color Key

cont

0 40

-2 012
Column Z-Score

Figure 7: Microbial community structure of the samples obtained
from Ibaa community at a glance.

The Phylogenetic analysis of the samples during treatments (PS29,
PS36 and PS56) corresponded with the abundance study. Meanwhile
the phylogenetic analysis of PSBL, PSO and PS9 indicate that
Actinobacteria dominate followed by Proteobacteria and Firmicutes
while control Proteobacteria, predominates followed by Acidobacteria,
Actinobacteria and Firmicutes.

Box plot analysis of Ibaa polluted site was carried out to determine
and compare the richness of the samples as designated polluted and
unpolluted (Figure 8). True represent the unpolluted while false
represent polluted. The minimum and maximum extent of the box
represents the first and third quartiles, respectively while the centre
lines indicate the median value. Also, the bars represent the minimum
and maximum extent of the data.

Chao1 ACE Shannon Simpson
0.98-
400-
600~ 375- r
W Samples
2 300- 0961 e+ e
S 3.50- 1 pso
3 404 I:;:l £ Ps29
4 F+ P36
3 200 3.25 |:| [+ Pss6
% 0.94- PS9
< 200~ o+ PSBL
3.00- .
100-
0 | 275- | 0.821 |
2 3 2 3 2 3 2 3
g m R & b & R &
Sample_Condition
Figure 8: Box plot comparing richness of the samples designated as
polluted and those of unpolluted samples. Legend: Ctrl; control,
PSO0; polluted soil day 0, PS9; polluted soil day 9, PS29; polluted soil
day 29, PS36; polluted soil day 36; PBSL; polluted soil baseline.

Discussion

The bacterial community composition and diversity of crude oil
polluted site (Ibaa, Rivers state) undergoing remediation by enhanced
natural attenuation were monitored in a 56-day bioremediation study.
A number of studies have been done on laboratory scale to
bioremediate a polluted media [23-25] and one of the challenges of
laboratory scale studies is that some of the environmental conditions
on site cannot be recreated in the laboratory. Also, not all
microorganisms can be cultured and grown on petridish. Studies have
shown that only 1% of microorganisms are culturable i.e., only 99.9%
are viable but non culturable (VBNOC). Similarly, Ghosal et al. [26]
stated that the use of modern microbiological and molecular
techniques over the past 40 years so far showed that only an extremely
small fraction (<1%) of the total microbial diversity has been cultivated
from all habitats investigated while culturing novel environmental
microorganisms is indispensable [27]. In view of all these, the
bioremediation monitoring of crude oil-impacted site undergoing
remediation by enhanced natural attenuation using high-throughput
functional genomics and sequencing platforms were investigated in
this study.
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The baseline pH of the crude oil polluted site was documented to be
basic soil and studies have shown that the optimum pH for
bioremediation is basic. Therefore, the sites have the basic pH
requirement for optimum bioremediation.

Conductivity studies in bioremediation experiments both in-situ
and ex-situ is related to salinity but it is often used than salinity as a
result of ease of measurement [28].

The total organic carbon (TOC) measured as percentage total
organic carbon (%TOC) is an alternative analytical method for
measuring oil and grease and or total petroleum (TPH). It is a measure
of the total extractable carbon present in a sample. It is worthy to
categorically state the %TOC is just an integral parameter used with
other parameters to study bioremediation, for it is not precise on its
own. However, since this is an in-situ bioremediation where natural
attenuation process such as photo-oxidation, volatilization, dispersion,
oxidation, spreading and evaporation must have acted on the total
organic carbon in ways that reduced TOC presence and availability in
the polluted soil.

The decrease in TPH and PAH was as a result of enhancement
during bioremediation and actions of weathering processes such as
volatilization, evaporation and utilization by microorganisms which
led to increase in microbial populations (THBC and THUBC).
Ezekoye et al. [23,24] in their laboratory studies concluded that
biostimulation through utilization of organic and inorganic nutrients
and management of parameters such as aeration and moisture content
revealed that the indigenous soil bacteria responded to nutrient
amended evidenced by increased counts recorded in the amended
treatments and removal of hydrocarbons.

It is not surprising that at day 0, there was loss of petroleum
hydrocarbons. At day 0, bioremediation has not actually begun, but
other weathering processes such as photo-oxidation, volatilization and
evaporation amongst others are actively acting on the pollutant. Their
effects are usually associated with breaking down or weathering of
crude oil in the environment. On day 29 of this study, during
treatments, active biodegradation has set in and loss of TPH increased
significantly and progressively towards the 56 day.

In a laboratory, Okoro [29] studied bioremediation in Escravos
mangrove swamp polluted by crude oil using NPK fertilizer. The
scholar reported a decrease in the mean total petroleum hydrocarbon
from 5360 ppm to 2360 ppm at zero hour to 5" week of study,
respectively. It was reported that inclusion of biosurfactant established
a significant biodegradation after 7 days of application of the
biosurfactant and NPK oleophilic fertilizer. In a crude oil
contaminated agricultural soil at Federal University of Technology,
Owerri Nigeria; the amendment of 100 grams of contaminated soil
with 30 grams of organic nutrient (poultry wastes) led to the loss of
40% total petroleum hydrocarbon [30]. In a tropical crude oil polluted
soil undergoing bioremediation, Chikere et al. [31] observed that the
use of NPK fertilizer, urea fertilizer and poultry wastes effectively
stimulated bacterial organisms into utilization of the pollutant. In a
laboratory scale bioremediation of phenol, Singh and Fullekar [32]
observed that cow dung can assist in the degradation of about 500 mg/1
of phenol completely within 120 hours.

The effect of biostimulation through the utilization of inorganic
nutrients, and management of other parameters like aeration and
moisture content showed that indigenous soil bacteria responded to
nutrient amendment evidenced by increased counts recorded in the
amended treatments and decrease in petroleum hydrocarbons.

However, oil contaminated control (CTRL) demonstrated similar
hydrocarbon degradation as the nutrient amended treatments which
may not be unconnected with the terrain of the oil rich Niger Delta
occasioned by increased multifarious activities of the oil and allied
industries. Hydrocarbon-laden outfalls from these activities enrich the
natural ecosystem with hydrocarbon degraders such that the bacterial
communities respond rapidly to subsequent input of hydrocarbons by
using them as sole source of carbon and energy.

The initial decrease in total culturable heterotrophic (TCHBC) and
total hydrocarbon utilizing bacterial count (THUBC) between the
polluted baseline and control has confirmed the toxic impacts of
hydrocarbon in indigenous microbial flora which is in accordance with
the reports by previous studies [23,24,33-36].

The findings obtained from the study showed that treatments or
RENA during bioremediation induced shifts in the bacterial structure/
community with concomitant degradation of the hydrocarbons. The
same trend was also observed in previous laboratory studies
[23,24,33,37-39], who reported that there is always an increase in the
population density of hydrocarbon utilizers in the ecosystems exposed
to crude petroleum and petroleum products. Also, the populations of
hydrocarbon utilizers in treatments were higher when compared with
the control (without amendment). Increases in bacterial counts (for
both TCHB and TCHUB) in crude oil polluted soil amended with
organic and inorganic nutrient sources have been reported by other
researchers. The physicochemical characteristics of the crude oil
polluted site indicate that the hydrocarbon utilizing bacteria in crude
oil polluted soil was relatively adequate for bioremediation. This
observation was in-line with Ebuehi et al. [3].

The response of the indigenous hydrocarbon utilizing bacteria to the
RENA was generally positive with higher population occurring
progressively as time elapsed. The bacteria exhibited ability to degrade
or utilize the different petroleum hydrocarbon components as sole
carbon sources [24]. The hydrocarbon utilizing bacteria identified
using Illumina Miseq includes Proteobacteria, Actinobacteria,
Acidobacteria, Firmicutes and Planctomycetes.

Next Generation Sequencing (NGS) has revolutionized the field of
microbiome research [40-45]. Over the last decade, NGS has become a
faster, more accurate, and cost-effective tool for the study of complex
microbial communities [46].

In this study, with the aim of developing a high-throughput
polyphasic monitoring techniques that will be suitable and acceptable
by regulatory bodies (DPR and NOSDRA) for evaluating the success of
pollutant degradation during RENA, we investigated oil-contaminated
site using illumina Miseq technique. This technique generates the
highest number of reads per run. Phylogenetic and functional gene
evidence indicates that Proteobacteria and Actinobacteria were the key
hydrocarbon and polyaromatic degradation in crude oil polluted site
(Figures 5a-6).

From our microbial community sequencing results, Proteobacteria
remain the candidate phylum in day 9, 36 and 56 while Actinobacteria
dominate PS baseline, day 0 and 29. Meanwhile Acidobacteria
predominate US baseline and other few phylum that play a chief role in
the hydrocarbon degradation and metabolism during in-situ
bioremediation monitoring (Figures 5a-5c). A recent review study by
Gkorezis et al. [47] reported that Proteobacteria are a diverse group of
organisms that include hydrocarbonoclasts and plant growth
promoting bacterial (PGPB) species [48]. In their review they
concluded that the ability of bacteria to degrade hydrocarbons is
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attributed to the presence of catabolic genes and enzymes, which allow
them to utilize the complex chemicals found in petroleum mixtures for
carbon and energy.

In this study, there was a bacterial shift in the microbial
communities as remediation progressed. Proteobacteria was the most
abundant phylum in all the samples during the study period. There was
less bacterial diversity in pre-remediation while high bacterial diversity
was observed during remediation. Interestingly, acidobacteria was the
least predominant (low abundance) in pre-remediation soil but
increased progressively during remediation and thereafter decreased
slightly in post —~remediation (Figure 5b). Also, Firmicutes decreased in
abundance during remediation and increased in post remediation soil.
This result showed that hydrocarbon pollution has high toxic impacts
on acidobacteria while nutrient enhancement encourages their growth.
Meanwhile the decrease in abundance of Firmicutes during
remediation might be attributed to the toxic effect of oxygen which was
created during tilling of the soil which suggests that they are anaerobic
bacteria. However, ADS, OP3, TM7, and WPS-2 are unclassified
organisms that are novel. Similarly, other studies by Toth and Gieng
[49] revealed a shift in microbial community composition during the
17-month incubation of under simulated reservoir condition in oil
amended culture. In their study they revealed that Firmicutes and
Euryarchaeota were the most abundant over time. Comprising 60 and
74% of quality sequence reads in both oil amended cultures.

The principle behind biostimulation as a method to increase crude
oil degradation relies on establishment of favourable environmental
conditions for hydrocarbonoclastic bacterial communities through the
addition of nutrients [47,50-54].

Several authors have investigated the impacts of in situ
biostimulation treatments on bacterial diversity to understand the
relationships between the dominance, physiology and function of
specific genera able to degrade contaminants of concern [47,55,56].
These observations suggest that identifying the key players that drive
community structure is a prerequisite to comprehend, model, monitor
and control biostimulation [57].

Our overall results revealed that microbial indices are very
important in clean up or bioremediation of crude oil polluted sites as
such play a key role in hydrocarbon degradation and metabolism.
Microbial community sequencing identified Proteobacteria as key
hydrocarbon degrader under RENA. Also, other phyla such as
Actinobacteria and Acidobacteria play important roles in hydrocarbon
degradation and metabolism expanding an existing knowledge of the
diversity of hydrocarbon degrading consortia.

This study also showed that the ability of these bacteria to degrade
hydrocarbon is attributed to the presence of catabolic genes which
allows them to utilize the complex chemicals found in the crude oil
mixtures for carbon and energy. This was in accordance with the
review by Gkorezis et al. [47] on the Interaction between Plants and
Bacteria in the Remediation of Petroleum Hydrocarbons: An
Environmental Perspective.

Generally, there is a positive link between the relative abundance of
the genes associated with pollutant removal and the efficiency of
bioremediation. However, sometimes it is possible that the genes
associated with pollutant removal can be present but not expressed.
Therefore, there is an increasing interest in quantifying the mRNA for
key catabolic genes via real time PCR [26,58]. The knowledge of the
catabolic potential of a contaminated site virtually remains unknown

by using culture-dependent techniques.
metagenomics reduces the bottleneck.

High throughput

Recently, bioremediation has become an intense area of research.
However, more advancement has to be made in developing practically
efficient microbial bioremediation framework or protocols.

Conclusion

The contribution of bacterial in hydrocarbon removal was observed.
This study demonstrated that Proteobacteria probably played key role
in the remediation of a polluted site with a shift in bacterial
community during the remediation process.

Recommendation

Interdisciplinary/multidisciplinary =~ supervision ~ should  be
encouraged to widen the knowledge of the researcher. Also, Ecotoxicity
assays should be conducted in assessing remediated site before it is
certified clean or closed out.
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