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Abstract

The effects of corn steep liquor (CSL) on hydrocarbon degradation and microbial community structure and function was
evaluated in field-moist soil microcosms. Chronically polluted soil treated with CSL (AB4) and an untreated control (3S)
was compared over a period of 6 weeks. Gas chromatographic fingerprints of residual hydrocarbons revealed removal of
95.95% and 94.60% aliphatic and aromatic hydrocarbon fractions in AB4 system with complete disappearance of nC,—
nCq, nC,, nC,5, nC,,—nC,; aliphatics and aromatics such as naphthalene, acenaphthylene, fluorene, phenanthrene, pyrene,
benzo(a)anthracene, and indeno(123-cd)pyrene in 42 days. In 3S system, there is removal of 61.27% and 66.58% aliphatic
and aromatic fractions with complete disappearance of nC, and nC,, aliphatics and naphthalene, acenaphthylene, fluorene,
phenanthrene, pyrene, and benzo(a)anthracene aromatics in 42 days. Illumina shotgun sequencing of the DNA extracted
from the two systems showed the preponderance of Actinobacteria (31.46%) and Proteobacteria (38.95%) phyla in 3S and
AB4 with the dominance of Verticillium (22.88%) and Microbacterium (8.16%) in 3S, and Laceyella (24.23%), Methylosinus
(8.93%) and Pedobacter (7.73%) in AB4. Functional characterization of the metagenomic reads revealed diverse metabolic
potentials and adaptive traits of the microbial communities in the two systems to various environmental stressors. It also
revealed the exclusive detection of catabolic enzymes in AB4 system belonging to the aldehyde dehydrogenase superfamily.
The results obtained in this study showed that CSL is a potential resource for bioremediation of hydrocarbon-polluted soils.

Keywords Corn steep liquor - Hydrocarbon-polluted soil - Soil microcosm - Illumina shotgun sequencing - Microbial
community structure - Bioremediation

Introduction

Hydrocarbon pollution is a widespread problem ravaging
diverse environmental matrices. While various physico-
chemical methods have been deployed to remediate hydro-
carbon-polluted environments with relative success, the need
for less destructive, environmentally friendly, cheap, tech-
nologically less demanding, green technology have attracted
significant attention (Salam et al. 2015). Bioremediation, the
utilization of catabolic competence of microorganisms to
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depurate polluted environmental compartments (Habe et al.
2001; Salam et al. 2015), is a green technology that have
found applications in large scale pollution events such as the
Exxon Valdez and Gulf of Mexico oil spills with outstanding
successes (Pritchard et al. 1992; Fox 2011). However, there
are isolated small-scale releases via indiscriminate disposal
from automobile workshops, seepages from leaked pipe-
lines and oil tankers among others that often go unnoticed
and rendered hectares of arable land and aquatic environ-
ments unfit for agriculture and other activities (Obayori et al.
2015).

One of the major factors militating against efficient bio-
degradation of hydrocarbon pollutants even in the presence
of biodegrading microorganisms is the availability of limit-
ing nutrients. These nutrients are always limiting due to its
massive demand by every member of the microbial com-
munity for various metabolic activities and other cellular
processes (Andrew and Jackson 1996). In addition, such
nutrients, even when present, are not bioavailable to the
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biodegrading community as they readily form complexes
with the hydrophobic hydrocarbons (Obayori et al. 2008,
2015). Various nutrient sources rich in macronutrients have
been used as biostimulants to enhance biodegradation of
hydrocarbon pollutants. These include NPK fertilizers, poul-
try droppings, pig dung, spent mushroom compost, natural
rubber processing sludge, fish bones, cassava steep liquor,
and corn steep liquor (Amadi and Bari 1992; Okolo et al.
2005; Philp et al. 2005; Yakubu 2007; Adebusoye et al.
2010; Obayori et al. 2015). With exception of NPK fertiliz-
ers that are relatively costly, these nutrient sources, which
are mostly waste materials are cheap, rich in nutrients and
readily available.

Corn steep liquor (CSL), a liquid mixture made of water-
soluble components of corn steeped in water is a viscous
liquid generated as a by-product of corn wet-milling. It is
very rich in nutrients such as proteins, amino acids, carbohy-
drates, vitamins, and minerals required by microorganisms
and is an excellent source of organic nitrogen (Liggert and
Koffler 1948; Chiani et al. 2010; Saha and Racine 2010).
Historically, CSL has been used as an added source of nutri-
ent in livestock feed, fermentation processes, antibiotic pro-
duction and is also a component of growth media, fertilizers
and soil conditioners (Liggett and Koffler 1948; Lawford and
Rousseau 1997; Filipovic et al. 2002; Obayori et al. 2010;
Maddipati et al. 2011). In Nigeria, CSL is a waste liquid by-
product generated from corn meal slurry production and is
also used in preparations of herbal concoctions and decoc-
tions (Obayori et al. 2010).

In hydrocarbon-polluted soils inundated with high doses
of diverse classes of hydrocarbons, the microbial community
structure suffered qualitatively and quantitatively. This is
partly due to the varied composition and concentration of
the pollutants and the differences in catabolic competence of
members of the community (Bossert and Bartha 1984; Alex-
ander 1999; Maier et al. 2000). The need to design appropri-
ate bioremediation strategy requires adequate knowledge of
the microbiota of polluted environment. The use of tradi-
tional culture-based approach though fast and cost-effective
captures < 1% of the microbial community, and may give
erroneous and misleading conclusions on the microbial
community structure of the environment (Trevors 1998;
Tabacchioni et al. 2000). The advent of culture-independent
metagenomic approach particularly shotgun next generation
sequencing not only provide information on the organisms
present in the community but also the possible metabolic
processes. Aside from the fact that this method is cheaper
and enables identification of novel biomolecules with inter-
esting functions and diverse applications (Streit and Schmitz
2004; Bashir et al. 2014), it also gives unprecedented insight
into the genetic potentials of microbial communities as well
as underrepresented populations (Handelsman 2004; Oulas
et al. 2015).
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Quantum of reports exist detailing the use of cheap nutri-
ents to enhance the degradation of hydrocarbon pollutants
in freshly polluted and chronically polluted soils (Amadi
and Bari 1992; Okolo et al. 2005; Obayori et al. 2010, 2015;
Adebusoye et al. 2010). However, these reports utilized cul-
ture-based approach in elucidating the microbial community
involved in the degradation process. In addition, none of the
existing studies elucidate the functional properties of the
polluted soil prior to and after treatments with the cheap
nutrient sources. Here, we report the use of a cheap nutrient
source, CSL as a biostimulant to enhance the degradation of
hydrocarbons in a chronically polluted soil and elucidate its
effect on the microbial community structure and function.

Materials and methods
Sampling site description

Polluted soil samples were collected from an automobile
workshop at Taiwo, Ilorin, Nigeria. The coordinates of the
sampling site were latitude 8°28’' 42.4”N and longitude
4°32'15.6”E. The site has a long history of contamination
with indiscriminately disposed spent oils spanning a period
of more than 10 years.

Preparation of corn steep liquor (CSL)

Healthy maize grains (Zea mays) were obtained from a farm
produce store in Ilorin, Nigeria. Corn steep liquor was pre-
pared by soaking 500 g of thoroughly washed maize grains
in 1 1 of water for 48 h. It was thereafter grounded in a
blender and left at room temperature. After another 48 h,
the suspension was mixed thoroughly, strained in a domestic
sieve and the liquor obtained was made up to 1 1 with addi-
tional water and allowed to sediment for 2 h. The resultant
supernatant was decanted, filter-sterilized using 0.22 pm
membrane filter and used immediately for the bioremedia-
tion study. The physicochemistry of the CSL was determined
using the methods described by Obayori et al. (2010).

Bioremediation protocols

Samples of polluted soil were collected with a sterile hand
trowel after clearing the soil surface debris. The soil is
dark-brown in colour, moistened with hydrocarbon mix-
tures with an oily odour. The soil was sieved (4 mm) and
the sieved soil was thoroughly mixed in a large plastic bag
to avoid variability among the results of replicate soil sam-
ples. Polluted soil (2 kg) was poured in open aluminium
pans (37 cm X 14 cm X 7 cm), supplemented with 200 ml of
CSL, thoroughly mixed and subsequently designated AB4.
The controls designated 3S contain all materials in AB4,
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but without CSL amendment. 3S was designed to determine
the contribution of autochthonous microorganisms in the soil
to biodegradation of the hydrocarbon pollutants. In place of
CSL, the 3S soil microcosm was amended with 200 ml of
sterile distilled water to maintain relatively similar moisture
level with AB4. The two experimental designs AB4 and 3S
were set up in triplicates and incubated at room temperature
(25 +3 °C) for 6 weeks. Sterile distilled water (100 ml) were
added to the set ups weekly to maintain moisture level of
about 25%. Samples were taken at 7 days intervals for phys-
icochemical analysis. The methods for the physicochemical
analysis have been described previously (Salam et al. 2014).
Residual hydrocarbons in AB4 and 3S were determined at
day 0, 21 and 42 using gas chromatography.

Hydrocarbon content analysis

Polluted soil samples (10 g) were dried by mixing with 10 g
anhydrous Na,SO, and placed in an extraction thimble.
Thereafter, 1:1 (v/v) mixture of analytical grade dichlo-
romethane and acetone (10 ml) were added and the sample
was shaken with a mechanical shaker for 30 min. The sample
was collected and filtered using a glass wool plugged into a
glass funnel with 1 g anhydrous Na,SO, into a glass beaker.
The extraction was then repeated. The extract was concen-
trated to 10 ml at 60 °C using rotary evaporator, after which
10 ml of hexane was added and further concentrated to about
1 ml at 60 °C. Cleanup and fractionation of the extract was
done using silica gel permeation chromatography. Mixture
of hexane and acetone (1:3 v/v; 10 ml) was used to extract
the aliphatic fraction while 10 ml of n-hexane was used to
extract the aromatic fraction.

Residual hydrocarbon fractions (aliphatic and aromatic)
were determined by gas chromatography equipped with
flame ionization detector (GC-FID). The extracts (1 ul each)
were injected into GC-FID. The column OV®-3 (15-m long
x 0.53 mm L.D., 0.25 um film thickness) was used. The car-
rier gas is nitrogen. The injector and detector temperatures
were maintained at 220 °C and 270 °C, respectively. The
column was programmed at an initial oven temperature of
50 °C for 2 min; then ramped at 10°C/min to 250 °C and
held for 5 min. The air flow, hydrogen flow and nitrogen
flow rates are 450 ml min~"!, 45 ml min~! and 22 ml min~’,
respectively.

DNA extraction, shotgun metagenomics, library
construction and sequencing

Genomic DNA used for metagenomic analysis was extracted
directly from the two soil microcosms AB4 and 3S. Genomic
DNA was extracted from the polluted soil (3S) immediately
after sampling to determine the microbial community struc-
ture and function of the polluted soil prior to CSL nutrient

amendment. For the AB4 soil microcosm, genomic DNA
was extracted 6 weeks after CSL fortification to determine
the effects of the CSL addition on hydrocarbon degradation
and microbial community structure and function. Genomic
DNA were extracted from the sieved soil samples (0.25 g)
using ZYMO soil DNA extraction Kit (Model D 6001, Zymo
Research, USA) following the manufacturer’s instructions.
Genomic DNA concentration and quality was ascertained
using NanoDrop spectrophotometer and electrophoresed on
a 0.9% (w/v) agarose gel, respectively.

Shotgun metagenomics of 3S and AB4 microcosms was
prepared using the Illumina Nextera XT sample process-
ing kit and sequenced on a MiSEq. Genomic DNA (50 ng)
were fragmented and tagmented and unique indexes were
added using reduced-cycle PCR amplification consisting 8
cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s,
and a final extension at 72 °C for 5 min before cooling to
4 °C. Constructed metagenomic libraries were purified with
Agencourt AMPure XP beads and quantified with Quant-iT
PicoGreen. The library size and quality were validated on
Agilent Technologies 2100 Bioanalyzer. Libraries were nor-
malized, pooled in equal volumes and run on a 600 cycles
MiSeq Reagent kit v3 (Illumina Inc., San Diego, CA). All
samples were multiplexed and sequenced in a single lane on
the MiSeq using 2 x 300 bp paired-end sequencing, which
generates 20 Mb of data for each sample. Sequence reads
were generated in <65 h, while image analysis and base
calling were performed directly on MiSEq. The sequences
of 3S and AB4 metagenomes were deposited on the MG-
RAST server with the IDs 4704694.3 and 4704696.3 and
can be accessed with the link http://www.mg-rast.org/linki
n.cgi?project=mgp18598.

Sequences generated from the microcosm set up were
assembled individually by VelvetOptimiser v2.2.5 and the
contigs generated were fed into the MG-RAST metagenomic
analysis pipeline (Keegan et al. 2016).

Taxonomic characterization of metagenomics reads
and statistical analyses

The taxonomic characterization of the sequence reads of 3S
and AB4 microcosms was determined using the MG-RAST
server. A BLAT similarity search for the longest cluster
representative in the metagenomes was performed against
the MG-RAST M5rna database, which integrated SILVA,
Greengenes and RDP databases. The abundance data were
identified through the lowest common ancestor (LCA) with
1le=% as the maximum e value, 60% as the minimum iden-
tity, and a minimum alignment length of 15 as cutoff.
Distinct taxonomic levels for each of the metagen-
omes retrieved from MG-RAST were statistically ana-
lyzed using the Statistical Analysis of Metagenomic Pro-
files, version 2 (STAMP) software (Parks et al. 2014).
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In STAMP, two-sided Fisher’s exact test with New-
combe—Wilson confidence interval method were used to
determine the significance of the relative proportion dif-
ference in taxonomic distribution of 3S and AB4 metage-
nomes, while Benjamini-Hochberg FDR was applied for
correction. Metagenomics reads that are unclassified
were not used for analyses, and results with g <0.05
were considered significant. The biological relevance of
the statistic taxa was evaluated by applying a difference
between the proportions of at least 1% and a twofold ratio
between the proportions. In addition, various diversity
indices were determined for 3S and AB4 metagenomes
using MOTHUR v. 1.30.2 (Schloss et al. 2009).

Functional characterization of metagenomics reads

Gene calling was performed on the 3S and AB4 sequence
reads using FragGeneScan (Rho et al. 2010) to predict
open reading frames (ORFs). The ORFs were functionally
annotated using the SEED subsystems annotation source
of the MG-RAST, KEGG GhostKOALA, the Clusters of
Orthologous Groups of proteins (COG) (Tatusov et al.
2001), and the NCBI’s conserved domain database (CDD;
Marchler-Bauer et al. 2015). In GhostKOALA, each query
gene is assigned a taxonomic category according to the
best-hit gene in the Cdhit cluster supplemented version
of the non-redundant pan-genome dataset (Kanehisa et al.
2016). In addition, the ORFs were functionally annotated
and assigned to the COG database that compares protein
sequences encoded in complete genomes, representing
major phylogenetic lineage. Sequence reads annotated
for hydrocarbon degradation in 3S and AB4 metagen-
omes was further elucidated using the NCBI’s conserved
domain database (CDSEARCH/cdd v 3.15) using the
default blast search parameters (e value 0.01).

Results

Physicochemistry of the soil microcosms and corn
steep liquor

The summary of changes in physicochemistry of 3S and
AB4 microcosms is depicted in Table 1. While there is a
slight drop in pH from 6.76 to 6.21 in 3S, significant drop
in pH from close to neutral (6.78) to acidic (5.23) was
observed in AB4 at the end of 42 days. Similar trends were
observed in both microcosms for phosphorus and potassium
contents. However, the trends observed for these variables
were much more pronounced in AB4. In contrast, at the end
of 42 days, significant increase in organic matter content
was observed in AB4 as compared to 3S, which only showed
slight increase at days 7-21. The nitrogen contents observed
in both microcosms also indicates slight increases, when
compared to the initial value at day 0, though the increase is
much more remarkable in AB4 microcosm. Variance analy-
sis of the physicochemical variables of both microcosms
indicates significant difference at p <0.05. The physico-
chemistry of the CSL indicates an ash content of 16.0%,
total organic carbon of 39.79%, nitrogen content of 0.18%,
protein content of 1.02%, carbohydrate content of 9.6 mg/1,
and phosphate content of 0.007%, respectively.

Kinetics of hydrocarbon degradation in soil
microcosms 3S and AB4

The degradation of aliphatic and aromatic hydrocarbons
(HC) in 3S and AB4 soil microcosms was monitored using
GC/FID (Figure S1 and S2). In 3S microcosm, the residual
aliphatic HC content (1332.30 mg/kg; 100%) decreased
to 64.27% (856.24 mg/kg) after 21 days, corresponding to
removal of 35.73% (476.05 mg/kg). Further decrease to
38.73% (515.99 mg/kg) in the residual aliphatic HC was
observed at the end of 42 days, corresponding to removal
of 61.27% (816.31 mg/kg) aliphatic HC. The residual

Table 1 Dynamics of 33

physicochemical properties of AB4

polluted and CSL-amended Time (Day) pH OM P N K pH oM P N K

polluted soil systems
0 6.76 1.38 6.38 0.13 0.15 6.78 1.36 6.40 0.13 0.14
7 6.79 1.35 6.31 0.13 0.15 6.80 2.62 6.48 0.12 0.16
14 6.68 1.41 6.25 0.11 0.13 6.53 2.94 6.52 0.13 0.17
21 6.63 1.42 6.00 0.14 0.16 6.18 3.23 6.40 0.17 0.19
28 6.51 1.35 6.31 0.13 0.15 5.83 3.40 6.28 0.16 0.18
35 6.30 1.34 6.30 0.12 0.15 5.65 4.41 5.61 0.15 0.18
42 6.21 1.29 6.25 0.15 0.21 5.23 435 5.42 0.15 0.27

OM organic matter (%), P available phosphorus (mg/kg), N total nitrogen (%), K potassium content (mg/
kg). values are means of triplicate determinations
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aromatic HC content (1325.51 mg/kg; 100%) decreased
to 58.62% (777.06 mg/kg) after 21 days corresponding to
the removal of 41.38% (548.45 mg/kg). The residual aro-
matic HC content decreased further to 33.42% (442.94 mg/
kg) at the end of 42 days, corresponding to the removal of
66.58% (882.57 mg/kg) aromatic HC (Figure S1).

In AB4 microcosm, the residual aliphatic HC content
(1274.09 mg/kg; 100%) decreased to 35.95% (458.08 mg/
kg) after 21 days, corresponding to removal of 64.05%
(816.01 mg/kg). Further decrease in the residual ali-
phatic HC to 4.05% (51.55 mg/kg) was observed at the
end of 42 days, corresponding to the removal of 95.95%
(1222.54 mg/kg) aliphatic HC. The residual aromatic
HC content (1266.37 mg/kg; 100%) decreased to 32.29%
(408.87 mg/kg) after 21 days corresponding to the removal
of 67.71% (857.50 mg/kg). Further decrease in the residual
aromatic HC content to 5.40% (68.33 mg/kg) was observed
after 42 days, corresponding to the removal of 94.60%
(1198.04 mg/kg) aromatic HC (Figure S2).

Significant changes in the hydrocarbon fractions in 3S
and AB4 microcosms were observed during the degrada-
tion period as shown in the GC fingerprints (Figures S1
and S2; Table 2). In 3S microcosm, the GC fingerprints of
the aliphatic fractions showed complete disappearance of
nC, ethane and nC,, heneicosane fractions at the end of 42
days. Significant reductions to <30% were also observed
for nC,; methane, nC, methylpropane, nC5 methylbutane,
nC,; undecane, nC, 5 pentadecane, nC,4 nonadecane, nC,,
eicosane, nC,, docosane, and nC,; tricosane, respectively.
The GC fingerprints of the aromatic fractions showed
complete disappearance of naphthalene, acenaphthylene,
fluorene, phenanthrene, pyrene, and benzo(a)anthracene at
the end of 42 days, while significant reduction to <25%
were observed for fluoranthene and indeno(123-cd)pyrene,
respectively (Figure S1, Table 2).

In AB4 microcosm, the GC fingerprints of the ali-
phatic fractions showed complete disappearance of nC,
methane, nC, ethane, nC; propane, nC; cyclopropane,
nC, butane, nC, methylpropane, nCs pentane, nC5 meth-
ylbutane, nC, hexane, nCgq octane, nCg 2,2,4-trimethyl-
pentane, nC,, decane, nC5 pentadecane, nC,, eicosane,
nC,, heneicosane, nC,, docosane and nC,; tricosane at the
end of 42 days. Significant reduction to < 10% were also
observed for nCy nonane, nC,; undecane, nC,, dodecane,
nC,, heptadecane, phytane and nC,4 nonadecane fractions.
The GC fingerprints of the aromatic fractions showed
complete disappearance of naphthalene, acenaphthylene,
fluorene, phenanthrene, pyrene, benzo(a)anthracene and
indeno(123-cd)pyrene at the end of 42 days, while signifi-
cant reduction of < 10% (with exception of acenaphthene
and anthracene) were observed for the other polyaromatics
(Figure S2, Table 2).

General characteristics of the metagenomes

Illumina miseq sequencing of the two hydrocarbon-polluted
soil microcosms resulted in 1,239 and 694 sequence reads
for 3S and AB4 with a total of 314,848 and 170,673 bp,
an average length of 254 + 66 and 246 + 66 bp, and the
mean GC content of 61 +6 and 59 + 6%, respectively. After
denoising and normalization by DynamicTrim (Cox et al.
2010), and removal of sequencing artefacts and host DNA
contamination removal by Bowtie-2 using default param-
eters (Langmead and Salzberg 2012), the sequence reads
in 3S and AB4 reduced to 1,064 and 612 with a total of
260,627 and 147,225 bp and an average sequence length of
245+ 55 and 241 + 58 bp, respectively. Statistical analyses
of the species richness and abundance in the 3S and AB4
metagenome revealed 939 and 528 unique phylotypes at
species delineation (0.03, 97%) as shown in the rarefaction
curve (Fig. 1). In addition, the analysis revealed that Shan-
non index (H') was 8.57 and 7.92; Simpson’s index (D) was
0.000455 and 0.000648; Simpson’s reciprocal index (1/D)
was 2200 and 1543; and Chao index was 10855.92 and
4642.34, respectively.

Comparative structural diversity
of the metagenomes

Comparative analysis of the microbial community struc-
ture of the two metagenomes, 3S and AB4 revealed sig-
nificant differences in the taxonomic profiles generated
by MG-RAST. In phylum classification, the predominant
phyla in 3S microcosm are Actinobacteria (31.46%), Asco-
mycota (22.52%), Proteobacteria (19.52%), and Firmicutes
(17.71%). In contrast, the predominant phyla in CSL-
amended AB4 microcosm are Proteobacteria (38.95%), Fir-
micutes (28.30%), Bacteroidetes (15.58%), and Actinobacte-
ria (10.33%), respectively. Representative phyla belonging
to Archaea domain were not recovered from AB4 micro-
cosm while sequences belonging to viruses, which cannot
be placed in any of the existing phyla, were also recovered
from AB4 microcosm (Fig. 2).

In class delineation, the predominant classes in 3S
microcosm are Actinobacteria (31.98%), Sordariomy-
cetes (22.83%), Clostridia (10.43%), Alphaproteobacteria
(9.51%), and Gammaproteobacteria (6.01%), while Bacilli
(25.61%), Alphaproteobacteria (23.82%), Sphingobacteriia
(10.86%), Actinobacteria (10.53%), and Gammaproteobac-
teria (10.21%) are preponderant in AB4 microcosm (Fig. 3).

In order delineation, Actinomycetales (31.22%) and Bacil-
lales (25.04%) are the predominant orders in 3S and AB4
microcosms. Aside from the predominant orders, other
orders with the highest representation include Glomerella-
les (23.13%), Clostridiales and Bacillales in 3S microcosm
and Rhizobiales (13.12%), Sphingobacteriales (11.41%),
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Table 2 Percentage

. c . . Hydrocarbon fractions 3S Microcosm AB4 Microcosm

representative residual aliphatic

and aromatic hydrocarbons in Day 0 Day 21 Day 42 Day 0 Day 21 Day 42

3S and AB4 polluted systems

after 21 and 42 days of Aliphatics

incubation at room temperature nC, methane 100 43.56 25.35 100 44.34 0.00
nC, ethane 100 56.62 0.00 100 59.63 0.00
nC; propane 100 72.75 40.02 100 45.27 0.00
nC; cyclopropane 100 79.31 43.33 100 41.66 0.00
nC, butane 100 73.37 33.19 100 30.80 0.00
nC, methylpropane 100 70.08 16.86 100 24.48 0.00
nCjs pentane 100 80.65 53.90 100 37.84 0.00
nC; methylbutane 100 67.89 16.19 100 11.90 0.00
nCgy hexane 100 83.66 55.26 100 52.71 0.00
nC; heptane 100 73.25 35.05 100 28.55 36.70
nC;g octane 100 83.02 60.72 100 48.68 0.00
nC;g 2,2,4-trimethylpentane 100 85.86 64.93 100 63.85 0.00
nC, nonane 100 75.61 34.80 100 31.31 9.76
nC,, decane 100 81.69 53.11 100 42.79 0.00
nC,; undecane 100 65.30 24.40 100 23.20 7.20
nC,, dodecane 100 72.64 49.24 100 51.00 8.88
nC,; tridecane 100 61.88 31.74 100 11.64 19.94
nC,, tetradecane 100 77.69 54.93 100 57.09 11.36
nC, s pentadecane 100 50.77 17.71 100 0.00 0.00
nC, 4 hexadecane 100 71.48 51.07 100 46.36 14.11
nC,; heptadecane 100 69.44 46.82 100 39.83 9.04
Pristane 100 66.61 43.32 100 33.56 15.74
nC,g octadecane 100 67.69 42.11 100 37.96 16.75
Phytane 100 65.28 37.46 100 39.02 2.96
nC,y nonadecane 100 52.50 23.20 100 23.42 2.44
nC,, eicosane 100 48.77 24.61 100 29.86 0.00
nC,, heneicosane 100 24.30 0.00 100 0.00 0.00
nC,, docosane 100 31.71 12.08 100 17.60 0.00
nC,; tricosane 100 15.97 11.77 100 9.45 0.00

Aromatics

Naphthalene 100 0.00 0.00 100 0.00 0.00
Acenaphthylene 100 82.28 0.00 100 76.00 0.00
Acenaphthene 100 72.80 40.46 100 61.62 32.39
Fluorene 100 77.24 0.00 100 67.90 0.00
Phenanthrene 100 64.91 0.00 100 53.06 0.00
Anthracene 100 56.97 40.31 100 46.52 14.96
Fluoranthene 100 76.06 23.59 100 71.69 7.80
Pyrene 100 66.97 0.00 100 45.30 0.00
Benzo(a)anthracene 100 59.52 0.00 100 32.19 0.00
Chrysene 100 50.36 53.49 100 28.83 8.65
Benzo(b)fluoranthene 100 54.33 60.99 100 24.76 5.73
Benzo(a)pyrene 100 62.90 42.67 100 26.09 1.58
Dibenzo(a,h)anthracene 100 64.64 43.01 100 25.85 1.86
Benzo(ghi)perylene 100 46.73 51.01 100 6.57 1.45
Indono(123-cd)pyrene 100 45.11 18.87 100 25.00 0.00

Values were calculated from peak areas on day 21 and day 42, respectively, relative to peak area values for
day O
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Fig. 1 Rarefaction curve of
number of unique sequences
(phylotypes) recovered vs.
number of sequence reads for
3S and AB4 metagenomes. The
phylotypes (OTUs) are 939 and
528 for 3S and AB4 at species
delineation (0.03, 97%)

Fig.2 Comparative taxonomic
profile of the 3S and AB4
microcosms at phylum level,
computed by MG-RAST. Only
phyla with significant biological
differences (P < 0.05, difference
between the proportions > 1%
and twofold of ratio between
the proportions, as determined
by STAMP) are shown and
metagenomic reads that are
unclassified were not used for
analyses

Fig.3 Comparative taxonomic
profile of the 3S and AB4
microcosms at class level,
computed by MG-RAST.

Only classes with significant
biological differences (P <0.05,
difference between the propor-
tions > 1% and twofold of ratio
between the proportions, as
determined by STAMP) are
shown and metagenomic reads
that are unclassified were not
used for analyses
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and Actinomycetales (10.73%) in AB4 microcosm (Figure
S3). In family classification, the 3S microcosm showed the
preponderance of Plectosphaerellaceae (23.38%), Micro-
bacteriaceae (9.59%), Syntrophomonadaceae (7.17%), and
Brevibacteriaceae (5.46%) while Thermoactinomycetaceae

(25.00%), Methylocystaceae (9.40%), Sphingobacteriaceae
(9.04%), and Caulobacteraceae (4.43%) are predominant in
AB4 microcosm, respectively (Figure S4).

The genus delineation of the two microcosms presents
interesting findings. In 3S microcosm, the predominant
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genus is Verticillium (22.88%), a representative of the phy-
lum Ascomycota. Other genera with significant representa-
tion include Microbacterium (8.16%), Dethiobacter (6.94%),
Brevibacterium (5.34%), and Pseudomonas (3.36%). In AB4
microcosm, the genus with the highest abundance is Lac-
eyella (24.23%), a representative of the phylum Firmicutes.
Other predominant genera include Methylosinus (8.93%),
Pedobacter (7.73%), Terrimonas (2.58%), Brevundimonas
(2.06%), and Xanthomonas (1.89%), respectively (Fig. 4).

Comparative functional diversity
of the metagenomes

Comparative analysis of the functional diversity of the two
microcosms using the MG-RAST SEED subsystem revealed
the abundance of clustering-based subsystems (which group
hypothetical protein families based on conserved co-local-
ization across multiple genomes) (17.65%), miscellaneous
(14.71%), carbohydrate (9.80%) and amino acid and deriva-
tives (8.82%) subsystems in 3S microcosm. In CSL-treated
AB4 microcosm, clustering-based subsystems (27.08%),
miscellaneous (4.90%), membrane transport (4.90%), and
protein metabolism are preponderant. In addition, aside
from metabolism of aromatic compounds (3S 2.84%; AB4
2.98%), which were detected in the two microcosms, other
important subsystems such as stress response (1.96%),
phages, prophages, transposable elements, plasmids (3.92%)
and motility and chemotaxis (0.98%) that were conspicu-
ously absent in AB4 were present in 3S microcosm (Fig. 5).

Elucidation of the metabolic properties of the two micro-
cosms using KEGG GhostKOALA also revealed the pres-
ence of efflux systems and heavy metal resistance genes
responsible for resistance, transport, and detoxification of
heavy metals as well as transport of inorganic nutrients such
as nitrogen, phosphorus, sulfur, among others (Tables 3,

4). Furthermore, as shown in Tables 3 and 4, comparison
of annotated genes recovered in 3S and AB4 microcosms
for transport of inorganic nutrients, heavy metal transport,
resistance and detoxification revealed significant differences.
Detected genes are higher in 3S than in AB4. In addition,
genes for potassium metabolism not detected in 3S were
detected in AB4, while genes for nickel transport detected in
3S were absent in AB4. Moreover, taxonomic classification
of annotated genes from the two microcosms also revealed
significant differences as shown in Tables 3 and 4.

The NCBI's CDD was used to further elucidate
sequence reads in the two metagenomes previously anno-
tated for hydrocarbon degradation in MG-RAST and COG
databases. As shown in Tables 5 and 6, majority of the
genes code for enzymes involved in aerobic degradation
of polycyclic and heterocyclic aromatic hydrocarbons. In
3S microcosm, aromatic degrading enzymes recovered
include enzymes of the Rieske non-haem iron oxyge-
nase family such as vanillate O-demethylase oxygenase
subunit, dicamba O-demethylase oxygenase, phenylpro-
pionate dioxygenase, biphenyl dioxygenase and carbazole
1,9a-dioxygenase; and FAA hydrolase enzymes involved
in catechol pathway and 4-hydroxyphenylacetate degra-
dation. Others include short-chain dehydrogenase/reduc-
tase (SDR) enzymes involved in conversion of 1,2-dihy-
droxycyclohexa-3,4-diene carboxylate to a catechol and
biphenyl/polychlorinated biphenyl degradation; enzymes
involved in anaerobic degradation of benzoate; dibenzo-
thiophene desulfurization enzyme C; various transcrip-
tional regulators, and several others (Table 5). In AB4
microcosm, aside from the detection of Rieske non-heme
iron oxygenases not detected in 3S such as anthranilate
1,2-dioxygenase, phthalate 4,5-dioxygenase, and 2-oxoqui-
noline 8-monooxygenase, various enzymes of the aldehyde
dehydrogenase family were also detected. These include

Fig.4 Comparative taxonomic @35 [3AB4 95% confidence intervals
profile of the 3S and AB4 I
microcosms at genus level, Laceyella e =0 I <lel5
computed by MG-RAST. Verticillium F——— | o~ <lels
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biological differences (P <0.05, Pedobacter l—org o~ | <1e-15
Qifference between the propor- Dethiobacter =3 | od 3.77e-12 g
tions > 1% and twofold of ratio ) ) I o
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shown and metagenomic reads Brevundimonas 5 HOH| 271e5 §
that are unclassified were not Terrimonas |5 Ol | 20le-4 %
used for analyses Caulobacter | FOI | 235e-4 ©
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|
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Fig.5 Comparative functional
profile of 3S (in black) and AB1
(in grey) microcosms identified
by MG-RAST using the SEED
subsystem

Nucleosides and Nucleotides

Metabolism of Aromatic Compounds

Fatty acids, Lipids and Isoprenoids

Cofactors, Vitamins, Prosthetic Groups, Pigments
Clustering-based subsystems

Amino Acids and Derivatives

aldehyde dehydrogenase, vanillin dehydrogenase, salicy-
laldehyde dehydrogenase, 2- and 4-hydroxymuconic semi-
aldehyde dehydrogenase, p-hydroxybenzaldehyde dehy-
drogenase among others. These enzymes are involved in
biocatalysis of diverse aromatic and polyaromatic hydro-
carbons and several others indicated in Table 6.

Functional profile of the sequence reads of the two
metagenomes, 3S and AB4 were further analyzed by
assigning predicted functions to genes based on COG. For
3S and AB4 microcosms, 20 classes based on functional
categories were identified by the COG database (Fig. 6).
In 3S microcosm, classes with highest representation in
3S microcosm are “carbohydrate transport and metabolism
(G)”, “inorganic ion transport and metabolism (P)”, and
“amino acid transport and metabolism (E)”, respectively.
However, in AB4 microcosm, classes with highest repre-
sentation are “amino acid transport and metabolism (E)”,
“inorganic ion transport and metabolism (P)”, and “car-
bohydrate transport and metabolism (G)”. hydrocarbon
degradation genes such as Rieske non-heme oxygenases,
2-keto-4-pentenoate hydratase/2-oxohepta-3-ene-1,7-dioic
acid hydratase (catechol pathway) and several others were
detected in the class “secondary metabolites biosynthesis,
transport and catabolism (Q)” in the two metagenomes
(Fig. 6).

Virulence, Disease and Defense
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Discussion

Contamination of the environment with petroleum hydrocar-
bons and other toxic and hazardous chemicals are considered
the most frequent organic pollutants of soil and water eco-
systems. It is a persistent and widespread pollution problem
and the recalcitrant, toxic, and mutagenic properties of its
constituents imposes significant health implications and eco-
logical disturbances (Bundy et al. 2002; Okoh 2006; Salam
et al. 2018). Of paramount interest is the need to design an
effective bioremediation strategy for sites polluted with these
hydrocarbons. An increasingly adopted strategy is biostimu-
lation, an in situ bioremediation strategy that enhance the
biodegradative capacity of indigenous microbial community
in soil via stimulation by addition of limiting nutrients, water
and oxygen. The success of this strategy is predicated on the
presence of sizeable population of biodegrading microor-
ganisms that harbours diverse catabolic genes and enzymes
required for degradation of the pollutants in such systems. In
this study, we have shown that the use of CSL can effectively
enhance bioremediation of hydrocarbon-polluted soil.
While the toxicity of various constituents of hydrocarbons
to microbial communities in hydrocarbon-polluted soils may
account for slow pollutants removal (Teal et al. 1992; Yve-
line et al. 1997), several authors have also attributed this
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Fig.6 Functional characterization of metagenomic reads of 3S and
AB4 microcosms according to the Cluster of Orthologous Groups
of protein (COGs). The categories for COG are abbreviated as fol-
lows: C: energy production and conversion; E: amino acid transport
and metabolism; F: nucleotide transport and metabolism; G: carbohy-
drate transport and metabolism; H: coenzyme transport and metabo-
lism; I: lipid transport and metabolism; P: inorganic ion transport and
metabolism; Q: secondary metabolites biosynthesis, transport and

phenomenon to complexation of hydrocarbons with essen-
tial inorganic nutrients such as nitrates, phosphates, and sul-
fates needed for microbial growth and metabolic activities
(Andrew and Jackson 1996; Adebusoye et al. 2010). This led
to destruction of these essential nutrients and render them
inaccessible to microbial uptake, thus impeding pollutant
removal.

In this study, the microbial community of the two micro-
cosms, 3S and AB4 displayed extensive hydrocarbon deg-
radation potentials as reflected in the aliphatic and aromatic
degradation rates in 3S (aliphatic 61.27%; aromatic 66.58%)
and AB4 (aliphatic 95.95%; aromatic 94.60%) microcosms.
This is not surprising as the sampling site has been inun-
dated with hydrocarbon inputs for several years thus allow-
ing intrinsic adaptation of the microbial community to the
pollutants and the evolution of diverse degradative genes via
enzyme induction, mutation, DNA rearrangement and hori-
zontal gene transfer (Top and Springael 2003; Maier 2009).
The higher degradation rate observed in CSL-amended
AB4 could be attributed to the presence of essential nutri-
ent sources and growth factors in CSL, which stimulate and
enhance the degradation ability of the microbial community.

Observation of degradation patterns of the hydrocarbon
constituents in 3S and AB4 systems indicate significant
differences. First, most of the short and long straight chain
aliphatics were completely degraded in AB4 system at the
end of 42 days in contrast to 3S system, which has only

H3S

4 AB4

Il

Information
storage and
processing

Poorly
characterized

Cellular processes

metabolism; D: cell cycle control, cell division, chromosome parti-
tioning; M: cell wall/membrane/envelope biogenesis; N: cell motil-
ity; O: post-translational modification, protein turnover, chaperones;
T: signal transduction mechanism; U: intracellular trafficking, secre-
tion and vesicular transport; V: defense mechanisms; J: translation,
ribosomal structure and biogenesis; K: transcription; L: replication,
recombination and repair; R: general function prediction only; S:
function unknown

ethane and heneicosane completely degraded during the
same period. Similarly, most of the aromatic constituents in
AB4 system were either completely degraded or degraded to
< 10% of their initial concentrations in contrast to 3S system,
which exhibited lower degradation rates. The observed dif-
ferences could be attributed to the CSL amendment of AB4
system, which provided the elusive inorganic macronutrients
and growth factors required by the microbial community
for sugar phosphorylation, synthesis of amino acids, nucleic
acids, nucleotides, and other cellular processes (Andrew and
Jackson 1996). The presence of these nutrients stimulates the
growth and proliferation of the microbial cells and enhance
the rate of degradation of the pollutants. Furthermore, the
broad spectrum of aliphatic and aromatic substrates degra-
dable by 3S and AB4 microbial communities may not be
unconnected to the huge catabolic diversity present in the
communities and the relaxed substrate specificity of some of
the catabolic pathways (Perez-Pantoja et al. 2008).
Structural analyses of the two polluted systems, 3S and
AB4 showed the predominance of Actinobacteria (31.46%)
and Proteobacteria (38.95%). This is expected as the two
phyla harbours members that are promising candidates for
depuration of hydrocarbon-polluted soils. Actinobacteria
colonizes soil particles through their filamentous growth,
produces spores that are impervious to desiccation and other
harsh environmental conditions, and secretes extracellular
enzymes that catalyse a wide range of complex organic

pisllase ol ay .
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compounds and pollutants (Ensign 1992; Larkin et al. 2005).
Furthermore, the genetic plasticity, metabolic versatility
and production of extracellular and cellular biosurfactants
by members of Actinobacteria, which enhances the uptake
and biodegradation of hydrophobic pollutants (Singer and
Finnerty 1990; Morikawa et al. 1993; Neu 1996; Mutnuri
et al. 2005; Kanaly and Harayama 2010) may also account
for the predominance of this phylum in 3S polluted system.

While the phylum Proteobacteria account for 19.52% of
the sequence reads in 3S, it accounted for 38.95% in AB4
polluted system. Though members of Proteobacteria due
to their catabolic versatility, genetic plasticity and meta-
bolic diversity have broad substrate specificities for several
classes of hydrocarbons (Nojiri et al. 1999; Habe et al. 2002;
Salam et al. 2014), their enrichment in AB4 system may
not be unconnected to the CSL amendment. The o, 3, and y
classes of Proteobacteria are regarded as copiotrophs, thus,
the addition of CSL rich in utilizable carbon and other nutri-
ents could be responsible for the surge in population of the
phylum Proteobacteria in AB4 system (Fierer et al. 2007;
Eilers et al. 2010; Goldfarb et al. 2011).

The predominance of the genera Verticillium and Lac-
eyella in 3S and AB4 systems is quite novel and interesting.
The phylum Ascomycota to which Verticillium is a mem-
ber comprises of representatives that are well adapted to
hydrocarbon-contaminated matrices. They have been recov-
ered from hydrocarbon-contaminated aquatic and terrestrial
environments (Atlas 1981; Simister et al. 2015; Kachienga
et al. 2018), implicated in PAHs transformation (Aranda
2016; Godoy et al. 2016) and the degradation of quaternary
ammonium compounds (QACs) and long chain alkylben-
zenes (Fedorak and Westlake 1986; Zabielska-Matejuk and
Czaczyk 2006). Other genera with higher representations
in 3S such as Microbacterium, Dethiobacter, Brevibacte-
rium and Pseudomonas have been recovered severally from
diverse hydrocarbon-polluted environments (Schippers
et al. 2005; Manickam et al. 2006; Salam et al. 2014, 2017;
Muangchinda et al. 2015; Graziano et al. 2016).

Members of the genus Laceyella belonging to the phylum
Firmicutes are Gram-positive, aerobic, endospore-forming,
chemoorganotrophic thermophilic filamentous bacteria
that have been isolated from diverse environments such as
hot spring (Chen et al. 2012), soil from a volcano (Zhang
et al. 2010a, b) and subtropical environment (Carrillo et al.
2009). They are efficient producers of carbohydrate-degrad-
ing enzymes such as a-amylase, xylanase, poly(L-lactide)-
degrading enzymes, and raw starch degrading enzymes
among others (Singh et al. 2012; Hanphakphoom et al. 2014;
Lomthong et al. 2015; El-Sayed et al. 2017). Their prepon-
derance in AB4 system could be attributed to endospore
formation, which allow them to adapt and survive the harsh
environmental conditions in the polluted soil; and produc-
tion of carbohydrate active enzymes, which allow them to
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metabolize the carbohydrates in the CSL as carbon source.
The detection of the enzymes isoamylase (EC 3.2.1.68) and
1,4-alpha-glucan branching enzyme (EC 2.4.1.18) in AB4
polluted system give credence to this assertion. While mem-
bers of the phylum Firmicutes have been recovered from
several hydrocarbon-polluted niches, globally, only one
report mentions the recovery of Laceyella species from soils
historically contaminated by heavy metals and hydrocarbons
(Vivas et al. 2008). Other genera with significant represen-
tations in AB4 systems such as Methylosinus, Pedobacter
and Terrimonas have been implicated in the degradation of
short- and long-chain aliphatic hydrocarbons, halogenated
hydrocarbons, and polycyclic aromatic hydrocarbons (Old-
enhuis et al. 1989; DeFlaun et al. 1992; Lee et al. 2006;
Zhang et al. 2011; Margesin and Zhang 2013; Singleton
et al. 2016).

Functional analyses of the two polluted systems 3S and
AB4 revealed interesting features. The SEED subsystem
showed similarities of the two systems in most of the fea-
tures such as metabolism of aromatic compounds, membrane
transport, clustering-based subsystems, protein metabolism
among others (Fig. 6). The detection of potassium metabo-
lism in AB4 (which is not detected in 3S) and the upscale of
nitrogen metabolism in AB4 could be attributed to amend-
ment of AB4 system with CSL. Among the many pollut-
ants synonymous with hydrocarbon-polluted soils is the
presence of heavy metals (Salam et al. 2014, 2017; Salam
2016). As shown in Tables 3 and 4, the presence of various
heavy metals in the two systems and the detection of sev-
eral efflux systems and resistance genes used by the micro-
bial communities to circumvent the heavy metals stress and
toxicity is an attestation to the adaptation and resistance of
some members of the microbial community to the heavy
metals stress. Though microorganisms have devised various
resistance mechanisms such as reduction of a metal to a less
toxic species, formation and sequestration of heavy metals
in complexes, and direct efflux of a metal out of the cell; the
role of mobile genetic elements and horizontal gene transfer
(HGT) in the distribution of these resistance mechanisms in
the microbial community cannot be overemphasized (Nuci-
fora et al. 1989; Lin and Olson 1995; Nies and Silver 1995;
Outten et al. 2000; Spain and Alm 2003; Villadangos et al.
2012). This assertion is further buttressed by the detection of
diverse genera of the microbial communities cutting across
different phyla harbouring heavy metals resistance genes and
efflux systems (Tables 3, 4), thus suggesting the involvement
of HGT facilitated by heavy metal resistance genes borne
on mobile genetic elements (Endo et al. 2002; Nemergut
et al. 2004).

The Rieske non-heme iron oxygenases (ROs), a multicom-
ponent enzyme complex consisting of a terminal oxygenase
component and different electron transport proteins are fam-
ily of enzymes that mediate the aerobic activation and thus
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degradation of aromatic hydrocarbons such as benzoate, ben-
zene, toluene, phthalate, naphthalene or biphenyl (Gibson and
Parales 2000; Pérez-Pantoja et al. 2010). These enzymes cata-
lyse the incorporation of two oxygen atoms into the aromatic
ring to form arene-cis-dihydrodiols, which is followed by a
dehydrogenation usually catalysed by cis-dihydrodiol dehy-
drogenases to give (substituted) catechols. Enzymes belonging
to this family catalyzed diverse dioxygenations of aromatics,
polyaromatics, and heteroaromatic hydrocarbons resulting in
regio- and stereoselective transformations (Nojiri et al. 1999,
2001; Perez-Pentoja et al. 2012). As shown in Tables 5 and 6,
the detection of various enzymes of the ROs family in both
polluted systems underscore the importance of ROs in aerobic
degradation of aromatic hydrocarbons. This perhaps explain
the extensive degradation of aromatic fractions of the hydro-
carbons in the polluted systems, though more pronounced in
AB4 system due to CSL amendment.

More interesting is the detection of enzymes of the alde-
hyde dehydrogenase (ALDH) superfamily in AB4 system
that are not detected in 3S system. ALDH is a divergently
related group of enzymes that oxidize a broad range of ali-
phatic and aromatic aldehydes to their corresponding car-
boxylic acids (Vasiliou et al. 2000; Sophos and Vasiliou
2003). ALDH also played prominent role in alkane oxidation
and help in detoxification of the toxic aldehydes produced by
several cellular metabolic pathways (Rojo 2009; Talfournier
et al. 2011; Esser et al. 2013). Aside from CSL amendment
of AB4 system that played significant role in enhanced
degradation, the detection of diverse enzyme systems with
relaxed and broad substrate specificities may have also con-
tributed immensely to the enhanced degradation observed
in the polluted system.

In any polluted environment, plethora of pollutants are
always present requiring the deployment of diverse catabolic
pathways for their degradation. It is therefore not surprising
that the microbial community in the two polluted systems
utilizes various catabolic enzymes and genes belonging to
various families such as Rieske non-heme dioxygenases,
FAA hydrolases, short-chain dehydrogenases/reductases,
acyltransferases, among others for the degradation of pol-
lutants (Tables 5, 6). This shows extensive realignments and
recruitments of degradative genes since the sequence reads
from the polluted systems contain aggregation of genes
belonging to different pathways previously described for
aerobic and anaerobic degradation of different aromatic and
aliphatic compounds.

Conclusions

This study has established the importance of CSL as a
biostimulant used to enhance degradation of hydrocarbon
pollutants. It also showcased the degradation competencies

of diverse members of the microbial community hitherto
not reported as important players in remediation of hydro-
carbon-polluted soils. In addition, this study also reveals
the indisputable fact that consortium of microorganisms and
their catabolic enzymes systems acquired via promiscuous
recruitments and realignments is pivotal for remediation of
environments polluted with diverse hydrocarbon pollutants.
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