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Abstract

Our study aimed at metagenomic exploration of effluent contaminated soils across Dadra and Nagar
Haveli region, India. Physico-chemical analysis of soil samples SA4, SA5, and SA6 revealed that the
presence of macro and micro elements which includes metals and non-metals. Furthermore, it includes
various petroleum and other aromatic hydrocarbons in it. Metagenomic sequencing was followed by
taxonomic assessment and functional annotation. Taxonomic assessment demonstrated dominance
of Pseudomonas and Bacillus species in all SA4, SA5, and SA6 samples. Moreover, it includes diverse
microbial communities that are involved in degradation of xenobiotic compounds which includes
Sulfuricurvum kujiense, Novosphingobium sp., Variovorax paradoxus, Usitatibacter rugosus, Cupriavidus
sp. and many others found in soil samples. Functional annotation like KEGG and COG, and found a
range of hydrocarbon degrading enzymes that are involved with benzoate derivatives. A comprehensive
metabolic network that outlines the degradation pathways for aromatic hydrocarbons-like benzoate,
chlorobenzoate, polycyclic aromatic hydrocarbons, xylene, toluene, ethylbenzene, nitrotoluene,
aminobenzoate, chloroalkane, and chloroalkene and the derivative of these compounds were furtherly
entered into TCA cycle. Presence of such microbial species and their genes will be helpful for further
development of bioremediation strategies to remediate such contaminated sites.
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INTRODUCTION

Nowadays, significant growth in
industrialization has contributed to sustainable
economic growth and advancement in novel
technologies but has also led to significant
environmental degradation, which resulted into
wide ranges of environmental effects, especially
in soil contamination. Industrial effluents, consist
of mixture of hazardous compounds such as
toxic elements, chemicals, metals and various
organic compounds, which directly affects the
soil ecosystems.™? Xenobiotics, which often
consist of aromatic and aliphatic hydrocarbons
are the major compounds amongst these, which
are seems to having major concern as their
potential persistence in the terrestrial as well as
in marine ecosystem.® These hydrocarbons are
extensively used in various industrial process such
as plastic manufacturing, petroleum extraction,
pharmaceuticals, surfactant industries and
discharge of these effluent in soil system may
leads to various ecological and health risks which
may resulted into deterioration of terrestrial and
microbial flora of the soil quality which are involve
in significant geological cycles.** For development
of novel strategies for bioremediation of such
pollutants, detailed understanding of microbial
communities present in such contaminated soil is
required.* As, these microbial communities have
significant versatility to metabolically transform
and degrade such pollutants.®

Soil microbiota plays essential role in
various geobiological cycles and in maintaining
ecosystem functionality. Diverse microbial
communities can enhance the resistance to
number of environmental factors, facilitate
nutrient availability, and promote plant growth.”
However, discharge of such industrial effluents into
soil can leads to significant alteration in microbial
diversity as well as their functionality.® The loss
of microbial diversity may result into significant
adverse effects on soil health, reduced productivity
and increased susceptibility to pathogens.

To study microbial communities in In
vitro using traditional cultured based methods,
it is limited up to certain level as microbial
communities are diverse in nature and all are
not cultivable in laboratory.® Consequently, these
methods can overlook numerous unculturable

or rare taxa, restricting our understanding
of functional diversity. The emergence of
metagenomic sequencing has unveiled potential
alternative which allows in depth analysis of
microbial communities by isolating nucleic acid
and sequencing of genetic material directly
from the environmental samples, researchers
can gain insights into the entire microbial
community structure, their functional potential,
and interactions among diverse microbial taxa.®

High-throughput metagenomic studies
reveals that diverse microbial communities
exhibits in such contaminated soils having unique
compositional characteristic and gene profiles
related to pollutants degradation. Previous
studies indicates that certain microbial taxa are
adapted in specific industrial contaminants and
having different pathways for degradation of
xenobiotic compoundsand as such, corelating the
relationship amongst these bacterial communities
and their functional abilities to degradation of
aromatic and aliphatic hydrocarbons is significantly
helpful for devising effective bioremediation
strategies.

Aromatic and aliphatic compounds
are the major components of many industrial
wastes, which includes phenols, benzene, toluene,
ethylbenzene and xylene.!? As such, these
compounds are not only toxic but they are
hydrophobic in nature which directly makes
difficult for bioremediation. As they are discharged
in natural environment, they can remain present
for long term period, and directly or indirectly
affecting soil microbial flora, as well as plants and
animals, respectively.’>

Recent studies indicates that
these xenobiotic compounds may undergo
bioaccumulation in the food chain, leading to long
term ecological consequences and exposure for
human populations.’® Given these critical issues,
naturally microorganism is capable to degrade
these compounds in contaminated soil reduces
their impact in environment and restoring the
ecosystem health.

Microorganism uses different pathways
for metabolism of xenobiotic compounds like
aromatic and aliphatic hydrocarbons which
includes cumulative pathways under aerobic and
anaerobic conditions, hydrolysis, oxidation and
other biochemical transformations.®*¢ Different
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metabolic pathways have been identified,
illustrating the microbial communities were
capable to degrade diverse xenobiotic compounds
such as ortho and meta-cleavage pathways for
degradation of xenobiotic compounds used by
different microbial genus like Pseudomonas,
Rhodococcus and Sphingomonas, respectively.?
Similarly, n-oxidation pathways are used by
specialized group of microorganisms for aliphatic
hydrocarbon degradation into simpler non-toxic
components.® Furthermore, the synergistic
interactions among microbial taxa can enhance
degradation rates, as different species may possess
complementary metabolic capabilities.*® For
example, one species may transform a xenobiotic
compound into a more biodegradable form, while
another may utilize that compound as a substrate
for growth. Understanding these interactions
at the genomic level through metagenomic
exploration is essential for unraveling the complex
dynamics of microbial communities involved in
degradation of such xenobiotics.

The advancement of metagenomic
sequencing combines with metabolomics and meta
proteomics has recently offered an alternative for
in-depth investigation of microbial community and
their metabolic potential.’>?° Many studies have
employed large-scale metagenomic sequencing to
examine the human gut microbiota,* and marine
microbiome.?? A lots of research attention was
also paid to the high throughput metagenomic
analysis of soils because of their complicated
features, which are controlled by a variety of
significant variables.?®* The recent advancement
in bioinformatics also helpful insight depth
investigation to unveiled microbial communities
and their genes involve in various aromatic
hydrocarbon degradation.?

The aim of the study is to evaluate
genomic and native microbial communities’
capabilities to possess different genes and
enzymes required for the degradation and
metabolism of different xenobiotic compounds
present in contaminated soil samples. We seek
to explore, from a genome-wide perspective,
genes and enzymes of microbial communities
and metabolic pathways of the bacteria residing
in industrial effluent contaminated soils. This
investigation will enhance our understanding

of the soil metagenome in terms of its genetic
content and functional attributes.

MATERIALS AND METHODS

Collection of industrial effluent contaminated
soil samples

Soil sampling was performed
systematically to ensure accurate representation
of industrial effluent contaminated areas of
Dadra and Nagar Haveli, India. The sampling
methodology followed standard protocols to
minimize bias and ensure reliability. Sampling
locations were determined based on historical
data and field surveys. Samples were collected on
28t of August 2023 from three different locations.
SA4 collected from: Hindustan Unilever Ltd,
Dapada, D&NH, Silvassa, (20.182935676187814°N
and 73.03031053814586°E). SA5 sample were
collected from Arti Industrie Pvt., Ltd., Kherdi,
D & NH, Silvassa (20.097537416773758°N
and 73.01687295944654°E). SA6 sample were
collected from Hind Aluminum Industries Pvt. Ltd.,
Dapada, D&NH, Silvassa (20.186875541268474°N
and 73.02571179752846°E) at depths of 5-15
cm to evaluate the vertical distribution of
contaminants, as recommended by the Bao et
al.® At each site, approximately 500 grams of
soil was collected using a clean stainless-steel
trowel to prevent cross-contamination. The soil
was placed into pre-labeled SA4, SA5, and SA6,
sterile polyethylene bags. Multiple subsamples
were taken from different points within a 1-meter
radius to account for spatial variability.?® All Soil
samples were kept in cold chamber at 4 °C during
transport research laboratory to minimize changes
in soil chemistry. Analysis was performed within 48
hours of collection to maintain sample integrity.”’

Soils physiochemical analysis

Soil samples weighing approximately
500 g were collected from each of the industrial
effluent contaminated site by randomly selecting
2 to 3 locations in proximity to the rhizosphere
zone. The samples from these locations were
combined, and a representative 500 g sample
was extracted as previously outline (https://
cals.arizona.edu/back yards/sites/cals.arizona.
edu.backyards/files/p16-17). Of the collected
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samples, approximately 150 g was allocated for soil
metagenomic analysis, while the remaining 350 g
was designated for assessing soil physiochemical
properties. Each sample underwent analysis
according to established protocols for various
physio-chemical characteristics including pH,
conductivity, nitrogen (N,), organic carbon, organic
matter, total soluble solids, COD, and BOD (IS),
available sulphur, chloride (Cl), moisture content,
water holding capacity and phosphorous (P)(FL/
SOP/S-05), boron (B), calcium (Ca), cobalt (Co),
copper (Cu), magnesium (Mg), manganese (Mn),
molybdenum(Mb), potassium (K), iron (Fe), zinc
(zn) (FL/SOP/12-25) and petroleum aromatic
hydrocarbons were detected using GC-MS (FL/
SOP/02-104) (S.K Maiti, Handbook of Methods
in Environmental Studies Vol.1) and (Method
for sampling and analysis of dissolved methane
in wastewater by G.Tjandraatmadja, D.Beale,
N.Goodman, M.Toifl and D.Marney).?

DNA extraction and quantification

The metagenomic nucleic acid was
extracted from all three SA4, SA5 and SA6 soil
samples by using PowerSoil DNA Isolation Kit (MO
BIO’s Ultraclean® Soil DNA Laboratories Inc., USA)
as perinstruction given in manual. Approximately
0.25 g of soil was weighed and added into bead
beating tube containing 60 uL of C1 solution
and vortex for 10 min at maximum speed to
lyse microbial cells, followed by transferring
supernatant into 2 ml collection tube. The
subsequent steps involved centrifugation, binding
of DNA to the provided spin filter, washing with the
wash buffer, and finally elution of DNA is carried by
adding 25 pL of elution buffer (MO BIO’s PowerSoil
DNA Isolation Kit Ultraclean® Soil DNA Laboratories
Inc., USA). Quantification of the extracted DNA
using a nanodrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). The DNA
concentration was determined at 260 nm, while
purity was evaluated by calculating the absorbance
ratio at 260 nm to 280 nm (A260/A280) (Table S1).
Samples with a ratio between 1.8 and 2.0 were
considered pure.?® Additionally, we assessed DNA
integrity using agarose gel electrophoresis. We
loaded 5 pL of each sample onto a 1% agarose
gel that was stained with ethidium bromide
and visualized it under UV light, as illustrated in

(Molecular cloning: a laboratory manual/Michael
R. Green, Joseph Sambrook.-4%" ed) (Figure 51).3°

Construction of DNA library and performing
metagenomic sequencing
Construction of DNA library

The whole nucleic acid concentration
and quality of DNA was analyzed by radially
available sophisticated instrument to (Thermo
Fisher Scientific, Waltham, MA, USA), i.e. Qubit
fluorometer and a Nanodrop spectrophotometer.
DNA library was prepared using Nextera XT DNA
Library Preparation Kit (lllumina, San Diego, CA,
USA). For that 1 ng of DNA was used for the library
construction. The protocol included fragmentation,
amplification via PCR, and purification of the library
using magnetic beads. 4200 Tape station system
(Agilent Technologies) were used to analyzed PCR
enriched DNA libraries as per instruction manual
provided by manufacturer using high sensitivity
D1000 Screen tape system.

Sequencing

DNA libraries were quantified using
nanodrop spectrophotometer and diluted to a
concentration of 10 nmol prior to sequencing.
Metagenomic sequencing was executed utilizing
the lllumina MiSeq Platform, employing a 2 x
250 bp paired-end read configuration. The WGS
process was carried out in accordance with
the manufacturers protocols, resulting in the
generation of raw data in FASTAQ format (lllumina,
San Diego, CA, USA, 2020).%!

Raw data processing and Bioinformatic analysis

Raw sequencing reads was analyzed by
using software package QIIME 2.3 This included
quality filtering using MEGAHIT,?® trimming using
Trimmomatic v0.39,3* and operational taxonomic
unit (OTU) clustering at 97% similarity a (MaxBin2
binner). Silva reference database was used to
assess the taxonomic profiling.®* Followed by R
software was used to analyzed statistical and
microbial diversity composition of microbial
communities.®

Taxonomic assessment
Taxonomic profiling and classification
were conducted on the assembled genome
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utilizing® Kraken2 v2.0.9. This tool is recognized for
its high classification accuracy and computational
efficiency, rendering it particularly effective for
extensive metagenomic analyses. It incorporates
a range of methodologies, including optimized
data structures and parallel processing, to handle
sequencing data with efficiency. The tool relies
on a standard RefSeq database that encompasses
taxonomic information pertaining to archaea,
bacteria, viruses, plasmids, humans, fungi, and
vector-associated species.

Functional annotation

Functional annotation of the genes
of SA4, SA5, and SA6 was conducted utilizing
eggnog, a robust stand-alone framework capable
of concurrently providing COG, KEGG, and Pfams
subsystem annotation for individual sequences
within metagenomic databases. The incorporation
of a novel ‘directed search’ mechanism in eggnog
significantly diminishes the computational
demands typically associated with functional
analysis.*® KEGG, COG, orthologous groups (KOs)
analysis were used to categorize proteins into
different orthologous groups and furtherly it was
used to construct different metabolic pathways
using KEGG analysis.?%4°

Sequence deposition and data accession

The whole metagenomic sequence
data of these 3 samples were submitted in NCBI
databases under the NCBI Bioproject number
PRINA1084772. The metagenomic sequencing
data is available in NCBI Sequence Read Archive
under accession numbers SAMN46715193 (SA4
soil sample), SAMN46715194 (SA5 soil sample),
SAMN46715195 (SA6 soil sample).

RESULTS AND DISCUSSION

Physiochemical analysis of industrial effluent
contaminated soil samples

Soil samples SA4, SAS5, and SA6 exhibited
notable variations in edaphic properties, including
moisture level, pH, total phosphorus content,
conductivity, organic matter, available sulfur,
chloride, and carbon-to-nitrogen (C:N) ratio (Table
S2). The soils samples from industrial effluent
contaminated sites were characterized by having
slightly neutral to basic pH, the second highest

high conductivity, high phosphorous, followed
by high water holding capacity, moisture content
and the lowest of organic matter, carbon, and
nitrogen, available chloride, total soluble solids
and available sulfur content. Similarly, the micro
and macronutrients including metals and heavy
metal concentration in collected soil samples SA4,
SA5, and SA6 from different location are presented
in Table S2. The results of pairwise comparisons
differed based on the specific type of minerals
and metals; nonetheless, it was observed that
metals such as iron (Fe) (95.69 mg/Kg), (114.11
mg/Kg), and (121.31 mg/Kg), followed by calcium
(Ca) (51.42 mg/Kg), (70.35 mg/Kg), and (72.31
mg/Kg), magnesium (Mg) having (14.17 mg/Kg),
(15.77 mg/Kg), and (19.16 mg/Kg), potassium (K)
having (10.18 mg/Kg), (15.13 mg/Kg), and (14.45
mg/Kg) in SA4, SA5, and SA6, respectively. Some
other elements like manganese (Mn), copper
(Cu), and zinc (Zn) are also available in trace
amount (Table S2). Further, each soil sample
was analyzed for petroleum and other aromatic
hydrocarbons with GC-MS which indicates that
various aromatic hydrocarbons like acetone,
acetonitrile, ethanolamine, 2-ethoxyethanol, and
other are present in respective samples (Table S2).
SA4, SA5, and SA6 exhibits higher concentration of
macronutrients, including carbon (C), phosphorus
(P), which significantly affected the microbial
community’s structure. The organic carbon levels
were measured at 2.60%, 1.39%, and 1.33%
in SA4, SA5, and SA6, respectively. Our finding
suggest that the increased carbon levels in these
specimens are caused by the existence of aromatic
and aliphatic organic hydrocarbons in polluted
soil. Elevated carbon levels in these samples are
attributed to the presence of aromatic organic
hydrocarbons in the contaminated soil. Industrial
effluent and discharge of wastewater in soil are
the major source of these pollutants like polycyclic
aromatic hydrocarbons (PAHs) and polychlorinated
biphenyls (PCBs). Several studies confirms that
soils exhibiting high microbial diversity tends to
have elevated phosphorus (P) and low carbon
to phosphorus (C/P) ratios.*** The availability of
inorganic nutrients plays significant role in both
structural and catalytic functions. Consequently,
the overall microbial community structure is
largely influenced by the presence/absence of
carbon, nitrogen, along with the availability
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of inorganic nutrients like calcium, potassium,
magnesium, phosphorus to some degree.** Metal
analysis indicates the presence of metals like Zn,
Cu, Fe in higher concentration while trace amount
of Mn creates an appropriate environment for
microbes to engage in anaerobic degradation. The
existence of these micro and macro nutrients soil
samples can hinder the growth of various microbial
species, while simultaneously promoting the
growth of microbial species capable to tolerate
and metabolize such metals, if they are present in
higher concentration as well. The findings aligns
with numerous studies that emphasize that the
accumulation of these heavy metals and toxic
xenobiotic pollutants like polycyclic aromatic
hydrocarbons and PCB, in soils associated with
iron and steel, petrochemical industries.*44

Whole Metagenomic Sequencing and Gene
identification

Whole metagenomic sequencing was
performed using the Illumina MiSeq Platform,
resulting in the acquisition of 8.9 million, 10.6
million and 13.9 million sequencing reads of
SA4, SA5, and SA6 and producing 2.43 Gb, 3.2
Gb and 4.16 Gb of nucleotide data, respectively.
De novo assembly of nucleotide sequence was
done to obtained gene orthologs, using MEGAHIT
[MetaWRAP pipeline v1.3.2]% (Table S3). Further,
the gene were predicted from the binned scaffolds
of all samples using Metagene Mark* with default
parameters (Table S4). The presence of genes
encoding for various hydrocarbon degradation
like catE, dmpB, xylE, pcaH; pcaG, ligA, ligB, ligl,
tmokE, tbuA2, touk, nemA, etbD, chnB, tpmT,
kstD, catA, catB, pcaC, bcrB, badE, hcrC, hbaB,
hbaC, hmfF, pht3, dehH, hyaB, hybC, hsaC and
vgb which are responsible for degradation
of benzoate, aminobenzoate, flurobenzoate,
toluene, nitrotoluene, chlorocychlohexane and
chlorobenzene, caprolactam, ethylebenzene,
polycyclic aromatic hydrocarbon, furfural and
xylene were represented in Table. The identification
of genes responsible for anaerobic degradation
through benzoyl-CoA (badA, hbaA, hbaB, hcrC)
as well as those for aerobic degradation via
protocatechuate (ligA, ligC, ligl, pobA, pcaB),
catechol (catE) indicates a comprehensive pathway
for benzoate degradation.* Additionally, some
studies reported that some of facultative anaerobes

like denitrifying Thauera, Magnetospirillum strains,
and the photoheterotroph Rhodospeudomonas
were capable to degrade benzoate via benzoyl-
CoA pathway under anaerobic conditions.***°
This reported gene supports the earlier finding of
Weiland-Brauer et al. and Isaac et al.*3*°

Comparative microbial community analysis of
Metagenomic DNA

Taxonomic analysis of metagenomic
DNA reveals that the microbial community of
SA4 primarily composed of four major phyla
including Pseudomonadota, Actinomycetota,
Verrucomicrobiota and Bacillota (Figure 1 and
2). Among these, Pseudomonadota is the most
prevalent phylum, constituting (54.0%) of all
identified phylotypes. Within this phylum, the
dominant groups include y-Proteobacteria (59%)
and B-proteobacteria (20%) and a-proteobacteria
(16%). The combined proportion of Actinomycetota,
Verrucomicrobiota and Bacillota account for
30% (13%, 10% and 7% respectively). Notably,
each phylum is predominantly represented by
one or two sub-groups, such as Yersiniaceae,
Pseudomonadaceae and Xanthomonadales
within the y-Proteobacteria, Burkholderiales,
Nitrosomonadales and Rhodocyclales
in B-Proteobacteria, Hyphomicrobiales,
Sphingomonadales, Rhodobacterales and
Rhodospirillales in a-Proteobacteria, Micrococcales
and Streptomycetaceae in Actinomycetota,
Opitutaceae in Verrucomicrobiota, Bacilli and
Clostridia in Bacillota. The phylum having major
dominating genus in SA4 sample was Serratia,
Lacunisphaera and Opitutus (Figure 2 and 3).
Similarly, taxonomic characterization of SA5
soil sample reveals microbial diversity having
Pseudomonadota, Bacteroidota, Actinomycetota
and Campylobacterota are the major phylum.
Pseudomonadota was the highest amongst
having (81%) of all phylotype, where y-
Proteobacteria (76%), a.-Proteobacteria (13%) and
[-Proteobacteria (8%) were the dominant parts.
Simultaneously Bacteroidota, Actinomycetota and
Campylobacterota making up 14% (8%, 4%, and 2%,
respectively). Furthermore, SA6 soil sample was also
dominated by Pseudomonadota, Actinomycetota,
Nitrososphaerota, and Bacillota, amongst which
Pseudomonadota is the highest phylum (62%)
of all the phylotype, where B-Proteobacteria
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(40%) followed by a-Proteobacteria (28%),
and y-Proteobacteria (26%). Actinomycetota,
Nitrososphaerota, and Bacillota represent 24% of
bacterial diversity (18%, 4%, and 2%, respectively).
These phyla were furtherly predominated by
one of the following sub-groups which includes
Xanthomonadaceae, Pseudomonadaceae,
Sphingomonadaceae, Chromatiaceae,
Flavobacteriaceae, Sulfurimonadaceae,
Comamonadaceae, Nitrosopumilaceae, and
Nitrobacteraceae etc. (Figure 2 and 3) (Figure
S2 and S3). The strains of sub-groups have been
found that they are actively playing crucial role
in degradation of various xenobiotic compounds
which includes petroleum and other aromatic
and aliphatic hydrocarbons.?>%%2 A substantial
diversity in the structure of microbiome is
evident among samples derived from various
contaminated and non-contaminated soil source.
The dominance of microbial communities such
as y-Proteobacteria, a-Proteobacteria, and
Acidobacteriota were significantly different
amongst soil contaminated with oil, non-
contaminated and significantly varies amongst
high salinity soils.?>%3° This studies suggest that
the microbial communities are highly diverse and

intricately linked to soil compositions that underpin
these ecosystems.***” Taxonomic analyses revealed
that “Proteobacteria” and “Pseudomonas” were
the major dominating phylum and genus within
soil microbiome, respectively.'®*®%° Numerous
studies have focused on various aspects, such
as unveiling bacterial communities capable to fix
nitrogen from petroleum contaminated soil, the
detection of microbial communities from long
term contaminated soil with different aromatic
hydrocarbons such as benzoate, biphenyl,
and naphthalene. The detection of microbial
communities capable to bioremediation and
biodegradation of soil contaminated with various
hydrocarbons along with some toxic metals
like chromium and arsenic.®®% Furthermore,
pyrosequencing of soil contaminated with crude
oil within China and Russia unveiled the bacterial
communities capable to utilize phenanthrene,
have been conducted.’*® These investigations
have consistently suggested that the presence and
abundance of Proteobacteria. The current study
has unveiled distinctive microbial communities
within specific niches of industrial effluent
contaminated soils. The metagenomic analysis of
this industrial effluent contaminated soil samples
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Figure 1. Krona Plot of SA4 sample represent metagenomic microbial communities
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reveal different microbial species which involve
in degradation of various xenobiotic compounds,
some of the species like Sulfuricurvum kujiense,
Novosphingobium sp., Variovorax paradoxus,
Usitatibacter rugosus, Cupriavidus sp., and many
others found in SA4, SA5, and SA6 soil samples.
These investigation supports the previously
reported many metagenomic studies.®’

Functional annotation and metabolic diversity
insight metagenome

The microbial community of soil samples
greatly varies with its metabolic diversity because
of soil composition and microbial community
structure. On analysis of metabolic versatility
of the microorganisms present in our SA4, SA5,
and SA6 sample by classifying on the basis of
open reading frames (ORFs) followed by KEGG
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orthology groups (KOs) which furtherly used
to analyze different metabolic pathways using
KEGG and COG databases. Each pathway of
these databases unveiled the different metabolic
functions, pathways, enzymes, and reveals distinct
patterns utilized by microbial communities
present in contaminated soil (Figure 4). These
pathways are categorized into three major groups.
Group one consist of biological process having
highly represented pathways, including organic
substance metabolism, primary metabolic process,
cellular metabolic process, biosynthetic process,
small molecules metabolic process followed by

some other transport system, as well as cellular
response to stimulus and other pathways are
dominated in all the three SA4, SA5, and SA6
samples.

The pathways represented in group
one is essential for all living organisms which
plays significant role in their physiological needs,
which resulting their continuous representation
amongst all group of organisms. Although group
one pathways account for 34% of the open reading
frames (ORFs). Similarly, the pathways in groups
two, which is lowest in the rank, represents
only 20% of the predicted open reading frames
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(ORFs), which includes major pathways for the
cellular components like membrane synthesis,
cytoplasm synthesis, intracellular anatomical
process as well as for cytosol and cell periphery.
The highly mosaic distribution of group three
pathway suggests that these functions are
specific to certain microbiomes. The remaining
31% of pathway categories, classified as group
three, shows moderate representation, involving
pathways responsible for all molecular functions
which includes organic cyclic compounds binding,
small molecule binding, transferase activity, some
of are highly represent the hydrolase activity,
oxidoreductase activity, catalytic activity, and
ligases activity, which plays crucial role in cellular
responses to environmental stresses such as
degradation of aromatic and aliphatic hydrocarbon
compounds (Figure 4). Similarly, the assembled
contigs of SA4, SA5, and SA6 underwent analysis
through the assignment of predicted functions to
genes utilizing COGs. The functional annotation
of COG genes was classified into different
categories and represented by A-Z in Figure 5.
Among these COGs representation the highest
contigs were dominated by unknown functions (S),
followed by “Translation (J), “Cell wall/membrane/

development and biogenesis (M), “ Replication and
repair (L)”. The major class designated as “Amino
acid metabolism and transport (E) and “Energy
production and conservation (C)” was significantly
represented for its metabolic activities like
oxidoreductases activity, which was also reported
for the degradation of azo dyes and xenobiotic
compounds such as aromatic hydrocarbons
under stress conditions.®® Additionally, other
categories such as “Nucleotide metabolisms
and transport (F)”, “Carbohydrate metabolism
and transport (G)”, “Coenzyme metabolism (H),
“Lipid metabolism (1)”, “Transcription (K)”, “Post
translation and modification (0O)”, “Inorganic
ion transport and metabolism (P)”, “Secondary
metabolites biosynthesis, and co-metabolism (Q)”,
“signal transduction mechanism (T)”, “Intracellular
trafficking and secretion (U)”, and some of
the genes are functionally active in “Defense
mechanism (V)”. All these gene were directly or
indirectly linked with transportation of ions and
compounds which helps in various metabolic
processes transport of ions and compounds, as
well as various metabolic processes.

On analysis of metagenomic data of
bacterial genomes indicates the presence of

KEGG Represents Xenobiotic Compound Degradation Genes
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microbial communities in industrial effluent
contaminated soil samples having different
xenobiotic compounds have capability to degrade
such hydrocarbons and plays significant role in
bioremediation processes. Numerous studies
have elucidated that Pseudomonas stutzeri have
great mechanisms to degrade and bioremediation
capabilities of some crucial xenobiotic compounds
like chlorobenzene, carbon tetrachloride,
phenanthrene, toluene, xylene, and various azo
dyes in effluents.?®¢>% Furthermore, genomic

analyses of diverse Pseudomonas species have
uncovered insights into the functions of oxygenase,
oxidoreductases, ferredoxins, cytochromes,
dehydrogenases, and proteins involved in sulfur
metabolism.®”7° This genus is also characterized by
numerous operons that facilitates the catabolism
of wide array of aromatic compounds, as well
as gene clusters that encode enzymes likely
involved in metabolism of anthropogenic
substrates. Additionally, Shewanella baltica is
recognized for its significant contributions for
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degradation of different aromatic and aliphatic
hydrocarbons which includes some of organic
and inorganic compounds, including naphthalene
and styrene, as well as under anaerobic condition
this species were capable to immobilized and
degrade some of toxic heavy metals including
radionuclides.”>’> Some other studies reported
genus like Rhodobacter have capability to
decolorization of nitrophenol, chlorobenzenes,
and azo dyes.?®**7® In recent years, enzymes
associated with environmental bioremediation
have garnered substantial attention, leading to the
implementation of various innovative approaches
for in-depth studies of specific enzyme classes. It
is observed that numbers of enzymes involved in
degradations pathways were directly or indirectly
linked through their proteomic rather than their
taxonomic classification, which indicates that the
genes involved in catabolic process have highly
diverse mechanism and different processes.®
Some studies reported that the presence of
tmo-like genes in Pseudomonas, Mycobacterium
and Bradyrhizobium which are highly diverse
with respect to phylogenetics, further supports
the notion of horizontal gene transfer.>%5%7475
To rightly assess the catabolic eventuality for
biodegradation, it’s necessary to consider the
wide range of catabolic pathways generated
by microorganisms, as well as the diversity of
enzymes within a single gene family or across
multitudinous gene families. As a result, the
exploration of catabolic gene eventuality must
be done independently, as depending simply on
taxonomic lives might leads to equivocal finding
about functional assignments and affects in
particular and undetermined relationship.

Identification of xenobiotic compound
degradation pathways through KEGG

For the identification of xenobiotic
aromatic and aliphatic hydrocarbon degradation
pathways, the current metabolic pathways
were compared with reference databases.
The analysis indicates that the microbial
communities of SA4, SA5, and SA6 exhibits an
enrichment in degradation pathways for wide
range of xenobiotic hydrocarbons, which includes
toluene, xylene, fluorobenzoate, benzoate,
aminobenzoate, chlorohexane and chlorobenzene,
chloroalkane and chloroalkene, nitrotoluene,

caprolactam, polyaromatic hydrocarbons, furfural
and ethylbenzene. Some of other like beta-
lactam resistance, antimicrobial resistance, drug
metabolism and other enzyme, steroid degradation
and CAMP resistance gene as well (Figure 6). These
results highlight the metabolic capabilities of the
current metagenomic community concerning
xenobiotic compounds. The xenobiotic aromatic
and aliphatic hydrocarbons are primarily consisting
of alkyl, sulphonates, cycloalkanes, methoxy, nitro,
halogen (like chlorine, bromine, fluorine etc.)
or amino substituents of monocyclic aromatics
(which including toluene, xylene, benzoate,
aminobenzoate, flurobenzoate, nitrotoluene,
ethylbenzene etc.) and bicyclic aromatic and
aliphatic, heterocyclic compounds (such as
bisphenol, chloroalkane and chloroalkene,
polycyclic aromatic, furfural, PTA, and
tetrachloroethene etc.). The findings align with
the chemical characteristic of the soil samples
of SA4, SA5, and SA6, which is also favors the
studies data. The over-representation of pathways
for degradation of xenobiotics indicates that
metagenomic community were adaptable in
utilizing these aromatic hydrocarbons as source
of carbon and energy. Studies suggest that
this microbial communities significantly utilize
glycolysis or gluconeogenesis pathways, which
indicates that these metagenomic communities not
only utilize aromatic and aliphatic hydrocarbons as
source of carbon and energy, but they may utilize
glucose as primary source of carbon and energy
(Figure 6).%

Subsequently the EC numbers were
aligned with a curated list of enzymes responsible
for biodegradation of xenobiotic compounds, as
provided in the UM-BBD database. Such enzymes
are E3.1.1.45; Carboxymethylenebutenolidase,
Catechol 2,3-dioxygenase, Metallo-beta-
lactamase class B, E1.14.13.40; Anthraniloyl-
CoA monooxygenase, Aminoglycoside
6-adenylyltransferase, Protocatechuate
3,4-dioxygenase, Toluene monooxygenase,
E3.8.1.2; 2-Haloacid dehalogenase,
N-ethylmaleimide reductase, 2-Hydroxy-6-oxo-
octa-2,4-dienoate hydrolase, Cyclohexanone
monooxygenase, Thiopurine S-methyltransferase,
3-Oxosteroid 1-dehydrogenase, Chloramphenicol
O-acetyltransferase, 4-Carboxymuconolactone
decarboxylase, Benzoyl-CoA reductase,

Journal of Pure and Applied Microbiology

14

www.microbiologyjournal.org



Bariya et al | J Pure Appl Microbiol. 2025. https://doi.org/10.22207/JPAM.19.3.09

4-Hydroxybenzoyl-CoA reductase,
2,5-Furandicarboxylate decarboxylase, p-cumate
2,3-dioxygenase, pht3; phthalate 4,5-dioxygenase,
Haloacetate dehalogenase, Hydrogenase,
3-Hydroxy-9,10-secoandrosta-1,3,5(10)-triene-
9,17-dione monooxygenase, Virginiamycin B
lyase, and many others plays significant role
in biodegradation of various aromatic and
aliphatic hydrocarbons and some of were also
involve in antimicrobial resistance as well Table.
Further in-depth investigation is required to
explore the preferential utilization of these
source. The microbial processes critical to
biodegradation, including oxidoreduction process,
binding, immobilizing, and biotransformation,
are facilitated by various enzymes such as
oxidoreductases, and oxygenase’s.®’¢ Nonetheless,
only a limited number of specific enzymes
directly participate in biodegradation. In contrast,
numerous enzymes, which primarily function
in cellular metabolic processes, can assume
alternative roles in biodegradation pathways
which exposed to stressors like hydrocarbons,
dyes, and xenobiotic compounds. Many of these
enzymes exhibits promiscuous activities.**”” The
concept of “catalytic promiscuity” refers to an
enzyme’s ability to catalyze multiple reactions,
termed secondary activities, at its active site.
From a fundamental perspective, investigation
into catalytic promiscuity provide insights into
the evolutionary development of enzymes
and facilitate the adaptation of enzymes for
specific application in vitro. To assess the genetic
capabilities of these bacterial communities in
industrial effluent contaminated soil and their
adaptive mechanisms for the biodegradation
of xenobiotic substances, various methods for
functional annotation and gene characterization
have been employed. Metagenomic single reads
and contigs have been annotated using Gene
Ontology (GO) terms, Clusters of Orthologous
Group (COG) accessions, and Kyoto Encyclopedia
of Gene and Genome (KEGG) identifiers, followed
by assigning these predicted functional genes to
coding sequences. The anticipated genes and
enzymes were integrated into metabolic pathways
to clarify the potential catabolic routes utilized by
the resident microbial community.”

Numerous additional studies have been
conducted to elucidate the microbial metabolism

associated with xenobiotic biodegradation. For
instance,” presented a comprehensive sequential
degradation pathways for conversion of polycyclic
aromatic hydrocarbon in to B-ketoadipate
pathway via protocatechuate, ultimately resulting
in mineralization to carbon dioxide through
the tricarboxylic acid cycle.*® In the review of
Perez-Pantoja et al.?° elucidate the metabolic
capabilities of Cupriavidus necator IMP134 having
capability of bioremediate different xenobiotic
hydrocarbons. Out of 140 aromatic compounds
evaluated, 60 were utilized as exclusive source of
carbon an energy, which aligns closely with the
catabolic functions inferred from genomic analysis.
C. necator possesses nearly all principal ring
-cleavage pathways for degradation of aromatic
hydrocarbons, including the B-ketoadipate
pathway (which follows enzyme-mediated aryl-
ring degradation), these pathways encompasses
branches for catechol, chlorocatechol, methyl
catechol, and protocatechuate ortho and meta
ring-cleavage pathway; catechol ortho and meta
ring cleavage pathway; quinoline pathway;
[-carboxy-cis, cis-muconate pathway; shikimate
pathway; gentisate pathway; phenylacetyl-CoA
pathway; 2-aminobenzoyl-CoA pathway; benzoyl-
CoA pathway; 3-hydroxyanthranilate pathway and
many others.®* The presence of C. necator in our
metagenomic reads further supports the potential
for these aforementioned metabolic capabilities.

A comprehensive metabolic pathway proposed
for the degradation of xenobiotic hydrocarbon
degradation

The hypothetical comprehensive
metabolic pathway has been constructed for
the degradation of aromatic and aliphatic
hydrocarbons based on the interaction among the
degradation pathways identified in the studied
soil metagenome of SA4, SA5, and SA6 (Figure 7).
The thorough examination of these pathways and
enzymes associated with degradation of xenobiotic
compounds indicates that the biodegradation of
these compounds undergoes through aerobic and
anaerobic conditions as follows: the toluene and
xylene degradation initiated with hydroxylation
reaction to form intermediates of toluene
and xylene are methylcatechol via enzyme
(EC 1.14.13.2). This intermediates furtherly
oxidized into catechol which undergoes ring
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cleavage by dioxygenases (EC 1.13.11.1 and EC
1.13.11.2) which is again breakdown into Maley
acetate via (EC 1.3.2.32) which is furtherly
converted into succinyl CoA and Acetyl CoA.
Similarly, aminobenzoate is derivative of benzoate
containing amino group. The degradation of
these compounds involves hydroxylation of
aminobenzoate to form hydroxyaminobenzoate
via (EC 1.14.12.1) which is furtherly converted
into catechol by (EC 1.13.11.1 and EC 1.13.11.2).
This catechol undergoes oxidation to produce
intermediates like succinyl CoA and acetyl CoA.
The degradation of chlorinated compounds
initiated by (EC 1.14.12.3 and EC 1.14.12.26),
it requires initially dichlorination which is
done by (EC 1.21.99.5) result into formation of
chlorocyclohexane and chlorobenzene which
is furtherly undergoes hydroxylation to form
meleyacetate. This intermediate is furtherly
breakdown to form intermediates of TCA cycles.
Similarly, the degradation of flurobenzoate
initiated with hydroxylation and oxidation, which
result into formation of 4-hydroxybenzoate by
(EC 1.14.12.10 and EC 1.14.12.1). It is furtherly
entered into benzoate degradation pathway;
were it get oxidized by (EC 1.14.13.2) to form
intermediates like succinyl CoA and acetyl CoA.
Similarly, the polycyclic aromatic hydrocarbon
degradation pathway is initiated with oxidation
of anthracene, fluorene via monooxygenase (EC
1.14.12.12), and phenanthrene and pyrene via
(EC 1.13.11.- and EC 1.14.-.-), respectively. This
result into hydroxylation of anthracene to form
1-hydroxyanthracene. This intermediates furtherly
oxidized to form catechol via (EC 1.4.13.1) which
enter into benzoate degradation pathway; were it
get oxidized by dioxygenases like (EC1.13.11.1 and
EC 1. 13.11.2) to form intermediates of TCA cycle
like succinyl CoA and acetyl CoA, each of these
intermediates are enter into TCA cycle for energy
conservation (Figure 7).

The significant prevalence of degradation
pathways for a wide array of such aromatic and
aliphatic hydrocarbon compounds underscores
a remarkable anabolic and catabolic capabilities
of the current microbial communities present
in this industrial effluent contaminated soil
samples. Such level of diversity has been reported
by Bao et al.*® for metagenomic investigation
of hydrocarbon contaminated soils.®* reported

genes and enzymes like catechol dioxygenase
responsible for degradation of hydrocarbons via
high throughput metagenomic sequencing of soil
tainted by jet fuel. Similarly, Eze and Lee et al.
8182 reported microbial communities responsible
for the degradation of various hydrocarbons like
benzoate, toluene, ethylbenzene and xylene
under anaerobic conditions. They also reported
that, biodegradation of this compounds under
anaerobic conditions leads to accumulation of
significant levels of uncleaved aromatic acids (like
benzoic acids, phenolic acids and phthalic acids)
which may helpful for the breakdown of some
other phenolic compounds.® Similarly, some
other findings associated with the degradation
of BTEX include benzyl alcohol,®*® benzoic
acids, propionic acid, hydroxy acetophenone,
and dimethyl benzaldehyde. These metabolites
were identified during degradation process.
In another study of Andreote et al.?® uses high
throughput metagenomic sequencing using
454 sequencing technologies to investigate the
microbial communities of soil contaminated with
oil, and reported that the genes function were
limited to metabolism of methane, formaldehyde
and CO,. While another study of Yergeau et
al.¥” reported that presence of high numbers of
genes responsible for degradation of aromatic
and aliphatic hydrocarbon degradation using
454 sequencing technology to analyze the
metagenome of diesel-polluted soils, still there
is no enriched pathways is identified for the
degradation of such xenobiotics.

CONCLUSION

Our findings indicates that the
metagenome of industrial effluent contaminated
soil samples having significant level of diversity
in microbial communities and their metabolic
processes. On the basis of comparative studies
and detailed analysis it is found that microbial
communities are responsible for biodegradation of
different aromatic and aliphatic hydrocarbons such
astoluene, xylene, chlorobenzene, aminobenzoate,
benzoate, nitrotoluene, chloroalkane and
chloroalkene, cyclochlorohexane, ethylbenzene,
caprolactam, polycyclic aromatic hydrocarbons,
flurobenzoate, furfural, and other aromatic
hydrocarbons. Furthermore, a comprehensive
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hypothetical metabolic pathway was constructed
on the basis of overall metabolic pathways
identified for the degradation of xenobiotic
compounds. The insight gained from this research
will be instrumental in developing effective
bioremediation processes to remediate such
industrially effluent contaminated soils.
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