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Metagenome of a polluted river reveals a
reservoir of metabolic and antibiotic
resistance genes
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Abstract

Background: Yamuna, a major tributary of Ganga, which flows through the national capital region of Delhi, is among
the major polluted rivers in India. The accumulation of various effluents, toxic chemicals, heavy metals, and increased
organic load in the Yamuna directly affects the organisms that thrive inside or around this river. It also makes it an ideal
site for studying the impact of pollution on the river microflora, which are sentinels of the water quality.

Results: In this study, the microbial community structure and functional diversity of the Yamuna river water
was assessed from the New Delhi region. The community structure of Yamuna during pre-monsoon (June)
was found to be significantly different from the post-monsoon (November) time, with Acinetobacter being the
most abundant genus during June, and Aeromonas during November. The functional characterization revealed
the higher abundance of Methyl-accepting chemotaxis protein in the river water, which could be important
for the microbial chemosensory adaptation in the environment. A higher abundance of genes related to
nitrogen and sulfur metabolism, metal tolerance, and xenobiotic degradation, and complete degradation
pathways of aromatic compounds such as toluene, xylene, benzene and phenol were identified. Further, the
results showed the presence of a pool of antibiotic resistance genes in the bacterial microbiome in the
Yamuna alongside a large number of broad-spectrum antibiotics, such as carbapenemases and metallo-β-
lactamases. Efflux mechanism of resistance was found to dominate among these microbes conferring multi-
drug resistance. The Principal Coordinate Analysis of the taxonomic composition of the Yamuna River water
with publicly available freshwater and sewage datasets revealed significant differences in the two Yamuna
samples and a greater resemblance of pre-monsoon Yamuna sample to sewage sample owing to the higher
pollution levels in Yamuna in the pre-monsoon time.

Conclusion: The metagenomic study of the Yamuna river provides the first insights on the bacterial
microbiome composition of this large polluted river, and also helps to understand the dynamics in the
community structure and functions due to seasonal variations. The presence of antibiotic resistance genes
and functional insights on the metabolic potential of a polluted river microbiome are likely to have several
applications in health, biotechnology and bioremediation.
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Metal tolerance
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Background
With the rapid growth in human population,
industrialization, and urbanization, the pollution levels in riv-
ers have increased drastically. The freshwater is required to
meet the demands of the human population; however, the
dumping of domestic, industrial and agricultural wastes into
the freshwater sources have led to its rapid deterioration. A
wide variety of untreated organic and inorganic pollutants,
including fecal wastes, industrial effluents, oils, grease, plas-
tics, plasticizers, aromatics, pesticides and heavy metals are
discharged into the rivers. Resultantly, many rivers have been
converted into sewage carrying drains, which pose an im-
mense threat to the ecosystem. A similar scenario exists in
India, where several major rivers show high levels of pollu-
tion affecting the human population and the surrounding
ecosystem [1–5].
The Yamuna, the longest tributary of river Ganga, is

among the most polluted rivers in India [6, 7]. It origi-
nates from the Yamunotri glacier, flows through 1376
km before merging into the Ganges at Allahabad. Ya-
muna receives outfalls from 18 major drains in the Delhi
region (Central Pollution Control Board (CPCB) 2015).
The untreated discharge of urban runoffs consisting of
fecal waste, hospital waste, and other domestic waste,
and industrial effluents are the major contributors of
pollution, causing an increase in the organic load, toxic
chemicals, and heavy metals in the river [8, 9]. Accord-
ing to water assessment reports of Yamuna, 0.1–1.1 mg/l
DO, 29–67 mg/l BOD and 230,000–160,000,000 MPN/
100 ml coliform content were observed in 2016 at a site
in New Delhi (CPCB 2017). The low levels of dissolved
oxygen and very high levels of BOD are indicators of de-
teriorating quality of the river water.
Microbes are essential components of aquatic ecosys-

tems and possess a vast array of metabolic genes and are
the major agents of biogeochemical cycling [10]. How-
ever, the bacterial communities in a polluted river like
Yamuna thrive on the accumulated organic load, toxic
chemicals, xenobiotics and heavy metals present in the
river. In such an environment, the bacterial microbiome
is expected to possess genes capable of degrading vari-
ous pollutants, including organic compounds, toxicants,
and xenobiotics. Further, the urban discharge also leads
to an accumulation of antibiotics in the receiving drains
that merges into the Yamuna River [11–15]. Antibiotics
such as Ampicillin, Ciprofloxacin, Gatifloxacin, Sparflox-
acin, and Cepuroxime have been detected in the Ya-
muna river at different sites in the New Delhi region
[15]. The detection of antibiotics and discharge of a large
number of sewage drains into the river hints towards the
presence of a pool of resistome residing in the Yamuna
[16]. However, only a little is known about the preva-
lence of ARGs in the river, which is a major source of
water for a large population in India.

Understanding the dynamics in community structure
and function across contaminated freshwater sources,
such as the Yamuna, helps in determining the impact of
human practices on the water ecosystems. The unique en-
vironmental characteristics and the presence of eutrophi-
cation of the Yamuna river makes it a distinct study site
for exploring the bacterial community structure, which is
poorly characterized for this river. Thus, the present work
identifies the bacterial communities present in the Ya-
muna River water using metagenomic approaches. The
pollution levels in Yamuna shows drastic variations be-
tween the pre-monsoon and post-monsoon time. There-
fore, to capture the bacterial diversity of the river and to
understand the differences between the two seasons, the
metagenomic assessments were carried at two time points:
June (pre-monsoon) and November (post-monsoon). This
is the first study to provide the glimpses into the func-
tional characteristics along with bacterial diversity of the
microbiome from the Yamuna river. Since this river is a
freshwater source, which is being contaminated with sew-
age water, a comparative analysis of the Yamuna river
metagenome with sewage and freshwater metagenomes
were also performed.

Results
Taxonomic analysis
Taxonomic assignment was performed for the V3 hyper-
variable region of 16S rRNA using QIIME to examine
and compare the composition of bacterial community in
samples collected at two different time points, June (YJ)
and November (YN). A total of 250,904 and 167,020
OTUs were obtained after clustering of 7,451,906 and 1,
596,945 high-quality reads from YJ and YN samples, re-
spectively (Additional file 1: Table S1). The estimates of
alpha diversity indices showed higher phylogenetic diver-
sity and evenness in YJ as compared to YN (Fig. 1a, b).
The observed number of OTUs and Shannon index were
higher in the case of YJ sample.

Taxonomic analysis using amplicon reads
The bacterial community structure of YJ and YN was
determined by the taxonomic assignment of amplicons
(OTUs) using the Greengenes database. At the phylum
level, both samples consisted of Proteobacteria (78% in
YJ and 80% in YN) as the most abundant phylum (Fig.
1c). However, differences were observed in the relative
proportions of the other phyla. YN showed a higher pro-
portion of unassigned phyla (18%), whereas, YJ showed a
higher proportion of Bacteroides (14%) and Actinobac-
teria (3%). The community structure observed at the
family and genus level showed major differences in
abundance between the two samples (Fig. 1d and Add-
itional file 1: Figure S1). Acinetobacter, a Gammaproteo-
bacteria, was found to be the most abundant genus in YJ
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(35%), whereas, unknown genera from family Aeromo-
nadaceae were found to the most abundant in YN (48%).
To identify the most represented genus in the YN sample,

we identified the top ten OTUs with the highest number of
sequences. A total of eight OTUs (57. 4% of total se-
quences), out of these ten most abundant OTUs, belonged
to unknown genera from the family Aeromonadaceae in
YN sample. Interestingly, we found that all these OTUs
belonged to genus Aeromonas after aligning them against
NT database at NCBI web portal using blastn, and showed
the top hit to species Aeromonas hydrophila (Additional file
1: Table S2). In YJ, the most abundant OTU (8. 6% of total
sequences) was assigned as Flavobacterium, whereas, four

out of the ten most abundant OTUs belonged to genus Aci-
netobacter. Of these, one OTU was assigned to species Aci-
netobacter johnsonii, covering 4% of total sequences
(Additional file 1: Table S3). The presence and abundance
of Acinetobacter and Aeromonas in polluted water and sew-
age sites have been reported in several studies [17]. Both
these genera are also known to harbor antibiotic resistance
genes [18] in sewage such as in wastewater treatment plants,
hospital and pharmaceutical sewage.

Taxonomic classification using WGS metagenomic data
The whole genome shotgun (WGS) sequencing reads
were generated on Illumina HiSeq platform, and a total

Fig. 1 Microbial composition in the two Yamuna water samples. The bacterial alpha diversity in June (YJ) and November (YN) water samples: a Number of
OTUs and b Shannon index. c The distribution of major contributing phyla (having more than 1% abundance). d The distribution of major contributing genus
(having more than 1% abundance) in the two samples
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of 25,877,683 and 87,301,705 high quality reads for YJ
and YN, respectively, were obtained after quality filtra-
tion steps. These WGS reads were subjected to taxo-
nomic classification using Kraken [19] at the highest
possible taxonomic levels. We observed that a large per-
centage of reads (55% in YJ and 61% in YN) could not
be assigned any taxonomy. Among the assigned ones, a
majority of the reads, 87 and 89% in YJ and YN, respect-
ively, belonged to Proteobacteria. These results corrob-
orate well with the high abundance (78 and 80% in YJ
and YN, respectively) of Proteobacteria observed from
the analysis of amplicon reads (Fig. 1c). In YJ, the genus
Acinetobacter was observed as the most abundant genus
using both WGS (15.5%) and amplicon (34.8%) datasets
(Fig. 1d), whereas, unassigned genus belonging Aeromo-
nadaceae family was the most abundant in both ampli-
con (62.8%) and WGS (18.8%) in YN. Altogether, the
taxonomic classification of WGS sequences also support
the differences in the taxonomic composition in the two
Yamuna samples, and the higher abundance of Acineto-
bacter in YJ and Aeromonadaceae genus in YN sample.

Functional analysis
A total of 796,860 and 1,567,548 contigs were generated
from YJ and YN datasets, respectively. From these contigs,
a total of 962,761 and 1,776,601 ORFs were identified in
YJ and YN, respectively. A total of 710,715 and 1,332,740
ORFs from YJ and YN datasets could be mapped to the
KEGG database, and a total of 9152 KOs and 2661 ECs
were identified in YJ and YN samples belonging to 1344
different KEGG Pathways. Methyl-accepting chemotaxis
protein (MCP) was observed as the most abundant KO in
YN sample (0. 34%) and was also among the five most
abundant KOs in YJ (Additional file 2: Table S4). MCPs
are transmembrane receptors that sense the concentration
of attractants and repellants and mediate chemotaxis. The
pathways related to ABC transporters (3.5%), two-
component system (3.2%), amino acid biosynthesis (2.5%),
and carbon metabolism (1.5%) were among the most
abundant pathways in the Yamuna (Additional file 2:
Table S5). An abundance of Nitrogen (0.8%) and Sulfur
(0.8%) metabolism pathways were also observed in the Ya-
muna water microbiome. The presence of complete path-
ways for nitrogen and sulphur metabolism and aromatic
compound degradation such as toluene, xylene, benzene
and phenol were also found in the samples. Further, a
large number of genes related to antibiotic resistance and
metal tolerance were observed. A detailed analysis of β-
lactam resistance pathway was carried out that revealed
antibiotic-resistance mechanisms present in bacteria in a
polluted river. It showed the presence of genes for
penicillin binding, inhibition of peptidoglycan biosyn-
thesis, β-lactamase induction by muropeptides via AmpG-
AmpR-AmpC and Opp-BlaI-BlaZ pathways leading to

hydrolytic degradation, and also possesses RND efflux
pumps for efflux of the β-lactams (Additional file 2:
Table S5).

Antibiotic resistance genes
The antibiotic resistance genes (ARGs) were identified
in YJ and YN samples using the CARD database [20],
which consists of 3008 sequences classified into 40 cat-
egories. Only those genes predicted from the metage-
nomic reads, which was confirmed from the assembled
contigs were considered for the analysis. Both YJ and
YN samples showed an almost similar abundance of dif-
ferent categories of ARGs, and hence were clubbed and
discussed together as a single set called ‘YARG’ in the
subsequent section. A list of the identified ARGs in YJ
and YN is provided in Additional file 2: Table S6a, b.
From the assembled data including both YJ and YN
datasets, a total of 662 subtypes of ARGs (538 genes) be-
longing to 34 CARD categories were found in YARG.
rpoB gene, which encodes the beta subunit of RNA poly-
merase and provides resistance to rifampicin [21], was
found to be the most abundant (9–10%) in the YARG. It
was followed by rpoC (~ 7%), which also encodes the
beta subunit of RNA polymerase and provide resistance
to daptomycin [22]. The gyrA gene, which encodes
DNA gyrase and is responsible for providing resistance
to fluoroquinolones [23], was also abundant (~ 5%).
Similarly, adeJ gene, which encodes the multiple efflux
protein AdeJ [24], was found abundant (1–4%) in YARG;
however, it showed a higher abundance in YJ dataset.
This gene is known to be present in Acinetobacter [24],
which was also the most abundant genus observed in
the YJ sample.
Among the 40 categories, the most abundant gene cat-

egories found in YARG were the antibiotic resistance
gene variant or mutant (20.2%), fluoroquinolone resist-
ance gene (11. 7%), and efflux pump conferring anti-
biotic resistance (13.4%). All the genes, which are known
to confer aminocoumarin resistance, were found in
YARG (Additional file 2: Table S7). The genes confer-
ring resistance to rifampin, macrolide, chloramphenicol,
tetracycline, phenicol, aminocoumarin, β-lactams, lipo-
peptides, elfamycin, polymyxins, aminoglycosides, isonia-
zid, trimethoprim, lincosamide were found in the
Yamuna.
MacA-MacB and MtrC-MtrD-MtrE are two important

and well-studied Macrolide resistance efflux systems [25,
26]. All the genes involved in MtrC-MtrD-MtrE efflux
system, and MacA, which is a part of MacA-MacB efflux
system, could be identified in YARG, whereas, MacB
could not be identified as it was absent in the reference
database. A total of 51 genes responsible for multidrug
resistance were found in YARG. All these multidrug re-
sistance genes use an efflux system for resistance.
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Interestingly, a large number of ARGs were involved in
the efflux system (13% in YJ; 16% in YN) in the Yamuna
metagenome (Additional file 2: Table S6 and S7) sug-
gesting that the microbial communities have acquired
resistance mainly through the efflux mechanisms.
A total of 164 genes encoding β-lactamases were

found in YARG, consisting of Class A including CARBs
and Tla, Class B including cephA3 and cphA6, Class C
including CMY, MIR, PDC, DHA, and OCH, and Class
D including OXA β-lactamases. A large number of car-
bapenemase type β-lactamases (such as IMP, VIM and
OXA) were identified in the Yamuna, of which eight
were metallo- β-lactamases (Additional file 2: Table S6).
These include blaNDM-1, blaNDM-8, blaAIM-1, SMB-1,
blaIMP-1, blaIMP-25, imiH, and blaVIM-2. Interestingly,
among the different Metallo-β-lactamases, blaNDM-1and
blaNDM-8, which encode New Delhi-Metallo-β-lacta-
mase-1 (NDM-1) and New Delhi-Metallo-β-lactamase-8
(NDM-8) were also identified. NDM has gained much
attention recently due to their broad-spectrum resistance
to antibiotic, including cephalosporins, moxalactam, and
carbapenems and has been identified in North Indian
river microbiomes recently [27].

Genes for xenobiotic degradation
Due to the higher abundance of xenobiotic compounds
in the river, the microbes tend to acquire genes and
pathways for transformation or transportation of these
chemicals as a part of the survival mechanism. We ex-
amined the genes responsible for such biotransforma-
tions in the Yamuna river microbiome. The complete
metabolic pathways for Azathioprine, its pro-drug 6-
Mercaptopurine, Capecitanine and Irinotecan were
observed in Yamuna waters from the KEGG analysis. In
total, 131 enzymes capable of acting on different drugs
were identified in Yamuna out of 370 enzymes in the
Drugbank database. These enzymes are involved in the
biotransformation and transportation of drug. Several
enzymes responsible for multiple effluxes of drug mole-
cules were also identified such as Multidrug resistance
protein 1, multidrug resistance-associated protein-4, 5, 6
and 7. These observations point towards the prevalence
of multidrug resistance though efflux systems in the Ya-
muna River microbial communities. The xenobiotic deg-
radation by microbes may potentially affect the toxicity
and efficacy of drugs with respect to human health [28].

Metal tolerance
Heavy metal contamination in the Yamuna river can se-
verely affect the river microflora, and thus the microbes
acquire metal tolerance for their survival in the environ-
ment [29]. We, therefore, investigated the metal toler-
ance in the microbes. Genes related to metal tolerance
in the assembled contigs of YN and YJ were identified

using BacMet database [30], a manually curated database
consisting of 444 sequences for metal resistance. Out of
335 genes classified into 72 categories, 271 metal
tolerant genes belonging to 47 different categories were
identified in the Yamuna (Additional file 2: Table S8).
According to tolerance to different compounds/ele-
ments, Cu, Ni and Zn were found to have a maximum
number of metal tolerant genes in the Yamuna. These
are trace elements and are required by microbes. Thus,
the identification of tolerant genes for these elements
was expected. Interestingly, a higher number of genes
were involved in tolerance or biotransformation to heavy
metals such as Hg, Co and Ar. A total of 47 and 46
unique genes were found to confer tolerance to Hg and
Co, respectively (Additional file 2: Table S8). Hg resist-
ance is mainly acquired by ‘mer’ operon. Out of the 17
known mer genes (present in BacMet database), 13
genes were identified in the river microbiome. The genes
involved in Arsenic resistance (ars genes), namely arsR,
arsA, arsB, arsC, arsD, arsH and arsM were also identi-
fied in the Yamuna River (Additional file 2: Table S8).

Comparative analysis
To understand the differences in the bacterial micro-
biome composition in two seasons datasets and to com-
pare the microbiome of Yamuna waters, we performed a
detailed comparative analysis with sewage and fresh-
water samples. Alpha diversity of YJ, YN, sewage (SW),
and freshwater (FA and FN) datasets were examined
using Shannon index and number of OTUs (Observed
Species). With respect to the number of observed spe-
cies, YJ and YN were found to be more diverse as com-
pared to sewage and freshwater (Additional file 1: Figure
S2). The sewage sample showed higher Shannon index
denoting higher evenness in the sample. Overall, the
alpha diversity was inconsistent for the two Yamuna
samples and consistent for the two freshwater samples,
and the diversity for Yamuna samples differed with both
sewage and freshwater samples.
The taxonomic structure of the five datasets at the

phylum level (Additional file 1: Figure S4) indicates that
the phylum Proteobacteria was the most dominant phyla
in both sewage (60%) and Yamuna samples (~ 80%),
whereas, Proteobacteria constituted only ~ 36% in the
case of freshwater samples. It is apparent that the micro-
bial composition of YJ and YN showed more similarity
to sewage as compared to the freshwater. Actinobacteria
was dominant in both the Freshwater samples (~ 40%)
and was less abundant in the other three datasets (< 4%).
Similarly, at the family level, YJ and YN displayed more
similarity with sewage. The family Moraxellaceaea was
the most abundant family in sewage (23. 9%) and YJ (37.
5%), whereas, Freshwater (0%) and YN (2. 5%) showed
less representation of this family (Additional file 1:
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Figure S5). Notably, the freshwater samples showed a very
different taxonomic composition in comparison to the
sewage and Yamuna water samples (Fig. 2). At the genus
level, YJ and were dominated by genus Acinetobacter (34
and 22%, respectively), whereas, YN was dominated by un-
assigned genus from family Aeromonadaceae (64%).
The inter-sample diversity estimated using ordinations

of the Bray-Curtis distance shows that YJ and YN sam-
ples are distant from each other and also distant from
freshwater samples in terms of the microbial communi-
ties in the Principal Coordinate Analysis (Fig. 3a). The
observed distance between the YJ and YN samples indi-
cates higher seasonal variations in microbial diversity in
the Yamuna. YJ was found closer to Sewage sample in
terms of microbial communities, which corroborates
with the previous reports suggesting that the pollution
level in the Yamuna river is at the peak during summers
(May–June) and the scenario changes after the begin-
ning of the monsoon [31]. Contrarily, the PCoA analysis
carried out using the functional profile (KEGG and egg-
NOG database) showed that both the Yamuna samples
were close to each other, and all three types of datasets,
Yamuna, freshwater and sewage appeared distant from
each other (Fig. 3b and Additional file 1: Figure S3). This
observation suggests that in comparison to the large dif-
ferences observed in the taxonomic composition of the
two seasons, the differences were lower at the functional
level. More studies in the future with more number of
datasets and time-points will provide further insights
into the seasonal differences in Yamuna microbiome.

A comparison in the abundance of KEGG Orthologs re-
lated to metal tolerance and antibiotic resistance was car-
ried out using the five datasets, which showed that the
two Yamuna samples showed similar profiles with each
other and with the Sewage for most KOs (Fig. 4). The
antibiotic resistance genes categories among the five data-
sets were visualized on a heatmap, which showed a clus-
tering of the freshwater samples. The two Yamuna
samples also clustered together and were closer to sewage
compared to freshwater on the heatmap (Fig. 5). The
KEGG pathway-based comparison of YJ and YN with
freshwater revealed that ChpA-ChpB/PilGH (chemosen-
sory) and EnvZ-OmpR (osmotic stress response) two-
component regulatory systems, assimilatory sulfate and
nitrate reduction pathways were significantly associated
with the Yamuna (p-value < 0.05), whereas, amino acid
biosynthesis pathways and nucleotide sugar biosynthesis
pathways were associated with freshwater (p-value< 0.05;
Additional file 2: Table S9). These results can be attrib-
uted to the availability of high amounts of organic matter
for bacterial community thriving in sewage and Yamuna.

Discussion
The river Yamuna faces extremes of dry and flood-like con-
ditions in a year. During summers (May-Jun), the river is al-
most in a dry state and mainly contains the outfalls of
various drains [32]. These outfalls carry untreated or par-
tially treated domestic and industrial wastewater. The river
gets recharged during monsoon (Jul-Oct), and thus, it
shows an improved water quality during the post-monsoon

Fig. 2 Microbial distribution among the five datasets. The Genus level composition having more than 1% abundance in the five datasets are shown
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season (Oct-Nov). To gain insights into the bacterial com-
position in Yamuna at both taxonomic and functional
levels, we chose two time points June and November, which
shows two entirely different conditions of the river. The
taxonomic analysis highlights the differences in the

microbial community structure between the two time
points and revealed that taxonomic diversity is higher dur-
ing June than in November. It also unveiled that Acineto-
bacter (in June) and Aeromonas (in November), belonging
to the same taxonomic class, are the most abundant genera

Fig. 3 Principle Coordinates Analysis (PCoA) of pairwise dissimilarities (Bray-Curtis distances) among the five datasets. The distances are based on
a community composition from amplicon analysis and b Functional composition using KEGG database

Fig. 4 KOs related to metal tolerance and antibiotic resistance in the five datasets
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in the Yamuna. The comparative analysis with freshwater
and sewage samples shows that the taxonomic composition
in YJ and YN are entirely different, and the diversity in YJ is
closer to sewage than YN. This corroborates with the dry
state of Yamuna in summers containing mainly the
wastewater.

Recent studies suggest that the urban effluents con-
tribute to antibiotic pollution in the receiving drains and
water bodies [33]. The extensive use of antibiotics in the
form of medication leads to the development of anti-
biotic resistance in microbes residing in the human body
[34]. Through feces, these antibiotics and the resistant

Fig. 5 Heatmap showing abundance of antibiotic resistance gene categories in the five datasets
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microbes become common component of the waste
streams and contaminate the environment [18, 35]. A re-
cent study estimated that 53,800 tons of antibiotics were
released to open environment, majorly entering into riv-
ers, following wastewaters in China in 2013 [36]. India is
among the largest consumers of antibiotics and the
Yamuna receives domestic and industrial waste from
one of the most populated cities [37]. Thus, several clas-
ses of antibiotics persists in the river [15], which is likely
to contribute to the development and maintenance of
antibiotic resistance in microbes. Previous studies have
also shown that few species of Acinetobacter and Aero-
monas, the two most abundant genera identified in the
Yamuna, also harbors various antibiotic-resistance genes
[38–40].
The functional analysis using the CARD database

shows that the microbial community residing in the
Yamuna possesses a large number of antibiotic resist-
ance genes. Most of the YARGs mainly belong to efflux
systems, showing resistance to multiple antibiotics. Sev-
eral Metallo-β-lactamases, that catalyze the hydrolysis of
most β-lactams antibiotics genes were identified in the
river water. Notably, the NDM genes (blaNDM-1 and
blaNDM-8) were also identified in our analysis, which
makes the carrying bacterium the most resistant strain
till date. blaNDM-1 was first reported in 2008 in Klebsiella
pneumoniae isolated from a Swedish patient repatriated
after admission to hospital in New Delhi [41]. Since
then, the gene and its several variants have been identi-
fied in several hospitals worldwide. The presence of a
large number of ARGs in Yamuna could be a conse-
quence of the disposal of domestic and hospital wastes
into the river. Several studies have reported that antibi-
otics and antibiotic resistance genes in the freshwater
sources are mainly derived from pollution with human
or animal waste [36, 42–44]. The Yamuna water is main
source of water in several regions in north-India, and is
currently used for in-stream purposes such as bathing,
clothes washing and cattle wading. The presence of anti-
biotic resistance genes in microbes in such potable water
sources poses a potential health hazard.
The functional analysis shows that chemotactic pro-

teins (MCP), and pathways related to chemosensory
two-component regulatory systems were abundant in
the Yamuna, which suggests the substantial role of che-
mosensory motility system in these microbes. Chemo-
taxis helps bacteria to find optimum conditions for their
growth and survival. They migrate to patches of
enriched nutrients and away from toxins through con-
centration gradients. There are recent discoveries in bac-
terial chemotaxis toward pollutants, and its application
in bioremediation [45]. A large number of genes confer-
ring resistance to heavy metals, such as Hg, Co and Ar,
were identified in this study. The metal tolerant bacteria

have also been previously identified in the Yamuna River
[46, 47]. For years, Yamuna received untreated dis-
charges from industrial effluents, contaminated by heavy
metals. Moreover, the immersion of painted idols dir-
ectly into the river also contributes to heavy metal con-
tamination (CPCB 2018). Due to their accumulation and
non-degradable nature, the concentration of heavy
metals in Yamuna, including Ar, Cr, Fe, Ni, Cu, Pb, and
Hg exceeds the standard maximum permissible limit [7,
48]. The metal tolerance genes and microbes identified
in the river could be an important resource for decon-
tamination of the environment and have potential
applications in bioremediation [49]. Further, the identifi-
cation of complete degradation pathways of aromatic
compounds such as toluene, xylene, benzene and phenol
in the samples indicate the potential of such ecosystems
in discovering novel enzymes and species in further
studies which may find important applications in bio-
remediation and biotechnology.

Methods
Sample collection and DNA extraction
The river water samples were collected in duplicate in
sterile plastic bottles from two different locations
(28.627552 N, 77.253977 E) at a distance of about 15 m
from the banks and one meter depth from the surface
from the Yamuna (YAM) River, near ITO Bridge, New
Delhi, India. The samples were collected at two different
time points i.e. in the month of June (YJ) and November
(YN) and were transported to the laboratory at 4 °C and
stored at − 20 °C until further processing. Each sample
was filtered through 1.2 μm pore size membrane to re-
move debris and coarse particles, further passed through
a 0.2 μm pore size to collect the prokaryotic cells on the
filter. Extraction of metagenomic DNA was performed
in less than a week of sample collection as per the man-
ufacturer’s instructions using Metagenomic DNA Isola-
tion Kit for water (Epicentre).

16S rRNA amplicon sequencing and analysis
The 16S rRNA V3 region was amplified from the
Yamuna November (YN) and June (YJ) DNA samples
using the general primer pairs 341F - CCTACGGGAG
GCAGCAG and 534R – ATTACCGCGGCTGCTGGC
[50]. The amplified products were further extracted
using QIAquick Gel Extraction Kit (QIAGEN) and used
for sequencing. The purified 16S rRNA V3 amplicons
were sequenced using Illumina HiSeq sequencing plat-
form, which generated a total of 13,565,755 and 191,740,
397 paired-end reads for YJ and YN samples, respect-
ively. The reads were filtered by removing unambiguous
bases using the NGS QC Toolkit v2.3.3 [51] and were
merged into single reads using FLASH [52]. The low
quality reads were removed, and the primers were
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trimmed from both the ends using Cutadapt v1.8.3 [53],
to obtain high quality 16S rRNA V3 sequences for YN
and YJ samples, respectively.
OTUs were picked from the filtered reads using

closed-reference OTU picking from QIIME v1.9 at 97%
identity against the Greengenes database (v13_5) [54].
The reads that failed to cluster using closed reference
OTU picking were clustered using de novo OTU pick-
ing. The representative sequences were extracted from
OTUs and aligned against the Greengenes database
using BLAT. The hits, which showed an identity ≥90%
and aligned length ≥ 100 bp, were selected and the tax-
onomy was assigned by the ‘Lowest Common Ancestor’
approach using in-house Perl scripts. The samples were
rarefied 10-times from 100 sequences with a step size of
4000. The diversity metrics, namely ‘Observed species’
and ‘Shannon diversity index’ were calculated at each
rarefied depth to estimate the intra-sample diversity.

Metagenome sequencing and analysis
The YJ and YN samples were sequenced using Illumina
sequencing HiSeq platform, generating a total of 96,000,
349 and 165,873,760 paired-end reads, respectively. The
reads containing unambiguous bases and the low-quality
reads were removed using the NGS QC Toolkit [51].
The paired-end reads were assembled into single reads
using FLASH [52] resulting in a total of 25,877,683 and
87,301,705 high quality reads for YJ and YN, respect-
ively. The reads were taxonomically classified using
Kraken v0.10.5 [19] to study the microbial community
structure.
Several publicly available assembly tools including

MetaVelvet, SOAPdenovo, MegaHit and Genovo were
evaluated at different k-mers to assemble the reads.
MEGAHIT v1.1.1 [55] displayed the best (N50 value
492) performance among these methods and was used
to assemble the short Illumina reads into contigs using
the default parameters. The analysis of metagenomic
data was carried out for both reads and assembled con-
tigs. For the reads-based analysis, the paired-end reads
generated for YJ and YN were combined into single
reads using FLASH, and ORFs were predicted in the
high-quality reads using MetaGeneMark (v3.25) [56],
and the functional annotation was carried out using
RAPsearch [57] against KEGG and EggNOG databases
v4.5.1 [58] with a maximum e-value cut-off of 10− 6 and
aligned length ≥ 30 amino acids. Antibiotic resistance
genes were identified by aligning the ORFs against
CARD database v1.1.7 [20] using RAPsearch with an e-
value cut-off of 10− 6 and aligned length ≥ 30 amino
acids. ORFs from the contigs were predicted using Meta-
GeneMark and were searched against CARD [20], Bac-
Met v1.1 [30], and DrugBank v5.0 [59] databases for
functional annotation using RAPsearch with threshold

parameters of the minimum aligned length of 50 amino
acids or at least 50% query coverage, and E-value ≤10− 6.

Comparative analysis
To compare the microbial diversity and gene pool of the
Yamuna river samples (YN and YJ) collected with other
related metagenomes, amplicon and whole-genome se-
quencing (WGS) datasets from a freshwater and a sew-
age site were retrieved. The freshwater dataset was
obtained from Lake Lanier generated for the month of
August (FA) and November (FN) [60], which consists of
235,469 and 256,503 amplicon reads from the V1–3 16S
rRNA region and a total of 61,659,612 and 34,204,450
WGS reads from FA and FN, respectively, generated
using the 454 platform. The sewage dataset (SW) was
obtained from Jones Island and South Shore [61] con-
taining a total of 237,559 amplicon reads from V6 16S
rRNA region and 430,403 WGS reads generated using
the 454 platform. Similar strategies for taxonomic and
functional assignment were employed for all datasets.
The microbial community structure of YAM (YN and
YJ) was compared with Freshwater (FA and FN) and
Sewage (SW) datasets. Bray-Curtis distances among the
samples were calculated using taxonomic and functional
(KEGG and EggNOG) profile [62] and analyzed using
Principal Coordinate Analysis (PCoA). A comparison in
the abundance of Antibiotic Resistance Genes (ARGs)
identified using CARD database was also carried out for
the five datasets.

Data availability
The nucleotide paired-end sequences generated in this
study have been deposited in NCBI under the BioProject
ID PRJNA531627, and can accessed using the NCBI SRA
accession id SRR8870486, SRR8870487, SRR8870488 and
SRR8870489.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s40793-019-0345-3.

Additional file 1: Table S1 Raw and high quality reads in the two
Yamuna samples and other datasets. Table S2 Distribution of top ten
OTUs annotated as Aeromonadaceae in YN and their blast hits summary.
Table S3 Distribution of top ten OTUs in YJ and their blast hits summary.
Figure S1 Distribution of family showing more than 1% abundance in
the two YM datasets. Figure S2 Alpha diversity of microbes in the five
datasets. (A) Number of OTUs. (B) Shannon index. Figure S3 PCoA plot
showing the Bray-curtis distance among the five datasets based on egg-
NOG categories. Figure S4 Comparison of Phylum showing more than
1% abundance in the five datasets. Figure S5 Comparison of Family
showing more than 1% abundance in the five datasets. (DOCX 471 kb)

Additional file 2: Table S4. Abundance of KEGG Pathways in the
Yamuna. Table S5. Abundance of KEGG Orthologs in the Yamuna. Table
S6. The antibiotic resistant genes identified in the Yamuna samples a) In
YJ b) In YN. Table S7. Category wise Abundance of Antibiotic Resistant
Genes. Table S8. List of metal resistance/tolerant genes identified in

Mittal et al. Environmental Microbiome            (2019) 14:5 Page 10 of 12

https://doi.org/10.1186/s40793-019-0345-3
https://doi.org/10.1186/s40793-019-0345-3


Yamuna and its count. Table S9. Abundance of KEGG Pathways in the
five datasets. (XLSX 780 kb)

Abbreviations
ARG: Antibiotic resistance genes; CARD: Comprehensive Antibiotic Resistance
Database; CPCB: Central Pollution Control Board; FA: Freshwater August
sample; FN: Freshwater November sample; MCP: Methyl-accepting
chemotaxis protein; OTU: Operational taxonomic unit; SW: Sewage sample;
YARG: Yamuna antibiotic resistance genes; YJ: Yamuna June sample;
YN: Yamuna November sample

Acknowledgments
VP and DBD acknowledge Department of Science and Technology-INSPIRE
and University Grants Commission (UGC), Government of India, respectively,
for providing research fellowships.

Authors’ contributions
VKS conceived the idea. DBD designed and performed the experiments. PM,
VP and SK performed the computational analysis. PM and VP analyzed the
data and interpreted the results. PM and VP prepared the figures and tables.
PM, VP, SK and VKS wrote and reviewed the manuscript. All authors read and
approved the final manuscript.

Competing interests
The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Author details
1Metagenomics and Systems Biology Laboratory, Department of Biological
Sciences, Indian Institute of Science Education and Research Bhopal, Madhya
Pradesh, India. 2Division of Glycoscience, School of Biotechnology, Albanova
University Center, Royal Institute of Technology, 10691 Stockholm, Sweden.

Received: 20 May 2019 Accepted: 3 September 2019

References
1. Singh KP, Malik A, Mohan D, Sinha S. Multivariate statistical techniques for

the evaluation of spatial and temporal variations in water quality of Gomti
River (India)—a case study. Water Res. 2004;38(18):3980–92.

2. Jain C. Metal fractionation study on bed sediments of river Yamuna, India.
Water Res. 2004;38(3):569–78.

3. Jain C, Singhal D, Sharma M. Metal pollution assessment of sediment and
water in the river Hindon, India. Environ Monit Assess. 2005;105(1–3):193–207.

4. Khwaja A, Singh R, Tandon S. Monitoring of ganga water and sediments
Vis-a-Vis tannery pollution at Kanpur (India): a case study. Environ Monit
Assess. 2001;68(1):19–35.

5. Hamner S, Pyke D, Walker M, Pandey G, Mishra RK, Mishra VB, Porter C, Ford
TE. Sewage pollution of the river ganga: an ongoing case study in Varanasi,
India. River Sys. 2013;20(3-4):157–67.

6. Sen I, Shandil A, Shrivastava V. Study for determination of heavy metals in
fish species of the River Yamuna (Delhi) by Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES). Adv Appl Sci Res. 2011;2(2):161–
66.

7. Kaur S, Mehra P. Assessment of heavy metals in summer & Winter seasons
in river Yamuna segment flowing through Delhi, India. J Environ Ecol. 2012;
3(1):149–65.

8. Singh SS, Singh S, Garg S. Environmental concerns in National Capital
Territory of Delhi, India. J Climatol Weather Forecast. 2015;3:147. https://doi.
org/10.4172/2332-2594.1000147.

9. Upadhyay R, Dasgupta N, Hasan A, Upadhyay S. Managing water quality of
river Yamuna in NCR Delhi. Phys Chem Earth, Parts A/B/C. 2011;36(9):372–8.

10. Azam F, Worden AZ. Oceanography. Microbes, molecules, and marine
ecosystems. Science. 2004;303(5664):1622–4.

11. Reinthaler F, Posch J, Feierl G, Wüst G, Haas D, Ruckenbauer G, Mascher F,
Marth E. Antibiotic resistance of E. coli in sewage and sludge. Water Res.
2003;37(8):1685–90.

12. Xu W, Zhang G, Li X, Zou S, Li P, Hu Z, Li J. Occurrence and elimination of
antibiotics at four sewage treatment plants in the Pearl River Delta (PRD),
South China. Water Res. 2007;41(19):4526–34.

13. Gallert C, Fund K, Winter J. Antibiotic resistance of bacteria in raw and
biologically treated sewage and in groundwater below leaking sewers. Appl
Microbiol Biotechnol. 2005;69(1):106–12.

14. Linton K, Richmond M, Bevan R, Gillespie W. Antibiotic resistance and R
factors in coliform bacilli isolated from hospital and domestic sewage. J
Med Microbiol. 1974;7(1):91–103.

15. Mutiyar PK, Mittal AK. Occurrences and fate of selected human antibiotics in
influents and effluents of sewage treatment plant and effluent-receiving
river Yamuna in Delhi (India). Environ Monit Assess. 2014;186(1):541–57.

16. Jha P, Subramanian V, Sitasawad R, Van Grieken R. Heavy metals in
sediments of the Yamura River (a tributary of the Ganges), India. Sci Total
Environ. 1990;95:7–27.

17. Vandewalle JL, Goetz GW, Huse SM, Morrison HG, Sogin ML, Hoffmann RG,
Yan K, McLellan SL. Acinetobacter, Aeromonas and Trichococcus
populations dominate the microbial community within urban sewer
infrastructure. Environ Microbiol. 2012;14(9):2538–52.

18. Jury K, Vancov T, Stuetz R, Khan S. Antibiotic resistance dissemination and
sewage treatment plants. Curr Res Technol Educ Topics Appl Microbiol
Microb Biotechnol. 2010;2:509–10.

19. Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biol. 2014;15(3):R46.

20. Jia B, Raphenya AR, Alcock B, Waglechner N, Guo P, Tsang KK, Lago BA,
Dave BM, et al. CARD 2017: expansion and model-centric curation of the
comprehensive antibiotic resistance database. Nucleic Acids Res. 2017;
45(D1):D566–D73.

21. Miller LP, Crawford JT, Shinnick TM. The rpoB gene of mycobacterium
tuberculosis. Antimicrob Agents Chemother. 1994;38(4):805–11.

22. Friedman L, Alder JD, Silverman JA. Genetic changes that correlate with
reduced susceptibility to daptomycin in Staphylococcus aureus. Antimicrob
Agents Chemother. 2006;50(6):2137–45.

23. Weigel LM, Steward CD, Tenover FC. gyrA mutations associated with
fluoroquinolone resistance in eight species ofEnterobacteriaceae.
Antimicrob Agents Chemother. 1998;42(10):2661–7.

24. Damier-Piolle L, Magnet S, Bremont S, Lambert T, Courvalin P. AdeIJK, a
resistance-nodulation-cell division pump effluxing multiple antibiotics in
Acinetobacter baumannii. Antimicrob Agents Chemother. 2008;52(2):
557–62.

25. Rouquette-Loughlin CE, Balthazar JT, Shafer WM. Characterization of the
MacA-MacB efflux system in Neisseria gonorrhoeae. J Antimicrob
Chemother. 2005;56(5):856–60.

26. Warner DM, Folster JP, Shafer WM, Jerse AE. Regulation of the MtrC-MtrD-
MtrE efflux-pump system modulates the in vivo fitness of Neisseria
gonorrhoeae. J Infect Dis. 2007;196(12):1804–12.

27. Ahammad ZS, Sreekrishnan T, Hands CL, Knapp CW, Graham DW. Increased
waterborne Bla NDM-1 resistance gene abundances associated with
seasonal human pilgrimages to the upper Ganges River. Environ Sci
Technol. 2014;48(5):3014–20.

28. Sharma AK, Jaiswal SK, Chaudhary N, Sharma VK. A novel approach for the
prediction of species-specific biotransformation of xenobiotic/drug
molecules by the human gut microbiota. Sci Rep. 2017;7(1):9751.

29. Valls M, de Lorenzo V. Exploiting the genetic and biochemical capacities of
bacteria for the remediation of heavy metal pollution. FEMS Microbiol Rev.
2002;26(4):327–38.

30. Pal C, Bengtsson-Palme J, Rensing C, Kristiansson E, Larsson DG. BacMet:
antibacterial biocide and metal resistance genes database. Nucleic Acids
Res. 2014;42(Database issue):D737–43.

31. Mandal P, Upadhyay R, Hasan A. Seasonal and spatial variation of
Yamuna River water quality in Delhi, India. Environ Monit Assess. 2010;
170(1–4):661–70.

32. Ravindra K, Kaushik A. Seasonal variations in physico-chemical characteristics
of river Yamuna in Haryana and its ecological best-designated use. J
Environ Monit. 2003;5(3):419–26.

33. Rodriguez-Mozaz S, Chamorro S, Marti E, Huerta B, Gros M, Sanchez-Melsio
A, Borrego CM, Barcelo D, et al. Occurrence of antibiotics and antibiotic
resistance genes in hospital and urban wastewaters and their impact on the
receiving river. Water Res. 2015;69:234–42.

34. Gibson MK, Crofts TS, Dantas G. Antibiotics and the developing infant gut
microbiota and resistome. Curr Opin Microbiol. 2015;27:51–6.

Mittal et al. Environmental Microbiome            (2019) 14:5 Page 11 of 12

https://doi.org/10.4172/2332-2594.1000147
https://doi.org/10.4172/2332-2594.1000147


35. Levy SB. Antibiotic resistance: consequences of inaction. Clin Infect Dis.
2001;33(Suppl 3):S124–9.

36. Zhang QQ, Ying GG, Pan CG, Liu YS, Zhao JL. Comprehensive evaluation of
antibiotics emission and fate in the river basins of China: source analysis,
multimedia modeling, and linkage to bacterial resistance. Environ Sci
Technol. 2015;49(11):6772–82.

37. Van Boeckel TP, Gandra S, Ashok A, Caudron Q, Grenfell BT, Levin SA,
Laxminarayan R. Global antibiotic consumption 2000 to 2010: an analysis of
national pharmaceutical sales data. Lancet Infect Dis. 2014;14(8):742–50.

38. Zong Z, Zhang X. blaNDM-1-carrying Acinetobacter johnsonii detected in
hospital sewage. J Antimicrob Chemother. 2013;68(5):1007–10.

39. Zhang C, Qiu S, Wang Y, Qi L, Hao R, Liu X, Shi Y, Hu X, et al. Higher
isolation of NDM-1 producing Acinetobacter baumannii from the sewage of
the hospitals in Beijing. PLoS One. 2014;8(6):e64857.

40. Ko WC, Yu KW, Liu CY, Huang CT, Leu HS, Chuang YC. Increasing antibiotic
resistance in clinical isolates of Aeromonas strains in Taiwan. Antimicrob
Agents Chemother. 1996;40(5):1260–2.

41. Yong D, Toleman MA, Giske CG, Cho HS, Sundman K, Lee K, Walsh TR.
Characterization of a new metallo-beta-lactamase gene, Bla (NDM-1), and a
novel erythromycin esterase gene carried on a unique genetic structure in
Klebsiella pneumoniae sequence type 14 from India. Antimicrob Agents
Chemother. 2009;53(12):5046–54.

42. Zhu YG, Zhao Y, Li B, Huang CL, Zhang SY, Yu S, Chen YS, Zhang T, et al.
Continental-scale pollution of estuaries with antibiotic resistance genes. Nat
Microbiol. 2017;2:16270.

43. McKinney CW, Pruden A. Ultraviolet disinfection of antibiotic resistant
bacteria and their antibiotic resistance genes in water and wastewater.
Environ Sci Technol. 2012;46(24):13393–400.

44. Xu J, Xu Y, Wang H, Guo C, Qiu H, He Y, Zhang Y, Li X, et al. Occurrence of
antibiotics and antibiotic resistance genes in a sewage treatment plant and
its effluent-receiving river. Chemosphere. 2015;119:1379–85.

45. Pandey G, Jain RK. Bacterial chemotaxis toward environmental pollutants:
role in bioremediation. Appl Environ Microbiol. 2002;68(12):5789–95.

46. Zeyaullah M, Islam B, Ali A. Isolation, identification and PCR amplification of
merA gene from highly mercury polluted Yamuna river. Afr J Biotechnol.
2010;9(24):3510–4.

47. Bhagat N, Vermani M, Bajwa HS. Characterization of heavy metal (cadmium
and nickle) tolerant gram negative enteric bacteria from polluted Yamuna
River, Delhi. Afr J Microbiol Res. 2016;10(5):127–37.

48. Singh S, Kumar M. Heavy metal load of soil, water and vegetables in peri-
urban Delhi. Environ Monit Assess. 2006;120(1–3):79–91.

49. Mejáre M, Bülow L. Metal-binding proteins and peptides in bioremediation
and phytoremediation of heavy metals. Trends Biotechnol. 2001;19(2):67–73.

50. Muyzer G, De Waal EC, Uitterlinden AG. Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of
polymerase chain reaction-amplified genes coding for 16S rRNA. Appl
Environ Microbiol. 1993;59(3):695–700.

51. Patel RK, Jain M. NGS QC toolkit: a toolkit for quality control of next
generation sequencing data. PLoS One. 2012;7(2):e30619.

52. Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics. 2011;27(21):2957–63.

53. Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17(1):10–2.

54. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, Fierer N, Pena AG, et al. QIIME allows analysis of high-throughput
community sequencing data. Nat Methods. 2010;7(5):335–6.

55. Li D, Luo R, Liu C-M, Leung C-M, Ting H-F, Sadakane K, Yamashita H, Lam T-W.
MEGAHIT v1. 0: a fast and scalable metagenome assembler driven by
advanced methodologies and community practices. Methods. 2016;102:3–11.

56. Zhu W, Lomsadze A, Borodovsky M. Ab initio gene identification in
metagenomic sequences. Nucleic Acids Res. 2010;38(12):e132-e.

57. Zhao Y, Tang H, Ye Y. RAPSearch2: a fast and memory-efficient protein
similarity search tool for next-generation sequencing data. Bioinformatics.
2012;28(1):125–6.

58. Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D, Walter MC, Rattei
T, Mende DR, et al. eggNOG 4.5: a hierarchical orthology framework with
improved functional annotations for eukaryotic, prokaryotic and viral
sequences. Nucleic Acids Res. 2015;44(D1):D286–93.

59. Law V, Knox C, Djoumbou Y, Jewison T, Guo AC, Liu Y, Maciejewski A, Arndt
D, et al. DrugBank 4.0: shedding new light on drug metabolism. Nucleic
Acids Res. 2014;42(D1):D1091–D7.

60. Poretsky R, Rodriguez RL, Luo C, Tsementzi D, Konstantinidis KT. Strengths
and limitations of 16S rRNA gene amplicon sequencing in revealing
temporal microbial community dynamics. PLoS One. 2014;9(4):e93827.

61. Sanapareddy N, Hamp TJ, Gonzalez LC, Hilger HA, Fodor AA, Clinton SM.
Molecular diversity of a North Carolina wastewater treatment plant as
revealed by pyrosequencing. Appl Environ Microbiol. 2009;75(6):1688–96.

62. Bray JR, Curtis JT. An ordination of the upland forest communities of
southern Wisconsin. Ecol Monogr. 1957;27(4):325–49.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Mittal et al. Environmental Microbiome            (2019) 14:5 Page 12 of 12


	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Taxonomic analysis
	Taxonomic analysis using amplicon reads
	Taxonomic classification using WGS metagenomic data

	Functional analysis
	Antibiotic resistance genes
	Genes for xenobiotic degradation
	Metal tolerance

	Comparative analysis

	Discussion
	Methods
	Sample collection and DNA extraction
	16S rRNA amplicon sequencing and analysis
	Metagenome sequencing and analysis
	Comparative analysis
	Data availability

	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Competing interests
	Author details
	References
	Publisher’s Note

