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Abstract

Background: Himalaya is an ecologically pristine environment. The geo-tectonic activities have shaped various
environmental niches with diverse microbial populations throughout the Himalayan biosphere region. Albeit,
limited information is available in terms of molecular insights into the microbiome, including the uncultured
microbes, of the Himalayan habitat. Hence, a vast majority of genomic resources are still under-explored from this
region. Metagenome analysis has simplified the extensive in-depth exploration of diverse habitats. In the present
study, the culture-independent whole metagenome sequencing methodology was employed for microbial diversity
exploration and identification of genes involved in various metabolic pathways in two geothermal springs located
at different altitudes in the Sikkim Himalaya.

Results: The two hot springs, Polok and Reshi, have distinct abiotic conditions. The average temperature of Polok
and Reshi was recorded to be 62 °C and 43 °C, respectively. Both the aquatic habitats have alkaline geochemistry
with pH in the range of 7–8. Community profile analysis revealed genomic evidence of plentiful bacteria, with a
minute fraction of the archaeal population in hot water reservoirs of Polok and Reshi hot spring. Mesophilic
microbes belonging to Proteobacteria and Firmicutes phyla were predominant at both the sites. Polok exhibited an
extravagant representation of Chloroflexi, Deinococcus-Thermus, Aquificae, and Thermotogae. Metabolic potential
analysis depicted orthologous genes associated with sulfur, nitrogen, and methane metabolism, contributed by the
microflora in the hydrothermal system. The genomic information of many novel carbohydrate-transforming
enzymes was deciphered in the metagenomic description. Further, the genomic capacity of antimicrobial
biomolecules and antibiotic resistance were discerned.

(Continued on next page)

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: amitrai.ibsd@gov.in; sudhirsingh@ciab.res.in
3Institute of Bioresources and Sustainable Development, Sikkim Centre,
Tadong, Gangtok, India
1Center of Innovative and Applied Bioprocessing (DBT-CIAB), SAS Nagar,
Mohali, India
Full list of author information is available at the end of the article

Sharma et al. BMC Microbiology          (2020) 20:246 
https://doi.org/10.1186/s12866-020-01923-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-020-01923-3&domain=pdf
http://orcid.org/0000-0001-5437-4292
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:amitrai.ibsd@gov.in
mailto:sudhirsingh@ciab.res.in


(Continued from previous page)

Conclusion: The study provided comprehensive molecular information about the microbial treasury as well as the
metabolic features of the two geothermal sites. The thermal aquatic niches were found a potential bioresource of
biocatalyst systems for biomass-processing. Overall, this study provides the whole metagenome based insights into
the taxonomic and functional profiles of Polok and Reshi hot springs of the Sikkim Himalaya. The study generated a
wealth of genomic data that can be explored for the discovery and characterization of novel genes encoding
proteins of industrial importance.

Keywords: Hot springs, Metagenomics, Taxonomic profiling, Functional potential, Antibiotic resistance, CAZymes,
Glycosyltransferases

Background
The high-throughput sequence analysis of the genetic ma-
terial has led to the cultivation-independent and compre-
hensive investigation of microbial and functional diversity
of the ecological niches. The metagenomic study is in-
creasingly being performed to resolve and characterize the
microbial signatures and functional potential of the nat-
ural habitats. The analysis of culture-independent meta-
genome sequence data is helpful in elucidating the
association among taxonomic composition, their function-
ing, and environmental feature [1]. Metagenomics can
exert a significant impact on understanding the microbial
niches of the extreme habitats, such as hot springs, glacial
lakes, hydrothermal vents, etc., which are often found in
isolated places. Further, the bioinformatic analysis of the
assembled-metagenomic information generated from the
extreme environmental samples, such as hot-springs, has
led to the discovery of novel genes encoding desirable bio-
catalysts of societal importance [2–5].
Himalaya is a treasure of unexplored microbial wealth

in the ecological niches of characteristic temperature
and surrounding rocks composition. Sikkim is a Hima-
layan state in the north-east region of the Indian union
territory, which resides in the vicinity of the tectonically
active domain of the eastern Himalayas [6]. The Hima-
layan geothermal region has several hot-water ecosys-
tems, which were naturally created millions of years ago
by tectonic activities. In Sikkim, the ancient thermal
springs, locally known as Tatopani or Tsha-Chu, are of
religious, medical, and aesthetic values. The therapeutic
significance of geothermal springs is documented glo-
bally in many reports. These hot-springs are the rich
sources of ores of precious elements, other chemicals, as
well as a wealth of microbial diversity. The microflora of
the hot springs is directly dependent upon the physico-
chemical characteristics of the site, i.e., pH, redox poten-
tial, temperature, mineral and other chemical profiles
[7]. Here, it is essential to note that the chemical com-
position of the thermal reservoirs depends on the chem-
ical nature of the surrounding rock materials and their
chemical interaction with the water [8]. Metagenomic
investigation can divulge the molecular ecological

features, revealing the vast and diverse genetic pool of
these natural habitats. However, hardly any study has
been conducted to explore the whole-metagenome based
in-depth molecular profiling of taxonomic diversity and
metabolic features of the remotely located geothermal
sites in the Himalayan region.
The microbiota of the thermal aquatic habitats of high

elevation in the Sikkim region is underexplored at the
genomic level. The study of microbial diversity in the sam-
ples from the Yumthang hot-spring of the Sikkim region
revealed information about several thermo-adapted bac-
teria at this site [9, 10]. Recently, 16S rRNA gene amplicon
sequencing has been performed, investigating the micro-
bial ecological details of Polok and Borong hot-springs in
Sikkim [11]. However, the whole metagenomic perusals of
the extreme ecosystems of this region, exploring the bio-
synthetic applications of their genetic resources, are quite
limited. The biocatalysts encoded in the genome of
thermophilic microorganisms residing in the harsh natural
sources often exhibit inherent desirable properties of high
thermal stability, resistance to organic solvent, and long-
term storage. The comprehensive metagenomic investiga-
tion of the ecological niches facilitates taxonomic binning,
and the assessment of the metabolic and functional poten-
tial in the habitat, deciphering the molecular basis of the
unique properties of the environmental sites.
In the present work, we analyzed the whole metagen-

ome sequences derived from two remote hot springs of
the Sikkim Himalayas, Polok, and Reshi. This investiga-
tion aimed to study the genomic features of these sites
and decipher the microbial diversity, metabolic and
functional profiling of the thermal aquatic bioresource,
generating a metagenomic wealth for the discovery and
characterization of novel genes encoding biocatalysts of
industrial potential.

Results
Site description
Polok and Reshi hot springs are located at different alti-
tudes near the river ‘Rangit’. Polok hot spring is situated at
the altitude of 929m, with coordinates of 27.3504235° N,
and 88.3203041° E. The altitude of the Reshi hot spring
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was measured as 460m, with coordinates of 27.2415603°
N, and 88.2989453° E (Fig. 1) [12]. The sampling has been
done at the place where the hot water oozes at the surface
of the Earth. The average temperature and pH of the hot
spring water at the sampling site were recorded to be
62 °C and pH 8.0 in Polok, and 43 °C and pH 7.5 in Reshi.

Metagenome sequencing and taxonomic annotation
Metagenomic DNA was extracted from the water sam-
ples collected from Polok and Reshi. Whole metagen-
ome sequencing generated about 18.4 and 19.1 million
high-quality paired ends (PE) reads from Polok and
Reshi samples, respectively. These reads were assembled
into about 149.4 and 121.7 thousand scaffolds with an
average size of 905 and 877 bp, and the N50 value of
about 1207 bp and 1202 bp in Polok and Reshi metagen-
omes, respectively. A total of 110,729 and 106,626 ORFs
were predicted from the assembled data of Polok and
Reshi, with the average size of 797 and 702 bp, and mini-
mum size of 402 and 351 bp, respectively (Table 1).

The taxonomic binning of the predicted ORFs revealed
the dominance of bacterial organisms, showing an abun-
dance of 77.8 and 88.6% in Polok and Reshi, respectively
(Fig. 2a; Table S1). About 0.95 and 0.11% of the total
ORFs were accounted for the distribution of the archaeal
communities in Polok and Reshi, respectively. The rep-
resentation of viruses was very less in both the samples
(~ 0.03%). The percentage of ORFs with unassigned taxa
and classified above the rank phylum were 16 and 5% in
Polok, and 6.7 and 4.4% in Reshi metagenomes, respectively.
The predominant bacterial phyla identified in Polok

sample were Proteobacteria (22.06%), Firmicutes (16.36%),
Chloroflexi (7.7%), and Deinococcus-Thermus (4.2%).
Reshi metagenome exhibited the highest abundance of
Proteobacteria (59%), Firmicutes (21%), and Bacteroidetes
(4.4%) (Fig. 2b; Table S2). At the family level, Planococca-
ceae (6%), Pseudomonadaceae (4.74%), Anaerolineaceae
(4.45%), Thermaceae (4.15%), and Moraxellaceae (3.21%)
were dominant in Polok sample. In Reshi, family Moraxel-
laceae was accounted for 13.56% of the mapped ORFs,
followed by Oxalobacteraceae (7.52%), Pseudomonadaceae

Fig. 1 Sampling sites and geographical positioning of Polok and Reshi hot springs. The geographical positions of the sites have been shown by
using the Google Maps, 2020
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(6.65%), and Xanthomonadaceae (5.12%) (Fig. 2c; Table S3).
The ORFs exhibited an association with a total of 1954 gen-
era, out of which 1210 were common in both the metage-
nomic samples, whereas 526 and 217 genera were unique to
Polok and Reshi, respectively. Exiguobacterium (5.47%) was
the most abundant genus in Polok sample, followed by
Pseudomonas (4.74%), Paenisporosarcina (4.54%), Thermus
(3.94%), Acinetobacter (3.19%), Stenotrophomonas (2.71%),
Thermanaerothrix (2.24%), and Thermoanaerobaculum
(1.74%), etc. In the case of Reshi, the highest abundance was
observed for Exiguobacterium (11.85%) and Acinetobacter
(11.08%), followed by Pseudomonas (6.52%), Massilia
(5.17%), Stenotrophomonas (4.6%), etc. (Fig. 2d; Table S4).
The sequences belonging to thermophilic genera like

Thermus (3.94%), Thermanaerothrix (2.24%), Hydrogeno-
bacter (1.65%), Anaerolinea (1.63%), Fervidobacterium
(1.51%), Sulfurihydrogenibium (1.28%), were found only
in Polok. The composition of mesophilic microbes was
also distinct in Polok and Reshi. Reshi hot spring

Table 1 Metagenome sequencing and assembly statistics of
Polok and Reshi hot springs

Statistics Polok Reshi

Number of reads 18,489,382 19,152,814

Number of scaffolds 149,440 121,736

Average scaffold size (bp) 905.6 877.79

N50 value of Scaffold 1207 1202

Total ORFs predicted 110,729 106,626

Average size of the ORFs 797.45 701.79

ORFs mapped to COG 77,700 78,212

ORFs mapped to KEGG database 98,932 94,901

ORFs mapped to GO database 109,705 110,114

ORFs mapped to Pfam database 84,173 84,517

ORFs mapped to FigFam database 51,509 51,626

ORFs mapped to nr database 110,170 103,006

ORFs mapped to CAZy database 18,374 9873

Fig. 2 An overview of taxonomic profile in Polok and Reshi hot springs. a Domain level taxonomy, b phylum level taxonomy, c family level
taxonomy, d genus level taxonomy
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evinced a relatively more diverse proteobacterial com-
munity structure, comprised of alpha-proteobacteria
(Sphingobium, Rhizobium, Sphingopyxis, Methylocapsa,
and Brevundimonas), beta-proteobacteria (Massilia,
Thiomonas, Janthinobacterium, and Duganella), gamma-
proteobacteria (Rheinheimera, Moraxella, and Enhydro-
bacter), epsilonproteobacteria (Sulfovorum), and delta-
proteobacteria (Desulfatirhabdium). Polok displayed the
presence of four common (Acenatobacter, Pseudomonas,
Delftia, and Stenotrophomonas), and three disparate
(Ochrobactrum Desulfacinum, and Desulfobacca) proteo-
bacterial genera (Table S4).
The taxonomic distribution at species level indicated

the metagenomic affiliation of 5396 species in Polok and
6382 species in Reshi, with 3118 species common in
both the hot spring samples (Fig. S1A; Table S5). Both
the hot springs manifested dominance of mesophiles,
followed by thermophiles, and scant presence of psy-
chrophiles (Fig. S1B; Table S6). Polok metagenome con-
veyed the abundance of Paenisporosarcina sp. HGH0030
(3.25%), Stenotrophomonas maltophilia (2.26%), Ther-
manaerothrix daxensis (2.24%), Exiguobacterium pavilio-
nensis (2.11%), Thermoanaerobaculum aquaticum
(1.74%), and Hydrogenobacter thermophilus (1.65%). The
prevalent species in Reshi metagenome were Exiguobac-
terium pavilionensis (4.17%), Stenotrophomonas malto-
philia (3.84%), Cloacibacterium normanense (2.72%),
Pseudomonas mosselii (2.4%), Acinetobacter kookii
(2.26%), and Moraxella osloensis (2.15%). Among the ar-
chaeal community, substantial representation of phylum
Euryarchaeota (0.85%) was observed in Polok. Further-
more, a fairly good percentage of ORFs were accredited
with the unclassified sequences (16.05% in Polok, and
6.72% in Reshi), and classified above rank species
(21.51% in Polok, and 28.86% in Reshi).

Microbial diversity and co-occurrence
The Pearson product-moment correlation among the
variables (phyla) was ranged between − 1 and + 1, indi-
cating the strength of the linear relationship among
them. The P-value for the correlated pairs was statisti-
cally significant, i.e., P-value < 0.05 and with 95.0% confi-
dence. Proteobacteria, Firmicutes, and Bacteroidetes
showed a positive correlation with each other. On the
contrary, Proteobacteria, Firmicutes, and Bacteroidetes
maintained a negative relation with the other 11 phyla,
e.g., Chloroflexi, Deinococcus-Thermus, Thermotogae,
Aquificae, Armatimonadetes, Acidobacteria, Nitrospirae,
Planctomycetes, Chlorobi, Actinobacteria and Ignavibac-
teriae (Fig. S2; Table S7). Interestingly, these 11 phyla
were positively correlated with one another. The statis-
tical significance of the relative abundance of the species
was tested with respect to one another in the range of −
1 to +1. The moderate intersection of the species

indicated the genomic presence of the diverse microbial
flora in Polok and Reshi (Fig. S3).
SHE (S: species richness, H: Shannon-Wiener evenness

index and E: evenness as measured by Shannon-Wiener
index) analysis inferred substantially high species rich-
ness (S) at the diversity scale of 2.8 to 3.0 (Fig. S4). How-
ever, evenness (E) of the species was found quite low,
manifesting the unequal distribution of the species in
Polok and Reshi. H index of 3.5 to 4 indicated the exist-
ence of a diverse microbial profile in both the hot water
reservoirs, with a low level of species similarity between
them. The values of global β-diversity indices were
ranged from 0.120 to 0.4. The low β-diversity index fur-
ther corroborates low species similarity between the two
examined habitats (Table 2).
In PCA analysis, the PC1 and PC2 axes represented

68.257 and 31.743% variance, with eigenvalues of 1.859,
and 0.864, respectively. All the species were clustered in
four different coordinates of the graph at 95% confi-
dence level. The clustering of the species was done in
accordance with their relative abundance in the hot
springs. Highly abundant species were grouped in the
positive coordinate of the respective hot spring, whereas
the species in scarce were grouped in the negative co-
ordinate (Fig. S5; Table S8).

Functional potential analysis
To infer the functional potential of the hot spring samples,
the predicted ORFs were aligned against COG and KEGG
databases. A total of 77,700 and 78,212 predicted genes or
ORFs from Polok and Reshi metagenomes were mapped to
3486 and 3444 COG functions, respectively. COG
categorization depicted the predominance of the functions
related to amino acid transport and metabolism, cell wall/
membrane biogenesis, replication, recombination and repair,
energy production and conversion, inorganic ion transport
and metabolism, carbohydrate transport and metabolism in
the metagenomic data of both the samples (Table S9). In
particular, the genes related to glycosyltransferase, perme-
ases, signal transduction histidine kinase, dehydrogenases,
methyltransferases, and transcriptional regulators, etc., were

Table 2 The measures of beta-diversity, representing species
richness in Polok and Reshi

Beta diversity criteria value

Routledge 0.12

Williams 0.28

Whittaker 0.4

Harrison 0.4

Wilson-Shmida 0.4

Mourelle 0.4

Harrison 2 0.4
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found abundant in both Polok and Reshi metagenomes.
Interestingly, a COG function, outer membrane receptor
proteins for iron transport, was highly represented in the
Reshi sample, as compared to Polok.
KEGG is a unique pathway repository that helps to de-

cipher the putative metabolic pathways associated with
an organism or the metagenome of a particular niche.
KEGG gene annotation mapped a total of 98,932
(Polok), and 94,901 (Reshi) predicted genes, identifying
4576 and 4519 KEGG Orthology (KO) terms, respect-
ively (Table S10). The most represented KEGG term was
two-component system. More than 5000 ORFs were
mapped against the 169 unique KO id’s belonging to the
two-component system pathways in both Polok and
Reshi hot springs. Among them, the ORFs related to the
protein family of histidine kinase PdtaS were in abun-
dance, followed by Nitrogen regulatory protein (NtrC)
and the DNA-binding protein OmpR families. The other
abundant KO terms were F420H (2)-dependent quinone
reductase, L-malate glycosyltransferase, ovochymase,
methyltransferase-like protein-6, iron complex outer-
membrane receptor protein, chemotaxis family protein,
N-acetyltransferase, and hydrophobic/amphiphilic HAE1
family exporter-1. The representation of KO ids associ-
ated with iron transport and heavy-metal exporter and
chemotaxis family proteins was relatively higher in Reshi
metagenome. In contrast, the predominance of hetero-
disulfide reductase subunits was observed in Polok.
KEGG pathway analysis uncovered different metabolic
pathways, which are crucial for not only the survival of
the resident microbes but also credit beneficial impacts
on the commuters visiting these sites.

Metabolic pathway gene pool
Nitrogen metabolism
Polok and Reshi hot springs are known to be moderately
rich in nitrogen content in the form of extracellular ni-
trate (NaNO3) [13]. Microbes utilize nitrogen in both as-
similatory as well as dissimilatory ways by reducing
nitrogen into ammonia, followed by its subsequent
utilization in amino acid biosynthesis pathways. A total
of 1489 ORFs (758 from Polok, and 731 from Reshi)
were mapped on 36 KO ids related to the nitrogen me-
tabolism. Microbes have a complex network of mem-
brane transporter proteins, which facilitate the diffusion
of inorganic nitrogen into the intracellular environment.
In both the metagenomes, genes related to nitrate/nitrite
porter (NNP) family, within the major facilitator super-
family (MFS), were identified that could be involved in
the uptake of nitrogen oxyanion, i.e., nitrate and nitrite.
The intracellular nitrate gets converted to nitrite by the
catalytic actions of nitrate reductase. In the metagen-
omes, putative genes were identified for dissimilatory
(narG EC: 1.7.5.1; narH EC: 1.7.5.1; narI EC: 1.7.5.1;

napA EC: 1.7.99), and assimilatory (nasA EC: 1.7.99;
nasB EC: 1.7.99; narB EC: 1.7.7.2) nitrate reduction (Fig.
S6; Table S11). When the intracellular concentration of
nitrite exceeds, it may be converted into nitrate by narG
(EC: 1.7.5.1) and/or narH (EC: 1.7.5.1), which displays
both the activities of nitrate reductase and nitrite oxido-
reductase. Inside the cell, the imported nitrite has two
fates, either it gets reduced to ammonia, or it may
undergo denitrification to produce nitrogen. In the
metagenome, putative genes were identified for both the
pathways. The nitrite reductase enzymes, nirB (EC:
1.7.1.15), and nirD (EC: 1.7.1.15), and nrfA (EC: 1.7.2.2)
were detected, which participate in the conversion of ni-
trite to ammonia. Intracellular nitrite can also be
diverted into the nitrate-nitrite-nitric oxide pathway, es-
pecially under hypoxic conditions, by the enzyme nirK;
Nitric oxide-forming nitrite reductase (EC: 1.7.2.1). Ni-
tric oxide can be reduced to nitrous oxide by norB (EC:
1.7.2.5) and norC enzymes. The enzyme nosZ (EC:
1.7.2.4) further reduces nitrous oxide into nitrogen. NifD
(EC: 1.18.6.1), nifK (EC: 1.18.6.1), and nifH enzymes
catalyze the utilization of nitrogen into ammonia forma-
tion. The denitrification related genes, involved in
nitrate-nitrite-nitric oxide, and nitrous oxide to nitrogen
biosynthetic route, were more prominent in Polok as
compared to Reshi. The other genes involved in ammo-
nia biosynthesis from the precursors like nitrile (nitrilase
EC: 3.5.5.1), formamide (formamidase EC: 3.5.1.49), and
hydroxylamine (hydroxylamine reductase EC: 1.7.99.1)
were also identified in the metagenomes. Moreover,
genes for the utilization of ammoniacynate and L-
glutamate biosynthesis were detected. Glutamate biosyn-
thesis was prominent in both the metagenomes. The
presence of phylum Nitrospirae in Polok and Reshi cor-
roborates the assimilatory and dissimilatory nitrate re-
duction by the microbes in the hot springs for the
energy-yielding processes [14].

Sulfur metabolism
Annotation of ORFs (571 from Polok, and 610 from Reshi)
with orthologous KO terms (44) inferred the genomic in-
formation about the biocatalysts catalyzing the reduction of
sulfate to sulfide in both the metagenomic samples (Fig. S7;
Table S12). The putative genes involved in the transform-
ation of sulfate to sulfite via the intermediate compounds,
adenosine 5′-phosphosulfate (APS) and 3′-Phosphoadeno-
sine-5′-phosphosulfate (PAPS), were identified. The en-
zymes, sulfate adenylyltransferase (sat EC: 2.7.7.4; cysD EC:
2.7.7.4; cysN EC: 2.7.7.4) and 3′-phosphoadenosine 5′-
phosphosulfate synthase (PAPSS EC: 2.7.7.4; EC: 2.7.1.25),
catalyze the transformation of sulfate to APS, whereas, ade-
nylylsulfate kinase (cysC EC: 2.7.1.25) and PAPSS catalyze
the conversion of APS to PAPS. Phosphoadenosine phos-
phosulfate reductase (cysH EC: 1.8.4.8 1.8.4.10) transforms
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PAPS to sulphite. Sulfite is further converted into sulfide
by sulfite reductase (cysJ EC: 1.8.1.2; cysI EC: 1.8.1.2).
Polok hot spring displayed the presence of Sulfurihydro-
genibium azorense and Desulfacinum infernum, which are
sulfur utilizing microorganisms. Reshi also had the gen-
omic indication of sulfur utilizers viz., Sulfurovum sp., and
Desulfatirhabdium butyrativorans.

Methane metabolism
Methane is one of the potent greenhouse gas on Earth.
From the early ages of Earth, this gas is regulating the
environment in combination with other gases. In KEGG
Orthology, a total of 1715 and 1129 ORFs were found,
representing 44 KO ids involved in methane metabolism
in Polok and Reshi hot springs, respectively (Table S13).
The ORFs belonging to acetate to methane conversion
were identified in Polok and Reshi hot springs (Fig. 3).
In the methane metabolic pathway, Acetyl-CoA synthe-
tase (EC: 6.2.1.1) catalyzes the conversion of acetate into
Acetyl-CoA. Alternatively, acetate may undergo phos-
phorylation and de-phosphorylation by acetate phos-
phate transferase (EC: 2.3.1.8) and phosphate kinase (EC:
2.7.2.1), respectively. Acetyl-CoA is transformed to CO,
and then CO2 by enzymatic actions of decarbonylase
(EC: 2.1.1.245; EC: 1.2.7.4), and anaerobic CO dehydro-
genase (EC: 1.2.7.4). Then, CO2 enters the series of
methanogenic steps, making CoM and CoB, which form
methane by the catalytic reactions led by MCR enzymes,
i.e., methyl CoM reductase enzyme subunits A2 (EC:
1.8.7.3), B2 (EC: 1.8.7.3), and C2 (EC: 1.8.7.3). The MCR
enzyme complex catalyzes the last step of methanogen-
esis and the first step of methanotrophy by reducing

CoM/ CoB/ CoM-S-S-CoB complex into the methyl
CoM, and finally into methane. Then, methane could be
utilized and converted into formaldehyde by methano-
trophs. Furthermore, Acetyl-CoA can directly be con-
verted into methyl-TH(S) PT by the enzyme
decarbonylase (EC: 2.1.1.245; EC: 1.2.7.4), followed by
the action of CoM reductases, synthesizing Co-enzyme
M and further into methane. Acetyl-CoA is also involved
in the biosynthesis of the CoM via phosphoenolpyruvate
pathway. Interestingly, ORFs related to formate and for-
maldehyde pathways were also detected, which could be
involved in CO2 reduction and generation of methane
(Fig. 3). Polok metagenome exhibited an abundance of
Methanosaeta concilii, which is an anaerobic acetoclastic
archaea, utilizing acetate as the substrate for their
growth and perform reduction of CO2 to methane.
Apart from the methanogens, Polok showed the pres-
ence of methanotrophic organisms, such as Chloroflexus
sp. and Roseiflexus sp., which oxidize formaldehyde into
CO2 using formate dehydrogenase enzyme [15]. Reshi
also exhibited the genomic evidence of methanogens
(Methylobacterium populi) and methanotrophs viz.,
Methylocapsa aurea, Methylobacterium populi, and
Methylocapsa acidiphila.

Antibiotic biosynthetic pathways
The microbial life in hot springs secretes numerous bio-
molecules of human health significance, such as anti-
microbial compounds. The mapping of metagenomic
sequences on metabolic pathways evidenced KO ids be-
longing to the biosynthesis of different antibiotics viz.
streptomycin, monobactam antibiotics, vancomycin,

Fig. 3 Metagenomic genes mapped to methane metabolism pathway
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penicillin, and cephalosporin (Table S14). The inception
of streptomycin biosynthesis occurs when D-Glucose
gets converted into D-glucose-6-phosphate by the en-
zyme glk; glucokinase (EC: 2.7.1.2), which acts as the
precursor molecule. Figure 4 represents the strepto-
mycin biosynthetic pathway, for which most of the
orthologous genes were detected in the hot spring meta-
genome (Table S14). D-glucose-6-phosphate undergoes
streptomycin biosynthesis via myo-inositol or L-
rhamnose biosynthetic routes. Phosphoglucomutase (EC:
5.4.2.2) converts D-glucose-6-phosphate to D-glucose-1-
phosphate. D-glucose-1-phosphate thymidylyltransferase
(EC: 2.7.7.24) catalyzes the conversion of D-glucose-1-
phosphate to deoxy-thymidinediphosphate-glucose
dTDP-glucose. The latter is converted into dTDP-4-oxo-
6-deoxy-D-glucose, and then dTDP-4-oxo-L-rhamnose
by the catalytic actions of D-TDP-glucose-4, 6-
dehydratase (EC: 4.2.1.46), and dTDP-4-
dehydrorhamnose 3, 5-epimerase (EC: 5.1.3.13), respect-
ively. The dTDP-l-L-rhamnose is subsequently trans-
formed into streptomycin via the intermediates- dTDP-
L-dihydrostreptose, O-1, 4-α-L-dihydro-streptosyl-strep-
tidine-6-phosphate, Dihydrostreptomycin-6 phosphate, and
streptomycin 6-phosphate. Alternatively, myo-inositol-1-

phosphate synthase (EC: 5.5.1.4) can convert D-glucose-6-
phosphate into L-myo-inositol-1-phosphate, which is subse-
quently transformed into streptomycin through multiple
catalytic steps involving myo-inositol 2-dehydrogenase / D-
chiro-inositol 1-dehydrogenase (EC: 1.1.1.18; EC:1.1.1.369),
L-glutamine:scyllo-inosose aminotransferase (EC: 2.6.1.50),
streptomycin 6-kinase (EC: 2.7.1.72), etc. Actinobacteria,
which exhibit the characteristics of both bacteria and fungus,
are known to produce antibiotics in diverse environmental
conditions. They could be the potential source of antibiotic
biosynthesis in the Himalayan geothermal habitats.

Antibiotic resistance genes
Putative genes were identified for β-lactamases (111
ORFs in Reshi and 83 ORFs in Polok), which inhibit the
action of β-lactam antibiotics such as penicillin, cephalo-
sporin, amoxicillin, etc. There was a substantial repre-
sentation of genes that putatively take part in the
biosynthesis and stabilization of the cell wall in Polok
and Reshi (Fig. S8; Table S15 A). A total of 541 and 605
ORFs were mapped to β-lactam resistance in Polok and
Reshi hot springs, respectively. Among them, the max-
imum number of ORFs was affiliated to penicillin-
binding proteins. Further, a reasonably good number of

Fig. 4 Metagenomic genes mapped to streptomycin biosynthetic pathway
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ORFs were mapped to class C proteins of beta-lactamases,
which shows a broad spectrum β-lactams inhibition, pro-
viding immunity to the host microbes against many lethal
drugs [16]. Different species of Pseudomonas, found in
Polok (Pseudomonas fluorescens, Pseudomonas sp. CBZ-4,
and Pseudomonas sp. S1E40) and Reshi (Pseudomonas
mosselii, Pseudomonas putida, and Pseudomonas aerugi-
nosa), could be the source of β-lactamases.
A total of 7442 and 7314 ORFs were aligned with 571

and 531 genes, respectively, in the Comprehensive Anti-
biotic Resistance Database (CARD) database. The
BLASTx analysis against the CARD database indicated
the presence of antibiotic-resistant genes associated with

tetracycline, rifamycin, and vancomycin. The genes re-
lated to multidrug transporter protein and microbial
pathogenicity (e.g., Neisseria gonorrhoeae MacB pro-
teins) were also detected (Table S15 B). The correlation
network graph showed the prevalent microbial genera,
Pseudomonas, Streptococcus, Staphylococcus, Streptomy-
ces, Paenibacillus, Bacillus, Acinetobacter, Enterococcus,
and Escherichia, as the source of antibiotic-resistant
genes in these thermal springs (Fig. 5; Table S16).
Further to the above, the metagenomic analysis depicted

the presence of many genes that could be involved in the
interspecies competition and microbial life survival in
harsh conditions, for example, permeases of different

Fig. 5 Network graph showing the correlation among the microbial genera and antibiotic resistance related genes. The graph represents only
the positively correlated significant values (P < 0.05). Thick lines indicate relatively higher abundance
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facilitator protein families, signal transduction histidine ki-
nases, outer membrane receptor proteins, and various
peptidases and proteases that help the microbes to sense
their surrounding environment and tackle the antimicro-
bial compounds secreted by other microbes for maintain-
ing the population homogeneity in the habitat.

Carbohydrate metabolism
A total of 6730 and 3286 putative CAZymes were identi-
fied in Polok and Reshi hot springs, respectively. A total
of 5238, and 2979 novel putative genes were found in
Polok and Reshi metagenomes, respectively, exhibiting
more than 30% difference at protein level from the
known CAZymes in the public domain (Table 3). The
putative genes depicted the association with different
carbohydrate related enzymes- glycoside hydrolase (GH),
polysaccharide lyase (PL), glycosyltransferases (GT),
carbohydrate esterases (CE), auxiliary activity (AA), and
carbohydrate-binding modules (CBMs) (Fig. 6). GT and
GH were the most represented families in both the hot-
springs (Table S17).
GT was the most abundant family, with 2471 and 1351

CAZymes in Polok and Reshi metagenomes, respectively.
Under the class of GT, prevalent subclasses in both the
hot springs were GT4 (924 in Polok, 492 in Reshi), GT2
(904 in Polok, 507 in Reshi) (Table S17). GT related
genes, known to be critical in the acclimatization of the
microorganisms in the harsh environment, were identified
in the metagenome, e.g., amino acid adenylation proteins,
aminotransferases, sugar phosphorylases, ABC-type trans-
porters, capsular biosynthesis proteins, cell wall biosyn-
thesis proteins, dolichol-phosphate sugar transferases,
phosphodiesterase’s, transcription regulatory proteins,
and methyltransferases. Among the glycoside hydrolases,
GH0 (193), GH3 (109), and GH13 (81) in Polok, and
GH0 (75), GH43 (67), and GH3 (48) CAZymes were in
prevalence in Reshi. These enzymes are majorly involved in
carbohydrate hydrolysis, e.g., galactosidases, amylases, pull-
ulanases, glucosidases, etc. CAZymes belonging to
Carbohydrate-Binding Module (CBM), which are known to

accelerate the activity of other enzymes, were detected in
Polok and Reshi hot springs, e.g., CBM50 (349 in Polok,
and 225 in Reshi), CBM13 (81 in Polok, and 35 in Reshi),
and CBM 48 (55 in Polok, and 46 in Reshi). The CBMs re-
lated to penicillin-binding, peptidoglycan binding, LysM,
chitinases, and different trans-glycosylases involved in vari-
ous metabolic functions were identified in both the meta-
genomes. Apart from this, genes related to deacetylases,
acetyltransferases, and esterases were noted, e.g., CE11 (101
in Polok, and 80 in Reshi), CE13 (81 in Polok, and 35 in
Reshi), and CE48 (55 in Polok, and 46 in Reshi). A few
genes represented PL and AA class of enzymes related to
the functions of laccases, pectate lyases, heparinases, proxi-
dases, catalases, etc. (Table S17).

Statistical validation of functional profile
The diversity and relative abundance of orthologous
genes in both the hot springs were statistically validated
by the STAMP tool using Fisher exact test with Bonfer-
roni correction. Top 100 COG functions in both the hot
spring showed the diverse metabolic potential in both
the hot springs (Fig. S9; Table S18). Iron transporters
and transcription regulators were highly represented in
Reshi hot spring, while Polok exhibited the prevalence of
Trico peptide repeats (TPR) and molecular chaperones
that help in maintaining stable protein structure at high
temperature. The predicted genes for glycosyltransfer-
ases, permeases, and epimerases were relatively more in
Polok.

Discussion
Sikkim is a small state nestled in the lap of Himalaya,
where nature has nurtured various moderate to high-
temperature thermal springs, enshrined with discrete
presence of flora, fauna, and microbial communities.
Only a few Himalayan hot springs, located in the remote
and harsh-environment prevailing conditions, have been
explored for molecular profiling of taxonomic and meta-
bolic features [9, 11, 13]. Polok and Reshi hot springs
are located at the altitudinal difference of about 460m

Table 3 Carbohydrate-Active enZYmes in the Polok and Reshi metagenomes

CAZy Families Polok Reshi

Total CAZymes Novel putative CAZymesa Total CAZymes Novel putative CAZymesa

Glycosyl Transferases (GT) 2771 2471 1250 1351

Glycosyl Hydrolases (GH) 2275 1462 1124 754

Carbohydrate Binding Modules (CBM) 1049 675 515 430

Carbohydrate Esterases (CE) 388 514 260 377

Polysaccharide Lyases (PL) 140 50 43 12

Auxiliary activity enzymes (AA) 107 66 94 55

Total count 6730 5238 3286 2979
aPutative genes exhibiting at least 30% difference at protein level (70% subject coverage cutoff) from the orthologous genes in public domain
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in the vicinity of the greater Himalaya in South and
West Sikkim, respectively. The alkaline condition in
Polok and Reshi could be due to the presence of carbon-
ates, bicarbonates, and hydroxide compounds of differ-
ent metals ions viz., calcium, sodium, and potassium [13,
17]. The alkalinity and warmness properties of the geo-
thermal spots are believed to exert therapeutic effects re-
lated to skin health, blood circulation, etc. [18, 19]. The
molecular profiling is crucial to specify the genomic

signatures of microfloral diversity and metabolic poten-
tial in an ecological niche [10].
The present whole-metagenomic investigation deter-

mines Reshi and Polok warm springs to be a precious re-
source of mesophiles and moderate thermophiles. The
geothermal hot water spots of 25 to 70 °C temperature
range have been recorded to be enriched with a wealthy
microbiome [9, 10, 20, 21]. The abundance of Proteo-
bacteria, Firmicutes, and Bacteroidetes in Polok and

Fig. 6 Circos figure showing the relative abundance of CAZymes in Polok and Reshi metagenome with minimum 30% difference at protein level.
Supportive data to the figure is given in the S17
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Reshi is in agreement with the previous reports on
16sRNA sequencing-based microbiota analysis of geo-
thermal springs of the northeast region of India, and
other parts of the world [9, 22–24]. Reshi, the aquatic
habitat of slightly warm temperature (43 °C), braced rela-
tively inflated Proteobacteria species diversity as com-
pared to Polok hot spring (60 °C), as observed previously
[25]. Alpha-proteobacteria and gamma-proteobacteria
were the predominant class of Proteobacteria in the hot
spring. Hot springs of moderate temperatures are sup-
posed to inhabit thermophilic photosynthetic bacteria,
such as Cyanobacteria and Chloroflexi [22, 25, 26]. The
abundance of both the phyla is reported to be positively
correlated in thermal springs [27]. However, in this
study, the relatively reduced presence of cyanobacterial
species was noted in Polok and Reshi, which was similar
to the earlier studies on metagenomics of thermal
aquatic habitats of this region [11, 28]. This signifies that
the growth of cyanobacteria could be influenced by
some other geochemical factors in these sites, which
need to be further investigated. Furthermore, the gen-
omic presence of Chloroflexi and Deinococcus-Thermus
was found higher in Polok in comparison to Reshi,
which could be due to the temperature difference
(17 °C) of both the hot springs. Thus, Polok habitat, with
the higher side of the temperature (60 °C), is suitable for
supporting the growth of thermophiles or hyperthermo-
philes from Aquificae and Thermotogae. A similar ob-
servation has been made in a previous metagenomic
investigation on the hot water sites of this temperature
range [11, 28, 29].
Although Proteobacteria and Firmicutes phyla were

predominant in both the hot springs, the difference in
ecological features led to differential growth of microbial
population belonging to the distinct classes and genera
under these phyla. Beta-proteobacteria (Massilia, Thio-
monas, and Janthinobacteria), detected only in Reshi hot
spring, represent the peculiar mesophilic type of envir-
onment. These genera have also been reported from
other hot water sites [30–32]. However, it cannot be
ruled out that these mesophilic microorganisms could
be from the soil. These mesophiles are known to pro-
duce enzymes to metabolize nitrogen, sulfur, and bio-
synthesize antimicrobial compounds [32, 33]. The
positive correlation among nitrogen and sulfur utilizing
Proteobacteria and Firmicutes, with Bacteroidetes, could
be indicative of copiotropic-oligotrophic microbial asso-
ciations in the warm aquatic habitats [34]. In Reshi eco-
system, the substantial presence of alpha-proteobacteria
could indicate oligotrophic activities [35]. Similarly, the
anaerobic bacterial community from Epsilon-
proteobacteria and Delta-proteobacteria (Desulfacinum,
Desulfobacca in Polok; Sulfovorum, and Desulfatirhab-
dium in Reshi) are reported to be involved in executing

the biogeochemical sulfur cycles in hot water bodies [36,
37].
The sequences related to some psychrophiles were also

discerned, e.g., Paenisporosarcina sp. (3.25% in Polok,
and 0.77% in Reshi), and Sporosarcina sp. (1.01% in
Polok and 0.95% in Reshi) in the warm aquatic habitat
of Sikkim Himalaya. The presence of these psychrophilic
microorganisms could be the result of natural interven-
tions of halophilic alkaline water bodies surrounded by
colder spots [38, 39]. However, the survival strategy of
the low-temperature adapted bacteria in hot water habi-
tats is poorly understood [39] and needs to be explored
in further details. The differential physicochemical envir-
onmental factors in Polok and Reshi warm water habi-
tats flourished distinct microbial diversity, as evident in
the clustering of the species abundance represented in
PCA plot analysis (Fig. S4), signifying discrete ecological
characteristics at different altitude [11].
The metabolic potential analysis of metagenomic se-

quences of Polok and Reshi inferred gene homologs
mapped to different metabolic pathways such as nitrifi-
cation, sulfur-oxidation, methanogenesis, carbohydrate-
active enzymes, and antimicrobial compounds, etc. The
operation of these pathways is related to the utilization
of chemical energy into the metabolic functions of the
niche microflora [40]. The microorganisms have evolved
the genetic potential to metabolize the abundant chem-
ical compounds in the thermoaquatic ecosystems for
survival purposes [41, 42].
The concentration of nitrogen, estimated in the form

of nitrites, in Polok and Reshi hot water samples are
about 1.8, and 3.4 mg/mL, respectively [11, 13]. Unearth-
ing the genetic traces of the nitrate/ nitrite transporters
in the Polok and Reshi metagenomes highlights the im-
portance of nitrogen as terminal electron acceptors;
however, at the same instant, lack of ammonia trans-
porters infers the utilization of free ammonia as a nitro-
gen source [41]. Anaerobic metabolism in microbes
enables the uptake of nitrogen, found in the form of ni-
trates and nitrites in the surrounding environment. Gene
homologs representing the assimilatory and dissimilatory
nitrate reduction pathways are crucial genetic signatures
of active nitrogen metabolism in Polok and Reshi. More-
over, the microbial phyla, Proteobacteria, Nitrospirae,
and Verrucomicrobia, detected in the metagenomic in-
vestigation, are known to participate in operating the
biogeochemical nitrogen cycle [43].
Sulfur is a significant constituent dissolved in warm

water environments. The water samples of both the hot
spring sites are known to contain sulfur [11, 13]. The es-
timated Sulphur (SO4) concentration is 12.9, and 21.2
mg/mL in Polok and Reshi, respectively [11, 13]. Sulfur
is associated with various benefactions related to skin-
health, nutritional, as well as antimicrobial, and
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antiallergic effects, etc. [44, 45]. Sulfur is also involved in
thermal stabilization of proteins via a disulfide bonding
mechanism, which helps the microorganisms to thrive in
the warm surroundings [46]. The occupancy of the
thermophilic dissimilatory sulfate reducers, Bacteroi-
detes, Ignavibacteria, and Chlorobi, in the metagenome,
strengthens the inference of metagenomic data [41]. Fur-
thermore, abundant Proteobacteria, including delta and
epsilonproteobacteria, are also known to be sulfate uti-
lizers in warm water environments [11, 47].
Hot springs are reported to indwell methane-

producing organisms [48]. Methanogenesis is a critical
component of the carbon cycle of the Earth’s biosphere,
which is generally executed by the archaeal community,
especially when traditional electron acceptors (e.g., oxy-
gen, nitrate, and sulfate) are exhausted in the ecosystem
[49]. Three well-known pathways of methanogenesis are
acetate to methane [50], CO2 to methane [51], and
methanol to methane [52]. Archaea can utilize different
carbon sources, such as acetate, formate, CO2, methanol,
methylamines, and methyl-sulfides, to reduce them into
methane gas [53]. Acetate is a preferable precursor com-
pound used for the production of biogenic methane. But
there are limited genera of methano-archaea, i.e., Metha-
nosarcina and Methanosaeta (previously known as
Methanothrix), that specifically use acetate for methano-
genesis [54]. The metagenomes were noted to have se-
quences representing bathyarchaeota, which, apart from
euryarchaeota, are reported to perform methanogenesis
[49]. In an ecosystem, methanogenic archaea and metha-
notrophic bacteria, as detected in both the metagenomes,
often exhibit symbiotic relationships to regulate the global
carbon metabolism and carbon fixation. In biomethana-
tion, methyl-coenzyme M reductase (MCR) is a crucial
enzyme complex that catalyzes the conversion of 5-
Methyl THSM(S) PT, obtained from formate or acetate,
to methane. MCR is also involved in methanotrophic ac-
tivities [49, 50]. The abundance of orthologous genes en-
coding MCR in Polok is consistent with the higher
presence of methanogens perceived in Polok.
Antibiotics are microbicidal compounds, which are

produced by the microbes to overcome the inter-specific
competition. Many reports have emphasized the anti-
infective potential of the microbial population residing
in the geothermal springs [55]. Such antimicrobial bio-
molecules are streptomycin, vancomycin, cephalospo-
rins, monobactam, etc. Many microbial species of
Actinobacteria are known to produce these antimicrobial
compounds in diverse habitats [56–58]. Streptomycin, in
particular, belongs to the class aminoglycosides that can
hamper the protein translation machinery, inhibiting mi-
crobial growth. The present study detected the preva-
lence of genes related to streptomycin biosynthesis. In
the course of evolution, microbes have developed the

ability to curb the inter-species competition by various
methods, e.g., secretion of bacteriocines, antimicrobial
peptides, and antibiotics [57, 59, 60]. Actinobacteria, lav-
ished in both the niches, can be the primary producer of
these antimicrobial compounds [61]. These gram-
positive bacteria, equipped with high GC content gen-
ome, have been identified from diverse ecosystems [62].
They are known to release antimicrobial compounds in
hot water habitats to curb interspecies stress [63]. The
hot springs with the characteristic temperature, alkalin-
ity, different metals, and sulfur compounds, accompany-
ing the antimicrobial compounds, confer the possible
health benefits to humanity, which need to be investi-
gated in further molecular details.
This study propounds companionship of antibiotic in-

hibitors in the warm aquatic niches, such as beta-
lactamases, which inhibit the broad-spectrum beta-lactam
antibiotics like penicillin, cephalosporin, monobactam an-
tibiotics, etc. In agreement with our findings, a recent
study reported the evidence of antibiotic resistance-related
genes in the metagenomic analysis of Reshi hot spring
[64]. Furthermore, diverse environmental niches, including
pristine habitats, such as glacial soils, lakes, and aquatic
habitats, have been recorded to foster a basal level of anti-
biotic resistance globally [65–68]. The antibiotic resistance
genes could be acquired by the residing microbes under
unfavorable conditions by horizontal gene transfer and
natural transformation mechanisms [69, 70]. The perils of
antibiotic synthesis and resistance are yet to be studied in-
depth in the ecological niche of the Himalayan region.
The metagenomic investigation revealed a consider-

able representation of carbohydrate-active enzymes,
which could be involved in many crucial biological phe-
nomena [71]. Many GTs work as permeases, facilitating
the transport of various metal ions as well as inorganic
compounds essential for the survival of the microorgan-
isms [72]. GT and the two-component regulatory system
build stimulus-response cell circuits for the microbial
survival in harsh conditions by sensing their surround-
ings through phosphorylation and de-phosphorylation
mechanisms [73]. The GTs are supposed to work in co-
ordination with the regulatory proteins and help in cell
communication and the adaptation of the microbe in
the surrounding environment, and O-linked and N-
linked glycosylation of the polysaccharides, essential for
the bacterial cell wall biosynthesis [74]. GHs are import-
ant enzymes of microbial carbohydrate metabolism and
weaponry system. Hydrolases catalyze the degradation of
carbohydrate molecules, increasing their bioavailability
for microbes. Amylases (mainly alpha-amylases), pullula-
nases, dextranases, glucosidases, beta-glucosidases, beta-
galactosidases, mannosidase, and glucosaminidases, are
involved in the depolymerization of polysaccharides or
shortening of large oligosaccharide. Some sugar

Sharma et al. BMC Microbiology          (2020) 20:246 Page 13 of 17



phosphorylases identified in the metagenome, such as
sucrose phosphorylases, and Lytic trans-glycosylases and
Chitinases type of enzymes, could be involved in the
cleavage of glycosidic linkage between N-acetylmuramoyl
and N-acetylglucosaminyl residues present in cell wall of
bacteria, resulting in the formation of a 1, 6-
anydromuramoyl. They are majorly responsible for gener-
ating space within the peptidoglycan fraction and its re-
cycling [75]. The presence of genetic information about
these crucial carbohydrate-acting enzymes makes the
metagenomic resource of great significance to the explor-
ation of the biocatalyst systems for biomass-processing.

Conclusion
The present study reports the first in-depth whole-
metagenomic profiling of two hot springs, located at a
different altitude of the Himalayan region. The study
presents a piece of comprehensive molecular informa-
tion about the microbial ecology as well as the metabolic
features of these sites. The study revealed the molecular
evidence of a diverse microbial wealth in the hot springs,
statistically validated by SHE and β-diversity analyses.
The difference in temperature and altitude of the ther-
mal aquatic niches was represented by a differential
abundance of the microbial species, belonging to Proteo-
bacteria, Firmicutes, Chloroflexi, and Deinococcus-
Thermus phyla. The genomic traces of some psychro-
philes in the thermoaquatic sites depicted the adaptive
evolution of these organisms for both cold and hot en-
vironmental exposures. Metagenomic investigation illus-
trated the presence of methanogenic archaea and
methanotrophic bacteria involved in the global carbon
cycle and carbon fixation in the ecosystem. The meta-
bolic potential study revealed orthologous genes mapped
to nitrification, sulfur-oxidation, methanogenesis, carbo-
hydrate metabolism, and antimicrobial compounds, etc.
Many genes related to diverse carbohydrate related ac-
tivities were identified. The glycosyltransferases associ-
ated with maintaining the structural integrity, cellular
communication, as well as adaptation mechanism of
the resident microbes in the harsh environmental
condition were found abundant in hot springs. The
genomic evidence related to antibiotic biosynthesis, as
well as antibiotic resistance, is a matter of environ-
mental concern in the ecological niches of the Hima-
layan region. The humongous metagenomic repository
of the Himalayan hot springs can be further explored
to understand the dynamics of the ecosystem. The
genomic resource of many enzymes crucial for carbo-
hydrate molecule modifications was identified, indicat-
ing these sites as salient bioresource of biocatalyst
systems of societal importance.

Methods
Sample collection
The water samples were collected aseptically from two hot
springs located at the altitudinal difference of about 460m
in the South and West, respectively, of the Sikkim region,
named Polok, and Reshi. The altitude, latitude, and longi-
tude coordinates were measured by using GPS receiver
(GPSmap76CSx, Garmin, Korea). The temperature and
pH of the sample collection sites were examined by the
portable thermometer and pH meter. The sampling was
done in triplicates. The samples were carried to the la-
boratory under cool and sterile conditions and stored at −
80 °C. The DNA extraction was performed immediately
after the transportation of the samples to the laboratory,
i.e., within 3 days of sample collection.

Metagenomic DNA extraction
The water samples were filtered through nitrocellulose
filters (with 0.2 μm cut-off) to collect all the cellular
forms present in hot spring waters. The membrane was
suspended into the phosphate buffer (pH 7) and homog-
enized. Metagenomic DNA in the sample was then ex-
tracted by using the MP Bio-medicals DNA™ isolation
kit, following the manufacturer’s instructions. The integ-
rity and quantity of the isolated DNA were examined by
agarose gel electrophoresis and NanoDrop 2000™
(Thermo fisher Scientific™), respectively. The DNA sam-
ples in triplicate were pooled in equal quantity and sub-
jected to metagenome sequencing.

Whole metagenome sequencing
Sequencing libraries were prepared from 200 ng total
DNA by using True Nano DNA library preparation kit™
(Illumina), as per the manufacturer’s instructions. Whole
metagenome sequencing was performed on Illumina
MiSeq 2500 platform, generating paired-end reads (PE)
(2 × 150 bp). The adapter sequences were removed using
a flexible read trimming tool for Illumina NGS data,
Trimmomatic (v 0.36) [76].

Metagenome assembly and ORF prediction
The high-quality pair-end sequences were assembled
into scaffolds by employing the de-Bruijn graph-
based tool, metaSPAdes (v 3.10), at the default pa-
rameters. The assembled scaffolds were screened by
using PROkaryotic DYnamic programming Gene-
finding ALgorithm (Prodigal) (v2.6.3) tool, which fil-
ters the sequences on the basis of gene structure
prediction and translation initiation site recognition
[77]. This reduces the possibility of false positives
and predicts ORFs efficiently in the data.
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Taxonomic profiling and functional annotation
The ORFs obtained from the prodigal tool were
imported to the Kaiju metagenome classifier tool for
taxonomic assignment. Kaiju tool translated the contigs
into six possible reading frames and matched them with
the NR protein database following the greedy heuristic
approach and Burrows-Wheeler transform (BWT) algo-
rithm, as explained by [78]. The match length and match
score cut-off were set as 11 and 65, respectively, and the
maximum five mismatches were allowed during taxo-
nomic annotation.
The sequences predicted as ORFs by Prodigal were

subjected to functional analysis by employing the COG-
NIZER (v0.9b) tool on default parameters. COGNIZER
is a comprehensive stand-alone framework, which uses
COG, KEGG, Pfam, GO, and FIG databases to infer
functional terms in the metagenomic dataset [79]. More-
over, the assembled sequences were subjected to
BLASTx (dbv 4) against the non-redundant (NR) protein
database at 10− 5 e-value cut-off.

Statistical analysis of microbial diversity and functional
profiling
The data generated was statistically validated using dif-
ferent tools. Stat graphics centurion XVII was used to
find Pearson product-moment correlation at the phylum
level with 1% abundance (Statpoint Technologies, Inc.,
USA). The Principle component analysis (PCA),
Shannon-Wiener evenness index (SHE), and β-diversity
of the species abundance were calculated by the PAST
(V 3.25), a composite package of statistical software [80].
Statistical validation of the functional data (i.e., COG
functions) was done by STAMP (V 2.1.3) by generating
an extended bar plot by applying Fisher Exact test and
Bonferroni correction [81]. The significance of the data
was determined at p-values < 0.05, which indicated the
statistically significant non-zero correlations at the 95%
confidence level. The correlation matrix between the
antibiotic resistance-related genes (identified from the
CARD database) and the microbial genera were deter-
mined using Pearson product-moment correlation plot.
The network graph of the positively correlated microor-
ganisms and antibiotic resistance gene was generated
using Gephi (V 0.9.2).

Carbohydrate-active enZYmes
The predicted ORFs, obtained from Prodigal, were
mapped to the Carbohydrate-Active enZYmes (CAZy)
database [82] on a threshold e-value of 10− 5. CAZy is a
specific database comprised of ~ 1, 50,000 sequences
with the catalytic domains of different classes of en-
zymes involved in various metabolic pathways of mi-
crobes [83].

Antibiotic resistome in the metagenome
To find the genes associated with antibiotic resistance in
the metagenome, the predicted ORFs were mapped
against the CARD database (V 3.0.7) under default pa-
rameters. The CARD database is a vast repository of the
genes associated with antimicrobial resistance (AMR)
[84].
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