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Abstract: The high-altitude lakes are ecological habitats accommodating a vast diversity of microbial
populations. These microbes are efficient sources for a variety of enzymes. The objective of this
study is to perform in-depth metagenomic profiling of an artificial lake ecosystem located in the
Sikkim Himalayan region, deciphering the hydrocarbon degradation potential of this site and mining
biocatalysts of industrial importance. In the present study, metagenomic analysis of an artificial
Himalayan lake, located in North Sikkim, India, was performed. A comprehensive taxonomic and
functional profiling revealed gene mapped to pathways for degradation of hydrocarbons such as
toluene, benzoate, ethylbenzene, etc. This site was rich in iron, and the metagenomic investigation
revealed genomic signatures of the iron-reducing bacterium; Geothrix fermentans. The appraisal of the
carbohydrate metabolic potential of this site divulged the predominance of β-galactosidase genes. The
artificial lake metagenome was further compared to publicly available saline and freshwater lakes. At
the taxonomic, as well as functional levels, it was found to be closer to freshwater lake metagenome,
e.g., Medonta Lake, US, and freshwater Vanda Lake, Antarctica. The microbial community profiling
and functional contribution of the artificial Himalayan lake would be beneficial for mining genes
encoding various industrially relevant enzymes.
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1. Introduction

The lakes of the Himalayan region are one of the most vulnerable ecosystems on
earth [1]. The Himalayan state of the Sikkim plateau is surrounded by many moun-
tain lakes, of which Gurudongmar and ChhoLamo are very famous (www.sikkim.gov.in
(accessed on 2 June 2022)). The earth’s fresh water system is a crucial biosphere inhabited
by assorted organisms, including methane degrading, dissimilatory iron-reducing and
nitrifying bacteria, which impart to the cycling of substances by different pathways [2].
Hence, it draws the scientific community’s attention to an in-depth genomic inspection of
the freshwater ecosystem. The highly efficient, next-generation sequencing platforms are
awarding an opportunity to elaborate on the microbial potential of various environmental
niches. The metagenomic investigations of diverse habitats provide a good plan of action
for initiating projects associated with the activities on adaptation in the ecological niches of
the Himalayan regions. In-depth genomic studies have divulged the microbial diversity
and functional profiling of many aquatic habitats, such as Lough Neagh Lake in Ireland,
Lake Soyang in South Korea, Soda Lake brines in Russia, Lonar Lake, Tsomgo Lake and
Pangong Lake in India, Antarctic Lake and Salt Lake, China [3–10]. These evaluations boost
our understanding of the vast range of indeterminate metabolic pathways and adaptation
associated with hydrocarbon degradation and conversion of complex carbohydrates into
value-added products, etc.
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The natural incidences lead to the formation of new artificial water reservoirs in the
Himalayan regions. The Landslide in Dzongu of North Sikkim (India) resulted in the
emergence of an artificial lake, as a freshwater ecosystem, by the blockage of the Kanaka
River (Arunachal24.in (accessed on 15 June 2022)). This river is the major tributary of
the Teesta River, which is sourced by ChhoLamo (www.sikkim.gov.in (accessed on 2 June
2022)). The lakes represent independent ecosystems with unique characteristics [4]. The
surrounding environmental conditions render micro-floral diversity in the Himalayan lakes,
making them a rich source of the crucial microbial community that is yet to be explored
and exploited for societal benefits [5].

The extreme niches often inhabit microbial populations with sturdy metabolic potential
in harsh conditions. Therefore, these extremophiles could be a potential source of versatile
biocatalysts. In recent reports, the high-altitude sites have reported a vast collection
of enzymes with industrial applications such as lipase [11], pullulanase [12], alkaline
pectate lyase [13], amylase [14], protease [14], etc. Therefore, the exploration of these
sites could be highly beneficial in the mining of cold-active enzymes with applications in
the processing of biomass. Therefore, intending to generate genomic-data resources for
future strategies, we have explored the in-depth metagenome of an artificial lake in the
Himalayan region, revealing molecular taxon structure and metabolic functions prominent
at this site. Apart from gene mining, designing bioremediation techniques by studying
microbial populations and functional pathways from various habitats is an important
contribution of metagenomics. This study also elaborates a molecular description of the
hydrocarbon degradation and carbohydrate metabolic-pathway genes that have prevailed
at this site. In addition, a comparative metagenomic study with other low-temperature
freshwater and saline aquatic habitats was implemented to discover the unique capabilities
of this environmental niche.

2. Materials and Methods
2.1. Sample Collection and Extraction of Metagenomic DNA

The natural landslide near the Teesta River in Dzongu, North Sikkim Himalayas,
created an artificial lake at a high altitude (N 27.53◦ and E 88.49◦) of the Sikkim Himalayas.
The sample collection was undertaken from the Himalayan artificial lake, Sikkim, India
(Figure 1). The pH and temperature of the site were measured using a portable pH meter
and a thermometer, respectively. A sterilized scoop was used to collect the muddy-water
sample from the lake. The samples were taken from about 12 inches below the water
surface. Five random samples were harvested in aseptic containers. The samples were
carried to the laboratory in cool condition and stored at −20 ◦C. All the samples of the
Himalayan artificial lake site were pooled before DNA extraction. The MP Bio-medicals
DNA™ isolation kit was employed to extract metagenomic DNA from the environmental
sample. In order to access the quality of isolated DNA, NanoDrop 2000™ (Thermo fisher
Scientific™, Madison, WI, USA) was used.

2.2. Metagenome Sequencing, Assembly, and Elementary Analysis

TruSeq DNA Sample Preparation Kit was employed to prepare the DNA sequencing
library as instructed in the manufacturer’s protocol (Illumina, San Diego, CA, USA). Illu-
mina HiSeq (Illumina, San Diego, CA, USA) was used to perform microbiome sequencing,
generating about 150 nucleotides paired-end reads. These reads were submitted to the
FASTQC server for evaluating their quality based on the Phred score (www.bioinformatics.
babraham.ac.uk/projects/fastqc/ (accessed on 28 May 2022)). The Cut adapt (version-1.8.1)
was used for adapter trimming [15]. These reads were termed as high-quality reads and fur-
ther processed for assembly. The MetaSPAdes (version 3.10.1) was used to assemble these
high-quality reads at default parameters [16]. The assembly was analyzed by calculating
its statistical parameters using the QUAST web-server [17]. The assembled contigs were
submitted to MetaGene Annotator (MGA) for the prediction of ORFs [18]. These ORFs
were taken as input for the taxonomic and functional distribution of the metagenome.

www.sikkim.gov.in
www.bioinformatics.babraham.ac.uk/projects/fastqc/
www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Figure 1. The Sikkim Himalayan artificial lake sampling site. (a) The geographical coordinates of 
the sampling site have been shown by using Google Maps, 2021 (https://www.google.com/maps, 
accessed on 12 June 2022). (b) Landslide view that leads to formation of lake (c) Sample collection 
site. 
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Figure 1. The Sikkim Himalayan artificial lake sampling site. (a) The geographical coordinates of
the sampling site have been shown by using Google Maps, 2021 (https://www.google.com/maps,
accessed on 12 June 2022). (b) Landslide view that leads to formation of lake (c) Sample collection site.

2.3. Taxonomic and Functional Profiling

The taxonomic classification was derived by aligning the predicted ORFs against the
NCBI taxonomy data-set at the stringent e-value of 1 × 10−5, using the Diamond BLASTx
approach [19], and then the alignment file was imported to MEGAN [20]. The number of
ORFs mapped on a particular taxon indicated the sample’s taxonomic abundance. The
microbial diversity indices were computed to check the species richness and evenness in
the given metagenomic sample by using the PAST4.03 statistical tool [21].

To analyze the functional properties of the artificial lake metagenome, the predicted
ORFs were aligned against the SEED and KEGG Orthology (KO) databases at the e-value
cutoff of 1 × 10−5. Additionally, antibiotic-resistance genes (ARGs) were predicted by
aligning the ORFs against the CARD database [22]. The ORFs exhibiting at least 80%
identity and 70% subject coverage were considered as antibiotic resistance genes (ARGs).

https://www.google.com/maps
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2.4. Exploration of Hydrocarbon Degradation and Carbohydrate Metabolism Pathways

The KEGG Orthology (KO)IDs [23] aligned with metagenomic ORFs were mapped
over hydrocarbon degradation pathways to check the presence of enzymes involved in
processing hydrocarbons in the artificial lake metagenome. The carbohydrate metabolism
pathway was investigated by aligning the predicted ORFs over the Carbohydrate Active
Enzyme (CAZy) database [24]. While predicting CAZymes, the stringent criteria of 50% to
70% identity with at least 50% subject coverage were considered.

2.5. Statistical Comparison with Other Lake Metagenomes

The metagenome of the Himalayan artificial lake was compared with publicly available
lake metagenomes (Table 1) at IMG/M server [25]. The metagenomic data were statistically
compared using STAMP (version 2.1.3) statistical software [26]. The phylum, COG and KO
distribution were analyzed using the Principal Component Analysis (PCA). The clustering
heat maps were plotted for COG and KO profiles to compare the functional profiles of
the metagenomes. The taxonomic distribution was compared via two-variable analysis by
applying the Fisher Exact test and Bonferroni correction, and plotting an extended bar plot.

Table 1. Metagenomic data obtained from IMG/M server for comparative analysis.

Sample Name Sample ID in Given
Analysis Temperature Reference

Saline Ace Lake,
Antarctica S1_3300005936 1 ◦C to 6 ◦C

https://link.springer.
com/article/10.1007/

s00300-014-1553-3
(accessed date 12

July 2022)

Freshwater Vanda
Lake, Antarctica S2_3300015360 4 ◦C to 10 ◦C

https:
//www.mdpi.com/
2076-2607/3/3/391

(accessed date 12
July 2022)

Saline organic lake
in Antarctica S3_3300031218 −10 ◦C to −14 ◦C

https://eprints.utas.
edu.au/14434/

(accessed date 15
July 2022)

Freshwater Towuti
Lake, Indonesia S4_3300031587 26 ◦C to 29 ◦C

https:
//www.frontiersin.

org/articles/10.3389/
fmicb.2016.01007

/full (accessed date 15
July 2022)

Freshwater Mendota
Lake, United States S5_3300035663 21 ◦C to 23 ◦C

https://onlinelibrary.
wiley.com/doi/abs/
10.1046/j.1365-2427.

2002.01011.x
(accessed date 15

July 2022)

Freshwater artificial
North Sikkim

lake, India
S6_3300047516 12 ◦C to 14 ◦C (This study)

2.6. ICP-MS Analysis

The concentration of different metals in the lake’s sample was determined using
inductively coupled plasma mass spectrometry (ICP-MS) (Agilent Scientific Instruments,
Santa Clara, CA, USA). A multi-metal standard of different concentrations was used
for reference.

https://link.springer.com/article/10.1007/s00300-014-1553-3
https://link.springer.com/article/10.1007/s00300-014-1553-3
https://link.springer.com/article/10.1007/s00300-014-1553-3
https://www.mdpi.com/2076-2607/3/3/391
https://www.mdpi.com/2076-2607/3/3/391
https://www.mdpi.com/2076-2607/3/3/391
https://eprints.utas.edu.au/14434/
https://eprints.utas.edu.au/14434/
https://www.frontiersin.org/articles/10.3389/fmicb.2016.01007/full
https://www.frontiersin.org/articles/10.3389/fmicb.2016.01007/full
https://www.frontiersin.org/articles/10.3389/fmicb.2016.01007/full
https://www.frontiersin.org/articles/10.3389/fmicb.2016.01007/full
https://www.frontiersin.org/articles/10.3389/fmicb.2016.01007/full
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1365-2427.2002.01011.x
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1365-2427.2002.01011.x
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1365-2427.2002.01011.x
https://onlinelibrary.wiley.com/doi/abs/10.1046/j.1365-2427.2002.01011.x
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3. Results and Discussion
3.1. Site Description and Physicochemical Analysis

At the time of the sample collection, the pH and temperature of the lake water were
recorded to be 8.3, and 14 ◦C, respectively. The ICP-MS analysis of the lake samples revealed
iron (126.69 ppm) as the prominent metal in the sampling site, followed by K (33.83 ppm),
Mg (30.83 ppm), Al (22.89 ppm), and Ca (2.19 ppm) (Table 2). The concentration of heavy
metals such as Cr, Cu, Co, Zn, and Ni was found within limits permitted by WHO (https:
//www.omicsonline.org/articles-images/2161$-$0525$-$5$-$334-t011.html (accessed on
20 July 2022)).

Table 2. Concentration of various elements in the Sikkim Himalayan artificial lake sample.

Element Concentration (ppm)

Fe 126.69

K 33.83

Mg 30.83

Al 22.89

Ca 2.19

Mn 1.86

Na 1.0

Rb 0.64

Ba 0.48

Zn 0.29

V 0.23

Li 0.19

Cr 0.16

Cu 0.097

As 0.096

Ni 0.091

Cs 0.073

U 0.061

Co 0.047

Pb 0.046

Ga 0.044

Sr 0.038

Se 0.008

Be 0.004

Tl 0.0005

Cd 0.0003

Ag 0.000006

3.2. Assembly Statistics and Taxonomic Distribution

The Illumina sequencing of the artificial lake metagenome resulted in
19,302,650 high-quality paired-end reads with the Phred score of ≥30. The mean read
length was 150 bp, contributing a total of ~6 GB data. These high-quality reads were
assembled into 64,369 contigs, the average size of which was computed to be more than
500 bp at the N50 value of 789. A total of 23,18,091 ORFs were predicted from assembled

https://www.omicsonline.org/articles-images/2161$-$0525$-$5$-$334-t011.html
https://www.omicsonline.org/articles-images/2161$-$0525$-$5$-$334-t011.html
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contigs (Table S1). These ORFs were used for functional and taxonomic profiling of the
Himalayan site.

The taxonomic profiling of the lake metagenome revealed the predominance of Pro-
teobacteria (52.09%) as the most abundant phylum, followed by Bacteroidetes (11.47%) and
Verrucomicrobia (9.08%), as shown in Figure 2a (Table S2). A similar profile of abundant
phyla was found in previously investigated high-altitude Pangong lake (Ladakh, India),
Baikal Lake and a mesotrophic lake [5,27,28]. The abundance of proteobacterial members
indicates an affluent microbial population for nitrogen fixation, methane metabolism, sul-
phur metabolism, etc. [29,30]. Bacteroidetes followed the pattern of abundance recorded in
a freshwater lake, loaded with organic matter due to the stochastic disturbing events in the
environment [31]. This states a positive correlation with the formation of the Himalayan
artificial lake due to an unpredicted natural event, i.e., a landslide. At the species level, the
iron-reducing bacterium, Geothrix fermentans (5.3%), was the most abundant (Figure 2b).
Geothrix fermentans, known to reduce Fe(III) via a dissimilatory mechanism, is commonly
found in aquifers [32,33]. This corroborates the high occurrence of iron in the Himalayan
artificial lake sample (Table 2). The substantial representation of Bacteroidetes bacterium
GWB2_41_8 (2.38%), Nitrospira (2.19%), and Anaeromyxobacter (2.15%) signify the nitrogen
fixation and denitrification capability of the sampling site [31,34].

Sustainability 2022, 14, x FOR PEER REVIEW 6 of 21 
 

Ag 0.000006 

3.2. Assembly Statistics and Taxonomic Distribution 
The Illumina sequencing of the artificial lake metagenome resulted in 19,302,650 

high-quality paired-end reads with the Phred score of ≥30. The mean read length was 150 
bp, contributing a total of ~6 GB data. These high-quality reads were assembled into 64,369 
contigs, the average size of which was computed to be more than 500 bp at the N50 value 
of 789. A total of 23,18,091 ORFs were predicted from assembled contigs (Table S1). These 
ORFs were used for functional and taxonomic profiling of the Himalayan site. 

The taxonomic profiling of the lake metagenome revealed the predominance of Pro-
teobacteria (52.09%) as the most abundant phylum, followed by Bacteroidetes (11.47%) 
and Verrucomicrobia (9.08%), as shown in Figure 2a (Table S2). A similar profile of abun-
dant phyla was found in previously investigated high-altitude Pangong lake (Ladakh, In-
dia), Baikal Lake and a mesotrophic lake [5,27,28]. The abundance of proteobacterial mem-
bers indicates an affluent microbial population for nitrogen fixation, methane metabolism, 
sulphur metabolism, etc. [29,30]. Bacteroidetes followed the pattern of abundance rec-
orded in a freshwater lake, loaded with organic matter due to the stochastic disturbing 
events in the environment [31]. This states a positive correlation with the formation of the 
Himalayan artificial lake due to an unpredicted natural event, i.e., a landslide. At the spe-
cies level, the iron-reducing bacterium, Geothrix fermentans (5.3%), was the most abundant 
(Figure 2b). Geothrix fermentans, known to reduce Fe(III) via a dissimilatory mechanism, is 
commonly found in aquifers [32,33]. This corroborates the high occurrence of iron in the 
Himalayan artificial lake sample (Table 2). The substantial representation of Bacteroidetes 
bacterium GWB2_41_8 (2.38%), Nitrospira (2.19%), and Anaeromyxobacter (2.15%) signify 
the nitrogen fixation and denitrification capability of the sampling site [31,34]. 

 
Figure 2. Taxonomic distribution in the Sikkim Himalayan artificial lake at (a) phylum level; (b) 
species level. The supportive details are given in Table S2. 

The microbial diversity indices were computed, revealing the Simpson_1-D (0.98), 
Shannon_H (4.83), and Evenness (0.78) values (Table S3). On a scale of 0 to 1, the Simpson 
value towards 1 refers to a diverse microbial distribution, and the value of Evenness to-
wards 1 relates to an evenly distributed species. A high Shannon_H value shows a rich 
species distribution in the sampling site. The species richness index was recorded to be 
higher than the samples collected from Prasher Lake (Shannon_H3.1–3.3) and Rewalsar 
lake (Shannon_H1.1–1.9) of Himachal Pradesh, India [35]. Thus, the statistical results sig-
nify high species diversity in the sample collected from the Himalayan artificial lake ex-
amined in the present study. 

Figure 2. Taxonomic distribution in the Sikkim Himalayan artificial lake at (a) phylum level;
(b) species level. The supportive details are given in Table S2.

The microbial diversity indices were computed, revealing the Simpson_1-D (0.98),
Shannon_H (4.83), and Evenness (0.78) values (Table S3). On a scale of 0 to 1, the Simpson
value towards 1 refers to a diverse microbial distribution, and the value of Evenness
towards 1 relates to an evenly distributed species. A high Shannon_H value shows a rich
species distribution in the sampling site. The species richness index was recorded to be
higher than the samples collected from Prasher Lake (Shannon_H3.1–3.3) and Rewalsar
lake (Shannon_H1.1–1.9) of Himachal Pradesh, India [35]. Thus, the statistical results
signify high species diversity in the sample collected from the Himalayan artificial lake
examined in the present study.

3.3. Functional Potential

The functional potential of the lake was predicted by aligning ORFs against the SEED
database (Figure 3, Table S4). The carbohydrate metabolism (10.17%) was the most dom-
inating among all functions in SEED classification (level 1), followed by Amino Acids
and Derivatives (9.95%), Cofactors-Vitamins-Prosthetic Groups and Pigments (9.57%), and
Protein Metabolism (6%). A similar pattern of functional distribution is reported in the
metagenomic investigations of diverse aquatic habitats [5,36]. Interestingly, level 3 func-
tional classification of the metagenomic data revealed the largest share of β-galactosidase
(3.33%) in the carbohydrate metabolism. The contigs related to Chaperone protein DnaK
(2.74%) were noted to be abundant in the category of Protein Metabolism. In the case of
Amino Acids and Derivatives, the contribution of Cobalt-zinc-cadmium resistance protein
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(8.54%) was prominent. Being a rich genetic resource of carbohydrate-metabolism-related
genes, this site should be explored for industrially relevant enzymes for biomass pro-
cessing applications. Level 3 SEED distribution revealed two predominant functions,
Cofactors-Vitamins-Prosthetic Groups and Pigments, i.e., 5-FCL-like protein (17.25%) and
Long-chain-fatty-acid-CoA ligase (12.73%). Although both enzymes are reported to serve
fundamental metabolism functions, Long-chain-fatty-acid-CoA ligase helps in the pre-β-
oxidation step of fatty acids with varying hydrocarbon chain lengths [37]. This draws
attention towards exploring hydrocarbon metabolism in this lake’s metagenome.

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 21 
 

3.3. Functional Potential 
The functional potential of the lake was predicted by aligning ORFs against the SEED 

database (Figure 3, Table S4). The carbohydrate metabolism (10.17%) was the most domi-
nating among all functions in SEED classification (level 1), followed by Amino Acids and 
Derivatives (9.95%), Cofactors-Vitamins-Prosthetic Groups and Pigments (9.57%), and 
Protein Metabolism (6%). A similar pattern of functional distribution is reported in the 
metagenomic investigations of diverse aquatic habitats [5,36]. Interestingly, level 3 func-
tional classification of the metagenomic data revealed the largest share of β-galactosidase 
(3.33%) in the carbohydrate metabolism. The contigs related to Chaperone protein DnaK 
(2.74%) were noted to be abundant in the category of Protein Metabolism. In the case of 
Amino Acids and Derivatives, the contribution of Cobalt-zinc-cadmium resistance protein 
(8.54%) was prominent. Being a rich genetic resource of carbohydrate-metabolism-related 
genes, this site should be explored for industrially relevant enzymes for biomass pro-
cessing applications. Level 3 SEED distribution revealed two predominant functions, Co-
factors-Vitamins-Prosthetic Groups and Pigments, i.e., 5-FCL-like protein (17.25%) and 
Long-chain-fatty-acid-CoA ligase (12.73%). Although both enzymes are reported to serve 
fundamental metabolism functions, Long-chain-fatty-acid-CoA ligase helps in the pre-β-
oxidation step of fatty acids with varying hydrocarbon chain lengths [37]. This draws at-
tention towards exploring hydrocarbon metabolism in this lake’s metagenome. 

 
Figure 3. SEED function distribution in Sikkim Himalayan artificial lake. The supportive details are 
given in Table S4. 

3.4. Hydrocarbon Degradation Pathway 
Hydrocarbons are known to be a severe threat to water bodies. The degradation of 

hydrocarbons via metabolic capabilities of various microbes could be a promising ap-
proach for treating hydrocarbon-polluted water [38]. In-depth metagenome sequence 
analysis revealed the occurrence of genes responsible for hydrocarbon degradation (Fig-
ure 4). The present sample was found enriched with methane metabolism enzymes. Me-
thane contributes nearly 20% to the greenhouse effect, and lakes are the primary methane 
emission sources [39]. Thus, deciphering the genes mapped to the complete degradation 
pathway of methane would be helpful in designing strategies to diminish its harmful ef-
fect. 

The other abundance pathways include Benzoate, Toluene, Benzene, and Xylene deg-
radation pathways. Benzene, Toluene, and Xylene are classified as BETEX hydrocarbons, 
which constitute a single aromatic ring among other volatile organic compounds (VOCs) 
[40]. They are considered to be highly toxic and carcinogenic, and the predominance of 
their degradation pathways at the sampling site could exert a controlling effect on these 
harmful VOCs. The increased hydrocarbon-degrading enzymes in the sampling site could 

Figure 3. SEED function distribution in Sikkim Himalayan artificial lake. The supportive details are
given in Table S4.

3.4. Hydrocarbon Degradation Pathway

Hydrocarbons are known to be a severe threat to water bodies. The degradation of
hydrocarbons via metabolic capabilities of various microbes could be a promising approach
for treating hydrocarbon-polluted water [38]. In-depth metagenome sequence analysis
revealed the occurrence of genes responsible for hydrocarbon degradation (Figure 4).
The present sample was found enriched with methane metabolism enzymes. Methane
contributes nearly 20% to the greenhouse effect, and lakes are the primary methane emission
sources [39]. Thus, deciphering the genes mapped to the complete degradation pathway of
methane would be helpful in designing strategies to diminish its harmful effect.

The other abundance pathways include Benzoate, Toluene, Benzene, and Xylene
degradation pathways. Benzene, Toluene, and Xylene are classified as BETEX hydrocar-
bons, which constitute a single aromatic ring among other volatile organic compounds
(VOCs) [40]. They are considered to be highly toxic and carcinogenic, and the predomi-
nance of their degradation pathways at the sampling site could exert a controlling effect on
these harmful VOCs. The increased hydrocarbon-degrading enzymes in the sampling site
could be due to the anthropogenic environmental pressure caused by land sliding [41]. The
land-slide event possibly led to the degradation of plant-litter decomposition, resulting
in the generation of VOCs [42]. In addition, being a tourist place, the human activities at
the sampling site could lead to the accumulation of hydrocarbons. Thus, the microbial
processes for the degradation of these hydrocarbons lead to an increase in hydrocarbon
degrading enzymes in this region. These results are well related to East Taihu Lake (China),
which showed an increase in hydrocarbon-degrading microbes due to disturbances caused
by anthropogenic activities at the site [43]. This comprehensive metagenomic examination
deciphered the genes involved in the degradation route of the hydrocarbons (Figure 4;
Table S5).
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3.5. Carbohydrate Metabolism

SEED functional profiling of the lake sample suggested an abundance of carbohydrate
metabolism, stipulating this site as a potential resource for carbohydrate transforming en-
zymes. The ORFs aligned against the CAZy database revealed the highest abundance of the
Glycosyl hydrolase (GH) family, followed by the Glycosyltransferase (GT) family enzymes
(Figure 5; Table S6). The GTs are involved in transferring essential regulatory proteins and
metal ions required for microflora’s survival [44,45]. Among all the CAZy classes, GT2
was the most contributing CAZymes class, which represents many enzymes associated
with bacterial biofilm formation, and critical in bacterial structural functions [46,47]. Also,
glycosyl transferases (GT) are known to transfer the sugar moiety on the acceptor molecules
and contribute to the production of various oligosaccharides that are of enormous health
benefits [48].
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In the case of the GH family, GH23, GH0, and GH16 were the top three classes. The
GH0 family of CAZymes majorly constituted proteins, which are not assigned to any
glycosyl hydrolase family. The two proteins found under this category were lipoproteins
and malate dehydrogenase. Lipoproteins are proteins anchored with the lipid bilayer of
the bacterial cell wall and play a crucial role during membrane biogenesis [49]. Malate
dehydrogenases are involved in the bacterial cell’s oxidative and reductive TCA cycles.
Besides converting malate to oxaloacetate, it also protects the cell from oxidative stress
conditions [50]. In the case of GH23, lytic transglycosylases were one of the primary
cell-machinery enzymes. These are mostly involved in the cleavage of the peptidoglycan
backbone of bacteria by acting on glycosidic linkages and helping in the recycling of
cell wall or formation of flagellar structures [51]. The metagenomic contigs mapped to
GH16 enzyme family represented endo-β-1,4-galactosidase, β-glycosidase, endo-1,3-β-
glucanase, etc. These enzymes are potential contributors to the processing of carbohydrate
molecules [52]. Recently, we have characterized a novel β-galactosidase gene from the
metagenome extracted from this high-altitude artificial lake site [53]. Thus, this site can be
explored for mining various industrially relevant novel catalysts.

3.6. Antibiotic Resistance Genes

The antibiotic-resistance genes (ARGs) in the lake microbiome were assessed by per-
forming BLASTX using ORFs against the CARD database. The results were analyzed at
different alignment parameters, revealing a significant presence of tetracycline resistance
gene, rpsJ (Table S8). These ARGs are widely found in aquatic habitats such as lakes [54,55].
Further, the metagenomic investigation detected the presence of genes associated to strep-
tomycin resistance (rpsL), thiazolyl peptide resistance, and trimethoprim resistance at
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this aquatic site. ARGs pose a potential threat to our environmental resources [56]. The
Himalayan sites have continuous exposure to human activities that may cause a threat to
their natural ecosystem leading towards the rise of antibiotic resistance in its microbial
community [57]. Additionally, several microbial species tend to acquire the trait of an-
timicrobial resistance as a result of horizontal gene transfer when exposed to challenging
environmental conditions [29,58]. The predominance of ARGs can be observed in a diverse
set of environmental niches such as glaciers, hot springs, and lakes, across the globe [29].
Thus, the metagenomic assessment of ARGs’ presence in a given lake would be helpful in
defining the preventive measures for human activities in ecological niches.

3.7. Comparative Metagenomics

The metagenomic sample of the Himalayan artificial lake (present study) was com-
pared with five other lake metagenomes reported from cold environments, i.e., Saline
Ace Lake, Antarctica, Freshwater Vanda Lake, Antarctica, Saline organic lake in Antarc-
tica, Freshwater Towuti Lake, Indonesia, and Freshwater Mendota Lake, United States.
The temperature of these lakes ranges from 1 ◦C to 29 ◦C (Table 2). The metagenomic
data of these sites were procured from IMG/M platform and analyzed using the server’s
built-in databases and algorithms. The taxonomic and functional distributions of all six
metagenomic investigations were statistically compared. The PCA was performed by
following STAMP multivariate analysis (Figure 6) at three levels, i.e., Phylum (Table S9),
COG (Table S10), and KO (Table S11). A total of 78% to 88 % of the variance was covered in
the PC1 and PC2 components of the PCA plot. Among all the six samples, taxonomic and
functional classification grouped three samples together, Medonta Lake (US), Vanda lake
(Antarctica), and the Himalayan artificial lake (India, present study). The three lakes shared
the temperature range of 4 ◦C to 23 ◦C. All the freshwater samples were grouped in a single
cluster except Freshwater Towuti Lake, Indonesia, the temperature of which was slightly
higher (26–29 ◦C) than other freshwater samples. As expected, none of the saline lakes could
cluster with any of these samples. This shows an association between the physicochemical
characteristic of sampling sites and their taxonomic, as well as functional profiling.
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The COG and KO functional profiles of all six lakes were compared by plotting heat
maps (Figure 7). The heat-map clustering results were in accordance with the PCA, plac-
ing the functions from Medonta Lake (US), Vanda Lake (Antarctica), and the Himalayan
artificial lake (India) more closely in comparison to other samples. Further, they shared a
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comparable abundance of functions such as Glycosyltransferase (GTs), CheY chemotaxis
protein, RNA polymerase sigma-70 factor, iron complex outer membrane receptor protein,
ABC transport system permease protein, and serine/threonine-protein kinase. They con-
tribute to the basic functional capabilities of the bacterial population. GTs are involved in
the cell-wall biosynthesis phenomenon of microorganisms [59]. CheY protein contributes to
chemotaxis in bacteria [60], and RNA polymerase sigma-70 factor is crucial in transcription
initiation [61]. The genes related to the iron complex outer membrane receptor protein and
the ABC transport-system permease protein are critical components of the iron transport
system [62,63], and being rich in iron-reducing bacterial species, this functional potential is
in agreement with the physicochemical and taxonomic contours of this site.
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Two-variable analysis was performed to determine the degree of similarity or differ-
ence among all the six lake samples at the phylum level (Figure 8). The error bars depicted
that the Himalayan artificial lake exhibited a greater abundance of Proteobacteriaas com-
pared to the Saline organic lake, Antarctica (p-value = 0.383). The Proteobacteria majorly
include gram-negative bacterial families that usually hold great significance in industrial
prospects. Although this phylum is reported to be widely distributed among a range of
spatial-temporal conditions [6,8,64], few reports emphasized their higher abundance in
freshwater lakes [31]. The phylum Atribacterota and Firmicutes were found abundant
in the Saline Ace lake at a p-value of 0.086 and 0.211, respectively. Atribacterota was
also detected in saline lake samples [65]. Firmicutes inhabits the saline lakes with higher
abundance [8,66]. The abundance of Bacteriodetes in the Himalayan artificial lake (this
study) was comparable to the other metagenomic samples, except Towuti Lake, which
scored higher abundance at a p-value of 0.309. The distribution of phylum Bacteriodetes
has been reported across a variety of ecological niches [5,27,30].
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4. Conclusions

This study presents a detailed metagenomic investigation of a high-altitude Himalayan
artificial lake located in the Sikkim state of India. It enlightens in-depth information about
the taxonomic distribution and functional potential of the aquatic site. The calculated
microbial diversity indices depicted the differential distribution of various species. The
presence of Geothrix fermentans microbial species correlates with the high iron content in the
lake. The exploration of metabolic pathways revealed the richness of hydrocarbon related
genes, constructing the complete hydrocarbon degradation pathway by gene mapping.
The alignment against the CAZy database revealed this site as a wealthy resource for
industrially relevant carbohydrate modifying enzymes. The comparative study with
five publicly available metagenomes revealed its relatedness towards the freshwater-type
habitat. The results propound this site as a potential metagenomic resource for mining genes
for industrially critical enzymes that could be functional at cold to moderate temperatures.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su141811455/s1, Table S1: Assembly statistics of lake metagenome;
Table S2: Taxonomic distribution in artificial lake; Table S3: Diversity indices of artificial lake
metagenome; Table S4: SEED function distribution in artificial lake metagenome; Table S5: Hydro-
carbon degrading pathways derived from KEGG analysis in metagenome sample; Table S6: The
CAZy distribution in artificial lake metagenome sample; Table S7: Enzymes encoded by GH and GT
CAZY families; Table S8: Antibiotic resistant genes derived from CARD database in metagenome
sample; Table S9: Taxonomic comparison on the basis of abundance (%) among six metagenomic
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samples; Table S10: COG comparison on the basis of abundance (%) among six metagenomic samples;
Table S11: KEGG comparison on the basis of abundance (%) among six metagenomic samples.
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