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Abstract Bacteriophages play significant role in driving

microbial diversity; however, little is known about the

diversity of phages in different ecosystems. A dynamic

predator–prey mechanism called ‘‘kill the winner’’ suggests

the elimination of most active bacterial populations

through phages. Thus, interaction between phage and host

has an effect on the composition of microbial communities

in ecosystems. In this study, secondary phage metagenome

data from aquatic habitats: wastewater treatment plant

(WWTP), fresh, marine, and hot water spring habitat were

analyzed using MG-RAST and STAMP tools to explore the

diversity of the viruses. Differential relative abundance of

phage families—Siphoviridae (34%) and Myoviridae

(26%) in WWTP, Myoviridae (30%) and Podoviridae

(23%) in fresh water, and Myoviridae (41%) and

Podoviridae (8%) in marine—was found to be a discrim-

inating factor among four habitats while Rudiviridae (9%),

Globuloviridae (8%), and Lipothrixviridae (1%) were

exclusively observed in hot water spring. Subsequently, at

genera level, Bpp-1-like virus, Chlorovirus, and T4-like

virus were found abundant in WWTP, fresh, and marine

habitat, respectively. PCA analysis revealed completely

disparate composition of phage in hot water spring from

other three ecosystems. Similar analysis of relative abun-

dance of functional features corroborated observations

from taxa analysis. Functional features corresponding to

phage packaging machinery, replication, integration and

excision, and gene transfer discriminated among four

habitats. The comparative metagenomics approach exhib-

ited genetically distinct phage communities among four

habitats. Results revealed that selective distribution of

phage communities would help in understanding the role of

phages in food chains, nutrient cycling, and microbial

ecology. Study of specific phages would also help in con-

trolling environmental pathogens including MDR bacterial

populations using phage therapy approach by selective

mining and isolation of phages against specific pathogens

persisting in a given environment.

Abbreviations

WWTP Waste water treatment plant

MDR Multi-drug resistant

Introduction

Bacteriophages are the infectious virus that replicate within

a particular bacterial host and one of the most common and

diverse beings on earth. The life cycles of a bacteriophage

entirely depend on the host bacteria and are found to be

ubiquitous in nature with respect to the availability of host

bacterium for infection. Bacteriophages are classified based

on the size, structure, genetic material, and host range

varying from simple to more elaborate and complex. The

most common habitats where bacteriophages flourish are

soil, oceans, deserts, wastewater, sewage, the gut of ani-

mals, and activated sludge [12, 35, 49]. Alterations have

been observed between diverse habitats in terms of

occurrence of microbial communities. The chemical,
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physical, and biological conditions prevailing in a partic-

ular habitat is thought to be one of the factors which shape

the microbial community. Extremes of temperatures in hot

springs favor the growth of hyperthermophiles, copiotroph

flourish in wastewater, halophiles are observed in oceans,

etc., according to the environment provided by particular

habitat. A dynamic predator–prey mechanism called ‘‘kill

the winner’’ [43] proposes that phages preferentially infect

the most active host (bacteria) in any given environment.

Thus, the interaction between phage and host chiefly

maintains the composition of microbial communities

[36, 39]. Bacteriophages play a major role in host mortal-

ity, carbon cycling [9], nutrient cycling [41], horizontal

gene transfer leading to microbial diversity [45], and

structuring food webs by being a nutrient source for pro-

tists [31, 40].

Marine water is one of the dense natural sources for

phages, where 107 particles/ml have been found in sea-

water [19]. Majority of phages in aquatic environments are

double-stranded DNA phages belonging to the order

Caudovirales [45]. Caudovirales are classified into

Podoviridae with short tails, Siphoviridae with long non-

contractile tails, and Myoviridae with long contractile tails.

In the different stages of wastewater treatment plants

(WWTPs), phages have been observed in 108–1010 ml-1

concentration [4, 47] 10–1000 times higher than in natural

aquatic environments, suggesting WWTPs as an important

reservoir and source of phages [42]. In hot water springs,

bacteriophages infecting thermophilic archaea are found in

abundance, suggesting extreme thermal environment har-

bors thermophiles. The species composition and abundance

of a potential host in freshwater lake vary with lake trophic

status, depth, watershed, and size [6, 21] which results in a

variation of phages found in the freshwater habitat. Human

gut consists of a diverse microbial community resulting in

a diverse phage community as well. Through interactions

with microbes, phages also influence the global flow of

genes affecting host phenotype, adaptation to environment

and evolution [36]. Metagenomic investigations of phages

collected from various ecosystems have provided insight

into local and global phage diversity [7, 23], genotypic

distribution [7, 44], functional potential [15, 46], and

replication strategy [24, 46].

Currently, the latest ‘‘omics’’ approaches will assist to

analyze the bacteriophages directly from the sample which

provides information about the total culturable and non-

culturable phages present in a particular environment. Pre-

processing of samples and concentration of phages [11] is

required for the metagenomics analysis. Thus, the phages

or particular genes that are highly abundant and specific to

a particular niche can be determined. Metagenomic tools

can also be used in a comparative approach to explore the

differences in clades of various niches, study chronological

changes, and relate the results of investigational data.

Metagenomics elucidates estimates of phage community

structures and of the richness, evenness, and abundance of

each phage genotype [19]. With the rapid rise in viral

genomic and metagenomic study, a new database was

developed recently coined as pVOG (prokaryotic Virus

Orthologous Group) which can further expand the in-depth

virus study [17]. Also server like METAVIR can be a great

tool for taxonomic study of viruses along with their com-

parative study [37]. Microbial activities shape the biogeo-

chemistry of the planet so it becomes important to

understand the metabolic processes of phages as well. Most

of the functional diversity of phages is maintained in all of

the communities but the relative occurrences of metabo-

lism vary and the differences between metagenomes pre-

dict the biogeochemical conditions of each environment

[11]. Phages are an important factor for the regulation of

microbial community composition and affect the cycling of

carbon and other nutrients [41]. To identify the character-

istics and potential specificities of phage communities in

different habitats, the phage communities of hot water

spring, freshwater, marine water, and wastewater treatment

plants (from the previously published data) were compared

in this study. The mining and characterization of bacte-

riophages from diverse habitats will assist in estimating the

taxonomical and functional role of the phages. A habitat-

specific mining of phages can help in discovering new

phages to be used for formulation of phage biocontrol.

Moreover, comparative study of phage abundance and

distribution can be used to understand the impact of phages

on biogeochemical cycle and recycling of nutrients by

controlling bacterial hosts.

Materials and Methods

Metagenome Sample Selection

To study the diversity of the phages, four different habitats

were selected based on disparate environmental conditions:

(1) freshwater, (2) marine, (3) hot water spring, and (4)

WWTP. The corresponding metagenome data were selec-

ted from the MG-RAST public database. All the above-

mentioned metagenome data were derived from water

sample of the mentioned sources, where virus were con-

centrated by filtration and centrifugation technique.

Table 1 summarizes the features of the metagenomes

selected in this study, illustrating MG-RAST ID, habitat,

metagenome size, sequencing method, and virus purifica-

tion method. The specific sample collection sites for habitat

(1) freshwater were the Crim Dell Mouth (37.267�N,
76.721�W), the Pogonia Mouth (37.268�N, 76.727�W), and

Matoaka open water (37.264�N, 76.722�W) from Lake
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Matoaka, a temperate, eutrophic lake in southeastern Vir-

ginia, USA. (2) The samples for marine habitat were col-

lected from the Gulf of Mexico—Texas coast (28.258,

87.6733), the British Columbia coastal waters (49.705,

124.351667), and from the Arctic Ocean (73.16167,

159.44667). (3) The samples for hot water spring were

from Bear Paw (an unofficial name for LRNN374)

(44�3321.994N, 110�505.232W) and Octopus

(44�32Z.701N, 110�4752.402W) hot springs of Yellow

stone National Park (YNP). Bear Paw hot spring (74 �C) is
in the river group of the lower geyser basin of YNP, while

Octopus (93 �C) is about 5 km away in the White Creek

area. (4) The samples for WWTP habitat were collected

from different stages of a WWTP in tropical climate in

Singapore. The domestic wastewater mainly comprised

water discharged from house-holds, commercial units, and

manhole, and possibly some legally met effluent dis-

charged from pre-treatment plants in industrial units, col-

lected through a sewer system, and transported to the

WWTP. The samples were collected from influent, acti-

vated sludge, effluent, and anaerobic digester.

Bioinformatics Analysis

MG-RAST (version 3.3.6) [25] (https://metagenomics.anl.

gov/) was used to analyze the metagenome datasets. To

nullify the variation in data size, likely to be an issue in this

study, multiple metagenomes from different sites of same

habitats were selected and grouped to represent a single

habitat. A hierarchical classification option was used as the

data type and SEED-based subsystems [29] as the anno-

tation source (with parameters: identity cut-off -60%,

e-value cut-off—1e-5, and alignment length cut-off—15

for amino acids) to generate a feature abundance profile for

each habitat. Similarly, a taxonomic abundance profile was

generated using parameters described above, against the

M5NR (novel non-redundant database used for taxonomic

annotation and classification) annotation source and best

classification was chosen according to the data type. Sub-

sequently, a pie chart was prepared to show the distribution

of microbial communities in each habitat.

Statistical Analysis

Statistical analysis of Metagenomic Profiles (STAMP)

(version v2.0.3) package [30] was implemented to analyze

statistically significant differential abundance of phage

features among the four habitats. A functional feature

abundance table corresponding to the four habitats was

generated via MG-RAST and imported to the STAMP tool

for statistical analysis. A comparative heat-map using a

normalized taxonomy abundance profile at the family taxa

was prepared to compare the four niches with respect to

their phage diversity. Similarly, a heat-map was generated

in STAMP for the four habitats, considering functional

level in the hierarchy of the MG-RAST functional profile

by applying the ANOVA test with Hochberg’s FDR mul-

tiple test correction [27]. The extended error bar plots were

generated via two sample analysis by applying Benjamini–

Hochberg’s FDR multiple test correction. In order to con-

sider features corresponding to phages, the subsystem–

phages, prophages, transposable elements, plasmids–was

compared using the same analysis pipeline. The results

were curated to exhibit only features with a q value\ 0.05

and [ 1% difference in proportions of a given feature

between the two groups.

Table 1 Source of metagenomic data from MG-RAST

Sr.No. Accession number Habitat Size (bp) Sequencing method Virus purification method Source

1 4523574.3 Fresh water 11,576,612 WGS CsCl density gradient [18]

2 4523575.3 Fresh water 18,445,791 WGS CsCl density gradient [18]

3 4523576.3 Fresh water 18,447,146 WGS CsCl density gradient [18]

4 4441095.3 Hot water spring 8,270,842 Other By filtration [38]

5 4441096.3 Hot water spring 22,557,192 Other By filtration [38]

6 4441623.3 Marine 42,535,763 WGS CsCl density gradient [14]

7 4441628.3 Marine 26,809,683 WGS CsCl density gradient [14]

8 4441629.3 Marine 26,809,683 WGS CsCl density gradient [14]

9 4450223.3 WWTP 108,954,161 WGS CsCl density gradient [42]

10 4450219.3 WWTP 70,775,098 WGS CsCl density gradient [42]

11 4450221.3 WWTP 75,816,433 WGS CsCl density gradient [42]

12 4450224.3 WWTP 119,334,582 WGS CsCl density gradient [42]
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Results

Classification of Microbial Community in Different

Habitats

A comparison was made to study the abundance of

microbial communities in four disparate habitats—marine,

fresh water, hot water spring, and wastewater treatment

plant. Figure 1 illustrates: in freshwater, 78% microbial

species were found to be of bacteria while only 7% bac-

teriophages were observed. In marine water, 67% bacteria

and 11% bacteriophages; whereas in hot water spring, 63%

bacteria and 15% bacteriophages; and in WWTP, 83%

bacteria with 4% bacteriophages were observed. The

abundance of bacteria is very high in every habitat as

compared with that of other microbial communities.

Comparative Analyses of Phage Diversity

in Selected Habitats

Principal component analysis (PCA) (emphasizes variation

and brings out strong patterns in a dataset) (Fig. 2) illus-

trates habitat-based clustering of metagenomes suggesting

a right selection of data for each habitat. PCA plot

generated from taxonomic and functional features corrob-

orated each other. The result is in accordance with the fact

that each habitat is unique with respect to its microbial

communities and corresponding functional characteristics.

A clear cluster of phage communities of WWTP, fresh-

water, and marine habitat was observed; however, fresh-

water and WWTP clusters were found to be much closer to

each other. The clusters of marine and hot water spring

were comparatively far from other habitats suggesting the

phage communities were very specific because of extreme

environment. The phage communities of hot water spring

resulted in a very assorted cluster outlying from other

habitats because of high temperature and diverse metabolic

rates of surviving phage hosts.

Abundance of Diverse Phage Families in Different

Habitats

Figure 3 shows another PCA plot indicating a correlation

of four habitats with each other in terms of their phage

diversity. It also accounts the phage families being domi-

nant at each habitat, in the form of pie chart. As compared

to Fig. 2 showing individual metagenome data, PCA plot

in Fig. 3 was generated by using group analysis of MG-

Fig. 1 Comparative microbial diversity at different habitats. Pie

chart was generated using microbial abundance data. Each chart rep-

resents the percentage abundance of microbial group in a specific

habitat. Abundance values are generated from normalized and

statistical analysis carried on data retrieved from MG-RAST
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Fig. 2 Principal Component Analysis showing clustering of all the

metagenome data based on a phage diversity at family level and

b functional features. Generated using ANOVA statistical test

Benjamini–Hochberg FDR multiple test correction. X- and Y-axis

are Principal X component and Principal Y component, respectively.

The first figure represents the distribution of viral metagenome on the

basis of their taxonomical data and second figure represents distri-

bution and clustering of viral metagenome according to their

annotated functional protein

Fig. 3 Principal Component Analysis illustrating clustering of

grouped metagenome data and pie chart showing an abundance of

phage families at different habitats. Pie charts were generated using

microbial abundance data at family level. X- and Y-axis are Principal

X component and Principal Y component, respectively. The unclas-

sified viruses in hot spring mostly belong to hyperthermophilic

archaeal viruses as identified through METAVIR server
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RAST server which normalizes the data. Normalization in

MG-RAST is performed by R-based algorithm which

transforms/distributes the data so that all the data have

same mean and standard deviation and they become more

comparable as intersample variability is removed [25]. The

abundance of phage families present in particular habitats

revealed double-stranded DNA phages were most domi-

nant. Phage families Siphoviridae, Myoviridae, Podoviri-

dae from the order Caudovirales were the most abundant

dsDNA phages in every habitat. In WWTP, Siphoviridae

were observed the most abundant (34%) as compared with

its abundance in other habitats. In fresh water, Myoviridae

(30%), Phycodnaviridae (15%) were abundant with Iri-

doviridae (1%) exclusively reported. In marine habitat,

Myoviridae (41%) was abundant with Microviridae (7%)

exclusively. In hot water spring, 78% unclassified phages

with 9% Rudiviruses, 8% Globuloviridae, and 1%

Lipothrixviridae were observed exclusively. The maximum

amount of unclassified viruses in hot water spring suggests

a much exploration is needed in the untouched extreme

habitat. As the data were derived from MG-RAST, anno-

tation was carried out using RefSeq, COG, IMG database,

etc., and there is a need for separate annotation of reads for

this unclassified phages. Thus, the METAVIR server has

been used to explore the unclassified viruses which were

found to be hyperthermophilic archaeal viruses which are

still least studied category of viruses. Apart from this, a

small percentage of Myoviridae and Siphoviridae are also

present.

Comparative Phylogenetic Analysis of Phage

Diversity Among Four Habitats

The similarity among the phage genera of four different

habitats was studied (Fig. S1). When compared with other

habitats, the genera Bpp-1-like viruses, N4-like viruses,

P22-like viruses, phiKZ-like viruses, AHJD-like viruses

were found more dominant in WWTP. Bpp-1-like and N4-

like viruses belong to Podoviridae which infects E. coli in

the sewage; P22-like viruses belong to Podoviridae

infecting Salmonella typhimurium; phiKZ-like viruses

belong to Myoviridae infecting Pseudomonas; AHJD-like

viruses belong to Podoviridae infecting Staphylococcus.

Freshwater habitat had Chlorovirus and T7-like viruses in

dominance; Chlorovirus belongs to Phycodnaviridae

infecting algae in freshwater with type species Parame-

cium bursaria Chlorella phage 1. T7-like viruses infect

E. coli and some enteric bacteria [26]. Hot water spring

resulted in Rudivirus, Globulovirus, and Betalipothrixvirus

in abundance. Rudivirus are dsDNA phages that infect

hyperthermophilic archaea of the kingdom Crenarchaeota

[34, 50] type species which include Sulfolobus islandicus

rod-shaped phage. Archaea serves as a natural host for

Betalipothrixvirus; it has dsDNA. In marine habitat, T4-

like virus and Bdellomicrovirus were found in abundance;

Gram-negative bacteria serve as hosts for T4-like viruses;

and Bdellomicrovirus belongs to Microviridae containing

ssDNA and infecting Bdellovibrio bacteria.

Heat-Map Analyses of Relative Abundance of Phage

Families and Functional Features

With respect to the metabolic functions, the MG-RAST

assigned the sequences into 27 different functional cate-

gories. In the heat-map analyses (Fig. S2), Phage pack-

aging machinery has been found most abundant in WWTP

indicating a lytic life cycle suggesting a high phage dis-

persal rate. Phage replication and integration and excision

are found as the most abundant function of hot water

spring, while phage packaging is very less. Gene transfer is

found to be the most abundant function in marine habitat,

while Phage entry and exit and gene transfer play a major

role in monitoring the diversity of freshwater. Phage

lysogeny conversion modules include gene clusters that are

thought to offer bacteria a selective advantage in their

environments (or virulence niches) and are thus kept by

prophages for the selective life cycle. Phage tail fiber

function abundance indicates dominant tailed-phage

diversity within freshwater habitat. The relative abundance

of phage functional genes in four different habitats was

studied (Fig. 4). Phage packaging machinery was found to

be relatively most abundant in WWTP. In freshwater

habitat, phage entry and exit, phage tail fiber proteins, T7-

like phage core proteins, prophage lysogenic conversion

modules were dominant. In hot water spring, phage repli-

cation, phage integration, and excision, phage dual

exonuclease exclusion, conjugative transposon, bac-

teroidales were abundant. In marine habitat, only two

functional features were found to be dominant: Gene

transfer agent and plasmid-encoded T-DNA transfer. Thus,

in PCA clear clusters were observed away from each other

signifying a habitat-specific functionality among the

phages.

Discussion

As observed in the results, the abundance of microbial

communities (especially bacteria) other than bacterio-

phages has been observed high as (i) the database of phage

genomes has a much lesser number and size than other

microbial genomes, (ii) the prophages are unidentified

within microbial genomes, (iii) the horizontal gene transfer

between phages and host bacteria is very high, and (iv)

functional genes observed in hosts are also found in phages

[28, 47]. The lack of conserved sequences like 16S rRNA
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in virus is attributable to fact that they are less annotated as

compared with bacteria in a metagenomic sample. Also as

virus genes are linked with bacteria due to exchange of

genetic information between them, the database annotates

most protein to be of bacterial origin. But the recent shift in

study of virus gene pool present in the environment has

lead to the development of many software, database, and

algorithms which can lead to rapid and accurate identifi-

cation of virus in a metagenomic sample [5].

Data retrieved from MG-RAST revealed that the viruses

are rich in freshwater and wastewater treatment plant and

least in marine habitat. Moreover when talking about the

diversity, the more varied and fluctuating habitat, i.e.,

WWTP harbors more diverse kinds of bacteria, followed

by the diverse kinds of viruses found in freshwater which

also has an intake of varied chemicals. Hot spring lacks the

viral diversity attributed to the fact that they have very

specific genera of bacteria and archaea to survive and cope

with harsh conditions.

The hot water spring temperature is found to be over the

limit of eukaryotic life (near to 60 �C), limiting the

microbial life to thermophilic bacteria, archaea, and their

phages [22] which makes it to stand apart in the PCA

analysis. WWTP family cluster was found to be very

diverse as copiotroph flourishes abundantly in WWTP as it

is rich in organic carbon and inorganic nutrients from waste

and so are the phages corresponding to the same. The

phage community of marine habitat was found to be dif-

ferent from other habitats as the marine environment pro-

vides a much-varied habitat like high salinity, higher

temperatures of the sea floor, and diverse nutrient source

from the food web placing it different from other habitats

[8]. Disparate environmental conditions in each of these

habitats provide a unique condition for the growth and

development of diversity among the phage host. This

diversity among the hosts results in a high diversity and

specificity among the phages prevailing in each habitat.

The phages also govern diversity by horizontal gene

transfer between the hosts. Thus, the interaction of phages

infecting the hosts chiefly shapes the composition of

microbial communities [36, 39].

Phage hosts commonly prevalent in WWTP are impar-

ted from the household domestic waste [48]. The phages in

the WWTP are thought to be responsible for infecting

bacterial hosts that remove phosphorous thus inhibiting the

nutrient cycle [3]. Similarly, in a study of 191 known

sequences in activated sludge, 95% were homologous to

bacteriophage within the families Myoviridae (40.3%),

Siphoviridae (31.9%), Podoviridae (25.6%), and unclassi-

fied (2.2%) phages [32]. The species composition and

abundance of potential phage host in freshwater lake vary

with lake trophic status, depth, watershed, and size [6]

which results in a variation of phages found in the fresh-

water habitat. With both the freshwater and WWTP

Fig. 4 Relative abundance of phage functional features at different

habitats. Graph shows the relative abundance of various proteins in all

the four habitats. Phage replication proteins are the most abundant

ones followed by phage packaging machinery. Of the significant one,

Prophage lysogenic conversion modules are the least abundant virus

protein family in all the habitat
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swinging in richness and diversity, Siphoviridae were

highly abundant in WWTP and Myoviridae in freshwater.

As both the habitats are comparatively rich in nutrients and

face lot of chemical stress from the environment, the more

challenging condition arises in WWTP and so it possess

diverse bacterial and archaeal community and the viral

community. Further the high abundance of order Cau-

dovirales in WWTP is due to the presence of pathogenic

Enterobacteria phage as the WWTP water was derived

from municipal area [4]. This can also be the reason for the

presence of Caudovirales in freshwater where water

channels from the human living area. Phage-mediated

horizontal gene transfer has been observed in freshwater

which contributes to genetic diversity [20]. Likewise, in a

study of phages in East Lake, China, the genetic structure

of the phage community revealed a high genetic diversity

covering 23 phage families including members of My-

oviridae, Podoviridae, Siphoviridae, Phycodnaviridae, and

Microviridae, which infect bacteria or algae and the

highest phage genetic diversity occurred in samples col-

lected in August, followed by December and June, and the

least diversity was in March [16].

The load of marine phages is dependent on their hosts,

therefore any change in the abundance, metabolic rate, and

generation time of the host affects phage abundance [13].

Review on marine viruses highlights that dominant Cya-

nophages belong to Podovirus followed by Myovirus and

Siphovirus [10]. Our study along with the previous one

suggests that Microviruses (icosahedral ssDNA phages)

were particularly prevalent in marine habitats and were

absent in other habitats [38]. They influence biogeochem-

ical cycles, offer to regulate microbial biodiversity, recycle

carbon through marine food webs, and are essential in

controlling bacterial population explosions. Marine phages

play an important part in shifting nutrients from living

forms into dissolved organic matter and detritus, therefore,

phages must influence the carbon, nitrogen, and phospho-

rus cycles, but the exact influences are currently not

understood [13, 33].

Hyperthermophilic bacterial hosts are exclusively found

in the extreme hot environment and thus the phages.

Similarly, in a study of the phages of the extreme thermal

environment in the Yellowstone National Park, the phages

were found to have nearly identical morphologies to

Fuselloviruses, Rudiviruses, and Lipothrixviruses isolated

from Japan and Iceland [33]. Some hyperthermophilic

phages contain supplementary metabolic genes that alter

the host enzymatic capabilities [2]. Thermophilic

archaea, Thermoproteus archaea and archaea acidianus,

found in abundance in the boiling environment of hot water

springs serve as a host for the Lipothrixviridae. Double-

stranded DNA phages Rudiviridae which are specially

found in hot spring infect hyperthermophilic archaea from

Crenarchaeota [34, 50]. Also high abundance of hyper-

thermophilic archaeal viruses suggests that there are still

large groups of these dsDNA viruses whose host archaea

and their relation are still not studied and understood.

Functional feature of a lytic life cycle in WWTP sug-

gested a high number of phage hosts infected, as a result,

abundant progeny phages would come into existence. On

the other hand, high bacterial biomass gets mixed with the

environment imparting its impact on the nutrient cycle.

Phage replication and integration and excision indicated

lysogeny form of a life cycle. This serves as a survival

strategy against extremes of high temperatures of hot water

spring and surviving by persisting with the host chromo-

some. Lysogeny also indicates a high gene transfer rate

among the habitat which confers genetic diversity among

the community. Gene transfer in marine habitat helps in

the horizontal gene transfer governing microbial diversity

which is evident from the high abundance of gene transfer

agent and phage integration and excision protein [1]. The

gene transfer among phages and hosts also plays an

important role in the biogeochemical cycles as the enzymes

required for nutrient recycle are also transferred. Phage

lysogeny conversion modules in fresh water offer bacteria

the selective advantage in their environments (or virulence

niches) and are thus kept by prophages to make them more

‘welcome’ in their bacterial hosts’ genomes. The envi-

ronmental condition of each habitat provides a unique

niche for the growth of specific microbial community

which in turn serves as a host for the host-specific phages.

The high abundance of phage replication and integration

protein in hot spring habitat suggests that the virus dwells

only inside thermophilic bacteria and archaea so that they

can cope with harsh environment conditions.

The lysis of host by phages transfers the cell mass,

nitrogen, and phosphorous into a pool of dissolved organic

matter which influences nutrient cycling, nutrient flow

within food webs [13, 41, 45] and impacts population size,

biodiversity, and horizontal gene transfer [13, 41]. The

environmental conditions and the host activities also

influence the life cycle of phages suggesting it accept the

lysogeny or the lytic phase. As the phages infect the most

active host by lysis, ‘‘kill the winner’’ hypothesis, the dead

debris of the hosts which are high in nutrients are in turn

amalgamated with the environment helping in the recycling

of nutrients. By lysogeny lifecycle, a high gene transfer

results in a high microbial diversity. Every habitat in the

study was extremely different from each other which pro-

vides a diverse niche for the growth of organisms and

corresponding phages.

The study concludes that phage diversity varies with the

habitats and there are specific phages for specific bacterial

diversity at a given niche/habitat which can be seen in case

of extreme conditions of hot water spring as it get clustered
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separately in PCA analysis. Thus this study highlights that

the uniqueness of phages increases with the more extreme

environmental condition. It also brings forward the fact that

phages replication and transfer mode also depend upon the

habitat in which they flourish.
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