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Viruses play a key role in compensating bacterial
population in any ecosystem of the planet. Rumen, a
highly diverse ecosystem, is still under-explored for
viral communities and their metabolic capabilities.
We carried out shotgun sequencing of enriched viral
particles from rumen fluid collected from an Indian
buffalo. The study revealed that well-assembled con-
tigs of Newbler and Velvet got majority of assignments
to virus domain that further revealed Caudovirales as a
major order. A majority of the Firmicutes bacterio-
phages were found in the study, which also confirm
the presence of conserved domains such as peptidases
against Firmicutes phages.
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THE rumen is a highly diverse environment encompassing
bacteria, archaea, eukaryota and viruses. Several studies
have examined the structure of rumen bacterial communi-
ties with insight into their efficiency of carbohydrate
utilization*?. Additionally, numerous new fungal com-
munities have been reported using 18S r-RNA gene®.
Despite their global abundance®, the viral communities
are still underexplored from any particular niche. Various
microbial ecosystems such as soil associated ecosystem®,
aquatic microbial ecosystem® and gut microbial commu-
nity’ have been studied for viruses using conventional
methods.

With the advent of next generation sequencing (NGS)
technology, it has now become easier to efficiently study
the viral community from any niche at greater depth even
if their host bacterium is uncultivable. Although there are
many reports that have deciphered the viral community in
bovine rumen including phage—bacteria relationship®®, so
far no study involving exploration of the viral community
from Indian ruminants has been reported. The present
study attempts to enrich bacteriophages from the rumen
of an Indian buffalo, with further exploration of taxono-
my of rumen virome, the probable hosts and the rumen
virome metabolic profile.

The present study included a Surti breed of buffalo
reared at Animal Nutrition and Research Station (ANRS),
Anand Agricultural University (AAU), Anand, the diet of
which mainly included forage-based diet before sample
collection. All experimental procedures involving animals
were conducted with prior approval by the University
Animal Ethics Committee (permit number: AAU/GVC/
CPCSEA-IAEC/108/2013), Anand Agricultural University
(AAU), Anand, Gujarat, India.

Rumen fluid (~500 ml) was collected using flexible
stomach tube after 2 h of feeding®™. The rumen fluid was
brought to laboratory under refrigerated condition after
fractionation using two-layered muslin cloth to remove
larger solid particles of feed. First, 100 ml of rumen fluid
was centrifuged at 5000 g for 10 min, to remove larger
particles. The supernatant was collected and filtered with
3 um filter followed by centrifugation at 5000 g for
10 min. Again, the supernatant was filtered through
0.22 um filter and transferred into two Vivaspin 20,
30 kDa molecular weight cutoff columns (~15 ml each)
for centrifugation at 8000 g for 15 min and the particles
above 30 kDa were enriched by retaining 1 ml of the con-
centrate from top of the column®'. The concentrate was
then given DNase | (at final concentration of 10 ug/ml) and
RNase A (at final concentration of 10 ug/ml) treatment
for 1 h at 37°C followed by enzyme inactivation at 65°C
for 10 min.

Total DNA from the nuclease-treated rumen virome
concentrate was isolated using High Pure Viral Nucleic
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Table 1. Assembly of rumen virome sequences using different assemblers
Newbler MetaMOS Velvet
Input number of reads 259,419 259,419 259,419
Input number of bases 69,871,078 69,871,078 69,871,078
Number of aligned reads 7446 (2.93%) 72,484 (27.9%) 180,334 (69%)
Number singletons 236,500 186,935 79,085
All contigs
Number of contigs 938 58,697 1816 (kmer 45)
Average contig size 798 201 642
N50 contig size 770 215 614
Large contigs
Largest contig size 4589 1763 2103
Number of contigs above 1 kb 59 28 85
Table 2. BLASTX statistics of all the contigs obtained from different assemblies
Newbler MetAMOS Velvet
NR database % of contigs assigned out of total contigs 89.13 20.94 57.87
% of contigs matched to phages/viruses out of assigned contigs 7.18 8.42 9.61
Virus database % of contigs assigned out of total contigs 21.96 6.65 21.42

Acid kit (Roche Applied Science, Germany)?. Total
rumen virome DNA was quantified using Qubit 2.0 (Invi-
trogen) high sensitivity kit. Approximately 300 ng of
total rumen virome DNA was used as an input for the
shotgun DNA library preparation for an lon Torrent PGM
platform (400 bp chemistry). The sequencing procedures
were carried out according to the manufacturer’s instruc-
tions.

A total of 259,419 sequences were obtained and they
were further filtered for base quality using PRINSEQ®® for
an average Phred quality score of minimum 20 (ref. 9).
The filtered reads were assembled to generate the contigs
using multi-assembler approach using Newbler assembler
(version 2.6) (ref. 14), Velvet assembler V1.2.06 (ref. 15)
and MetAMOS (ref. 16). Velvet modules were run with
different k-mer lengths (21, 27, 33, 39 bp) with the fol-
lowing parameters: Velveth K =21-39, -short and vel-
vetg-exp_cov auto, -cov_cutoff 0 -scaffolding no. This
was followed by pooling of all the assemblies obtained
from different k-mer sizes, with larger k-mer size of 45.
The default parameters were used for assembling the
reads in Newbler (minimum overlap length =40, mini-
mum overlap identity = 90, seed length = 16) and MetA-
MOS (initPipeline-g-1-a SOAPdenovo?2).

The assembly done by various assemblers was annotat-
ed using BLASTX against non-redundant (nr) Reference
Sequence (RefSeq) database and customized virus data-
base (generated by downloading the virus genomes from
NCBI) using e value <0.00001. To improve the
annotation, gene prediction was performed using Frag-
GeneScan'’ for all various assemblies. The contigs were
annotated using BLASTXx against nr database (e value
<0.00001) and the output was imported into MEGAN
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version 5.2.3 (ref. 18) to visualize the taxonomical and
functional assignment. Moreover, the probable bacterial
hosts of the rumen viruses were identified by performing
BLASTnN against nr database (e value <0.00001). The
best assemblies were then translated into six open reading
frames, which further assigned for the conserved domain
annotations using CD-search NCBI (e value = 0.00001)*.
The raw sequence data of rumen virome sample used in
this study is available on the EBI metagenomics (Europe-
an Bioinformatics Institute) server, (Sample ID:
ERS712566, Run ID: ERR864205).

The assembly resulted in the generation of 938 (2.93%
reads) contigs in Newbler assembler, 1816 (69% reads)
contigs in Velvet assembler and 58,697 (27.9% reads)
contigs in MetAMOS (Table 1). The average contig size
was found to be highest in Newbler (798 bp) compared to
Velvet (642 bp) and MetAMOS (201 bp). Further details
on assembly statistics is as shown in Table 1.

BLASTx was carried out using two different databases
(nr database and customized virus database). BLASTX
against nr database revealed that out of total number of
contigs, 89.13% of contigs obtained from Newbler,
57.87% from Velvet and only 20.94% from MetAMOS
were assigned to the nr database annotations (Table 2).
However, of the total assigned contigs to the nr database,
7.18%, 8.42% and 9.61% from Newbler, MetAMOS and
Velvet respectively, showed hits to viruses and phages.
On the other hand, BLASTx output with virus database
revealed that contigs from Newbler (21.96%) and Velvet
(21.42%) were assigned more compared to MetAMOS
(6.65%) (Table 2).

The contigs were predicted for coding sequences to
check whether the BLASTX results obtained with contigs
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are being improved with gene predictions. The analysis
revealed that the annotations to virus database increased
for the contigs generated from Newbler (72.85%) and
Velvet (69.57%) whereas the opposite was observed for the
contigs generated from MetAMOS assembly (Figure 1).
Further analysis was performed by taking the predicted
contigs into consideration.

The taxonomical assignments of the gene predictions
revealed majority of the annotations to the virus kingdom
(Table 3). The analysis assigned majority of annotations
to double stranded DNA viruses where the abundance
percentage of the contigs assigned were 51.95%, 48.59%
and 4.98% for Newbler, Velvet and MetAMOS respec-
tively (Table 4). Sub classification of double stranded
DNA viruses to order level revealed Caudovirales as the
most abundant order in the rumen with 47.21% abun-
dance in the contigs obtained from Newbler, 83.85%
abundance in the contigs obtained from MetAMOS and
56.27% abundance in the contigs obtained from Velvet
(Figure 2). Further the order Caudovirales was sub-
classified to family level where two families were
observed with major assignments, i.e. Myoviridae (New-
bler = 31.73%, MetAMOS = 26.61% and Velvet = 34.41%)

veiver | —
MetAMOS ‘
Nowsier [

0 10 20 30 40 50 60 70 80

Assignment (%)
® Percentage of contigs assigned to viruses/phages (with gene prediction)

= Percentage of contigs assigned to viruses/phages (without gene prediction)

Figure 1. Comparison of assignment percentage of the contigs (with-
out gene prediction and with gene prediction) to the viruses/phages.

Table 3. BLASTXx statistics of all contigs (with gene prediction)
obtained from different assemblies
Newbler MetAMOS Velvet
Genes predicted 1105 57,643 2264
Assigned to viruses 805 3239 1575
Assignment to viruses (%) 72.85 5.62 69.57

Table 4. Taxonomical assignment of the predicted contigs to viruses

MetAMOS
(% abundance)

Velvet
(% abundance)

Newbler
(% abundance)

dsDNA virus 51.95 4.98 48.59
ssDNA virus 0.72 0.01 0.31
sSRNA virus 4.71 0.00 3.31
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and Siphoviridae (Newbler = 42.44%, MetAMOS =
58.28% and Velvet = 42.16%) (Figure 3).

The contigs were also assigned to SEED database for
examining the metabolic potential of viral genes. The
analysis of virome metabolic profile showed that, the
contigs were assigned to nucleoside and nucleotide me-
tabolism (Newbler = 0.09%, MetAMOS =0.00% and
Velvet = 0.09%), protein metabolism (Newbler = 0.00%,
MetAMOS = 0.01% and Velvet = 0.13%), regulation and
cell signalling (Newbler = 0.09%, MetAMOS =0.02%
and Velvet = 0.18%), phages, prophages and transposable
elements (Newbler =2.81%, MetAMOS =0.15% and
Velvet = 2.65%), phages, prophages, transposable ele-
ments and plasmids (Newbler = 0.90%, MetAMOS =
0.07% and Velvet = 0.93%), membrane transport (New-
bler = 0.63%, MetAMOS = 0.03% and Velvet = 0.71%),
DNA metabolism (Newbler = 0.90%, MetAMOS = 0.08%
and Velvet = 1.10%) and virulence, disease and defence
(Newbler = 0.00%, MetAMOS =0.01% and Velvet=
0.13%) (Table 5).

In order to decipher probable bacterial hosts, BLASTn
of the predicted contigs was performed. The results
showed that the bacteriophages acting on Firmicutes phy-
lum were more abundant in all three assemblies with the
highest annotations in Velvet assembly (40.03%) than in
MetAMOS (38.43%) and Newbler (33.01%) (Figure 4).
However, we also observed the bacteriophages acts on
Proteobacteria phylum at subdominant level with 28.71%
annotation in Newbler assembly, 24.06% in MetAMOS
assembly and 21.51% in Velvet assembly (Figure 4).

The contigs obtained from Newbler and Velvet
assembler were subjected to conserved domain search
where several putative domains belonged to viruses were
found. Such putative domains for Newbler assembled
contigs included terminases, peptidase U35, phage holin
3, DNA breaking and re-joining enzymes (topoisomerase
and integrase), bacterial Ig-like domains, virion protein,
DNA/RNA non-specific endonucleases, DNA encapsida-
tion protein from podoviruses (Gpl6), peptidoglycan-
binding domains, site-specific serine recombinases, phage
head and tail joining protein, phage major capsid protein
E, peptidase M23, phage head and tail connector protein
(Gp10) and resolvase family (Figure S1, see Supplemen-
tary Material online).

The contigs obtained from velvet showed major puta-
tive domains like DNA breaking and re-joining enzymes
(topoisomerase and integrase), baseplate J-like protein,
caudovirus prohead protease (peptidase U35), CRISPR/
Cas system-associated protein Cas4, TopollA Trans DNA
gyrase (predominant form of topoisomerase and are
found in some bacteriophages, viruses and archaea, and
in all bacteria and eukaryotes), reverse transcriptase like
superfamily, HIRAN domains (in bacteria and prophag-
es), recombinases (integrases/recombinases of mobile ge-
netic elements of diverse bacteria and phages), head- tail
connector protein gp6 of bacteriophage HK97, phage
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Figure 2. Taxonomical assignment of the rumen microbiome and specifically virome at family level for the
reads assembled by (a) Newbler assembler, (b) MetAMOS assembler and (c) Velvet assembler.
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Table 5. SEED subsystem based classification of different contigs

Newbler (%) MetAMOS (%)  Velvet (%)

Nucleosides and nucleotides

Protein metabolism

Regulation and cell signalling

Phages, prophages, transposable elements

Phages, prophages, transposable elements, plasmids
Membrane transport

DNA metabolism

Virulence, disease and defence

Not assigned

No hits

0.09 0.00 0.09
0.00 0.01 0.13
0.09 0.02 0.18
2.81 0.15 2.65
0.90 0.07 0.93
0.63 0.03 0.71
0.90 0.08 1.10
0.00 0.01 0.13
92.49 6.80 92.23
2.62 92.85 2.47

l = Unclassified Caudovirales
= Siphoviridae
Podoviridae

Velvet (%)

MetAMOS (%) |

= Myoviridae

Newbler (%) "
—
0.00 10.00

20.00 30.00 40.00

Assignment (%)

50.00 60.00 70.00

Figure 3. BLASTnN output of different assemblies. X-axis: Bacterio-
phages acting on various genera; Y-axis: Abundance percentage of the
bacteriophages.

minor capsid protein2, Cpl-7 lysozyme C-terminal
domain, D5 N terminal like domain (found in D5 proteins
of DNA viruses and bacteriophage P4 DNA primases
phages), transglutaminase-like superfamily, phage tail
tube protein, minor capsid protein, phage capsid family,
phage major tail protein 2, phage integrase SAM-like
domain, phage capsid family, phage integrase (N-
terminal SAM-like domain), VirE N-terminal domain and
serine recombinase family (catalytic domain) (Figure S2
see Supplementary Material online).

Moreover, few of the conserved domains such as re-
combinases, peptidases and lysozymes were checked for
their maximum similarity by doing multiple sequence
alignment and constructing phylogenetic tree. Out of two
peptidases found in our dataset, peptidase U35 was
grouped with the hypothetical protein acting on Firmi-
cutes (Figure S3, see Supplementary Material online) and
another peptidase M23 was grouped with the protein act-
ing on CFB-group of bacteria (commonly known as Bac-
teroidetes) (Figure S4, see Supplementary Material
online). Apart from that, putative C-terminal domain of
lysozyme showed more similarity with N-acetylmurami-
dase/lysin acting on Carnobacterium maltaromaticum, a
species of Firmicutes group (Figure S5, see Supplemen-
tary Material online). Serine recombinase showed its se-
quence similarity with a hypothetical protein acting on
Parimonas micra, species of Firmicutes group (Figure
S6, see Supplementary Material online).

CURRENT SCIENCE, VOL. 111, NO. 5, 10 SEPTEMBER 2016

Viral communities are the most abundant and highly
diverse biological entity on the earth. Rumen is a highly
diversified microbial ecosystem consisting of bacteria
(10™-10" cells/ml, representing more than 50 genera),
ciliate protozoa (10°-10%ml, from 25 genera), anaerobic
fungi (10°-10° zoospores/ml, representing five genera)
and bacteriophages (108-10%/ml)®. Viruses play an im-
portant role in maintaining the microbial population in a
rumen ecosystem, also drive the evolution through natu-
ral selection of phage-resistant microbes?. The NGS
technologies used for exploring the microbial community
from any particular niche, have made it possible to get a
deeper insight into viral community and their metabolic
functions.

In the present study we assembled the sequences using
three different types of assemblers to check whether there
is any bias in the annotation due to assembly and also to
evaluate the annotation of rumen virome data. Of all three
assemblers, a majority of the reads were assembled in
Velvet compared to Newbler and MetAMOS. The assem-
bly in Velvet was carried out with the increment in k-mer
size and then pooled with higher k-mer size. This
approach resulted in more number of contigs (1816) of
642 bp average length compared to Newbler (938) with
an average contig size of 798 bp respectively. On the
contrary, MetAMOS gave more number of contigs
(58,697) than Newbler and Velvet but with shorter contig
length of 201 bp. Thus, from these assembly statistics we
were only able to state the better assembler based on its
efficiency of utilizing sequences for assembly and gener-
ating larger contigs. However, on the basis of annotations
only we could validate the best assembly and also check
the biasness in the annotation for different types of as-
semblies. Hence, we performed BLASTX for all the three
assemblies against nr database where, we observed major
assignment for contigs generated from Newbler compared
to MetAMOS and Velvet. But, if we look at the assign-
ment of contigs to viruses or phages, more assignment
was observed in Velvet assembly compared to Newbler
and MetAMOS. We also performed BLASTX against cus-
tom virus database and found more assignment of New-
bler and Velvet contigs compared to MetAMOS. It has
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Figure 4. Percentage abundance of prophages after assigning the contigs generated from three assemblers to BLASTn.

been reported that the short contigs lead to the prediction
of short and fragmented genes and thus do not exhibit any
matches with reference database. Thus, the poor annota-
tion of MetAMOS contigs may be the result of their short
length?.

Gene prediction followed by annotation, not only
maximized the annotation to viruses and phages but also
enabled identification of full length conserved domains
of bacteriophages. A study has also explained the effi-
ciency of gene prediction algorithm in metagenomics
studies®.

A majority of the annotations were assigned to double-
stranded DNA viruses followed by single-stranded RNA
viruses and single-stranded DNA viruses. A previous
study on bovine rumen also showed predominance of
double-stranded DNA virus®®. By sub-classifying the
double-stranded viruses at order level, we found majority
of the viral hits corresponded to tailed bacteriophage®
belonging to Siphoviridae, Myoviridae and Podoviridae
families. Similar observations have been made in bovine
rumen®?%. Moreover, the type of infected host bacteria
was identified by performing BLASTn, which showed
more enrichment of the Staphylococcus and Enterobacter
infecting phages (Figure 4). These phages infected
mainly to the genera of the phylum Firmicutes and Prote-
obacteria. Previous studies on Indian buffalo rumen mi-
crobiome have reported the predominance of Firmicutes,
Bacteroidetes and Proteobacteria phyla and thus the con-
currence of the phages with these hosts was expected'*%.
Previous rumen virome studies also corroborate our find-
ings where the phages infecting Bacteroidetes and Fir-
micutes were found to be predominant in rumen samples
and thereby help in maintaining the Firmicutes to Bac-
teroidetes ratio in the rumen®. Further, to examine the
phage and bacteria interaction, creation of database using
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virome data and annotating the contigs of microbial met-
agenome to that database would be helpful. A similar
study has been done in the virome study by Berg et al.®.

The assignment of the predicted contigs for functional
annotation revealed only small percentage (6%) of signif-
icant hits to SEED database. This finding is concomitant
with the previous reports on SEED assignment of the
rumen virome®. A majority of the assigned contigs were
categorized into phages, prophages and transposable ele-
ments category. This finding with large number of unan-
notated predicted contigs provide further evidence of
more enrichment of the sequences belonging to the rumen
bacteriophage. Other subsystems found in our study such
as nucleotide/nucleoside metabolism, DNA metabolism
and membrane transport are consistent with the virome
metabolic profile described for rumen environments®.
Complete lack of assignment of the contigs to the carbo-
hydrate metabolism category is supporting previous
reports on rumen virome studies® and also justifies the
complete opposite metabolism profile of the rumen
virome with that of the rumen microbiome where we
generally find the majority of the assignment to the
carbohydrate metabolism.

Further search of gene predictions was done to find pu-
tative conserved domains which showed the domains in-
volved in the structural composition of phages (mainly
tail, head, baseplate, etc.) as well as the peptidases and
lysozymes acting on the bacterial cell wall. We identified
two peptidases, peptidase U35 and peptidase M23, the
sequences of which showed more sequence similarity
with the peptidases acting on Firmicutes and Bacteroide-
tes respectively (Figures S3 and S4, see Supplementary
Material online). Moreover, the identified recombinases
and lysozymes also showed sequence similarity with the
sequences of proteins acting on Firmicutes.
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In conclusion, the present study showed that our data
was assembled and annotated well using Newbler and
Velvet. Though the reads used to generate the contigs
were utilized less in the case of Newbler, the annotation
percentage of those contigs to virus domain was compa-
rable with that of Velvet assembler. Moreover, it also
highlights the improvement in virome data annotation
after performing the gene prediction. The rumen virome
data revealed that the Caudovirales is the major order
contributing to the overall bacteriophage population in
the rumen with the Siphoviridae and Myoviridae forming
the major rumen bacteriophage families. The virome data
assignment also revealed Firmicutes as the major proba-
ble bacteriophage host. Moreover, the present study pro-
vides insights into bacteriophage metabolic activities
where putative conserved domains such as peptidases,
recombinases, lysozymes, etc. were identified. The data
sequence similarity of peptidase U35 and M23 to the pep-
tidases acting on Firmicutes and Bacteroidetes confirms
the pivotal role of bacteriophages in maintaining the Bac-
teroidetes and Firmicutes ratio in the rumen of an animal.
Thus, the present study provides insight into rumen
virome community of an Indian buffalo as well as gives
implications that further work on this approach can aid in
identifying the bacteriophage and their putative proteins
acting on methanogens to generate ‘bacteriophage thera-
py’ for reducing methanogenic activity from Indian live-
stock.
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