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amino acid and derivatives and carbohydrate metabolism. 
CAZyme profiling revealed the glycoside hydrolases (GH) 
family to be the most abundant. GH family subclassification 
revealed that the extracted genomes had more sequence 
hits for GH2, GH3, GH92 and GH97 as compared to the refer-
ence.  Conclusion:  The results reflect the metabolic signifi-
cance of rumen-adapted  P. ruminicola  in utilizing a coarse 
diet for animals based on acquisition of novel genetic ele-
ments.  © 2015 S. Karger AG, Basel 

 Introduction 

 Increased availability of genomic data has led to a con-
comitant increase in the area of comparative studies for 
exploring the microbial diversity of complex communi-
ties and diverse environmental niche like animal and hu-
man hosts. Next-generation sequencing technology is 
playing a major role in modernizing the study of natural 
microbial communities [Konstantinidis et al., 2009; 
Quince et al., 2009]. Due to user-friendly Web-based bio-
informatic tool analysis and visualization of large-scale 
data, outputs by next-generation sequencing have been 
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 Abstract 

  Aim:  To reassemble  Prevotella ruminicola  genome from ru-
men metagenomic data of cattle and buffalo and compare 
with the published reference genome.  Method:  Rumen mi-
crobial communities from Mehsani buffaloes (n = 8) and 
Kankrej cattle (n = 8), each adapted to different proportions 
of a dry or green roughage diet, were subjected to metage-
nomic sequencing by Ion Torrent PGM, and subsequent 
reads were analyzed by MG-RAST. Using reference-guided 
assembly of the sequences against the published  P. rumini-
cola  strain 23, draft genomes of 2.56 and 2.46 Mb were re-
constructed from Mehsani buffalo and Kankrej cows, respec-
tively. The genomes were annotated using the RAST Server 
and carbohydrate active enzyme (CAZyme) analysis.  Re-

sults:  Taxonomic analysis by MG-RAST revealed  P. ruminico-
la  to be the most abundant species present among the ru-
men microflora. Functional annotation of reconstructed ge-
nomes using the RAST Server depicted the maximum 
assignment of coding sequences involved in the subsystems 
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simplified. As the numbers of available whole genome se-
quences continue to increase, comparative genomics ap-
proaches facilitate the identification of candidate homol-
ogous genes, their functions and evolutionary studies. 
Genome comparison is also applied to find genes unique 
in a given species incurring phenotypic variation to the 
organism [Lu et al., 2006]. Recently, the drastic cost re-
duction of whole genome shotgun sequencing and as-
sembly techniques has resulted in rapid enhancement of 
genome sequencing research [Margulies et al., 2005]. 
Such development in sequencing of bacterial genomes 
provides further access to numerous genomes of closely 
related species, which are further analyzed for phyloge-
netic, functional and genetic inferences.

  When analyzing the metagenomic sequences, assem-
bling an individual genome is a challenging issue for envi-
ronmental studies. The presence of closely related species 
in samples complicates the assembly of a single genotype. 
One of the major objectives of metagenomic studies is to 
recover a complete or draft genome sequence of a species. 
Next-generation sequencing technologies provide high-
throughput data; however, using these technologies to ro-
bustly recover individual genomes from complex commu-
nities requires several improvements. Nowadays, several 
studies have been able to recover novel bacterial and viral 
genomes from metagenomic studies on bioreactors and 
complex environments; however, such work on the rumen 
environment is scarcely reported due to the extremely di-
verse population of the rumen microbes.

  Ruminants harbor a diverse and dense microbial popu-
lation in the rumen, which play a vital role in the biocon-
version of feeds for the host digestive system. This com-
plex microbial community is comprised of bacteria, pro-
tozoa, fungi [Nathani et al., 2013; Singh et al., 2012], 
methanogenic archaea [Morvan et al., 1996] and bacterio-
phages [Klieve and Bauchop, 1988]. Among these, the 
bacteria are most abundant and perform a considerable 
part of the degradation of plant fiber [Koike and Kobaya-
shi, 2009]. Studies including comparative sequence analy-
sis of rumen bacterial 16S rRNA gene clone libraries have 
shown the dominance of two phyla in the rumen: low GC 
Gram-positive bacteria and the  Bacteroides  group. Within 
the  Bacteroides  group,  Prevotella -related sequences were 
found to be predominantly associated with the rumen 
[Koike et al., 2003; Whitford et al., 1998]. Earlier studies 
based on 16S rRNA gene analysis of rumen bacterial di-
versity revealed that  Prevotella ruminicola  sequences are 
the single most abundant operational taxonomic unit [Ed-
wards et al., 2004]. The  Prevotella  genus involves a group 
of bacteria that are less characterized, highlighting their 

role in the gastrointestinal tract, providing a need for fur-
ther genetic characterization of these species [Purushe et 
al., 2010]. It includes four characterized rumen  Prevotella 
 species:  P. ruminicola ,  P. bryantii ,  P. albensis  and  P. brevis 
 [Avgustin et al., 1997]. Cultivated rumen  Prevotella  strains 
have been reported to exhibit a higher degree of genetic 
divergence [Mannarelli et al., 1991; Ramsak et al., 2000].

  Furthermore,  P. ruminicola  synergistically participate 
in plant cell wall degradation along with cellulolytic bac-
teria [Osborne and Dehority, 1989]. Previously, culture-
based studies have shown the abundance of  Prevotella 
 (60%) in total cultivable bacteria from the cow rumen 
[Van Gylswyk, 1990]. Restriction enzyme profiling has 
reported the relative abundance of rumen  Prevotella/Bac-
teroides  ribotypes in the total 16S rRNA gene as ranging 
from 12 to 62% [Wood et al., 1998]. Recent qPCR-based 
quantification studies have also shown that  Prevotella  was 
present in 12–60% of the total bacteria in the rumen [Ste-
venson and Weimer, 2007]. Based on the phenogenotyp-
ic diversity of cultured  Prevotella  spp., it is likely that dif-
ferences at the functional level among the uncultured  Pre-
votella  occur [Bekele et al., 2010]. India is known to 
possess several indigenous breeds of cattle and buffalo. 
We considered Mehsani buffalo and Kankrej cattle breeds 
for  P. ruminicola  species study. Both of the breeds are na-
tive to North Gujarat localities, whereby the breeding 
tracts of Mehsani buffalo include the Banaskantha and 
Sabarkantha districts, while the Kankrej cattle are a native 
of the Kankrej town of Banaskantha district. The climate 
of the region is usually arid to semiarid with an average 
annual rainfall of about 700–800 mm and a temperature 
range of 11–27   °   C during winters and 28–41   °   C in sum-
mers. The Mehsani breed is considered to be a cross be-
tween Surti and Murrah buffalo and is famous as a per-
sistent milker and regular breeder. Kankrej cattle are con-
sidered one of the heaviest breeds in India and are well 
known for milk and draught capabilities, which make it a 
very suitable livestock choice in India.

  The major aim of the present study was to extract a 
draft genome of the  P. ruminocola  species from the 
metagenomic studies of the Kankrej breed of cattle (n = 
8) and Mehsani breed of buffalo (n = 8) fed on varied pro-
portions of roughage and concentrate diet. The genomes 
thus extracted were mined for the presence of various car-
bohydrate active enzymes (CAZymes). The resultant hits 
obtained were compared with each other and also with 
the already published complete genome of  P. ruminicola  
strain 23 for genome-specific traits present in the extract-
ed genomes due to host specificity, adaptation and other 
variations beneficial to the hosts metabolic functioning.
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  Results 

 Metagenomic Shotgun Sequencing 
 Metagenomic DNA with a concentration of >100 ng/

μl was further processed for library preparation and se-
quencing. Out of a total of 12 shotgun sequencing runs (4 
samples per run), 6 of each breed generated 3.26 and 4.6 
Gb of data from Kankrej and Mehsani rumen metage-
nomics. These were analyzed using MG-RAST for bacte-
rial taxonomic assignments to samples of each breed. We 
could observe that at the phyla level, Bacteroidetes and 
Firmicutes were abundantly represented in all of the sam-
ples (online suppl. fig.  2; for all online suppl. material,
see www.karger.com/doi/10.1159/000437265). In liquid 
fractions, Bacteroidetes dominated by accounting for as 
much as 35–53% of the total bacteria, while in the major-
ity of the solid fractions, Firmicutes dominated with 
about 29–45%, followed by a slightly lesser percentage of 
Bacteroidetes (28–44%). When further classification was 
studied, we observed a major abundance for all 48 sam-
ples of each breed as follows: class, Bacteroidia (27–35%); 
order, Bacteroidales (27–34%); family: Prevotellaceae 
(12–20%), and genus,  Prevotella  (12–75%). The metage-
nomic results showed the maximum hits for  P. rumini-
cola  species (>70% of total  Prevotella ) for all the samples 
in cattle as well as buffalo (online suppl. fig. 3). 

  Draft Genome Reconstruction 
 Reference-guided assembly using GS Reference Map-

per V2.6 of the metagenomic reads from shotgun se-
quencing of the Mehsani (PRM) and Kankrej (PRK) ru-

men metagenomes against the reference genome of  P. ru-
minicola  strain 23 (PR23) resulted in draft genome 
reassembly of  P. ruminicola  with a size of 2.56 and 2.46 
Mb, respectively (detailed mapping statistics in  table 1 ).

  The entire draft genome had a total GC content of 
about 49%. RAST annotation showed that the genomes 
comprised more than 3,000 protein-encoding sequences 
( table 2 ). Out of these, 40% [1,415 coding sequences (CDS) 
in PRM and 1,224 CDS in PRK] were classified into vari-
ous defined subsystems, with 24 and 28 hypothetical pro-
teins in PRM and PRK, respectively. Among the classified 
CDS, both PRM and PRK showed major CDS hits for en-
zymes involved in the subsystems amino acids and deriv-
atives and the carbohydrate metabolism ( fig. 1 ). Further, 
to get a better understanding of the host-specific species 
PRM and PRK, we studied the CDS for metabolic path-
way-related features that might be specific to the extracted 
genomes because of host adaptation ( table 1 ). We could 
observe CDS for enzymes utilizing various monosaccha-
ride and oligosaccharide molecules like arabinogalactans.

  CAZyme Prediction 
 As the functional annotation depicted the carbohy-

drate metabolism to be most abundantly represented, we 
further proceeded for mining the carbohydrate-associat-
ed enzymes present in  P. ruminicola  of the rumen envi-
ronment using a Pfam-HMM-based search to identify 
various CAZymes. All the assembled contigs translated 
into 6 frames and were uploaded for CAZy annotation, 
which resulted in a total of 1,551 hits with an average of 
500 hits per genome, i.e. PRM, PRK and PR23. After nor-

 Table 1.  Mapping statistics of the two partial genomes extracted from metagenomic data of 8 Mehsani buffalo 
and 8 Kankrej cattle

Extracted draft
genome

Input reads Input bases Contigs, 
n

Genome
size, Mb

Largest
contig, bp

N50
contig size

PRM 20406103 3.26 Gb 3,871 2.56 18,022 1,964
PRK 21944989 4.60 Gb 3,683 2.46 14,745 2,007

 Table 2.  Genome features of extracted draft genomes PRM and PRK as predicted by RAST

Extracted draft
genome

Genome size, 
Mb

GC content,
%

Protein-encoding 
genes, n

RNA, n Subsystems
Involved, n

PRM 2.56 49.1 3,546 87 227
PRK 2.46 49.6 3,122 88 216
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  Fig. 1.  Subsystem category distribution as per RAST annotation results. 
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malizing the results, we could observe that the glycoside 
hydrolases (GH) group dominated followed by other en-
zyme families such as glycosyltransferases, carboxylester-
ase, polysaccharide lyase, auxiliary activities and carbo-
hydrate-binding modules ( fig. 2 ).

  Hits in the GH corresponded to 39 different families 
with GH3 being the most abundant family followed by 
GH92 and GH18; a more than 3% presence was shown by 
the GH2, GH13, GH31, GH39, GH43 and GH97 families 
( fig.  3 ). We also observed that the GH2, GH3, GH18, 
GH31, GH77, GH84, GH89, GH92 and GH97 families 
were abundant in the extracted genomes as compared to 
the published reference genome ( fig. 3 ). Overall, the re-
sults showed that the draft genomes comprised a higher 
proportion ( ∼ 10%) of GH family encoding sequences as 
compared to the published reference genome.

  Discussion 

 Metagenomic Shotgun Sequencing 
 The dominance of the Bacteroidetes and the Firmicutes 

phyla observed in the metagenomic results was in accor-
dance with a number of earlier studies [Jami et al., 2014; 

Sundset et al., 2007] related to gut and rumen of cattle 
[Kalyuzhnaya et al., 2008; Kong et al., 2010] and buffalo 
[Singh et al., 2012]. Of these, relatively few analyzed bacte-
rial diversity using high-throughput next-generation se-
quencing. Although Bacteroidetes was the most abundant 
in a majority samples, some of the samples in the solid 
phase of rumen revealed a higher Firmicutes proportion, 
similar to the results of a bacterial diversity study in solid 
and liquid phase of Canadian cervids [Gruninger et al., 
2014]. Bacteroidetes accounted for a majority of the gen-
era  Prevotella ,  Bacteroides  and  Parabacteroides . Earlier 
studies have reported that a high percentage of the bacte-
ria belonging to these phylum have not been further clas-
sified to species level, suggesting a great demand of studies 
related to characterization of such bacterial species within 
the complex rumen environment [Fernando et al., 2010]. 
 Fibrobacter succinogens  has been reported to be in high 
abundance in the rumen ecosystem due to its important 
role as major cellulolytic species [Nathani et al., 2013]. 
They are known to improve the dietary fiber metabolizing 
efficiency of the ruminants [Shi and Weimer, 1996] and 
thus they have frequently been observed to be in high pro-
portions the rumen of buffalo [Wanapat and Cherdthong, 
2009]. Therefore, the metagenomic shotgun sequencing 
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gave a clear idea of the abundance of various bacterial spe-
cies within the rumen and any variation in the bacterial 
composition based on diet changes and in the solid and 
liquid fractions of the rumen fluid in cattle and buffalo. 
Detailed characterization of the Mehsani and Kankrej ru-
men has been reported at the taxonomic and functional 
level in earlier studies [Parmar et al., 2014; Patel et al., 
2014]. However, there have been very few reports on ru-
men metagenomic studies with a focus on extracting in-
dividual genomes of microbes and their study at the spe-
cies level. One such study includes a cow rumen metage-
nomic-based discovery of biomass-degrading enzymes, 
wherein the group assembled 15 uncultured microbial ge-
nomes of cellulolytic bacteria from cow rumen metage-
nomic sequences [Hess et al., 2011].

  Draft Genome Reconstruction 
 A major challenge in metagenomic studies is the re-

construction of constituent taxa genomes from the ob-
tained data in the form of reads [Carr et al., 2013]. A large 
number of methods have been employed to obtain deep-
er insight into the diverse taxa from shotgun metagenom-
ic data. These methods include homology-based ap-
proaches like alignment to reference genomes, taxonom-
ic classification, assembly and binning. For ecosystems 
that have a well-established number of reference genomes 
in databases like the human microbiome [Fodor et al., 
2012], reference-guided assembly with reference ge-
nomes provides a way to determine various species with-
in the microbiome [Martin et al., 2012; Qin et al., 2010]. 
Such data can further be used to study the unique traits 
in species related to host-specific adaptations and varia-
tions between different samples or different conditions of 
same sample. Such an approach can be applied to those 
community members whose whole genome type strains 
have been formerly sequenced. Taking into account the 
immense microbial diversity and the challenges related to 
culturing efforts, this approach can be applied on a large 
scale to a limited number of microbes. Thus, mining of 
individual genomes of bacterial species from community 
members of a complex environment is gaining a lot of at-
tention from researchers worldwide.

  Based on the results of MG-RAST, we successfully 
used a homology-based approach to reassemble the draft 
genome of  P. ruminicola  from Mehsani and Kankrej 
metagenomic data. The resultant contigs were in larger 
numbers as is usually the case in the assembly of short 
reads. The GC content was similar to the reference ge-
nome as well as that reported for  Prevotella  species [Av-
gustin et al., 1997]. Functional profiling of the genomes 

thus extracted was performed using RAST to gain a better 
understanding of their metabolic role in ruminants. 
Higher numbers of hits were observed for the carbohy-
drate and protein metabolism categories. The results re-
flect the well-established hypothesis that about 50–80% of 
the total absorbable protein for ruminants is due to mi-
crobial protein synthesis [Storm and Orskov, 1983]. Thus 
 P. ruminicola  plays an important role in the same. Cellu-
lose is the major component of ruminant diet. Ruminant 
animals digest cellulose by completely relying on various 
cellulolytic and noncellulolytic microorganisms har-
bored in the rumen. Relatively few ruminal bacterial spe-
cies (e.g.  Ruminococcus albus, Ruminococcus flavefaciens 
 and  Fibrobacter succinogens ) are found to exhibit direct 
cellulolytic activity; these bacteria provide the noncellu-
lolytic organisms like  P. ruminicola  with oligosaccharides 
like the cellodextrins and cellobiose, resulting in cross-
feeding interactions further enhancing fiber digestion 
[Johnson et al., 1982; Scheifinger and Wolin, 1973]. This 
confirms the high number of hits related to carbohydrate 
metabolism in PRM and PRK defining the high substrate 
utilization potentials. Presence of CDS utilizing various 
carbohydrate moieties further confirmed their role in the 
metabolism of dietary uptake by the host animal.

  CAZyme Prediction 
 The highest percentage of contigs were found to be at-

tributed to the GH family enzymes, confirming the role of 
 Prevotella  as utilizing several byproducts generated after 
the initial breakdown of complex polysaccharides. Earlier 
reports have shown that bacterial enzyme activities are 
species dependent, and the glycosidases associated with 
plant cell wall breakdown are mostly found high in the cel-
lulolytic and hemicellulolytic species [Williams et al., 
1984]. The presence of various different families of GH 
suggests their versatility in utilizing a wide variety of car-
bohydrate moieties as substrates. Specifically, the higher 
amount GH92 and GH2 family-related hits in PRM as well 
as PRK suggest the specific role of  P. ruminicola  species in 
galactoside, mannose, etc., utilization due to higher abun-
dance of β-galactosidases, β-glucuronidases, β-mannosi-
dases and exo-β-glucosaminidases. The higher amount of 
hits also suggests the presence of novel sequences coding 
highly expressed enzymes utilizing various substrates. 
Such enzymes can be further studied using cloning and 
expression-like experimental approaches.

  The results in our study reveal the efficacy of metage-
nomics for individual species analysis in complex envi-
ronments like rumen where the microflora plays a vital 
role in the host metabolism and digestion. Variation in 
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the abundance of a few GH family enzyme CDS also re-
flects the metabolic significance of rumen-adapted  P. ru-
minicola  in utilization potential of coarse diet by these 
animals based on the acquisition of novel genetic ele-
ments. These findings will further help develop strategies 
to facilitate in vitro growth of uncultivable rumen mi-
crobes by exploring enzymes specific to  P. ruminicola .

  Experimental Procedures 

 Metagenomic Shotgun Sequencing 
 Rumen samples were collected from Mehsani buffalo (n = 8) 

and Kankrej cattle (n = 89) reared at Sardar Krushinagar Agricul-
tural University and Anand Agricultural University for metage-
nomic analysis of ruminal microbes. The animals were kept on spe-
cific dietary regimes, and samples were collected in the last week of 
treatment using a flexible stomach tube from the rumen following 
standard procedures [Parmar et al., 2014]. The detail of sampling 
and entire design of the experiment is depicted in online supple-
mentary figure 1. Total metagenomic DNA was extracted using the 
commercially available QIAmp DNA Stool Mini Kit (Qiagen, 
USA), and the concentrations were measured using NanoDrop 
Spectrophotometer ND 1000 (Thermo Scientific, USA). The DNA 
samples were subjected to sequencing based on Ion semiconductor 
technology using Ion Torrent PGM as per the manufacturer’s in-
structions. The steps in brief included enzymatic fragmentation of 
DNA to obtain fragments in the range of 280–300 bp in size. The 
desired size fragments were ligated with the library adaptors and 
subjected to emulsion PCR, followed by recovery and loading onto 
an Ion PGM 316 Chip. Metagenomic sequence data reads of 
Kankrej and Mehsani were retrieved by downloading from the Ion 
Torrent server and after quality filtering by PRINSEQ; the sequenc-
es were uploaded as 48 individual files per breed on the MG-RAST 
Server [Meyer et al., 2008]. The analyzed data was studied for taxo-
nomic diversity using the M5NR database with a maximum e-value 
cutoff of 1e-5 and minimum percent identity of 80. The published 
genomes of the organisms showing higher abundance in the rumen 
metagenome based on maximum best hits classification were 
downloaded from the NCBI ftp site.

  Draft Genome Reconstruction Using GS Reference Mapper 
 Based on the analysis using MG-RAST, we reconstructed the 

draft genome of  P. ruminicola  using GS Reference Mapper V 2.3 
by performing reference-guided assembly of the reads from the 
rumen metagenomic sequence run data of Kankrej cattle and 
Mehsani buffalo against the published genome  P. ruminicola  23 
used as the reference. All of the parameters were kept at default 
except the percent identity cutoff that was set to 97%. The extract-
ed genomes PRM and PRK were also uploaded on the RAST serv-
er to study the functional annotation of the CDS into various sub-
systems as per the SEED classification [Aziz et al., 2008].

  CAZyme Prediction 
 The contigs of each extracted genomes of PRK and PRM as well 

as the reference genome sequence were translated into 6 corre-
sponding frame peptide sequences using EMBOSS Transeq [Mc-
William et al., 2013; Rice et al., 2000]. All of the translated sequenc-
es were then submitted to the CAZyme Annotation Toolkit [Park 
et al., 2010] (http://mothra.ornl.gov/cgi-bin/cat/cat.cgi) for Pfam-
based annotation with an e-value of 0.00001. Pfam-based annota-
tion was preferred due to its higher sensitivity as compared to se-
quence-based annotation. The resulting hits obtained for each of 
the 3 genomes were compared for CAZyme family gene distribu-
tion and further classification of GH family was studied in detail.
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