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The bovine rumen represents a highly specialized bioreactor where plant cell wall polysaccharides (PCWPs) are efficiently de-
constructed via numerous enzymes produced by resident microorganisms. Although a large number of fibrolytic genes from
rumen microorganisms have been identified, it remains unclear how they are expressed in a coordinated manner to efficiently
degrade PCWPs. In this study, we performed a metatranscriptomic analysis of the rumen microbiomes of adult Holstein cows
fed a fiber diet and obtained a total of 1,107,083 high-quality non-rRNA reads with an average length of 483 nucleotides. Tran-
scripts encoding glycoside hydrolases (GHs) and carbohydrate binding modules (CBMs) accounted for ~1% and ~0.1% of the
total non-rRNAs, respectively. The majority (~98%) of the putative cellulases belonged to four GH families (i.e., GH5, GH9,
GH45, and GH48) and were primarily synthesized by Ruminococcus and Fibrobacter. Notably, transcripts for GH48 cellobiohy-
drolases were relatively abundant compared to the abundance of transcripts for other cellulases. Two-thirds of the putative
hemicellulases were of the GH10, GH11, and GH26 types and were produced by members of the genera Ruminococcus, Pre-
votella, and Fibrobacter. Most (~82%) predicted oligosaccharide-degrading enzymes were GH1, GH2, GH3, and GH43 proteins
and were from a diverse group of microorganisms. Transcripts for CBM10 and dockerin, key components of the cellulosome,
were also relatively abundant. Our results provide metatranscriptomic evidence in support of the notion that members of the
genera Ruminococcus, Fibrobacter, and Prevotella are predominant PCWP degraders and point to the significant contribution of
GH48 cellobiohydrolases and cellulosome-like structures to efficient PCWP degradation in the cow rumen.

In nature, the cow rumen represents a highly specialized biore-
actor wherein plant cell wall polysaccharides (PCWPs) are effi-
ciently deconstructed. The extraordinary efficiency results from
the concerted action of various enzymes produced by rumen-res-
ident bacteria, archaea, fungi, and protozoa. Three rumen bacte-
ria, i.e., Ruminococcus flavefaciens, Ruminococcus albus, and Fibro-
bacter succinogenes, which can be isolated and cultivated in the
laboratory, have been thought to serve a predominant role in the
degradation of cellulosic PCWPs in this niche (1, 2). However,
metagenomic quantitations based on 16S rRNA gene analysis in-
dicate that these three species of bacteria account for only less than
5% of the total rumen microorganisms (3). In addition, Koike et
al. estimated that ~77% of the rumen microorganisms attached to
solid fibers are uncultured, as their 16S rRNA gene sequences
share less than 97% similarity with those of known isolates (4).
To bypass the cultivation step, metagenomic approaches in-
volving the direct analysis of total DNA sequences have been ex-
tensively used to investigate the PCWP-degrading gastrointestinal
microbes in a variety of herbivores, such as termite hindguts (5);
cow (6-8), yak (9), and Svalbard reindeer (10) rumens; and the
foreguts of Australian macropods (11). It has been demonstrated
that PCWP-degrading enzymes that exist in the rumen are far
more diverse than was previously believed. It is somewhat surpris-
ing, however, that cellobiohydrolases or exo-type proteins of the
glycoside hydrolase 48 (GH48) family were barely detected in the
rumen or gut microbiomes and that proteins characteristic of cel-
lulosomes (e.g., dockerins or scaffolding proteins) were also
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poorly represented in all published metagenomic data sets (7-9).
Therefore, it remains far from clear how PCWPs are efficiently
degraded in the rumen.

The problem is partially attributable to limitations with the use
of metagenomic approaches in understanding fibrolytic activities
in the rumen. Although a large number of fibrolytic genes and
gene clusters have been identified from rumen microorganisms in
metagenomic studies, it has yet to be determined if and how ac-
tively these genes are expressed and how the expression of these
genes is coordinated in an efficient manner. To help address these
questions, we have performed a metatranscriptomic study of plant
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cell wall hydrolysis by a microbiome in the cow rumen by using
the transcriptome sequencing technology. Metatranscriptomics
has been widely employed to investigate microbiomes in marine
or aquatic environments (12-16), soils (17, 18), the rhizosphere
(19), and humans (20, 21). However, to the best of our knowledge,
only one report on the metatranscriptomic study of a rumen sam-
ple has been published so far (22). In that report, fungal gene
expression in the rumen of muskoxen (Ovibos moschatus) was
examined through the analysis of a rumen cDNA library.

In the present study, we provide a metatranscriptomic insight
into PCWP degradation in the rumen. We have identified actively
transcribed genes encoding putative glycoside hydrolases (GHs)
involved in cellulose, hemicellulose, and oligosaccharide degrada-
tion as well as rumen microorganisms responsible for the expres-
sion of these genes. We show that genes encoding GH48 proteins
and cellulosome components were transcribed in a relatively high
abundance, an observation unexpected from the findings of pre-
vious metagenomic analyses of rumen microorganisms.

MATERIALS AND METHODS

Rumen content sampling. A mixture of rumen fluid and undigested fiber
was taken through the rumen fistula 1 h after the morning feeding from
two healthy adult Holstein dairy cows (body weight, ~550 kg each),
which had been fed a corn straw (CS)-containing diet (on the basis of the
dry matter content, 17.4% crude protein, 2.9% ether extract, 35.6% neu-
tral detergent fiber, 21.7% acid detergent fiber, 0.77% calcium, 0.39%
phosphorus) for 3 months. The samples were quickly filtered through
four layers of gauze, and the ruminal solids were immediately frozen in
liquid nitrogen and transported to the laboratory for total RNA extrac-
tion. All animal experiments were carried out following the standard pro-
tocols approved by the Institute of Animal Science, Chinese Academy of
Agricultural Sciences, Beijing, China (permit number RNL201102).

Total RNA extraction. The solid rumen samples were crushed and
milled in an SPEX 6870 Freezer/Mill (SPEX SamplePrep, Metuchen, NJ)
in liquid nitrogen to disrupt the microbial cell wall. Total RNA was ex-
tracted from the homogenate and purified using the TRIzol reagent (In-
vitrogen Inc., USA) according to the manufacturer’s protocol. The RNA
preparations were treated with RNase-free DNase I (TaKaRa, China) to
remove contaminating DNA. The removal of DNA was verified by PCR
with primers targeting the 16S rRNA gene. The concentration and the
integrity of the RNA preparations were determined with an Agilent 2100
bioanalyzer (Agilent Technologies, USA).

cDNA synthesis and pyrosequencing. In order to maximize mRNA
representation in the metatranscriptomic libraries, a Meta-Bacteria Ribo-
Zero rRNA removal kit (Epicentre) was used to remove rRNAs from the
total RNA preparations. The double-stranded cDNAs were synthesized by
using a SuperScript IIT double-stranded cDNA synthesis kit (Invitrogen,
Carlsbad, CA) with random hexamers as the primers according to the
manufacturer’s protocol. The resultant cDNAs were converted into sin-
gle-stranded template DNA (sstDNA) libraries by using a GS DNA library
preparation kit (Roche Applied Science, USA). The sstDNA libraries were
clonally amplified in a bead-immobilized form by using a GS emPCR kit
and sequenced on a 454 genome sequencer FLX instrument (Roche Ap-
plied Science).

Removal of rRNA sequences. The standard flowgram format (SFF)
files derived from the 454 sequencing were converted into fasta and qual-
ity files using the Roche 454 Sffinfo utility (454 proprietary software) with
the default parameters. The adaptor sequences and low-quality reads were
removed. Pyrosequencing reads with a length shorter than 100 nucleo-
tides (nt) were filtered out. The filtered sequences were analyzed by
BLASTN (23) against Silva small-subunit (SSU) and large-subunit (LSU)
rRNA reference databases (SSU Ref and LSU Ref, respectively) (24) using
an E-value cutoff of 1 X 1077 to identify rRNA reads (rRNAs). The se-
quences assigned to either SSU or LSU rRNA with a bit score of =100 were
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TABLE 1 Summary of pyrosequencing results for two cow rumen
samples

Result for sample:

Sequencing parameter CS9007 CS9036

No. of reads with high quality 666,643 588,918
and long length (=100 nt)

Total length (nt) 349,926,574 245,715,015

Avg length (nt) 525 417

No. of rRNAs 38,760 109,718

No. of non-rRNAs 627,883 479,200

Total length of non-rRNAs (nt) 330,886,052 203,358,071

Length range (nt) 100-1,142 100-1,305

Avg length (nt) 527 424

GC content 48 44

% rRNAs 5.81 18.63

% non-rRNAs 94.19 81.37

considered rRNAs, and the others were classified as non-rRNA reads
(non-rRNAs).

Functional analysis of non-rRNAs. The sequences of the non-rRNAs
were searched against the sequences in the NCBI nonredundant protein
database (NR database) (25) using the BLASTX algorithm (23) with an
E-value cutoff of 1 X 107>, The assigned non-rRNAs with a bit score of
=50 were considered to have putative functions, and the best hits were
extracted. In addition, the deduced amino acid sequences of these non-
rRNAs were extracted from the best hits with Perl script and were queried
against the sequences in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (26) using BLASTP (23) with an E-value cutoff of 1 X
107° and a minimum bit score of 50. Meanwhile, they were queried
against the Pfam database (27) employing the HMMER (version 3.0) pro-
gram (28) with the same E-value cutoff.

Taxonomic binning of assignable non-rRNAs. The sequences of the
non-rRNAs were searched against the sequences in the NR database (25)
using the BLASTX algorithm (23) with an E-value cutoffof 1 X 10>, and
the best hits were subjected to analysis with Metagenome Analyzer
(MEGAN) (29), a program for taxonomic analysis which has been widely
used to assign taxa to sequences obtained from a metagenome (8, 9, 11,
30) or a metatranscriptome (17, 22, 31, 32).

Identification of carbohydrate-degrading enzymes. Following the
Pfam analysis of non-rRNAs, as described above, the deduced amino acid
sequences were searched against the sequences of carbohydrate-active en-
zymes (CAZymes) (33) and carbohydrate binding modules (CBMs) (34)
with available Pfam accession numbers in the CAZymes database (CAZy;
http://www.cazy.org) (35). Putative PCWP-degrading enzymes were
identified and classified on the basis of the CAZy results.

Pyrosequencing data accession number. The raw standard flowgram
format (SFF) data for our samples have been deposited in the NCBI Se-
quence Read Archive (SRA) under accession number SRP048689.

RESULTS
Pyrosequencing of rumen cDNA libraries. Two rumen samples,
designated CS9007 and CS9036, were taken from two Holstein
cows at 1 h after the morning feeding, when active PCWP degra-
dation is known to occur (36, 37). Total RNAs were prepared from
the rumen samples. After removing the majority of the rRNAs
from the samples, the ribominus RNAs were purified and reverse
transcribed into ¢cDNAs. Pyrosequencing of the CS9007 and
CS9036 cDNA samples yielded a total of 666,643 and 588,918
high-quality reads, respectively (including 627,883 and 479,200
non-rRNAs, respectively), with average lengths of 525 and 417 nt,
respectively (Table 1).

The majority of the reads (~75% and 66% for samples CS9007
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FIG 1 Abundance of sequencing reads encoding members of various GH
protein families putatively involved in cellulose, hemicellulose, and oligosac-
charide degradation in the cow rumen, as determined by metatranscriptomics.
The abundance is defined as the proportion of the number of sequencing reads
for a given GH to that for the total non-rRNAs.

and CS9036, respectively) were assigned to proteins in the NR
database (see Table S1 in the supplemental material). The remain-
ing 25% and 34% of the reads from CS9007 and CS9036, respec-
tively, could not be assigned to any proteins in the NR database,
suggesting that they may encode unknown proteins or long non-
coding RNAs. The amino acid sequences of the best hits of the
assigned reads were extracted and searched against the sequences
in the KEGG database. Reads were abundantly represented in the
category of carbohydrate metabolism, accounting for ~7% of the
total non-rRNAs for the two samples (see Fig. S1 in the supple-
mental material), indicating that genes responsible for carbohy-
drate metabolism were robustly transcribed in the rumen. We also
determined the abundance of the functional proteins on the basis
of the Pfam analysis. As shown in Table S1 and Fig. S2 in the
supplemental material, 4,497 protein domains from 359,231 reads
and 4,218 domains from 189,727 reads were identified for CS9007
and CS9036, respectively. On average, the level of transcription for
a protein domain corresponded to ~0.01% of the total non-
rRNAs in each of the two samples, and only about 20% of the
domains showed more than 0.01% abundance (see Fig. S2 in the
supplemental material). Therefore, a transcript level of greater
than 0.01% of the total non-rRNAs for a given domain was con-
sidered abundant in this study.

GHs and CBMs in the cow rumen. On the basis of the
CAZymes search results, ~2% of the total non-rRNAs were puta-
tively related to members of the CAZymes (E value = 1 X 107°)
(see Tables S1 and S2 in the supplemental material). Among them,
sequences encoding glycoside hydrolases (GHs), which hydrolyze
the glycosidic bonds in carbohydrates, and carbohydrate binding
modules (CBMs), which are a common appendix module of car-
bohydrate-active enzymes involved in carbohydrate binding, ac-
counted for ~1% and ~0.1% of the total non-rRNAs respectively.

Twenty-six of these GH families were predicted to be involved
in PCWP degradation (Fig. 1; see also Fig. S3a in the supplemental
material). Transcripts coding for GHs possibly involved in cellu-
lose, hemicellulose, and oligosaccharide degradation (designated
CHO-GHs) were relatively enriched, representing ~0.5% of the
total non-rRNAs in each of the two metatranscriptomes. Among
the CHO-GHs, GH1, GH2, GH3, GH5, GH9, GH10, GH11,
GH26, GH43, GH45, GH438, and GH94 were relatively abundant
(>0.01% each of the total non-rRNAs).
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Six GH families responsible for cellulose degradation (desig-
nated cel-GHs), i.e., GH5, GH6, GH9, GH44, GH45, and GH48,
were identified in both metatranscriptomes, and GH5, GH9,
GH45, and GH48 each accounted for >0.01% of the total non-
rRNAs (Fig. 1). The transcripts for GH9, a family of proteins with
soluble or insoluble (amorphous) cellulose as their favored sub-
strate (38), existed in the greatest abundance among the cel-GH
transcripts (accounting for 34% and 42% of the total cel-GH reads
in CS9007 and CS9036, respectively) (see Fig. S3b in the supple-
mental material). Transcripts for GH5, GH48, and GH45 were
also abundant, being ~27%, ~22%, and ~11% of the cel-GH
reads, respectively, in each of the two samples. Notably, the tran-
scripts of GH48, a family of enzymes considered the key compo-
nent of various cellulolytic systems (39), were among the abun-
dant cel-GH transcripts. Over 95% of the GH48 sequences from
both samples were annotated as a putative cellulose, 1,4-B-cello-
biosidase (EC 3.2.1.91 or EC 3.2.1.176). More than 50% of the
GHO transcripts, nearly 70% of the GH5 transcripts, and all GH45
transcripts were annotated as endoglucanases (EC 3.2.1.4) in each
of the two samples. It is worth noting that the GH48 transcripts
were represented in the metatranscriptomes in this study (7.65%
of the total GH transcripts targeting PWCP) much more abun-
dantly than expected from previous metagenomic studies (5-9,
11, 30) on herbivore gut microbiomes (0 to 0.16% of the total
PWCP-targeting GH genes) (Table 2).

Xylans, mannans, and, in some plants, pectins are the major
hemicellulosic polysaccharides in the plant cell wall. Transcripts
for proteins of nine GH families (i.e., GH8, GH10, GH11, GH26,
GH28, GH51, GH53, GH67, and GH78), which are known to be
involved in hemicellulose degradation, were detected in the two
metatranscriptomes (Fig. 1; see also Fig. S3c in the supplemental
material). These proteins, designated hemi-GHs, include both
endo-acting and debranching enzymes. The abundance of GH10,
GH11, and GH26 was >0.01% of the total non-rRNAs. GH10 and
GHI1 represent the two major families of xylan-degrading en-
zymes. Most of them (i.e., in samples CS9007 and CS9036, 77%
and 82% for GH10, respectively, and 94% and 98% for GH11,
respectively) encoded putative endo-1,4-B-xylanases (EC 3.2.1.8).
The vast majority of GH26 proteins (81% and 89% for the CS9007
and CS9036 samples, respectively) were putative endo-f3-1,4-
mannanases (EC 3.2.1.78).

Transcripts for a number of GHs responsible for oligosaccha-
ride degradation (designated oligo-GHs) were identified in the
metatranscriptomes. They code for enzymes belonging to the
GH1, GH2, GH3, GH29, GH35, GH38, GH39, GH42, GH43, and
GH%4 families. GH1, GH2, GH3, and GH43 transcripts accounted
for >0.01% of the non-rRNAs. Among them, GH3 existed in the
greatest abundance (~28% and 35% of the total oligo-GH reads
in samples CS9007 and CS9036, respectively) (Fig. 1; see also Fig.
S3d in the supplemental material). Transcripts for GH43, GH2,
and GH1 were also relatively abundant, accounting for ~24%,
~15%, and ~13% (as the average for two samples) of the
oligo-GH reads, respectively. They were primarily annotated as dif-
ferent types of oligosaccharide hydrolases, including B-glucosidase
(EC 3.2.1.21), 6-phospho-B-glucosidase (EC 3.2.1.86), B-N-acetyl-
hexosaminidase (EC 3.2.1.52), B-galactosidase (EC 3.2.1.23), glucan
1,4-B-glucosidase (EC 3.2.1.74), xylan 1,4-(-xylosidase/a-N-arabi-
nofuranosidase (EC 3.2.1.37/EC 3.2.1.55), arabinan endo-1,5-a-L-
arabinosidase (EC 3.2.1.99), and B-glucuronidase (EC 3.2.1.31). In
addition, ~9% and 6% of the total oligo-GH reads in CS9007 and
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FIG 2 Abundance of sequencing reads encoding the domains of CBMs, dock-
erin, and SusC/SusD-like proteins, as determined by metatranscriptomics.
The abundance is defined as the proportion of the number of sequencing reads
for a given domain to that for the total non-rRNAs.

CS9036, respectively, were annotated as GH94 proteins, among
which most (82% and 72%, respectively) were further annotated as
putative cellobiose phosphorylases (EC 2.4.1.20), suggesting that cel-
lobiose phosphorylation is a major pathway for cellobiose uptake and
metabolism during fibrolytic degradation in the rumen.

CBMs are highly specialized auxiliary domains in PCWP-de-
grading enzymes. These domains are able to bind to polysaccha-
rides, promoting intimate attachment of the catalytic domains to
the substrates and enhancing the activity of the enzymes. Seven
CBM families (i.e., CBM2, CBM3, CBM4/9/16/22, CBMS6,
CBM10, CBM11, and CBM13) with a combined abundance of
~0.06% in the two samples were predicted to be associated with
PCWP-degrading catalytic domains (CHO-CBMs). CBM4/9/
16/22 occurred the most frequently (Fig. 2), representing 52% and
64% of the CHO-CBM reads in samples CS9007 and CS9036,
respectively (see Fig. S4 in the supplemental material). CBM6 and
CBMI0 transcripts were also enriched in both samples (Fig. 2; see
also Fig. S4 in the supplemental material). CBM6 has been found
in hemicellulose- and oligosaccharide-degrading enzymes (40,
41). Transcripts encoding CBM10, a domain which is thought to
be linked to the cellulosomes of rumen anaerobic fungi (42-45),
were frequently found (0.010% and 0.004% of the non-RNAs in
CS9007 and CS9036, respectively). Notably, ~20% of the CBM10
reads were linked to the GH48 reads. In addition, transcripts for
the dockerin and cohesin domains, components of bacterial cel-
lulosomes, were also detected in the rumen metatranscriptomes,
representing ~0.005% and ~0.03% of the total non-rRNAs in
CS9007 and CS9036, respectively (see Table S2 in the supplemen-
tal material).

Polysaccharide utilization loci (PULs) are gene clusters encoding
multiple proteins that are critical to the utilization of certain complex
carbohydrates by some gut bacteria and commonly linked with fibro-
lytic genes (9). Analysis of our metatranscriptomic data showed a
relatively high abundance of the PUL genes. About 0.2% of the total
non-rRNAs encoded PUL proteins, i.e., SusC, SusD, SusD-like,
SusD-like_2, or SusD-like_3, in both samples (Fig. 2; see also Table S2
in the supplemental material).

Diversity of rumen microorganisms involved in PCWP deg-
radation. The taxonomic affiliations of metatranscriptomic se-
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quences were determined by using the Metagenome Analyzer
(MEGAN) program. Approximately 66% and 75% of the non-
rRNAs in samples CS9007 and CS9036, respectively, were assign-
able taxonomically (see Fig. S5 and Table S1 in the supplemental
material). These reads were predominantly affiliated with bacteria
(89% and 77% in CS9007 and CS9036, respectively), followed by
eukaryotes (6% and 17% in CS9007 and CS9036, respectively),
archaea (4% and 5 in CS9007 and CS9036, respectively), and vi-
ruses (0.4% and 0.7% in CS9007 and CS9036, respectively).

In all, 31 bacterial and 6 archaeal phyla were found in the two
rumen metatranscriptomes, among which six bacterial phyla (Fir-
micutes, Bacteroidetes, Spirochaetes, Proteobacteria, Actinobacteria,
and Fibrobacteres) and one archaeal phylum (Euryarchaeota) ac-
counted for more than 60% of the total non-rRNAs (see Table S3
in the supplemental material). At the genus level, over 750 bacte-
rial and 60 archaeal genera were detected (see Table S4 in the
supplemental material). The most abundant (>1% of all non-
rRNAs in both samples) bacterial genera were Prevotella, Rumino-
coccus, Clostridium, Butyrivibrio, Eubacterium, Bacteroides, Trepo-
nema, Blautia, and Roseburia. Methanobrevibacter (3% in both
samples) was the most abundant archaeal genus. The majority of
eukaryal reads were affiliated with protozoa (3% and 6% of the
total non-rRNAs in samples CS9007 and CS9036, respectively)
and fungi (0.6% and 1% in samples CS9007 and CS9036, respec-
tively). However, there was no predominant eukaryal genus in the
rumen metatranscriptomic library that accounted for over 0.1%
of the total non-rRNAs.

Notably, most of the non-rRNAs related to PCWP degradation
were derived from a limited number of genera. GH reads for cel-
lulases, hemicellulases and oligosaccharide-degrading enzymes
were primarily from 71 genera (Fig. 3). Over half of the cel-GH
reads were from the genera Ruminococcus (40% and 48% for sam-
ples CS9007 and CS9036, respectively) and Fibrobacter (13% for
both samples) (see Fig. S6 in the supplemental material). Other
rumen bacteria that produced >1% of the total cel-GH reads were
members of the genera Eubacterium, Prevotella, and Clostridium.
Surprisingly, Bacteroides, a genus of the phylum Bacteroidetes well
known to be present in the rumen, did not appear to play a pre-
dominant role in cellulose degradation, as evidenced by its rela-
tively low representation in the total cel-GH counts. Epidinium
and Polyplastron were the major cellulolytic protozoa, contribut-
ing 80% and 20% of the protozoan cel-GH transcripts, respec-
tively, whereas the fungi Piromyces and Neocallimastix appeared to
be relatively active in cellulose degradation, producing 54% and
41% of the fungal cel-GH reads, respectively. An average of 78% of
the cel-GH reads for the two samples encoded homologues from a
small group of only 12 species (Table 3). In fact, ~62% of the
cel-GH reads encoded putative cellulases similar to those from R.
flavefaciens, Ruminococcus champanellensis, R. albus, F. succino-
genes, and the protozoan Epidinium ecaudatum. Since over 85% of
these reads encoded proteins with less than 90% similarity at the
amino acid sequence level to their homologues from the five
known species, it is probably not the well-known culturable rep-
resentatives of Ruminococcus, Fibrobacter, and Epidinium species
but, rather, the unknown relatives of these species that served the
most significant roles in cellulose degradation in the rumen. It is
worth noting that the GH48 cellobiohydrolases resembled those
from Ruminococcus (61% of the total GH48 proteins), the anaer-
obic fungi Piromyces (8%) and Neocallimastix (6%), as well as
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FIG 3 Taxonomic affiliation of putative cellulase, hemicellulase, and oligosaccharide-degrading enzymes. The abundance is defined as the proportion of the
number of sequencing reads for a given genus to that for the total non-rRNAs. “Other” represents the taxa detected in only one of the two metatranscriptomes.

uncultured microorganisms (23%), with amino acid sequence
similarities ranging from 32% to 100%.

The majority of the hemi-GH reads in samples CS9007 and
CS9036 were derived from the genera Ruminococcus (20% and
34%, respectively), Prevotella (21% and 16%, respectively), Fibro-
bacter (8% and 5%, respectively), Bacteroides (6% and 5%, respec-
tively), and Clostridium (3% and 5%, respectively) (see Fig. S6 in
the supplemental material). About 45% of these reads encoded
putative hemicellulases resembling those from the species R. fla-
vefaciens, R. albus, R. champanellensis, Prevotella ruminicola, and

TABLE 3 Profiling of dominant taxa encoding putative cellulases”

F. succinogenes with 60 to 90% similarity at the amino acid se-
quence level (Table 4).

The oligo-GH reads in samples CS9007 and CS9036 were pri-
marily derived from the genera Prevotella (~22% and 16%,
respectively) and Bacteroides (~8% and 10%, respectively),
followed by Ruminococcus (~7% and 11%, respectively), Clostrid-
ium (~6% and 4%, respectively), Butyrivibrio (~4% in both sam-
ples), Catenibacterium (~3% in both samples), and Roseburia
(~3% in both samples) (see Fig. S6 in the supplemental material).
Strikingly, Fibrobacter, anaerobic fungi, and protozoa, which were

% reads with the following %

Relative . .
Abundance’  ratio® identity:
Domain Phylum Genus Species (%) (%) <30 =30-<60 =60-<90 =90
Bacteria Firmicutes Ruminococcus  Ruminococcus flavefaciens 0.0278 16.0578 0 35 59 6
Ruminococcus champanellensis ~ 0.0242 14.1452 0 59 41 0
Ruminococcus albus 0.0234 13.6421 0 19 68 13
Eubacterium Eubacterium cellulosolvens 0.0037 21330 0 74 8 18
Eubacterium siraeum 0.0014 0.9120 0 44 56 0
Fibrobacteres  Fibrobacter Fibrobacter succinogenes 0.0215 12.6428 0 63 34 3
Subtotal for 6 species 0.1019 59.5328
Eukaryotes Protozoa Epidinium Epidinium ecaudatum 0.0104 59223 0 11 81 8
Epidinium caudatum 0.0027 1.5107 0 25 71 4
Polyplastron Polyplastron multivesiculatum  0.0033 1.8433 0 23 65 12
Fungi Neocallimastix ~ Neocallimastix patriciarum 0.0061 38959 0 13 74 13
Piromyces Piromyces sp. strain E2 0.0059 3.5314 0 28 66 6
Piromyces equi 0.0018 1.2945 0 14 82 4
Subtotal for 6 species 0.0302 17.9981
Total 0.1321 77.5309
Unclassified uncultured 0.0189 11.6988 0 36 52 12
organisms

@ Average data for the two cow samples are shown.

b Abundance refers to the proportion of cellulase-related reads in the total non-rRNAs. Only organisms with cellulase-related reads with an abundance of =0.001% are shown.
¢ The relative ratio refers to the proportion of the number of cellulase-related reads in a given organism in the total number of cellulase-related reads.
9 The similarities of proteins encoded by transcripts to that of known cellulases from a given organism at the amino acid sequence level are shown.
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% reads with the following %

Relative . .
Abundance’  ratio® identity®
Domain Phylum Genus Species (%) (%) <30 =30-<60 =60-<90 =90
Bacteria Firmicutes Ruminococcus ~ Ruminococcus flavefaciens 0.0172 14.6800 0 35 58 7
Ruminococcus albus 0.0089 7.7819 0 22 63 15
Ruminococcus 0.0036 3.0999 0 37 60 3
champanellensis
Ruminococcus sp. 0.0020 1.7640 0 23 73 4
Clostridium Clostridium methylpentosum ~ 0.0017 1.5102 0 100 0 0
Eubacterium Eubacterium cellulosolvens 0.0027 23070 0 36 64 0
Bacteroidetes ~ Prevotella Prevotella ruminicola 0.0140 124335 0 15 78 7
Prevotella bergensis 0.0013 1.1137 0 14 79 7
Bacteroides Bacteroides eggerthii 0.0018 1.5771 0 15 85 0
Fibrobacteres  Fibrobacter Fibrobacter succinogenes 0.0073 6.4952 0 12 70 18
Subtotal for 10 species 0.0607 52.7623
Eukaryotes Protozoa Eudiplodinium  Eudiplodinium maggii 0.0013 1.1806 0 37 73 0
Polyplastron Polyplastron multivesiculatum ~ 0.0014 1.2248 0 73 27 0
Epidinium Epidinium ecaudatum 0.0012 0.9975 0 9 58 33
Subtotal for 3 species 0.0040 3.4029
Total 0.0646 56.1652
Unclassified uncultured 0.0110 9.6039 0 19 48 33

organisms

@ Average of data for the two cow samples are shown.

b The abundance refers to the proportion of hemicellulase-related reads in the total non-rRNAs. Only organisms with hemicellulase-related reads with an abundance of =0.001%

are shown.

¢ The relative ratio refers to the proportion of the number of hemicellulase-related reads in a given organism in the total number of hemicellulase-related reads.
 Similarities of proteins encoded by transcripts to that of known hemicellulases from a given organism at the amino acid sequence level are shown.

the major producers of cel-GH reads, on the basis of our data,
appeared to contribute little to oligo-GH hydrolysis (Fig. 3; see
also Fig. S6 in the supplemental material). It is worth noting that
oligo-GH reads were produced by more species than either
cel-GH or hemi-GH reads, and the major producers of oligo-GHs
were less predominant (Table 5; see also Fig. S6 in the supplemen-
tal material). The most abundant producer for oligo-GHs was
phylogenetically related to P. ruminicola, which produced ~13%
of the total oligo-GH reads.

Some of the CBMs showed a restricted distribution (Table 6).
For example, CBM10 reads were derived only from anaerobic
fungi, whereas CBM11 reads were from both Fibrobacter (93%)
and anaerobic fungi (7%). Transcripts for dockerin domains were
mostly from Ruminococcus (55%) and Clostridium (31%). Most of
the PUL reads were derived from Prevotella (44%) and Bacteroides
(36%), as found in the metagenomic analyses of reindeer (10), yak
(9), and Bos indicus (46) rumens.

Taken together, our data indicate that although more than 70
known genera were found to be involved in PCWP degradation,
only 11 of them appeared to contribute significantly to the degra-
dation of cellulose and hemicellulose (Tables 3 and 4). These 11
genera were able to produce a large array of CHO-GHs and CHO-
CBMs (Table 6). Top on the list were Ruminococcus (19 GHs),
Clostridium (18 GHs), Bacteroides (18 GHs), Prevotella (17 GHs),
Fibrobacter (13 GHs), and Eubacterium (10 GHs). By comparison,
rumen protozoa and fungi synthesized relatively fewer GHs (4 and
10 GHys, respectively) for cellulose, hemicellulose, and oligosac-
charide degradation. Members of the CHO-CBM families were
synthesized primarily by Ruminococcus (4 CBMs), Clostridium (3
CBMs), and Fibrobacter (3 CBMs) (Table 6).
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DISCUSSION

Metatranscriptomic approaches, which entail sequencing of cDNAs
derived from gene transcripts and thus permit an in-depth analysis of
the contributions and coordinated action of genes of interest, have
been carried out on microbiomes in a number of ecosystems (22, 47).
In this report, we present a metatranscriptomic analysis of a PCWP-
degrading microbiome including both prokaryotes and eukaryotes in
the rumen. Our results indicate that genes encoding GH5, GH9, and
GHI0 cellulases/hemicellulases, as identified in previous studies (6, 7,
9, 10), were actively transcribed in the rumen. Interestingly and in-
triguingly, a relatively large number of GH48 transcripts were identi-
fied in the present study. Since the GH48 genes occurred rarely in
rumen metagenomes (6, 7,9, 10), the potential role of the enzymes of
the GH48 family in cellulose degradation might have been over-
looked. Most of the GH48 sequences derived from our metatran-
scriptomes were annotated as putative cellobiohydrolases, which are
known to hydrolyze efficiently or help hydrolyze the crystalline re-
gions of cellulose (48). On the basis of the MEGAN analysis, the
GH48 enzymes were primarily produced by Ruminococcus, anaero-
bic fungi, as well as some uncultured microorganisms, suggesting that
both prokaryotic and eukaryotic cellulose degraders contribute sig-
nificantly to crystalline cellulose degradation in the cow rumen. Fur-
thermore, since the prokaryotic GH48 transcripts were relatively
abundant and mostly produced by Ruminococcus, which is known to
harbor a single copy of the GH48 gene in the genome (49, 50), the
GH48 gene appeared to be robustly transcribed in cows fed a fiber
diet. Our data support the contention that GH48 cellulases serve akey
role in PCWP degradation (51, 52).

We have also identified a relatively large number of transcripts
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TABLE 5 Profiling of the dominant taxa encoding oligosaccharide-degrading enzymes”

% reads with the following %

Relative identity“:
Abundance®  ratio®
Domain Phylum Genus Species (%) (%) <30 =30-<60 =60-<90 =90
Bacteria Bacteroidetes Prevotella Prevotella ruminicola 0.0245 13.1467 0 3 76 21
Prevotella bryantii 0.0023 1.2999 0 4 88 8
Bacteroides Bacteroides coprocola 0.0014 0.7476 0 19 81 0
Firmicutes Catenibacterium Catenibacterium mitsuokai 0.0060 3.2592 0 4 93 3
Butyrivibrio Butyrivibrio proteoclasticus 0.0057 3.1174 0 19 79 2
Butyrivibrio fibrisolvens 0.0025 1.3147 0 25 64 11
Ruminococcus Ruminococcus flavefaciens 0.0060 3.3100 0 6 70 24
Ruminococcus albus 0.0034 1.8549 0 31 61 8
Ruminococcus 0.0031 1.7506 0 12 82 6
champanellensis
Marvinbryantia Marvinbryantia 0.0041 2.2534 0 18 82 0
formatexigens
Roseburia Roseburia intestinalis 0.0041 2.1159 0 25 75 0
Fibrobacter Fibrobacter succinogenes 0.0032 1.7520 0 47 53 0
Faecalibacterium Faecalibacterium prausnitzii 0.0026 1.4042 0 31 66 3
Subdoligranulum Subdoligranulum variabile 0.0025 1.3161 0 37 63 0
Coprobacillus Coprobacillus sp. strain 29_1 0.0025 1.3147 0 25 75 0
Blautia Blautia (Ruminococcus) 0.0016 0.8252 0 17 83 0
obeum
Clostridium Clostridium phytofermentans ~ 0.0011 0.5925 0 58 42 0
Unclassified Lachnospiraceae bacterium 0.0047 2.5892 0 36 64 0
Lachnospiraceae 3_1_57FAA_CT1
Lachnospiraceae bacterium 0.0012 0.6312 0 54 46 0
1_4_56FAA
Actinobacteria  Collinsella Collinsella stercoris 0.0020 1.0579 0 17 83 0
Collinsella tanakaei 0.0017 0.9522 0 0 100 0
Subtotal for 21 species 0.0861 46.6053
Eukaryotes Fungi Neocallimastix Neocallimastix patriciarum 0.0034 1.9671 0 66 23 11
Piromyces Piromyces sp. strain E2 0.0014 0.7730 0 25 50 25
Subtotal for 2 species 0.0048 2.7401
Total 0.0909 49.3455
Unclassified uncultured 0.0046 25116 0 12 78 10
organism

@ Average data for the two cow samples are shown.

¥ The abundance refers to the proportion of oligosaccharide-degrading enzyme-related reads in the total non-rRNAs. Only organisms with oligosaccharide-degrading enzyme-

related reads with an abundance of =0.001% are shown.

¢ The relative ratio refers to the proportion of the number of oligosaccharide-degrading enzyme-related reads in a given organism in the total number of oligosaccharide-degrading

enzyme-related reads.

4 Similarities of proteins encoded by transcripts to that of known oligosaccharide-degrading enzymes from a given organism at the amino acid sequence level are shown.

encoding dockerin and cohesin similar to those from Ruminococ-
cus and Clostridium in the present study, raising the possibility
that the cellulosome-based fibrolytic activities might play an im-
portant part in PCWP degradation in the rumen. Notably, genes
encoding CBM10, which is thought to be related to the cellulo-
somes of rumen anaerobic fungi (45), were among the most ac-
tively transcribed CBM genes. Only a few genes for cellulosomal
domains, i.e., dockerin and cohesin, were detected, and no
CBMI10 gene was found in the previous metagenomic studies
(5-7, 9, 11). Since some of the CBM10s were linked to a GH48
domain in the metatranscriptomes, it is possible that anaerobic
rumen fungi encoding these domains employ GH48-containing
cellulosomes in the hydrolysis of PCWPs. The relative abundance
of the transcripts encoding dockerin-, cohesin-, and CBM10-like
proteins indicates that cellulosomes may play a hitherto underes-
timated role in PCWP degradation in the rumen.

The PULs were first identified as the starch utilization sys-
tem (Sus) in the anaerobic human gut bacterium Bacteroides
thetaiotaomicron (53) and were later expanded to include cellulose
(11), xylan (54, 55), and pectin (56) utilization systems in herbi-
vore gut bacteria. The multiprotein system includes SusC (also
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called the TonB-dependent receptor), SusD-like proteins, SusE,
SusF, SusG, and other components, among which SusC and SusD-
like proteins are central to and, thus, typical of this system (10). It
has been speculated that, during starch hydrolysis by a bacterium
encoding the PUL system, the multiple components of the PUL
system simultaneously interact with the same starch molecule,
facilitating its binding, degradation, and utilization by the organ-
ism (57). In our metatranscriptomes, PULs, represented by the
core components, were also relatively abundant, in agreement
with the previous findings from the metagenomic studies of ru-
minants (10, 46). These results suggest that the PUL system is
widely used for the assimilation of complex carbohydrates in the
cow rumen.

As revealed by metagenomic analyses, the majority of the ru-
men GH genes for PCWP degradation appeared to be derived
from the Bacteroidetes and Firmicutes (7, 9, 11), and very few of
these genes were from the Fibrobacteres. The latter observation is
somewhat unexpected, since F. succinogenes is believed to be one
of the predominant PCWP degraders in the rumen (9, 10). In the
present study, the Fibrobacter genes encoding cel-GHs were ac-
tively expressed, providing an explanation for the discrepancy de-
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TABLE 6 Distribution of CHO-GHs, CHO-CBMs, and other related domains among genera active in PCWP degradation
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Distribution in the following organisms®:
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Bacteria Eukaryotes
Firmicutes Bacteroidetes Fungi Protozoa
Fibrobacteres,
Domain Ruminococcus Eubacterium Clostridium Prevotella Bacteroides Fibrobacter Neocallimastix Piromyces Epidinium Polyplastron Eudiplodinium
GHs
GH5 ++++ +++ +++ +++ +++ +++ — — ++++ +++ -
GH6 - - - - - - ++++ +++ - — -
GH9 ++++ +++ +++ - ++ +++ +++ +++ +++ - -
GH44 ++++ - - - — ++ — — - — -
GH45 - - - - - ++++ — ++ - - -
GH48 ++++ ++ - - - - +++ +++ - — -
GH8 - - - ++++ +++ ++++ — — - - -
GHI10 +++ + +++ ++++ +++ +++ ++ - +++ + +++
GHI11 ++++ - + - - +++ +++ +++ - +++ -
GH26 ++++ ++++ +++ ++++ +++ ++++ - + - — -
GH28 +++ - ++++ ++++ +++ — — — - - -
GHS51 ++ - +++ ++++ +++ - - - - — -
GH53 + - - ++++ +++ — — — - - -
GH54 - - - - - +++ - - - — -
GHe67 ++ - ++ ++++ ++++ — — — - - -
GH78 - - ++++ ++++ ++++ - - - - — -
GH1 ++ - +++ - - - +++ +++ - - -
GH2 +++ +++ +++ ++++ ++++ +++ - - - - -
GH3 +++ ++ +++ ++++ +++ ++ +++ +++ - - -
GH29 + - +++ ++++ ++++ - - - - - -
GH35 - - - ++++ ++++ — — — - - -
GH38 - - ++ - ++ - ++ ++ - - -
GH39 ++++ - ++ ++ ++ — — — - - -
GH42 ++++ ++ +++ ++++ ++ - — — - - -
GH43 ++++ ++ +++ ++++ ++++ +++ — — - - -
GH94 ++++ +++ +++ ++++ - +++ — — - - -
CBMs
CBM2 - ++ +++ - - - - - - - -
CBM3 +4+++ - - - - - - - +4++ - -
CBM4/9/16/22 ++++ +++ ++ +++ +++ ++ - - +++ e+ -
CBM6 ++++ - +4++ +4++ + +4++ +4+ - - - -
CBM10 - - - - - - ++++ ++++ - - -
CBMI1 - - - - - ++++ - - - - -
CBM13 +++ 4+ - - - - - - - - -
Other domains
Dockerin ++++ — +4+4++ — ++ — - - — - —
SusC - - - 4+ e+t - - - - - -
SusD - - - +4++ + 44+ - - - - - -
SusD-like - - - ++++ +4+++ - - - - - -
SusD-like_2 - - - +++ ++++ - - - - - -
SusD-like_3 - - - ++++ +4+++ - - - - - -

Applied and Environmental Microbiology

Number 4

@ The total number of GHs in Ruminococcus, Eubacterium, Clostridium, Prevotella, Bacteroides, Fibrobacter, Neocallimastix, Piromyces, Epidinium, Polyplastron, and Eudiplodinium was 19, 10, 18, 18, 18, 13, 8,9, 3, 3, and 1, respectively.
The total number of CBMs in Ruminococcus, Eubacterium, Clostridium, Prevotella, Bacteroides, Fibrobacter, Neocallimastix, Piromyces, Epidinium, Polyplastron, and Eudiplodinium was 4, 3, 3,2, 2,3 2, 1, 1, 1, and 0, respectively. +, 0 <
n<0l1;++,01=n<1;+++,1=n<10; ++++,n = 10;and —, n = 0, where n is the percentage of the domains encoded by the genome of a given genus of the total number of domains.
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scribed above. F. succinogenes, the best-characterized species in the
genus Fibrobacter, is highly efficient in degrading crystalline cellu-
lose in the rumen (58). We found that F. succinogenes synthesized
a number of enzymes capable of degrading a wide array of poly-
saccharides, including both cellulose and hemicellulose. Since the
organism utilizes only cellulose and its degradation products, but
not pectin, starch, glucomannan, arabinogalactan, or xylans, as
the carbon source for growth (59), it is suggested that the ability to
degrade hemicellulose allows the organism to gain access to the
cellulose portions of the plant cell wall. Our observation that the
Fibrobacter transcripts for hemicellulose-degrading GHs were as
abundant as those for cellulose-degrading GHs is consistent with
the proposal.

Rumen anaerobic fungi and protozoa are capable of efficient
hydrolysis of cellulose, as demonstrated by biochemical assays of
their cellulase activities (60—-62). We show that enzymes of the
GHS5, GH9, and GH48 families are the predominant cel-GHs from
rumen anaerobic fungi and protozoa, as reported previously (22).
Interestingly, anaerobic fungi and protozoa appear to contribute
little to the pool of oligo-GHs. Therefore, anaerobic eukaryotes
may play a greater role in degrading cellulose and hemicellulose
than in hydrolyzing oligosaccharides in the rumen.

It has been suggested on the basis of the 16S rRNA gene analysis
that most of the rumen microorganisms are uncultured (63). Our
data demonstrate that the majority of the PCWP-degrading mi-
croorganisms are taxonomically related only to a limited number
of known species, such as those of the genera Ruminococcus (R.
flavefaciens and R. albus), Fibrobacter (F. succinogenes), and Pre-
votella (P. ruminicola) as well as a few anaerobic fungi and proto-
zoa. However, most of the putative proteins involved in PCWP
degradation, encoded by transcripts identified in the metatran-
scriptomes, were less than 90% similar at the amino acid sequence
level to those of known species, indicating that it is the unknown
relatives of the known genera or species that serve predominant
roles in cellulose degradation in the rumen.
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