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One of the functions of the mammalian large intestinal microbiota is the fermentation of plant cell wall components. In rumi-
nant animals, the majority of their nutrients are obtained via pregastric fermentation; however, up to 20% can be recovered
from microbial fermentation in the large intestine. Eight-week continuous culture enrichments of cattle feces with cellulose and
xylan-pectin were used to isolate bacteria from this community. A total of 459 bacterial isolates were classified phylogenetically
using 16S rRNA gene sequencing. Six phyla were represented: Firmicutes (51.9%), Bacteroidetes (30.9%), Proteobacteria (11.1%),
Actinobacteria (3.5%), Synergistetes (1.5%), and Fusobacteria (1.1%). The majority of bacterial isolates had <98.5% identity to
cultured bacteria with sequences in the Ribosomal Database Project and thus represent new species and/or genera. Within the
Firmicutes isolates, most were classified in the families Lachnospiraceae, Ruminococcaceae, Erysipelotrichaceae, and Clostridi-
aceae I. The majority of the Bacteroidetes were most closely related to Bacteroides thetaiotaomicron, B. ovatus, and B. xylanisol-
vens and members of the Porphyromonadaceae family. Many of the Firmicutes and Bacteroidetes isolates were related to species
demonstrated to possess enzymes which ferment plant cell wall components; the others were hypothesized to cross-feed these
bacteria. The microbial communities that arose in these enrichment cultures had broad bacterial diversity. With over 98% of the
isolates not represented as previously cultured, there are new opportunities to study the genomic and metabolic capacities of
these members of the complex intestinal microbiota.

Afunction of the gut microbiota in mammalian herbivores and
omnivores is the fermentation of plant cell wall components;

mammals lack the enzymes required to breakdown �-(1,4) bonds
and other linkages between the monosaccharides that make up
plant cell walls (1, 2). The plant cell wall is made up of cellulose
and hemicelluloses, the primary structural components of plants,
and contain smaller and variable amounts of pectins, �-glucans,
oligosaccharides, lignins, and glycoproteins (3).

The physiology of ruminant animals, such as cattle, goats, and
sheep, includes a foregut, where fermentation occurs and which
allows the animal to directly utilize the short-chain fatty acids
(SCFAs) produced by the anaerobic microbial fermentation of
plant cell walls for energy (2). Thus, ruminal fermentation pro-
vides between 60% and 80% of the animal’s energy requirements
(4, 5). Ruminants obtain energy from the SCFAs produced in the
large intestine, which provides from 0 to 20% of their dietary
requirements, similar to the levels reported for other mammals
(4, 5).

A number of intestinal microbial metagenomes, including
those of cattle (6, 7), human (8, 9), pig (10), and chicken (11), have
been demonstrated to be enriched in carbohydrate transport and
metabolism genes. Ley et al. (1) found that the type of diet (her-
bivorous, omnivorous, or carnivorous) strongly predicted the fe-
cal microbial composition across a broad sampling of mammals.
The microbiotas in the rumen and feces of cows are distinct from
each other (12, 13), with an �60% difference between the bacte-
rial profiles in the rumen and feces being reported (14). Most
metagenomic studies in ruminants have focused on the rumen,
and while a number of studies have determined the phylogenetic
structure of the microbial communities in cattle feces (14–16),
only one (17) reported the functional genes in the feces of beef
cattle, of which 12.8% were carbohydrate-related genes.

While a great deal of information is currently being gathered
using metagenomic techniques, it is still useful to have isolated
microorganisms available for study. Few cultured bacteria, other
than pathogens, from the feces of cattle are included in phyloge-
netic databases. In order to determine the bacteria associated with
cellulose and hemicellulose fermentation in the large intestine of
the cow, continuous culture fermentors were used to enrich for
those microorganisms. The aim of the present study was to isolate
a broad range of bacteria from these enrichments and further
characterize them by 16S rRNA gene phylogeny. This work makes
available a large collection of bacterial isolates for further study.

MATERIALS AND METHODS
Animals and fermentor operation. Freshly voided feces (at least 500 g)
were collected from 4 multiparous prepartum dairy cows fed a high-for-
age diet at the Iowa State University Dairy Farm and returned to the lab for
processing within 30 min. A fecal slurry (1:10 wt/vol) was made using
anaerobic phosphate-buffered saline (PBS) and mixing for 3 min in a lab
blender (Seward Stomacher, model 400; Fisher Scientific) in an anaerobic
chamber (Coy, Grass Lake, MI). Two 300-ml slurries from each fecal (n �
4) sample were prepared for inoculation into fermentors. One fermentor
was enriched with cellulose (CAS no. 9004-34-6; Alphacel; ICN Biomedi-
cals, Aurora, OH), and the other was enriched with xylan-pectin (2:1 oat
spelt xylan [CAS no. 9014-63-5; Sigma, St. Louis, MO] and pectin [CAS
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no. 9000-69-5, ICN Biomedicals]). The fermentors were fed 3 g carbohy-
drate twice daily at 0600 and 1700 h.

BioFlo 110 fermentors (New Brunswick Scientific, Edison, NJ) to
which 350 ml anoxic nutrient medium with no carbohydrate (Table 1)
was previously added received the fecal slurry. Each fermentor was fed 3 g
of polysaccharide, and the organisms were allowed to grow in batch cul-
ture without nutrient medium inflow until the next day (�18 h). The
fermentors were then allowed to reach the working volume of 700 ml
(�2.3 h) by addition of nutrient medium at a dilution rate of 0.03 h�1.
The operating conditions of the fermentors were set to model conditions
in the large intestine (cecum and colon) of cattle. The contents of the
vessels were continuously mixed and sparged with nitrogen to maintain
anaerobic conditions. The working volume was maintained by removal of
contents with an outflow pump. Throughout the 8 weeks of operation, a
temperature of 38°C and a pH of 6.7 were maintained.

Bacterial isolations. After 8 weeks, 1 ml of the fermentor contents was
anaerobically transferred into 9 ml anaerobic 1/2-strength peptone water
(Fisher Scientific) and then serially diluted through a 10�10 dilution. Di-
lutions of 10�5 through 10�10 were plated onto Wilkins-Chalgren agar
plates. Carbohydrate-specific agar plates (18) (Table 2) were replicate
plated (19); the carbohydrates used were cellulose, carboxymethyl cellu-
lose (CAS no. 9000-11-7; Sigma), beech wood xylan (CAS no. 9014-63-5;
Sigma), and pectin. The plates were incubated anaerobically at 38°C for 3
to 5 days. In order to get the greatest range of bacteria associated with
cellulose and xylan-pectin fermentation, the plates with the lowest dilu-
tions with distinct colonies were chosen for bacterial isolations.

Colonies were selected from the carbohydrate-specific agar plates on
the basis of differential colony morphology and plated onto anaerobic
Wilkins-Chalgren agar to obtain individual isolates. The purity of the
bacterial cultures was determined using Gram stain and microscopic ob-
servations. The isolated bacteria were cryopreserved using a Microbank
bacterial preservation system (Pro-Lab Diagnostics, Austin, TX). DNA
was isolated using a DNeasy blood and tissue kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions for bacterial cells. PCR am-
plification of 16S rRNA genes was done with primers 27F (5=-AGAGGTT
TGATCMTGGCTCAG-3=) and 1492R (5=-TACGGYTACCTTGTTACG
ACTT-3=) (Invitrogen, Carlsbad, CA) (20) and a DYAD DNA Engine
thermocycler (MJ Research, Watertown, MA). The PCR mixture (50 �l)
contained 1� Qiagen PCR buffer, 1.25 U of Taq polymerase (Qiagen),
0.25 mM each deoxynucleoside triphosphate (Amresco, Solon, OH), 25
pmol of each primer, and 80 �g of template DNA. Amplified products
were cleaned using QIAquick 96 PCR purification (Qiagen) and se-
quenced by the Iowa State University DNA Sequencing and Synthesis
Facility (Ames, IA) using an ABI Prism 377 sequencer (Applied Biosys-
tems, Foster City, CA).

Sequence analysis. Sequences were made using VNTI (v.11.1) soft-
ware (Invitrogen). Isolates with sequences �1,200 bp in length were in-
cluded. The closest related sequences were identified using the Ribosomal
Database Project (RDP) (21) 16S rRNA gene database for the nearly full-
length sequences. Sequence similarity was analyzed using Bionumerics
(v.6.5) software (Applied Maths, Austin, TX), and an unrooted dendro-
gram was created using standard pairwise alignment and unweighted pair
group method with arithmetic mean (UPGMA) clustering. Bacteria iso-
lated from the same fermentor with �99% similarity were removed from
the final analysis in order to simplify the data set and reduce redundancy.
Data are presented by phylum for all bacterial isolates except the Firmic-
utes and Bacteroidetes, which are divided into class and family groupings.

Nucleotide sequence accession numbers. The nucleotide sequences
have been deposited in GenBank under the accession numbers JQ607747
to JQ608320.

RESULTS

A total of 573 bacteria were isolated from the cellulose and xylan-
pectin enrichments with the cow (n � 4) fecal inoculum. Exclu-
sion of 114 bacteria because they had �99% similarity to bacteria
isolated from the same fermentor and fecal donor resulted in a
collection of 459 isolates. Six phyla were represented among the
bacterial isolates: Firmicutes (n � 238), Bacteroidetes (n � 142),
Proteobacteria (n � 51), Actinobacteria (n � 16), Synergistetes (n �
7), and Fusobacteria (n � 5). The majority of bacterial isolates had
�98.5% identity to cultured bacteria with sequences in the RDP.
The distribution of 259 bacterial isolates with �95% identity to
previously cultured bacteria was 131 Firmicutes, 97 Bacteroidetes,
13 Proteobacteria, 9 Actinobacteria, 4 Synergistetes, and 5 Fusobac-
teria. A total of 191 isolates had identities to previously cultured
bacteria of between 95 and 98.5% and were distributed across the
phyla as follows: 99 Firmicutes, 46 Bacteroidetes, 30 Proteobacteria,
8 Actinobacteria, and 3 Synergistetes.

TABLE 1 Fermentor nutrient medium

Ingredienta Concn

Peptone water 2.0 g/liter
Yeast extract 2.0 g/liter
NaCl 0.1 g/liter
K2HPO4 0.04 g/liter
KH2PO4 0.04 g/liter
MgSO4 · 7H2O 0.01 g/liter
CaCl2 · 6H2O 0.01 g/liter
NaHCO3 2.0 g/liter
Cysteine-HCl 0.5 g/liter
Bile salts 0.5 g/liter
Heminb 0.05 g/liter
Tween 80 2.0 ml/liter
Vitamin K1 0.01 ml/liter
a All chemicals were obtained from Sigma.
b Hemin solution consisted of 0.5 g hemin in 25 ml 1 M NaOH.

TABLE 2 Composition of carbohydrate-specific agars

Ingredienta Concn

Carbohydrate 5.0 g/liter
Trypticase 4.5 g/liter
Yeast extract 0.5 g/liter
Agar 20.0 g/liter
Mineral 1b 40.0 ml/liter
Mineral 2c 40.0 ml/liter
Hemind 10.0 ml/liter
VFA solutione 10.0 ml/liter
Resazurin (0.1% solution) 1.0 ml/liter
Na2S–L-cysteine HCl solutionf 10.0 ml/liter
Incubated clarified rumen fluidg 0.0 ml/liter
Distilled water 870.0 ml/liter
a All chemicals were purchased from Sigma.
b Mineral 1 is K2HPO4, 6 g liter�1.
c Mineral 2 is KH2PO4, 6 g liter�1; (NH4)2SO4, 6 g liter�1; NaCl, 12 g liter�1; MgSO4,
2.45 g liter�1; and CaCl2 · 2H2O, 1.69 g liter�1.
d Added as a solution of 0.5 g hemin in 25 ml 1 M NaOH.
e Short chain fatty acid solution contained the following acids, in ml/liter: acetic, 6.85;
propionic, 3.00; butyric, 1.85; isobutyric, 0.50; 2-methyl butyric, 0.55; N-valeric, 0.55;
and isovaleric, 0.55.
f Two hundred milliliters anaerobic solution at pH 10 with 2.5 g L-cysteine HCl · H2O
and 2.5 g Na2S · 9H2O.
g Incubated clarified rumen fluid modified from the work of Allison et al. (50) as
follows: 400 ml rumen fluid with addition of 300 ml mineral 1, 300 ml mineral 2, and 4
g Na2CO3; addition of a second centrifugation after overnight storage at 4°C; and
adjustment to pH 7.0 prior to autoclaving. The fluid was stored frozen at �20°C until it
was used.
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The number of isolates obtained from the enrichments with
each carbohydrate differed, with 269 bacteria coming from the
cellulose enrichments and 190 coming from the xylan-pectin en-
richments. Furthermore, the distribution of isolates recovered
from each polysaccharide differed across the phyla and the genera
within a phylum (Table 3). The most striking differences in isolate

numbers between the cellulose and xylan-pectin enrichments by
phylum were for the Firmicutes (135 versus 105, respectively) and
Proteobacteria (44 versus 7, respectively).

While the total number of Bacteroidetes isolates between the
polysaccharide enrichments was similar, the distribution of the
isolates belong to different genera differed. Cellulose enrichments
yielded greater numbers of species belong to the genera Dys-
gonomonas, Parabacteroides, and Proteiniphilum, while species be-
longing to the Bacteroides were more frequently isolated from xy-
lan-pectin enrichments. The numbers of bacteria isolated from
each fecal donor were comparable (88 from cow A, 114 from cow
B, 154 from cow C, and 103 from cow D). There were differences
in the distribution of bacterial isolates from the different fecal
donors within the phyla, as follows. No Synergistetes or Bacilli (in
the Firmicutes) were isolated from cow A, but all of the Fusobac-
teria isolated were from this fecal donor. In the Proteobacteria, all
of isolates in the Aeromonadaceae were from cows A and C, while
no Deltaproteobacteria were isolated from cow B.

The largest proportion of the bacterial isolates were members
of the Firmicutes (51.9%). For ease of discussion, the isolates in the
Firmicutes were divided into the classes Bacilli (13 isolates), Clos-
tridia (191 isolates), Erysipelotrichia (32 isolates), and Negativi-
cutes (2 isolates), with further division based on family classifica-
tion (Fig. 1). The Bacilli (Fig. 1A) were from 4 families: the
Paenibacillaceae (1 isolate), Enterococcaceae (7 isolates), Staphylo-
coccaceae (1 isolate), and Streptococcaceae (4 isolates). The Erysip-
elotrichia were all in the family Erysipelotrichaceae (32 isolates),
and the Negativicutes were all in the family Veillonellaceae (2 iso-
lates). The largest family grouping within the isolates was Lachno-
spiraceae (107 isolates) in the Clostridia class of the Firmicutes (Fig.
1B). Within the Lachnospiraceae, the majority of the bacteria fell
into the RDP genus Clostridium XIVa (60 isolates), followed by
the genera Blautia (19 isolates) and Anaerosporobacter (16 iso-
lates). The other Clostridia were from the families Ruminococ-
caceae (33 isolates, 15 Oscillibacter isolates), Clostridiaceae I (27
isolates, 25 Clostridium sensu stricto), Clostridiales incertae sedis XI
(17 isolates, 13 Tissierella sensu stricto), Eubacteriaceae (5 isolates),
and Peptostreptococcaceae (2 isolates) (Fig. 1C).

The bacterial isolates identified as Bacteroidetes are included
in Fig. 2 as the Bacteroides thetaiotaomicron-B. ovatus-B. xylanisol-
vens grouping (45.8% of the Bacteroidetes) (Fig. 2A) and the Por-
phyromonadaceae (33.8% of the Bacteroidetes) and Bacteroidaceae
(other than those in Fig. 2A, 20.4% of the Bacteroidetes) family
groupings (Fig. 2B). All of the 65 bacterial isolates in the B.
thetaiotaomicron-B. ovatus-B. xylanisolvens grouping (Fig. 2A)
had greater than 96.4% identity. The two largest groupings, at
�99% identity, were for bacterial isolates identified as B.
thetaiotaomicron (Bacteroidaceae group 5) and B. xylanisolvens
(Bacteroidaceae group 1). The Porphyromonadaceae isolates (Fig.
2B) grouped within the genera Dysgonomonas (28 isolates) and
Parabacteroides (12 isolates); the other Bacteroidaceae isolates were
most closely related to B. uniformis, B. fragilis, and B. vulgatus.

Bacteria in the Proteobacteria phylum were Gammaproteobac-
teria (35 isolates) from the Proteus (25 isolates), Aeromonas (7
isolates), Escherichia/Shigella (2 isolates), and Morganella (1 iso-
lates) genera and Deltaproteobacteria of the Desulfovibrionaceae
family (16 isolates) (Fig. 3). Figure 3 also contains bacterial iso-
lates from the remaining 3 phyla. The Fusobacteria were closely
related, and all 5 isolates had greater than 98.4% identity. The
Synergistetes isolates were also closely related (	98.1% identity).

TABLE 3 Distribution of bacteria isolated from cellulose or xylan-
pectin enrichments of cow feces by phylum and genus

Phylum Genus

No. of isolates

Cellulose Xylan-pectin

Firmicutes Anaerofilum 1 1
Anaerosporobacter 18 0
Anaerostipes 0 1
Anaerovorax 2 0
Blautia 8 11
Butyricicoccus 0 3
Clostridium 21 4
Clostridium IV 3 4
Clostridium XI 0 1
Clostridium XIVa 21 37
Clostridium XIVb 2 0
Clostridium XVIII 3 14
Enterococcus 5 1
Erysipelotrichaceae incertae sedis 3 15
Eubacterium 2 0
Flavonifractor 0 1
Lachnospiraceae incertae sedis 3 0
Lachnospiraceae, unclassified 5 1
Lactonifactor 1 1
Megasphaera 0 2
Paenibacillus 1 0
Peptostreptococcus 0 1
Oscillibacter 10 5
Ruminococcus, unclassified 5 1
Sedimentibacter 1 0
Sporanaerobacter 2 0
Staphylococcus 1 0
Streptococcus 1 1
Tissierella 14 0

Bacteroidetes Bacteroides 39 55
Dysgonomonas 19 10
Parabacteroides 9 2
Proteiniphilum 8 0

Proteobacteria Aeromonas 6 1
Citrobacter 1 0
Desulfovibrio 15 1
Escherichia 0 1
Morganella 1 0
Proteus 21 4

Synergistetes Cloacibacillus 6 1

Fusobacteria Fusobacterium 4 1

Actinobacteria Bifidobacterium 0 4
Olsenella 0 1
Paraeggerthella 1 0
Propionibacterium 0 4
Micrococcineae, unclassified 1 0
Actinomycetales, unclassified 5 0

Ziemer

576 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


Within the Actinobacteria phylum, the bacterial isolates were iden-
tified to be members of 5 families: Actinomycetaceae (33.3% of
Actinobacteria), Micrococcineae (6.3%), Propionibacteriaceae
(2.5%), Bifidobacteriaceae (2.5%), and Coriobacteriaceae (1.3%).

DISCUSSION

A wide range of bacteria was successfully isolated from the enrich-
ments used in this study, and while the results were not strictly
quantitative, a rough estimation of the abundance of the different
phyla could be obtained. As expected, the Firmicutes and Bacte-
roidetes isolates predominated at 82.8% of isolates, followed by the
Proteobacteria, Actinobacteria, Synergistetes, and Fusobacteria

(11.1%, 1.1%, 3.5%, and 1.5%, respectively). Results reported by
Ley et al. (1) support the abundance of the isolates from these
enrichments in different phyla, with similar results across feces
from 60 different mammalian species being obtained for Firmic-
utes and Bacteroidetes (82% of nearly 20,000 classified sequences)
and the other phyla (14.2% Proteobacteria, Fusobacteria, and Ac-
tinobacteria). The similarity in the abundance of the phyla in this
study to that of the study of Ley et al. (1) was surprising because
the isolations used both selective enrichment and selective isola-
tion agar. It appears that even with enrichment the microbial
community maintains broad diversity and that there is a lack of
selectivity with the agars. These results demonstrate that the large
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Erysipelotrichaceae Group 1: NLAE-zl-C311, NLAE-zl-C347, NLAE-
zl-C361, NLAE-zl-C373, NLAE-zl-C337, NLAE-zl-C358, NLAE-zl-
C318, NLAE-zl-C319, NLAE-zl-C332, NLAE-zl-C334, NLAE-zl-
C356, NLAE-zl-C345, NLAE-zl-C383, NLAE-zl-C335 

Erysipelotrichaceae Group 2: NLAE-zl-C346, NLAE-zl-C360, 
Clostridium ramosum X73446, NLAE-zl-518, NLAE-zl-C558, NLAE-
zl-C526, NLAE-zl-C568, NLAE-zl-C383, NLAE-zl-C510, NLAE-zl-
C522, NLAE-zl-C352, NLAE-zl-C200, NLAE-zl-C496, NLAE-zl-
C528, NLAE-zl-C383 

Enterococcaceae Group 1: NLAE-zl-C434, NLAE-zl-C471, NLAE-zl-
475, NLAE-zl-C472, Enterococcus gallinarum EF025908, NLAE-zl-
C485, NLAE-zl-C256  

Paenibacillaceae Group 1: NLAE-zl-C333, Paenibacillus 
motobuensis AY741810 

Veillonellaceae Group 1: Megasphaera elsdenii U95027, NLAE-zl-C201  

FIG 1 Cluster analysis with an unrooted dendrogram of bacterial isolates from cellulose and xylan-pectin enrichments of cow feces in the phylum Firmicutes. (A)
Isolates in the Bacilli, Erysipelotrichia (family Erysipelotrichaceae), and Negativicutes (family Veillonellaceae) classes; (B) isolates in the Clostridia class and
Lachnospiraceae family; (C) isolates in the Clostridia class and Peptostreptococcaceae, Clostridiaceae 1, Clostridiales incertae sedis XI, and Eubacteriaceae families.
The genus and species names and GenBank (NCBI) accession number are included for the reference strains. Bacteria with �99% similarity are grouped in order
to simplify the dendrogram. The line at the top represents percent similarity across isolates; Schlesneria paludicola (Plantomycetes) is used as the outgroup.
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zl-C214 

Lachnospiraceae Group 4: NLAE-zl-C51, NLAE-zl-C520, NLAE-zl-
C27, NLAE-zl-C542, NLAE-zl-C61, NLAE-zl-C544, NLAE-zl-C551, 
NLAE-zl-C543, NLAE-zl-C550, NLAE-zl-C509, NLAE-zl-C534, 
NLAE-zl-C35, NLAE-zl-C508, NLAE-zl-C38  

Lachnospiraceae Group 6:  NLAE-zl-C109, NLAE-zl-C97, NLAE-zl-C105 

Lachnospiraceae Group 8: NLAE-zl-C577, NLAE-zl-C587, NLAE-zl-C589, NLAE-zl-
C556, NLAE-zl-C590, NLAE-zl-C582, NLAE-zl-C584, NLAE-zl-C570, NLAE-zl-
C571, NLAE-zl-C572, NLAE-zl-C553, NLAE-zl-C573, NLAE-zl-C576, NLAE-zl-
C578, NLAE-zl-C563, NLAE-zl-C560 

Lachnospiraceae Group 7: NLAE-zl-C124, NLAE-zl-C82, 
NLAE-zl-C79, NLAE-zl-111, NLAE-zl-C113, NLAE-zl-C586 

Lachnospiraceae Group 5:  NLAE-zl-C538, NLAE-zl-C549, NLAE-zl-
C545, NLAE-zl-C548 

FIG 1 continued
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intestinal bacteria in cattle are similar to those in other mammals,
on the basis of analysis of feces. While the rumen microbiota are
also dominated by the Firmicutes and Bacteroidetes (7, 22, 23), the
majority of organisms present in the rumen differ from those
present in the feces (12, 13, 24).

Over 98% of the isolates (n � 450) were less than 98.5% similar
to cultured bacteria (in RDP) and represent new species and/or
genera, using 98.5% identity as a species cutoff and 95% as a genus
cutoff (25, 26). Historically, fewer bacteria were cultured from
the feces of ruminants because the majority of their nutritional
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NLAE-zl-C264

Clostridium sporogenes DQ278865
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Clostridium sardiniense AB161374

Anaerosporobacter mobilis AY534872
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NLAE-zl-C512

NLAE-zl-C141

NLAE-zl-C228

Ruminococcus albus X85098

NLAE-zl-C473

NLAE-zl-C478

NLAE-zl-C477

Oscillibacter valericigenes AB238598
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Schlesneria paludicola AM162407

Family

Clostridiales_Incertae Sedis XI

Clostridiales_Incertae Sedis XI

Clostridiales_Incertae Sedis XI

Clostridiales_Incertae Sedis XI

Eubacteriaceae

Eubacteriaceae

Eubacteriaceae

Clostridiales_Incertae Sedis XI

Peptostreptococcaceae

Peptostreptococcaceae

Eubacteriaceae

Eubacteriaceae

Eubacteriaceae

Clostridiaceae 1

Clostridiaceae 1

Clostridiaceae 1

Clostridiaceae 1

Clostridiaceae 1

Clostridiaceae 1

Clostridiaceae 1

Clostridiaceae 1

Clostridiaceae 1

Clostridiaceae 1

Ruminococcaceae

Ruminococcaceae

Ruminococcaceae

Ruminococcaceae

Ruminococcaceae

Ruminococcaceae

Ruminococcaceae

Ruminococcaceae

Ruminococcaceae

Plantomycetaceae

C 

Clostridiales_incertae_sedis XI Group 1: NLAE-zl-C81, Tissierella praeacuta X80832, 
NLAE-zl-C427, NLAE-zl-C68, NLAE-zl-C267, NLAE-zl-C121, NLAE-zl-C123, NLAE-zl-
C415, NLAE-zl-C87, NLAE-zl-C128, NLAE-zl-C240, NLAE-zl-C246, NLAE-zl-C226, 
NLAE-zl-C280 

Clostridiaceae 1 Group 1: NLAE-zl-C407, NLAE-zl-C445, NLAE-zl-C469, NLAE-zl-
C468, NLAE-zl-C463, NLAE-zl-C266, NLAE-zl-C491, NLAE-zl-C244, NLAE-zl-C254, 
NLAE-zl-C230, NLAE-zl-C234, NLAE-zl-C421, NLAE-zl-C406 

Ruminococcaceae Group 4: NLAE-zl-C273, NLAE-zl-C282, NLAE-zl-C283, NLAE-zl-C349, 
NLAE-zl-C265, NLAE-zl-C227, NLAE-zl-C309, NLAE-zl- 

Ruminococcaceae Group 5: NLAE-zl-C482, NLAE-zl-C566, NLAE-zl-C559, NLAE-zl-
C481, NLAE-zl-C488, NLAE-zl-C50, NLAE-zl-C52, NLAE-zl-C122, NLAE-zl-C474, 
NLAE-zl-C476 

Peptostreptococcaceae Group 1: Clostridium bifermentans DQ978211, NLAE-zl-C183  

Clostridiaceae 1  Group 2: NLAE-zl-C217, NLAE-zl-C224, NLAE-zl-C247 

Clostridiaceae 1  Group 4: NLAE-zl-C103, NLAE-zl-C275 

Ruminococcaceae Group 1: NLAE-zl-C156, NLAE-zl-C232  

Ruminococcaceae Group 2:, NLAE-zl-C146, NLAE-zl-C147  
Ruminococcaceae Group3:, NLAE-zl-C312, NLAE-zl-C313   

Clostridiaceae 1  Group 3: NLAE-zl-C222, NLAE-zl-C487 

Ruminococcaceae Group 6: NLAE-zl-C388, NLAE-zl-C403  
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needs are supplied by rumen microbial fermentation. While
the use of selective media introduces bias, in general, easy-to-
grow bacteria are isolated, while many others remain to be
detected; the fact that most of these isolates represent previ-
ously uncultured bacteria indicates that many uncultured in-
testinal bacteria could be recovered by using a broader range of
nutrient medium formulations.

Differences in the types of bacteria that were isolated from
the different carbohydrate enrichments were evident in the
Firmicutes and Proteobacteria phyla. More specific differences
were detected at the genus level across all phyla. Feedlot cattle fed
diets based on unprocessed grain, processed grain, or forage had
distinct differences in the abundance of families within a phylum

for each diet. This reflected the different types and concentrations
of polysaccharides in the diets (15). de Menezes et al. (27) found
few differences in the ruminal microbiota of dairy cattle fed pas-
ture or total mixed rations at the phylum level; however, at the
family level, diet did alter the abundance of organisms, with the
greatest differences being noted for the Fibrobacteriaceae, Corio-
bacteriaceae, Lachnospiraceae, and Veillonellaceae families. In the
current study, the families Lachnospiraceae, Ruminococcaceae,
Erysipelotrichaceae, Parabacteroidaceae, Enterococcaceae, and Des-
ulfovibrionaceae had the greatest differences in the number of iso-
lates obtained from the 2 carbohydrate enrichments. The differ-
ences in the distribution of isolates among the various genera
warrant further exploration, especially with regard to isolates
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NLAE-zl-C18

NLAE-zl-C202
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NLAE-zl-C579

Bacteroides ovatus X83952

Schlesneria paludicola AM1624.

Family

Bacteroidaceae

Bacteroidaceae

Bacteroidaceae

Bacteroidaceae

Bacteroidaceae

Bacteroidaceae

Plantomycetaceae

A 

Bacteroidaceae Group 1: NLAE-zl-C241, NLAE-zl-C343, 
NLAE-zl-C195, NLAE-zl-C375, NLAE-zl-C212, NLAE-zl-
C324, NLAE-zl-C243, NLAE-zl-C276, NLAE-zl-C316, NLAE-
zl-C277, NLAE-zl-C314, NLAE-zl-C315, NLAE-zl-C161, 
NLAE-zl-C339, NLAE-zl-C322, NLAE-zl-C253, NLAE-zl-
C342, NLAE-zl-C257, NLAE-zl-C355, NLAE-zl-C157, NLAE-
zl-C331, NLAE-zl-C380, NLAE-zl-C459, NLAE-zl-C308, 
NLAE-zl-C376, NLAE-zl-C216, NLAE-zl-C176, NLAE-zl-
C233, NLAE-zl-C203, Bacteroides xylanisolvens AM230650, 
NLAE-zl-C24, NLAE-zl-C204, NLAE-zl-C260, NLAE-zl-C165 

Bacteroidaceae Group 5: NLAE-zl-C504, NLAE-zl-C516, 
Bacteroides thetaiotaomicron AB510710, NLAE-zl-C547, 
NLAE-zl-C592, NLAE-zl-C557, NLAE-zl-C484, NLAE-zl-
C502, NLAE-zl-C13, NLAE-zl-C429, NLAE-zl-C394, NLAE-zl-
C425, NLAE-zl-C49  

Bacteroidaceae Group 4: NLAE-zl-C26, NLAE-zl-C31, NLAE-
zl-C64, NLAE-zl-C57, NLAE-zl-C34

Bacteroidaceae Group 6: NLAE-zl-C501, NLAE-zl-C519, 
NLAE-zl-C500, NLAE-zl-C536, NLAE-zl-C505 

Bacteroidaceae Group 2: NLAE-zl-C206, NLAE-zl-C218

Bacteroidaceae Group 3: NLAE-zl-C198, NLAE-zl-C263

FIG 2 Cluster analysis with an unrooted dendrogram of bacterial isolates from cellulose and xylan-pectin enrichments of cow feces in the phylum Bacteroidetes.
(A) Isolates in the B. thetaiotaomicron-B. xylanisolvens-B. ovatus assemblage of the family Bacteroidaceae; (B) isolates in the Bacteroidaceae (other than those in
the group shown in panel A) and Porphyromonadaceae families. The genus and species names and GenBank (NCBI) accession number are included for the
reference strains. Bacteria with �99% similarity are grouped in order to simplify the dendrogram. The line at the top represents percent similarity across isolates;
Schlesneria paludicola (Plantomycetes) is used as the outgroup.
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from the genera Clostridium, Anaerosporobacter, Proteus, and Bac-
teroides.

Members of the Lachnospiraceae family were the most fre-
quently isolated bacteria, accounting for 45.0% of Firmicutes and
23.3% of total isolates. This family includes clostridial groups
XIVa and XIVb (28), groups that predominate in the intestinal
tracts of most mammals (29). Many of the Firmicutes found in the
intestinal tract are strains with demonstrated cellulose and hemi-
cellulose degradation enzymes, including members of the Lachno-
spiraceae and Clostridiaceae I families, with a few isolates from the
Eubacteriaceae and Bacillaceae 1 families also being detected (30,
31). Two examples among the isolates were 10 bacteria closely
related to Clostridium celerecrescens, a cellulolytic Lachnospiraceae

bacterium (32), and 17 isolates clustered near the cellulolytic ru-
men bacterium Ruminococcus albus (5, 30), but at only 88.5%
identity. An additional 15 isolates of the Ruminococcaceae were
isolated, and all were �97% similar to Oscillibacter valericigenes.
This bacterium, as well as Desulfovibrio, Faecalibacterium, Anaero-
stipes, and Prevotella species, can utilize the exopolysaccharides
produced by Bifidobacterium species (33), indicating that they
may play a supporting role for polysaccharide fermenters. For a
number of the species related to the isolates, especially those in the
Eubacteriaceae and Bacillaceae, information on plant cell wall uti-
lization was not readily available, and this will need to be explored
in greater detail. An additional niche that some Firmicutes may fill
in these enriched communities is fermentation of peptides and
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Bacteroidaceae
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B 

Porphyromonadaceae Group 1: NLAE-zl-C402, NLAE-zl-C405, 
NLAE-zl-C468, NLAE-zl-C385, NLAE-zl-C386, NLAE-zl-C404, 
NLAE-zl-C489 

Porphyromonadaceae Group 1: NLAE-zl-C137, NLAE-zl-C74, NLAE-
zl-C73 

Porphyromonadaceae Group 1: NLAE-zl-C220, NLAE-zl-C398, 
NLAE-zl-C330, NLAE-zl-C461, NLAE-zl-C320, NLAE-zl-C436, NLAE-
zl-C460, NLAE-zl-C422, NLAE-zl-C80, NLAE-zl-C336, NLAE-zl-C338, 
NLAE-zl-C420, NLAE-zl-C389, NLAE-zl-C464, NLAE-zl-C435, NLAE-
zl-C366, NLAE-zl-C364, NLAE-zl-C424, NLAE-zl-C249, NLAE-zl-
C417, NLAE-zl-C428, NLAE-zl-C327, Dysgonomonas mossii 
AJ319867, NLAE-zl-C416, NLAE-zl-C384, NLAE-zl-C438  

Bacteroidaceae Group 8: NLAE-zl-C489, NLAE-zl-C532, NLAE-zl-
C540, NLAE-zl-C541, NLAE-zl-C524  

Bacteroidaceae Group 7: NLAE-zl-C6, NLAE-zl-C7 

Bacteroidaceae Group 10: NLAE-zl-C177, NLAE-zl-C199, NLAE-zl-
C281, NLAE-zl-C162, NLAE-zl-C248  

Bacteroidaceae Group 11: NLAE-zl-C19, NLAE-zl-C585, NLAE-zl-C531, 
Bacteroides fragilis AB542764, NLAE-zl-C575, NLAE-zl-C37  

Bacteroidaceae Group 9: Bacteroides uniformis EU722741, NLAE-zl-C221 

Bacteroidaceae Group 12: NLAE-zl-C12, NLAE-zl-C458 
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Actinobacteria

Plantomycetes

Family

Enterobacteriaceae
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Enterobacteriaceae
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Enterobacteriaceae
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Enterobacteriaceae

Aeromonadaceae
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Coriobacteriaceae

Coriobacteriaceae

Coriobacteriaceae
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Enterobacteriaceae Group 1: NLAE-zl-C288. NLAE-zl-C290. NLAE-zl-C448. 
NLAE-zl-C451. NLAE-zl-C447. NLAE-zl-C303. NLAE-zl-C305. NLAE-zl-C295. 
NLAE-zl-C298. Proteus mirabilis JN162422, NLAE-zl-C292. NLAE-zl-C304. 
NLAE-zl-C302. NLAE-zl-C565. NLAE-zl-C581. NLAE-zl-C287. NLAE-zl-C296. 
NLAE-zl-C450. NLAE-zl-C580. NLAE-zl-C446 

Desulfovibrionaceae Group 2: NLAE-zl-C467. NLAE-zl-C133. NLAE-zl-C55. 
NLAE-zl-C69. NLAE-zl-C71. NLAE-zl-C443. NLAE-zl-C455. NLAE-zl-C561 
NLAE-zl-C298. Proteus mirabilis JN162422, NLAE-zl-C292. NLAE-zl-C304.  

Aeromonadaceae Group 1: Aeromonas punctata AY987761, NLAE-zl-
C452. NLAE-zl-C395. NLAE-zl-C9  

Desulfovibrionaceae Group 1: NLAE-zl-C400. NLAE-zl-C456. NLAE-zl-C401. 
NLAE-zl-C419. NLAE-zl-C437  

Fusobacteriaceae Group 1: NLAE-zl-C54. NLAE-zl-C78. NLAE-zl-C106  

Synergistaceae Group 1: NLAE-zl-C154. NLAE-zl-C562. NLAE-zl-C440. 
NLAE-zl-C567. NLAE-zl-C457  

Actinomycetaceae Group 1: NLAE-zl-C112. NLAE-zl-C92. NLAE-zl-C65. 
NLAE-zl-C90  

Propionibacteriaceae Group 1: NLAE-zl-C45. Propionibacterium acnes 
AY642051, NLAE-zl-C46. NLAE-zl-C42. NLAE-zl-C28  

Bifidobacteriaceae Group 1: NLAE-zl-C145. NLAE-zl-C148. NLAE-zl-C152. 
NLAE-zl-C209  

FIG 3 Cluster analysis with an unrooted dendrogram of bacterial isolates from cellulose and xylan-pectin enrichments of cow feces in the phyla Proteobacteria;
Gammaproteobacteria class, Enterobacteriaceae family; Deltaproteobacteria class, Desulfovibrionaceae family; Synergistetes; Fusobacteria; and Actinobacteria. The
genus and species names and GenBank (NCBI) accession number are included for the reference strains. Bacteria with �99% similarity are grouped in order to
simplify the dendrogram. The line at the top represents percent similarity across isolates; Schlesneria paludicola (Plantomycetes) is used as the outgroup.
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amino acids. Cotta et al. (34) identified a number of Clostridium,
Enterococcus, and Staphylococcus species isolated from pig feces
and stored manure with this capacity.

Members of the Bacteroidaceae family have been demonstrated
to be able to utilize a wide range of carbohydrates, including plant
cell wall carbohydrates (cellulose, xylan, pectins, and �-glucans
and galactans) and host mucopolysaccharides and glycoproteins
(35). Genomic analysis of Bacteroides species confirms the enrich-
ment for genes for enzymes targeting carbohydrates and that the
range of these enzymes is quite broad (36). Active enzymes target-
ing plant cell wall carbohydrates have been demonstrated in Bac-
teroides ovatus, B. thetaiotaomicron, B. xylanisolvens, B. uniformis,
and B. fragilis (37–39). Among the isolates, the majority of the
Bacteroidetes were closely related to B. ovatus, B. thetaiotaomicron,
and B. xylanisolvens; both B. ovatus and B. thetaiotaomicron have
multiple polysaccharide utilization loci that encode a broad range
of enzymes targeting various plant cell wall components (39).
While the Bacteroides are some of the most studied intestinal bac-
teria, 95.1% of the Bacteroidetes isolates had less than 97% identity
to previously cultured strains. While some high-throughput se-
quencing has shown Prevotella species to be present in bovine feces
(15, 40), no Prevotella species were isolated from any enrichment
culture, similar to the findings of analysis of 16S rRNA gene clone
libraries by Ozutsumi et al. (24). Interestingly, the Porphyromon-
adaceae were 36.3% of the Bacteroidetes, and 12 isolates were sim-
ilar (91%) to Parabacteroides distasonis, a human gut species that
has been shown to convert aromatic amino acids to phenolic acids
(41). Another 28 Porphyromonadaceae isolates were similar to
Dysgonomonas mossii, which has been isolated from diseased hu-
man intestine (42) and microbial fuel cells (43); however, little is
known about its function in the intestine.

Most of the Proteobacteria isolated (68.6% of total Proteobac-
teria) were Gammaproteobacteria in the Enterobacteriaceae family.
Enterobacteriaceae bacteria are members of the mammalian intes-
tinal microbiota and make up 7 to 8% of the microbiota (1), with
similar results found in cattle (15). The majority (89.3%) of the
Enterobacteriaceae isolates were classified as Proteus. In addition to
their ability to utilize a wide range of less complex substrates (sug-
ars, yeast extract, peptones, etc.), members of the Enterobacteria-
ceae with the ability to utilize plant cell wall substrates have been
isolated previously (44). Sixteen strains of the Desulfovibrionaceae
(Deltaproteobacteria, 31.4% of Proteobacteria) were isolated, even
though the media used were not designed to grow sulfate-reduc-
ing bacteria.

Isolates identified in the remaining 3 phyla (Fusobacteria, Ac-
tinobacteria, and Synergistetes) have been detected in mammalian
intestinal tracts (1, 45). While it not clear what function isolates
from these phyla carry out in the microbial communities of cellu-
lose and xylan-pectin enrichments, they have a wide range of fer-
mentative capacities. They may support the plant cell wall-utiliz-
ing bacteria by actively fermenting nitrogen compounds; bacteria
in both the Actinobacteria and Fusobacteria phyla have those prop-
erties (45). All of the Fusobacteria isolated had less than 95% iden-
tity to previously cultured strains. Although only 9 isolates were
identified as Actinobacteria, they had broad phylogenetic diversity.
Actinomycetaceae accounted for 31.2% of the Actinobacteria, but
their role in the large intestine is not clear. A large amount of data
on Bifidobacterium species (25% of Actinobacteria isolates), in par-
ticular, data on their selective growth in the large intestine when
oligosaccharides (inulin, fructo-oligosaccharides, and galacto-oli-

gosaccharides) are included in the diet of humans, are available
(46). Propionibacterium acnes and other species contribute to the
proteolysis and peptidase activity in the large intestine (47, 48).
Only 7 isolates of the Synergistetes were isolated, and while their
presence in the intestinal tract of mammals has been documented,
their function within the intestinal microbiota is unknown (45,
49).

This is the first report of extensive isolations of bacteria from
plant cell wall-degrading microbial communities in ruminant fe-
ces, evidenced by 98% of the isolates having less than 98.5% phy-
logenetic identity to cultured bacteria in the RDP. These bacteria
provide new opportunities to study the genomic and metabolic
capacities of these members of the complex intestinal microbiota.
The microbial communities that arose in these enrichment cul-
tures of cow feces had broad bacterial diversity that resembled that
in the feces of other mammals. Many of the bacteria isolated are
closely related to species demonstrated to produce enzymes that
ferment the cellulose and hemicellulose fractions of the plant cell
wall, but a significant number of the isolates likely fill metabolic
roles, such as amino acid synthesis, that support the plant cell wall
fermenters. The diversity and the fermentation capabilities of
these bacterial isolates confirm the complexity of the interactions
among microorganisms from a community, even in a highly spe-
cialized community such as that which grew in these carbohydrate
enrichment cultures. Although not all representatives of the mi-
crobes in these enrichment communities have been isolated,
metagenomic analysis of the total microbiome in these commu-
nities could be used to gain further insight into and a comprehen-
sion of total plant cell wall-fermenting microbial communities.
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