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Abstract

Molecular biology approaches were employed to examine the genetic diversity of bacteria from the Cytophaga/Flexibacter/Bacteroides
(CFB) phylum in the rumen of cattle. By this means we were able to identify cultured strains that represent some of the larger CFB clusters
previously identified only by PCR amplification and sequencing. Complete 16S rDNA sequences were obtained for 16 previously isolated
rumen strains, including the type strains of Prevotella ruminicola, P. bryantii, P. brevis and P. albensis to represent a wide range of diversity.
Phylogenetic analysis of cultured strains revealed the existence of three clusters of ruminal CFB: (i) a cluster of Prevotella strains, which
have been found only in the rumen, including the two type strains, P. brevis GA33T and P. ruminicola 23T ; (ii) Prevotella spp. that cluster
with prevotellas from other ecological niches such as the oral cavity and which include the type strains, P. bryantii B14T and P. albensis
M384T ; (iii) two Bacteroides spp. strains clustering with B. forsythus of oral origin. In order to establish whether the cultivated isolates cover
the whole range of ruminal CFB genetic diversity, 16S rRNA gene sequences were amplified and cloned from DNA extracted from the same
rumen samples (one cow in Slovenia, one in Scotland and three in Japan). Sequencing and phylogenetic analysis of 16S rRNA genes
confirmed the existence of two superclusters of ruminal Prevotella, one exclusively ruminal and the other including non-ruminal species. In
the case of ruminal Bacteroides spp., however, phylogenetic analysis revealed the existence of three new superclusters, one of which has as
yet no cultivable counterpart. Interestingly, these Bacteroides clusters were represented almost exclusively by clone libraries from the
Japanese cattle and only three sequences were from the European cattle. This study agrees with previous analyses in showing that rumen
Prevotella/Bacteroides strains exhibit a remarkable degree of genetic diversity and suggests that different strain groupings may differ greatly
in their recovery by cultural methods. The most important conclusion, however, is that cultured strains can be identified that represent some
of the larger clusters previously identified only by PCR amplification and sequencing. ß 2000 Federation of European Microbiological
Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Molecular biology methods have made it possible to
directly examine bacterial diversity in complex microbial
ecosystems without cultivation [1]. This is usually accom-
plished through PCR ampli¢cation and cloning of riboso-
mal RNA genes followed by sequence and phylogenetic

analyses. In the beginning, only ecosystems that comprised
a rather limited number of di¡erent microbial species were
analysed, but in recent years highly complex microbial
communities such as those of the gut have also been ex-
amined [2^4]. The rumen is one of the most complex mi-
crobial ecosystems known [5,6] and the extreme genetic
diversity of bacteria living in the rumen has recently
been demonstrated by direct retrieval and sequence anal-
ysis of 16S rDNA [7,8]. According to Woese's classi¢ca-
tion [9], the rumen bacteria isolated so far belong to four
of the 11 bacterial phylogenetic groups or domains [10].
The commonly repeated assertion that there are about
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22 dominant species of rumen bacteria [10], however, con-
trasts with the results from molecular phylogeny. From
133 sequences analysed by Whitford et al. [7], 20 novel
Gram-positive bacteria and six previously uncharacterised
groups of Gram-negative bacteria were identi¢ed, the ma-
jority being similar to the Gram-negative bacteria from the
Prevotella-Bacteroides group and to low G+C Gram-pos-
itive bacteria related to the genus Clostridium. This sug-
gests that rumen bacterial diversity is not adequately rep-
resented by cultured strains for which the sequence
information is available. What is not yet clear, however,
is whether a major proportion of rumen microbiota has
remained uncultivated, or whether the above mentioned
discrepancy is the consequence of insu¤cient sequence
analysis of the available cultured strains that perhaps al-
ready correspond to the range of genetic diversity uncov-
ered by in vitro retrieval techniques. The present study
addresses this issue with respect to bacteria of the CFB
(Cytophaga/Flexibacter/Bacteroides) phylum [11,12] which
is one of the most important phylogenetic groups of bac-
teria in the rumen.

Prevotella/Bacteroides may account for 60^70% of ribo-
somal sequence diversity in rumen samples [7,13]. A sim-
ilarly high proportion of cultured isolates from the rumen
have been reported to be Prevotella strains in some studies
[14^16]. The genotypic and phenotypic variability within
cultured strains of rumen Prevotella has been demon-
strated [17,18] and recently the rede¢nition of the species
P. ruminicola and the elevation of three di¡erent groups of
strains to the species level was proposed [19]. Several ma-
jor branches of the phylogenetic trees constructed from
randomly cloned Prevotella/Bacteroides sequences lack
any sequences derived from cultured strains [7,8]. It seems
probable, therefore, that certain strains are more readily
recovered by cultural approaches than others. Before con-
cluding that the rumen is dominated by `unculturable'
Bacteroides/Prevotella strains, however, we need to ask
whether certain atypical or rarely isolated organisms might
actually be representative of signi¢cant groups of rumen
organisms. The present paper shows that a number of
cultured Prevotella strains do indeed fall within major
clusters identi¢ed previously only by random cloning
and sequencing studies. In contrast to the prevotellas, ru-
minal Bacteroides are underrepresented in cultivation-
based approaches and this may re£ect more strict require-
ments for anaerobiosis in the isolation of these bacteria.

2. Materials and methods

2.1. Sampling

In Slovenia, rumen £uid was obtained from a ¢stulated
black-and-white Holstein cow that was fed dry hay only.
The rumen £uid was sampled under anaerobic conditions
obtained by CO2 £ushing and was chilled in ice-cold water

(0³C). Immediately after sampling, the rumen £uid was
centrifuged at 16 000Ug for 10 min at 4³C. Cells were
resuspended in 10 ml TE bu¡er (pH 7.4) and frozen in
liquid N2 three consecutive times. Equilibrated phenol
(pH = 7.8; 18 ml) and 1.5 ml of 10% SDS were added to
the mixture. Cells were disrupted by bead-beating three
times for 1 min with a mixture of three di¡erent sizes of
zirconium beads (diameters r1 = 0.17^0.18 mm, r2 = 0.45^
0.50 mm, r3 = 3 mm) in a Braun Cell Homogenizer MSK
853 038/6 (Germany). Between beatings the sample was
chilled under liquid CO2. In Scotland, rumen £uid was
sampled from a cow fed 4^5 kg once daily of a ration
containing (per kg) 500 g grass hay, 299.5 g barley, 100 g
molasses, 91 g white ¢shmeal and 9.1 g of a vitamin/min-
eral mix. Cell disruption for DNA extraction was accom-
plished by bead-beating as described previously [13]. In
Japan, the samples of rumen £uid were obtained from
three cows fed a hay diet (4.5 kg) with a minor addition
of concentrate (0.5 kg). The concentrate consisted of corn
and barley (43%), bran (28%), oil meal (17%) and other
components including mineral salts and vitamins (12%).
The exact composition of the concentrate is available
upon request. Sampling and DNA isolation procedures
were as before [8].

2.2. Total microbial DNA isolation and puri¢cation

After bead-beating, 3 ml of 5 M NaCl was added to the
mixture and spun at 10 000Ug for 20 min at 4³C. The
aqueous phase was transferred to a fresh tube, extracted
with equilibrated phenol and precipitated with isopropa-
nol [20]. Extracted DNA was resuspended in 200 Wl TE
bu¡er. RNase (100 Wg ml31) was added and the sample
was incubated for 60 min at 50³C. Proteinase K (50 Wg
ml31), 10 Wl of 10% SDS and 20 Wl of 5 M NaCl were then
added and the mixture was incubated for 60 min at 37³C.
DNA was again phenol:chloroform extracted, separated
electrophoretically in a 0.8% (w/v) TAE agarose gel and
puri¢ed with QIAquick Gel Extraction kit according to
the manufacturer's recommendations (Qiagen, Germany).
DNA was extracted from samples obtained from the Scot-
tish animal as described previously [13].

2.3. PCR ampli¢cation

DNA from the Slovenian samples was ampli¢ed using
conserved eubacterial 16S rDNA primers fD1 (5P-ccga-
attcgtcgacaacAGAGTTTGATCCTGGCTCAG) (Escheri-
chia coli numbering 7^26) [21] and 1492 (5P-aagctt-
gcggccgcTACGGYTACCTTGTTACGACTT) (E. coli
numbering 1492^1513) [22]. The fD1 primer has an addi-
tional sequence attached to the 5P end containing restric-
tion sites for SalI and EcoRI (lower-case letters) [21] and
the reverse PCR primer has an additional sequence for the
NotI restriction site (lower-case letters). The reaction mix-
ture was ¢rst denatured at 94³C for 5 min and then sub-
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jected to 35 PCR cycles (1 min at 95³C, 2 min at 55³C and
3 min at 72³C) followed by 10 min at 72³C. For samples
from the Scottish cow, ampli¢cation was achieved with
primers 097L (gaattcgtcgacTGCCAGCAGCCGCGG-
TAATA) and 098L (aagcttggatcCCCGTCAATTCCTTT-
GAGTT) (lower-case letters again indicate the attached
sequences with restriction sites). 097L is a universal eubac-
terial primer and 098L a partially selective primer that
recognises Bacteroides and Prevotella spp. [18]; this primer
pair ampli¢es only the V4 and V5 regions. Ampli¢cation
involved 35 cycles of 2 min at 94³C, 2 min at 55³C and
2 min at 72³C. Ampli¢cation of 1.4 kb 16S rDNA sequen-
ces from Japanese samples was as described earlier [8].

2.4. Cloning and hybridisation

The ampli¢ed 16S rDNA genes ampli¢ed from DNA
isolated from Slovenian cow samples were separated by
electrophoresis, puri¢ed with QIAEX II Gel Extraction
kit (Qiagen, USA) and cloned into pBluescript II SK�

(Stratagene, La Jolla, CA, USA). Puri¢ed 16S rDNA frag-
ments were digested ¢rst with NotI (Gibco BRL) and SalI.
Phagemid pBluescript0 II SK (Stratagene) was digested
with both enzymes. pBluescript DNA and 16S rDNA am-
plicons were puri¢ed from a 0.8% (w/v) TBE agarose gel
with QIAEX II Gel Extraction kit before ligation and
transformation by electroporation into E. coli JM 109
(Promega). Ampli¢cation products from primers 097L
and 098L were cloned into pUC18 after cleavage of both
vector and PCR product with BamHI and SalI, using
E. coli XL1 Blue as transformation host for ligation mix-
tures.

Transformants giving white colonies on LB/Xgal plates
were screened by colony blot hybridisations [20], using
broad-range oligonucleotide probes speci¢c for the CFB
phylogenetic group (Table 1). Optimal hybridisation tem-
peratures were de¢ned experimentally and were 50³C for
BacPre, 45³C for BAC303 and 40³C for CF319a probe.

2.5. Restriction fragment length polymorphism (RFLP)
analysis and sequencing

All transformants which hybridised with CF319a and
BacPre probes were further analysed by restriction analy-
sis using AluI, DdeI, HhaI or TaqI endonucleases. Re-
combinant plasmids were prepared by a `mini-prep meth-
od' with 5% CTAB and ethanol precipitation [20]. Isolated
plasmid DNA was then used as a template in nested PCR
reactions. Plasmid DNA from transformants that hybrid-
ised with the BacPre probe was used as the template for
PCR ampli¢cation with primers fD1 and BacPre, whereas
plasmid DNA from transformants that hybridised with the
CF319a probe was used as the template for PCR ampli¢-
cation with primers fD1 and CF319a. Reactions (20 Wl)
contained 2 Wl of 10Ubu¡er, 200 WM dNTP, 8.5 pmol of
each primer, 2 mM MgCl2, 1 U Taq polymerase and 200

ng of plasmid DNA. The reaction mixture was ¢rst sub-
jected to 40 s denaturation at 94³C and then to 35 cycles
of 40 s at 94³C, 1 min at 55³C and 1 min 20 s at 72³C. The
PCR was ¢nished with 7 min elongation at 72³C.

PCR products were digested with the above-mentioned
endonucleases according to the manufacturer's recommen-
dations, separated by electrophoresis and analysed man-
ually. Plasmid DNA from representative transformants
was isolated as described above and used again as the
template for complete 16S rDNA ampli¢cation. The am-
pli¢ed fragments were then cycle sequenced using 27f, 519r
and 907r sequencing primers [22].

2.6. Phylogenetic analysis

Jaccard's and Simple Match coe¤cients were calculated
on the basis of observed RFLP pro¢les and phenograms
were made by the UPGMA method using the NTSYSpc
1.80 package (Applied Biostatistics Inc.) [24]. Sequence
fragments were assembled with the sequence alignment
program from the GCG package (Wisconsin, USA) at
the ICGEB computer site in Trieste (Italy) and on a
PowerMacG3 using AutoAssembler software (Applied
Biosystems). Putative chimeric sequences were identi¢ed
using the program Chimera_Check [25]. Sequences were
subjected to sequence analysis using the BLAST and FAS-
TA homology search algorithms [26,27]. The sequences
were automatically aligned (multiple sequence alignment)
by Clustal W program [28,29] using the default settings.
DNA distances were calculated with the DNAdist pro-
gram using the Kimura two-parameter method [30] and
phylogenetic trees generated using a neighbour-joining
method [31], both from the Phylip package (Phylogeny
Inference Package version 3.57c) [32]. In order to statisti-
cally evaluate the con¢dence of branching, bootstrapping
[33] was carried out with data resampled 1000 times. Only
values above 60% are shown in phylogenetic trees. Out-
groups were 16S rRNA sequences from E. coli or Aquifex
pyrophylus (accession number AQF16SRRN).

2.7. Nomenclature

For the ¢rst library (Slovenian cow), clone names begin
with p (BacPre probe) or c (CF319 probe), followed by the
number of the clone and su¤x ARRO. For the second
library (Scottish cow), clone names begin with j or jw,
followed by the number of the clone and the su¤x RRI.
The nomenclature of the third library was described pre-
viously [8].

2.8. Nucleotide sequence accession numbers

The nucleotide sequence data have been submitted to the
GenBank nucleotide sequence database under accession
numbers AF211207^AF211252, AF218594^AF218616 and
AF218617^AF218620.
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3. Results

3.1. Phylogeny of cultivated rumen CFBs

Full-length 16S rDNA sequences were determined for
the following rumen Prevotella isolates: P. ruminicola
TC2-3, TC2-24, TC2-28, TC18 and 223/M2/7, P. brevis
type strain GA33T (ATCC 19188), P. brevis TF2-5,
P. bryantii type strain B14T (DSM 11371), P. albensis
type strain M384T (DSM 11370), Prevotella sp. 28, Prevo-
tella sp. pf20-3, Prevotella sp. 158, Prevotella sp. T31,
Prevotella sp. 34, Prevotella sp. 24 and Prevotella sp. 20.
Full-length 16S rDNA sequences were also determined for
two strains of rumen Bacteroides, sp. 4 and sp. 14. These
strains represent a wide range of cultured rumen CFB
genetic diversity based on previous partial 16S rDNA se-
quencing and ribotyping of ruminal prevotellas [13,18] and
limited cultivation-based isolation of ruminal bacteroides.

Phylogenetic analysis divided cultivated ruminal prevo-
tellas into two large clusters, one including the type strains
of P. bryantii and P. albensis and the second with the type
strains of P. ruminicola and P. brevis (Fig. 1). The ¢rst
cluster, which is essentially represented by non-ruminal
prevotellas, also includes strain 223/M2/7 which is closest
to P. seregens and P. dentalis. Our other 13 prevotella
isolates fall into the second cluster of exclusively ruminal
prevotellas. This cluster is composed of ¢ve subclusters : (i)
P. ruminicola TC2-3, TF2-5 and TC2-28; (ii) P. brevis type
strain GA33 and P. ruminicola strain 1-1; (iii) P. rumini-
cola TC2-24; (iv) ¢ve isolates clustering around P. rumi-
nicola type strain 23 (28, pf20-3, 158 and T31; strain TC18
also belongs to this group as can be seen in Fig. 2) ; and
(v) three isolates from Japan, 20, 24 and 34 (Fig. 1). With-
in the ¢rst three subclusters, the similarity value between
the sequences is less than 98%. This or greater similarity
values are routinely used in molecular ecology for group-
ing 16S rDNA sequences from environmental samples into
operational taxonomic units (OTUs). However, there is no
de¢nitive agreement in microbial taxonomy on the criteria
for de¢ning species. Taking 6 98% sequence similarity as
a cut o¡, we would have to consider the strains TC2-3,
TF2-5, TC2-28, 1-1 and TC2-24 as separate species. Four
isolates in cluster iv, which are grouped with P. ruminicola
type strain 23, represent the same OTU and could be
considered strains of this species. Three OTUs in cluster
v also belong to the same species. Thus, the cluster of
`true' ruminal prevotellas consists of eight entities, two
of which have already been designated type species

(P. ruminicola and P. brevis). The remaining six perhaps
also require species nomination.

The only two Bacteroides isolates, 4 and 14, are very
distantly clustered with a periodontal species, Bacteroides
forsythus (Fig. 1) and represent a single OTU.

3.2. Analysis of in vitro retrieved CFB ribosomal sequences

To access the composition of ruminal CFBs without
cultivating them, DNA extracted from the rumen samples
was used to construct three libraries.

The ¢rst library, from the Slovenian cow, was subjected
to PCR ampli¢cation using modi¢ed universal eubacterial
primers [21,22] as described in Section 2. After cloning
into pBluescript II SK, transformants were screened by
colony blot hybridisation using oligonucleotide probes
(CF319a, BacPre) designed to be speci¢c for the CFB
phylum. Approximately 4% (28 of 640 transformants) hy-
bridised with probe CF319a and 56 (approximately 8%) of
transformants hybridised with probe BacPre. None of the
transformants was recognised by the BAC303 probe, de-
signed to be speci¢c for members of the genus Bacteroides.
A range of restriction pro¢les was observed following
cleavage with AluI, DdeI, HhaI or TaqI. UPGMA dendro-
grams were created on the basis of RFLP data using Jac-
card's and simple matching coe¤cients. Transformants
recognised by the Cytophaga-Flavobacterium cluster-specif-
ic probe (CF319a) were assigned into 14 clearly distinct
groups whereas the transformants recognised by the
BacPre probe were assigned into as many as 25 distinct
groups [34].

In the second library, the corresponding sequences were
obtained by partial selective ampli¢cation of DNA from
the animal in Scotland using the internal primers 097L
and 098L. Although not universal, the range of bacterial
rDNA genes ampli¢ed by this primer combination is
known to include Bacteroides and Prevotella strains [18].

The third library was generated by PCR ampli¢cation
of the almost full-length 16S rDNA sequences with prim-
ers 27f and 1525r which correspond to the positions from
8 to 1542 bp on the E. coli gene. Around 300 clones were
sequenced and 68 of them were found to be related to the
CFB phylum. For phylogenetic analysis, the additional
24 CFB-related full-length sequences were taken from
our previous work [8].

In libraries 1 and 2, a total of 51 clones were analysed
by sequencing of the V4 and V5 regions and 38 clones
were also analysed for the V1 and V2 regions. These anal-

Table 1
Digoxigenin-labelled oligonucleotide DNA probes used in colony blot experiments

Oligo probe Nucleotide sequence Speci¢city Reference

CF319a (E. coli No. 319^336) 5P-TGGTCCGTGTCTCAGTAC CFB (cluster Cytophaga-Flavobacterium) [23]
BAC303 (E. coli No. 303^319) 5P-CCAATGTGGGGGACCTT CFB (Bacteroides cluster) [23]
BacPre (E. coli No. 887^907) 5P-TCACCGTTGCCGGCGTACTC Prevotella, Bacteroides [18]
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yses essentially con¢rmed the existence of two major
groups of ruminal prevotella found with cultivated strains
(Fig. 2). The ¢rst group (`supercluster I'), which includes
prevotellas of non-ruminal origin, consists of one cARRO
strain and seven previous database sequences grouped
with P. albensis M384T, P. bryantii B14T and P. ruminicola
223/M2/7 (Fig. 2). The second group (`supercluster II'),
which includes only prevotellas of ruminal origin, consists
of three major clusters : (i) seven pARRO, six jwRRI and
seven database sequences grouped loosely with P. rumini-
cola strains 23T and TC18; (ii) seven pARRO, two jwRRI
and four database entries loosely clustered around P. ru-

minicola TC2-24; (iii) one pARRO, ¢ve jwRRI and two
database sequences loosely a¤liated with P. ruminicola
TC2-28. P. brevis GA33T, TF2-5 plus four cARRO, two
pARRO and three jwRRI sequences fell outside these
clusters, but fell within the `true' ruminal Prevotella group
established for the cultivated strains.

A small number of sequences (three cARRO and four
jwRRI) are located outside the CFB phylum and were
grouped in a cluster named X. The cARRO sequences
were most closely related to other sequences from uniden-
ti¢ed rumen bacteria, i.e. PCR-derived clones from similar
studies [7,8], as judged by the FASTA homology search

Fig. 1. Phylogenetic placement of 16S rDNA sequences from cultivated rumen bacteria belonging to the CFB phylum. Our sequences are shown in
bold, other sequences were obtained from databases. The E. coli sequence is used as the outgroup for rooting the tree. Numbers above each node are
con¢dence levels (%) generated from 1000 bootstrap trees. The scale bar is in ¢xed nucleotide substitutions per sequence position.
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algorithm results. The cultivated bacteria with most sim-
ilar sequences to cARRO sequences were clostridia and
ruminococci (below 85% homology). In the case of jwRRI
sequences, they were only moderately related to Bacillus
psychrophilus and Alkalibacterium olivoapovliticus (below
82% homology). Most probably they represent `false pos-
itives' of hybridisation or PCR ampli¢cation/cloning; this
was expected for the unselected clones obtained from the
Scottish cow. It is worth noting that sequences identi¢ed
by the BacPre and C319a probes (pARRO and cARRO,
respectively) showed little phylogenetic overlap. The
BacPre probe appears to be highly e¡ective for recovering
a range of rumen Prevotella sequences. In these two libra-
ries, very few sequences were found to resemble Bacter-
oides species. Since the BacPre probe certainly recognises
Bacteroides 16S rDNA sequences, this implies that this
group was not abundant in the animals from Slovenia
and Scotland.

Analyses of the V1 and V2 regions (not shown) gave the
same general conclusions. Although the TC2-24 and 23T

clusters were not clearly separated from each other in the
V1/V2 analysis, the same `supercluster' including P. brevis
GA33, TF2-5 and the P. ruminicola TC2-24, TC2-28 and
23T clusters was again identi¢ed.

The 92 complete sequences used in library 3 allowed
increased resolution con¢rming the existence of two major
Prevotella groups in the rumen (Fig. 3). Non-ruminal Pre-
votella supercluster I includes the sequence RF24 which
represents the same OTU as the type strain of P. bryantii
but other sequences still form three additional entities that
are not a¤liated with culturable isolates. In the `true' ru-
men Prevotella supercluster II, the cultivated isolates are
randomly distributed among in vitro retrieved sequences
and form clusters previously identi¢ed with cultivated iso-
lates (Fig. 3). In particular, (i) sequences p24 and p27 are
a¤liated with cluster i ; (ii) sequence 91 is related to cluster
ii which includes the type strain of P. brevis GA33; (iii)
sequences RC24, p91, p152, RC14, 75, 11 and RC18 be-
long to cluster iii ; (iv) sequences RCP19, 90 and 68 are
associated with the type strain of P. ruminicola 23T of
cluster iv; and (v) six sequences (p22, RC29, 36, 78, 21
and RC40) belong to cluster v. Due to the improved res-
olution in this library, strain TC2-28, which was loosely
a¤liated with cluster i of cultivated prevotellas, separates
as a new cluster, vi, encompassing in vitro retrieved se-
quences p139, 1, 19, 15, RF18 and 40 (Fig. 3). Thus the
majority of sequences in supercluster II (25 out of 43) are
associated with cultivated isolates.

Library 3 is represented by a broader range of Bacter-
oides-related sequences than libraries 1 and 2. With a high

degree of con¢dence, these can be divided into three super-
clusters (Fig. 3). The ¢rst supercluster has at its core the
representatives of the B. fragilis group, but the sequences
(64, p143, 2, p137 and 35) are only distantly related to this
well-de¢ned taxon. The second Bacteroides supercluster
includes 10 sequences (p148, 46, 41, RF17, 43, 12, 86,
47, 73 and 67) and has no cultivated representatives
(Fig. 3). The last supercluster includes 16 in vitro retrieved
sequences (79, 6, 37, 50, RC2, RC16, 84, 96, RF14, RC9,
RF2, RF26, RF15, p141, p6 and p146) and two cultivated
Bacteroides strains, 4 and 14 (Fig. 3). However, within the
supercluster, the cultivated strains are clearly separated
from the randomly retrieved sequences. Also, there is a
group of 11 sequences (RC11, 9, RF31, 76, 92, p135,
p10, p131, p111, p12 and p29) with indistinct a¤liation
residing between Prevotella and Bacteroides (Fig. 3). Thus,
unlike the situation with isolates and random sequences of
Prevotella, there are very few Bacteroides isolates to rep-
resent the range of extreme genetic diversity uncovered by
the random sequencing approach. Also, library 3 has a
notably higher proportion (around 30%) of Bacteroides-
related sequences than libraries 1 and 2.

4. Discussion

Recent studies have demonstrated the abundance of
Prevotella/Bacteroides among 16S rDNA sequences
present in rumen contents and have demonstrated remark-
able phylogenetic complexity among these sequences, with
most of the major clusters apparently lacking any cultured
representative [7,8]. The most important conclusion from
the present study is that at least some representatives of
the larger clusters of rumen Prevotella/Bacteroides strains
are available as cultured isolates. This suggests that most
strains belonging to these clusters are not necessarily `un-
culturable' although it is likely that they are seriously
underrepresented among cultured isolates. As we know
little about the functional diversity within and between
many of these clusters, the characteristics of the cultured
representatives are of considerable interest and merit fur-
ther study.

Based on 16S rDNA analysis, this study reveals two
principal groups of ruminal Prevotella. The ¢rst includes
those belonging to the newly de¢ned species P. bryantii
and P. albensis, which are related to Prevotella species of
non-ruminal origin. The second large group is a `super-
cluster' which includes only ruminal strains and clone se-
quences and has no cultured non-ruminal representatives.
Among cultivated strains, clusters iv and v are represented

Fig. 2. Combined phylogenetic placement of 16S rDNA sequences retrieved directly from the rumen £uid (libraries 1 and 2) and obtained from the cul-
tivated rumen CFBs. Clones recognised by the oligonucleotide probe CF319a were given the su¤x cARRO while sequences of clones recognised by the
BacPre probe have the su¤x pARRO. Nineteen clones isolated in Scotland are designated by the su¤x RRI. Other 16S rDNA sequences were obtained
from previous random sequencing studies of rumen 16S rDNA diversity [7,8]. The A. pyrophilus sequence served as the outgroup. Numbers above each
node are con¢dence levels (%) generated from 1000 bootstrap trees and are shown only if they exceed 60%.
6
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by several isolates and actually form OTUs with 98% sim-
ilarity values. Other isolates (TC2-3, TF2-5, TC2-28,
GA33, 1-1 and TC2-24) cover a wider range of diversity
within the supercluster but represent only single OTUs.
On the other hand, in vitro retrieved sequences cluster
with these single representatives and further isolation/iden-

ti¢cation work for the better representation of these clus-
ters would be valuable.

A possible explanation for the existence of two Prevo-
tella groups comes from the feeding habit of ruminants
since there is extensive exchange between the oral and
ruminal microbiota in ruminants during rumination. How-

Fig. 3. Combined phylogenetic placement of 16S rDNA sequences retrieved directly from the rumen £uid (library 3) and obtained from the cultivated
rumen CFBs. Our 16S rDNA sequences are shown in numerals or with pre¢xes p, RF, RFP, and RC. Our sequences from cultivated strains are shown
in bold, other sequences were obtained from databases. The E. coli sequence served as the outgroup. Numbers above each node are con¢dence levels
(%) generated from 1000 bootstrap trees and are shown only if they exceed 80%.
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ever, because of drastic numerical di¡erences between the
two microbiota, the relative number of oral prevotellas in
the rumen should be very low in comparison with the
number of `true' ruminal prevotellas. The relatively high
number of orally derived strains might be due to less fas-
tidious growth requirements than for resident ruminal
strains. Alternatively, it is possible that both groups of
Prevotella are primarily the residents of the rumen. Se-

quence analysis of oral CFBs from cows would clarify
this important question.

There is also evidence of extreme genetic diversity of
other CFBs from the rumen including, in particular, Bac-
teroides-related sequences. Interestingly, this genus was
represented by very few sequences in European animals
but was abundant in Japanese animals. Since the diet com-
position of Slovenian and Japanese cows was very similar

Fig. 3 (continued).
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(see Section 2), this di¡erence cannot easily be explained
by diet, although geographical variation remains a possi-
bility. It would require study of a wider range of animals,
diets and sampling times using more rapid pro¢ling or
probing approaches (e.g. [13]) to establish the factors af-
fecting the occurrence of this group. An alternative ex-
planation, however, is that the di¡erent incidence of Bac-
teroides-related sequences is the consequence of di¡erent
methodologies used in library construction. In libraries 1
and 2 sequences were pre-selected using a number of phy-
lum- and genus-speci¢c probes and primers (see Section 2).
In library 3, no selective enrichment was performed with
cloned bacterial sequences and the con¢rmation of their
a¤liation with the CFB phylum was obtained only after
complete sequence and phylogenetic analyses. In the light
of the extreme diversity of the ruminal Bacteroides group
the most plausible explanation for underrepresentation of
Bacteroides-related sequences in libraries 1 and 2 is that
the existing probes targeted a narrower range of diversity
than exists in the real ecosystem. Our sequence data will
be helpful in designing primers and probes covering a
broader range of ruminal and other Bacteroides sequences.
Currently, this diversity is not represented adequately by
cultivated Bacteroides isolates and it is actually limited to
a couple of isolates. Again, molecular probe-aided isola-
tion would help to close this gap.

The evolutionary reasons for the extraordinary genetic
divergence displayed by the majority of ruminal CFBs are
not clear, but the rDNA sequence di¡erences appear to
imply divergence over a very long period of time. The
complex anaerobic ecosystems that are supported by nu-
trient-rich gut environments such as the rumen and its
evolutionary forerunners may always have tended to pro-
mote and preserve microbial diversity.
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