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Abstract

The molecular diversity of the microflora present within the equine large intestine was investigated through the analysis of PCR-amplified
16S ribosomal RNA gene sequences. Total genomic DNA, recovered from samples of large intestinal wall tissue and lumen contents, was
used to generate 272 random clones that were subjected to comparative phylogenetic analysis. The 272 sequences were classified into 168
operational taxonomic units/molecular species (at least 97% similarity), with 92% of recovered sequences being placed within two major
phyla: low %G+C Gram-positive bacteria (72%) and Cytophaga^Flexibacter^Bacteroides (20%). Over one-third (37%) of all sequences were
affiliated with one clostridial group, cluster XIVa. The remaining sequences were associated with Spirochaetaceae (3%), Verrucomicrobiales
(3%), high %G+C Gram-positive bacteria (6 1%) and Proteobacteria (6 1%). Within the recovered equine clone population only 5% of the
sequences corresponded to known organisms whose sequences are available in public databases. A further 6% corresponded to unidentified
sequences retrieved in similar 16S rDNA PCR-based studies. The vast majority of sequences recovered (89%) did not correspond to any
recorded sequences suggesting that the anaerobic microflora of the equine large intestine is severely underrepresented in the public domain
and the lack of recognised sequences in many branches of the phylogenetic tree suggests the equine flora may contain many novel bacterial
species. ß 2001 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

In horse, a non-ruminant herbivore, the large intestine is
an immensely enlarged fermentative chamber which con-
tains an extremely abundant and highly complex commun-
ity of anaerobic microorganisms. The composition and
activity of this obligatory anaerobic micro£ora, which in-
cludes bacteria, fungi, protozoa and archaea, have a pro-
found e¡ect on the health, growth, development and the
performance of the animal [1^3]. The large intestine (cae-
cum and colon) accounts for two-thirds of the volume of
the digestive tract, with a combined capacity of over 200 l
[4]. The microbial hydrolysis of dietary plant ¢bre within
the large intestine leads to the release of soluble sugars
which are fermented to short chain fatty acids (SCFA),
most notably, acetate, propionate and butyrate. SCFA

are absorbed across the large intestinal epithelium and
provide 60^70% of horse's body energy [5,6].

Despite its importance, the microbial community of the
equine hindgut has received relatively little attention. Mo-
lecular analysis suggests that Ruminococcus £avefaciens
and Fibrobacter spp. are among the cellulolytic bacteria
present in horses [7,8]. Knowledge of these and other
groups of bacteria is however very limited [9,10], com-
pared for example with the bacteria of the rumen [11^
13] and of the colon of human and pigs [14^16]. Further-
more, information on the predominant cellulolytic micro-
bial populations of equine gut is scarce [7^9]. There is an
urgent need therefore for information on the equine gut
micro£ora and their interspecies interactions especially in
relation to their physiological contribution to the health
and nutrition of the host. Understanding and predicting
the e¡ects of dietary change, stress, exercise, age, drug
treatment or disease upon the complex microbial ecosys-
tem of the gut requires both a basic knowledge of the
composition of the micro£ora and a rapid and convenient
technique for their study. Culture-based methods are often
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laborious, time consuming and may recover only a small
fraction of the total microbial diversity present within the
gut [17]. Molecular methods based on PCR have the ad-
vantage of producing direct information on community
structure and provide an e¤cient strategy for describing
microbial biodiversity within environmental samples
[13,18^20].

In the present study, we aimed to provide information
on bacterial community members within the equine gut by
analysis of 16S ribosomal RNA (rRNA) gene sequences
retrieved directly from samples of wall tissue and lumen
contents taken from the large intestines of several grass-
fed horses. Comparative phylogenetic analysis has shown
the majority of recovered sequences to be a¤liated with
two distinct phyla, the low %G+C Gram-positive bacteria
(LGCGP) and the Cytophaga^Flexibacter^Bacteroides
(CFB) assemblage. Furthermore, we report that the ma-
jority of sequences recovered here are only distantly re-
lated to known sequences from cultured bacteria and as
such may represent many novel bacterial species.

2. Materials and methods

2.1. Collection and processing of samples

Samples of colonic wall tissue (caecum, CW; proximal
colon, PW; mid colon, MW; distal colon, DW) and co-
lonic lumen contents (caecum, CL; proximal colon, PL;
mid colon, ML; distal colon, DL) were taken from ¢ve
freshly slaughtered grass-fed animals, not su¡ering from
any known intestinal diseases, obtained from the local
abattoir. Lumen contents were placed in marked alu-
minium foils and immediately frozen in liquid nitrogen,
while tissue samples were washed thoroughly in sterile
0.9% saline, pH 7.0, to remove luminal material prior to
being frozen in liquid nitrogen. Frozen samples were then
stored at 380³C until required.

2.2. DNA extraction

DNA was extracted from frozen tissue and luminal sam-
ples by a modi¢cation of the methods of Stahl et al. [21]
and Pryde et al. [15]. Frozen samples were thawed on ice
and 0.5-g aliquots were transferred to capped tubes con-
taining phenol^chloroform^isoamylalcohol (25:24:1) and
sterile glass beads (0.1-mm diameter). Sterile 10 mM Tris
bu¡er (pH 8.5) was then added to completely ¢ll the tubes.
The samples were beaten for 30 s followed by chilling on
ice for 1 min using a mini beadbeater (Biospec Corpora-
tion, Stratech Scienti¢c, Luton, UK); this procedure was
repeated six times. The aqueous supernatant was extracted
twice more with phenol^chloroform^isoamylalcohol
(25:24:1) and precipitated with isopropanol and ethanol.
The DNA pellets were resuspended in sterile 10 mM Tris
bu¡er (pH 8.5). To minimise variation between animals,

DNA from each gut region was pooled before ¢nal puri-
¢cation with 13% polyethylene glycol (8000); 1.6 M NaCl.
Puri¢ed DNA was resuspended in sterile 10 mM Tris bu¡-
er (pH 8.5) and stored at 320³C.

2.3. PCR

Total genomic DNA (2 Wg from wall tissue samples ; 50
ng from lumen content samples) was used as template for
PCR ampli¢cation of approximately 720 bp of 16S rDNA
with the eubacterial primers P3-Mod (5P-CGCGCCGC-
ATTAGATACCCTDGTAGTCC-3P [Escherichia coli po-
sitions 787^806]) and PC5 (5P-GCGGCCGC-TACCTT-
GTTACGACTT-3P [E. coli positions 1507^1492]) [15,16].
Each reaction contained 2.5 U Extensor Hi-Fidelity En-
zyme Mix (ABGene) and PCR cycling was performed as
follows: initial denaturation at 94³C for 5 min, denatura-
tion at 94³C for 20 s, annealing at 55³C for 20 s and
extension at 72³C for 1 min and 30 s. Twenty cycles of
PCR were used to minimise the risk of preferential ampli-
¢cation of certain 16S rDNA sequence types.

2.4. Random cloning of bacterial DNA

Ampli¢ed PCR products were excised from agarose gels
and puri¢ed using a commercial gel extraction kit (Qia-
gen). PCR products were then cloned into a pGEM-T
Easy vector plasmid (Promega). Ligation was performed
at 4³C overnight followed by transformation into compe-
tent E. coli JM109 cells. The clones were screened for
successful transformation using X-Gal (5-bromo-4-
chloro-3-indoyl-L-D-galactoside) and IPTG (isopropyl-L-
D-thiogalactopyranoside).

Transformed clones were selected and grown overnight
in Luria broth with ampicillin selection. Plasmid DNA
was isolated from 72 selected transformed clones from
each gut region (24 from wall tissue; 48 from lumen con-
tents) using a commercial plasmid miniprep kit (Eppen-
dorf). Insert DNA was sequenced at the University of
Liverpool sequencing facility. Only clones yielding clear
and unambiguous sequence data were included in subse-
quent analyses.

2.5. Phylogenetic analysis

The partial 16S rDNA sequences corresponding to E.
coli positions 807^1491 were compared directly to the
EMBL and GenBank non-redundant nucleotide databases
using the BLAST search facility [22]. Sequences derived
from previously cultured and described organisms of
known phylogeny which corresponded to major subdivi-
sions of the domain Bacteria were included in the phylo-
genetic analysis. The sequence data approximating to E.
coli positions 807^1491 were aligned with ALIGN X,
within Vector NTi suite 6.0 (Informax Inc.) and phyloge-
netic trees were generated using the PHYLIP package [23].
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The DNADIST program analysed distances with the Ki-
mura^Nei correction [24] and trees were generated from
distance matrices by the neighbour-joining method [25].
Bootstrap analysis was performed by resampling the
data 1000 times using the program SEQBOOT [26].

2.6. Nucleotide sequence accession numbers

The 16S rDNA sequences of clones used in phylogenetic
analysis have been deposited in the EMBL data library
under accession numbers AJ408036^AJ408266. The refer-
ence strains used in phylogenetic analysis were also from
the EMBL database.

3. Results

3.1. 16S rDNA sequence diversity of the equine colonic
micro£ora

Sequence analysis showed all sequences to contain con-
served regions typical of eubacterial 16S rDNA. Six pos-
sible chimeric sequences found with the program CHI-
MERA_CHECK [27] and by comparison of trees
derived from 200 bases at the 5P and 3P ends of the se-
quences were disregarded.

In total, 272 clones yielding unambiguous sequence data
were analysed both by comparative analysis to public da-
tabases and by phylogenetic inference. The 272 sequences
were classi¢ed into 168 operational taxonomic units
(OTUs)/molecular species based on at least 97% sequence
similarity. This value has been reported as discriminating
between bacterial species previously de¢ned on the basis of
DNA^DNA reassociation values [28], albeit for full length
16S rDNA sequences.

The vast majority of sequences recovered from the
equine gut in this study did not correspond to any re-

corded entries in the EMBL^GenBank databases. 77% of
the total number of sequences showed similarity values in
the range 90^97%, while 32 sequences (12%) showed less
than 90% homology to their nearest database entry. Only
29 (11%) of the sequences recovered from the equine large
intestine showed s 97% homology to any recorded en-
tries. Of these, 13 (5%) were related to a previously de-
scribed organism, all but one belonging to the LGCGP.
Streptococcus bovis was represented by ¢ve sequences com-
prising almost 2% of the total isolated population, with R.
£avefaciens being represented by three sequences (1%).
Clostridium barati was represented by two sequences, while
Butyrivibrio ¢brisolvens, Lactobacillus salivarius and the
proteobacterium Campylobacter lanienae were all repre-
sented by one sequence each. The remaining 16 sequences
(6%) were related to unidenti¢ed sequences retrieved in
other 16S rDNA clone libraries [11,12,29].

3.2. Phylogenetic analysis

Table 1 shows the distribution of sequences recovered
from each region of the equine large intestine. Represen-
tative clones encompassing all of the sequences recovered
were used in the construction of phylogenetic trees by the
methods previously described, as shown in Figs. 1^4.
Reference sequences shown include those identi¢ed as
being the closest relatives of the cloned sequences in the
database comparisons.

The LGCGP phylum dominates the recovered equine
sequences comprising 72% of the total number analysed
(Figs. 1 and 2). Many isolates belonged to established
clusters within the Clostridiaceae as de¢ned by Collins et
al. [30]. However, there are also three separate, distinct
and novel clusters within the LGCGP phylum containing
both equine and rumen sequences that do not correspond
to any of the known clostridial clusters. Clones DL23,
DL28, and DL29, all isolated from distal colon lumen,

Table 1
Summary of microbial diversity recovered from equine gut

Number of sequences (%) a¤liated with:

Gut region Ia III IV IX XI XIVa XIVb UCAb UCBc UCCd B^Le Mf CFBg HGCGPh Vi Pj Sk

Caecum 0 5(2) 8(3) 2(6 1) 1(6 1) 26(9) 1(6 1) 0 5(2) 1(6 1) 2(6 1) 0 16(6) 0 0 0 1(6 1)
Proximal colon 2(6 1) 8(3) 3(1) 1(6 1) 0 21(8) 0 0 6(2) 1(6 1) 2(6 1) 1(6 1) 15(5) 1(6 1) 4(2) 1(6 1) 3(1)
Mid colon 0 8(3) 5(2) 0 1(6 1) 29(11) 0 0 2(6 1) 2(6 1) 2(6 1) 2(6 1) 14(5) 1(6 1) 0 1(6 1) 3(1)
Distal colon 0 9(3) 5(2) 0 0 24(9) 0 3(1) 0 6(2) 0 0 11(4) 0 4(2) 0 2(s 1)
Total 2(6 1) 30(11) 21(8) 3(1) 2(6 1) 100(37) 1(6 1) 3(1) 13(5) 10(4) 6(2) 3(1) 56(20) 2(6 1) 8(3) 2(6 1) 9(3)

aRoman numerals indicate phylogenetic cluster of Clostridiaceae [30].
b`Unknown cluster A'.
c`Unknown cluster B'.
d`Unknown cluster C'.
eBacillales^Lactobacillales.
gMycoplasmatales.
gCytophaga^Flexibacter^Bacteroides.
hHigh G+C Gram-positive bacteria.
iVerrucomicrobiales.
jProteobacteria.
kSpirochaetaceae.
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formed part of `unknown cluster A' (Fig. 2). Twelve clones
(CL16, CL26, CL28, CL36, PW11, PW15, PL15, PL20,
PL27, PL29, MW13, and ML27), representing 5% of the
total clone population, were identi¢ed as members of `un-
known cluster B', while `unknown cluster C' comprised 10
equine sequences (CW06, PL04, MW12, ML26, DW07,

DW18, DL19, and DL22) isolated from all four regions
of equine large intestine sampled, representing 4% of the
total number. The robustness of all three clusters was
supported by strong bootstrap con¢dence (99^100%).

Cluster XIVa of the Clostridiaceae [30] (Fig. 1), which
contains many of the cellulolytic Clostridium spp., together

Fig. 1. Phylogenetic tree derived from partial 16S rDNA sequence data recovered from equine large intestine for members of cluster XIVa of the
LGCGP. The tree was constructed using neighbour-joining analysis of a distance matrix obtained from a multiple sequence alignment. Bootstrap values
are expressed as a percentage of 1000 trees ; values below 70% are not shown. Sequences obtained from known species are shown in italics. Aquifex py-
rophilus is used as the outgroup sequence. Scale bar represents the number of substitutions per nucleotide position.
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with Butyrivibrio spp., Ruminococcus spp., and Eubacte-
rium spp., is represented by the largest number of recov-
ered sequences, accounting for 37% of the total number
(Fig. 1). The equine sequences contained within cluster
XIVa are extremely diverse (Fig. 1), with 100 sequences
classi¢ed into 68 OTUs (s 97% sequence similarity). The

majority of isolated clones within cluster XIVa occupy
branches within the cluster that have no speci¢c a¤nity
to any cultured strains. A number of these novel subclus-
ters contain both equine and other unidenti¢ed sequences
(rumen and human), however, there are also subclusters
that contain only equine sequences recovered in this study.

Fig. 2. Phylogenetic tree derived from partial 16S rDNA sequence data recovered from equine large intestine for members of the LGCGP. The tree was
constructed using neighbour-joining analysis of a distance matrix obtained from a multiple sequence alignment. Bootstrap values are expressed as a per-
centage of 1000 trees ; values below 70% are not shown. Sequences obtained from known species are shown in italics. A. pyrophilus is used as the out-
group sequence. Scale bar represents the number of substitutions per nucleotide position.
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Only one cluster XIVa sequence showed greater than 97%
sequence homology to any recorded database entry (clone
DL20). Four of the clones within this cluster (CW15,
PW16, ML28, and DW17) were less than 90% similar to
any recorded sequences.

Twenty clones comprising 11% of the total number of
sequences were phylogenetically positioned with represen-
tatives of cluster III of the Clostridiaceae (Fig. 2). Eight of

these clones (CW05, CL30, PW09, PL19, MW02, ML41,
DW08, and DL30), representing all four regions of the
horse gut sampled including both wall tissue and lumen
contents, formed the single most predominant OTU recov-
ered (93% bootstrap con¢dence), represented 6% of the
total clone population and occupied a branch that did
not contain any known sequences. However, two of the
clones within the OTU (PW09 and DL30) did correspond

Fig. 3. Phylogenetic tree derived from partial 16S rDNA sequence data recovered from equine large intestine for members of the CFB assemblage. The
tree was constructed using neighbour-joining analysis of a distance matrix obtained from a multiple sequence alignment. Bootstrap values are expressed
as a percentage of 1000 trees ; values below 70% are not shown. Sequences obtained from known species are shown in italics. A. pyrophilus is used as
the outgroup sequence. Scale bar represents the number of substitutions per nucleotide position.
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to an unidenti¢ed sequence isolated from a human colonic
sample [29]. Clones DW19 and DL16 also formed a sep-
arate cluster within this group (bootstrap value 88%) re-
lated to a human colonic sequence [29].

Cluster IV was represented by 21 sequences, 8% of the
total clone population. Clones CW18, CL03, PL10, ML24,
DW14, and DL21, encompassing all four gut regions
sampled, formed a single OTU (5% of the total number
of sequences) associated with Ruminococcus callidus (78%
bootstrap con¢dence), while R. £avefaciens formed a sin-
gle OTU with clones PL14 and ML35. Clone DW04 was
associated with the Fusobacterium prausnitzi subcluster
(100% bootstrap con¢dence).

Other LGCGP groups represented include clusters I,
IX, XI, XIVb, the Bacillales^Lactobacillales group and
the Mycoplasmatales (Fig. 2). Cluster IX of the Clostridia-
ceae was represented by three sequences (CW09, CL27,
and PL25) that formed a single OTU, with Succiniclasti-
cum ruminis being the nearest relative. Cluster I was rep-
resented by one clone, PL23, which formed a single OTU

with C. barati. There were two clones placed within cluster
XI, CL32 and MW21 (bootstrap value 100%), which were
related to two unidenti¢ed rumen sequences [11,12], while
clone CL33 was a¤liated to cluster XIVb (bootstrap value
100%).

The Bacillales^Lactobacillales cluster contained four
clones, three of which formed a single OTU with S. bovis,
representing just under 2% of the total recovered clone
population. The remaining clone, MW20, formed a single
OTU with L. salivarius. Clones PL33, MW03, and ML30
were phylogenetically positioned with members of the My-
coplasmatales (bootstrap value 80%).

The second most represented phylum within the recov-
ered equine sequences is the CFB assemblage (Fig. 3). This
phylum comprises 20% of the total recovered sequences,
with the majority (18% of total) falling within the Bacter-
oides^Porphyromonas^Prevotella (BPP) group. However,
only one clone, PL11, showed more than 97% sequence
homology to any recorded database entry, this being an-
other unidenti¢ed equine sequence (accession number

Fig. 4. Phylogenetic tree derived from partial 16S rDNA sequence data recovered from equine large intestine. The tree was constructed using neigh-
bour-joining analysis of a distance matrix obtained from a multiple sequence alignment. Bootstrap values are expressed as a percentage of 1000 trees;
values below 70% are not shown. Sequences obtained from known species are shown in italics. A. pyrophilus is used as the outgroup sequence. Scale
bar represents the number of substitutions per nucleotide position.

Fig. 5. Gut bacterial diversity (from 16S rRNA gene sequences). aReferences [16,29], breferences [11,13], cthis study.
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AB045748). A large proportion of the clones did not cor-
respond to previously assigned groups. Clones CW11,
CL08, DW02, DL15, and DL24 formed a separate cluster
(bootstrap value 100%) related to Bacteroides cluster II
[27]. A further eight clones (CW16, CL01, PW01, PL38,
ML05, ML25, DW10, and DL08), representing all four
regions of the horse gut sampled, formed a novel, distinct
cluster comprising 3% of the total number of sequences,
and also included an unidenti¢ed equine sequence recov-
ered in another study (accession number AB045750). The
robustness of this cluster was con¢rmed by 100% boot-
strap con¢dence, and all of the clones contained signature
nucleotides relating to the BPP group [31]. Within the
Bacteroides group, there were a number of equine clones
that clustered with known subgroups. Clones PL40 and
MW16 clustered with the ruminal sequences RF17 and
RFN47 (bootstrap value 99%), members of Bacteroides
cluster I [32], with clones CL14, PW08, ML14, Ml19,
DL13, and DL24 related to ruminal sequences assigned
to Bacteroides cluster II [32] (bootstrap value 92%).

Twenty four sequences within the BPP group are a¤li-
ated with the Prevotella subgroup (9% of the total num-
ber), although the two main clusters, the non-ruminal Pre-
votella supercluster I, and the ruminal Prevotella
supercluster II, as de¢ned by Ramsak et al. [32], are not
represented by the recovered equine sequences. However,
seven clones (CW04, CL05, PL13, and CL22, PW14,
PL11, ML07) forming two separate clusters (94% and
81% bootstrap con¢dence respectively) were distantly re-
lated to Prevotella albensis and Prevotella bryantii, mem-
bers of the non-ruminal Prevotella supercluster I. A fur-
ther eight clones (PW13, PL17, ML11, DL01, and CL06,
PL21, ML08, DL02) formed two novel clusters within the
Prevotella subgroup not a¤liated to any known sequences
supported by bootstrap values of 87% and 100% respec-
tively.

The remaining phyla represented in the equine micro-
£ora comprise only 8% of the total number of sequences
recovered (Fig. 4). Nine sequences (3%) are a¤liated with
the Spirochaetaceae, with a bootstrap con¢dence value of
100%. Clones CL11, PL22, ML20, DL31, and PW03,
MW19 clustered with the known spirochaetes Treponema
bryantii and Treponema succinifaciens respectively. The
Verrucomicrobiales group also makes up 3% of the total
equine clone population. Six clones are a¤liated with this
group. Three of the clones (PW02, DW09, and DL10)
formed a distinct separate cluster, but showed a de¢nite
(100% bootstrap con¢dence), albeit distant, relationship to
Prosthecobacter fusiformis and Verrucomicrobium spino-
sum. The high %G+C Gram-positive bacteria (HGCGP)
and the Proteobacteria each comprised 6 1% of the total
recovered population. Both clones within the HGCGP
phylum were associated with known bacteria. Clone
ML10 was related to Slackia heliotrinreducens, a member
of the Coriobacteriaceae, while clone PL02 was closely
related to the Corynebacteriales. Clone MW08, within

the Proteobacteria assemblage, formed a single OTU
with C. lanienae, a member of the epsilon subdivision,
while clone PL06 formed a single, deep branch that did
not correspond to any of the known subdivisions of the
Proteobacteria. The phylogenetic position of this clone
within the Proteobacteria assemblage, however, was sup-
ported by a strong bootstrap value (93%).

4. Discussion

Horses are trickle feeders, possessing a voluminous and
elaborate intestinal tract. They are hindgut fermenters
with complex microbial digestion, uniquely adapted to
grazing on high ¢bre, low energy fodder. Domestication
of the horse has led to this natural pattern of feeding and
digestion being disturbed. Consequently, gastrointestinal
disease is the single most important cause of mortality in
the domestic horse and a major cause of morbidity and
¢nancial loss to the equine industry. An understanding of
the biology and microbiology of the intestinal tract is es-
sential for prevention and treatment of intestinal diseases.

The aim of this study was to provide information on the
microbial diversity within the large intestine of horses
maintained on a conventional grass-based diet, and to
provide the comparative framework that is required for
the further understanding of host^micro£ora relationships
within the horse. To our knowledge, there have been no
published data on the composition of the equine intestinal
micro£ora using PCR-based 16S rDNA sequence analysis,
although there are limited unidenti¢ed 16S rDNA sequen-
ces recovered from equine intestine in the public database.

One of the major ¢ndings of this study is the over-
whelming representation of the LGCGP, comprising 72%
of the total recovered clone population, with one group,
cluster XIVa, accounting for over one-third (37%) of all
sequences. The CFB group was represented by 20% of all
sequences, while the remaining 8% were split between sev-
eral other phyla. Although it is acknowledged that this
study is limited by the use of only one primer set and by
the analysis of partial sequences, the distribution of se-
quences seen here (at the phylum level) correlates well
with results obtained in similar studies for other species,
e.g. ruminants, humans [11,13,16,29] (Fig. 5), where the
majority of sequences also correspond to the LGCGP
and CFB. The numerical prevalence of the LGCGP bac-
teria, as shown in these similar 16S rDNA-based studies,
would suggest that this is the most important functional
group within intestinal ecosystems containing, as it does,
the majority of cellulolytic and ¢brolytic organisms such
as Clostridium spp., Ruminococcus spp., Butyrivibrio spp.,
and Eubacterium spp. It is, however, very di¤cult to as-
sign phenotypic characteristics to many of the recovered
equine bacterial sequences here, as most do not corre-
spond to any previously characterised species.

The most remarkable aspect of the data presented here
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is the extremely high degree of genetic diversity within the
bacterial populations of the equine large caecum and co-
lon. Furthermore, the data highlight the scarcity of similar
sequences in the public domain. The vast majority of se-
quences recovered in this study (89%) do not correspond
to any previously recorded 16S rDNA sequences and the
lack of recognised sequences in many branches of the
phylogenetic trees indicates that new and, as yet, unchar-
acterised phylogenetic groups could be represented among
the recovered equine sequences. Only 11% of the equine
sequences recovered were s 97% homologous to any re-
corded sequences, with only 5% corresponding to a recog-
nised species.

There are three novel clusters within the LGCGP phy-
lum (unknown clusters A, B, and C; Fig. 2), containing
both equine and rumen sequences, that do not correspond
to any of the clostridial clusters as de¢ned by Collins et al.
[30], which may represent new and functionally important
groups of anaerobic bacteria that have yet to be charac-
terised.

Even within known groups, there is a high level of di-
vergence between the equine sequences recovered here and
sequences available in the public databases. Within cluster
XIVa and the BPP assemblage, there is a remarkable de-
gree of diversity with a number of novel clusters occupying
branches that do not contain any known sequences (Figs.
1 and 3). These include clusters that are only represented
by equine sequences, and as such may be regarded as
possible `equine only' groups. Furthermore, many other
branches in the phylogenetic trees that do not contain
any recognised sequences are occupied by unidenti¢ed se-
quences recovered from horses, ruminants, mice and hu-
mans, which suggests that these clusters may be new
groups of anaerobic bacteria that can occur in many
host species.

There have been remarkably few studies concerning the
composition of the equine micro£ora using modern mo-
lecular methods, with ruminants and humans seemingly
the favoured subjects for study. Studies that do concern
horses have also had a tendency to be focused towards
speci¢c components of the micro£ora, rather than the mi-
cro£ora as a whole. Lin and Stahl [8] focused their e¡orts
on the quanti¢cation of the cellulolytic Fibrobacter spp. in
the equine caecum and colon by oligonucleotide probing
and concluded that Fibrobacter succinogenes accounted for
up to 12% of total rRNA extracted from the caecum and
4% from the colon. Similarly, Julliand et al. [7] detected F.
succinogenes, R. £avefaciens and Ruminococcus albus in
equine caecum by oligonucleotide probing, but concluded
that R. £avefaciens was the predominant cellulolytic spe-
cies in the caecum (up to 9% of total rRNA). Interestingly,
in our study we did not recover any sequences at all relat-
ing to F. succinogenes or R. albus, although we did recover
three sequences that formed a single OTU with R. £ave-
faciens (Fig. 2). The apparent di¡erences between our
study and those mentioned above [7,8] could be as a result

of an unknown PCR bias or perhaps di¡erences in diet
resulting in low abundance of F. succinogenes and R. £a-
vefaciens. Tajima et al. [11,12] also failed to detect F. suc-
cinogenes in two separate 16S rRNA studies on the rumen.
However, a recent publication by these authors [33] found
that DNA extracted from F. succinogenes was ampli¢ed
less e¤ciently by PCR in comparison to other gut bacte-
ria. Although di¡erent primers were used in this study, it
may be the case that this template is poorly ampli¢ed by
any set of primers leading to its underrepresentation in
PCR-generated libraries and giving rise to the apparent
contradiction between PCR and hybridisation data
[7,8,33].

In order to ascertain any potential di¡erences in micro-
bial community structure between di¡erent intestinal sites,
samples from both the wall tissue and lumen contents
from di¡erent regions of the equine caecum and colon
were taken. Di¡erences in colonic wall and lumen popu-
lations have already been shown in pigs [15]. However, our
data do not indicate any signi¢cant di¡erences in com-
munity structure between any of the di¡erent sample sites
in the equine gut, and therefore, sequences from each sep-
arate library were analysed and are presented as one li-
brary.

The major impact of the activity of the intestinal micro-
£ora in the horse is in the production of fermentation
products, mainly three monocarboxylates commonly re-
ferred to as SCFA, acetate, propionate and butyrate.
The absorption of these fermentation products is of crit-
ical importance to the horse as 60^70% of its body energy
requirements are met by SCFA [5,6]. It is, therefore, not
surprising that there are specialised membrane transport
systems in the caecum and colon known to transport
SCFA, expression of which is tightly regulated [34]. Ace-
tate is metabolised by many tissues such as heart, muscle
and brain whilst propionate is one of the major precursors
of gluconeogenesis [1]. Butyrate, in addition to being the
preferred energy source for colonocytes [35], has been
shown to have a much greater impact upon colonic epi-
thelia. The identi¢cation of butyrate response elements
upstream of some genes [36,37] suggests a much wider
role for butyrate in the control of gene expression and it
is thought that butyrate regulates proliferation and di¡er-
entiation in gut epithelia [38].

The production of SCFA, or alternatively other mono-
carboxylates, in the large intestine is dependent on two
interrelated factors: the composition of the resident micro-
£ora and the nature of the diet. In our study, we have
shown that the vast majority of recovered sequences ana-
lysed are a¤liated with members of the LGCGP, with
over one-third belonging to cluster XIVa. In a study of
colonic bacteria isolated from human colon, it was ob-
served that 100% of isolates producing s 2 mM butyrate
in vitro were members of the LGCGP, and that over 80%
of butyrate-producing isolates fell within cluster XIVa
[14]. Changes in diet, though, can radically alter both
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the community structure of the intestinal micro£ora [12]
and thus the relative proportions of SCFA/monocarboxy-
lates produced.

High grain diets containing soluble carbohydrates, if
given over and above the capacity of the small intestine
to digest and absorb them, can lead to elevated levels of
soluble carbohydrates entering the caecum and colon. This
has been implicated in the pathogenesis of equine acidosis
[39,40], a similar condition to that which occurs in the
rumen following a carbohydrate overload [41]. One partic-
ular organism, S. bovis, which ferments soluble carbohy-
drates, and produces lactate as its main metabolic product,
has been associated as a major culprit in the onset of lactic
acidosis [41,42]. Increased levels of lactic acid have not
only been shown to inhibit the absorption of SCFA [43]
but also can cause a rapid decline in the intestinal luminal
pH, and in severe cases can lead to the death of the ani-
mal. Interestingly, in the present study, we have identi¢ed
sequences relating to S. bovis (Fig. 2), and the presence of
such bacteria in the equine large intestine may prove to be
signi¢cant during periods of dietary change. Also recov-
ered in this study were sequences relating to bacteria ca-
pable of utilising lactate, most notably members of cluster
IX of the LGCGP (Fig. 2). These bacteria, which are able
to tolerate low pH conditions, have been shown to be
e¡ective in preventing lactic acid accumulation in the ru-
men [41,44] and have been observed to increase in number
from 4% to 46% during transition from high ¢bre to high
grain diet in ruminant animals [12].

Information on the basic structure of the equine intes-
tinal £ora, under steady-state conditions, is of vital impor-
tance in determining which components of the micro£ora
respond to dietary variations and are responsible for
changes in the gut environment. The microbial sequences
recovered in this study were ampli¢ed using primers that
were identi¢ed in previous studies as universal eubacterial
primers. It is possible, however, that certain bacterial
groups, for example Fibrobacter, Bi¢dobacteria, which
were not identi¢ed in this study, may not be e¤ciently
ampli¢ed by these primers. In this case, further studies
with additional primer pairings (including archaeal) plus
the sequencing of full length 16S rDNA sequences would
be required for an exhaustive survey of microbial diversity
in the equine large intestine. Nevertheless, the data pre-
sented here provide an important ¢rst step in indicating
the considerable uncharacterised microbial diversity that is
present within the equine gut. The remarkable diversity
observed with the equine sequences and the lack of recog-
nised sequences in many branches of the phylogenetic trees
suggest there may be signi¢cant new groups of intestinal
anaerobic bacteria which may be `equine only' or occur in
many host species. Furthermore, the sequences identi¢ed
here allow for the design of speci¢c oligonucleotide probes
that can be used to screen for the potential presence/ab-
sence of various phylogenetic groups in the equine intesti-
nal tract. The use of speci¢c probes will also allow for the

quantitative determination of the predominant bacterial
populations in the equine gut under any given circum-
stance. This will provide a rapid and convenient method
for monitoring the e¡ects of various known modulators
such as dietary change, stress, exercise, age, drug treat-
ment or disease on the complex micro£ora of the equine
large intestine. This will allow a better understanding of
the interrelationship between microbial composition and
the host physiology and pathophysiology.
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