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The phylogenetic diversity of the intestinal bacterial community in pigs was studied by comparative 16S
ribosomal DNA (rDNA) sequence analysis. Samples were collected from a total of 24 pigs representing a variety
of diets, ages, and herd health status. A library comprising 4,270 cloned 16S rDNA sequences obtained directly
by PCR from 52 samples of either the ileum, the cecum, or the colon was constructed. In total, 375 phylotypes
were identified using a 97% similarity criterion. Three hundred nine of the phylotypes (83%) had a <97%
sequence similarity to any sequences in the database and may represent yet-uncharacterized bacterial genera
or species. The phylotypes were affiliated with 13 major phylogenetic lineages. Three hundred four phylotypes
(81%) belonged to the low-G+C gram-positive division, and 42 phylotypes (11.2%) were affiliated with the
Bacteroides and Prevotella group. Four clusters of phylotypes branching off deeply within the low-G+C gram-
positive bacteria and one in the Mycoplasma without any cultured representatives were found. The coverage of
all the samples was 97.2%. The relative abundance of the clones approximated a lognormal distribution;
however, the phylotypes detected and their abundance varied between two libraries from the same sample. The
results document that the intestinal microbial community is very complex and that the majority of the bacterial

species colonizing the gastrointestinal tract in pigs have not been characterized.

The microbial ecology of gastrointestinal tract ecosystems is
not well understood due to the inadequacy of classical, culture-
dependent microbiological methods. Two decades ago, sub-
stantial efforts were put into characterizing the intestinal mi-
crobiota of pigs by using microbiological methods based on
culturing and phenotypic analysis of the isolates (1, 28, 36, 37,
39, 40). These studies showed that the majority of the cultur-
able bacteria are gram-positive, strict anaerobic streptococci,
lactobacilli, eubacteria, clostridia, and peptostreptococci, while
the gram-negative part of the microbiota is dominated by Bac-
teroides. Because culture-based methods are very time-con-
suming, thereby limiting the number of samples that can be
processed, no information on the population dynamics or com-
munity responses to perturbations was obtained.

Detailed information of the microbial community composi-
tion in natural systems can be gained from the phylogenetic
analysis of 16S ribosomal DNA (rDNA) sequences obtained
directly from samples by PCR amplification, cloning, and se-
quencing, although this procedure may be biased as well (9, 35,
46, 49, 50). 16S rDNA cloning and sequencing has been ap-
plied to analyze the intestinal bacterial community in humans
(45, 56) and in a pig (33) and compared to culture-based
methods. The results showed that the microbial community is
complex and that the bacterial diversity cannot be compre-
hended by culturing. However, these studies were limited, as
only a single individual was sampled, the number of clones
analyzed was small relative to the expected diversity, and the
phylogenetic analysis was based on partial sequences.

To improve our understanding of the intestinal ecosystem
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we have initiated the Pig Intestinal Molecular Microbiology
Project, which will implement and develop molecular methods
for structural and functional analysis of intestinal bacterial
communities. This paper presents the analysis of a library of
bacterial 16S rDNA sequences cloned from the gastrointesti-
nal (GI) tract microbiotas of 24 pigs. The purpose was to
provide an inventory of the phylotypes (bacteria defined only
by their 16S rDNA sequence) that can be found in the intes-
tinal tracts of Danish pigs. In the second phase of the project,
specific probes for the sequences will be designed and imple-
mented on oligonucleotide arrays (biochips) to facilitate dy-
namic analysis of the intestinal microbiota.

MATERIALS AND METHODS

Animals and sampling. Samples were collected from 24 pigs and analyzed.
The animals were 12 to 18 weeks of age and weighed 30 to 50 kg, except for 6
animals that were 2, 4, and 6 weeks old. The pigs were fed different diets as listed
in Table 1. Two animals were experimentally infected with Salmonella enterica
serovar Typhimurium but showed no clinical symptoms.

For sampling, the pigs were sacrificed and 5- to 10-cm sections of the ileum,
the cecum, or the top of the spiral colon were tied off and stored at —80°C until
further processing.

Extraction and purification of DNA. DNA was extracted from intestinal lu-
minal contents by a bead-beating method as previously described (21). Briefly,
200 mg of intestinal content was suspended in 600 pl of phosphate-buffered
saline, vortexed, and centrifuged 2 min at 200 X g. After transfer to a new tube,
the sample was centrifuged at 12,000 X g for 5 min and the pellet was resus-
pended in 570 pl of TE (10 mM Tris-HCI-1 mM EDTA [pH 8.0]). The bacterial
cells were lysed by shaking for 4 min on a minibead beater (Biospec Products
Inc., Bartlesville, Okla.) on Hi speed in 2-ml screw-cap tubes to which 350 to 400
mg of 100-wm-diameter Zirconia/Silica beads (Biospec Products Inc.) and 30 .l
of 10% sodium dodecyl sulfate had been added. After a brief spin in a micro-
centrifuge, the samples were transferred to a microcentrifuge tube and the DNA
was purified by the CTAB method (6); the DNA was dissolved in 50 pl of TE and
stored at —21°C.

16S rDNA amplification and cloning. The 16S rDNA was amplified using
primers S-D-Bact-0008-a-S-20 (5'-AGAGTTTGATCMTGGCTCAG-3' [19]) and
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TABLE 1. Basic conditions of pigs that were sampled

Sample analyzed”

Pig” Diet
Tleum Cecum Colon

SPF-A? Standard” O O O
SPF-B? Standard 0 0
SPF-C” Standard ad O
Organic®  Standard O O O
s-962¢ Standard, no Tylosin | 0 a
$-959¢ Standard, 60 ppm Tylosin 0 O g
A-65 Standard O
A-42 Standard g
G-55 Standard, 2% lactic acid O
G-23 Standard, 2% lactic acid g O O
SwA Standard O O O
F-9 Fermented standard feed g O ]
B-18 Cp# O O
E-24 CP, 12% sugar beet pulp O
6C CP, 10% potato starch O
2W-a,b¢ Sow’s milk g O O
4W-a,b* Sow’s milk and dry feed o’ ad O
6W-a,b* Standard O O O
28-Fa Standard, 1.8% formic acid O
29-stf Standard, fine |
30-stc Standard, coarse O

“ Unless otherwise stated, the pigs originated from experimental studies at the
Danish Veterinary Laboratory and were 12 to 16 weeks of age.

® SPF-A, SPF-B, and SPF-C were bought from a specific pathogen-free high-
health, commercial herd.

¢ Organically reared pig.

@ Experimentally challenged with Salmonella enterica serovar Typhimurium,
with or without Tylosin as a growth promoter.

€ 2W-a,b, 4W-a,b, and 6W-a,b were six animals bought from a commercial herd
and were 2, 4, and 6 weeks old, respectively.

/Standard feed based on wheat, barley, soybeans, and fish meal, without
antibiotic growth promoters.

& CP, cooked rice and animal protein.

" Marked samples were analyzed.

 The ileal sample from pig 4-Wb was not analyzed.

-*-Univ-1492-a-A-19 (5'-GGTTACCTTGTTACGACTT-3' [modified from
that described in reference 19]) (oligonucleotide probe nomenclature according
to Alm et al. [2]). The primers were purchased from DNA Technology, Aarhus,
Denmark. Reaction conditions were as follows: 20 mM Tris-HCI (pH 8.8), 10
mM KCl, 10 mM (NH,),SO,, 2 mM MgSO,, 0.1% Triton X-100, 1 mg of bovine
serum albumin ml ™!, 400 uM concentrations of each deoxynucleoside triphos-
phate, 1 mM MgCl,, 0.25 uM concentrations of each primer, 2.5 U of Pfu
polymerase with exonuclease activity (Stratagene, Cambridge, United Kingdom),
and 2 pl (=30 ng of DNA) of template DNA in a total volume of 50 pl. PCR was
performed using a PTC-200 Thermal Cycler (MJ Research, Watertown, Mass.)
using the following program: 3 min 15 s of initial denaturation at 94°C followed
by 30 cycles of denaturation (45 s at 94°C), annealing (45 s at 53°C), and
extension (3 min 30 s at 72°C), with a final extension at 72°C for 10 min. Five
reactions were made from each sample, and the PCR products were pooled
before further processing. Amplified DNA was verified by electrophoresis of 8-l
aliquots of the pooled PCR products in 1.5% agarose gels. The PCR products
were purified on QIAquick PCR purification kit columns (QIAGEN GmbH,
Hilden, Germany), redissolved in double-distilled water, and stored at —20°C.
Blunt-end PCR products were cloned into linearized pCR-Blunt vectors (Invitro-
gen, Groningen, The Netherlands), and One Shot TOP10 Competent Esche-
richia coli organisms (Invitrogen) were transformed using a Zero Blunt PCR
Cloning Kit (Invitrogen), according to the manufacturer’s instructions. Colonies
were grown on low-salt Luria-Bertani (Invitrogen) plates for 18 to 24 h. Ninety-
six single colonies from each sample were picked randomly, transferred to SOB-
Zeocin (2% tryptone, 0.5% yeast extract, 0.05% NaCl, 2.5 mM KCI, 10 mM
MgCl,, 50 pg of Zeocin ml™") medium (Invitrogen), and grown for 24 h at 37°C
either in 15-ml tubes or in 2-ml-well flat-bottom 96-well blocks (QIAGEN
GmbH) sealed with AirPore film (QIAGEN GmbH).

Two hundred-microliter stocks of each clone were stored in SOB-glycerol in
2.2-ml Deep Well Plates (Advanced Biotechnologies LTD, Surrey, United King-
dom) sealed with Adhesive Plate Seal (Advanced Biotechnologies LTD) at
—80°C.
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Plasmid preps were done either in single tubes with the QIAprep Spin Mini-
prep Kit (QIAGEN GmbH) or in 96-well blocks with a QIAprep 96 Turbo
Miniprep Kit (QIAGEN GmbH) using a QIAvac vacuum manifold (QIAGEN
GmbH).

Sequencing of rDNA. The 16S rDNA nucleotide sequences of the inserts were
determined by cycle sequencing using the ABI PRISM BigDye Terminator Cycle
Sequencing Kit (PE Biosystems, Foster City, Calif.) according to the manufac-
turer’s instruction. Sequences were read with an automatic sequence analyzer
(ABI PRISM 377 DNA Sequencer; PE Biosystems). Partial and near-full-length
sequences were generated. All clones were sequenced at the 3'-terminal part of
the molecule with a single primer, S-D-Bact-0907-a-S-20 (5'-AAACTCAAAGG
AATTGACGG-3'). This provided sequences of approximately 450 bp, which
were used for a provisional grouping of the sequences (see below). Representa-
tive sequences from each group were subjected to near-full-length, bidirectional
sequencing of both strands using the following primers: S-D-Bact-0008-a-S-20,

-*-Univ-0519-a-A-18 (5'-GTATTACCGCGGCTGCTG-3'), S-D-Bact-0786-a-
A-20 (5'-GACTACCAGGGTATCTAATC-3"), S-D-Bact-0907-a-S-20 (5'-AAA
CTCAAAGGAATTGACGG-3'), S-D-Bact-1054-a-A-20 (5'-ACGAGCTGAC
GACAGCCATG-3'), and S-*-Univ-1492-a-A-19.

Sequence analysis. The sequences were aligned to the Ribosomal Database
Project (RDP) small subunit rRNA alignment version 7.1 (26), running locally in
the ARB sequence environment (4). The RDP 7.1 alignment comprises 7,008
entries of mostly full-length or partial sequences for the Bacteria domain. The
cloned sequences were automatically aligned using the ARB Sequence Editor
v2.0, and the alignment was inspected and corrected manually based on known
secondary structure when necessary. The aligned sequences were placed on the
phylogenetic tree of the RDP alignment version 7.1 using the constrained max-
imum-parsimony method provided in the ARB software. This method facilitated
the addition of the new sequences to the validated and optimized framework tree
of the RDP alignment, produced by the maximum-likelihood method (25), with-
out allowing for changes in the overall tree topology (24). Furthermore, with this
method any bias introduced by the selection of a subset of sequences a priori,
necessary to redraw the trees of the involved phylogenetic groups with other
treeing methods, was avoided. Only unambiguous nucleotide positions were
included in the analysis. Distance matrices and similarities were calculated ac-
cording to the Jukes-Cantor model (16). The percentage of coverage (13) was
calculated by the formula [1 — (r/N)] X 100, where n is the number of phylotypes
represented by one clone and N is the total number of clones.

Initially the partial sequences were analyzed. Single sequences, or clusters of
sequences that grouped together on the tree, with less than 97% similarity to any
other cloned sequence were identified as provisional phylotypes. At least one
representative from each of the provisional phylotypes was selected for bidirec-
tional sequencing of the region from positions 27 to 1492 of the 16S rDNA (E.
coli numbering).

All near-full-length sequences were tested for possible chimeric structures.
Chimeras were detected by the RDP analysis service Check__Chimera (20) by
comparing the phylogenetic positions of the partial and near-full-length se-
quences from the clones and during the manual inspection of the alignment.

The near-full-length sequences were aligned and drawn on the RDP alignment
7.1 tree as described above, and the similarity to the closest related sequence in
the alignment was calculated according to the Jukes-Cantor model. The se-
quences were assigned to individual operational taxonomic units (OTUs; phylo-
types) based on their phylogenetic positions and the 97% sequence similarity
criterion.

When clusters of phylotypes did not group with any sequences in the database,
the phylogenetic positions of these clusters were tested in neighbor-joining trees
with 1,000 times resampling to determine the significance of the clusters from
bootstrap values with the ARB software. For the neighbor-joining trees, datasets
were selected to cover the phylogenetic diversity in the taxonomic group which
the unknown phylotypes were affiliated with.

All dendrograms in this paper present near-full-length sequences added to the
tree provided with the RDP alignment 7.1 using the maximum-parsimony
method in ARB without changing the original topology of the tree. However, for
clarity and to minimize the sizes of the figures, replicate sequences of individual
species were removed from the figures. A complete phylogenetic tree of the RDP
alignment 7.1 with all detected phylotypes added is available upon request from
the corresponding author.

Nucleotide seq bers. The near-full-length 16S rDNA se-
quences have been deposited in the GenBank database under accession numbers
AF371468 to AF371949.

e accession
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TABLE 2. Diversity and coverage of phylotypes from
the porcine GI tract in 24 pigs

No. of No. of No. of Coverage

samples clones phylotypes (%)* H
Tleum 13 968 86 96.2 4.65
Cecum 16 1,262 231 94.1 6.78
Colon 23 2,040 298 95.8 6.90
Total 52 4,270 375 97.8 6.88

¢ According to Good (13).
® The Shannon-Wiener index, H, is defined as — = p; log, p;, where p; is the
decimal fraction of individuals (clones) of the ith species (phylotype).

RESULTS

A total of 3.5 Mb of 16S rDNA was sequenced. Fifty-two
samples from the 24 animals were analyzed (Table 2). From
each sample, 96 clones were picked randomly. The average
cloning efficiency was 86%, and in total 4,270 clones contained
an insert that could be sequenced.

The partial sequencing with the S-D-Bact-907-a-S-20 primer
provided approximately 450 bp at the 3'-terminal part of the
16S rDNA. This part of the 16S rDNA, comprising the variable
regions V6, V7, V8, and V9 (30), was used for the provisional
grouping of the sequences.

One representative of each of the preliminary groups was
selected for sequencing of the region encompassed by primers
S-D-Bact-0008-a-S-20 to S-*-Univ-1492-a-A-19 of the 16S
rDNA, and the phylogenetic analysis was done on these near-
full-length 16S rDNA sequences.

Sixty-five of the near-full-length sequences (11.9%) were
identified as possible chimeras and were rejected from further
analysis, because the Check__Chimera program suggested a
chimera, and/or a significant difference between the phyloge-
netic positioning of the partial and the near-full-length se-
quence from a clone was seen, and/or the similarity between a
clone sequence and a database entry abruptly shifted from high
similarity in one part of the sequence to a lower similarity in
the remaining part of the sequence.

Based on the 97% sequence similarity criterion, 375 opera-
tional taxonomic units were found. Each of these represents a
phylotype and may be a representative of a bacterial species.
The number and distribution of phylotypes and hence the
bacterial diversity varied among the three sampling locations.
The Shannon-Wiener index (55) for the ileum was 4.65, in-
creasing to 6.78 and 6.90 in the cecum and colon, respectively
(Table 2).

The overall mean similarity between the 375 phylotypes and
their closest related known bacterial species for which the 16S
rRNA sequences are available in the RDP alignment 7.1 was
92.6%. Sixty-six OTUs (17.6%) had a similarity of 97% or
higher to any sequence in the RDP, i.e., 309 of the phylotypes
were putative representatives of hitherto unknown or unse-
quenced bacterial genera or species.

Ninety-four phylotypes were detected only once, and the
percentage of coverage was 97.8% in all samples from the 24
pigs analyzed, i.e., 2.2% of the clones in a new library produced
from those pigs would represent previously undetected phylo-
types. The coverage in the individual parts of the GI tract was
slightly lower (Table 2).
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The phylotypes were assigned to 13 major phylogenetic lin-
eages (Table 3). Three hundred four (81%) of the phylotypes
belonged to the low-G+C gram-positive division.

Clostridium and relatives (RDP reg. no. 2.30.9). Figures 1
and 2 show the phylogenetic inferences among the OTUs af-
filiated with the Clostridium botulinum group (RDP registra-
tion [reg.] no. 2.30.9.2) and the Clostridium leptum subgroup
(RDP reg. no. 2.30.9.1.3).

Nine OTUs belonged to the Clostridium botulinum group
(Fig. 1). They were related to known bacterial species isolated
from intestines or rumen. Seven OTUs were found in the
Clostridium barati subgroup (RDP reg. no. 2.30.9.2.11). Clos-
tridium celatum was represented by three phylotypes with high
similarity. They were abundant among the clones (72 clones
together) and were detected in 14 pigs at all sampling sites. C.
barati and Clostridium longisporum were each represented by
two phylotypes found at low frequencies.

Two OTUs were affiliated with the Clostridium perfringens
subgroup (RDP reg. no. 2.30.9.2.11.3) and were related to
Sarcina maxima and C. perfringens. Seventy clones belonged to
the latter phylotype; however, the distribution was biased be-
cause they were found only in the 2-week-old pigs. They were
detected in the ilea, ceca, and colons of those animals.

Four large clusters of phylotypes that had no cultured rep-
resentatives were found close to the Clostridium leptum sub-
group (Fig. 1). These clusters branched off deeply in the tree,
suggesting that they were higher-order taxonomic structures.
CLUSTER__B, CLUSTER__C, and CLUSTER__D were po-
sitioned between the Clostridium leptum subgroup (RDP reg.
no. 2.30.9.1.3) and the Clostridium thermolacticum subgroup
(RDP reg. no. 2.30.9.1.2), with bootstrap values of 97 to 99%;
whereas CLUSTER __E was located near the STR.16SX sub-
group (RDP reg. no. 2.30.9.1.4). The bootstrap value was
slightly lower (85%) for this cluster.

CLUSTER_ B consisted of 12 OTUs with similarities
among one another from 81 to 96.9%. These OTUs clustered
together with published phylotypes from the bovine rumen (54,
47) and from the large intestine of a pig (33), with low se-

TABLE 3. Major phylogenetic lineages to which the phylotypes
from the porcine GI tracts were affiliated

No. of R
. . RDP Similarity
Phylogenetic grou hylotypes b
Yo g Teg. no- pdztec}t/gd (%)
Eubacterium and relatives 2.30.4 125 93.0
Clostridium and relatives 2.30.9 109 92.2
Bacillus-Lactobacillus-Strepto- 2.30.7 46 96.7
coccus subdivision
Flexibacter-Cytophaga- 2.15 42 87.5
Bacteroides group
Proteobacteria 2.28 20 94.8
Sporomusa and relatives 2.30.3 15 94.7
Mycoplasma and relatives 2.30.8 8 78.6
High-G+C bacteria 2.30.1 4 93.5
Spirochetes and relatives 2.27 2 86.4
Clostridium purinolyticum group 2.30.5 1 94.4
Planctomyces and relatives 2.20 1 86.0
Flexistipes sinusarabici assemblage 2.14 1 85.9
Anaerobaculum thermoterrenum group 2.11 1 84.3

“ Phylogenetic grouping according to the RDP.
® Mean similarity of all the phylotypes affiliated with that group to the most
closely related sequences in the RDP alignment version 7.1.
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OTU-154 [98.9%, 24]
Clostridium celatum DSM 1785 (T)
OTU-370 [98.5%, 3]
OTU-151 [96.3%, 45]

Clostridium quinii DSM 6736 (T)
Clostridium chauvoei ATCC 10092 (T)
Clostridium septicum ATCC 12464 (T)

i Clostridium carnis ATCC 25777 (T)
Eubacterium nitritogenes DSM 3985 (T)
Eubacterium budayi ATCC 25541 (T)
Clostridium barati ATCC 43756
Clostridium absonum DSM 599 (T)
Eubacterium moniliforme ATCC 25546 (T)
Eubacterium multiforme DSM 20694 (T)
OTU-155 [98.1%, 1]
OTU-156 [94.1%, 1]
Clostridium cellulovorans DSM 3052 (T)
Clostridium barati VPI 1586
Clostridium paraputrificum ATCC 25780 (T)
Clostridium chartatabidum DSM 5482 (T)
Clostridium longisporum DSM 8431
OTU-152 [97.8%, 1]
Clostridium aurantibutyricum
OTU-153 [96.7%, 3]

C.BUTYRICUM

Sarcina ventriculi

Sarcina ventriculi DSM 286

OTU-157 [98.8%, 2]

Sarcina maxima

Eubacterium tarantellus ATCC 29255 (T)
Clostridium perfringens ATCC 13124 (T)
OTU-371 [99.9%, 70]
C.ALGIDICARNIS

C.CADAVERIS

C.BOTULINUM

Clostridium scatologenes ATCC 25775 (T)
C.COCHLEARIUM

C.SUBTERMINALE

C.ACETOBUTYLICUM

| — C.THERMOBUTYRICUM

Clostridium proteolyticum ATCC 49002 (T)
Clostridium histolyticum ATCC 19401 (T)
Clostridium limosum ATCC 25620 (T)

CLR.FERVIDUS

Oxobacter pfennigii DSM 3222 (T)

| ———" CCS.OWENSENSIS

FIG. 1. Dendrogram showing the phylogenetic affiliation of OTUs in the Clostridium botulinum group (RDP reg. no. 2.30.9.2) and four
deep-branching clusters of OTUs from the porcine GI tract. Near-full-length 16S rDNA sequences were aligned to the Ribosomal Database
Project small subunit rRNA alignment version 7.1 and added to the matching phylogenetic tree without changing the topology of the tree by using
the constrained maximum-parsimony method provided in the ARB software. 16S rDNA sequences from the bovine rumen (superscript a [47] and
b [54]) and the GI tract of a pig (superscript ¢ [33]) were added to this tree. The scale bar represents a 10% estimated sequence divergence. For
each OTU the similarity to the closest related known bacteria and the number of clones belonging to that phylotype are indicated. The most closely
related bacteria in the database and the mean similarity for the deep-branching clusters were as follows: CLUSTER __ B, Acetivibrio cellulolyticus
(84.1%); CLUSTER__C, Acetivibrio cellulolyticus (86%); CLUSTER__D, Eubacterium plautii (84.6%); CLUSTER__E, STR.16SX-1 (81.7%).

quence similarity. All but one OTU were detected more than
once. CLUSTER__ C had seven phylotypes with low intraclus-
ter sequence similarity (86.5 to 94.6%). None of the published
sequences from the bovine rumen or the pig GI tract clone
libraries were affiliated with this cluster. The four OTUs in
CLUSTER__D grouped together with sequences from three
unidentified rumen bacteria and had mutual similarities from
85.8 to 90.7%. CLUSTER__E consisted of nine phylotypes

with similarities from 78.1 to 91.8%. They clustered with se-
quences from both the bovine rumen and the pig GI tract with
low sequence similarity.

Sixty-eight phylotypes were affiliated with the Clostridium
leptum subgroup (RDP reg. no. 2.30.9.1.3), (Fig. 2). The OTUs
grouped into 15 clusters of which 11 included previously cul-
tured representatives. Six OTUs clustered around the intesti-
nal bacterium Fusobacterium prausnitzii with sequence similar-
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C.LEPTUM_SUBGROUP (see Fig. 2)

unidentified rumen bacterium RFN85 & =

OTU-334 [1]
unidentified rumen bacterium RFN71 @
unidentified rumen bacterium RFN17 &

OTU-144 [1]

OTU-145 [1]

OTU-146 [2]
OTU-147 [5]
OTU-305 [1]

OTU-158 [8]

OTU-311 [6]
OTU-385 [5]

unidentified rumen bacterium JW19 ©
unidentified rumen bacterium 12-110 2
unidentified rumen bacterium RFN33 &
OTU-307 [3]
OTU-314 [4]

unidentified rumen bacterium RFN16 &
unidentified rumen bacterium RF10 &
unidentified rumen bacterium RFN25 &
unidentified rumen bacterium 12-124
OTU-160 [4]

unidentified rumen bacterium RF6 &
unidentified rumen bacterium RF34 @
OTU-333 [4]

OTU-320 [4]

unidentified rumen bacterium RF30 &

unidentified microorganism AJ241782 ©
I unidentified microorganism AJ241781 ¢
OTU-281 [2]
[~ unidentified rumen bacterium JW32 ?

—— oTu-161 [4]

—{ =

unidentified rumen bacterium RFN28 @

unidentified rumen bacterium JW26 ? —
OTU-149 [1]
OTU-148 [3]
OTU-279 [4]

OTU-150 [2]

OTU-108 [5]
OTU-321 [1]
OTU-300 [1]

CLUSTER_C

C.THERMOCELLUM

OTU-242 [1]
OTU-392 [1]

OTU-391 [1] J
OTU-303 [2]

C.THERMOLACTICUM

unidentified microorganism AJ241768 ¢

unidentified microorganism AJ241777 ©

unidentified rumen bacterium RCP1 &

— unidentified rumen bacterium RFN54 &
L— unidentified rumen bacterium RFN42 &

OTU-352 [1]

OTU-384 [2]
OTU-162 [8]

unidentified rumen bacterium Jw21 2
OTU-366 [2]

OTU-163 [1]

0.10

STR.16SX

FIG. 1—Continued.

CLUSTER_D

CLUSTER_B

unidentified rumen bacterium RC5, RC6, RC30, RFN8, RFN65, RFN70, RFN80 &

CLUSTER_E
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ity values from 89.9 to 98.9%. The phylotypes in this cluster
were among the most abundant and were found in the large
intestines, but not in the ilea, in 23 out of 24 pigs. Other
previously cultured intestinal bacteria in the Clostridium lep-
tum subgroup, to which OTUs were related, included Eubac-
terium siraeum (two OTUs), Ruminococcus callidus (three
OTUs), Ruminococcus flavefaciens (one OTU), Ruminococcus
albus (three OTUs), Ruminococcus bromii (three OTUs), C.

leptum (two OTUs), and Eubacterium desmolans (three OTUs).
Twelve OTUs were most closely related to the Sporobacter
genus, which has a single cultured representative, Sporobacter
termitidis, isolated from the intestine of a wood-feeding ter-
mite. The similarities between these OTUs and S. termitidis
were low (87.6 to 93.1%); however, the 12 OTUs comprised a
cluster of abundant phylotypes, with 203 clones found in the
large intestines of 20 pigs. They were not found in the ilea.
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FIG. 2. Dendrogram showing the phylogenetic affiliation of OTUs from the porcine GI tract in the Clostridium leptum subgroup (RDP reg. no.
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Fusobacterium prausnitzii ATCC 27766
OTU-107 [97.6%, 123]

OTU-291 [93.6%, 1}

OTU-184 [92.6%, 170]

0TU-142 [93%, 27]

OTU-159 [91%, 2]

OTU-388 [89.9%, 1]
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2.30.9.1.3). See the legend to Fig. 1 for explanation.
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FIG. 3. Dendrogram showing the phylogenetic affiliation of OTUs from the porcine GI tract in the Sporomusa and relatives group (RDP reg.

no. 2.30.3). See the legend to Fig. 1 for explanation.

Three clusters of OTUs had no cultured representatives but
were loosely associated with the Ruminococcus genus. The
sequence similarity to known species was in the range of 84.4
to 92% (mean = 89.1%), indicating that these clusters may
represent new taxonomic entities above the species level. The
cluster comprising OTU-116, OTU-117, OTU-121, and OTU-
122 had a moderate bootstrap value of 77%, whereas the
remaining clusters had values of less than 50%. The phylotypes
were not found frequently; however, 7 of 14 OTUs were de-
tected more than once.

Five OTUs formed a cluster with sequence similarity values
from 88.4 to 91.5% to Eubacterium plautii. In addition, four
phylotypes were related to this species at low similarity. These
phylotypes were detected in the large intestines but not in the ilea.

Sporomusa and relatives (RDP reg. no. 2.30.3). Most of the
phylotypes affiliated with this group were related to previously

cultured intestinal or rumen bacteria (Fig. 3). Seven OTUs
belonged to the Selenomonas ruminantium subgroup (RDP
reg. no. 2.30.3.1.1). S. ruminantium was the closest relative to
two phylotypes, with a modest sequence similarity. Mitsuokella
multacida was represented by three phylotypes, Schwartzia suc-
cinivorans by two. In the Veillonella parvula subgroup (RDP
reg. no. 2.30.3.1.2), OTU-194 and OTU-195 were found among
55 of the clones. The closest relative was Dialister pneumo-
sintes; however, the similarity was only 92.3%, suggesting that
these phylotypes may represent a new genus. In this subgroup
Megasphaera elsdenii and Veillonella dispar were represented by
a single OTU each with high similarity. One phylotype related
to Acidaminococcus fermentans with a high sequence similarity
was found, while two phylotypes were related to Phascolarcto-
bacterium faecium with modest similarity. The P. faecium-re-
lated phylotypes were detected in the large intestines of 15
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C.COCCOIDES_GROUP (see Fig. 5)
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N e
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:‘j
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Fusobacterium sulci ATCC 35585 (T)
Eubacterium timidum
OTU-166 [93.4%, 8]
Eubacterium brachy
Eubacterium saphenum ATCC 49989 (T)
Clostridium aminobutyricum DSM 2634

Acidami hydrogenoformans
] Clostridium halophilum DSM 5387 (T)
PPS.ANAEROBIUS

C.MANGENOTII

Clostridium glycolicum DSM 1288 (T)
Clostridium mayombei

Clostridium irregularis ATCC 25756 (T)

Clostridium lituseburense ATCC 25759 (T)
Clostridium bifermentans NCIMB 10716 (T)

C.STICKLANDII
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CLUSTER XIll
CLUSTER XII
Clostridium hydroxybenzoicum

ACETOBACTERIUM

Eubacterium limosum ATCC 8486 (T)

Eubacterium barkeri ATCC 25849 (T)

Clostridium acidiurici ATCC 7906 (T)
Eubacterium thermomarinus

0.10

Eubacterium angustum ATCC 43757 m
Clostridium purinolyticum ATCC 33906 (T)

DSM 3980 (T)

FIG. 4. Dendrogram showing the phylogenetic affiliation of OTUs from the porcine GI tract in the Eubacterium and relatives group (RDP reg.
no. 2.30.4) and in the C. purinolyticum group (RDP reg. no. 2.30.5). See the legend to Fig. 1 for explanation.

pigs. A single OTU was found with Peptococcus niger as the
closest relative, but at a sequence similarity level of only
89.9%.

Clostridium purinolyticum group (RDP reg. no. 2.30.5). OTU-
312 was affiliated with the C. purinolyticum group (Fig. 4). The
closest related known bacterium was a human clinical isolate of
Pseudoramibacter alactolyticus (94.4% sequence similarity).

OTU-312 was detected in two clones, both from the ileum of
one animal (SWA).

Eubacterium and relatives (RDP reg. no. 2.30.4). One hun-
dred twenty-five OTUs were affiliated with this phylogenetic
group (Fig. 4 and 5). One hundred twelve of these belonged to
the Clostridium coccoides group (RDP reg. no. 2.30.4.1) (Fig.
5). Only nine phylotypes in this group had sequence similarity
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values of 97% or more to any known bacteria. However, clus-
ters of three or more OTUs often formed around species
previously cultured from intestines or the rumen. These includ-
ed Ruminococcus obeum (8 OTUs), Eubacterium cellulosolvens
(3 OTUs), Butyrivibrio crossotus (5 OTUs), Ruminococus gna-
vus (4 OTUs), Eubacterium rectale (11 OTUs), Roseburia
cecicola (3 OTUs), Eubacterium ramulus (5 OTUS), Butyriv-
ibrio fibrisolvens and Pseudobutyrivibrio ruminis (7 OTUs), Eu-
bacterium hadrum (9 OTUs), Lachnospira pectinoschiza (3
OTUs), Eubacterium ruminantium (4 OTUS), Eubacterium hal-
lii (4 OTUs), and Eubacterium xylanophilum (5 OTUs). Two
clusters that were only distantly related to cultured species
were found. In the Clostridium xylanolyticum subgroup (RDP
reg. no. 2.30.4.1.1), 17 OTUs formed a cluster with two likely
subclusters of sequences having low similarity to any known
species (C. xylanolyticum; mean sequence similarity = 91.2%).
However, resampling of these phylotypes revealed bootstrap
values of less than 50%, and their phylogenetic positions are
uncertain. Except for OTU-390, these phylotypes were all
found more than once and were detected in the large intestines
of 20 pigs (a total of 83 clones). In the Ruminococcus gnavus
subgroup (RDP reg. no. 2.30.4.1.4), another cluster of OTUs
without any cultured representatives was found. The 69 clones
in this cluster grouped into six phylotypes that were 92.2%
(mean value) similar to Clostridium nexile. However, the boot-
strap value was only 25%, and the phylogenetic positions of
these phylotypes are uncertain.

Besides the phylotypes found in clusters, 18 phylotypes re-
lated to known species were found. Two OTUs were related to
Ruminococcus schinkii, two to Clostridium symbiosum, two to
Clostridium aerotolerans, two to Eubacterium eligens, and two to
Clostridium herbivorans. One OTU (each) was related to C.
coccoides, Butyrivibrio fibrisolvens NCDO 2221 (T), Rumino-
coccus lactaris, Eubacterium formicigenerans, Eubacterium ven-
triosum, Coprococcus eutactus, Clostridium polysaccharolyti-
cum, and Clostridium populeti.

Several of the phylotypes in this group were among the most
abundant clones from the large intestines of the pigs. The
OTUs related to E. rectale were found in 20 of the 24 pigs
analyzed, those related to R. obeum were found in 19 pigs, E.
ramulus-related phylotypes were found in 18 pigs, B. fibrisol-
vens-related phylotypes were found in 14 pigs, and Eubacte-
rium hadrum- and Ruminococcus schinkii-related phylotypes
were each found in 13 pigs.

In the remaining groups of the Eubacterium and relatives,
two OTUs were most closely related to Clostridium propion-
icum, isolated from black mud. The sequence similarity was
low, and the phylotypes were found only in the ceca of the 4-
and 6-week-old animals. OTU-379, which was detected in the
cecum of only one 2-week-old pig, was related to another
environmental ecotype, Clostridium lentocellum, with a low se-
quence similarity.

A cluster of seven OTUs with a bootstrap value of 32% were
affiliated with the Eubacterium group (RDP reg. no. 2.30.4.4).
The closest relative was Clostridium aminobutyricum (mean
sequence similarity = 90.2%), which was isolated from a
swamp. OTU-166 was related to Eubacterium timidum, which
was isolated from the subgingival region of a human mouth.
OTU-164 and OTU-165 had high similarities to Clostridium
glycolicum and Clostridium lituseburense, respectively, which
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were isolated from mud. The two phylotypes were both repre-
sented by 28 clones and were detected in the ilea, ceca, or
colons of 8 and 12 pigs, respectively.

Bacillus-Lactobacillus-Streptococcus subdivision (RDP reg.
no. 2.30.7). The 46 phylotypes affiliated with this group gener-
ally had a higher sequence similarity to known species than any
of the other phylogenetic groups, and they did not form clus-
ters of phylotypes around the cultured species. The mean se-
quence similarity of all phylotypes to their closest related
known species was 92.6%, whereas the similarity of the phylo-
types within the Bacillus-Lactobacillus-Streptococcus subdivi-
sion to known species was 96.9%.

The most abundant phylotype was OTU-180, with 337 clones
found in the ilea or the large intestines of 13 pigs. OTU-180
had a high similarity to Streptococcus alactolyticus (99.7%).
Other cultured Streptococci represented by phylotypes were S.
dysgalactiae (OTU-372, 99.8% similarity, 1 clone), S. hyointes-
tinalis (OTU-221, 99.8% similarity, 2 clones), S. gallolyticus
(OTU-358, 99.8% similarity, 34 clones), S. suis (OTU-374,
99.4%, 4 clones). These species have previously been isolated
from the pig GI tract. OTU-360, represented by nine clones,
was most closely related to Streptococcus saliva (96.5% simi-
larity).

Phylotypes affiliated with the Enterococci were detected in
low numbers among the clones. They had high sequence sim-
ilarity to Enterococcus faecium (OTU-178, 99.7%) and E. hirae
(OTU-328, 100% similarity, 1 clone).

Twenty-four OTUs belonged to the Lactobacilli (RDP reg.
no. 2.30.7.17), and 22 known species of Lactobacilli were rep-
resented by the phylotypes. Three of the phylotypes in the
Lactobacilli were among the most abundant clones. They had
high sequence similarity to Lactobacillus amylovorus (OTU-
171, 99.2% similarity, 191 clones), Lactobacillus johnsonii
(OTU-170, 99.8% similarity, 138 clones), and Lactobacillus
reuteri (OTU-173, 99.5% similarity, 91 clones). L. johnsonii and
L. reuteri have been isolated from the human GI tract, whereas,
L. amylovorus was isolated from cattle corn silage. The phylo-
types were found in the ilea or large intestines in half of the
pigs analyzed. Forty-eight clones found in the ileum and cecum
of a pig fed fermented standard feed (F-9), represented a
phylotype related to Lactobacillus sharpeae (OTU-208, 94.9%
similarity, 45 clones), which was isolated from municipal sew-
age.

Other abundant representatives of Lactobacillus included
Lactobacillus vaginalis (OTU-47, 98.8% similarity, 50 clones),
L. mucosae (OTU-174, 98% similarity, 23 clones), L. planta-
rum (OTU-271, 97.1% similarity, 23 clones), L. salivarius
subsp. salivarius (OTU-364, 99.7% similarity, 15 clones), pre-
viously isolated from animals or humans. Less abundant rep-
resentatives among the clones of bacterial species of human or
animal origin were L. brevis (OTU-289, 97.6% similarity, 2
clones), L. agilis (OTU-351, 99.7% similarity, 3 clones), L.
ruminis (OTU-329, 99.9% similarity, 1 clone), and L. murinus
(OTU-175, 99.6% similarity, 1 clone). Phylotypes related to
Lactobacillus with known habitats in human foodstuffs in-
cluded L. delbrueckii, which was represented by three OTUs
(OTU-172, 98.7% similarity, 1 clone; OTU-353, 95.7% simi-
larity, 3 clones; OTU-50, 96.3% similarity, 16 clones), L. pontis
(OTU-173, 99.5% similarity, 18 clones), L. farciminis (98.5%
similarity, 19 clones), L. alimentarius (OTU-285, 93.4% simi-
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FIG. 5. Dendrogram showing the phylogenetic affiliation of OTUs from the porcine GI tract in the Clostridium coccoides group (RDP reg. no.
2.30.4.1). See the legend to Fig. 1 for explanation.
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FIG. 5—Continued.
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FIG. 6. Dendrogram showing the phylogenetic affiliation of OTUs from the porcine GI tract in the Mycoplasma and relatives (RDP reg. no.
2.30.8). 16S rDNA sequences from the bovine rumen (superscript a, from Tajima et al. [47]) and feces from an adult human (superscript b, from
Suau et al. [45]) were added to this tree. The most closely related bacterium in the database to the phylotypes in CLUSTER__A was Mesoplasma
seiffertii (81.5%) affiliated with the spiroplasmas. See the legend to Fig. 1 for explanation.

larity, 16 clones), L. panis (OTU-341, 99.2% similarity, 9
clones; OTU-354, 95% similarity, 8 clones), and L. collinoides
(OTU-302. 97%, 1 clone). Two phylotypes were most closely
related to Pediococcus parvulus (OTU-290, 98.9% similarity, 19
clones; OTU-309, 97.3% similarity, 7 clones), while Weissella
confusus was represented by one phylotype (OTU-77, 99.9%
similarity, 3 clones). Both species have been isolated from
silage.

Bacterial species belonging to other genera in the Bacillus-
Lactobacillus-Streptococcus subdivision represented by the
phylotypes with low similarity included Gemella haemolysans
(OTU-176, 87.1% similarity, 102 clones; OTU-255, 94.9% sim-
ilarity, 1 clone), Abiotrophia adiacens (OTU-177, 88.8% simi-
larity, 1 clone), and Staphylococcus epidermidis (OTU-181,
99.9% similarity, 1 clone).

Mpycoplasma and relatives (RDP reg. no. 2.30.8). Eight phy-
lotypes affiliated with this group were found in a deep-branch-
ing cluster (CLUSTER__A), with low sequence similarity to
any known bacteria (Fig. 6). Five sequences from 16S rDNA
clone libraries derived from the bovine rumen (47) and from
human feces (45) clustered with these phylotypes. CLUS-
TER__A was positioned near the Spiroplasma group (RDP
reg. no. 2.30.8.3), in the Mycoplasma and relatives group (RDP
reg. no. 2.30.8), with a 90% bootstrap value. The intracluster
similarities ranged from 75.6 to 96.4%. These phylotypes were
not found often, but six of them were detected more than once.

In the Eubacterium cylindroides subgroup (RDP reg. no.
2.30.8.2.9), OTU-186 was closely related to Eubacterium bi-
forme and was detected in 12 pigs. Forty clones belonged to a
phylotype (OTU-188) most closely related to a Eubacterium sp.
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The remaining phylotypes in this group had low similarities to
known species.

Flexibacter-Cytophaga-Bacteroides (RDP reg. no. 2.15). This
was the most diverse group of gram-negative bacteria found,
with 42 phylotypes affiliated with the Bacteroides group (RDP
reg. no. 2.15.1.2) (Fig. 7). Three hundred ninety-three clones
(9.2%) belonged to this group. They were found in the large
intestine only, except OTU-16 and OTU-112, which were each
detected by a single clone in the ileum of pig A-42. None of the
phylotypes in this group had sequence similarity above 97% to
known bacteria, and the mean similarity to isolated bacteria for
which the 16S rRNA is available in the RDP was 87.5%.

Six OTUs belonged to the Prevotella nigrescens subgroup
(RDP reg. no. 2.15.1.2.13). They were most closely related to
Prevotella denticola, Prevotella veroralis, Prevotella oris, and Pre-
votella albensis. In the Prevotella buccae subgroup (RDP reg.
no. 2.15.1.2.12), 14 OTUs formed two clusters that were not
affiliated with any known species. The known bacterial species
with the highest sequence similarity was Prevotella loeschelii, a
member of the human oral flora. The 115 clones comprising
these phylotypes were found in 17 of the pigs analyzed. Two
OTUs were related with low sequence similarity to the bovine
rumen isolate Prevotella ruminicola and to Prevotella bryantii,
respectively. Four phylotypes were found in the Prevotella tan-
nerae subgroup (RDP reg. no. 2.15.1.2.9), and two phylotypes
were found in the Bacteroides fragilis subgroup (RDP reg. no.
2.15.1.2.8), with Bacteroides uniformis as the closest related
known species. In the Porphyromonas macacae subgroup (RDP
reg. no. 2.15.1.2.7), five OTUs clustered together, with similar-
ities in the range of 81.4 to 87%, to the closest related known
species, Bacteroides merdae, previously isolated from human
feces. Two OTUs were most closely related to Bacteroides
distasonis. Six OTUs were affiliated with the Rikenella micro-
fusus subgroup (RDP reg. no. 2.15.1.2.1). The closest related
known bacterium was an isolate of Bacteroides putredinis from
human feces; but the sequence similarity was only 78.4 to
87.7%.

Phylogenetic groups with few phylotypes. Twenty OTUs
were affiliated with the Proteobacteria (RDP reg. no. 2.28). In
the gamma subdivision, OTU-1 was related to E. coli with 99%
sequence similarity. Nine clones of OTU-226 were closely re-
lated (99.7%) to Pantoea agglomerans. In the Haemophilus-
Pasteurella group (RDP reg. no. 2.28.3.26), the phylotypes were
closely related to a Haemophilus sp. (99%), Actinobacillus mi-
nor (99.1%), Actinobacillus porcinus (98.8%), and Pasteurella
aerogenes (99.7%). They were all found in low numbers.
OTU-2 was represented by five clones and was distantly related
to Thiocapsa roseopersicina (90.7%). In the Oceanospirillum
group (RDP reg. no. 2.28.3.11), the two clones of OTU-203
were closely related to the marine isolate, Halomonas aqua-
marina (99% sequence similarity). Five OTUs belonged to the
beta subgroup of the Proteobacteria. They were related to Ro-
seateles depolymerans (97.3% sequence similarity), Oxalobacter
formigenes (97.8% sequence similarity), Sutterella wadsworth-
ensis (90.5 and 91.7% sequence similarity), and Gallionella
ferruginea (86.6% sequence similarity). Two phylotypes were
found in the alpha subgroup. They were related to Blastobacter
denitrificans (99.8% sequence similarity), isolated from fresh-
water, and the marine Oceanospirillum pusillum (85.5% se-
quence similarity). In the delta subdivision two phylotypes
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were related to Desulfomonas pigra (86.4 and 94.1%), and in
the epsilon subdivision, two OTUs were related with high se-
quence similarity to Helicobacter rodentium (99.5%) and a
Campylobacter sp. (97.4%), while OTU-349 was distantly re-
lated to Pelobacter propionicus (85.4% sequence similarity).

One phylotype, represented by three clones, was affiliated
with the Planctomyces and relatives (RDP reg. no. 2.20). The
most closely related known bacterium was the aquatic Pirellula
marina; however, the sequence similarity was only 86%.

Two phylotypes belonged to the spirochetes and relatives
(RDP reg. no. 2.27). They were related with low sequence
similarity to Treponema bryantii (88.1%) and a Spirochaeta sp.
(84.7%).

In the group of high-G+C bacteria (RDP reg. no. 2.30.1)
four phylotypes were found. They were related to Sanguibacter
inulinus (99.8% sequence similarity), Bifidobacterium aster-
oides (93.5%), Eggerthella lenta (89.7% sequence similarity),
and Atopobium parvulum (91.1% sequence similarity). These
phylotypes were found infrequently.

OTU-266 was affiliated with the Flexistipes sinusarabici as-
semblage (RDP reg. no. 2.14), with Geovibrio ferrireducens as
the closest relative (85.9% sequence similarity), while OTU-
359 was most closely related to Dethiosulfovibrio peptidovorans
(84.3% sequence similarity) in the Anaerobaculum thermoter-
renum group (RDP reg. no. 2.11). Both phylotypes were de-
tected only once among the clones.

Abundance of clones. The relative abundance of the clones
approximated a lognormal distribution. Thus, there were few
numerically dominant species and few very rare species and
many species of intermediate abundance. Nine phylotypes
each constituted 2% or more of the clones: OTU-180 (7.9%), S.
alactolyticus-like); OTU-1 (4.8%, E. coli-like); OTU-171 (4.5%,
L. amylovorus-like); OTU-184 (4%, F. prausnitzii-like); OTU-
170 (3.2%, L. johnsonii-like); OTU-107 (2.9%, F. prausnitzii-
like); OTU-133 (2.4%, S. termitidis-like); OTU-176 (2.4%, G.
haemolysans-like); OTU-173 (2.1%, L. reuteri-like).

No consistent relations between the abundance of individual
phylotypes and the differences between animals with respect to
diet, animal age, or herd health were found.

Comparison of two clone libraries from the same sample.
Two clone libraries were made from the colon sample of one
pig (SPF-A), i.e., from one DNA extraction, but separate PCR
amplifications and the abundances of phylotypes in the two
libraries were compared. The coverage values of the two li-
braries were similar (library 1 [lib_1] coverage = 64.2%; lib_2
coverage = 67.4%). The relative abundance of the OTUs var-
ied between the two samples (Fig. 8). In the first library, no
phylotypes affiliated with the Bacteroides group were found,
whereas in the second library they constituted 22.1% of the
clones. In lib_1, OTU-180 (S. alactolyticus-like) was found in
26.9% of the clones. In lib_2, OTU-180 constituted only 12.8%
of the clones. In lib_1, OTU-62 (L. pectinoschiza-like) was
detected in 5% of the clones, wherecas the C. eutactus-like
OTU-9%4 was not found. In lib_2 this situation was reversed.

DISCUSSION

The clone library presented in this paper is, to our knowl-
edge, the most comprehensive collection of 16S rDNA se-
quences cloned from a single type of ecosystem. The overall
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FIG. 7. Dendrogram showing the phylogenetic affiliation of OTUs from the porcine GI tract in the Bacteroides group (RDP reg. no. 2.15.1.2).
See the legend to Fig. 1 for explanation.

coverage was 97.8%; thus, the clones comprised most of the
phylotypes present in the 52 samples. Recently, Paster et al.
(32) reported on a large clone library of bacteria associated
with human subgingival plaque. The overall conclusions in
their report and in our study regarding the complexity and
diversity of the two ecosystems agree.

The pigs were selected to cover a variety of diets, animal
ages, and herd health conditions because these parameters are
known to influence the bacterial community structure in the
porcine GI tract (10, 21, 28, 37, 48).

Only the luminal contents of the GI tract were analyzed.

Differences between luminal and mucosa-associated micro-
biota have been indicated (33, 39, 41). However, due to the
normal mucus excretion, epithelial turnover, and peristaltic
movements in the GI tract, we assume that the mucosa-asso-
ciated microbiota is a subset of the luminal microbiota and that
this fraction was roughly represented among our clones.

A 10:1 ratio of PCR products to the cloning vector is re-
quired by the cloning procedure. To obtain sufficient - DNA for
the cloning, we used 30 PCR cycles and pooled the PCR
products from five individual reactions. Reports in the litera-
ture have indicated that amplification through many cycles may
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FIG. 7—Continued.

decrease the observed diversity (54, 56), although there is no
consensus on this issue in samples from complex ecosystems
(46, 58). However, we did not intend to characterize the di-
versity of individual samples by the cloning and sequencing
procedure, but to comprehend as much as possible the bacte-
rial diversity in the GI tracts of Danish pigs through analysis of
a number of representative animals.

The frequency of formation of chimeric molecules increases
by the number of amplification cycles and may be as high as
32% after 30 cycles, dependent on template sequence similar-
ity and PCR conditions (50, 51), whereas typical frequencies
are in the range of 5 to 10% (49). We found, using stringent
criteria, that 11.9% of the near-full-length sequences were
possible chimeras; however, it cannot be excluded that some
chimeras may have eluded all three methods of detection.

Two striking features of the PCR-derived 16S rDNA se-
quences obtained in this study were the large proportion of
phylotypes with sequence similarity of less than 97% to any
known species and the clustering of phylotypes around a single
cultured bacterial species.

Only 66 of the OTUs had sequence similarity of 97% or
more to any previously cultured species for which the 16S

rRNA sequence is available, i.e., only 17% of the phylotypes
likely represented known bacterial species. Large fractions of
uncharacterized phylotypes in 16S rDNA libraries have been
found since the introduction of the rRNA approach to micro-
bial ecology (8, 11, 44, 53), and this has provided the now
generally accepted view that bacterial diversity in natural sys-
tems extends far beyond what can currently be perceived from
culturing methods (15, 31, 43).

The phylophenetic concept of species for prokaryotes cur-
rently in use by taxonomists is based on a combined genomic,
phenotypic, and phylogenetic characterization of bacterial iso-
lates, and the comparative analysis of 16S rDNA sequences
alone is insufficient for establishing the borders of a prokary-
otic species (38). However, the phylogenetic characterization
of an organism requires only the sequence of one or more
genes, e.g., the 16S rDNA (31). The 97% sequence similarity
used as a criterion for assigning 16S rDNA sequences to indi-
vidual phylotypes and to assign phylotypes to known species is
based on the empirical observation that bacteria sharing less
than 97.5% sequence similarity unlikely will be identified as
different species in the phylophenetic species concept (42).
The criterion is justified for comparisons of full 16S rDNA
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FIG. 8. The relative abundance of phylotypes in two 16S rDNA
clone libraries from one DNA extraction sampled from the colon of pig
SPF-A. Only phylotypes representing >1% of the clones in each li-
brary are shown. Twenty-four phylotypes in lib_1 and 43 phylotypes in
lib_2 were found. The names of the most closely related known bac-
terial species are indicated for some of the abundant OTUs.

sequences only, because of the inherent structure of conserved
and variable regions of the rRNA molecule. Therefore, and
because correct phylogenetic relationships of sequences with-
out any close relatives can be determined only from full 16S
rDNA sequences (15, 22), the phylogenetic analysis presented
in this paper was based on the near-full-length sequences. It is
important to note that our estimate of 375 phylotypes found in
the pig GI tract is not conclusive but varies according to the
conditions set for the analysis. It is a conservative value which
does not discriminate closely related genera such as Salmonella
and Escherichia. Employing, for instance, a 97.5 or 98% se-
quence similarity criterion would substantially increase the
number of phylotypes defined.

The comparison of two libraries from one sample showed
that 16S rDNA clone libraries may fail to integrate significant
parts of the bacterial community (in this study, the dominating
gram-negative bacteria in lib_1). Distortion of clone libraries is
attributed to differential PCR amplification caused by various
factors (49) but may also be due to the random variation of
picking a relatively small number of clones (96) to represent a
highly complex system. This limitation of the method may be
the reason that the distribution of phylotypes could not be
related to specific conditions of the animals. Quantitative hy-
bridization methods could provide this kind of information.

In their classic paper, Moore and Holdeman (27) indicated
that the number of different kinds of bacteria in the human GI
tract exceeds 400 to 500 species. This was a statistical estimate
based on the 113 different kinds of bacteria actually detected
by culturing in that study. From the morphological and func-
tional resemblance of the human and porcine GI tract, it is
reasonable to assume that the complexity of the pig microbiota
would resemble that of the human GI tract. However, it is
difficult to correlate our finding of 375 phylotypes in the pig GI
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tract to Moore and Holdeman’s estimate, beyond the fact that
they are in the same range, due to the problems of ascribing a
certain value of 16S rRNA sequence similarity to the taxo-
nomic definition of a species. Most of our phylotypes with a
sequence similarity greater than 97% to known bacterial spe-
cies were related to species previously isolated from the human
GI tract or the rumen. This finding merely reflects that micro-
biologists have focused far more on these two habitats than on
the porcine GI tract.

What do the phylotypes with low similarity to any sequence
in the database represent? Their phylogenetic inferences can
be estimated from the dendrograms, but the extrapolation of
functional properties from well-characterized cultured strains
to distantly related phylotypes may not be justified. Part of the
low-similarity phylotypes undoubtedly represents novel species
and higher taxonomic entities. Other phylotypes may already
have been cultured and characterized, but their 16S rRNA
sequence is not available in the databases. Thus, Ramsak et al.
(34) have shown that for some of the large clusters of Prevotella
and Bacteroides detected by molecular methods, cultured
strains are indeed available. This view is also supported by our
finding of a high overall sequence similarity of the phylotypes
affiliated with the lactic acid bacteria, a group that has received
much attention throughout the history of microbiology. In con-
trast, all the Prevotella- and Bacteroides-affiliated phylotypes
had low similarity to cultured strains. None of the Prevotella
sequences in the database are from intestinal isolates.

Five clusters of phylotypes that branched off deeply in the
tree were found. They were supported by high bootstrap values
and had intracluster sequence similarities as low as 75.6% (in
CLUSTER__A). In comparison, the interdivisional 16S rRNA
sequence difference in the Bacteria domain is typically 20 to
25% (15). The deep-branching clusters probably represent di-
verse taxa above the species level. Since no representatives of
the clusters have been cultured (or at least sequenced), their
phenotype cannot be predicted. In four of the clusters our
phylotypes grouped with sequences from clone libraries de-
rived from bovine rumen and from the GI tract of a human
individual, suggesting that these taxa are indeed associated
with the GI ecosystem.

We often found clusters of phylotypes around a single cul-
tured species. This is a common feature of environmental
clone libraries (3). The use of in situ hybridization has shown
that it is a true reflection of the diversity in certain complex
ecosystems (5, 12, 23). In the human intestine five coexisting
populations of bacteria with minor phenotypic differences, all
identified as E. rectale, were found by culturing (27), and based
on DNA hybridizations Hudman and Gregg (14) concluded
that the diversity of rumen bacteria (B. fibrisolvens, B. rumini-
cola) may be far greater than indicated by the current taxon-
omy. It is thus likely that the clusters of phylotypes represent
the true diversity of the GI tract. A possible source of error
that would produce bush-like phylogenies is intraspecies vari-
ation in the rRNA operon sequences, and it has been sug-
gested that sequences from single operons cannot adequately
represent taxa (7). A few examples of intraspecies rRNA
operon sequence variation greater than 3% have been re-
ported (29, 52, 57); however, a compilation of data from the
genome sequences indicates that such high heterogeneity is
exceptional (17).
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Our results confirm previous observations that the Bacte-
roides and Prevotella group constitutes the largest fraction of
gram-negative bacteria in the porcine GI tract. This has been
documented both by the use of culturing methods (28, 36, 37,
39) and by molecular approaches (21, 33).

The majority of the phylotypes affiliated with the Prevotella
in our study belonged to the nonruminal Prevotella superclus-
ter as defined by Ramsak et al. (34). However, the sequence
similarity to the cultured species of this group was low, and
none of the phylotypes represented known, cultured species
for which the 16S rRNA sequence is available in the RDP 7.1
alignment. Most of the nonruminal prevotellas are of human
oral origin, and these cultured strains are likely poor represen-
tatives of the intestinal bacterial community. The clustering of
most of the prevotellas with the nonruminal Prevotella species
is in agreement with the findings from a human GI tract 16S
rDNA clone library (45) but is in contrast to the clustering of
prevotellas in the bovine rumen. A supercluster of very diverse
phylotypes related to P. ruminicola was found in the bovine
rumen clone libraries (47, 54), whereas we found only a single
OTU in this cluster.

The Prevotella phylotypes were detected only in the cecum
and colon, except for two clones which came from the ileum of
one pig. Apparently the ecotype of this bacterial group is
restricted to the conditions in the large intestines. The sensi-
tivity of the prevotellas to bile, which inhibits their growth (18),
may be the reason for their absence in the small intestines.

In agreement with what is known from culturing, our data
show that the low-G+C gram-positive bacteria dominate the
pig GI tract. However, the diversity of this group, indicated by
the abundant bush-like clustering of phylotypes around known
species found in this study, has never been realized by cultur-
ing, and it raises an intriguing question: what do these clusters
represent in terms of metabolic functioning?

A large fraction of the low-G+C gram-positive phylotypes
were affiliated with the Clostridium coccoides group and the
Clostridium leptum subgroup, which contains many of the clas-
sic intestinal bacteria. The Sporomusa group also includes
known intestinal and rumen bacteria, and phylotypes closely
related to these strains were found. Phylotypes within the Clos-
tridium botulinum group all had similarities greater than 97%
to cultured intestinal or ruminal strains, whereas most phylo-
types affiliated with the Eubacterium group had low sequence
similarity to known bacteria. The known ecotype of the latter
group is mainly environmental, and the strains most closely re-
lated to our phylotypes were isolated from mud and sediments.

The lactic acid bacteria and in particular the Lactobacilli
included some of the most abundant phylotypes. This is in
agreement with the findings from experiments using culturing
methods with healthy pigs (37), but it differs from the situation
in the human GI tract (27, 45). OTU-180, related to S. alac-
tolyticus, was the most abundant phylotype, but the distribution
of OTU-180 varied substantially between samples, and even
between two libraries from the same sample. S. alactolyticus is
a predominant member of the pig colon microbiota and may
account for more than 50% of the cultured strains (37). As in
the human GI tract (45, 56), F. prausnitzii-like phylotypes were
abundant and formed a cluster of related OTUs. Clusters of
phylotypes related to S. termitidis have been found both in the
human GI tract (45) and in the bovine rumen (47) and were
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abundant among our clones. Surprisingly, OTU-1 related
highly to E. coli and was the second most abundant phylotype,
but this may be an error caused by the E. coli-based cloning
system.

Nevertheless, the distribution of the clones was character-
ized by a large fraction of phylotypes with intermediate abun-
dance and only few dominating or rare phylotypes. The log-
normal distribution of the relative clone abundance suggests a
complex structure of the bacterial community in the pig GI
tract, where the extent of the resource space occupied by each
phylotype is determined by a large number of independent
variables affecting the relative success of one phylotype in
competition with the other phylotypes (55).

This study has provided an inventory of phylotypes in the GI
tracts of a collection of Danish pigs. The results document a
hitherto unknown bacterial diversity and indicate that the ma-
jority of intestinal bacteria are uncharacterized. To validate the
data, and to investigate the distribution and abundance of the
phylotypes in individual samples, we are in the process of
designing specific oligonucleotide probes for the phylotypes
and to implement the probes in oligonucleotide arrays. These
will facilitate the analysis of a large number of samples to
address questions of how the intestinal bacterial community
responds to perturbations such as different diets and the use of
antibiotics, probiotics, etc.
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