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This study aimed to isolate and characterize treponemes present in the bovine gastrointestinal (GI) tract
and compare them with bovine digital dermatitis (BDD) treponemes. Seven spirochete isolates were obtained
from the bovine GI tract, which, on the basis of 16S rRNA gene comparisons, clustered within the genus
Treponema as four novel phylotypes. One phylotype was isolated from several different GI tract regions,
including the omasum, colon, rumen, and rectum. These four phylotypes could be divided into two phylotype
pairs that clustered closest with each other and then with different, previously reported rumen treponemes. The
treponemes displayed great genotypic and phenotypic diversity between phylotypes and differed considerably
from named treponeme species and those recently reported by metagenomic studies of the bovine GI tract.
Phylogenetic inference, based on comparisons of 16S rRNA sequences from only bovine treponemes, suggested
a marked divergence between two important groups. The dendrogram formed two major clusters, with one
cluster containing GI tract treponemes and the other containing BDD treponemes. This division among the
bovine treponemes is likely the result of adaptation to different niches. To further differentiate the bovine GI
and BDD strains, we designed a degenerate PCR for a gene encoding a putative virulence factor, #lyC, which

gave a positive reaction only for treponemes from the BDD cluster.

Treponema species are typically anaerobic, fastidious, highly
motile, spiral microorganisms and may be found in the oral
cavity, digestive tract, and genital areas of humans, animals,
and insects (20, 32). Several treponeme taxa are associated
with disease, such as the human syphilis infectious agent Trepo-
nema pallidum (30), various Treponema species associated with
human periodontal infections (10), and several treponeme
phylotypes involved in bovine digital dermatitis (BDD) (4). In
contrast, several treponemes have been reported to be com-
mensal, living as symbionts in the gastrointestinal (GI) tracts of
animals and insects. The spirochetes Treponema bryantii and
Treponema saccharophilum have been isolated from the rumen
of cows (26, 36), and another three novel treponeme taxa have
been isolated from GI material of pigs (6, 23). In insects,
Treponema azotonutricium and Treponema primitia were iso-
lated from the guts of termites (15).

The relative paucity of data regarding treponemes and their
locations in animal tissues is primarily the result of difficulties
associated with their isolation, cultivation, and purification.
More frequently, molecular techniques such as 16S rRNA gene
clone libraries have been used to identify treponemes within
animal samples but without subsequent culture. While no tar-
geted studies of bovine GI tract treponeme 16S rRNA genes
have been reported, several global bacterial studies showed
that there are several phylotypes of treponemes in the bovine
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GI tract (11, 29, 38, 44). Although only two bovine GI tract
treponemes have been proposed as novel taxa (26, 36), con-
siderable work has suggested phenotypic and physiological di-
versity among the bovine rumen treponemes (25, 35, 45, 46).
However, it has been more than 20 years since the majority of
the bovine rumen treponeme work was reported, and as a
result, important data such as 16S rRNA gene sequences have
not been described for many of these bacteria. Furthermore,
since those initial studies, an infectious lameness attributed
largely to treponemes, known as digital dermatitis, has ap-
peared in cows and more recently has also been identified in
sheep (3a, 21). We have been able to isolate treponemes from
BDD lesions and, along with others, have identified high as-
sociations of treponemes with this infection (13, 14, 17, 22). As
there have been no recent isolation and characterization
studies of bovine GI tract treponemes, we considered it
important to attempt the isolation of treponemes from the
bovine GI tract. Such isolations might identify treponemes
similar to BDD treponemes or yield useful commensal con-
trol microorganisms for comparison studies. To this end, we
have isolated four phylotypes of treponemes from the bo-
vine GI tracts of cattle and subjected them to comparisons
with BDD treponemes and previously reported bovine GI
tract treponemes.

MATERIALS AND METHODS

Isolation and cultivation. Samples were taken from different parts of the GI
tracts of Holstein-Friesian dairy cattle immediately after slaughter. Approxi-
mately 30-ml samples of GI contents were taken from each location, as shown in
Table 1. These GI tract samples were stored on ice for transport to the labora-
tory. The samples were transferred into an anaerobic cabinet (85% N,, 10% H,,
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TABLE 1. Spirochetes isolated from bovine gastrointestinal tracts in this study

Sample Biopsy date (day/mo/yr) Farm and cow” Location of isolation BDD status” Selection antibiotics® Treponeme(s) isolated”
1 6/5/05 Farm 1, cow 1 Rectum + Sr5e IF
2 6/5/05 Farm 1, cow 2 Rectum - S5r5e IF
3 13/9/05 Farm 2, cow 1 Rectum + Sr5e IF
4 13/9/05 Farm 2, cow 2 Rectum + S5r5e IF
5 13/9/05 Farm 2, cow 3 Rectum + Sr5e IF
6 14/9/05 Farm 3, cow 1 Rectum + 25r5e IF
7 14/9/05 Farm 3, cow 1 Rumen + 25r5e IF
8 14/9/05 Farm 3, cow 2 Rectum + 25r5e IF
9 15/12/05 Farm 4, cow 1 Rumen + 25r5e IF
10 15/12/05 Farm 4, cow 1 Rectum + 25r5e IF
11 15/12/05 Farm 4, cow 1 Cecum + 25r5e IF
12 15/12/05 Farm 4, cow 1 Abomasum + 25r5e AC3
13 15/12/05 Farm 4, cow 1 Omasum + 25r5e OC1
14 15/12/05 Farm 4, cow 1 Colon + 25r5e CcC2
15 4/01/06 Farm 5, cow 1 Rectum + 25r5e IF
16 4/01/06 Farm 5, cow 2 Rectum + 251r5e CHPA
17 15/11/06 Farm 6, cow 1 Urine + 25r5e IF
18 15/11/06 Farm 6, cow 1 Rectum + 25r5e IF
19 15/11/06 Farm 6, cow 2 Urine + 25r5e IF
20 15/11/06 Farm 6, cow 2 Rectum + 25r5e IF
21 16/6/09 Farm 7, bull 1 Rumen - 251r5e RU1, RU2
22 16/6/09 Farm 7, bull 2 Rectum — 251r5e RE1
23 16/6/09 Farm 7, heifer 1 Rumen - 2515e IF
24 16/6/09 Farm 7, heifer 1 Abomasum - 25r5e IF
25 16/6/09 Farm 7, heifer 2 Rectum - 25r5e IF
26 16/6/09 Farm 7, heifer 2 Abomasum - 25r5e IF
27 7/10/09 Farm 8, cow 1 Rectum + 2515e IF

“ All farms listed were in Cheshire, and all animals tested were Holstein-Friesian cows.

® Whether the animal had an active BDD lesion (+) or no lesion present (—).

¢ Antibiotic concentration used in medium and on agar plates. Numbers are micrograms/milliliter. r, rifampin; e, enrofloxacin.

4TF, isolation failed.

and 5% CO, at 36°C), and 3 loopfuls from the center of the sample was
inoculated into oral treponeme enrichment broth (OTEB; Anaerobe Systems,
Morgan Hill, CA) containing antibiotics and supplemented with 10% fetal calf
serum (FCS) or 10% rabbit serum (RS) and incubated for 1 to 3 days before
subculture. Antibiotics for broth and plate subculture were initially rifampin (5
pg/ml) and enrofloxacin (5 pg/ml) as described previously for the isolation of
BDD treponemes from the United Kingdom (13), and the amount of rifampin
was later increased to 25 wg/ml, resulting in final concentrations of antibiotics
used for the isolation of BDD treponemes in the United States (42). Bacteria
from broth cultures were then subcultured onto fastidious anaerobe agar (FAA)
plates (LabM, Bury, United Kingdom) supplemented with 5% defibrinated
sheep blood, 10% FCS, and antibiotics, as described above, for ~2 weeks. Single
colonies from FAA plates were inoculated into growth medium without antibi-
otics, and subculturing was repeated if cultures were deemed impure by phase-
contrast microscopy and 16S rRNA gene sequencing. Isolates were stored at
—80°C in growth medium containing 10% glycerol.

Reference strains. Reference strains T19, T56, T320A, T354B, T3552B, and
T354A are two representatives from each of the three unique treponeme groups
previously isolated from BDD lesions (13). Treponema medium ATCC 700293
and Treponema phagedenis biotype Reiter were grown and DNA was extracted as
previously described (12, 13).

Gene sequencing and phylogenetic analyses. Genomic DNA was extracted
from spirochete cultures as previously described (13) and stored at —20°C.
Spirochete 16S rRNA gene PCRs were carried out as described previously (7). A
PCR assay targeting the dinitrogenase reductase gene (nifH) in spirochetes was
carried out as described previously (19). A PCR assay targeting the gene encod-
ing a putative hemolysin/extracellular matrix binding protein (TlyC) used degen-
erate primers (tlyCdegenF [5'-GAGGTKATGATWCCGCGTAT-3'] and tlyC-
degenR [5'-CTTATGTSCKTCCATRTC-3']). These primers were chosen by
aligning the t#lyC sequences of Treponema pallidum subsp. pallidum (strain Ni-
chols) and Treponema denticola ATCC 35405 using CLUSTALW (41). Stringent
PCR conditions were identified by using a Mastercycler gradient thermocycler
(Eppendorf, Germany). PCRs used Tag polymerase (Qiagen, United Kingdom)
according to the manufacturer’s instructions (with the addition of magnesium to

a final concentration of 3 mM), with 1 wl of the DNA template per 25-pl reaction
volume and incubation at 95°C for 5 min, followed by 35 cycles of 94°C for 1 min,
43.5°C for 3 min, and 72°C for 3 min, with a final extension step of 72°C for 5 min.
Amplified PCR products were sequenced commercially, and completed genes
were assembled by using PREGAP4 from the Staden package (34). Gene se-
quences were aligned by using CLUSTALW and trimmed, and phylogenetic
trees were calculated with the unweighted-pair group method using average
linkages (UPGMA) (bootstrap values based on 10,000 iterations) using nucleo-
tide substitution rates calculated according to the Kimura two-parameter model
implemented in MEGA4 (39).

Enzyme activities. Enzyme profiles for the spirochete isolates were determined
by using the Apizym system (bioMeriéux, Lyon, France) according to the man-
ufacturer’s instructions, and each test was carried out in triplicate. The validation
of Apizym testing used Treponema vincentii ATCC 35580 as a test microorgan-
ism, with enzyme activities identified that were identical to those reported pre-
viously (31).

Electron microscopy. The morphologies of the microorganisms were examined
by using transmission electron microscopy as described previously (8), except
that spirochetes were taken directly from liquid cultures.

Nucleotide sequence accession numbers. 16S rRNA gene sequences for seven
strains of bovine GI tract treponemes (OC1, CC2, AC3, Rul, CHPA, Rel, and
Ru2) were submitted to GenBank and given accession numbers GU566695 to
GUS566701, respectively. GenBank nifH accession numbers for treponeme strains
Rul and AC3 and #lyC accession numbers for the BDD treponemes T3552B,
T354A, T354B, T320A, T19, and T56 and the human treponemes Treponema
medium and Treponema phagedenis were GU566702 to GU566711, respectively.

RESULTS

Spirochete isolation and growth characteristics. Seven spi-
rochete isolates were obtained from bovine gastrointestinal
sites (Table 1). Initial isolation attempts using rifampin (5
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TABLE 2. Comparisons between bovine gastrointestinal and BDD treponemes

Isolation Nearest relative Growth condition

Presence of:

Strain material (% shared identity) (days of growth)” Hemolysis des«:sg:lce 1lyC gene® nifH gene® Reference
0oC1 GI tract T. bryantii (90.0) NSSR (2-3) - - - - This study
AC3 GI tract T. zioleckii (89.3) NSSR (2-3) - - - + This study
cC2 GI tract T. bryantii (90.0) NSSR (2-3) - - - - This study
CHPA GI tract T. bryantii (87.7) NSSR (2-3) - - - - This study
RE1 GI tract T. bryantii (90.0) NSSR (2-3) - - - - This study
RU1 GI tract T. zioleckii (90.2) NSSR (2-3) - - - + This study
RU2 GI tract T. bryantii (90.0) NSSR (2-3) - - - - This study
T19 BDD lesion T. medium (99.6) RS (9) + + + - 12
T56 BDD lesion T. medium (99.6) RS (9) + + + - 12
T320A BDD lesion T. phagedenis (100) FCS (7) - + + - 12
T354A BDD lesion T. phagedenis (100) FCS (7) - + + - 12
T3552B BDD lesion T. denticola (95.7) FCS (4) + + + - 12
G819CN BDD lesion T. denticola (95.7) FCS (4) + + + - 12

¢ The preferred OTEB serum supplement for optimal growth is described (determined by total cell numbers). The number of days for optimal growth is shown in

parentheses. NSSR, no serum supplement required.

® Presence as identified by PCR using genus/eubacterium-specific degenerate primers.

pg/ml) and enrofloxacin (5 pg/ml) resulted in a heavy contam-
ination of cultures, so the rifampin concentration was in-
creased to 25 pg/ml after ensuring that representatives of all
three BDD phylogroups could grow with this increased anti-
biotic concentration. Most strains required ~2 repeated pas-
sages on plates before noncontaminated, single-spirochete-iso-
late cultures were obtained. To identify optimal serum for
growth in liquid medium, isolated strains were inoculated into
OTEB containing either no serum, 10% FCS, or rabbit serum
(RS). Of the seven spirochetes isolated, they all exhibited
equivalent growth with or without serum present in culture and
on plates. The use of blood in FAA plates along with serum did
not enhance growth. All spirochetes isolated took 2 to 3 days to
reach stationary phase in OTEB cultures and 5 days to reach
final colony size/growth on FAA plates (Table 2). Colonies
were typically individual, circular, convex, and translucent to a
final size of 0.5 to 2 mm, with no local hemolysis observed.
16S rRNA gene analysis. Approximately 1,320 bp of the 16S
rRNA gene was sequenced for each of the seven gastrointes-
tinal spirochetes, and sequences were initially aligned against a
large number of relevant isolated 16S rRNA gene sequences.
After phylogenetic tree construction, the seven isolates were
separated into four distinct phylotypes within the genus Trepo-
nema. Phylotype 1 consisted of four strains (OC1, CC2, Ru2,
and Rel) with identical 16S rRNA gene sequences, suggesting
that they are the same species. Phylotype 1 clustered specifi-
cally with phylotype 2 (represented by one isolate, CHPA)
(Fig. 1), and the two shared 91.8% 16S rRNA gene sequence
identity with one another. Of the valid Treponema species, T.
bryantii, a bovine rumen spirochete, was most closely related to
phylotypes 1 and 2 (Fig. 1), sharing 90.0% and 87.7% 16S
rRNA gene sequence identities, respectively. Phylotypes 3
(represented by strain AC3) and 4 (represented by strain Rul)
also clustered together and shared 92.9% 16S rRNA gene
sequence identity with one another. These two phylotypes clus-
tered with the sheep rumen spirochete species Treponema
zioleckii kT and shared 89.3% and 90.2% 16S rRNA gene
sequence identities with it, respectively. Phylogenetic inference
from the alignment of treponeme 16S rRNA sequences re-

vealed that the genus Treponema was split into two deep-
rooted clusters (Fig. 1). All bovine GI tract-associated spiro-
chetes, including those obtained in this study, lay in the same
cluster, which also included several human oral treponemes.
The majority of BDD-associated treponemes lay in the cluster
that did not contain the bovine GI tract-associated trepo-
nemes.

In a second analysis, the 16S rRNA genes of the bovine GI
tract spirochetes were compared to treponeme sequences from
bovine samples only. This analysis included 16S rRNA clones
from three previously reported metagenomic studies of the
bovine rumen (11, 38, 44) and a previously reported bovine
feces metagenomic study that identified nine clones represen-
tative of 5 treponeme phylotypes (29). As with the initial spi-
rochete dendrogram, the treponeme 16S rRNA gene se-
quences formed two distinct groups/clusters, with one cluster
consisting of all BDD treponeme sequences (with just one
exception) and one consisting of all the bovine GI tract trepo-
nemes (Fig. 2). This distribution contrasted with that of human
oral spirochetes, the phylotypes of which were present equally
in both clusters.

The phylogenetic cluster containing GI tract-associated
treponemes contained many deep branch lengths, and the ru-
men and rectum (fecal) treponemes seemed to populate the
cluster equally, with no apparent GI region subgrouping. In
terms of nearest relatives in this bovine treponeme dendro-
gram, bovine GI tract phylotypes 1 and 2 were located closer to
several bovine fecal treponeme clones than Treponema bryan-
tii, sharing 90.1% and 87.8% 16S rRNA gene sequence iden-
tities with treponeme clones EMP R20 and EMP F10, respec-
tively. As the ovine rumen spirochete Treponema zioleckii was
now omitted, phylotypes 3 and 4 were now located closest to
U.S. bovine rumen strain Treponema sp. strain CA, sharing
88.1% and 88.7% 16S rRNA gene sequence identities, respec-
tively.

nifH analysis. PCR-based amplification of partial nifH se-
quences (320 bp) was attempted with the seven GI tract trepo-
nemes isolated in this study, six BDD treponemes previously
isolated in our laboratory (13), and the two Treponema species
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FIG. 1. Phylogenetic tree of bovine GI tract treponemes based on an alignment of 16S rRNA gene sequences for comparison with other
isolated treponemes. Comparisons are over 1,320 aligned bases showing a relationship between strains isolated here (boldface type) and 16S rRNA
gene sequences of relevant isolated strains. Bootstrap confidence levels are shown as percentages of nodes, and only values above 40% are shown.
GenBank accession numbers are shown in parentheses next to each strain. *, previously reported 16S rRNA gene sequences from BDD lesions;
#, previously reported 16S rRNA gene sequences from human oral periodontal infections.

most closely related to the BDD treponemes, namely, Trepo-
nema medium and Treponema phagedenis. PCR products could
be obtained only from two of the seven rumen strains (AC3
and Rul) and none of the BDD treponemes or their nearest
relatives. Approximately 320 bp of nifH was sequenced for
each of the two positive isolates. A dendrogram (Fig. 3) of the
GI treponeme nifH sequences aligned with spirochete nifH
sequences, other nifH sequences previously reported to be
highly similar to spirochetal nifH (19), and gene sequences
with high BLAST scores (1) was constructed. The dendrogram
shows that the nifH genes of these two strains clustered to-
gether closely with a sequence identity of 94.4% and then
clustered secondarily to Fibrobacter succinogenes S85 (79.6%)
and then to T. bryantii (~74%) and Spirochaeta stenostrepta
(~73%).

tlyC analysis. The panel of seven GI tract treponemes, six
BDD treponemes, and two of the nearest BDD treponeme
relatives were subjected to a PCR designed to detect a putative
hemolysin gene, tlyC. PCR products of the predicted size were

observed for the six BDD treponemes and for their two nearest
relatives but not for any of the GI tract treponemes. Approx-
imately 490 bp of #lyC was sequenced for the six BDD isolates
and the close relatives Treponema medium and Treponema
phagedenis. The tlyC gene sequences were then aligned to a
number of previously reported, relevant treponeme #lyC se-
quences. After phylogenetic tree construction (Fig. 4), the 6
isolates could be divided into three distinct groups. The T.
medium-like BDD treponeme #lyC sequences were identical
and were most similar to that of T. medium, sharing 96.6%
sequence identity. The tlyC sequences of the two T. phagedenis-
like BDD treponemes were identical to that of T. phagedenis.
The T. denticola-like BDD treponeme tlyC sequences shared
99.5% gene similarity with one another and were most similar
to that of 7. denticola albeit at a modest level of similarity
(75.3%).

Enzyme activities. The enzyme activities of the bovine GI
tract-associated spirochetes compared with other relevant
treponemes are presented in Table 3. Unfortunately, strains
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FIG. 2. Phylogenetic tree of bovine GI tract treponemes based on an alignment of 16S rRNA gene sequences for comparison with bovine
treponemes. The phylogenetic tree was based on 16S rRNA gene sequence comparisons over 1,320 aligned bases showing the relationship between
strains isolated here (boldface type) and other relevant bovine treponeme 16S rRNA gene sequences. Bootstrap confidence levels are shown as
percentages of nodes, and only values above 40% are shown. GenBank accession numbers are shown in parentheses next to each strain or 16S
rRNA gene fragment clone. *, previously reported 16S rRNA gene sequences from BDD lesions.

OCl1, CC2 (two of the four strains belonging to phylotype 1),
and AC3 (the only representative of phylotype 3) could not be
revived from frozen stocks and were therefore not included in
this study. The enzyme activity profiles of the two remaining
representatives of phylotype 1 were indistinguishable from one
another. The enzyme activity profile for each of the two re-
maining phylotypes tested was unique and different from pat-
terns of previously designated Treponema species. Only B-ga-
lactosidase enzyme activity was present in all bovine GI
treponemes that we tested; otherwise, there was no discernible
enzyme pattern shared across these spirochetes.

Spirochete morphology. Transmission electron microscopy
showed that the different bovine GI tract-associated spiro-
chetes were different on the basis of cell morphology, although
they all shared common treponemal morphological character-
istics. Phylotype 1 (Ru2 and Rel) spirochetes were 7 to 10 pm
long and 0.2 to 0.30 pm wide, with 16 to 28 even windings
tightly coiled and one periplasmic flagellum (Fig. 5A and B).
Phylotype 2 (CHPA) spirochetes were 1 to 5 um long and 0.15
to 0.25 wm wide, with 2 to 5 uneven coils and 4 periplasmic
flagella (Fig. SC and D). Phylotype 4 (Rul) spirochetes had
cell dimensions of 5 to 9 wm in length and 0.40 to 0.50 pm in
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FIG. 3. Phylogenetic tree based on alignment of nifH sequences showing the relationship of bovine spirochetes isolated in this study (boldface
type) with other relevant sequences. Comparisons are over ~320 aligned bases. GenBank accession numbers are shown in parentheses next to each

strain. Bootstrap confidence levels are shown as percentages of nodes,

width, with 3 to 5 even coils and 4 periplasmic flagella (Fig. SE
and F).

DISCUSSION

In this study, a total of seven spirochetes were isolated from
the bovine GI tract. This is a significant advance, as there have
been few previous reports of bovine GI tract spirochete isola-
tions and none since BDD has emerged as a severe disease in
cattle. As these microorganisms are very difficult to isolate and
maintain in vitro, their recent identification in the bovine GI
tract resulted solely from 16S rRNA gene-centered met-

and only values above 40% are shown.

agenomic studies of bovine rumen and feces (11, 29, 38, 44).
The bovine GI tract spirochetes isolated here have 16S rRNA
gene sequences that identify them as all belonging to the genus
Treponema, and furthermore, they can be characterized into
four phylotypes. All phylotypes have less than 97% sequence
identity with the nearest treponemes, suggesting that they are
representatives of new species (33), but further phenotypic
characterizations are required to clarify this. The different phy-
lotypes had different, specific Apizym profiles and were very
different morphologically, which, along with their diverse 16S
rRNA gene sequences (<93% similarity to each other or to the
nearest treponeme sequences), is in agreement with the great
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FIG. 4. Phylogenetic tree based on alignment of tlyC sequences showing the relationship of BDD spirochetes (boldface type) with other
previously reported spirochete sequences. Comparisons are over ~490 aligned bases. GenBank accession numbers are shown in parentheses next
to each strain. Bootstrap confidence levels are shown as percentages of nodes, and only values above 40% are shown.
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TABLE 3. Enzyme activities of bovine gastrointestinal spirochetes compared with those of other relevant treponemes

Presence of enzyme activity”

Species,
group, or Strain Alkaline C4 C8 esterase  Cl4 Leucine Valine Cystine . .
phylotype phosphatase  esterase lipase lipase  arylamidase arylamidase arylamidase Trypsin - Chymotrypsin
T. brennaborense DSM 121687 + + + — - _ _ _ _
T. medium® ATCC 700293" + + + - + — _ _ _
T. vincentii ATCC 35580 - - - — + — — — _
T. phagedenis® Reiter - - - - — - — _ _
T. putidum’ ATCC 700334" + + + - + - — + +
T. denticola ATCC 35405" - + - - — - — + +
BDD group 1¢ 5 isolates + + + - + — — _ _
BDD group 2¢ 14 isolates + + + - - - _ _ _
BDD group 3¢ 4 isolates - + + - — — - + +
GI phylotype 1 Rel - - - — — - — _ _
GI phylotype 1 Ru2 - - - - — — - - —
GI phylotype 2 CHPA - + - - — - — _ _
GI phylotype 4 Rul - - + — + - - _ _
T. berlinense® 7CPL208™ - - - - - — _ _ _
T. porcinum?® 14Vv28T — + - — _ _ _ _ _
T. socranskii ATCC 35536" + + - - - - _ _ _
subsp.
socranskii®
T. pectinovorum¢  ATCC 33768 - + + — — - — _ _
T. amylovorum® (HA2PT) + + - - — _ _ _ _
T. maltophilum® BRT + + + - — _ _ _ _

“ Nearest species designated relatives (according to 16S rRNA gene sequence identity) are shown above the bovine treponemes, and previously reported bovine and

ovine isolates are shown below.
® Determined by the Apizym system.
¢ Apizym results were previously reported (31).
@ Apizym results were previously reported (13).
¢ Apizym results were previously reported (9).
/ Apizym results were previously reported (43).
& Apizym results were previously reported (24).

physiological diversity previously reported for bovine rumen
treponemes (25). All phylotypes were novel in morphology,
exhibiting little similarity to previously reported bovine GI
tract spirochetes, including those for which no 16S rRNA gene
sequences were reported (25, 26, 35, 36, 45, 46). The spiro-
chetes were isolated from different parts of the bovine GI tract;
one phylotype was isolated from several different GI tract
regions, including the omasum, colon, rumen, and rectum.
Isolation from these different regions along with metagenomic
data identifying treponemes as being present in cow feces (29)
suggest that treponemes are not limited to the rumen of the
bovine GI tract.

One reason for obtaining bovine GI tract treponemes was to
compare them with the only other reported bovine trepo-
nemes: those associated with BDD lesions. BDD lesions most
commonly occur on the hind feet of cattle, so it is feasible that
they are introduced here from contaminated fecal material.
However, we determined that BDD-associated treponemes
were different from those present in the bovine GI tract. In
terms of phenotype, the GI tract treponemes grew consider-
ably faster than the BDD treponemes that we previously iso-
lated (Table 2). In contrast to the BDD treponemes, the ad-
dition of serum or blood did not enhance the growth of the GI
tract treponemes, identifying them as being serum indepen-
dent, and no hemolysis was observed. These functional char-
acteristics are differences that might be expected when host-
adapted pathogens and commensals are compared.

Phylogenetic inference based on a comparison of 16S rRNA
sequences from bovine GI tract and BDD-associated trepo-

nemes suggested a marked divergence between the two groups.
The dendrogram formed two major clusters, which could be
assigned as one cluster belonging to BDD treponemes and the
other belonging to the GI tract treponemes. The division of
Treponema into two deep-rooted clusters was described previ-
ously by Paster et al. (28) and has been a common feature of
many previously reported treponeme dendrograms (10, 14, 24,
27, 43). Bovine GI tract-associated phylotypes were found to
belong to the cluster that, with one exception, did not contain
the BDD-associated phylotypes. However, although this obser-
vation suggests that divergence between clusters may underlie
adaptation to different niches, it is important that treponemes
associated with the human oral cavity populate both clusters of
the tree (Fig. 1). The exception mentioned above, and, hence,
the only BDD treponeme that lies within the cluster containing
GI tract-associated species, is Treponema brennaborense (31).
Although this species was isolated from a BDD lesion, several
recent studies identified it as being absent or having a very low
association with BDD, and it was suggested that it may be fecal
contaminant and/or a secondary invader in BDD lesions (17,
22). This is in sharp contrast to the majority of treponemes
present in the BDD dendrogram cluster, with many of these
having been reported to have high-level associations with BDD
(14, 17, 22).

Given that bovine treponemes appear to fall into two large
subgroups, we attempted to try and identify markers for com-
mensalism or virulence to differentiate these two groups. Free-
living and termite gut spirochetes exhibit nitrogen fixation and
have a nitrogenase gene (nifH) (19). As a nifH homologue has
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TABLE 3—Continued

Presence of enzyme activity”

Acid Naphtholphospho- a- B- B- o- B- N-Acetyl-B- a- a-
phosphatase hydrolase Galactosidase ~ Galactosidase ~ Glucuronidase ~ Glucosidase ~ Glucosidase — glucosaminidase =~ Mannosidase  Fucosidase
+ + - + - + - + - -

— — — + — — — — — —

+ + - + - - - + - -

+ - - + + - - + - -

+ + + + - + + - - -

+ — — — — — — — — —

+ + - + + - - + - +
- - + + - - + - - -

- - + + - - + - - -

+ + - - - - - - - -

+ + - - - + - - - -

+ + - - - - - - - -

+ + - - - - - - - -

+ + - - - - - - - +
+ + + - - + - - - +
also been found in the GI tract-associated spirochete Trepo- from the majority of GI treponemes makes it a poor marker
nema bryantii (19), we set out to identify the distribution of this for treponemes from the GI tract, while the PCR assay failing
gene in our treponeme collection. The nifH gene was identified to identify nifH in the BDD treponemes coincides with previ-

in only two of the seven GI tract treponemes and none of the ous reports that it is absent from many spirochetal pathogens
BDD treponemes. The potential absence of the nifH gene (19).

FIG. 5. Electron micrographs of negatively stained cells of novel GI tract treponemes. (A and B) Rel (phylotype 1) (A) exhibiting a single
flagellum (B). (C and D) CHPA (phylotype 2) (C) exhibiting four flagella (D). (E and F) Rul (phylotype 4) (E) exhibiting four flagella (F). Flagella
are indicated by arrows. Bars, 0.5 pm.
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In an attempt to further delineate these two large groups of
bovine treponemes, we developed a degenerate PCR for #lyC,
a gene originally defined as encoding a hemolysin in the spi-
rochete Brachyspira hyodysenteriae (40). We found that tiyC
was present in all three of the BDD treponeme groups and
their nearest relatives, but we were unable to identify the gene
in GI tract treponemes. In terms of bovine samples, this makes
tlyC PCR a useful marker for BDD treponemes. As to the
potential function of this gene, we have observed hemolysis for
only two of the three BDD groups that we can isolate (13), yet
the PCR was positive for all three of these novel groups.
Interestingly, the hemolytic properties of TlyC have recently
been questioned, and for Leptospira interrogans (another
pathogenic spirochete), it was shown that the predicted TlyC
cell surface protein has extracellular matrix (ECM) binding
properties (3). Tissue attachment is an import virulence trait in
spirochetes (2, 3, 5, 37), and TlyC may represent part of tissue
attachment machinery which the BDD treponemes may have
but which bovine GI tract treponemes do not.

On the basis of Apizym enzyme detection, we could not
identify any specific trends that differentiated between the bo-
vine GI tract and BDD treponemes. In terms of reported
functional classifications, members of the BDD treponeme
cluster such as human 7. denticola and T. vincentii were previ-
ously reported to be asaccharolytic (18). Interestingly, 7. den-
ticola can degrade glucose using the Embden-Meyerhof path-
way (maybe making it not truly “asaccharolytic”); however, it
was previously reported to use this only as a minor energy
source, preferentially fermenting amino acids (16). In contrast,
many of the oral and rumen treponemes from the lower cluster
were reported to be saccharolytic, with many being named
after their sugar-fermenting activities (Fig. 1). The difference
in distribution between human oral, bovine GI tract, and BDD
treponemes across the phylogenetic tree may therefore be rep-
resentative of host niches; e.g., the bovine GI tract presents an
abundance of carbohydrates, and the bovine foot may present
mostly protein, while in the human mouth, there may be both
carbohydrates and proteins available. Another potential com-
mon factor for the treponemes belonging to the BDD trepo-
neme group is serum dependence (Table 2). Using OTEB and
FAA plates, the BDD treponemes that we isolated appeared to
be serum dependent, whereas the GI tract treponemes did not.
Interestingly, human T. denticola, T. refringens, and T. phage-
denis were originally considered serum dependent (32), and
while some complex media have now been produced for some
of these treponemes, which do not contain serum (including 7.
denticola), it remains that serum enhances the growth of these
microbes but does not enhance or, in fact, inhibits many of the
saccharolytic treponemes in the bovine GI tract treponeme
cluster (24).

Here, we have isolated and characterized several trepo-
nemes from the bovine GI tract and made comparisons with
BDD treponemes. When previous GI tract treponeme identi-
fication studies are included, analyses of GI treponemes sug-
gest that they are genotypically far more diverse than the BDD
treponemes. Using phylogenetics we have identified that GI
tract and BDD treponemes form their own genetic clusters and
reported that saccharolytic ability and serum dependence may
represent important characteristics for each of these clusters,
respectively. Hence, in terms of bovine treponemes at least,
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serum dependence may underpin the ability to cause disease.
These observations of bovine treponeme phylogeny and rela-
tionship with ecology and etiology may allow us to better un-
derstand the pathogenesis of BDD. Furthermore, this study
has identified a putative surface-exposed ECM binding protein
in BDD treponemes, which may be responsible for tissue at-
tachment (3) and could be studied further as a potential vac-
cine candidate. The bovine GI treponemes described here are
now a valuable resource for further study by those interested in
commensal versus pathogenic treponemes and may provide a
valuable insight into a variety of disease processes.
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