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The etiopathogenesis of the skin disease digital dermatitis (DD), an important cause of lameness in cattle,
remains uncertain. Microscopically, the disease appears to be polymicrobial, with spirochetes as the predominant
bacteria. The objective of this study was to identify the main part of the bacteria involved in DD lesions of cattle by
using culture-independent molecular methods. Ten different phylotypes of Treponema were identified either by 16S
rRNA gene sequencing of bacteria from DD lesions or by fluorescence in situ hybridization (FISH) analysis using
phylotype-specific 16S rRNA-directed oligonucleotide probes. Two phylotypes, phylotype 1 (PT1) and PT2, were not
closely related to any characterized treponemal species. PT7 was 99.3% identical to Treponema denticola, while PT9
resembled T. vincentii by 96%. The remaining phylotypes, PT3, PT4, PT5, PT6, and PT8, and Treponema brennabo-
rense had previously been isolated from DD lesions. Forty DD biopsy specimens were examined for Treponema by
FISH. With one exception, all of the biopsy specimens revealed epidermotropic, intermingled infection with three or
more different phylotypes (mean, 4.7). The most prevalent species were PT1 (95%), PT6 (93%), and PT3 (85%).
While colonization by PT3 was confined to the surface of the epidermis, both PT1 and PT6 invaded deep into the
stratum spinosum and were seen in ulcerated dermal papillae. In two cases, all 10 phylotypes were demonstrated.
Furthermore, FISH with a Treponema group-specific probe showed that Treponema accounted for more than 90% of
the total bacterial population in the biopsy specimens. These data strongly suggest that a group of apparently

symbiotic Treponema species are involved as primary bacterial pathogens in DD.

Digital dermatitis (DD), an inflammatory skin disease of
cattle, is characterized by focal, circumscribed, and papilloma-
tous lesions localized to the lower limbs. The DD lesion is
acute to chronic, is painful at palpation, and causes lameness
and wasting. The disease was first described to occur in Italy in
1974 (7) and has since been found in many parts of the world,
where it now constitutes a significant welfare and production
problem (23, 27). A bacterial etiology of DD is supported by
the observation that cattle infected with DD respond to anti-
biotic treatment and that virus isolation from affected tissues
has been unsuccessful (13). The disease appears to be polymi-
crobial; a variety of bacteria has been cultivated from DD
lesions (19, 32), and although spirochetes seem to be the pre-
dominating group, various rods and cocci can also be recog-
nized in microscopic sections of DD specimens (10, 39). A
recently discovered species, Guggenheimella bovis, has been
suggested as a potential pathogen but has until now been
isolated only from a few DD-infected animals (30, 35). Still, the
high number of invasive spirochetes observed suggests an ac-
tive contribution of this group to DD pathogenesis (8, 9, 12, 16,
24, 35). This hypothesis is further substantiated by the fact that
serum samples from cattle infected with DD contain elevated
levels of antibody to Treponema antigens (13, 25, 36). Also, it
has been demonstrated that four Treponema strains previously
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isolated from DD-infected cows were able to induce abscess
formation in mice (18).

Similarities between human periodontitis and DD in cattle
have been observed, as both are tissue-destructive diseases
with a multibacterial etiology where spirochetes appear to be
the predominant species (2, 17). In human periodontal disease,
however, at least 60 different, mostly not yet cultivated, phy-
lotypes of spirochetes have been identified (26). For some
species of Treponema, most notably Treponema denticola, an
active role in disease pathogenesis has been documented (33).

The task of clarifying the etiology of DD is seriously ham-
pered by the fact that spirochetes are notoriously difficult to
cultivate (15). So far, only a limited number of treponemal
species from DD lesions have been cultivated in vitro (11, 14,
19, 36, 37), and only one, Treponema brennaborense, has been
formally classified (31). Consequently, culture-independent
phylogenetic methods, such as comparative 16S rRNA gene
sequence analysis and fluorescence in situ hybridization
(FISH), are valuable tools in determining the diversity, phy-
logeny, prevalence, and spatial distribution of these unclassi-
fied DD spirochetes. Previous analyses of treponemal 16S
rRNA gene sequences PCR amplified directly from DD lesions
have identified at least five different phylotypes of bovine
Treponema, two of which share a close phylogenetic relation-
ship with the human oral treponemes 7. denticola and T. vin-
centii, which are suspected to be involved in periodontitis (8, 9,
28). FISH experiments have revealed a stratification of a few
phylotypes within the epidermis (24). Still, part of the bacterial
population of DD infections remains unresolved.

The aim of this study was to identify the major part of the
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bacterial populations found in DD samples from Danish cattle,
with a special emphasis on treponemes. This was achieved by
comparative 16S rRNA gene analysis of 237 bacterial clones
which were PCR amplified from DD biopsy specimens. Sub-
sequently, by use of 16S rRNA oligonucleotide probes directed
against newly identified as well as previously described trepo-
nemal phylotypes, FISH was applied to estimate the preva-
lence and spatial distribution of the bacterial phylotypes.

MATERIALS AND METHODS

Processing of tissue specimens. From a slaughterhouse, 32 lower limbs of
cattle (dairy cows as well as beef cattle) were collected on two different occasions
(April and September), without any available clinical history, e.g., chronicity/
acuteness of the lesions, use of antibiotic therapy, or age of the animals. The
limbs exhibited different stages of DD. The limbs were washed with water, and
lesions were photographed and recorded. A total of 41 lesions were identified
and skin biopsy specimens sampled. The lesions were observed at dorsal (n = 15)
or plantar (n = 26) localization in the proximal border of the interdigital space.
For molecular analysis, one part of the biopsy specimens was immediately frozen
and kept stored at —20°C. For histological examination, the tissues were fixed in
10% neutral buffered formalin, embedded in paraffin, sectioned 5 pwm thick, and
mounted on SuperFrost/plus slides (Menzel-Glaser, Braunschweig, Germany).
All biopsy specimens were stained by hematoxylin and eosin (H&E) and evalu-
ated histopathologically. Sections for in situ hybridization were deparaffinized in
xylene and transferred to 100% alcohol before processing.

Classification of lesions. Lesions were histopathologically classified as DD
according to the method of Read and Walker (27) (with minor modifications) if
they consisted of (i) a focal circumscribed acanthotic epidermis with or without
parakeratotic papillomatous proliferation, (ii) the loss of the stratum granulo-
sum, or (iii) the presence of an inflammatory infiltrate in the dermis. Further-
more, the lesions were graded according to the degree of keratinolysis in the
stratum corneum and the stratum spinosum as (score of 1) focal, (score of 2)
moderate, or (score of 3) extensive to diffuse and according to the inflammatory
response in dermis as (score of 1) mild or absent, (score of 2) moderate, or (score
of 3) severe. Table 1 provides an overview of the results.

DNA preparation. DNA was extracted from nine randomly chosen biopsy
specimens (specimens no. 4, 18, 24, 25, 27, 29, 32, 35, and 41). Samples of
approximately 5 by 3 mm were crudely minced with a scalpel, each subsequently
immersed in 400 .l lysis buffer and 40 pl of proteinase K provided with a DNeasy
blood and tissue kit (Qiagen, Hilden, Germany), and incubated at 56°C for 16 h.
The remaining part of the procedure was performed with the DNeasy blood and
tissue kit according to the protocol provided by the manufacturer.

PCR amplification and cloning procedures. The primers used for 16S rRNA
gene amplification are listed in Table 2. The primer combinations 10FX/1509R
and Trep-46F/1509R were used to generate DNA fragments of approximately 1.5
kb. PCR was carried out in a 50-pl reaction mix which contained 1X cloned Pfu
polymerase reaction buffer (Stratagene, La Jolla, CA), 400 uM of each de-
oxynucleoside triphosphate (Amersham Biosciences, Piscataway, NJ), 0.4 pM of
each primer, 2.5 U of cloned Pfu DNA polymerase (Stratagene), and 5 ul of
template DNA. Thermal cycling using a T3 thermocycler (Biometra, Gottingen,
Germany) was performed as follows: denaturation at 94°C for 4 min, followed by
30 cycles of denaturation at 94°C for 45 s, annealing at 55°C for 45 s, and
extension at 72°C for 3 min, followed by a final elongation step of 20 min. The
purity of the product was determined by electrophoresis in a 1.5% agarose gel.
The PCR products from the different biopsy specimens were combined and then
purified by using a MiniElute PCR purification kit (Qiagen, Hilden, Germany).
The concentration and quality of the purified products were measured with an
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).

Cloning was performed by use of a Zero Blunt TOPO PCR cloning kit for
sequencing (Invitrogen, Carlsbad, CA) according to the manufacturer’s instruc-
tions. Clone libraries were created from 16S rRNA gene sequences amplified
from extracted DNA. PCR amplicons, approximately 1.5 kb long, were ligated
into the pCR4Blunt-TOPO plasmid vector and transformed into One Shot elec-
trocompetent Escherichia coli cells supplied with the kit. The transformed cells
were then plated onto Luria-Bertani agar plates supplemented with ampicillin
(50 pg/ml) and incubated overnight at 37°C. Clones, randomly selected for
further analysis, were placed into 50 pl of sterile water and boiled for 10 min. The
size of inserts was determined by PCR with flanking vector primers T3 forward
primer and T7 reverse primer, followed by electrophoresis on a 1.5% agarose gel.
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Sequencing and phylogenetic analysis. The PCR products were sequenced by
cycle sequencing on an ABI 3130 genetic analyzer (Applied Biosystems, Foster
City, CA) using a BigDye Terminator v3.1 cycle sequencing kit (Applied Bio-
systems) according to the manufacturer’s instructions. The clone library was
initially analyzed by partial sequencing of 237 randomly chosen clones. By use of
the primer 519F, fragments of between 600 and 700 bases were obtained to
determine the identity or approximate phylogeny. Almost full sequences were
obtained for potential novel phylotypes (about 1.4 kb with vector primers and the
primers listed in Table 2). Analysis and phylogenetic-tree construction were
performed with BioNumerics, version 4.0 (Applied-Math, Sint-Martens-Latem,
Belgium). For identification of the closest relatives, the sequences of the uniden-
tified inserts were compared against sequences in GenBank (http://www.ncbi.nlm
.nih.gov/BLAST/) and the Ribosomal Database Project (RDP) (http://rdp.cme
.msu.edu/index.jsp). The software Pintail, version 1.0 (http://www.bioinformatics
-toolkit.org/Pintail/), was used to identify chimeric sequences (3).

FISH. The oligonucleotide probes used in this study are listed in Table 2. They
were selected using the software ARB (http://www.arb-home.de) or the program
Primrose, version 2.17 (http://www.bioinformatics-toolkit.org/Primrose/index
.html) (4). The oligonucleotide probes were 5’ labeled with fluorescein isothio-
cyanate (FITC), Alexa Fluor 488, or the isothiocyanate derivative Cy3 (Eurofins
MWG Operon, Ebersberg, Germany, or DNA Technology A/S, Risskov, Den-
mark). The hybridization was carried out at 45°C with 40 pl of hybridization
buffer (100 mM Tris [pH 7.2], 0.9 M NaCl, 0.1% sodium dodecyl sulfate) and 200
ng of each probe for 16 h in a Sequenza slide rack (Thermo Shandon, Cheshire,
United Kingdom). The sections were then washed three times in prewarmed
(45°C) hybridization buffer for 15 min and subsequently three times in pre-
warmed (45°C) washing solution (100 mM Tris [pH 7.2], 0.9 M NaCl). The
sections were rinsed in water, air dried, and mounted in Vectashield (Vector
Laboratories Inc., Burlingame, CA) for epifluorescence microscopy.

An Axioimager M1 epifluorescence microscope equipped for epifluorescence
with a 100-W HBO lamp and filter sets 43 and 38 were used to visualize Cy3 and
Alexa Fluor 488, respectively. Images were obtained using an AxioCam MRm
version 3 FireWiremonocrome camera and AxioVision software, version 4.5
(Carl Zeiss, Oberkochen, Germany).

Nucleotide sequence accession numbers. The 16S rRNA gene sequences de-
termined in this study are available from the EMBL/GenBank/DDBJ sequence
databases under accession numbers AM942445 for PT1, AM942446 for PT2,
AMY942447 for PT3, AM942448 for PT4, AM942449 for PTS, AM942450 for
PT6, AM942451 for PT7, AM980447 for PT8, and AM980448 for PT9.

RESULTS

Classification of lesions. Histopathology revealed papillo-
matous proliferation of the stratum spinosum (acanthosis) with
severely elongated rete ridge formation and long dermal pa-
pillae in all cases. Forty biopsy specimens displayed typical DD
lesions characterized by focal, circumscribed (1 to 3 cm in
diameter) plaques/warts of variable thickness and parakera-
totic papillomatous proliferation. The localization (dorsal or
plantar on the foot) and the pathology score of the individual
lesions are listed in Table 1. Seven lesions were scored 1 in
both keratinolysis of the stratum corneum/stratum spinosum
and cellular inflammatory reaction in the dermis, and 17 le-
sions were scored 3 in both keratinolysis and dermatitis, while
the remaining 16 lesions were scored in between. The diversity
of gross and microscopic appearances among the DD lesions is
illustrated in Fig. 1.

A thickened epidermis with orthokeratotic hyperkeratosis of
an otherwise intact stratum corneum and severe acanthosis, as
illustrated in Fig. 1C, revealed only minimal bacterial coloni-
zation, whereas foci or larger areas with variable keratinolysis
of the stratum corneum and stratum spinosum usually dis-
played extensive bacterial colonization as a weak bluish stain
by H&E (Fig. 1D). In addition, erosion and ulceration of
dermal papillae were correlated with the keratinolysis while
the degree of cellular proliferation in the stratum spinosum
appeared to be independent of the keratinolysis. The skin



3014 KLITGAARD ET AL.

J. CLIN. MICROBIOL.

TABLE 1. Spatial distribution of treponemes

Histo-pathology Spatial distribution of treponemes” by FISH for phylotype or group (probe no.) Distg;ibutfion
Biopsy Limb no. score T() ) 0

specimen and (keratinolysis T reponema
no. localization ~ score/dermatitis ~ E L1 PT6 PT3 PTS PT2 PT7 PT4 ) maborense  EL8 PT9 group

score)” (188)  (178)  (192)  (199)  (200)  (198)  (201) (179) (189)  (214) (prggg no.
1 1, plantar 2/2 +++ +++ + 90
2 2, dorsal 3/3 +++ +++ +++ + 90
3 3, plantar 2/1 +++ +++ +++ + 35
4 4, dorsal 3/3 +++  +++ + ++ 98
5 5, dorsal 32 44+ A+ + 44 85
6 5, plantar 2/1 +++ +++ ++ ++ + + 85
7 6, dorsal 3/2 +++ +++ ++ 35
8 7, dorsal 3/3 +++ +++ ++ 90
9 8, dorsal 3/3 +++ +++ ++ + 90
10 8, plantar 1/1 +++ +++ ++ 85
11 9, dorsal 3/3 +++ +++ ++ 90
12 9, plantar 3/3 +++ +++ ++ 35
13 10, dorsal 2/1 +++ +++  ++ ++ 90
14 10, plantar 3/3 +++ +++ ++ ++ ++ ++ 35
15 11, dorsal 3/3 +++  +++ ++ 90
16 12, dorsal 3/3 +++ +++ ++ 90
17 12, plantar 11 +++ +++ ++ 90
18 13, dorsal 3/3 +++ +++ ++ 90
19 14, dorsal 1/3 +++ +++  ++ ++ + 90
20 14, plantar 2/2 +++ +++ ++ ++ +++ 90
21 15, dorsal 32 +++  +++ ++ ++ +++ 90
22 15, plantar 1/1 +++ +++  ++ ++ +++  ++ 90
23 16, dorsal 3/3 ++ +++ +++ ++ + 90
24 16, plantar 1/1 +++ ++ ++ ++ ++ 90
25 17, plantar 3/3 +++ +++ ++ ++ 90
26 18, plantar 3/3 +++  +++ +++ +++  + +++ 90
27 19, dorsal 2/2 +++  F++ ++ + 90
28 19, plantar 3/2 +++ +++  +++ ++ + 90
29 20, plantar 3/3 +++ +++ + 90
30 21, plantar 1/1 +++ +++ ++ 90
31 22, plantar 3/3¢ 0
32 23, plantar 1/3 +++ +++ ++ ++ ++ ++ 90
33 24, plantar 1/1 +++ +++ + 85
34 25, plantar 3/3 +++  +++ +++ + ++ 4+ 95
35 26, plantar 2/1 +++ +++ ++ +++ 90
36 27, plantar 3/2 +++ +++ ++ ++ +++  ++ ++ +++ +++ + 90
37 28, plantar 2/2 +++ +++ +++ +4++ +++ + 90
38 29, plantar 3/3 +++ +++ +H+ 4+ + +++ +++ +++ +++ ++ 90
39 30, plantar 3/2 +++ +++  +++ +++  ++ + 90
40 31, plantar 1/1 ++4 100
41 32, plantar 3/3 +++  +++ +++  +++ +++ 85

“ Pathology was scored as follows. Degree of keratinolysis: focal, 1; moderate, 2; extensive, 3. Degree of chronic perivascular dermatitis: mild or absent, 1; moderate,

2; severe, 3.

b +, sparse (1 to 5% of the total number of bacteria) in the middle of the epidermis; ++, 5 to 10% of the total bacterial population; +++, 10 to 30% of the total

bacterial population.
¢ Gross lesions different from DD.
4 Superficial colonization, 100% of invasive bacteria.

surrounding the DD lesions appeared normal, as shown in
Fig. 1E.

In the single biopsy specimen (no. 31) which was not con-
sistent with DD, a thick crust was observed diffusely in the
proximal border of the plantar interdigital space. Histopatho-
logically, the acanthotic and parakeratotic epidermis showed
diffuse vacuolation of keratinocytes.

Sequence and phylogenetic analyses of 16S rRNA gene clone
library. Clone libraries were constructed by combining DNA
from nine different DD infection biopsy specimens and using two

different sets of primers, a general set and a Treponema-specific
set. Fragments of approximately 1.5 kb from bacterial isolates
were PCR amplified and cloned. From the resulting clone librar-
ies, a total of 237 randomly chosen bacterial clones were partially
sequenced (600 to 700 bases) to identify the predominant phylo-
genetic groups. Comparative sequence analysis revealed a num-
ber of different phylogenetic clades. Of the 237 clones, 122 were
spirochetes, all belonging to the Treponema group. Almost 50%
of the remaining clones were identified as Fusobacterium necro-
phorum (99% sequence identity). Also represented were Strepto-
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TABLE 2. Names and sequences of 16S rRNA-targeting oligonucleotide probes and 16S rRNA gene-targeting primers used in this study

Reference or

Primer/probe name (no.) Sequence source

Primers

Trep-46F 5'-GTY TTA AGC ATG CAA GTC-3' 8

10FX 5"-AGA GTT TGA TCC TGG CTN AG-3’ 38

519F 5'-CCA GCA GCC GCG GTA ATA C-3' 22

519R 5'-GTA TTA CCG CGG CTG CTG G-3' 22

1054FX 5'-CAT GGY YGT CGT CAG CTC GT-3' 38

1054RX 5"-ACG AGC TGA CGA CRR CCA TG-3' 38

1509R 5'-GTT ACC TTG TTA CGA CTT CAC-3’ 21
Oligonucleotide probes

S-D-eub-338-alexa (79) 5'-GTC ATT CCA TCG AAA CAT A-3’ 1

S-S-Trep-HW-170 (178) 5'-CAA GGC CGT AGC CTC CTT-3' This study

S-S-Trep-T16-432 (198) 5'-CAT CTC ACA GGC ATT CCC-3' This study

S-S-Trep-DDK3-481 (189)
S-S-Trep-I:B:C7-432 (199)
S-S-Trep-DDKL12-432 (201)
S-S-Trep-Dig3-432 (188)
S-S-Trep-Dig4-432 (192)
S-S-Trep-T5-432 (200)
S-S-T.brenna-133 (179)

5'-CCC TTA TTC ACA TGA TTA CCG T-3' 8

5'-CAT CAG ATG AGC ATT CCC-3’ This study
5'-CAT CTC AAG GTC ATT CCC-3’ This study
5'-CAT CCC AGT ATC ATT CCC-3’ This study
5'-CAT CTC AGT GTC ATT CCC-3’ This study
5'-CAT CTT TGC ATC ATT ACC-3’ This study

5'-CCT CAC AGC TCT CTA ACC TC-3’ 31

S-S-TrepGenus-725 (202) 5'-CAG AAA CYC GCC TTC GCC-3' This study
S-S-Trep-DD7-T143-196 (214) 5'-CTT TCC TTA CTA TCT CTT G-3' This study
S-S-F.necro-183-Cy3 (114) 5'-GAT TCC TCC ATG CGA AAA-3' 5

coccus dysgalactiae (99% sequence identity), Pasteurella sp. (95%
sequence identity), and Klebsiella oxytoca (99% sequence iden-
tity).

Nearly complete 16S rRNA gene sequences (corresponding
to positions 50 to 1485 in the E. coli 16S rRNA gene) were
determined for 25 clones. These clones were primarily spiro-
chetes representing putative new phylotypes. Six of the se-
quences were identified as chimeric by the program Pintail and
were consequently excluded from further analysis.

Assuming that sequences more than 98% identical are con-
sidered to represent a single “phylotype” likely to be derived
from a single species (34), nine different phylotypes of Trepo-
nema could be identified from the clonal library in this inves-
tigation. The phylotypes and the names of their closest culti-
vable relatives in GenBank are listed in Table 3. The sequences
were aligned and trimmed to the length of the smallest se-
quence from GenBank. A phylogenetic tree based upon the
comparison of 541 bases of the 16S rRNA gene sequences is
presented in Fig. 2. The tree was constructed using the Jukes
and Cantor correction and the neighbor-joining method
(20, 29).

Two phylotypes, PT1 and PT2, had no close relatives among
previously identified treponemes. In both cases, the closest
match in GenBank was with T. refringens, with sequence iden-
tities of 93% and 89%, respectively. The seven remaining 16S
rRNA gene sequences shared close similarity to known species
or phylotypes. The clones PT3, PT4, PT5, PT6, and PT8 were
nearly identical (more than 99% similarity) to the phylotypes
DDKL-20, DDKL-12, DDKL-13, DDKL-4, and DDKL-3, re-
spectively, all described in a similar study (8). Mostly, the
differences between these corresponding sequences were due
to ambiguous nucleotides in the DDKL sequences. With re-
spect to treponemes isolated from humans, PT5 and PT9 were
both related to the oral treponeme 7. vincentii, by 98.6% and
96% sequence similarity, respectively. PT6 exhibited 98% sim-

ilarity with 7. phagedenis, a normal commensal of the human
urogenital tract. Finally, PT7 was nearly identical to 7. denti-
cola (99.3% sequence identity) while PT8 shared 95% se-
quence similarity with 7. denticola.

FISH analysis of DD lesions. In order to perform direct
identification of the different treponemes, specific 16S rRNA-
targeting fluorescence-labeled oligonucleotide probes were de-
signed for the phylotypes identified from the 16S rRNA gene
clone library. Also included in the FISH analysis were probes
targeting 7. brennaborense (31), F. necrophorum (5), the do-
main Bacteria (1), and finally a Treponema probe designed to
detect all of the phylotypes found in the DD lesions (except for
T. brennaborense). In addition, this probe covered a number of
other Treponema species: T. refringens, T. calligyrum, T. denti-
cola, T. vincentii, T. putidum, and T. pallidum. The names and
sequences of the probes are listed in Table 2. By using two
different fluorochrome-labeled probes simultaneously, double
staining of bacteria was feasible.

Double in situ hybridization with the general probe for bac-
teria and the Treponema group probe revealed treponemes in
40 DD biopsy specimens. A massive and deep colonization of
the epidermis by treponemes was common, as shown in Fig.
3A. The only biopsy specimen (no. 31) without DD, however,
was completely negative for Treponema. This biopsy specimen
was severely infected by bacteria morphologically different
from spirochetes (various rods and cocci).

The results of FISH with the 10 phylotype/species-specific
probes in the biopsy specimens are listed in Table 1 together
with the pathology scores. The prevalence of the 10 phylotypes
of Treponema found in the DD lesions is illustrated in Fig. 4. In
general, the within-specimen prevalence and spatial distribu-
tion of the different treponemes showed three colonization
patterns: (i) a sparse colonization of the middle part of the
epidermis, contributing 1 to 5% of the bacterial population, (ii)
predominant colonization of the surface and superficial layer
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FIG. 1. Gross histopathology of bovine DD in the interdigital area. (A) Biopsy specimen no. 40, showing circumscribed, focal, moist plaque with
increased thickness of epidermis (arrowhead). (B) Biopsy specimen no. 41, showing circumscribed, ulcerated lesion with papillomatous prolifer-
ations (arrowhead). (C) Cross-section of biopsy specimen no. 30, revealing severe epidermal hyperplasia of the stratum spinosum with long, slender
dermal papillae (arrowhead) and deep epidermal (arrow) and orthokeratotic (*) hyperkeratosis. Staining was done with H&E. Bar = 0.5 mm.
(D) Cross-section of biopsy specimen no. 38, revealing severe epidermal hyperplasia of the stratum spinosum with bacterial colonization and
exudation from dermal papillae (arrowhead). Keratinolysis of stratum corneum (®) and perivascular dermatitis (%) are also shown. Staining was
done with H&E the boxed area represents an area similar to that shown in Fig. 3). Bar = 0.5 mm. (E) Skin from the interdigital area, with a
normally appearing epidermis (*). Staining was done with H&E. Bar = (0.5 mm.

TABLE 3. Phylotypes of Treponema spp. identified

from clone library

al Name and GenBank accession no. of No. of

one no. losest known cultivable relative clones
(probe no.) ¢ . . . isolated

(maximum percent identity) (n = 122)

PT1 (188) Treponema refringens AF426101 (93) 34

PT2 (200) Treponema refringens AF426101 (89) 35

PT3 (192)/clone  Treponema refringens AF426101 (94) 1
DDKL-20

PT4 (201)/clone  Treponema refringens AF426101 (92) 5
DDKL-12

PT5 (199)/clone  Treponema vincentii AF033310 (98.6) 6
DDKL-13

PT6 (178)/clone  Treponema phagedenis M57739 (98) 25
DDKL-4

PT7 (198) Treponema denticola AE017226 (99.3) 12

PT8 (189)/clone  Treponema denticola AE017226 (95) 3
DDKL-3

PT9 (214) Treponema vincentii AY369250 (96) 1

of epidermis, usually contributing only 5 to 10% of the bacte-
rial population, or (iii) a diffuse colonization of the entire
thickness of the keratinolysed epidermis with the exception of
the superficial layer and the surface. In addition, the trepo-
nemes infiltrated the dermis at the tip of the dermal papillae
and usually constituted 10 to 30% of the total bacterial popu-
lation, as illustrated in Fig. 3B. An estimation of the prevalence
of the various phylotypes was based on a visual inspection of
simultaneous FISH with the specific probes and the general
bacterial probe.

FISH analysis of the 40 DD samples, using phylotype-spe-
cific 16S rRNA-targeting probes, demonstrated that PT1, PT6,
and PT3 were the most frequently detected phylotypes in the
DD lesions. PT1 and PT6 were observed in at least 93% of
the samples and were found intermingled in the deep parts of the
epidermis (Fig. 3C), both with high prevalence, each repre-
senting approximately 10 to 30% of the total bacterial popu-
lation. PT3 was identified in 85% of the samples. This bacte-
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T. calligyrum; AF426100
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T. refringens; AF426101
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FIG. 2. Phylogenetic tree based on 16S rRNA gene sequence com-
parison over 541 aligned bases between the Treponema phylotypes
isolated from DD lesions in this (marked in bold) and previous studies
and cultivable strains of Treponema. Borrelia burgdorferi was included
as an outgroup. FISH probe numbers (in parentheses) and GenBank
accession numbers are shown. The tree was constructed by the neigh-
bor-joining method, and the similarity matrices were corrected for base
changes using the Jukes and Cantor correction. The scale bar repre-
sents a 5% difference in nucleotide sequences.

rium accounted for 5 to 10% of the total bacterial population
and had a more superficial growth than the two phylotypes
mentioned above, including colonization of the surface (Fig.
3D). In biopsy specimen no. 40, with a minimal pathology score
(1/1), PT3 was the only Treponema phylotype present, repre-
senting 100% of the invasive bacteria identified, and its pattern
was a sparse colonization of the surface. The treponemes,
however, were seen invading only small, superficial epidermal
clefts surrounded by slightly lysed keratinocytes.

PT2 and PT4 were present in 68% and 43% of the samples,
respectively, both with a low prevalence (approximately 1 to
5%) and a scattered distribution in the middle of the lesions.
PT5 was observed in 38% of the samples. This bacterium also
displayed a superficial growth pattern. PT9 was present in
various concentrations in approximately 10% of the samples.
PTS8 and T. brennaborense were seen in less than 10% of the
biopsy specimens, but when present, both were found in large
numbers (10 to 30% of the total number of Treponema bacte-
ria) and deep within the epidermis. PT7, which shares 99.3%
sequence identity with 7. denticola, was found in moderate
numbers (mostly 5 to 10% of the total bacterial population) in
23% of the DD tissue sections.

Colonizing the epidermis, the treponemes were found in the
stratum spinosum with variable keratinolysis, e.g., they were
seen in the intercellular space between degenerated keratino-
cytes as well as intracellularly in lysed cells. With the exception
of biopsy specimen 31 and the seven biopsy specimens that
scored 1/1 in pathology, treponemes were observed infiltrating
the top of the dermal papillae. Similarly to the pattern ob-
served in the stratum spinosum, the spirochetes were seen side
by side tangentially to the surface. An indication of increased
dermatropic growth of treponemes was not observed.
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In general, the Treponema phylotypes were estimated to
account for at least 90% of the total number of bacteria found
in the DD lesions. Of the remaining 10% of the bacteria, a
minor number had a spirochete-like morphology but were not
caught by the Treponema group or T. brennaborense probes.
The majority of the remaining bacteria consisted of various
rods and cocci located in the upper and middle parts of the
keratinolysed epidermis. Among these bacteria, F. necropho-
rum was observed in 22% of the biopsy specimens, usually
situated in the superficial parts of the keratinolysed epidermis.

DISCUSSION

In this study, multiple different treponemes were identified
from biopsy specimens taken above the interdigital clefts of
cattle with variable stages of DD. By FISH, 1 to 10 different
phylotypes (mean, 4.7) were identified and estimated to con-
stitute more than 90% of the total number of bacteria in the
lesions. Contrary to previous work (8, 24), it was here demon-
strated that it is possible to perform FISH analysis in formalin-
fixed sections with a satisfactory result by using the fluorescent
markers Cy3 and Alexa Fluor 488 for probe labeling (Fig. 3).

Of the 10 phylotypes isolated from the DD lesions, 9 were
found by comparative 16S rRNA gene sequence analysis, 5 of
which, PT3, PT4, PT5, PT6, and PTS, had all previously been
isolated from DD lesions and 3 of which, PT3, PT5, and PT6,
have recently been cultivated (8, 19). With a sequence identity
of 98% or more, PT5 and PT6 clustered with the species T.
vincentii and T. phagedenis, respectively. T. phagedenis is a
nonpathogenic human treponeme, while 7. vincentii is com-
monly found in human periodontitis lesions (8). Four phylo-
types, PT1, PT2, PT7, and PT9, had not previously been iden-
tified in DD lesions. The two first mentioned are not closely
related to any cultivable species, while PT7 is identical to the
periodontal pathogen 7. denticola (sequence similarity of
99.3%) and PT9 shares 96% sequence similarity with 7. vin-
centii. Also identified in two of the DD lesions by FISH analysis
was T. brennaborense (31).

Compared to cultivable species of Treponema, the 10 phylo-
types cluster in different phylogenetic groups (Fig. 2). One
phylogenetic grouping is rather interesting, as it includes, be-
sides the previously described PT3 and PT4 (8), the two new
phylotypes PT1 and PT2. The closest known relatives of these
new phylotypes are the cultivable, nonpathogenic human iso-
lates T. refringens and T. calligyrum, which are both part of the
normal flora of male and female genitals of humans and ani-
mals (6). What makes this group particularly interesting is the
fact that the phylotypes belonging to this cluster are found in
relatively high numbers in the DD lesions.

The two phylotypes with the highest prevalence and greatest
spatial distribution were PT1, identified in this study, and PT6,
previously identified in German cattle (8). These bacteria were
found to constitute the frontier of invasive spirochetes in the
deepest parts of the epidermis and in the dermis (Fig. 3C and
Fig. 4). This location of PT6 has previously been observed by
FISH analysis (24).

The third to fifth most prevalent phylotypes, PT3, PT2, and
PT4, also belonged to the “T. refringens cluster” (Fig. 2). PT3
was almost as prevalent as the two phylotypes mentioned
above, but this bacterium was in general found in the superfi-
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FIG. 3. Demonstration of treponemas and other bacteria in DD lesions by FISH. (A) Massive and deep colonization of the epidermis by
treponemas (red/orange) targeted by the Treponema group probe (no. 202, Cy3); other bacteria appear green (probe no. 79, FITC). Double in situ
hybridization, biopsy specimen no. 36. Bar = 50 pm. (B) PT6 treponemas (red/orange) constituting approximately 10% of the total number of
bacteria (green) colonizing the epidermis. Double in situ hybridization with the probes no. 178 (Cy3) and no. 79 (FITC), biopsy specimen no. 14.
Bar = 75 pm. (C) Demonstration of two different treponemas intermingled deep in the stratum spinosum. PT1 (probe no. 188) labeled with Cy3
and PT6 (probe no. 178) labeled with Alexa Fluor 488, biopsy specimen no. 35. Bar = 15 pm. (D) Treponemas (PT3, red) are seen infiltrating
the superficial layers of the stratum corneum, while other bacteria (green) (arrowheads) are seen on the surface. Double in situ hybridization with
probes no. 192 (Cy3) and no. 79 (Alexa Fluor 488), biopsy specimen no. 40. Bar = 15 pm.

cial parts of the lesion and constituted in more than 50% of the
biopsy specimens only 5 to 10% of the total bacterial popula-
tion. Whereas most of the Treponema species identified in this
study appeared to be in bundles, PT2 and PT4 both displayed
a scattered distribution in the middle parts of the lesion.

The two phylotypes PT5 and PT7, which are closely related
to the human periodontal pathogens T. vincentii and T. denti-
cola, respectively (Fig. 2), were both found in relatively low

numbers in the superficial part of the DD lesions. For PT7, this
result is in concordance with previous observations (24), where
T. denticola was found only in detritus and superficial layers of
the stratum spinosum. In the same investigation, however, a
probe (TRE I) directed against PT5 showed this bacterium to
be located deep in the stratum spinosum.

The three Treponema species with the lowest prevalence in
biopsy specimens were PT9, PTS8, and T. brennaborense. The
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FIG. 4. Prevalence of Treponema phylotypes in FISH analysis of 40
biopsy specimens from 32 Danish cows. The shading of the bars rep-
resents the contribution of each phylotype to the total bacterial pop-
ulation: dark gray signifies 10 to 30%, light gray 5 to 10%, and white 1
to 5%. T. bren, T. brennaborense.

two last mentioned were present in less than 10% of the biopsy
specimens, but when present both were observed deep within
the tissue and in large numbers constituting from 10 to 30% of
the total bacterial population. In this study, PT8 and 7. bren-
naborense were found in biopsy specimens with a high trepo-
nemal biodiversity, i.e., samples with between 6 and 10 differ-
ent phylotypes were present (Table 1). Consequently, one may
speculate that they constitute part of a secondary invasion in
cases of advanced disease progression.

In a previous FISH analysis on smears of material from DD
lesions (8), PT8 was the most frequently found phylotype,
whereas the other four phylotypes identified were present only
in small numbers. This contrasting result may be explained by
the fact that the FISH analyses were performed on a relatively
small sample size (four biopsy specimens) that may have been
taken from lesions with advanced disease progression. A sup-
port for this view is the fact that the results of the present
investigation are more in accordance with those of Moter et al.
(24), who also performed FISH analysis on tissue sections.

Fusobacterium necrophorum was seen in 22% of the Danish
biopsy specimens but always in the superficial keratinolysed
layers of the epidermis and consequently represents a second-
ary invader. The fact that almost 50% of the clones sequenced
from the clone library were identified as F. necrophorum sug-
gests that DNA from the superficial parts of the DD biopsy
specimens was overrepresented in the DNA extractions.

The study revealed the consistent presence of at least one of
the three phylotypes PT1, PT6, and PT3 in the affected tissue. In
fact, in 90% of the biopsy specimens, PT1 and PT6 were present
simultaneously, and all three phylotypes were coidentified in 78%
of the samples. Furthermore, in 38% of the biopsy specimens with
the highest pathology score (3/3) only these three phylotypes were
demonstrated. Moreover, an increased number of phylotypes
present did not seem to aggravate the lesion, since the mean
pathology score for the 11 biopsy specimens with six or more
phylotypes was not higher than the overall pathology score (4.5
versus 4.6). The possibility that strains of Treponema differ in
pathogenicity has further been substantiated by a study applying
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a mouse abscess model. In this study, four 7. phagedenis-like
spirochete strains showed evidence of possessing different patho-
genic potentials (18). The observations by Elliott et al. are also in
accordance with the fact that PT6, which is closely related to 7.
phagedenis, appears to be one of the most prevalent species in the
Danish DD biopsy specimens. Furthermore, 7. phagedenis-like
spirochetes, residing deep within DD lesions, appear to facilitate
DD lesion development by impairing various bovine macrophage
functions, such as innate immunity and wound repair (40).

One possible hypothesis could be that a certain symbiosis or
synergism exists between the most prevalent phylotypes and
that coinfection is necessary for survival and for initiation of
keratinolysis of the epidermis. Alternatively, the most preva-
lent phylotypes could each be capable of producing infection
on their own or with other less frequent phylotypes. The ob-
servations from two biopsy specimens, no. 25 and no. 40 (Table
1), might be supportive of this second hypothesis. In biopsy
specimen no. 25, which is in an advanced state of infection
(histopathology score of 3/3), only PT6 of the three most prev-
alent phylotypes is present, along with three other less preva-
lent types. However, PT1 and PT3 might have been present at
an earlier state of infection. In biopsy specimen no. 40, which
appears to be in an early state of infection (histopathology
score of 1/1), only one phylotype, PT3, was observed. Still, one
might speculate that this bacterium might have been followed
by others at a later state of infection or that the infection might
never have developed seriously.

Pathogenetically, the marked damage of keratinocytes is be-
lieved to induce significant epidermal proliferation in DD (17).
The seven lesions with only minimal keratinolytic damage and
dermatitis (score of 1/1 in pathology), however, revealed a
proliferation of the stratum spinosum similar to that of the
other lesions with a higher pathology score, suggesting that the
proliferation, possibly induced by toxins released by the sur-
face-colonizing treponemes or other bacteria, precedes the
keratinolytic damages.

Simultaneous hybridization with the probe for the Trepo-
nema group and the probe for the domain Bacteria showed that
the majority of the bacteria in the lesions (90 to 95%) stained
positive with the probe targeting most of the Treponema group.
Deep in the stratum spinosum and the dermal papillae, only
spirochetal morphotypes could be observed, providing more
convincing evidence that treponemes are actively involved as
primary pathogens.

As mentioned in the introduction, both DD and periodontal
disease are considered mixed bacterial infections, with Trepo-
nema species among the most predominant organisms de-
tected from the lesions. In periodontal disease, 7. denticola is
considered a key organism together with other proteolytic
gram-negative bacteria, especially Porphyromonas gingivalis
(33). In DD lesions, Treponema species are also suspected to
be strongly implicated in disease progression, along with other
bacterial morphotypes, including bacilli and cocci, which have
been observed scattered between the spirochetes (10, 39). Un-
til now, however, no specific species or phylotypes have been
identified as the major pathogens in DD.

In this study, a number of possible key pathogenic phylotypes
of treponemes were identified, including the novel PT1. Further-
more, in the Danish DD biopsy specimens, bacteria other than
spirochetes were observed only in the debris covering the ulcer
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and in the superficial layers of the lesions, while spirochetal mor-
photypes appeared as the sole invaders of the deeper layers of the
epidermis. As the biopsy specimens in this study originated from
a slaughterhouse, no history of the animals was available. Future
studies of DD may include within-herd prevalence of the different
Treponema phylotypes as well as investigation of the treponemes
present in the early stages of DD lesions and, if possible, a time
course study of lesion development.

Interestingly, the four phylotypes which were closely related to
the human periodontal pathogens 7. denticola and T. vincentii
appeared to be of less importance in the disease progression of
DD. Meanwhile, PT6, which is almost identical to the human
commensal T. phagedenis, was found in large numbers in 90% of
the Danish DD biopsy specimens and is here considered a pos-
sible key pathogenic candidate. So, while it appears that species of
human treponemes are able to infect cattle, some species-specific
pathogenicity is indicated by this result. It could be interesting to
investigate whether some of the other bovine phylotypes observed
in the DD lesions in this and previous studies are also present in
human periodontal lesions.
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