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Abstract: Digital dermatitis (DD) causes lameness in cattle with substantial negative impact on
sustainability and animal welfare. Although several species of Treponema bacteria have been isolated
from various DD stages, their individual or synergistic roles in the initiation or development of
lesions remain largely unknown. The objective of this study was to compare effects of the three most
common Treponema species isolated from DD lesions in cattle (T. phagedenis, T. medium and T. pedis),
both as individual and as mixed inoculations, in a murine abscess model. A total of 109 or 5 × 108

Treponema spp. were inoculated subcutaneously, and produced abscess was studied after 7 days
post infection. There were no synergistic effects when two or three species were inoculated together;
however, T. medium produced the largest abscesses, whereas those produced by T. phagedenis were the
smallest and least severe. Treponema species were cultured from skin lesions at 7 days post infection
and, additionally, from the kidneys of some mice (2/5), confirming systemic infection may occur.
Taken together, these findings suggest that T. medium and T. pedis may have more important roles in
DD lesion initiation and development than T. phagedenis.

Keywords: Treponema phagedenis; Treponema pedis; Treponema medium; digital dermatitis; mouse
abscess model

1. Introduction

Digital dermatitis (DD) is a foot disease that causes lameness in cattle. It is characterized by an
inflammatory dermatitis of the digital skin, most commonly on the plantar aspect of the interdigital
cleft [1]. At the outset, DD is an ulcerative epidermal lesion and often progresses to a painful,
proliferative, nodular mass in the interdigital space just proximal to the heel bulb. These lesions
generally do not heal spontaneously and may become severe, resulting in loss of the hoof [2]. On many
dairy farms, DD is endemic and causes substantial economic loss by reducing both milk yield [3] and
reproductive performance [4], and also affecting animal welfare [5].

Despite many studies focused on elucidating causative agents of DD, the exact etiology is uncertain.
In cattle with DD, lesions typically contain a variety of bacteria, including Treponema, Fusobacterium,
Bacteroides, Campylobacter, Mycoplasma and Porphyromonas [6–8]. However, treponemes are the only
bacteria with substantial evidence of an etiological association [9]. Although various Treponema spp.
are consistently identified in active bovine DD lesions [8,10–12], the exact role of these spirochetes
in the aetiopathogenesis of DD remains unclear [13]. Treponema phagedenis, T. medium, T. pedis are
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among the most commonly detected species in DD lesions [8,10,11,14,15]. Interestingly, DD-associated
treponemes have also been associated with other hoof-related animal diseases, including contagious
ovine digital dermatitis [16] and elk hoof disease [17]. In addition, they have also been detected in
lesions of bovine ischaemic teat necrosis [18] and in skin and tail lesions of pigs [19].

Active DD lesions have a higher Treponema spp. diversity than either chronic or initial stages
of the disease [8,11,14]. In addition, different species of Treponema are associated with different
DD stages [14], suggesting their interactions could be related to disease progression. In other
Treponema-associated diseases, such as periodontal disease in humans, the association of treponemes
and other organisms extends beyond simple cohabitation and is associated with nutritional and
pathogenic synergies [20]. For example, Treponema denticola and Porphyromonas gingivalis are strongly
associated with chronic periodontitis where they exhibit metabolic symbioses [21,22], synergistic
polymicrobial biofilm development [23,24] or synergistic virulence upon coinfection in animal models
of disease [25,26]. In addition, the bacterial complex named “red-complex”, consisting of P. gingivalis,
T. denticola and Tannerella forsythia, is strongly related to advanced periodontal lesions [27], pointing at
complex polymicrobial synergies and dysbiosis as the cause of the disease [28].

Although various animal models of periodontitis have been developed [29], murine subcutaneous
abscess models have been widely used to determine the virulence and pathogenicity of various
periodontitis-associated bacteria, including several Treponema spp. [26,30,31]. When a murine
subcutaneous abscess model was used to characterize pathogenicity of several Treponema phagedenis
isolated from DD, there were differences among these strains in their ability to produce lesions
in mice [32]. Despite many attempts to reproduce DD in both cattle and sheep [33–35],
no well-characterized ruminant model of this disease, suitable for large-scale studies, has been
reported. Therefore, in the present study, pathogenicity of DD-associated spirochetes was evaluated
using a murine subcutaneous abscess model.

Specific roles of various Treponema spp. in DD skin lesion initiation or development are unknown.
Our objective was to investigate the effects of the three most common Treponema spp. isolated from DD
skin lesions (T. phagedenis, T. medium and T. pedis), both individually and as mixed inoculations, in a
murine subcutaneous abscess model.

2. Materials and Methods

2.1. Experimental Design

C57BL/6J (6-week old) mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA)
and acclimated to the facility for 1 week prior to infection. As in previous studies using the murine
subcutaneous abscess model [26,30,32], female mice were used. All experimental protocols involving
animals were reviewed and approved by the University of Calgary Health Sciences Animal Care
Committee (AC17-0201, 28-11-2017).

Two experiments were performed. In Experiment 1, mice were allocated into seven experimental
groups (n = 20/group) and two control groups (n = 10/group) (Figure 1A). Three groups were challenged
with an inoculum containing 1 × 109 of a single Treponema species (T. phagedenis, T. medium and T. pedis).
Another three groups were exposed to a combination of equal numbers of two Treponema species (total
of 1 × 109 bacteria of T. phagedenis + T. medium; T. phagedenis + T. pedis or T. medium + T. pedis), and the
seventh group was challenged with a combination of three Treponema species (T. phagedenis + T. medium
+ T. pedis) at the same concentration (total of 1 × 109). One of the control groups was challenged with a
combination of three formalin-killed Treponema species (total of 1 × 109) and the second control group
was inoculated with phosphate buffered saline (PBS) (Figure 1A).
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Figure 1. Experimental designs of subcutaneous inoculations. (A) Experiment carried out with
single, paired and triplet Treponema spp. inoculum and two controls (formalin-fixed bacteria and PBS).
(B) Experiment 2, carried out with single and paired Treponema spp. infection.

Experiment 2 was performed to test the reproducibility of some of the obtained results and to
investigate dose effects on abscess size (Figure 1B). Mice were allocated into four groups (n = 10/group).
Three groups were challenged with a single Treponema species at two concentrations (5 × 108 or
1 × 109), whereas the fourth group was inoculated with a mixture of equal numbers of T. phagedenis
and T. medium (total of 1 × 109).

2.2. Treponema spp. Inoculum

Treponema spp. isolated from bovine DD cases were used to inoculate mice. Glycerol stocks
were grown at 37 ◦C for 7 days in anaerobic novel oral spirochete media (NOS) containing 10%
bovine fetal serum and 10% rabbit serum, supplemented with rifampicin and enrofloxacin at 5 µg/mL,
as previously described [36]. All cultures were incubated in an anaerobic chamber (85% N2, 5%
CO2 and 10% H2). Bacterial concentration, active motility and the absence of spherical bodies were
determined by counting spiral forms under a dark-field microscope, using a Petroff-Hausser chamber.
For inoculum preparation, cultures were washed with pre-reduced PBS, and final concentrations
of 1 × 109 or 2 × 109 spirochetes/mL were obtained. The inoculum (always 500 µL) was injected
subcutaneously along the dorsal midline, between the scapulae. To ensure cell viability, all inoculations
were performed within 15 min after inoculum preparation.

2.3. Necropsy

Mice were euthanized 7 days after inoculation. The site of injection into the dorsal skin was
photographed and a rectangle of dorsolateral skin that included the injection site was removed, using
blunt dissection to separate the subcutis from underlying muscle and fascia. The excised skin was
inverted and the deep surface of the injection site photographed. Height, width and depth of each
abscess were measured with a caliper and its volume calculated (mm3). Lesions from 50% of the mice
of each group (n = 10) were processed for histopathology. To that end, the skin was pinned flat to
cardboard to prevent curling and immersed in 10% formalin until fully fixed. Each lesion from the
other 50% of the mice in each group (n = 10) was sectioned with a sterile scalpel blade into three parts;
these were processed for bacterial culture, Treponema spp. qPCR and transcriptional gene expression
of GAPDH, CXCL-1, IL-10 and TGF-β (PPM02991B). To detect potential systemic dissemination of
Treponema spp., samples of kidney and spleen from five mice in the treatment group infected with three
Treponema spp. were collected for bacterial culture.

2.4. Bacterial Culture

Collected samples were placed in an Eppendorf tube and transported to an anaerobic cabinet.
Thereafter, 1 mL of pre-reduced NOS media (supplemented with 10% bovine fetal serum and 10% rabbit
serum) was added and incubated at 37 ◦C. Bacterial growth was assessed using dark-field microscopy,
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based on Treponema morphological characteristics (thin corkscrew-shaped bacteria, 0.1–0.4 µm wide
and 4–15 µm long). If no growth was observed after 2 weeks, the culture was considered negative.

2.5. Treponema spp. qPCR

A piece of abscess stored at −20 ◦C was thawed and weighed and DNA extracted using a
commercial kit (DNeasy Blood and Tissue Extraction Kit, Qiagen, Hilden, Germany) used in accordance
with the manufacturer’s recommendations for Gram-negative bacteria. The recovered DNA was eluted
into nuclease-free ultrapure water and its concentration (A260/280) was measured with a NanoDrop
Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

A species-specific qPCR assay [14] was used for in-tissue Treponema quantification. Clones targeting
unique genes of Treponema pedis (CP004120), T. phagedenis (WP_002698807.1) and T. medium
(WP_016523385.1) were generated and used for quantification. The reaction mixture contained
1× TaqMan® Fast Advanced Master Mix (Applied Biosystems®, ThermoFisher, Foster City, CA, USA),
1 µM of each primer and probe, and 2 µL of DNA extract in a final volume of 20 µL. Negative DNA
extraction controls, nontemplate DNA and a standards serial dilutions acting as PCR positive controls
were included in each PCR assay. Amplification was done in a CFX96 Touch™ Real Time PCR Detection
System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and consisted of 50 ◦C 2 min, 95 ◦C 20 s, (95 ◦C
10 s, 59.6 ◦C 50 s) × 39, 72 ◦C 5 min. Results were analyzed using CFX Manager™ Software (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Copy numbers of genes in each sample were transformed to
copy number or genomic equivalents per gram of tissue.

2.6. Histopathology

After formalin fixation, each skin injection site was bisected longitudinally with a scalpel. Both cut
faces were processed for routine paraffin embedding, mounting, haematoxylin and eosin staining and
histologic evaluation.

All slides were examined by a veterinary pathologist blinded to the allocation of experimental
groups. Lesions were assigned a score, according to six categories: (1) no lesion; (2) minimal lesion,
with low numbers of scattered, mixed inflammatory cells, interpreted as a resolving lesion; (3) small,
discrete abscess with well organized, concentric laminar architecture, consisting of a dense central
core of neutrophils, a middle layer of macrophages, and a peripheral capsule of loose fibrous tissue
intermingled with lymphocytes and fewer neutrophils; (4) larger, less well organized but still discrete
abscess with a moderate amount of amorphous eosinophilic necrocellular debris intermingled with the
central neutrophilic core; (5) larger abscess than category 4, with poorer laminar organization, more
abundant central necrocellular debris, and little to no deep fibrous encapsulation; (6) larger abscess
than category 5, with even more abundant central necrocellular debris, and extensive inflammatory
infiltration into the underlying dorsal skeletal muscle. Photographs of all sections were taken, and
the area of each lesion measured using image analysis software (cellSens, Olympus Corporation).
A histologic index for each mouse was calculated by multiplying the lesion score (ranging from 1 to 6)
by the average lesion area (average of two examined images). Thereafter, data were divided by the
highest histologic index obtained and multiplied by 10 (for 1 to 10 scale transformation).

2.7. Transcriptional Gene Expression of Innate Immune Factors in Murine Abscesses

Relative messenger gene (mRNA) expression of murine cytokines (CXCL-1, IL-10 and TGF-β)
from murine abscesses was quantified by qRT-PCR. Total RNA from each abscess was isolated
using Trizol reagent (RibozolTM, VWR International, Mississauga, ON, Canada), according to the
manufacturer’s instructions. Complementary DNA (cDNA) was prepared from 1 µg of total RNA
using Moloney murine leukemia virus reverse transcriptase (Quanta Biosciences, qScripts cDNA
synthesis kit, Qiagen, Mississauga, ON, Canada). The quality and quantity of resulting RNA and
cDNA were determined using a NanoVue Spectrophotometer (GE Healthcare, Baie D’Urfe, QC,
Canada). Absence of contaminating genomic DNA from RNA preparations was verified using a
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minus-reverse transcriptase control (i.e., sample with all RT-PCR reagents except reverse transcriptase).
Then, qRT-PCR was performed using a CFX-96 real time PCR system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Each reaction mixture contained 100 ng of cDNA, SYBR Green Real-Time PCR
Master Mixes (Thermo Fisher Scientific) and 0.5 µM of each specific primer, in a final volume of 10 µL.
Primers for GAPDH (PPM02946E), CXCL-1 (PPM03058C), IL-10 (PPM03017C) and TGF-β (PPM02991B)
were used. The PCR reaction consisted of 95 ◦C 5 min, (95 ◦C 5 s, 60 ◦C 10 s) × 40. Two housekeeping
genes, GAPDH and β-actin, were initially tested and GAPDH was selected for data normalization
based on the transcription stability. Negative controls for cDNA synthesis and PCR procedures were
consistently included. Values of target mRNA were corrected relative to the housekeeping gene coding
GAPDH. Data were analysed using the 2−∆∆CT method and results reported as mean fold change of
the target transcription levels in all groups versus mice infected with T. phagedenis (control group).

2.8. Statistical Analyses

Data normality was assessed using a Shapiro-Wilk test. Normally distributed data (abscess size,
histology index and relative mRNA fold changes for studied gene expression) were analyzed by one-way
analysis of variance (ANOVA), followed by Tukey’s post hoc test to identify differences. Non-normally
distributed data (Treponema spp. genomic equivalents) were log-transformed to achieve normality.
Figures were generated using GraphPad Prism 7 (GraphPad Software Inc., La Jolla, San Diego, CA,
USA). For all analyses, p < 0.05 was significant.

3. Results

3.1. DD-Associated Treponema spp. Induce Abscesses of Variable Sizes

All three Treponema spp. most commonly isolated from DD were able to induce abscess formation
in mice after subcutaneous inoculation of 109 Treponema (Figure 2A–C and Table S1) in Experiment 1.
No mice in either control group (challenged with formalin-killed Treponema spp. or inoculated with
PBS) developed any skin lesions 7 days post challenge.
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Figure 2. Skin abscess size after subcutaneous inoculation with single or multiple Treponema spp.
(A) Lesion size (mm3) in mice infected with single Treponema spp. (B) Lesion size in mice infected
with Treponema spp. combinations. (C) Skin lesion size in Experiment 2 carried out with single and
Treponema spp. pair combination. Graphs representing mean and the error bars indicating the standard
deviations are presented. * p < 0.05, ** p < 0.01, *** p < 0.001.

T. phagedenis induced abscesses smaller than those produced by T. medium (p < 0.001) or T. pedis
(p = 0.002), whereas T. medium induced the largest abscesses, larger (p < 0.0001) than those produced
by T. pedis (Figure 2A, Table S1). When mice were challenged with pairs of Treponema spp. (Figure 2B,
Table S1), T. phagedenis + T. pedis produced smaller abscesses than either T. phagedenis + T. medium
(p = 0.016) or T. pedis + T. medium (p = 0.001).

Abscesses resulting from inoculation of one versus two Treponema spp. were compared.
T. phagedenis alone produced smaller abscesses than either T. phagedenis + T. medium (p = 0.02)
or T. pedis + T. medium (p = 0.001). T. medium alone produced larger abscesses than any of the Treponema
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pair combinations (p < 0.001); T. phagedenis + T. medium, T. phagedenis + T. pedis or T. pedis + T. medium.
T. pedis alone produced larger abscesses than T. phagedenis + T. pedis (p = 0.02).

Mice in the group challenged with a mixture of three Treponema species (T. phagedenis + T. medium
+ T. pedis) developed abscesses larger than those from any of the Treponema spp. pair combinations
(p < 0.001) or single T. phagedenis and T. pedis inoculation (p < 0.0001), but smaller than abscesses
resulting from T. medium inoculation (p < 0.0001).

Experiment 2 was done to assess reproducibility and to investigate dose effects on abscess size
(Figure 2C, Table S1). Subcutaneous 109 T. medium inoculation induced larger abscesses than either a
half dose of T. medium (5 × 108) (p = 0.04) or a combination of T. phagedenis (5 × 108) + T. medium (5 × 108)
(p = 0.002). However, there were no differences between T. phagedenis (109) and T. phagedenis (5 × 108) +

T. medium (5 × 108) (p = 0.12). None of the replicated experimental groups had differences in abscess
sizes between the first and second experiments (T. phagedenis, p > 0.99; T. medium (109), p = 0.502; and
T. phagedenis +T. medium, p = 0.803), (Figure 2A–C and Table S1), confirming the reproducibility of
the results.

3.2. Viable Treponema spp. Detected by Culture

T. medium was the only Treponema sp. isolated by culture when mice were challenged with a
single Treponema sp. (Table 1). Culture was positive for 80% (8/10) of samples, with an average abscess
volume of 312 mm3 (±77.9). Regarding inoculation with combinations, Treponema were isolated from
20% (2/10) of samples from mice inoculated with T. phagedenis + T. medium, 30% (3/10) of samples from
mice inoculated with T. medium + T. pedis and 50% (5/10) of samples from mice inoculated with all
three Treponema spp. (T. medium + T. pedis + T. phagedenis). Abscesses from culture positive samples
were significantly larger than the abscesses from culture negative samples (p = 0.04).

Table 1. Treponema spp. isolated in culture from abscesses of inoculated mice.

Group Culture (%) 2 Average Size 1 (SD)
Culture Positive Culture Negative

T. phagedenis 0 - 5.3 (1.89)
T. medium 80 311.9 (77.92) 228.0 (84.85)

T. pedis 0 - 72.9 (17.62)

T. phagedenis + T. medium 20 149.0 (7.07) 40.6 (27.86)
T. phagedenis + T. pedis 0 - 22.2 (18.12)

T. medium + T. pedis 30 124.0 (3.46) 57.0 (39.32)
T. phagedenis + T. medium

+ T. pedis 50 173.8 (48.62) 120.4 (26.84)

1 Size (mm3). 2 Percentage of positive Treponema spp. cultured samples.

When kidney and spleen samples from mice infected with a combination of three Treponema spp.
were cultured, Treponema spp. were isolated by culture from 40% (2/5) kidney samples, but not
from spleens.

3.3. Variable Numbers of Treponema spp. Detected

Treponema spp. presence in the abscesses 7 days post challenge was investigated using qPCR and
expressed as logarithmic genomic units (LGE) per g tissue (Figure 3, Table 2). After single Treponema
species inoculation (Figure 3A, Table 2), there were lower numbers of T. medium than T. phagedenis
(p = 0.003) or T. pedis (p < 0.0001).
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Figure 3. Quantities of Treponema spp. in the abscesses of mice subcutaneously inoculated expressed
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Treponema spp.; and (B) mice infected with Treponema spp. combinations. Bars represent the mean and
error bars indicate standard deviation. *** p < 0.001.

Table 2. Mean (SD) Treponema spp. quantities detected by qPCR in the abscesses of inoculated mice.
Quantities expressed as logarithmic genomic equivalents (LGE) per gram of tissue.

Group T. phagedenis LGE/g
Tissue (SD)

T. medium LGE/g
Tissue (SD)

T. pedis LGE/g Tissue
(SD)

T. phagedenis 7.6 (0.72) - -
T. medium - 6.8 (0.30) -

T. pedis - - 8.2 (0.33)

T. phagedenis + T. medium 8.0 (0.53) 6.3 (0.37) -
T. phagedenis + T. pedis 8.3 (0.38) - 8.0 (0.48)

T. medium + T. pedis - 6.7 (0.38) 7.7 (0.4)
T. phagedenis + T. medium + T. pedis 8.3 (0.39) 6.7 (0.47) 8.1 (0.37)

The qPCR results from abscesses of mice inoculated with a combination of Treponema species
were also compared (Figure 3B, Table 2). When mice were inoculated with T. medium + T. phagedenis,
T. medium was detected in lower amounts than T. phagedenis (p < 0.0001). Similarly, in mice inoculated
with T. medium + T. pedis, T. medium was also detected in lower amounts than T. pedis (p < 0.0001).
In mice infected with all three Treponema species, there were fewer T. medium detected than T. phagedenis
or T. pedis (p < 0.001). There were no significant differences between numbers of T. phagedenis and
T. pedis (p = 0.094) detected in the T. phagedenis + T. pedis inoculated mice. Similarly, there were no
significant differences between T. phagedenis and T. pedis quantities in mice challenged with all three
species (p = 0.266).

A qPCR method was used to identify Treponema spp. growth in cultures of kidney samples.
One sample yielded T. phagedenis whereas the other yielded all three species.

3.4. Differences in Treponema spp. Induced Lesion

Hematoxylin and eosin-stained tissue sections of all injection sites were evaluated and scored
using a scale (histology index) based on size, inflammatory cell infiltration and lesion architecture
(Figure 4). In mice inoculated with PBS or formalin-killed Treponema spp., neither gross nor microscopic
skin lesions were present 7 days post inoculation.
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Figure 4. Histopathology of lesions after subcutaneous inoculation with Treponema spp. (haematoxylin
and eosin staining). Histology index of single Treponema spp. infection (A) and multiple Treponema spp.
infection (D). T. phagedenis-induced subcutaneous abscess, transverse section (area of the abscess outlined
21,355 pixels2; scale bar = 1 mm) (B) and high magnification view (scale bar = 20 µm) (C). The upper
part presents the relatively narrow fibrovascular capsule composed of proliferating fibroblasts, among
which neutrophils are loosely scattered. Deep to this capsule is a layer of macrophages and a dense
layer composed predominantly of neutrophils. T. medium-induced subcutaneous abscess, transverse
section (area of the abscess outlined 366,519 pixels2; scale bar = 1 mm) (E) and high magnification
view (F). The upper image shows the thick fibrovascular capsule that surrounds the abscess, composed
primarily of proliferating fibroblasts among which are scattered neutrophils. The middle panel presents
the dense layer of neutrophils and cellular debris at the periphery of the abscess. The lower panel
presents the amorphous necrocellular debris at the center of the abscess (scale bar = 20 µm). * p < 0.05,
** p < 0.01, *** p < 0.001.

In mice inoculated with a single Treponema spp., T. phagedenis produced the lowest histology index
values when compared to T. medium (p < 0.0001) and T. pedis (p < 0.001). However, there were no
differences between T. medium and T. pedis (p = 0.38) (Figure 4A).

Inoculation with multiple Treponema spp. resulted in a lower histology index for T. phagedenis +

T. pedis than for T. medium + T. pedis challenged mice (p = 0.027). There were no significant differences
among the histology indices of mice infected with T. phagedenis + T. medium and T. pedis + T. medium
(p = 0.99). The group inoculated with all three Treponema spp. (T. phagedenis + T. medium + T. pedis) had
a higher histology index than those challenged with T. phagedenis + T. pedis (p = 0.002) (Figure 4D).

3.5. Treponema Induced Differential Expression of Innate Immune Factors

Relative fold changes in CXCL-1, IL-10 and TGF-β mRNA were studied in skin lesions using the
single T. phagedenis inoculation group as a control (Figure 5). Chemoattractant CXCL-1 and regulatory
TGF-β cytokine transcription expression were not different among any of the challenged groups
(Figure 4A–C) (p > 0.59). Increased expression of anti-inflammatory IL-10 was detected in abscesses of
T. medium-challenged mice in comparison to T. phagedenis-inoculated mice (p = 0.02). Mice inoculated
with all three Treponema spp. did not have differences in IL-10 gene expression (p > 0.99).
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4. Discussion

In this study, subcutaneous abscess formation was confirmed in mice 7 days after inoculation with
the most common Treponema spp. isolated from active bovine DD lesions. A murine subcutaneous
abscess model was used to evaluate oral Treponema spp. [26,30] or determine pathogenicity of
T. phagedenis isolated from DD lesions [32]. However, to the best of our knowledge, this was the first
study to evaluate T. medium and T. pedis pathogenicity in mice and to compare pathogenicity of single
versus multiple Treponema spp.

Although Treponema spp. derived from DD and other sources can be genetically very similar [37],
differential pathogenicity has been associated with adaptation to various environments (oral cavity,
genitalia etc.). Treponema phagedenis Kazan 8 (originally identified as T. pallidum, ATCC 27087) is a
nonpathogenic member of the resident human genital microflora [38] and in mice induces smaller
abscess formation than DD-isolated T. phagedenis [32]. As Treponema phagedenis is one of the most
commonly isolated Treponema species from DD lesions [39–41], it could be expected to have a central
role in lesion development. However, in the present study, T. phagedenis, when inoculated alone,
induced smaller lesions than other treponemes, yielding abscess sizes similar to those previously
reported at the same infectious dose [32]. Interestingly, experimental infection with a pure culture of
T. phagedenis in a bovine model has had limited success [34], suggesting that this Treponema species
alone will likely have a limited or perhaps no role in DD pathogenesis.

In both in vivo experiments, inoculation with T. medium alone produced larger abscesses than
inoculation with either T. phagedenis or T. pedis alone. It also produced larger abscesses alone than
when inoculated in combination with either T. phagedenis or T. pedis. Despite no significant difference
between T. medium and T. pedis for the histology index, there were significant differences between
T. medium and T. phagedenis. In previous studies using fluorescence in situ hybridization (FISH),
various Treponema species occupied different tissue layers [11,39]. Whereas T. phagedenis is present in
all skin layers, T. medium is mostly detected deeper, at the interface between damaged and healthy
epidermis [42]. Furthermore, greater numbers of T. medium were present deeper in active lesions, in
contrast to T. phagedenis [43]. Treponema spp. localization in skin lesions could be related to oxygen
sensitivity, a poorly studied aspect in DD-associated Treponema spp. In a previous study, whereas
T. phagedenis and T. pedis were recovered from the gloves of hoof trimmers after 2 or 3 days, T. medium
was only recoverable for 1 day [44], suggesting it may be more sensitive to oxygen, consistent with
localization and survival of T. medium deeper within skin lesions. Treponema medium is one of the
more prevalent Treponema spp. in human endodontic abscesses [45], and noncultivable Treponema that
are closely related to T. medium are more prevalent in bovine ulcerative mammary dermatitis [46],
indicating that T. medium could be more pathogenic than other Treponema spp.
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In our present study, no synergistic effects were detected when mice were inoculated with mixed
Treponema spp. Supporting this finding, a mixture of DD T. phagedenis isolates did not produce synergistic
effects [32]. Species of Treponema constitute the main pathogens linked to DD. However, some studies
have also proposed Dichelobacter nodosus, Fusobacterium necrophorum and Porphyromonas levii as
potentially important pathogens involved in this complex disease [39]. Therefore, potential synergistic
effects between these bacteria should be further investigated to elucidate their role in DD pathogenesis.

In our experiments, number of Treponema isolated from bacterial culture was positively associated
with abscess size. Anaerobic culture of treponemes was more frequent in larger abscesses, suggesting
that T. medium, which produces bigger abscess, remains viable in tissue longer than other Treponema spp.
We reported that culture of DD-associated Treponema is not successful when only a low number of
spirochetes are present [36], suggesting that small abscess may also harbour live spirochetes, but
which are not able to be cultured. Surprisingly, in our experiments, Treponema spp. were cultured
from kidney samples, demonstrating that systemic infections after subcutaneous infection may occur
in mice. Species identification by qPCR of Treponema spp. cultured from kidneys (T. phagedenis,
T. medium and T. pedis) indicated that all inoculated species have the capacity for systemic dissemination.
Treponema spp. dissemination in mice was confirmed when T. denticola DNA was detected in the
spleen, heart and brain after endodontic infection [47]. Further evidence of Treponema dissemination
in mice comes from the detection of T. denticola clusters in aortic tissue by FISH, confirming a causal
link between active oral T. denticola infection and atheroma or periodontal disease [48]. Unfortunately,
kidney samples were not included in any of those studies. This indicates the need for further studies
to determine which Treponema species can invade the kidney, as seen with other spirochetes such as
T. pallidum [49], Borrelia burgdorferi [50] and Leptospira [51]. The presence of DD-associated Treponema spp.
in the kidneys and urine of infected animals needs to be further investigated, as infection reservoirs
and transmission routes of DD remain unclear.

In the present study, qPCR detected fewer T. medium in all groups (single or multiple species
inoculation). This was surprising, as T. medium produced the largest abscesses and it was the only
single Treponema spp. recovered by culture. However, DD-associated Treponema spp. develop
cystic or resistant forms during in vitro culture [52]. There is lack of knowledge on whether some
Treponema species have a higher ability to produce cystic forms or if they are induced during in vivo
infection as described for other spirochetes [53]. In that regard, the potential presence of more cystic
forms of T. medium, associated with a lower DNA extraction efficiency (resistant forms), could explain
the obtained results.

There was higher transcriptional expression of IL-10 for T. medium versus T. phagedenis. It is
noteworthy that IL-10 plays a role in suppressing inflammatory reactions, including in skin disorders [54]
and downregulation of IL-10 occurs in active DD [55]. Chemoattractant CXCL-1 and regulatory TGF-β
were unaffected, indicating responses of those factors could occur at posttranscriptional level or at
later points.

Our study showed that there was varying pathogenicity among DD-associated Treponema spp.
in a murine subcutaneous abscess model, suggesting that some Treponema species, although present in
lower abundance, may have more impact on the development of DD lesions than those with larger
numbers. In addition, Treponema spp. systemic infection was confirmed. Further studies in cattle and
including more isolates are required to validate our findings.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/10/1507/s1,
Table S1: Mean and SD abscess size (mm3) after subcutaneous inoculation of mice with 109 (Experiment 1) or 109

or 5 × 108 (Experiment 2) Treponema spp.
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