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ABSTRACT

Digital dermatitis is a highly prevalent painful lesion affecting the feet in dairy cattle. Even though the pathogenesis has
been subject of investigation since 1974, there is still a lack of knowledge about the spread of the disease among cows
within a herd as well as between herds. The purpose of this study was to monitor transmission of digital dermatitis un-
der experimental conditions between naive heifers and affected animals, to monitor the changes in clinical appearance,
microbial colonisation of the skin as lesions progressed and to apply a q-PCR for the detection of Treponema spp. in
faecal samples. Eight heifers with clinical normal digital skin were housed with 5 heifers with severe digital dermatitis
lesion for 8 weeks on a solid concrete floor with an accumulating layer of slurry. Digital skin was examined daily and
lesions were clinically scored. Skin biopsies were taken from the healthy heifers at introduction and weekly from all
lesions for histopathological evaluation and fluorescence in situ hybridization. None of the healthy heifers developed
digital dermatitis and in 4 out of 5 infected heifers the lesions healed during the study. All samples from healthy skin
were negative for Treponema spp. and one sample were positive for Dichelobacter nodosus. Colonization of healthy
skin could not be identified in this study. There was no significant relation between clinical scoring of the lesions and
histopathological score and the presence of Treponema spp. There were however a significant relation between the
prevalence of Treponema spp. in the skin and severity of changes in epidermis and dermis. By qPCR all the healthy
heifers were found to excrete Treponema spp. in their faeces.
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1. Introduction denis-like [4-7], T. refringens-like [8,9] and T. denti-
cola-like [10]. Even though the microbiological back-
ground for DD has been intensely investigated; there is
still uncertainty about the spread of the disease. The abil-
ity of the causative agents to survive in the environment
is unknown and therefore the knowledge of contamina-
tion within a herd is yet to be elucidated. DD has been
called contagious and infectious [11], however, experi-
mental transmission is difficult [12]. Only two times has
an experimental spread of DD been reported as success-
ful. Both studies had to macerate the skin and have an-
aerobic conditions unlike conditions seen with natural
infection [13,14].

It is obvious from clinical studies and reports of out-
breaks that DD do spread among cows in a herd; how-
ever the routes of disease spreading have not been eluci-
dated. The development of the lesion and colonization of
"Corresponding author. the pathogens in the skin prior to clinical DD have not

Digital dermatitis (DD) is the most common cause of
lameness in Danish dairy herds. A study performed in
2003 showed that 89% of Danish Holstein dairies have
cows infected with DD and the mean herd level preva-
lence was 21% [1].

The pathogenesis of DD has been intensely investi-
gated during the last decades. DD appears to be polymicro-
bial, since a wide variety of bacteria have been isolated
from lesions [2,3]. Recently laboratory techniques, has
made the identification of bacteria such as spirochetes
possible within the epidermis and dermis using culture-
independent methods. More than 16 different Treponema
phylotypes have been identified in DD lesions. The most
commonly found bacteria in association with DD are
treponemes belonging to three different clusters T. phage-
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been investigated, which means that the initial causative
agents have not been identified. Studies have examined
healthy skin in the perimeter of lesions and have not been
able to show the presence of Treponema spp. [8]. Several
studies have described finding Treponema spp. in the GI
tract of bovine [15-18] and these treponemes are proba-
bly shed in feces, however the treponemes found associ-
ated with digital dermatitis have not been isolated from
GI samples or feces [15]. The reservoir for DD Tre-
ponemes remains uncertain.

Naive young stock/young heifers have previously been
described to be especially susceptible to DD [19-21] and
moisture and detrimental effect of urine and faeces are
known risk factors for DD [21,22].

The purpose of this study was 1) to monitor transmis-
sion of digital dermatitis under experimental conditions
between naive heifers and affected animals; 2) to evalu-
ate the relation between clinical macroscopic appearance
(lesion stage) of DD and histopathological changes and
microbial colonization of the skin and 3) to apply a g-
PCR for the detection of Treponema spp. in faecal sam-
ples.

2. Materials and Methods
2.1. Animals

Two maiden Holstein heifers 13 months of age from a
DD-free tie stall herd (herd 1) and six maiden Holstein
heifers 15 months of age from a DD-free free stall herd
(herd 2) were housed together in a stall with solid con-
crete floor that measured 14 m by 8 m. Twelve hours a
day the heifers has access to an additional area covered
with deep straw bedding measuring 6 m by 8 m. During a
period of four weeks the eight heifers build up a layer of
approximately 40 cm of slurry on the concrete floor. Af-
ter the four week introduction-period one first lactation
Holstein cow (herd 3) with clinical lameness score 4/5
[23] and DD on both hind legs, from an endemic infected
free stall herd, were introduced to the eight heifers. Fol-
lowing another four week period four maiden Holstein
heifers (herd 4) from an endemic infected free stall herd
were introduced to the group. All heifers had severe DD
in the hind legs and a lameness score of 3/5 or 4/5 [23].

2.2. Examination

Before introduction to the experimental housing facility
the heifers were examined in a trimming chute. Photo-
graphs were taken of all four limbs, the claws were
trimmed and all lesions were recorded. Punch biopsies (6
mm, Kruuse, Denmark) were taken in the digital skin
proximal of the heel horn on all hind legs following local
anaesthesia of the skin, with 10 ml of Lidocain (20
mg/ml). No treatment or bandage was applied following
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biopsy sampling.

After introduction to the group all animals were ex-
amined on a daily basis. The examination included evalua-
tion of general appearance, temperature, heart rate, res-
piratory rate, rumen contractions, faeces consistency, hy-
dration, and they received a lameness score and were
palpated for soreness of the digital skin. Once a week the
heifers were examined in the trimming chute. The ex-
amination in the trimming chute included inspection and
palpation of the digital skin. Faeces were removed with a
gloved hand simultaneously with the palpation, leaving
the skin visible but not clean, skin/lesions were scored
for lesion stage and biopsies were sampled from all le-
sions.

2.3. Classification of DD Lesion Stage

DD was recorded using a standardised scoring system
comprising five stages (M0-M4) [24]. If different stages
of DD were present, the lesion was scored according to
the most predominant stage of DD. M0: Normal skin, M1:
Early stage of DD with a circumscribed granulomatous
area, 0 to 4 cm in diameter, which lies at the epithelial
surface or up to 2 mm underneath it. M1 is generally not
painful on palpation. M2: Classical ulcerative stage of
DD, with granulomatous tissue. M2 is often painful on
palpation. M3: Classical ulceration of DD in the process
of healing covered by a scab. M3 is generally not painful
on palpation. M4: The chronic stage of DD are dyskera-
totic or hyperkeratotic and can present themselves with a
proliferative aspect. M4 is generally not painful on pal-
pation.

2.4. Biopsies

Biopsies were fixed in 10% neutral buffed formalin, de-
hydrated and embedded in paraffin blocks. Serial tissue
sections (4 pm) were cut and mounted on Super Frost +
slides (Menzel-Gléser, Germany) for haematoxylin and
eosin (H&E) stain and fluorescence in situ hybridization
(FISH).

2.5. Histopathological Evaluation

All samples were evaluated histopathologically in H&E
stained sections. Epidermal changes were scored 0 to 4
(0 = normal epidermis, 1 = hyperkeratosis and epidermal
hyperplasia, 2 = focal, 3 = moderate, and 4 = severe
acanthotic epidermis with or without parakeratotic papil-
lomatous proliferation and ballooning degeneration of
keratinocytes, exocytosis and/or erosion of dermal pa-
pilla).

Additionally, the biopsies were graded according to
the inflammatory response in dermis as mild or absent
(score 1), moderate (score 2), or (score 3) severe.
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2.6. Fish

The biopsies were hybridized using oligonucleotide probes
specific for Domain bacterium, Dichelobacter nodosus;
Treponema phagedenis as well as Treponema spp.; (a
Treponema group probe) as previously reported [8].

The hybridized sections were all read and scored by
one of the senior authors. The total bacterial (probe for
Domain bacterium) colonization of the epidermis was
scored from 0 to 3 (0 = no invasive bacteria, 1 = low
number of invasive bacteria, 2 = moderate number of
bacteria, and 3 = high number of invasive bacteria).
Similarly, the prevalence Treponema spp. and T. phage-
denis-like organisms were scored from O to 3, whereas
the prevalence of D. nodosus was scored 0 = no hybridi-
zation, or 1 = positive hybridization.

2.7. Collection of Fecal Samples and DNA
Extraction

Forty eight samples of facces were collected from the 8
heifers from herd 1 and 2 during 6 consecutive days (one
sample per animal per day). The samples were frozen
immediately and stored at —20°C.

DNA was extracted from the samples using the QIAamp
DNA Stool Mini Kit (QIAGEN, Hilden, Germany): 180 -
220 mg of frozen faeces was transferred to ASL lysis
buffer and DNA was extracted following manufacturer’s
protocol. The purified DNA was quantified (the yield per
sample was approximately 6 pg with no variation be-
tween the samples) and diluted in nuclease-free water
(Applied Biosystems, Foster City, CA, USA) to the con-
centration of 6.5 ng x pL ™.

DNA for standard serial dilutions was obtained from a
Treponema phagedenis isolate (isolate VI) provided by
the Dept. of Biomedical Sciences and Veterinary Public
Health, Swedish University of Agricultural Sciences, Upp-
sala, Sweden.

DNA was extracted using Easy-DNA Kit, protocol #3
(Invitrogen, Taastrup, Denmark).The quality of the puri-
fied DNA was verified both photometrically using a
(NanoDrop 2000) spectrophotometer (Thermo Scientific,
Wilmington. DE, USA) and by performing a PCR with
general and Treponema spp. specific 16S RNA gene
primers.

2.8. gPCR

The serial dilutions with well-defined number of DNA
copies were created by cloning Treponema phagedenis
16S RNA gene fragment into pCR4Blunt-TOPO vector
(Zero Blunt® TOPO® PCR Cloning Kit for Sequencing,
Invitrogen)

PCR was performed in 4 x 50 pL reaction mixture
containing: 0.5 uM of each primer, dNTP (each nucleo-
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tide 400 uM), MgSO, (2.0 mM), pfu DNA polymerase
(0.05 U x pL™'; Promega Corporation, Madison, WI,
USA), template DNA from Treponema phagedenis iso-
late (40 ng per 50 puL of mix).

The cloning was performed according to the Invitro-
gen protocol for Zero Blunt® TOPO® PCR Cloning Kit.
Five selected transformants were cultured overnight, har-
vested and the plasmids were purified using Plasmid
Mini Kit (Qiagen, Cat. No.12123). The purified plasmids
were quantified (Nanodrop) and digested with Pst I (Pro-
mega, cat. no. R4114) following Promega’s protocol.
The plasmid digest was then purified with MinElute PCR
Purification. The insert sequence was controlled by se-
quencing purified plasmid using the Treponema primers.
Sequencing was performed on a 3130 Genetic Analyzer
(Applied Biosystems, USA) using BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, cat. no.
4337455) according to the manufacturer’s protocol. The
samples were run in triplicates.

gPCR was performed using a Rotor-Gene 6000 (Cor-
bett Research, Sydney, Australia).

For qPCR on DNA extracted from faeces qPCR was
run as single reactions for standard dilution and as tripli-
cates for the samples. The conditions of PCR were the
same as described above.

2.9. Statistical Analyses

To determine whether clinical classification of lesion
stage, changes in epidermis and, inflammatory response
in dermis were influenced by the prevalence of Tre-
ponema spp., prevalence of T. phagedenis-like, and preva-
lence of D. nodosus a multinomial (ordered) regression
model was employed. The model was fitted using gener-
alized estimating equations (GEE) with a working inde-
pendence covariance structure based on the specific le-
sion within cow in order to accommodate any effect of
repeated observations on a single lesion. Misspecification
of the correct correlation structure was not critical with
respect to the fixed effect estimates and would result in a
loss of efficiency. Clusters defined by leg within cow
were considered to see if this influenced the standard
error of the estimated parameters.

Due to the size of the dataset and the low number of
animals with DD a forward selection scheme was used to
identify the associated predictors and the biological ef-
fect of the associated predictors was subsequently quan-
tified.

2.10. Generalized Estimation Equation

For the generalized estimating equation (GEE) procedure,
a multinomial error distribution and a cumulative logistic
link function was employed. Initially, a working inde-
pendence covariance structure with clusters based on
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individual legs was used. However, clusters based on
individual lesions or on the broader grouping defined by
cows were also considered. Explanatory variables using a
forward selection approach was included and subse-
quently the full model was reduced using model reduc-
tion.

3. Results

None of the 8 naive heifers developed digital skin lesions
during the 12 week observation period. The two heifers
from tie stall (herd 1) developed hyperkeratosis of the
digital skin above the heel bulbs. There were one case of
lameness due to distortion and swelling of the fetlock
joint on a foreleg. Otherwise the naive heifers remained
healthy. However, one biopsy was positive for Dichelo-
bacter nodosus in the final biopsy sample collected from
one of the healthy heifers at the end of the 12th week.
The clinical evaluation of the skin showed hyperkeratosis
and this was confirmed in the histology sample upon
analysis.

Table 1 shows the status of DD lesions during the 12
weeks of study. The first lactation cow (herd 3) intro-
duced after four weeks had DD on both hind legs. On left
hind leg there was a lesion on an interdigital hyperplasia
and a lesion between the heel bulbs. On the right hind leg
there was a lesion between and above the heel bulbs.
Both lesions between and above the heel bulbs healed
completely, during the eight weeks in the experimental
setting, where the legs were constantly covered in ma-
nure. However, the DD on the interdigital skin remained
throughout the study. Three of the four heifers from herd
4, had lesions that healed completely during the study
period.

Table 1. Total number of digital dermatitis lesions on the
individual heifers from introduction to the study population
to the end of the study period.

Number of DD lesions
Week
7

Herd  Cow

=
o
=
[N
=
N

*

S

O O O O O O O Ok
S O O O O o O OoON
[=E = = - = = =R )
S O O O O O O O
W o O O O O o o oju
W o OO O O O o oo
W o OO O O o o o
N O O O O O O O O™

BA D WD NN NNND = —
TS0 0N bW —

—
N
N —= W W = O O O O O O O O|

N — W W= O O O O O O O O
N — W W = O O O O O O O O
_ = NN = OO0 O O O O

EN

13

“This sample had a positive hybridisation of D. nodosus.
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3.1. Treponema spp.

Because of few observations for some categories, lesion
stages M1 and M2, lesion stages M3 and M4, and change
in epidermis score 0 and 1 were combined when analys-
ing the prevalence of Treponema spp. The score for in-
flammation in dermis and for changes in epidermis were
included in the full model as well as examination date.
Classification of lesion stage was not significant (p =
0.18).

The final model included either changes in epidermis
score (p = 0.02) or inflammation in dermis score (p =
0.03) but not both. When individual legs were used as
cluster the result were the same (p = 0.04 for changes in
epidermis and p = 0.02 for inflammation in dermis).

Table 2 shows that a moderate inflammatory response
in dermis (score 2) had an odds ratio resulting in a lower
prevalence number of Treponema spp. of 0.56 relative to
an extensive to diffuse inflammatory response in dermis
(score 3) (i.e. odds ratio of 1.78 for a higher prevalence
of Treponema spp.). The odds ratio of absent or mild
inflammatory response in dermis (score 1) (relative to 3)
was 7.63 for a lower prevalence of Treponema spp.

The results from the final model for the prevalence of
Treponema spp. including changes in epidermis (Table 3)
show that changes in epidermis score 2 had an odds ratio
resulting in a lower prevalence of Treponema spp. of
62.85 relative to more severe changes in epidermis (score
3). The odds ratio of category 1 (relative to 3) was
355.28 for a lower prevalence of Treponema spp. These
extremely large odds ratios were due to the small size of
the dataset relative to the number of categories.

Table 2. The estimates for the final model for the preva-
lence of Treponema spp. including inflammation in dermis
score 1, 2 and 3.

0,
Parameter Estimate Standard - 95% C.O nﬁdence Z
Error Limits

Intercept 1 ~ —2.11 1.028 —-4.11 -0.12 -2.07 0.04

Intercept 2 —1.83 0.97 —3.72 0.06 -190 0.06

Intercept 3 —0.919 1.15 —3.17 135 -0.79 043
Score 1 2.03 0.75 0.57 3.49 2.72 0.01
Score 2 —0.58 1.12 —2.78 1.3 -051 0.61
Score 3 0.00 0.00 0.00 0.00

Pr>|Z|

Table 3. The estimates for the final model for the preva-
lence of Treponema spp. including changes in epidermis
score 1, 2 and 3.

Parameter Estimate Standard - 95% C.O nﬁdence Z Pr>|Z|
Error Limits

Intercept 1  —4.54 0.56 -5.63 345 -8.17 <0.01

Intercept 2 —4.06 0.81 —5.65 -248 -5.03 <0.01

Intercept3  —2.16 0.71 -3.55 077 -3.04 <0.01

Score 1 5.87 1.12 3.68 8.07 524 <0.01
Score 2 4.14 1.23 1.73 6.55 336 001
Score 3 0.00 0.00 0.00 0.00
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3.2. Treponema phagedenis-Like Organisms

Bnges in epidermis categories 0 and 1 were combined
when analysing T. phagedenis.

The main effect of inflammation in dermis score and
changes in epidermis score were both significant (p-val-
ues of 0.02 and 0.03) while macroscopically classifica-
tion of DD was not (p = 0.07). However, the size of the
data did not allow for an inclusion of multiple explana-
tory variables, and even individual legs as clusters were
considered there was no significance.

The estimates for the classification of lesion stage
main effects are shown below (Table 4) although the
overall effect was not significant.

3.3. Dichelobacter nodosus

There were only two possible categories for D. nodosus
so a logistic regression model was used with a cluster
that is defined either by leg or lesion.

In order to be able to estimate the parameters the
changes in epidermis scores 0 and 1, as well as lesion
stages M3 and M4 were grouped. The single observation
belonging to the healthy individual with MO was disre-
garded. Inflammation in dermis score could not be used
directly in a logistic regression setting as there was only
observed variation for score 1. Consequently, D. nodosus
and inflammation in dermis score were compared using
Fisher’s exact test (which on the other hand disregarded
the fact that there was repeated measurements on the
individuals). The size of the data did not allow for inclu-
sion of multiple explanatory variables, which left only
the main effects of the remaining two explanatory vari-
ables of interest.

Neither changes in epidermis score (p = 0.89) nor
classification of lesion stage were significant (p = 0.09).
However, looking at changes in epidermis and examina-
tion data combined then examination date was borderline
significant (p = 0.04).

Only one of the analyses showed any systematic effect
of time although measurements taken on the same cluster
were potentially positively correlated. The statistical ef-
fect, however, was very small. It should be stressed that
the number of observations was quite small for this study

Table 4. The main effects of DD lesion stage (M2, M3 and
M4) on the prevalence of T. phagedenis.

0,
Parameter Estimate Standard  95% C.O nfldence Z
Error Limits

Intercept 1 ~ —2.62 0.55 -3.70 —-1.54 —-477 <0.01
Intercept 2 —2.36 0.48 -329 -143 496 <0.01
Intercept 3 —0.83 0.69 -2.18 053 -1.19 0.23

Pr>|Z|

M2 0.17 1.31 —2.41 274 0.13 0.90
M3 2.95 0.41 2.14 376 7.13  <0.01
M4 0.00 0.00 0.00 0.00
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and given the number of categories for the response and
explanatory variables so in most cases it had not been
possible to make analyses that accommodate all the avail-
able predictors. It is also worth emphasizing that many of
the results were just borderline significant (below the 5%
level), and that while they all point in the same direction
(which suggests that the statistical significance might
have been greater if the dataset had been larger), also
keeping in mind that multiple test/analyses have been
made.

3.4. Treponema spp. gPCR on Faeces

The standard dilutions Ct values were consistent with
expected 10 folds concentration differences between con-
secutive standards and ranged from 7.18 for the 10’
standard dilution to 26.92 for the 10" standard dilution.
The Ct values for the samples lay between 14.73 and
18.05.

The t, (melting temperature) for standard dilutions
(Treponema phagedenis) was 86.5°C - 86.8°C. The t,s
for samples ranged from 84.5°C to 86.7°C. The wider
melting temperature range of the samples was most
probably caused by the fact that this was a mixture of
Treponema spp. therefore one would expect some varia-
tion in the amplified region of the 16S RNA gene.

The number of Treponema spp. copies in the samples
was estimated by absolute quantification using standard
serial dilutions. Treponema species were found in all
samples with the number varying from 4000 to 38,000
copies. Although Treponema spp. was present in all
samples there was no significant variation in the number
of copies detected.

4. Discussion

Based on the result of this study, the experimental trans-
fer of DD between heifers did not occur. The area the
heifers were kept in was rather crowded, with approxi-
mately 8.6 m® per animal. New animals were introduced
to the group every 4 week, causing disturbance and proba-
bly introducing new pathogens. One might speculate that
the environment the heifers were kept in probably did not
particularly favour treponemes, since none of the naive
animals was infected. Another thought could be that the
skin was exposed to urea instead of ammonium gas and
thereby was in better condition to limit the DD lesions
and the proliferation of treponemes within the epidermis.
The possibility of the naive heifers being unsusceptible
to DD is also present. There has been some evidence that
a rather large variation in susceptibility between Holstein
heifers exists [25].

The PCR showed large amounts of treponemes in the
faeces, hence in the manure covering the floor. Even
though previous studies have failed to identify DD-tre-
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ponemes in the bovine Gl-canal [15] and the present
study failed to classify the exact Treponema spp. in the
faecal samples it still poses the question whether the
manure is in fact the reservoir for DD. The finding that
DD did not spread in this group of animals, in spite of
several risk factors supports the theory that DD indeed
has a complicated multifactorial etiology.

However, it is quite interesting that despite the rather
unhygienic conditions these heifers were exposed to for
12 weeks none of them developed signs of DD or even
interdigital dermatitis or heel horn erosion. And epider-
mal colonisation of bacteria could only be found in one
biopsy from hyperkeratotic skin.

With regards to the gradual healing of lesions in the
group of infected cows, the frequent biopsy sampling
could have induced an inflammatory response that acted
synergistically with the cow and sped up the healing
process. This completely adverse direction this part of
the study has taken only shows that there are still many
unknowns about this particular disease.

The most common way of diagnosing DD in practice
is by clinically identifying the lesion and more advanced
scoring the lesion according to a scoring system. The
results show that the relationship between clinical ap-
pearance of the lesion, the lesion stage and the degree of
histopathological changes or the degree of treponemal
colonisation of the tissue is very poor. This is in contrast
to the previous findings of this research group. In 2007
this group found that the larger and the more variable the
colonisation the more severe were the lesion stage and
the clinical evaluation based on data collected in a cross-
sectional study [8]. One may speculate that the DD le-
sions in the present study are atypical lesions due to the
effect of the environment that actually improves or heals
the lesions. In the present study we saw a discontinuation
of a typical DD lesion instead of a development of new
lesions. Furthermore data were based on repeated meas-
urements on the same animals, providing more informa-
tion from each lesion.

However, when analysing at the histopathological
changes in epidermis and dermis there is a correlation
between more treponemes and more severe changes in
dermis and epidermis. The implications of these new
findings could mean that the colonisation of the skin is
not very diverse in this group of heifers.

5. Conclusions

None of the healthy heifers exposed to DD infected ani-
mals developed DD, evaluated both on a clinical or
histopathological level. In only one of the 5 infected
heifers the lesions remained unchanged during the study,
the rest of the lesions healed.

In this study the clinical appearance of lesions (lesion
stage) is not significantly associated with the prevalence
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of Treponema spp., the histopathological changes in epi-
dermis and the level of inflammation in dermis. One of
variables histopathological changes in epidermis or the
level of inflammation in dermis (but not both) is signifi-
cantly associated with the prevalence of Treponema spp.
The effects of histopathological changes in epidermis and
the level of inflammation in dermis on the prevalence of
Treponema spp. have more or less the same positive di-
rections: the likelihood of the prevalence of Treponema
spp. increases with increasing level of histopathological
changes in epidermis and severity of the inflammatory
response.

It should be stressed that the number of observations is
quite small for this study and that many of the results are
just borderline significant.

All faecal samples collected rectally from the healthy
heifers were positive for Treponema spp. on real-time
PCR.
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