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Abstract
Treponema paraluisleporidarum infects both rabbits (ecovar Cuniculus) and hares (ecovar Lepus). While the occurrence of 
the bacterium has previously been reported for European brown hares (Lepus europaeus) and domestic rabbits (Oryctolagus 
cuniculus f. domestica), there are no data available that report infection in the European context. We tested a total of 1,995 
serum samples and 287 genital swabs from opportunistically sampled European brown hares (Lepus europaeus; n = 2135), 
Mountain hares (Lepus timidus; n = 4), European rabbits (Oryctolagus cuniculus; n = 138), and pet rabbits (O. cuniculus f. 
domestica; n = 5). The samples originated from eight European countries. In case only serum was available, we tested the 
samples for the presence of anti-treponemal antibodies. For this, we utilized the Treponema pallidum-particle agglutination 
test (TP-PA), which is suited for the use in lagomorphs due to the antigenic cross-reactivity of anti-T. pallidum and anti-
T. paraluisleporidarum antibodies. In addition, the results of 380 sera were confirmed using the fluorescent-Treponema 
antibody absorption test (FTA-ABS). In all cases where swab samples were available, DNA was extracted and tested using 
quantitative PCR to test for the presence of the lagomorph syphilis-bacterium. We were able to detect antibodies in 825 of 
1,995 lagomorph sera (41.4%; brown hare: 825/1,868; rabbit: 0/127) and obtained positive qPCR results from 182 of 287 
swab samples (63.4%; European brown hare: 167/267; mountain hare: 4/4; rabbit: 11/16). While all rabbit sera (n = 127) 
tested negative for anti-treponemal antibodies, the presence of the bacterium was confirmed in eight wild (n = 8/11) and 
three domestic rabbits (n = 3/5) from Germany using qPCR.
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Introduction

Treponema paraluisleporidarum, formerly known as T. 
paraluiscuniculi, is the causative agent of syphilis infec-
tion in lagomorphs. Known host species are the European 

brown hare (EBH, Lepus europaeus) (Horvath et al. 1979), 
the mountain hare (Lepus timidus) (Mörner 1999), and 
the European rabbit (Oryctolagus cuniculus) (Cunliffe-
Beamer and Fox 1981). The lagomorph-infecting patho-
gen is a close relative to the human syphilis bacterium 
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Treponema pallidum (whole genome similarity 98.1% to 
strain Nichols) (Strouhal et al. 2007; Šmajs et al. 2011, 
2018). Based on the low number of observed genetic dif-
ferences, Lumeij et al. (2013) suggested an ecovar status 
for the rabbit (ecovar Cuniculus (TPeC)) and hare-infecting 
(ecovar Lepus (TPeL)) strains of T. paraluisleporidarum. In 
a cross-infection study, they were able to show that TPeC 
caused seroconversion in EBHs but it did not lead to clini-
cal manifestations. Contrary to this, infection with TPeL 
caused skin ulceration in both rabbits and hares (Lumeij 
et al. 2013). Lagomorph syphilis is considered apathogenic 
to humans due to genome decay with deletions mainly found 
in the tpr gene family (Šmajs et al. 2011), a group of genes 
that is considered to be important for treponemal patho-
genicity and host specificity (Centurion-Lara et al. 2013). 
However, our current knowledge is based on a single whole-
genome of a rabbit-infecting strain Cuniculi A (GenBank 
accession no.: NC_015714.1). Since the genetic diversity 
of lagomorph-infecting treponemes has not yet been inves-
tigated, it is open to speculation if all lagomorph-infecting 
strains show similar genome decay and whether TPeC and 
TPeL naturally infect both rabbits and hares. To answer 
these questions, we considered it necessary to review and 
investigate the distribution of treponematosis in European 
lagomorphs and find evidence of naturally occurring TPeC 
infection in wild European rabbits.

Material and methods

We collected a total of 1,995 serum samples and 287 geni-
tal swab samples from eight European countries (Table S1, 
online resource). Samples originated from legally hunted 
animals (Hungary, Germany, Netherlands, Sweden, Italy), 
carcasses (Spain, Great Britain), or live-trapping in restock-
ing areas, prior to translocation (Italy). The Czech hare 
samples originated from live hares on three breeding farms. 
No animals were purposefully killed for this research.

Serology

Infection with T. paraluisleporidarum induces a lifelong 
antibody response in lagomorphs (Baker-Zander and Sell 
1980). Since antibodies are known to be cross-reactive to T. 
pallidum (TP) antigen (Baker-Zander and Lukehart 1984), 
we screened serum samples using the T. pallidum-particle 
agglutination assay (TP-PA; Fujirebio Diagnostics Inc., 
Malvern, PA, USA). Briefly, gelatin particle carriers sen-
sitized with purified TP antigen (strain Nichols) agglutinate 
in the presence of cross-binding antibodies. We performed 
the test according to the manufacturer’s instructions. After 

a 2-h incubation period at room temperature, positive sam-
ples showed an agglutination that covered the bottom of 
the well, whereas negative samples showed a defined but-
ton-shaped particle concentrated in the center of the well. 
TP-PA results of 374 sera and an additional six samples, 
which were previously not tested, were confirmed using the 
fluorescent-Treponema antibody absorption assay (FTA-
ABS test, Mast Diagnostica GmbH, Reinfeld, Germany). 
Here, we incubated serum samples in a preparation con-
taining antigens of Treponema (Reiter-strain) to remove 
non-specific antibodies. In case anti-treponemal antibodies 
are present, these bind to the outer membrane proteins of 
T. pallidum strain Nichols organisms that are plotted to 
a glass slide. Anti-Treponema antibodies were visualized 
using a fluorescence microscope (ZEISS LSM 5 Pascal) 
after the addition of fluorescein isothiocyanate-labelled 
secondary anti-rabbit immunoglobin G (F9887, Sigma-
Aldrich). A previously collected EBH serum sample that 
contained anti-treponemal antibodies was included as a 
positive control. Samples that reacted positive in the TP-PA 
with unsensitized-particles (USPs) and which were nega-
tive in the FTA-ABS assay were pooled in groups of five 
and underwent a pre-absorption with USP in the TP-PA 
assay (50 µl of lagomorph serum incubated in 950 µl USP 
for 30 min at room temperature). Samples were then cen-
trifuged, and the supernatants were retested in the TP-PA 
assay.

Quantitative PCR

DNA was extracted from swab material using the QIAamp 
DNA mini kit (QIAGEN, Hilden, Germany) following the 
manufacturer’s instructions. We measured the DNA yield 
using a NanoDrop photometer (ThermoFisher Scien-
tific, Darmstadt, Germany) and subsequently performed 
a quantitative PCR (qPCR) targeting the polymerase I 
gene (polA). This locus is reported to be specific for T. 
paraluisleporidarum and T. pallidum (Liu et al. 2001). 
Briefly, a TaqMan® qPCR was performed using newly 
designed primers S 5′-GCA GGA TGT TAT GCT TGC ACG 
and AS 5′-TAC GTT TAA GTT CTA CAG GGT CAG T in 
combination with the probe 5′FAM-TGC AGG TCA TTA 
TCG TGG TGT-TAMRA. The reaction mix included 10 µL 
TaqMan Universal MasterMix II (no Uracil-N glycosy-
lase; Applied Biosystems) and 1.8 µL of each 10 µmol/L 
primer and probe. The total genomic DNA concentration 
of the sample added to each reaction was normalized to 
100 ng. Molecular-grade water was used to adjust the 
reaction volume to 20 µL. A dilution series of a plasmid 
(pCR 4-TOPO vector, Thermo Fisher Scientific) that con-
tained the 71 bp target sequence was used as a reference 
for quantification. Cycling conditions were as follows: 
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95 °C for 10 min, followed by 50 cycles each at 95 °C 
for 15 s and 60 °C for 60 s. Reactions were run on a Ste-
pOnePlus RealTime PCR System (Applied Biosystems). 
We tested all samples in duplicates and analyzed raw data 
using the StepOne version 2.3 software (Applied Biosys-
tems). Duplicates with a standard deviation greater 0.5 
were excluded from further analysis.

Results

A large number of the tested EBH samples reacted positive 
for antibodies or allowed amplification of treponemal DNA, 
respectively (Figs. 1 and 2, Table S1). In the TP-PA test, 
785/1,862 EBH (42.2%) and 0/127 wild rabbit (0%) sam-
ples were distinctly positive for anti-Treponema antibodies. 
Altogether, 137 serum samples (EBH: n = 107; wild rabbit: 
n = 30) showed non-evaluable results in the TP-PA test due 
to an indistinct reaction and/or a reaction in the control well 
with unsensitized particles (Fig. 1).

For the FTA-ABS testing we included all sera with 
non-evaluable results (n = 137) as well as an additional 
237 randomly selected samples plus six samples that were 
not previously tested with the TP-PA due to shortage of 
serum. One hundred seventy-five out of 341 EBH samples 

(51.3%) tested positive in contrast to the rabbit samples, 
which all tested negative in the FTA test (n = 0/39). In 
a single case, a TP-PA-positive sample tested negative 
in the FTA-ABS test, whereas two TP-PA-negative sera 
were confirmed positive in the FTA-ABS test. Table S1 
summarizes the results and provides further details about 
the origin of samples. Additionally, we performed a pre-
absorption of 30/137 non-evaluable serum samples (25 
FTA negative (pooled in 5 groups) and five FTA-positive 
samples) and retested them in the TP-PA test, where they 
showed no reaction in the control well and distinct results 
identical to the respective outcome in the FTA-ABS test 
(Fig. 1).

For qPCR amplification, 182 of 287 genital swab 
samples (63.4%; EBH: 167/267; mountain hare: 4/4; 
wild rabbit: 3/5; domestic rabbit: 8/11) showed a clear 
amplification of the polA gene target (Italy: 5/5 (100.0%); 
Netherlands: 2/2 (100.0%); Germany: 160/214 (74.8%); 
Czech Republic: 4/54 (7.4%); Great Britain: 7/8 (87.5%); 
Sweden: 4/4 (100.0%), Fig. 2, Table S1). polA copy num-
bers ranged from three to 10e6 copies (7.07e4 ± 2.20e4,  
mean ± SEM), with mean copy numbers ranging from 
eight copies in the Czech Republic (n = 4) to 8.37e5 in 
Sweden (n = 4). We note here that sample size and sample 
quality differed greatly per country.

Fig. 1  Flow chart displaying 
work process and results by 
species. The total number of 
tested samples is given in bold, 
followed by the quantity per 
species (EBH: European brown 
hare). All of the samples with 
obscure results and/or a reac-
tion with unsensitized particles 
(USP, control) were tested in the 
FTA-ABS test (brown frame). 
A total of 30 samples were 
preabsorbed and retested in the 
TP-PA assay
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Discussion

Different methods were used to confirm infection with 
TPeC/L in our lagomorph sample collection. For this study, 
we either had serum samples, which did not allow nucleic 
acid tests or genital swab samples that were of no use for 
serum-antibody detection. However, despite the differ-
ences in sample material and methods, both, serology and 
qPCR, allow a clear statement on the infection status of 
the lagomorph host. The first documentation of syphilitic 
lesions in German EBHs was as early as 1874 (Bollinger 
1874) followed by demonstration of spirochetes in hare 
tissue specimens from Serbia in 1957 (Jakšić 1957). Since 
then, the occurrence of the bacterium has been described 
in several hare populations throughout Europe, namely 
Hungary (Horvath et al. 1979), the Netherlands (Lumeij 
et al. 1994), Sweden (Mörner 1999), central Italy (Verin 
et al. 2012), Austria and Germany (Posautz et al. 2014; 

Hisgen et al. 2020), and the Czech Republic (Nováková 
et al. 2019) (Fig. 2, gray circles). These published data are 
now further complemented by the findings generated in this 
study (Fig. 2, yellow- and red-colored circles) where 992 of 
2,135 EBHs (46.5%), 4 of 4 mountain hares (100.0%) and 
11 of 143 rabbits (7.7%) tested positive for the presence of 
the syphilis bacterium. Moreover, our results are within the 
range of previously reported prevalence rates from other 
European countries, which range from 1.9 (Mörner 1999) 
to 64.0% (Posautz et al. 2014).

The close genetic relatedness of TPeC/L and TP and 
the resulting cross-reactivity of antibodies render the sero-
logical tests used in this study suitable for the use in lago-
morphs (Baker-Zander and Lukehart 1984). The unspeci-
fied results in the TP-PA test (121 out of 1989 samples) 
are likely associated with low sample quality. In hunted 
lagomorphs, serum samples are often haemolytic or con-
tain clotted blood components. This could explain unusual 

Fig. 2  A map of central Europe showing the origin of the tested lago-
morph samples and their Treponema paraluisleporidarum (tp) infec-
tion status. Serum samples were tested using the Treponema pallidum 
particle agglutination assay and the fluorescent treponemal antibody 
absorption test, while treponemal DNA in swab and tissue samples 
was demonstrated using qPCR. Grey-colored pie charts present previ-
ously reported cases (Jakšić 1957; Horvath et al. 1979; Lumeij et al. 
1994; Mörner 1999; Verin et al. 2012; Posautz et al. 2014; Nováková 
et al. 2019; Hisgen et al. 2020). Colored pie charts show samples that 

were subject to this study, different colors indicate different species 
(red: European brown hare; blue: mountain hare; orange: rabbit). The 
darker colors represent the proportion of positively tested animals, the 
brighter colors negatively tested samples. In case no geo-tags were 
available, we used the coordinates of the sample providing institution. 
The map was created using QGIS version 3.16.0 (QGIS Geographic 
Information System. Open-source Geospatial Foundation Project; map 
source: Esri  [https:// server. arcgi sonli ne. com/ ArcGIS/ rest/ servi ces/ 
World_ Image ry/ MapSe rver/ tile/{z}/{y}/{x}])

https://server.arcgisonline.com/ArcGIS/rest/services/World_Imagery/MapServer/tile/
https://server.arcgisonline.com/ArcGIS/rest/services/World_Imagery/MapServer/tile/
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binding patterns that result in false positive, doubtful reac-
tions as well as unspecific cross-linkage of the USP. The 
latter was circumvented by repeating the TP-PA assay after 
pre-absorption.

Interestingly, we were not able to detect antibodies in 
European wild rabbits (n = 127), despite the clear evi-
dence of infection in German wild (n = 8/11) and domes-
tic (n = 3/5) rabbits based on our qPCR data. Unfortu-
nately, serum and genital swab samples were not paired 
which prevents us from making any assumption on the 
seroconversion of TPeC/L infected wild rabbits. However, 
from laboratory rabbits, it is known that TP infection 
causes a strong antibody response (Alderete and Base-
man 1981). Our findings warrant further investigations 
in particular in areas where hares and rabbits share the 
same habitat and are supportive for a study conducted in 
Australia, where equally no antibodies have been detected 
in wild rabbits (Graves et al. 1980). While the polA target-
ing qPCR presents a well-established method, polA copy 
numbers in lagomorphs differed markedly between the 
samples and across the sampling sites. This is not surpris-
ing since various parameters such as sampling technique 
and sample quality are known to impact copy numbers. 
Similar results have been reported from non-human pri-
mate infection with T. pallidum subsp. pertenue (Knauf 
et al. 2012).

The anthropogenic effect on the distribution and diver-
sity of lagomorph-infecting TPeC/L has yet to be inves-
tigated. EBHs are native to continental Europe and parts 
of Asia and have been introduced to Scandinavia, Great 
Britain, North and South America, Australia, and New Zea-
land (Thulin et al. 2006; Yalden 1999; Flux 1990; Bonino 
et al. 2010; Jarman and Stott 2008). The effect of lago-
morph translocation as a game species (restocking of hunt-
ing areas) or the introduction as an alien species into natu-
ral ecosystems (e.g., Australia) on hare treponematosis are 
interesting research questions. The introduction of EBHs to 
Great Britain, for example, is believed to have occurred in 
Roman times or even earlier (Corbet 1986). The presence 
of Treponema in British hares is, therefore, of particular 
interest to understand the temporal distribution of TPeL 
in Europe, which should trigger further investigations in 
the UK.

In conclusion, the presence of T. paraluisleporidarum in 
ten European countries of which two did not report infec-
tion previously, argues for a widespread and well-established 
disease in European lagomorphs (Fig. 2). Further genomic 
analyses of hare and rabbit-infecting treponemes are on the 
way, which hopefully provide insight into the diversity and 
evolution of syphilis in lagomorphs and humans.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10344- 021- 01535-w.
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