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Abstract

neglected. In Scotland, the European wildcat is particularly threatened by hybridisation with
the domestic cat, a process promoted by long-term habitat loss, human encroachment and
persecution. Between 2015 and 2019, free-living cats (n=120) were captured in six
conservation priority areas of northern Scotland. Samples were collected for infectious
disease screening (feline immunodeficiency virus, feline leukaemia virus, feline calicivirus,
feline herpesvirus, Chlamydia felis, Mycoplasma felis, Bordetella bronchiseptica,
Mycoplasma haemofelis, Candidatus Mycoplasma haemominutum, Candidatus Mycoplasma
turicensis and Tritrichomonas foetus) and genetic analysis. PCR and RT-PCR were used to
detect infectious DNA or RNA, respectively. The hybrid score (Q) for each individual cat
was determined using a 35-SNP-marker test. Statistical analysis investigated the association
between Q and probability of infection, accounting for spatial clustering. The results
confirmed the presence of 11 infectious agents circulating in the free-living cat population of
northern Scotland, which consists of a hybrid swarm between F. silvestris and F. catus. For
eight of them (feline leukaemia virus, feline herpesvirus C. felis, B. bronchiseptica, M. felis,
M. haemofelis, Ca. M. haemominutum and T. foetus), there was no significant association
between infection probability and Q, supporting our hypothesis that the hybrid swarm may be
functioning as a single epidemiological unit. Considering the impact of infectious diseases on
health, welfare and population dynamics of domestic cats, their presence in the extremely
fragile and hybridised population of F. silvestris in Scotland could be population limiting or,

potentially, contribute to local extinction. Comprehensive disease surveillance, risk analysis
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and domestic cat management will be essential for European wildcat conservation,

particularly where hybridisation is increasing and anthropogenic factors are prevalent.

Keywords: Wildlife-domestic animal interface, Epidemiology, Hybridisation, Felis

silvestris, European wildcat, Felis catus, One health, Conservation medicine
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Introduction

Wildlife conservation increasingly requires the understanding and management of disease
threats. Wild animals have co-evolved with infectious agents, which are an inevitable part of
a functional and balanced ecosystem. However, this equilibrium has been challenged by an

expanding human population and the consequent anthropogenic impacts on wildlife habitats

(McDonald and Loveridge, 2010). Concurrently. hybridisation befween domesticand wild

Since the 18" century, wildcats in Scotland have experienced habitat loss, human
encroachment and persecution, resulting in very small and fragmented populations
(Yamaguchi et al., 2015). Consequently, wildcat individuals are more likely to encounter
domestic cats (Felis catus) than members of their own species, particularly where domestic
cat densities are high (Kilshaw, 2011; Breitenmoser, Lanz and Breitenmoser-Wiirsten, 2019).
As aresult, hybridisation and potential disease transmission are more likely to occur between

the two species (Balharry et al., 1994; Kilshaw, 2011; Lozano and Malo, 2012).
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Hybridisation is currently considered the primary threat for the wildcat in Scotland
(Breitenmoser ef al., 2019), with an estimated level of introgression close to 100%, leading to
the assumption that no genetically distinet wildcats remain in the wild (Senn ef al., 2019).
Instead, Senn et al. (2019) describe the contemporary Scottish wild-living cat population as a

‘hybrid swarm’, consisting of a genetic continuum between F. silvestris and F. catus. [n this
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Infectious disease research in F. silvestris has been conducted in several range countries,
namely France (Artois and Remond, 1994; Leutenegger et al., 1999; Fromont et al., 2000;
Willi et al., 2007b; Beugin, 2017), Scotland (McOrist, 1992; Daniels ef al., 1999; Meredith et
al., 2018), Switzerland (Leutenegger et al., 1999), Germany (Leutenegger et al., 1999),
Slovenia (Racnik ef al., 2008), Spain (Millan and Rodriguez, 2009), Portugal (Duarte ef al.,
2012) and Luxembourg (Heddergott ef al., 2018). These studies have demonstrated infection
by and/or exposure to feline pathogens, which commonly cause significant clinical disease in
domestic cats, in wildcat populations across Europe. They mainly investigated viral
infections that could be transmitted by sympatric carnivores, particularly the domestic cat.
However, most of these studies focus on putative wildcats (either genetically confirmed or
phenotypically presumed), not including sympatric hybrids and domestic cats (namely, free-
ranging pet cats, stray and feral cats, who may represent different epidemiological impacts
and implications). This approach considerably limits our understanding of these infectious
agents, particularly since the domestic cat may act as their reservoir. As hybridisation
escalates and contact between domestic cats, wildcats and hybrids becomes more frequent, it
is possible that, epidemiologically, they start acting as one single population.

We aimed to increase the understanding of feline infectious diseases in the free-living cat
population of Scotland, to inform future European wildcat conservation strategies. We
hypothesised that: i) the hybrid swarm described by Senn et al. (2019) may effectively
constitute a single epidemiological unit, with no significant differences in infection
probability across the hybrid scale; ii) different risk factors known to affect the likelihood of
infection in domestic cats (as well as individual cat health and population dynamics), may
also be involved in the epidemiology of wildcats and hybrids. To test these hypotheses, we

modelled the association between hybrid score (hereafter Q) and probability of infection,
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accounting for spatial clustering. Subsequently, for infections found to have a statistically
significant association with Q, we included in the model other risk factors (social system,
age, sex and body condition score), in order to assess if their inclusion would influence the
effect of Q. We further discuss the potential threat that feline infectious diseases pose to the
conservation of F. silvestris and propose recommendations for future research and

standardised disease surveillance across the species’ range.

Materials and methods

Scottish Wildcat Action (SWA)

Launched in 2015, Scottish Wildcat Action (SWA) was the first national conservation project
for F. silvestris in Scotland, aiming to halt the species decline within five years, by delivering
in-situ and ex-situ management actions (SNH, 2013). In order to assess the risks posed by
feral domestic cats to wildcats, SWA conducted infectious disease screening of free-living
cats (wildcats, feral domestic cats and hybrids). This disease surveillance programme

constitutes the basis of the present study.

Study area

The study area included the initial six conservation Wildcat Priority Areas (hereafter ‘PAs’)
identified by SWA, after extensive camera-trap surveying across northern Scotland (Fig. 1):
“Morvern” (MV), “Strathpeffer” (SP), “Northern Strathspey” (SS), “Strathbogie” (SB),
“Angus Glens” (AG) and “Strathavon” (SA) (SNH, 2013). Field work at Strathavon was

halted after two years, due to the absence of wildcats or high scoring hybrids.
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Figure 1: The six wildcat conservation priority areas initially identified by Scottish Wildcat

Action, within NatureScot Administrative Boundaries. _

Study design

A cross-sectional study was carried out to investigate 11 feline infectious agents — feline
immunodeficiency virus (FIV), feline leukaemia virus (FeLV), feline calicivirus (FCV),
feline herpesvirus (FHV), Chlamydia felis, Mycoplasma felis, Bordetella bronchiseptica,
Mycoplasma haemofelis, Candidatus Mycoplasma haemominutum, Candidatus Mycoplasma

turicensis and Tritrichomonas foetus. Live free-living cats, including wildcats, feral domestic

cats and domestic-wildcat hybrids (from F1 progeny to backcrossed individuals with varying
levels of wild and domestic ancestry), were captured, between 2015 and 2019, using cage-
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traps and complying with national licensing requirements and animal welfare standards
(Campbell et al., 2020). Based on Kitchener et al. (2005), the pelage of each cat was scored
and cats were classified as either “domestic or low-scoring hybrids” (score of 7-16/21) or
“wildcats or high-scoring hybrids” (scores of >17/21). Cats belonging to the first group were
included in a Trap-Neuter-Vaccinate-Return (TNVR) scheme, including neutering,
vaccination and sample collection for genetics and disease screening (Campbell ez al., 2020).
In addition to sample collection, some of the cats that were scored as “wildcats or high-
scoring hybrids” were micro-chipped and fitted with telemetry collars prior to release (from
2018 onwards; Kilshaw et al. 2020).

Samples from each individual cat were submitted for infectious disease screening, according
to Table 1. Polymerase chain reaction (PCR) allowed the detection of the infectious agents’
DNA or RNA [in the case of Reverse Transcription PCR (RT-PCR) for FCV]. Laboratory
tests were conducted at Langford Vets Diagnostic Laboratories, University of Bristol. A
blood sample was collected for genetic analysis, to determine the individual cats’ hybrid
score (Q). Q, allocated by the Bayesian population assignment programme STRUCTURE
(Pritchard, Stephens & Donnelly, 2000; Falush, Stephens and Pritchard, 2003), consists of a
numeric variable (ranging from 0, domestic cat, to 1, wildcat), representing the estimated
posterior probability of the cat being a wildcat. Each Q value has an associated 90% posterior
credibility interval (CI), with LBQ=lower boundary of the 90% CI; and UBQ=upper
boundary of the 90% CI. The analysis is based on a 35 nuclear single-nucleotide-
polymorphism (SNP) marker test, designed to assess hybridisation between wildcat and
domestic cat populations in Scotland (Senn et al., 2019). The thresholds are defined as:
LBQ>0.75 = wildcat; UBQ<0.25 = domestic cat; LBQ>0.25 and UBQ<0.75 = hybrids.
Genetic analysis was conducted at the Royal Zoological Society of Scotland Wildgenes

Laboratory.



1 Table 1: Groups of feline infectious agents included in the study and their pathogenic relevance. Samples collected from live free-living cats, during the Trap-Neuter-Vaccinate-Release and

2 wildcat trapping schemes, and diagnostic tests conducted for each infectious agent screening.
Feline infectious Pathogenic relevance Infectious agent Diagnostic Sample collected Reference °
agents category test 4
Retroviruses Frequent cause of morbidity and mortality in domestic Feline immunodeficiency PCR Whole blood EDTA Pinches et al. (2007)a
cats worldwide, by inducing immune suppression and virus clade A (FIV)
increasing vulnerability to secondary or associated Feline leukaemia virus PCR Whole blood EDTA Pinches et al. (2007)b
diseases (Little et al., 2020). Variable level of pathogenicity  (FeLV)
described in wild felid species.
Feline infectious Significant cause of morbidity in domestic cats, particularly  Feline herpesvirus (FHV) PCR Oropharyngeal swab Helps et al. (2003)
respiratory kittens, despite the widespread use of vaccination (Cohn, Feline calicivirus (FCV) RT-PCR Oropharyngeal swab Helps et al. (2002)
complex 2011). Few studies on the significance of respiratory Chlamydia felis PCR Conjunctival swab Helps et al. (2003)
pathogens in wild felids (Foley et al., 2013). Mycoplasma felis PCR Conjunctival swab Not published
Bordetella bronchiseptica PCR Oropharyngeal swab Helps et al. (2005)
Feline Potential cause of haemolytic anaemia in domestic cats Mycoplasma haemofelis PCR Whole blood EDTA Peters et al. (2008)
haemotropic (Beugnet and Halos, 2015). Widespread distribution in Candidatus Mycoplasma PCR Whole blood EDTA Peters et al. (2008)
mycoplasmas or felid species worldwide (Willi et al., 2007b) leading to haemominutum
haemoplasmas growing concern of the potential impact on wild felid Candidatus Mycoplasma PCR Whole blood EDTA Peters et al. (2008)
conservation. turicensis
Infectious Considered one of the most common infectious causes of Tritrichomonas foetus PCR Rectal swab Not published

gastroenteritis

colitis, particularly in young cats (Beugnet and Halos,
2015). Worldwide distribution. To the authors’
knowledge, there are no studies investigating T. foetus in

wild felids.

10
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Raw data (infectious agent screening results, Qs and associated metadata) was entered and
archived into the SWA Access database. Data cleaning was performed by SWA and only cats
for which it was possible to gather comprehensive metadata (n=120) were included in the
analysis. From the original dataset, six independent variables/risk factors were extracted, to
be used in the statistical analysis: one continuous, Q; and five categorical, SWA priority area
(SWA PA), social system, age, sex and body condition score (BCS) (Table 2). The infectious
agents tested correspond to 11 binomial dependent variables. Results are presented as
‘Negative’ or ‘Positive’. ‘NA’ was applied in cases where it was not possible to obtain
samples or the test result was unreliable. All ‘NA’ cases were excluded from each step of the

statistical analysis. Q is presented as a numeric value (0-1), as described previously.

11



Table 2: Variables extracted from the SWA database and alterations made prior to analysis. Original variables and categories are described according to a “dictionary’ provided by SWA.

Original SWA
variable

Q score

SWA priority
area (SWA PA)

Colony

Age

Molecular sex

Body condition
score (BCS)

Original description and categories, according to SWA dictionary

Numeric variable (0-1), basedon'a 35 SNP genetic marker test,

representing the estimated probability of the cat being a wildcat, or
“the proportion of wildcat”.
Priority area where the trapping of each individual cat took place:

- “Morvern” (MV),

- “Strathpeffer” (SP),

- “Northern Strathspey” (SS),

- “Strathbogie” (SB),

- “Angus Glens” (AG),

- “Strathavon” (SA).

A seventh category, “non-PA”, included three cats trapped outside the
defined PAs.

Classification based on whether the cat was known or expected to live
in a group or not. Included three categories:

- “No” (the cat was caught at a site where a group of cats was
not known or expected to live),

- “<=5 cats” (the cat was caught at a site with five or less
cats),

- “>5 cats” (the cat was caught at a site with more than five
cats, except if a queen was caught with more than four
kittens).

Visual estimate of the cat’s age, based on size, dentition and,
occasionally, knowledge from previous surveys; included three
categories:

- “Kitten” (cat younger than sixteen weeks old),

- “Juvenile” (cat between sixteen weeks and one year old),
“Adult” (cat older than one year old).

Sex of the cat as determined by a genetic sex-marker:
“Female” (genetic analysis determined cat is a female),
“Male” (genetic analysis determined cat is a male).

12

Type of Adjusted Adjusted variable description and categories
variable variable
name
Continuous Unaltered Unaltered
Nominal Unaltered “Strathavon (SA)” (with only one cat) was included
in “Strathspey (SS)”, based on the geographical
proximity of these two areas; the three "non-PA"
cats were included in “Strathbogie (SB)”, since,
geographically, these cats’ locations completely
overlap or are very close to the limits of SB.
Nominal Social New categories:
system “Colony” (categories “<=5 cats” and “>5
cats” combined into a single category),
- “Solitary” (renamed category “No”).
Nominal Unaltered New categories:
"<1 year" (categories “Kitten” and
“Juvenile” combined into a single group),
- ">=1 year" (renamed category “Adult”).
Binary Sex Unaltered
Nominal BCS Two categories were created for this variable:

- "< 3" (underweight),
">=3" (normal to overweight).
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GIS mapping and analysis

Geographical locations of individual cats were mapped using QGIS software, version
3.12.0 (QGIS Development Team, 2020) (Fig. 2). Overlapping points were jittered to
facilitate ease of viewing. The shapefile layers were sourced from the Natural Spaces -

Scottish Natural Heritage website (Scottish Natural Heritage, 2020).

[_1 SWA Priority Areas
1 SNH Administrative Boundaries

0 25 50k
-:Im

Figure 2: Map displaying the locations of all the individual cats (n=120) included in the

analysis. Each circle represents a single cat and the colour gradient reflects the Q score

as a continuous variable (Red=Orange-Bliie gradient, from lower o higher Q score of

Statistical analysis

The statistical analysis was conducted using the statistical software R, version 3.6.2. (R

Core Team, 2019), within RStudio, version 1.2.5033 (RStudio Team, 2019). Specific R

13
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packages will be referred to in the following sections and R script for models can be

found in supplementary material.

Descriptive statistics

An initial contingency table was created with simple counts of cats according to SWA
PA, social system, age, sex and Q. A table with the positive and negative cases for each
infectious agent and each risk factor category was designed, to gain a general

appreciation of the distribution of the results (supplementary material).

Prevalence

Overall prevalence for the 11 infectious agents, as well as prevalences according to the
categories of the five independent variables (PA, social system, age, sex and BCS;
supplementary material), were calculated with a 95% confidence interval (CI), using R
package binom (Sundar Dorai-Raj, 2014) and applying the binomial exact method.
Association between “Q” and “Social system”

Biologically, it is not uncommon for domestic cats to live in colonies, whereas wildcats
are usually considered solitary. Logistic regression was used to investigate a possible

association between Q and social system.

O as a risk factor

Univariable analysis was performed to investigate the association between Q and the
presence of individual infectious agents using logistic regression models. As inspection
of the data suggested the possibility of non-linear relationships between Q and the log

odds of positivity, both linear and quadratic models were evaluated. Exploratory

14
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analysis also suggested geographic clustering of positivity, so models were also
evaluated with a random effect term for SWA Priority Area. Thus, four models
(linear/quadratic combined with fixed/random effect) were estimated for each infectious
agent. Models were compared with Akaike’s information criteria (AIC - a parameter
count penalised measure of model fit) and the most parsimonious model within 2 units
of the lowest AIC was selected. The likelihood/probability of infection is presented as
the odds ratio (OR). Where quadratic relationships were identified, Q was centred to the
mean and scaled by its standard deviation to stabilise estimates of standard errors.
Logistic regression models were repeated using the binary variable social system as a
predictor. Then variables for age, sex, social system and BCS were added individually
to the models where Q was a significant predictor of infection, to assess if the findings
were robust. Wald’s test was used to assess the significance of association between
predictors and probability of infection and is presented as the probability (p) value.

Statistical significance was accepted at p<0.05.

Correlation analysis
Using R package corrplot, a qualitative correlation plot was created to empirically

investigate co-infections and possible associations between infectious agents.

Association between “Pathogen richness” and “Q”

To explore the relationship between pathogen richness (or co-infections) and positivity,
for each of the 11 infectious agents, we calculated the total count of positive results for
each individual cat (excluding the outcome infectious agent in its respective model). We

added this count as a linear predictor in each of the final models described previously.

15
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Additionally, we plotted the total pathogen count for each cat against their hybrid score,

Q.

Results

A total of 120 free-living Scottish cats were included in the analysis (Table 3). The sex-
ratio of sampled cats was fairly even (54 F and 65 M), however most cats were older
than one year (n=103), with only 15 cats under one year of age. When Q is converted

into categories, as defined by Senn et al. (2019), there were 24 domestic cats, 96

hybrids and no wildcats. Themajority of cais was from Strathbogie (SB. n=49). Mostof

SWA = TOTAL AGE GROUP SEX Q SCORE CATEGORY SOCIAL SYSTEM
PA CATS
>=] year = <lyear = NA Female Male NA Domestic Hybrid Wildcat Solitary Colony
AG 33 23 8 2 22 11 0 33 0 33 0
MV 10 9 1 3 7 2 8 0 4 6
SB 49 48 1 15 33 1 18 31 0 28 21
SP 20 17 3 10 10 3 17 0 16 4
SS 8 6 2 4 4 1 7 0 3 5
Total 120 103 15 2 54 65 1 24 96 0 84 36

Table 3: Summary of the distribution of the cats included in the study, according to SWA priority area, age, sex, Q
score category (based on Q score value, according to Senn et al. (2019): UBQ<0.25 — Domestic; LBQ>0.25, UBQ<0.75
— Hybrid; LBQ>0.75 — Wildcat) and social system. NA: not assessed at the time of capture (age), genetic test failed

(sex) or unknown. AG — Angus Glens, MV — Morvern, SB — Strathbogie, SP — Strathpeffer, SS — Strathspey.

16
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Figure 3: Hybrid scores for all individual cats included in the study. Each cat is given an
estimated hybrid score Q by the software STRUCTURE (Senn et al., 2009) with the
limits of the lower and upper boundary of the 90% credibility interval marked with the
vertical error bars. The scores have been ranked according to their position in the global
dataset. Cats classed as hybrid are orange (LBQ>0.25, UBQ<0.75) and those with
UBQ<0.25 are classed as domestic and are presented in red. No cats met the 75% cut-

off (LBQ>0.75) to be classified as wildcats.

Overall prevalence

Overall prevalence estimates are shown in Fig. 4. The lowest prevalence was 2.52% for
FeLV (95% CI:0.52-7.19%) and the highest 25.2% for Ca. M. haemominutum (95%

CI:17.7-34.0%).

17
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Figure 4: Overall prevalence for the infectious agents included in the study. Error bars

represent exact binominal 95% confidence intervals.

Association between “Q” and “Social system”

The logistic regression results revealed that Q and social system are highly associated
(p<0.001). The lower the Q (i.e. the closer the cat is to ‘domestic’), the higher the

probability of living in a colony (Fig. 5).

18
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Figure 5: Box plot overlapped with scatter plot displaying the relationship between Q
score and social system. Coloured dots represent hybrid scale categories, based on Q
score value (Senn et al., 2019): Red - UBQ<0.25 (Domestic); Orange - LBQ>0.25,

UBQ<0.75 (Hybrid).

Q as a risk factor

The association between Q and infection with FIV was highly significant (p=0.003;
Table 4, Fig. 6). There was also a statistically significant effect on FCV infection
(p=0.029). For these two agents, the odds ratio (OR=4.16x107°, 95% CI=1.12x107-
0.016 and OR=0.077, 95% CI=0.008-0.772, respectively; Table 4) and predicted
positivity (Fig. 6) support a negative association between Q and infection; cats with a
lower Q (closer to domestic) had a higher probability of infection. For Ca. M. turicensis,
a significant quadratic association was identified, with Q having a U-shaped

relationship, suggesting that cats at both ends of the scale are more likely to be infected.
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As expected, similarly to Q, the effect of social system as a factor was statistically
significant for FIV (p=0.014) and FCV (p=0.021) (Table 4, Fig. 6). ORs of 0.146 (95%
CI=0.032-0.673) and 0.323 (95% CI=0.124-0.846), respectively, revealed a
significantly lower risk for solitary cats to be infected. However, social system did not
present a statistically significant effect on Ca. M. turicensis infection (p=0.412).

Effects of the inclusion of other variables (social system, age, sex and BCS) on the
models where a significant association with Q was observed, are shown in Table 4.
None of the infectious agents presented a statistically significant higher probability of
infection in cats with a higher Q (with the exception of Ca. M. turicensis described
above). However, B. bronchiseptica, FHV, M. haemofelis, M. felis and T. foetus, tended

to be slightly more prevalent in cats towards the upper end of the hybrid scale (Fig. 6).
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Table 4: Summary of results for logistic regression models of infection. The first two rows report univariable models for Q score and social system. Rows three onwards show results of

significant Q score models with addition of social system, age group, sex and body condition score (BCS). For some infectious agents, the models that included a random effect (associated with

clustering) presented a better fit. The results for these are labelled with “+RE”.
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Risk factor FIV FelLV FCV FHV C. felis B. M. felis M. haemafelis Ca. M. Ca. M. T. foetus
bronchiseptica haemominutum turicensis
Q score OR 4.16x10° 0,013 0.077 4.077 0.038 1.158 1.860 3734 0.214 Q:0.994 2171
(95% CI) (1.12x 10 - 0.016) (4.33x 107 - 3.749) (0.008-0.772) | (0.135-123.210) (1.86x 10 - 7.897) (0.090-14.958)  (0.032-107.570)  (0.062 - 226.378) (0.023-1.979) (0.596-1.659) = (0.104-45.117)
+RE +RE Q2*:4.022
(1.756 - 9.209)
*scaled Q
pvalue 0.003** 0.133 0.029* 0.419 0.230 0.911 0.764 0.529 0.174 0.983, 0.001*** 0617
Social OR 0.146 3.214 0.323 1.124 0.235 1.124 1258 1.764 1.194 0.539 0.867
4 (95% Cl) (0.032-0.673) (0.156 - 66.336) (0.124 - 0.846) (0.243 - 5.200) (0.029 - 1.890) (0.243 - 5.200) (0.185 - 8.555) (0.254 - 12.238) (0.449 - 3.175) (0.123-2.356) (0.221-3.396)
system +RE +RE
(Ref. colony)
pvalue 0.014* 0.450 0.021* 0.881 0.173 0.196 0.814 0.566 0.722 0.412 0.838
Qscore (%Rs% o (02'(?07 210(; maE 30;5(2 (0596 51279767)
{with Social 3.459
systemin (1.590 - 7.527)
model)
pvalue 0.005** 0.290 0.302, 0.002**
Qscore OR 7.07x10° 0.079 1.020
ith (95% C1) (2.06x 10°° - 0.024) (0.007 - 0.882) (0.613 - 1.697)
{wi age 3.655
group in (1.621-8.239)
model)
p value 0.004** 0.039* 0.939, 0.002**
Q score OR 1.60x 10° 0.123 1.164
ith . (95% CI) (6.51x10°° - 0.039) (0.012 - 1.251) (0.681 - 1.989)
(with sexin 4281
model) (1.798 - 10.193)
p value 0.006** 0.077 0.578, 0.001***
Qscore (%i% Q) (5.52 13 "? 4oX olfc; (0.007 0061751) (0.615 115()13416)
.. . x )~ - 0. .| - Ul R - 1.
(with BCS>3 4187
in model) (1.790 - 9.794)
p value 0.003** 0.022* 0.867, 0.001***
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Figure 6: Predicted positivity for each infectious agent vs Q score. For infectious agents

with geographical clustering, prediction is based on Strathbogie (SB) region.

Correlation analysis

The correlation analysis (Fig. 7) revealed several strong positive associations: Ca. M.
haemomintum with Ca. M. turicensis, M. haemofelis and FIV; Ca. M. turicensis with

FIV and M. felis; FIV with FeLV. No strong negative correlations were observed.
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Figure 7: Correlation plot for all the feline infectious agents analysed. Blue
colour/positive results represent a positive correlation and red colour/negative results a

negative correlation.

Association between “Pathogen richness” and “Q”

The pathogen richness measure (‘other’ pathogen count) was a significant predictor of
test positivity for Candidatus Mycoplasma haemominutum (p=0.019) and Candidatus
Mycoplasma turicensis (p=0.024), with pathogen richness positively associated with test
positivity for the respective agent. For these two infections, the inclusion of the pathogen
richness measure did not substantively alter the estimates of relationship between Q and

positivity. Figure 8 shows pathogen richness (total pathogen count) vs hybrid score, Q.
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There is a suggestion of slightly higher pathogen richness for very low and possibly very

high Q scores.
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Figure 8: Pathogen richness (total pathogen count) vs hybrid score (Q) for each
individual cat. The grey line is a LOESS smoother and the grey band its 95%

confidence interval. Points are slightly vertically jittered to separate similar values.

Discussion

This study confirms the presence of 11 infectious agents circulating in the free-living
cat population in Scotland, which consists of a genetic continuum between F. silvestris
and F. catus. To the authors’ knowledge this is the first in-situ study investigating the
infectious disease status of a hybridised wild-domestic species population, where the
hybrid score of each individual was assessed using genetic techniques and evaluated as

a possible risk factor.
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Overall prevalence in the context of previous studies

A study of feline retroviruses in the U.K. estimated a prevalence of 9.5% for FIV and
2.3% for FeL'V, in domestic cats presented to two animal shelters (Stavisky, Dean and
Molloy, 2012). We found a similar prevalence for FeLV (2.52%, 95% CI=0.52-7.19%),
but a slightly lower prevalence for FIV (6.72%, 95% CI=2.95-12.8%). This difference
could be due to several factors, including geographical variation in the distribution of
infection, differences in the diagnostic tests and various characteristics of the
populations sampled (e.g. age or social system). Two studies have demonstrated
exposure to FIV in F. silvestris populations (Beugin, 2017; Fromont ef al., 2000), but
none have demonstrated infection in mainland Europe. Two cases of FIV infection
(detected by PCR) were reported in Scotland, but these were domestic-wildcat hybrids
(Bacon et al., 2020). Thus, it is still undetermined whether FIV can infect (and cause
disease in) _ wildcats. In contrast, FeLV infection has been detected in
several wildcat studies (Artois and Remond, 1994; Leutenegger et al., 1999; Fromont et
al., 2000; Willi et al., 2007b; Millan and Rodriguez, 2009; Duarte et al., 2015;
Heddergott ef al., 2018), including Scotland (McOrist et al., 1991; Daniels et al., 1999).
However, the genetics of the Scottish cats is unknown and they Were probably
hybridised. Evidence from France has indicated a possible negative effect of FeLV on
wildcat body condition score (Artois and Remond, 1994; Fromont et al., 2000),
suggesting a potential impact on individual health. Variation in BCS throughout the

year, due to physiological and environmental conditions (weather, prey availability,

etc.), should be considered in future studies. _
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it quite subjective, even though it followed a standardised monitoring system (German
and Butterwick, 2010). Futures studies should take this into account and optimise BCS
assessment! Regardless, the potential impact of FeLV on wild felid populations was
demonstrated by the epidemic in a small Iberian lynx (Lynx pardinus) population, which
caused high morbidity and mortality (Meli ef al., 2010).

Regarding the feline infectious respiratory agents, FCV presented the second highest
prevalence (20%, 95% CI:13.0-28.7%), followed by B. bronchiseptica (12.6%, 95%
CI:7.23-19.9%). Prevalences for FHV (6.72%, 95% CI1:2.95-12.8%) and, especially, C.
felis (2.61%, 95% CI:0.54-7.43%) and M. felis (4.35%, 95% CI:1.43-9.85%) were quite
low, which limited the statistical power of the analysis. FCV and FHV prevalences were
consistent with previous studies in European wildcat populations (Daniels et al., 1999;
Leutenegger et al., 1999; Heddergott ef al., 2018), where FCV was considerably more
prevalent than FHV. However, FHV low prevalence may reflect the intermittent nature
of viral shedding during latency (Thiry et al., 2009). FCV infection and FHV exposure
were detected in wildcats in Scotland (although, as mentioned previously, the genetics
of these cats is unknown), with a prevalence of 26% and seroprevalence of 16%,
respectively (Daniels ef al., 1999). This is also consistent with epidemiological studies
in domestic cats (summarised in Chandler, Glaskell and Glaskell, 2004; Cohn, 2011). It
should be noted that most of the trapping in the present study was carried out during
winter, when kittens born in the previous spring would have been close to one year old.
This may have biased the sample away from very young cats. Since domestic kittens
show considerably higher morbidity and mortality due to respiratory infections, as well
as retroviruses (Chandler ez al, 2004), it is recommended that future studies include a
larger sample of younger cats, particularly if trying to assess the role of disease in wild

population declines.
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Ca. M. haemominutum was the infection with the highest overall prevalence (25.2%,
95% CI:17.7-34%). The other two haemoplasmas, M. haemofelis and Ca. M. turicensis,
had a prevalence of 6.72% (95% CI:2.95-12.8%) and 7.56% (95% CI1:3.52-13.19%)),
respectively. These results are consistent with previous surveys in domestic cats, in the
U.K. and other countries, where Ca. M. haemominutum showed a considerably higher
prevalence, followed by Ca. M. turicensis, which was slightly more prevalent than M.
haemofelis (Willi et al., 2006a), although this last aspect was not consistent in other
studies (Willi ef al., 2006b; Peters, Helps and Willi, 2008; Bennett et al., 2011; Bortoli
et al., 2012; Martinez-Diaz et al., 2013; Aquino et al., 2014; Perego et al., 2014).
Interestingly, a survey of the three haemoplasmas in wild felids, including 31 European
wildcats from France (Willi et al. 2007b), found Ca. M. turicensis to be the most
prevalent (36%), compared to Ca. M. haemominutum (19%) and M. haemofelis (3%).
Several aspects could have influenced this result, such as geographical variations and
sample population differences, but a higher susceptibility of F. silvestris to Ca. M.
turicensis cannot be excluded. Curiously, the highest scoring hybrid included in the
present study (Q=0.792, the genetically closest to a wildcat) tested positive for M.
turicensis, but none of the other haemoplasmas. This cat was also positive for M. felis,
which showed a relatively high positive correlation with M. turicensis (Fig. 7). Co-
infections between haemoplasmas and other pathogens, particularly retroviruses are
common (Willi et al., 2007b; Beugnet and Halos, 2015; McLuckie et al., 2016). This is
also supported by our analysis of pathogen richness, which revealed a positive
association with test positivity for Ca. M. turicensis and Ca. M. haemominutum. All five
cats testing positive for haemoplasmas in Morvern presented the same co-infection with

Ca. M. haemominutum and M. haemofelis. This could suggest a specific transmission
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mode in that PA, e.g. a common vector able to transmit both species. Being a peninsula,
the free-living cat population on Morvern may be epidemiologically more isolated.

Fig. 7 shows a high level of co-infection between FIV and two of the haemoplasmas —
Ca. M. haemominutum and Ca. M. turicensis. In domestic cats, studies suggest that
retrovirus-positive cats may be at higher risk of infection with haemoplasmas and this
co-infection may exacerbate the severity of disease (Barker and Tasker, 2013; Beugnet
and Halos, 2015), likely due to retrovirus-mediated immunosuppression. Furthermore,
haemoplasmas have been detected in saliva, salivary glands, gingiva and claw beds of
domestic cats (Willi et al., 2007a; Dean et al., 2008; Lappin et al., 2008), suggesting a
similar transmission to FIV, through fighting and biting.

The prevalence of 8.8% (95% CI:4.8-17.3%) for T. foetus is lower than the 14% found
in a previous study conducted on U.K. domestic cats (Gunn-Moore et al., 2007).
However, this study included samples from cats with diarrhoea, specifically submitted
for T. foetus PCR. Furthermore, the cats were all owned, with variable indoor and
outdoor lifestyles and living in different cat density situations. To the authors’
knowledge, the present study is the first to assess 7. foetus prevalence in free-living cats
in the UK, specifically in Scotland. In other countries, 7. foetus prevalence has been
described as ranging from 2% to 59% (summarised in Gookin, Hanrahan and Levy,
2017) and feline trichomonosis is recognised as an emerging cause of diarrhoea in

domestic cats, with worldwide distribution (Beugnet and Halos, 2015).

Infection status across the hybrid scale

For eight of the 11 infectious agents investigated, namely FeLV, FHV, C. felis, B.
bronchiseptica, M. felis, M. haemofelis, Ca. M. haemominutum and T. foetus, the results

demonstrated no significant association between infection probability and Q, supporting
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our hypothesis that the hybrid swarm may be functioning as a single epidemiological
unit.

Infection with FIV, FCV and Ca. M. turicensis was, however, significantly associated
with Q. For FIV and FCV, lower scoring cats (closer to domestic) were more likely to
test positive. Interestingly, for Ca. M. turicensis, cats at both ends of Q (domestic and
wildcat ends of the scale), showed a higher probability of infection (Fig. 6). As
predicted, the analysis confirmed an association between Q and social system, with a
lower Q corresponding to a higher likelihood of living in a colony (Fig. 5). The
modelling of social system as a risk factor resulted in significance for FIV and FCV,
similarly to Q, but not for Ca. M. turicensis (Table 4). The increased risk of colony cats
(and, consequently, cats closer to domestic) being infected with FIV could be explained
by a greater probability of these cats coming into contact with infected individuals, due
to a higher population density (Yamaguchi ef al., 1996). Considering that transmission
of FCV occurs through respiratory, nasal and ocular secretions, requiring a close contact
between individuals, it is not surprising that cats living in colonies (and with a lower Q)
have a higher probability of infection (Yamaguchi et al., 1996; Chandler et al., 2004).
Ca. M. turicencis infection seems to be more prevalent in cats at both ends of Q (Fig. 6),
suggesting that mid-scale hybrids are less likely to be infected. This is an interesting and
thought-provoking result. Increased fitness in hybrids has been shown in several
mammal species (Kays, Curtis and Kirchman, 2010; Neaves ef al., 2010; Mohammadi
et al., 2020; Wang et al., 2020). Despite the obvious threat posed by introgression to
wildcat genetic integrity, we may need to consider whether hybrids can play a role in
the conservation of the species, particularly in a swarm population. Currently, the
conservation value and legal protection of hybrids is unclear. The fact that Ca. M.

turicensis infection was significantly associated with Q, but not social system, suggests
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a potential genetic effect, rather than behavioural or social. However, we must interpret
this carefully, as Q is an efficient measure of hybridisation, but does not reflect
immunogenetics. Studies into this aspect would be valuable.

When individually adding social system, age group, sex and BCS to the significant
models (FIV, FCV and Ca. M. turicensis), the significance was lost for FCV when
social system was included. This suggests that Q may only be significant for FCV
infection, since it represents a proxy for social system. As discussed in the previous
section, given the close contact transmission mode of FCV, this is unsurprising.

In terms of association between Q and the presence of co-infections, our analysis
suggests a slightly higher pathogen richness for very low and possibly very high hybrid
scores (Figure 8), an interesting result as it resembles the U-shaped association seen
between Q score and Ca. M. turicensis positivity. However, inferences about the
relationship between co-infections and Q score, as well as pathogen richness and
individual infectious agent positivity, are challenging in a cross-sectional study such as
ours. This relevant area of research would benefit from further studies, particularly
longitudinal monitoring of individuals’ infection status over time. This would, not only
allow a better understanding of co-infections from a temporal and causal perspective,

but also of the potential impact they may have on an individual and populational levels.

Infections more prevalent in higher Q scoring cats

No statistically significant results were obtained to suggest a higher probability of
infection in higher genetic scoring cats (with the exception of Ca. M. turicensis
discussed above). However, although the difference was not significant, B.
bronchiseptica, FHV, M. haemofelis, M. felis and T. foetus tended to be more prevalent

in cats towards the upper end of the hybrid scale (Fig. 6).
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It is unclear why FHV and M. felis infection may be more prevalent in cats towards the
wildcat end of the scale, since their transmission routes are similar to FCV. However,
their prevalence (6.72 and 4.35%, respectively) was significantly lower, which likely
weakened the statistical analysis. Similarly, the relevance for M. haemofelis is
uncertain.

B. bronchiseptica had the third higher prevalence (12.6%) and, unlike the other
respiratory pathogens, it can infect other species, such as dogs and rabbits (Chandler et
al., 2004). 1t is possible that different sympatric species, inhabiting the different PAs,
could play a role in the epidemiology of this disease. Furthermore, the result could
suggest that wildcats/high scoring hybrids may be epidemiologically involved in certain
infection cycles where domestic cats/low scoring hybrids do not play a main role. It
should be considered that a large part of the felid community in each PA was not
sampled, particularly owned domestic cats who may have outdoor access and
potentially transmit infectious agents to in-contact free-living cats.

Some studies have shown that pure-breed domestic cats appear to be at increased risk
for T. foetus, suggesting a genetic predisposition to infection (Gunn-Moore et al., 2007,
Gookin, Hanrahan and Levy, 2017). However, the samples tended to be over-
represented with pure-breed cats, and the higher rate of infection in these groups may
instead be a result of high-risk husbandry conditions (e.g. high densities, poor hygiene
conditions). Xenoulis et al. (2013) found that the majority of cats infected with 7. foetus
in the U.K. were Domestic Shorthair (DSH) cats, contradicting the higher infection
tendency in pedigrees. This may be significant in terms of wildcat health, as they are
more likely to encounter DSH than pure-breed cats, since the latter tend to be kept

indoors.
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Although there is limited statistically significant evidence for cats with a higher Q being
at a higher risk of infection, the small sample size and the fact that there were no
genotypical wildcats in the study need to be considered. We should be wary of over-
interpretating the available data, as the results presented here do not allow us to exclude
a possible higher susceptibility of wildcats to common feline pathogens. On the other
hand, for eight of the 11 pathogens investigated, the absence of statistical significance in
the distribution of infection across the hybrid scale supports our hypothesis that the

Scottish hybrid swarm may be acting as a single epidemiological unit.

Gaps in knowledge and future directions

Past studies across the European wildcat range varied in terms of infectious agents
investigated and methodologies applied. This makes them difficult to compare and
weakens the potential benefits of a structured disease surveillance system across
Europe. Furthermore, the morbidity and mortality impact of feline infectious agents and
the real risks they may pose for wildcat conservation (i.e. if they have population-
limiting consequences) are still unclear. It is also unknown whether these infections can

be maintained in wildcat populations, independently of a domestic cat/hybrid reservoir.

rodents), may also affect wildeat healthl. In addition, anthropogenic impacts, such as

human encroachment and habitat fragmentation, may increase the risk of non-infectious
diseases, particularly trauma due to road traffic accidents and exposure to environmental
toxins (Peters, 2019).

Future research and development of a disease surveillance programme across the

European wildcat range should adopt a comprehensive approach. Alongside detection of
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infection, associated clinical, genetic (including immunogenetics), ecological,
behavioural and histopathological data is necessary to better understand the
epidemiology of these diseases and to establish their pathogenicity in wildcats.
Sympatric domestic cats and hybrids should be included in surveillance and, whenever
possible, longitudinal sampling should be performed. Applying this multi-disciplinary
approach to a systematic analysis of European wildcat health is essential to generate

sound scientific evidence, critical to the development of efficient conservation
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Conclusion

This study demonstrates the presence of 11 common feline infectious agents in the free-
living cat population of Scotland, which consists of a genetic continuum between F.
silvestris and F. catus. Eight of these agents showed no significant difference in terms
of probability of infection across the hybrid scale, suggesting that the Scottish hybrid
swarm could constitute a single epidemiological unit, effectively functioning as a

reservoir community for these pathogens. Senn et al. (2019) exposed a situation where
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the contemporary free-living cat population contains so many hybrids that they mate
with each other and produce more complex hybrids. It is likely that the epidemiology of
feline diseases is also becoming increasingly more complex, requiring further
investigation, in order to assess the real risks that might impact present and future
wildcat conservation efforts. Considering the effects that infectious diseases present for
the health, welfare and population dynamics of domestic cats, their presence in the
threatened and hybridised population of F. silvestris in Scotland, could be population
limiting or contribute to local extinction. Comprehensive disease surveillance and risk
analysis, in parallel with domestic cat management measures such as those initiated by
SWA (vaccination and neutering, public education on responsible cat ownership), will
be essential aspects of European wildcat conservation, particularly in areas where

hybridisation rates are increasing and anthropogenic factors are prevalent.

Acknowledgements

We thank Dr. Helen Senn for advice on genetics and manuscript review, Dr. Andrew
Kitchener and Dr. Katie Beckmann for sampling assistance, Phil Bacon for databasing
assistance, Dr. Simon Girling for manuscript review, Langford Vets for performing the
laboratory analysis. We gratefully acknowledge SWA staff, particularly Roo Campbell
and Emma Rawling for TNVR work, all collaborators in the SWA PAs, and RZSS
colleagues.

For the purpose of open access, the author has applied a CC-BY public copyright

licence to any Author Accepted Manuscript version arising from this submission.

Funding statement

34



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

The SWA project was supported by the National Lottery Heritage Fund, Scottish
Government, NatureScot and RZSS. Funding and support for the disease testing and
genetic work was provided by The Royal (Dick) School of Veterinary Studies, RZSS
and National Museums Scotland (NMS). Support and resources for associated work
were provided by all the SWA Steering Group members and their additional sponsors,
funders and contributors.

BA’s work was partially supported by PhD grant 2021.05061.BD, from the Portuguese
Foundation for Science and Technology (FCT/MCTES), through the European Social

Fund (FSE/UE).

Author Contributions Statement

BSGA, ALM, NEA and AB conceived the ideas and designed methodology; AB and KL
led the field work and data collection; KP conducted the laboratory analysis; BSGA and
IH analysed the data; BSGA, NEA and 4B led the writing of the manuscript. All authors

contributed to the drafts and gave final approval for publication.

Supplementary material

Supplementary materials include the R script for the models used in the statistical
analysis and the following tables: “Table 1: Counts of positive and negative results for
each infectious agent and each risk factor category, as used in the statistical analysis.”,
“Table 2: Summary of the overall prevalences and confidence intervals (95%) for each
infectious agent included in the study” and “Table 3: Prevalences and 95% Cls of each
infectious agent, for the individual risk factor categories.”. Dataset and precise spatial

coordinates for free-living cats are available from the authors upon reasonable demand.

35



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

References

Aquino, L.C., Hicks, C.A.E., Scalon, M.C., Lima, M.G.d.M., Lemos, M.d.S., Paludo,
G.R., Helps, C.R. and Tasker, S. (2014). Prevalence and phylogenetic analysis of
haemoplasmas from cats infected with multiple species. Journal of Microbiological
Methods, 107, 189-196.

Artois, M. and Remond, M. (1994) Viral diseases as a threat to free-living wild cats
(Felis silvestris) in continental Europe. Veterinary Record, 134(25), 651-652.

Bacon, A., Beckmann, K.M., Anderson, N.E., Alves, B.S.G., Ogden, R. and Meredith,
A.L. (2023). Scottish Wildcat Action final report: Disease surveillance. NatureScot,
Inverness.Balharry, E., Staines, B.W., Marquiss, M , Kruuk, H. (1994).
Hybridisation in British mammals. JNCC Rep, 154, 1-42.

Barker, E. and Tasker, S. (2013). Haemoplasmas: Lessons learnt from cats, New
Zealand Veterinary Journal, 61(4), 184-192.

Bennett, A. D., Gunn-Moore, D. A., Brewer, M. and Lappin, M. R. (2011). Prevalence
of Bartonella species, haemoplasmas and Toxoplasma gondii in cats in Scotland.
Journal of Feline Medicine and Surgery, 13(8), 553-557.

Beugin, M.P. (2017). The European wildcat as a model for the study of wildlife : focus
on hybridization and the circulation of viruses. PhD thesis, Université de Lyon.

Beugnet, F. and Halos, L. (ed.) (2015). Parasitoses & Vector Borne Diseases of Cats.
Lyon: Merial.

Bortoli, C.P.d., André, M.R., Seki, M.C., Pinto, A.A., Machado, S.d.T.Z. and Machado,
R.Z. (2012). Detection of hemoplasma and Bartonella species and co-infection with
retroviruses in cats subjected to a spaying/neutering program in Jaboticabal, SP,
Brazil. Revista Brasileira de Parasitologia Veterindria, 21(3), 219-223.

Breitenmoser, U., Lanz, T. and Breitenmoser-Wiirsten, C. (2019). Conservation of the

36



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

wildcat (Felis silvestris) in Scotland: Review of the conservation status and
assessment of conservation activities. [UCN - Species Survival Comission Cat
Specialist Group. Available at:
http://www.scottishwildcataction.org/media/42633/wildcat-in-scotland-review-of-
conservation-status-and-activities-final-14-february-2019.pdf.

Campbell, R.D., Rawling, E., Langridge, K.V. and Tallach, N. (2023). Scottish Wildcat
Action final report: Trap Neuter Vaccinate Return Programme. NatureScot,
Inverness.

Chandler, E.A., Gaskell, C.J. and Gaskell, R.M. (2007). Feline Medicine &
Therapeutics. Oxford: Blackwell Publishing.

Cohn, L.A. (2011). Feline Respiratory Disease Complex. Veterinary Clinics of North
America - Small Animal Practice, 41(6), 1273—1289.

Courchamp, F., Yoccoz, N.G., Artois, M. and Pontier, D. (1998). At-risk individuals in
Feline Immunodeficiency Virus epidemiology: Evidence from a multivariate
approach in a natural population of domestic cats (Felis catus). Epidemiology and
Infection, 121(1), 227-236.

Daniels, M.J., Golder, M.C., Jarrett, O. and MacDonald, D.W. (1999). Feline Viruses in
Wildcats from Scotland. Journal of Wildlife Diseases, 35(1), 121-124.

Dean, R.S., Helps, C.R., Gruffydd Jones, T.J. and Tasker, S. (2008). Use of real-time
PCR to detect Mycoplasma haemofelis and “Candidatus Mycoplasma
haemominutum” in the saliva and salivary glands of haemoplasma-infected cats.
Journal of Feline Medicine and Surgery, 10(4), 413-417.

Duarte, A., Fernandes, M., Santos, N. and Tavares, L. (2012). Virological Survey in
free-ranging wildcats (Felis silvestris) and feral domestic cats in Portugal.

Veterinary Microbiology, 158(3—4), 400—404.

37



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Duarte, A., Marques, V., Correia, J.H.D., Neto, 1., Braz, B.S., Rodrigues, C., Martins,
T., Rosado, R., Ferreira, J.P., Santos-Reis, M. and Tavares, L. (2015). Molecular
detection of haemotropic Mycoplasma species in urban and rural cats from
Portugal. Journal of Feline Medicine and Surgery, 17(6), 516-522.

Etherington, G.J., Ciezarek, A., Shaw, R., Michaux, J., Croose, E., Haerty, W., Di
Palma, F. (2022) Extensive genome introgression between domestic ferret and
European polecat during population recovery in Great Britain. Journal of Heredity,
113(5), 500-515.

Falush, D., Stephens, M. and Pritchard, J.K. (2003). Inference of Population Structure
Using Multilocus Genotype Data: Linked Loci and Correlated Allele Frequencies.
Genetics Society of America, 164, 1567-1587.

Foley, J.E., Swift, P., Fleer, K.A., Torres, S., Girard, Y.A. and Johnson, C.K. (2013).
Risk factors for exposure to feline pathogens in California mountain lions (Puma
concolor). Journal of Wildlife Diseases, 49(2), 279-293.

Fromont, E., Pontier, D., Sager, A., Jouquelet, E., Artois, M., Leger, F., Bourguemestre,
F. and Stahl, P. (2000). Prevalence and pathogenicity of retroviruses in wildcats in
France. Veterinary Record, 146(11), 317-319.

German, A. and Butterwick, R. (ed.) (2010). WALTHAM® pocket book of healthy
weight maintenance for cats and dogs. Leicester: Beyond Design Solutions Ltd.

Gookin, J.L., Hanrahan, K. and Levy, M.G. (2017). The conundrum of feline
trichomonosis: The more we learn the “trickier” it gets. Journal of Feline Medicine
and Surgery, 19(3), 261-274.

Gunn-Moore, D.A., McCann, T.M., Reed, N., Simpson, K.E. and Tennant, B. (2007).
Prevalence of Tritrichomonas foetus infection in cats with diarrhoea in the UK.

Journal of Feline Medicine and Surgery, 9(3), 214-218.

38



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Heddergott, M., Steeb, S., Osten-Sacken, N., Steinbach, P., Schneider, S., Pir, J.P.,
Miiller, F., Pigneur, L-M. and Frantz, A.C. (2018). Serological survey of feline
viral pathogens in free-living European wildcats (Felis s. silvestris) from
Luxembourg. Archives of Virology, 163(11), 3131-3134.

Helps, C.R., Lait, P., Tasker, S. and Harbour, D. (2002). Melting curve analysis of
feline calicivirus isolates detected by real-time reverse transcription PCR. Journal
of Virological Methods, 106(2), 241-244.

Helps, C.R., Lait, P., Damhuis, A., Bjérnehammar, U., Bolta, D., Brovida, C.,
Chabanne, L., Egberink, H., Ferrand, G., Fontbonne, A., Grazia Pennisi, M.,
Gruftydd-Jones, T.J., Gunn-Moore, D.A., Hartmann, K., Lutz, H., Malandain, E.,
Mostl, K., Stengel, C., Harbour, D.A. and Graat, E.A.M. (2005). Factors associated
with upper respiratory tract disease caused by FHV, FCV, C. felis and B.
bronchiseptica in cats - experience from 218 European catteries. Veterinary Record,
156, 669-673.

Helps, C.R., Reeves, N., Egan, K., Howard, P. and Harbour, D. (2003). Detection of
Chlamydophila felis and Feline Herpesvirus by Multiplex Real-Time PCR
Analysis. Journal of Clinical Microbiology, 41(6), 2734-2736.

Kays, R., Curtis, A. and Kirchman, J.J. (2010). Rapid adaptive evolution of northeastern
coyotes via hybridization with wolves. Biology Letters, 6(1), 89-93.

Kilshaw, K. (2011). Scottish wildcats - Naturally Scottish. Perth, Scotland: SNH
Publishing.

Kilshaw, K., Campbell, R.D., Kortland, K. and Macdonald, D.W. (2023). Scottish
Wildcat Action final report: Ecology. NatureScot, Inverness.

Kitchener, A.C., Yamaguchi, N., Ward, J.M. and Macdonald, D.W. (2005). A diagnosis

for the Scottish wildcat (Felis silvestris): A tool for conservation action for a

39



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

critically-endangered felid. Animal Conservation, 8(3), 223-237.

Lappin, M.R., Dingman, P., Levy, J., Hawley, J.R. and Riley, A. (2008). Detection of
hemoplasma DNA on the gingiva and claw beds of naturally exposed cats. Journal
of Veterinary Internal Medicine, 22(3), 779.

Leon, C.1., Garcia-Bocanegra, 1., McCain, E., Rodriguez, E., Zorrilla, 1., Gomez, A.M.,
Ruiz, C., Molina, E., Gomez-Guillamodn, F. (2017). Prevalence of selected
pathogens in small carnivores in reintroduction areas of the Iberian lynx (Lynx
pardinus). Veterinary Record, 180(10), 252.

Leutenegger, C.M., Hofmann-Lehmann, R., Riols, C., Liberek, M., Worel, G., Lups, P.,
Fehr, D., Hartmann, M., Weilenmann, P. and Lutz, H. (1999). Viral infections in
free-living populations of the European wildcat. Journal of Wildlife Diseases,
35(4), 678-686.

Little, S., Levy, J., Hartmann, K., Hofmann-Lehmann, R., Hosie, M., Olah, G. and
Denis, K.S. (2020). 2020 AAFP Feline Retrovirus Testing and Management
Guidelines. Journal of Feline Medicine and Surgery, 22(1), 5-30.

Lozano, J. and Malo, A. F. (2012). Conservation of the European wildcat (Felis
silvestris) in Mediterranean environments: a reassessment of current threats. In
Mediterranean Ecosystems: 1-31. Williams, G.S. (Ed.). Nova Science Publishers,
Inc.

Macdonald, D.W. and Loveridge, A.J. (ed.) (2010). Biology and Conservation of Wild
Felids. Oxford: Oxford University Press.

Martinez-Diaz, V.L., Silvestre-Ferreira, A.C., Vilhena, H., Pastor, J., Francino, O. and
Altet, L. (2013). Prevalence and co-infection of haemotropic mycoplasmas in
Portuguese cats by real-time polymerase chain reaction. Journal of Feline Medicine

and Surgery, 15(10), 879-885.

40



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Matias, G., Rosalino, L.M., Alves, P.C., Tiesmeyer, A., Nowak, C., Ramos, L., Steyer,
K., Astaras, C., Brix, M., Domokos, C., Janssen, R., Kitchener, A.C., Mestdagh, X.,
L'Hoste, L., Titeux, N., Migli, D., Youlatos, D., Pfenninger, M., Devillard, S.,
Ruette, S., Anile, S., Ferreras, P., Diaz-Ruiz, F., Monterroso, P. (2022). Genetic
integrity of European wildcats: Variation across biomes mandates geographically
tailored conservation strategies. Biological Conservation, 268.

McLuckie, A., Tasker, S., Dhand, N.K., Spencer, S. and Beatty, J.A. (2016). High
prevalence of Felis catus gammaherpesvirus 1 infection in haemoplasma-infected
cats supports co-transmission. Veterinary Journal, 214(14), 117-121.

McOrist, S. (1992). Diseases of the European wildcat (Felis silvestris Schreber, 1777) in
Great Britain. Revue scientifique et technique (International Office of Epizootics),
11(4), 1143-1149.

McOrist, S., Boid, R., Jones, T.W., Easterbee, N., Hubbard, A.L. and Jarrett, O. (1991).
Some viral and protozool diseases in the European wildcat (Felis silvestris).
Journal of Wildlife Diseases, 27(4), 693—696.

Meli, M. L., Cattori, V., Martinez, F., Lopez, G., Vargas, A., Palomares, F., Lopez-Bao,
J.V., Hofmann-Lehmann, R. and Lutz, H. (2010). Feline leukemia virus infection:
A threat for the survival of the critically endangered Iberian lynx (Lynx pardinus),
Veterinary Immunology and Immunopathology, 134(1-2), 61-67.

Meredith, A., Bacon, A., Bantick, A., Kitchener, A., Senn, H., Brooks, S., Kortland, K.,
Hetherington, D. and Davies, S. (2018). Domestic cat neutering to preserve the
Scottish wildcat. Veterinary Record, 183(1), 27-28.

Milléan, J. and Rodriguez, A. (2009). A serological survey of common feline pathogens
in free-living European wildcats (Felis silvestris) in central Spain. European

Journal of Wildlife Research, 55(3), 285-291.

41



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Mohammadi, Z., Aliabadian, M., Ghorbani, F., Moghaddam, F.Y., Lissovsky, A.A.,
Obst, M. and Olsson, U. (2020). Unidirectional Introgression and Evidence of
Hybrid Superiority over Parental Populations in Eastern Iranian Plateau Population
of Hares (Mammalia: Lepus Linnaeus, 1758). Journal of Mammalian Evolution,
27(4), 723-743.

Natoli, E., Say, L., Cafazzo, S., Bonanni, R., Schmid, M. and Pontier, D. (2005). Bold
attitude makes male urban feral domestic cats more vulnerable to Feline
Immunodeficiency Virus. Neuroscience and Biobehavioral Reviews, 29, 151-157.

Neaves, L.E., Zenger, K.R., Cooper, D.W. and Eldridge, M.D.B. (2010). Molecular
detection of hybridization between sympatric kangaroo species in south-eastern
Australia. Heredity, 104(5), 502-512.

Perego, R., Proverbio, D., Bagnagatti De Giorgi, G., Della Pepa, A. and Spada, E.
(2014). Prevalence of haemoplasma infections in stray cats in northern Italy.
Journal of Feline Medicine and Surgery, 16(6), 483—490.

Peters, L. (2019). Assessment of rodenticides in the critically endangered Scottish
wildcat (Felis silvestris). MSc Wild Animal Health thesis. Royal Veterinary
College, University of London.

Peters, I.R., Helps, C.R. and Willi, B. (2008). The prevalence of three species of feline
haemoplasmas in samples submitted to a diagnostics service as determined by three
novel real-time duplex PCR assays. Veterinary Microbiology, 126, 142—150.

Pinches, M.D.G., Diesel, G., Helps, C.R., Tasker, S., Egan, K. and Gruffydd-Jones, T.J.
(2007a). An update on FIV and FeLV test performance using a Bayesian statistical
approach. Veterinary Clinical Pathology, 36(2), 141-147.

Pinches, M.D.G., Helps, C.R., Gruffydd- Jones, T.J., Egan, K., Jarrett, O. and Tasker, S.

(2007b). Diagnosis of feline leukaemia virus infection by semi-quantitative real-

42



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

time polymerase chain reaction. Journal of Feline Medicine and Surgery, 9, 8-13.
Pritchard, J.K., Stephens, M. and Donnelly, P. (2000). Inference of Population Structure
Using Multilocus Genotype Data. Genetics Society of America, 155, 945-959.
QGIS Development Team (2020). QGIS Geographic Information System. Open Source

Geospatial Foundation Project. http://qgis.osgeo.org

R Core Team (2019). R: A language and environment for statistical computing. R
Foundation for Statistical Computing. Vienna, Austria. http://www.R-project.org/

RStudio Team (2019). RStudio: Integrated Development for R. RStudio, PBC, Boston,
MA. http://www.rstudio.com/

Racnik, J., Skrbinsek, T., Poto¢nik, H., Kljun, F., Kos, I. and Tozon, N. (2008). Viral
infections in wild-living European wildcats in Slovenia. European Journal of
Wildlife Research, 54(4), 767-770.

Scottish Natural Heritage (SNH) (2013). Scottish Wildcat Conservation Action Plan.
SNH Publishing.

Scottish Natural Heritage (2020). Natural Spaces. Available at:
https://gateway.snh.gov.uk/natural-spaces/index.jsp (Accessed: February 2020).

Senn, H.V., Ghazali, M., Kaden, J., Barclay, D., Harrower, B., Campbell, R.D.,
Macdonald, D.W. and Kitchener, A.C. (2019). Distinguishing the victim from the
threat: SNP-based methods reveal the extent of introgressive hybridization between
wildcats and domestic cats in Scotland and inform future in situ and ex situ
management options for species restoration. Evolutionary Applications, 12(3), 399—
414.

Smith, W.J., Sendell-Price, A.T., Fayet, A.L., Schweizer, T.M., Jezierski, M.T., van de
Kerkhof, C., Sheldon, B.C., Ruegg, K.C., Kelly, S., Turnbull, L.A., Clegg, S.M.

(2022). Limited domestic introgression in a final refuge of the wild pigeon.

43



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

iScience, 25(7).

Smith, W.J., Jezierski, M.T., Dunn, J.C., Clegg, S.M. (2023). Parasite exchange and
hybridisation at a wild-feral-domestic interface. International Journal for
Parasitology [Preprint].

Stavisky, J., Dean, R.S., Molloy, M.H. (2012). Prevalence of and risk factors for FIV
and FeLV infection in two shelters in the United Kingdom (2011-2012). School of
Veterinary Medicine and Science, The University of Nottingham.

Sundar Dorai-Raj (2014). binom: Binomial Confidence Intervals For Several
Parameterizations. R package version 1.1-1. https://CRAN.R-
project.org/package=binom

Thiry, E., Addie, D., Beldk, S., Boucraut-Baralon, C., Egberink, H., Frymus, T.,
Gruffydd-Jones, T., Hartmann, K., Hosie, M.J., Lloret, A., Lutz, H., Marsilio, F.,
Pennisi, M.G., Radford, A.D., Truyen, U. and Horzinek, M.C. (2009). Feline
Herpesvirus Infection - ABCD Guidelines on prevention and management. Journal
of Feline Medicine and Surgery, 11, 547-555.

Wang, M-S., Wang, S., Li, Y., Jhala, Y., Thakur, M., Otecko, N.O., Si, J-F., Chen, H-
M., Shapiro, B., Nielsen, R., Zhang, Y-P. and Wu, D-D. (2020). Ancient
hybridization with an unknown population facilitated high-altitude adaptation of
canids. Molecular Biology and Evolution, 37(9), 2616-2629.

Willi, B., Boretti, F.S., Doherr, M.G., Cattori, V., Meli, M.L., Lobetti, R.G., Malik, R.,
Reush, C.E., Lutz, H. and Hofmann-Lehmann, R. (2006a). Phylogenetic Analysis
of “ Candidatus Mycoplasma turicensis ” Isolates from Pet Cats in the United
Kingdom , Australia , and South Africa , with Analysis of Risk Factors for
Infection. Journal of Clinical Microbiology, 44(12), 4430—4435.

Willi, B., Boretti, F.S., Baumgartner, C., Tasker, S., Wenger, B., Cattori, V., Meli,

44



10

11

12

13

14

15

16

17

18

19

20

21

22

M.L., Reusch, C.E., Lutz, H., Hofmann-Lehmann, R. (2006b). Prevalence, Risk
Factor Analysis, and Follow-Up of Infections Caused by Three Feline Hemoplasma
Species in Cats in Switzerland. Journal of Clinical Microbiology, 44(3), 961-969.

Willi, B., Boretti, F.S., Meli, M.L., Bernasconi, M.V., Casati, S., Hegglin, D., Puorger,
M., Neimark, H., Cattori, V., Wengi, N., Reush, C.E., Lutz, H. and Hofmann-
Lehmann, R. (2007a). Real-time PCR investigation of potential vectors, reservoirs,
and shedding patterns of feline hemotropic mycoplasmas. Applied and
Environmental Microbiology, 73(12), 3798-3802.

Willi, B., Filoni, C., Catdo-Dias, J.L., Cattori, V., Meli, M.L., Vargas, A., Martinez, F.,
Roelke, M.E., Ryser-Degiorgis, M-P., Leutenneger, C.M., Lutz, H. and Hofmann-
Lehmann, R. (2007b). Worldwide occurrence of feline hemoplasma infections in
wild felid species. Journal of Clinical Microbiology, 45(4), 1159-1166.

Xenoulis, P.G., Lopinski, D.J., Read, S.A., Suchodolski, J.S. and Steiner, J.M. (2013).
Intestinal Tritrichomonas foetus infection in cats: A retrospective study of 104
cases. Journal of Feline Medicine and Surgery, 15(12), 1098—1103.

Yamaguchi, N., Macdonald, D.W., Passanisi, W.C., Harbour, D.A. and Hopper, C.D.
(1996). Parasite prevalence in free-ranging farm cats, Felis silvestris catus.
Epidemiology and Infection, 116(2), 217-223.

Yamaguchi, N., Kitchener, A., Driscoll, C. and Nussberger, B. (2015). Felis silvestris.

The IUCN Red List of Threatened Species. (Accessed on: January 2022).

45



