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Abstract

Tuberculosis (TB) in wildlife challenges epidemiological surveillance and disease con-
trol. An outbreak of TB was detected in a free-ranging wild boar population of a
Natural Park in Catalonia (Spain) and the outbreak investigation was conducted in
the area. During the study period (2015-2020), 278 wild boars were analysed by
gross pathology, histopathology, mycobacterial culture and DVR-spoligotyping. In
addition, all cattle (49) and goat (47) herds of the area were tested with tuberculin
skin test. TB compatible lesions were detected in 21 wild boars, and Mycobacterium
caprae was isolated in 17 of them with two different spoligotypes: SB0415 (13) and
SB1908 (4). Only two goat herds showed TB positive animals that were subsequently
slaughtered. M. caprae with the spoligotypes SB0416 and SB0415 were isolated from
these animals. To investigate the phylogenetic relationships and the transmission
chain of the outbreak, nine strains isolated from six wild boars and three goats of the
study area were analysed by whole genome sequencing (WGS) followed by single
nucleotide polymorphism (SNP) analysis by maximum likelihood and median-joining
network inference methods. Results indicated that infected wild boars maintained
M. caprae strains circulation in their own population and have likely transmitted the
infection to goats, thus acting as TB reservoirs, compromising the success of live-
stock TB eradication campaigns and posing a risk for public health. The results also
highlighted the usefulness of WGS followed by SNP analysis in providing relevant

epidemiological information when detailed contact data are missing.
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Tuberculosis (TB) is a chronic infectious disease caused by
Mycobacterium tuberculosis complex (MTBC) that affects a wide
range of mammals, including humans, livestock and wildlife spe-
cies. In particular, the control of zoonotic TB has been identified
as a major threat to achieve the goal of human TB eradication
(World Health Organization, 2018). The eradication of TB in cat-
tle represents one of the leading expenditures on veterinary pro-
grammes co-funded by the European Union, although its complete
eradication has not been achieved yet in many member states
(European Commission, 2020).

Despite many efforts have been focused on bovine TB erad-
ication programmes, the epidemiological surveillance of MTBC
circulation in a non-bovine wildlife-livestock interface is rarely
addressed in a comprehensive way. It is well-known that both
wild boars and goats are reservoirs of MTBC in certain multi-
host contexts, hindering the eradication of bovine TB (Guta
et al., 2014; Napp et al., 2013; Naranjo, Gortazar, Vicente, & de
la Fuente, 2008). Goats are particularly susceptible to TB in-
fection (Crawshaw et al., 2008; Daniel et al., 2009; Pérez de
Val et al., 2011) and caprine TB is rapidly spread from infected
to susceptible animals within positive herds (Vidal et al., 2017),
being a risk of infection for livestock (Cano-Terriza et al., 2018;
Napp et al., 2013; Vidal et al., 2018) and for humans (Rodriguez
et al., 2009). Mycobacterium caprae, a member of MTBC (Aranaz,
Cousins, Mateos, & Dominguez, 2003), is the main causative agent
of goat TB in Spain (Rodriguez et al., 2011). On the other hand,
infected wild boars cause an important fraction of new bovine
TB breakdowns in Spain (Guta et al., 2014; Hermoso de Mendoza
et al., 2006).

Molecular tools to discriminate MTBC strains, such as
DVR-Spoligotyping (Kamerbeek et al., 1997) and multilocus
variable number of tandem repeat analysis (MIRU-VNTR),
have been used worldwide as ancillary tools for animal TB
epidemiological surveillance and outbreak investigations in
multi-host scenarios (Boniotti et al.,, 2009; Hauer et al., 2015;
Rodriguez-Campos, Gonzalez, et al., 2012). However, these
techniques have a rather restricted discriminatory capacity
since they analyse <1% of MTBC genome (Hauer et al., 2019).
Thus, they show limitations to detect genomic divergences of
MTBC strains belonging to the same regional clonal complex,
sometimes making it difficult to trace the origin of a given
outbreak (Hauer et al., 2016; Rodriguez-Campos, Schirch,
et al., 2012). Alternatively, the use of whole genome se-
quencing (WGS) has been extended in the last decade due
to its higher discriminatory power to detect local transmis-
sion events missed by classical epidemiological investigations
(Biek et al., 2012).

The aim of this study was to use WGS and epidemiological infor-
mation to investigate the relationships of cattle and goat herds with
free-ranging wild boars in a TB outbreak area and gain insight into

potential transmission patterns.

2 | MATERIALS AND METHODS
2.1 | Context, study area and period

In December 2015, a wild boar with TB suspicious lesions in me-
diastinal, tracheobronchial and pre-scapular lymph nodes (Ln) of
the Montseny Natural Park (Catalonia, Spain) was detected during
inspection in a game meat processing facility. Samples were submit-
ted to the laboratory of IRTA-CReSA through the Catalan slaugh-
terhouse support network—SESC (www.cresa.cat/blogs/sesc) for
diagnostic investigation (Vidal et al., 2016). Histopathology showed
TB compatible lesions (i.e. chronic granulomatous lymphadenitis)
and M. caprae was isolated. DVR-spoligotyping was performed ac-
cording to a previously described method (Kamerbeek et al., 1997)
and the spoligotype profile SB0415 was identified (www.Mbovis.
org) (Figure 1).

After confirmation of this case, the TB outbreak investiga-
tion was performed in the affected area in both wild boar and
livestock. The study area (SA) was defined as the whole Natural
Park and the surrounding area (Figure 1). This is a woodland
area with coastal Mediterranean climate with a high number of
livestock farms, well-preserved wildlife habitats and without
artificial fencing. Free-ranging wild boars are particularly abun-
dant in this area, with an estimated density over 12 individu-
als/sq. km in a surface of 47,840 ha (Rosell, Pericas, Colomer, &
Navas, 2019).

2.2 | Cattle and goat herds testing and sampling

Investigation of all cattle and goat herds of the SA (49 and 47, re-
spectively) was carried out by the Official Veterinary Services
through tuberculin skin testing (TST) between 2017 and 2018. TST
was performed following the procedures and interpretations as pre-
scribed guidelines of the Spanish Ministry of Agriculture, Fisheries
and Food (Bezos, Romero, de Juan, Gonzalez, & Saez, 2019). All posi-
tive animals were slaughtered and retropharyngeal, tracheobron-
chial and mediastinal Ln or other tissues with visible TB compatible
lesions were collected for further pathological and bacteriological

confirmation.

2.3 | Wild boars inspection and sampling

Intensified sampling and subsequent analysis of hunted wild boars
of the SA were conducted during five consecutive hunting sea-
sons (i.e. from September to March, between 2015 and 2020). The
main source of tissue samples was game meat processing facili-
ties either through active sampling conducted by the specialized
personnel (official veterinarians, game meat processing facil-
ity inspectors and forest guard officers) or through the submis-
sion of TB suspicious lesions using the SESC platform by meat

inspectors (i.e. passive surveillance). Analyses were performed at


http://www.cresa.cat/blogs/sesc
http://www.Mbovis.org
http://www.Mbovis.org

CIARAVINO ET AL.

3

WILEY-

°

u; ‘ .

-y o A : Y
k cm.
<
Castell dé Montesquia 2™ o Volchn i de I Gartotia
i -
o -nkxw
i T -
e OQUtbreak

Sapaades Loral | orina area

m st pra u- 2CC 8¢ Collserola

m tsant 1 a nonmln e

> 12 wild boar / km?
9-12 wild boar / km?

6-9 wild boar / km?

3-6 wild boar / km?
< 3 wild boar / km2

Ports de Tortosa | BeRel

1333

<

[ransboundary and Emerging Diseases
B i

) %)

‘7

Natural Park
I Natural interest areas

FIGURE 1 Study area. (a) Map of Catalonia (North-eastern Spain) that shows the local densities of wild boars estimated for the hunting
season 2018-19 (DARP 2019). The brown rectangle shows the outbreak area (14 wild boar/km?). (b) The studied outbreak area includes the
Montseny Natural Park (light green) and surrounding areas. The different municipalities are delimited by dotted lines. The silhouette shows
the approximate localization of the first detected wild boar with TB lesions and Mycobacterium caprae isolation (the spoligotype profile is

indicated within the silhouette)

IRTA-CReSA laboratory. During the study period, 278 wild boars
were sampled (mainly head and tracheobronchial Ln), but also
other tissues when TB compatible lesions were observed (e.g.
lungs or mesenteric Ln).

2.4 | Pathological examination

All tissues were analysed by gross lesion evaluation performed by
sectioning the sampled tissues 2-3 mm thick slices under appropri-
ate light conditions in a biosafety cabinet. In case of a positive or
non-conclusive result, histopathology (haematoxylin-eosin staining)
and Ziehl-Neelsen stain were carried out to confirm the diagnosis,
and a fraction of the lesion was frozen for further mycobacterial
culture. A lesion was considered compatible with TB when granu-
lomatous inflammatory infiltrate with variable areas of necrosis and
mineralization was observed. The presence of Langhan's cells and/or
acid fast bacilli was assessed but not indispensable for a TB compat-

ible diagnosis.

2.5 | Mycobacterial isolation and identification

TB was confirmed by mycobacterial isolation in Lowenstein-
Jensen with pyruvate and Coletsos solid media (BD Diagnostics)
2018), and BACTEC MGIT
320 system (BD Diagnostics). Positive growths were stored in

as previously described (Vidal et al.,,

brain heart infusion with 20% glycerol at -80°C. Isolates were
then confirmed as MTBC by conventional multiplex PCR (Wilton
& Cousins, 1992), and strains were subsequently typified by
DVR-Spoligotyping.

2.6 | Whole genome sequencing

A representative subset of M. caprae isolates from wild boar (N = 6)
and livestock (N = 3) of the SA, as well as other 43 M. caprae iso-
lates from cattle (N = 18), goats (N = 22), sheep (N = 1) and wild
boar (N = 2) in Catalonia (outside the SA) between 2008 and 2018,
were sub-cultured in 7H11 plates (BD diagnostics) for 28 days at
37 + 1°C. Growth was suspended in 1ml PBS in O-ring microtubes
and was heat-inactivated at 100°C for 30 min. Inactivated MTBC
samples were sent to the National Veterinary Services Laboratories,
United States Department of Agriculture (USA) to conduct the
DNA purification and whole genome sequencing (WGS) as previ-
ously described (Salvador et al., 2019). Briefly, DNA from bacterial
cultures was collected; libraries were prepared with Nextera XT
DNA Library Preparation Kit according to manufacturer's instruc-
tions, and sequenced in an Illumina MiSeq device using paired-end
250 bp segments. Sequences were mapped against the genome of
the reference strain M. bovis AF2122/97 (RefSeq ID NC_002945.4,
BioProject PRINA57695, (Malone et al., 2017)) using the Burrows-
Wheeler aligner algorithm (BWA, (Li & Durbin, 2010)) and genome
analysis toolkit 2.5.2 (GATK, (Auwera et al., 2013)), applying filter-
ing parameters and variant quality score recalibration according to
GATK Best Practices recommendations.

2.7 | SNP identification and phylogenetic analyses

Single nucleotide polymorphisms (SNPs) that had quality scores
(QUAL) < 150 and Allele Counts (AC) =
that fell into repeat regions (PPE, PE_PGRES gene families, trans-

1 were removed, and SNPs

posable elements), or that were in loci with poor read density were
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FIGURE 2 TB compatible lesions in wild boars. (a) Wild boar, Lung section. Miliary granulomatous pneumonia. This animal was likely
excreting numerous mycobacteria. (b) Wild boar, submandibular lymph node section. Multifocal caseous granulomatous lymphadenitis.
(c) Wild boar, lung (same as shown in a). Four neighbouring encapsulated granulomas in the lung parenchyma. H&E. Bar 250 pm. (d)
Wild boar, submandibular lymph node. Chronic encapsulated granuloma in the lymph node parenchyma, mostly composed of necrosis,
mineralization and minimal macrophage inflammatory infiltrate. H&E. Bar 100 pm. (e): Wild boar, submandibular lymph node. Cluster of
multinucleated giant cells (Langhan's cells) diffusely infiltrating the lymph node parenchyma. H&E. Bar 25 pm

removed similarly to previously described (Bryant et al., 2013; Kato-
Maeda et al., 2013). SNPs were visually validated using Integrated
Genomics Viewer (IGV, Broad Institute and the Regents of the
University of California) (Robinson et al., 2011), and those that fell
in areas with low coverage, mapping issues or alignment problems
were manually filtered out.

The evolutionary relationships among isolates were analysed by
means of two different phylogenetic analyses; firstly, the concate-
nated SNP sequences for all isolates were aligned, and a maximum
likelihood phylogeny was constructed using a GTR-CAT model with
RaxML version 8 (Stamatakis, 2014). The tree was rooted using the
genome sequence of M. bovis AF2122/97 reference strain. The con-
fidence of the internal branches of the tree was assessed by means
of 1,000 Bootstrap replicates.

In second place, the whole genomic SNP sequences (i.e.
DNA Alignment) were used to generate a median-joining net-
work (MJN) to further explore the genetic relatedness of iso-
lates (Bandelt, Forster, & Rohl, 1999). The MJN was constructed
with SplitsTree4 version 4.15.1 (Huson & Bryant, 2006) using
the default parameters suggested by the program. The network
was also rooted by specifying the genome sequence of M. bovis
AF2122/97 as the out-group in order to facilitate its interpre-

tation as a genealogical history. Thereafter, we computed the

maximum parsimony (MP) post-processing in order to remove all
superfluous median vectors and links that are not contained in
the shortest trees of the network (Polzin & Daneshmand, 2003).
The MP post-processing calculation was available in Network
Phylogenetic Software (version 4.6; available at www.fluxus-en-
gineering.com/sharenet.htm) which was also used to redraw the
network.

3 | RESULTS
3.1 | Findings in livestock

Two out of the 47 goat herds showed positive animals to the TST,
one meat aptitude herd with extensive management (detected in
December 2017) and one dairy herd with intensive management
(detected in January 2018). The meat herd showed 4/241 (1.7%)
positive animals to TST, three of them were confirmed by culture
and M. caprae SB0415 was identified. The dairy herd showed 37/255
(14.5%) positive animals to TST. All positive animals were slaugh-
tered and 14 of them were sampled for post-mortem examination.
All examined animals showed TB compatible lesions and the isolated

M. caprae strains all belonged to the unique spoligotype SB0416.
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None of the 49 tested cattle herds showed any positive animal to
the TST.

3.2 | Findings in wild boar population

Twenty-one out of 278 (7.6%) wild boars showed TB compatible
lesions confirmed by histopathology (Figure 2). Of those, 17 were
confirmed by culture, identifying two distinct M. caprae spoligo-
type profiles: SB0415 (13) and SB1908 (4). No other mycobacteria
or other pathological agents were isolated from the remaining four
samples with histologically TB compatible lesions. The majority of
cases with TB lesions were obtained during hunting seasons 2016-
2017 and 2017-2018; the pathological and bacteriological annual
results in wild boar are summarized in Table 1.

3.3 | Phylogenetic relationships and
transmission patterns

Six isolates from wild boars and three from goats (two dairy and one
meat) of the SA were selected for the phylogenetic analyses. Overall,
the DNA of 52 M. caprae isolates (nine inside and 43 outside the
SA) were sequenced by WGS and the SNP distances between the
isolates were analysed.

The phylogenetic tree showed the separation of the strains in
two major groups (A and B) (Figure 3). All the strains isolated from
the SA were included in group A, whereas group B was clearly differ-
entiated from group A and was mostly composed by strains isolated
from fattening cattle imported from Romania. Within group A, three
different clusters (A.1, A.2 and A.3) were defined on the basis of
number of SNPs separating each sequenced strain. This clustering
discriminated the two strains isolated from the dairy goat herd (clus-
ter A.2, blue arrows in Figure 3), from the rest of the SA strains that
were included in cluster A.3. A clade composed by the two dairy
goat strains was defined by 18 specific SNPs (clade SA-I). The spoli-
gotype SB0416 was identified in both of them. Within the cluster
A.3., the meat goat and three wild boar strains of the SA formed
another clade with genome sequences possessing 32 specific SNPs
(clade SA-II, red arrows in Figure 3). The spoligotype SB0415 was
identified in the four strains. Another branch of the cluster A.3
contained the remaining three wild boar strains of the SA (green ar-
rows in Figure 3). The spoligotype SB0415 was identified in two of
them (WB-2 and WB-5), whereas SB1908 was identified in the third

;[:ansboundcry and Emeriné D_ise 5‘?_, 233

(WB-3). Localizations of the SA strains with WGS and/or spoligotype
information, as well as the localizations of the remaining TB cases
detected in the SA, are shown in the map represented in Figure 4.

Putative local transmission patterns of M. caprae from the 52 an-
alysed strains were inferred from the analysis of the phylogenetic
relationships among taxa (Figure 5). The MJN results indicated that
the six strains isolated from wild boars of the SA (from WB-1 to
WB-6) were highly related to each other and with the strain from
the meat goat (MG-1). These strains showed genetic relatedness
also with other goat and cattle strains isolated in Catalonia between
2008 and 2014 (mostly from meat-producing animals) (Figure 5). The
results also revealed the occurrence of transmission events inside
the SA, between wild boars and from wild boar to the meat goat
(at end-point position along the network branch, forming the clade
SA-Il marked in red in Figure 5). In particular, the wild boar strain
WB-6, isolated in 2015, showed a difference of five SNPs compared
with the wild boar strain WB-4 (isolated in 2016) and a difference of
one SNP with the wild boar strain WB-1 (isolated in 2016); the latter
(WB-1) was separated by seven SNPs from the meat goat strain (MG-
1), which was isolated in 2018 (Figure 5). Finally, the two dairy goat
strains, sampled in the same herd, were genetically close to each
other, differing only in 5 SNPs, but showed a distant genetic relation-
ship to the rest of the strains isolated from the SA (Figure 5). Instead,
they were genetically closer to other M. caprae strains (mostly from
dairy animals of Spanish origin) sampled from outside the SA in pre-
vious years (2009-2012).

4 | DISCUSSION

The MJN results indicate that seven out of the nine sequences
from the SA might have a common genealogical origin, and then
the infection spread through different animal populations within
the Natural Park. Even though additional data would be required
to establish precise evolutionary relationships among strains from
the SA, the results suggest a local transmission of M. caprae from
wild boars to a goat herd of meat aptitude and extensive manage-
ment. Indeed, the putative evolutionary history inferred from the
rooted MJN was congruent with the isolation dates of the strains
forming the clade SA-II (M. caprae strains were first isolated in wild
boars and later in the meat goat herd, see Figure 5). As far as we
know, this is the first scientific study reporting infected wild boars
as the most likely cause of a TB outbreak in goats. Local MTBC
hotspots in free-ranging wild boars were previously detected in

TABLE 1 Number of wild boar tissue samples analysed per hunting season in the study area

Season 2015-2016

No. of wild boar tissue samples 23

No. samples with TB visible lesions (%) 1 (4%)

Isolated spoligopatterns (No. of isolates) Mycobacterium caprae
SB0415 (1)

No. of municipalities affected 1

2019-
2016-2017 2017-2018 2018-2019 2020
109 34 66 46
13 (12%) 6 (18%) 1(2%) 0 (0%)
M. caprae M. caprae M. caprae SB1908 -
SB0415 (10) SB0415 (2) (1)
8 5 1 0
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FIGURE 3 Phylogenetic relationships among Mycobacterium caprae strains genomes. Rooted phylogenetic tree based on maximum
likelihood model (GTR-CAT, RAxML) showing a SNP distance of the nine strains of the study area (SA) and 43 strains outside the SA isolated
in Catalonia between 2008 and 2018. Root: Mycobacterium bovis AF 2122/97 reference strain sequence. Scale: 10 SNP. Two groups were
identified: A, divided in three clusters (A.1, A.2 and A.3) and B. The nine strains of the SA are indicated by arrows as following: dairy goats
forming the clade SA-1 within the cluster A.2 (blue), wild boars and meat goat forming the clade SA-1l within the cluster A.3 (red), and

remaining wild boars of the cluster A.3 (green)

Catalonia in relatively restricted natural areas, and were epide-
miologically associated with cattle TB breakdowns (Mentaberre
et al., 2014) or positive TST results (Pérez de Val et al., 2019). Now,
our findings revealed a circulation of MTBC between non-bovine
species but still posing a risk of infection for cattle herds of the
Natural Park that may interact with infected free-ranging wild
boars or share pastures with infected goats.

Data on TB status of the meat goat herd were unavailable prior
to the first wild boar TB detection (in 2015), although the very low
ratio of TST positive animals found in 2018 (1.7%) was strongly sug-
gestive of a recent infection, occurring after that date. M. caprae is

particularly adapted to domestic goats (Aranaz et al., 2003), showing

fast animal-to-animal transmission within the herd, not only by di-
rect contact through aerosols, but also by indirect oral contact by
using shared feeders (Vidal et al., 2017). Therefore, the low number
of positive goats detected by TST (four, only three with visible le-
sions and positive culture result) is consistent with a recent exoge-
nous entry of the disease in the herd. This recent transmission chain
could be also supported by the short genetic pairwise distance be-
tween strains (i.e. 7 SNPs between WB-1 and MG-1). Pairs differing
less than 6 SNPs are considered indicative of recent person-to-per-
son M. tuberculosis transmission (Nikolayevskyy, Kranzer, Niemann, &
Drobniewski, 2016), but this threshold to delineate epidemiological

links between strains could increase to 12 SNPs within 3 years of
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FIGURE 4 Localization of animal TB
cases detected in the study area (SA). The
map shows the approximate location of
the animals from which the strains were
isolated (precision level is the municipality,
delimited by dotted lines). The number
within the animal silhouettes indicates the
spoligotype profile (when mycobacterial
isolate was obtained)
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evolution in human M. tuberculosis outbreaks (Walker et al., 2013) and
after 5-6 years in cattle M. bovis outbreaks (Price-Carter et al., 2018).

The specific way of entry of the infection into the goat herd
is still unknown, although the indirect contact in contaminated
grazing areas, shared by both free-ranging wild boars and goats
in pasturage, seems the most likely source of the infection. In par-
ticular, aggregation points such as waterholes and baited places
are considered hotspots for inter-species transmission of MTBC
(Barasona, Torres, Aznar, Gortazar, & Vicente, 2017; Payne,
Philipon, Hars, Dufour, & Gilot-Fromont, 2017). On the contrary,
WGS results displayed a low genetic relatedness of the two strains
of the dairy goat herd with the rest of the strains from the SA,
indicating a separate origin of TB outbreak without any apparent
interaction with wildlife reservoirs of the SA. The origin of this out-
break is probably related to other dairy goats from outside of the
SA (i.e. animal movements). The low SNP variation between the
two dairy goat strains (5 SNPs) is consistent with the intra-herd
spread of the infection, as previously described in M. caprae-in-
fected cattle (Broeckl et al., 2017), which might be facilitated by
the intensive management of the sampled herd. The persistence
of MTBC lineages in the livestock-wildlife interface within a local
environment of a farm is common and can be explained by direct or
indirect contact between farming animals and wildlife hosts (Biek
et al., 2012). However, in this study, the M. caprae strains isolated

from wild boars tended to involve the same genetic lineage (cluster

A.3, Figure 5) across the whole SA, an extensive area with different
microhabitats, rather than being differentiated by local farm envi-
ronments (the SA involves almost 100 cattle and goats herds, to-
gether). This finding suggests a common origin of M. caprae strains
at a specific time point in the past (probably from infected live-
stock) and subsequent maintenance of M. caprae circulation in the
wild boar population of the SA, with mild genetic evolution within
local sub-populations (i.e. clade SA-1l formation).

The reduced genetic diversity observed among the 42 M. caprae
strains included in the group A can be explained by the selective
pressure carried out after years of bovine TB eradication campaigns
based on test and slaughter of positive animals (Hauer et al., 2015).
Yet, WGS analysis detected genetic variations of M. caprae strains
of the SA and local transmission patterns that had been missed by
the DVR-spolgotyping analysis alone, which, in the last two decades,
has been the most extended tool for molecular characterization
of MTBC isolated from animals worldwide (Haddad, Masselot, &
Durand, 2004; Milian-Suazo et al., 2008; Rodriguez et al., 2010).

Interestingly, the WGS also enabled to genetically associate
strains classified in apparently distant spoligotypes (i.e. SB1908
presents deletions in 9 oligonucleotide spacers compared to
SB0415, www.Mbovis.org database), demonstrating that some
of them were very much closely related in comparison with other
strains, despite being classified within the same spoligotype (i.e.

SB0415). These findings evidenced not only the lower discriminatory
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FIGURE 5 Evolutionary relationship of Mycobacterium caprae strains based on WGS. (a) Rooted median-joining network analysis
performed with the 52 M. caprae strains isolated in Catalonia between 2008 and 2018 (left-upper insert). (b) In the zoomed main central
image: Yellow circles show the nine strains of the study area (SA), black circles show the 43 strains isolated outside the SA. Root:
Mycobacterium bovis AF2122/97 reference strain. Blue silhouettes indicate the dairy goat strains forming the clade SA-1 within the cluster
A.2; Red silhouettes indicate the wild boars and meat goat strains forming the clade SA-II within the cluster A.3; Green silhouettes indicate
the remaining wild boars strains of the SA within the cluster A.3. The number of small perpendicular lines in each branch represents the
SNPs separating sequences. Potential median vectors (hypothetical genotype) which connect the genome sequences are displayed as little
circles in light grey. (c) The map (right-bottom insert) represents the suggested evolutionary scenario within the clade SA-II. Silhouettes
represent the animal species, the year of M. caprae isolation is indicated below them and arrows indicate the transmission direction

power of conventional molecular characterization tools compared to
WGS, but also inaccurate epidemiological associations in outbreak
investigations.

Specific non-synonymous SNPs related with virulence were not
investigated. Although previous studies showed that wild boars were
even more susceptible to M. caprae than M. bovis strains (Garcia-
Jiménezetal., 2013), in the present study, the M. carpae transmission
and expansion could be mainly driven by the high wild boar popula-
tion densities (i.e. increased contact rates) rather than host adap-
tation of M. caprae strains. Indeed, Catalonia, and particularly the
Natural Park of the TB outbreak, shows one of the highest wild boar
densities in Europe (Pittiglio, Khomenko, & Beltran-Alcrudo, 2018;
Rosell et al., 2019).

The increase in number of hunted animals in the SA after the
outbreak detection did not reduce significantly the wild boar den-
sity (from 16 to 12 individuals/sg. km in seasons 2015-16 and

2018-19, respectively, (Rosell et al., 2019)). A previous study sug-
gested a compensatory reproduction effect of wild boars as a re-
sponse to an increased hunting pressure (Mentaberre et al., 2014).
However, a higher hunting rate could contribute to the removal
of animals in advanced stages of the disease from the environ-
ment, thus limiting the transmission rates of M. caprae within the
wild boar population. This might explain the reduction of apparent
prevalence based on post-mortem examination of visible lesions in
the two last hunting seasons included in the study. Nevertheless,
a previous serological study in a high prevalent area of TB in wild
boars showed that the increase of hunting pressure reduced the
prevalence of TB lesions in adult wild boars but increased the re-
production rates, resulting in a significant number of seropositive
piglets although they still had not developed TB visible lesions and
were negative to culture (Pérez de Val et al., 2017). Thus, the evo-

lution of wild boar TB in the SA should be carefully monitored in
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the upcoming seasons to confirm the apparent drop in TB preva-
lence or its reemergence as a potential risk for livestock herds in
contact with infected wild boars.

In summary, our findings revealed that infected wild boars were
able to maintain the mycobacteria in their own population and have
likely transmitted the infection to sympatric goats. The study ev-
idenced local M. caprae circulation between wild boars and goats
without an apparent participation of cattle in the epidemiology, re-
inforcing the notion that animal TB should be approached as a multi-
host disease which requires holistic control measures. The present
study evidences the need of a thorough laboratory diagnosis and ep-
idemiological follow-up in non-bovine susceptible hosts since these
can maintain the infection and compromise the long-term success
of bovine TB eradication programmes. The results also highlighted
the usefulness of WGS analysis in providing relevant epidemiological
information when detailed contact data are missing or difficult to

obtain.
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