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Introduction: The persistence of animal tuberculosis (TB) in livestock is a major
concernin Sicily, Italy. The objective of this study was to elucidate the transmission
dynamics of M. bovis infection in a highly circumscribed, and at the same time
geographically diverse, high-risk area of the island through an in-depth geo-
epidemiological investigation of TB in cattle and black pigs raised in small-scale
extensive farms across the district of Caronia.

Methods: We used genotype analysis coupled with geographic information
system (GIS) technology and phylogenetic inference to characterize the
spatial distribution of TB and M. bovis genotypes in livestock and the genetic
relationships between M. bovis isolates. A total of 589 M. bovis isolates collected
from slaughtered cattle (n=527) and Sicilian black pigs (n=62) over a 5-year period
(2014-2018) were included in the study.

Results: TB was widespread throughout the district and was most frequent in the
north-central area of the district, especially along one of the district's streams.
We identified a total of 62 M. bovis genotypes. Identical genetic profiles were
isolated from both neighboring and non-neighburing herds. The 10 most
frequent genotypes, accounting for 82% of M. bovis isolates, showed geographic
specificities in that they tended to cluster in specific spatial niches. The landscape
structure of these niches—i.e. steep slopes, rocky ridges, meadows and streams—
is likely to have had a significant influence on the distribution of TB among
livestock in Caronia. Higher concentrations of TB were observed along streams
and in open meadows, while rocky ridges and slopes appeared to have hampered
the spread of TB.

Discussion: The geographical distribution of TB cases among livestock in Caronia
is consistent with several epidemiological scenarios (e.g., high density of infected
herds along the streams or in hilly plateau where livestock share pastures).
Landscape structure is likely to play an important role in the transmission and
persistence of M. bovis infection across the district. Additional potential risk
factors, such as livestock trading and extensive breeding methods, are also
discussed. Our results will contribute to the improvement of surveillance, control
and eradication activities of TB in Sicily by the implementation of ad hoc TB
control measures, especially in farms located along streams, sharing common
pastures or with mixed animal species.
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1. Introduction

Animal tuberculosis (TB) is an infectious disease mainly caused
by Mycobacterium bovis, which has a wide host range affecting both
domestic and wild animals, as well as humans. Cattle is the main
host species for M. bovis. However, several wildlife hosts—i.e.
badger, red deer, wild boar, brushtail possum—can carry and spread
the pathogen to livestock (Palmer et al., 2012; Fitzgerald and
Kaneene, 2013).

Infected animals with progressive disease shed the bacteria in
mucus, saliva, aerosols, feces, milk, and sometimes in urine, vaginal
secretions, or semen. TB can thus be transmitted by a number of
routes, most commonly through inhalation, through contact with
the excreta of infected animals (Phillips et al., 2003), as well as the
ingestion of contaminated food and water (Allen et al., 2021).
Mycobacterium bovis can survive in water and soil for long periods
(Fine et al., 2011), raising the risk of infection.

Mycobacterium bovis represents a serious public health concern
in both industrialized and non-industrialized countries, where the
absence or inadequacy of TB control programs, immunodeficiency,
malnutrition, or the adoption of social and cultural behaviors (e.g.,
close contact with animals and consumption of animal products,
improper cooking practices and poor hygiene) increase the risk of
human infection (Malama et al., 2013; Olea-Popelka et al., 2017;
Mohamed, 2019). Mycobacterium bovis is also one of the biggest
challenges facing rural communities and the farming industry, as it
causes both direct and indirect economic losses. It increases
morbidity and mortality, lowers milk and meat production, reduces
fertility and hampers the commercial trade in animals (Pérez-
Morote et al., 2020).

Molecular epidemiology based on genetic profiles of M. bovis,
which consists of spoligotypes and mycobacterial interspersed
repetitive unit-variable number tandem repeat codes (MIRU-
VNTR), is recognized as a valuable tool for the identification of
sources of infection, routes of transmission and host preference,
and the understanding of M. bovis transmission dynamics within a
population or an ecosystem (El-Sayed et al., 2016). In recent years,
web technologies and geo-epidemiology based on Geographic
Information System (GIS) technology, have emerged as useful tools
in epidemiology to monitor several diseases in time and space,
including human (Beiranvand et al., 2016; Gehlen et al., 2019) and
animal (Zaragoza Bastida et al., 2012; Hauer et al., 2015; Proud
Tembo et al., 2020; Reis et al., 2020; Skuce et al., 2020; Almaw et al.,
2021; Reis et al., 2021) TB.

In Sicily, the largest island in the Mediterranean and one of
Italy’s 20 regions, TB is still a major concern despite the
implementation of state and local eradication programs for TB in
cattle. Our group has recently conducted two molecular-
epidemiological investigations based on the genotyping of M. bovis
isolates from livestock and wild animals, first throughout the island
(Amato et al., 2018), and subsequently in the province of Messina,
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in northeastern Sicily (Marianelli et al., 2019). A large variety of
M. bovis strains, which were in several cases common to different
species of livestock, were identified (Amato et al., 2018; Marianelli
et al., 2019). Livestock reared in the district of Caronia, situated in
the province of Messina, showed the highest share of TB both in the
island as a whole, and in the province (Amato et al., 2018; Marianelli
etal, 2019). More than 50% of TB cases in the province of Messina
were isolated from Caronia-bred livestock (Marianelli et al., 2019).

To shed light on the potential risk factors affecting the
persistence of M. bovis infection in livestock in the district of
Caronia - we conducted an in-depth geo-epidemiological
investigation, combining genotyping, geospatial (GIS), and
phylogenetic analyses to investigate the distribution of TB and
M. bovis genotypes in livestock, the genetic relationships among
M. bovis isolates, the transmission dynamics of M. bovis infection
and the role played by the ecosystem in the spread of the pathogen
in livestock in this highly circumscribed, and at the same time
geographically diverse, high-incidence area.

2. Materials and methods
2.1. Area under study

The district of Caronia is a very small area, 227.3km? in the
province of Messina on the northern coast of Sicily, Italy (Figure 1).
The area is part of the Nebrodi Park, a rural nature reserve, and
consists mainly of mountainous terrain with several peaks exceeding
1,500 m in altitude, the Nebrodi mountains. The north-facing slopes,
covered in olive and citrus groves, descend gently toward the
Tyrrhenian Sea. Caronia’s coast stretches for 20 km, lined with
Mediterranean scrub. The catchment area consists of small streams—
the Caronia, the Buzza, the Sampieri, and the San Barbaro Fughetto.

The district is heavily wooded. Cork oak, Turkey oak, holm oak
and beech are the most abundant species. The woods give shelter to
numerous species of birds, reptiles, amphibians and wild mammals,
such as hedgehog, wildcat, marten and several small rodents (e.g.,
common dormouse, garden dormouse, European fat dormouse).
Wild boar and fallow deer, which may act as natural reservoirs of
TB (Gortazar et al., 2005; Naranjo et al., 2008; Martinez-Lopez
et al., 2014), are absent from the Nebrodi Park. Domestic farm
animals like cattle, sheep, goats and Sicilian black pigs are reared in
the area in numerous small-scale farms, with an average herd size
of 40 animals per farm. Cattle, the most common and widespread
kind of livestock in the area, is invariably raised under an extensive
farming system, a system based on year-round grazing on natural
pastures. The Sicilian black pig is an autochthonous breed of
domestic pig, mostly reared in free or semi-free roaming conditions
in the Park’s woods and natural pastures, throughout the year. These
pastures are frequently shared with grazing cattle, as previously
described (Di Marco et al., 2012).
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FIGURE 1

The geographical area under study. The district of Caronia covers
227.3km? in the province of Messina on the northern coast of Sicily,
Italy. The map was adapted from QGis.

2.2. Selection of TB cases in livestock

A total of 589 M. bovis isolates from slaughtered cattle (n=>527)
and Sicilian black pigs (n=62) were included in the study. All isolates
were collected in the district of Caronia from 2014 to 2018. No
animals were slaughtered for the purposes of this study and no
permission was required for either slaughtering or sample collection.

The average annual size of livestock populations during the study
period was of about 4,700 cattle and 4,600 black pigs.

Data collection for cattle was performed as part of a national
surveillance required by law. In light of the high prevalence rate of TB
in livestock in the area in 2013 (about 6.40%) and the high density of
farms, a special 5-year surveillance program (2014-2018), was
implemented for the control of TB in cattle. Throughout this period,
skin and interferon-gamma testing of cattle were performed in
addition to the routine slaughterhouse surveillance normally
performed on all slaughtered livestock.

Identical protocols were implemented for black pigs: abattoir
inspections as required by law, and in-vivo testing in the framework a
series of research projects funded by the Italian Ministry of Health and
the Ministry of Public Education.

Tissue samples from animals with a positive skin test on farms,
and from animals with TB-compatible lesions upon routine abattoir
inspections, were collected and cultured for mycobacterium at the
diagnostic laboratory of the Istituto Zooprofilattico della Sicilia,
Area Barcellona P.G., Messina. The individual animal was
considered a TB case if the culture confirmed M. bovis infection.
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All M. bovis isolates from both cattle and black pigs were genotyped
using spoligotyping and 12-locus MIRU-VNTR typing, as
previously described (Marianelli et al., 2019). For MIRU-VNTR
typing, 12 genomic loci were selected, according to Boniotti et al.
(2009), and amplified individually: VNTR loci 2,165, 2,461, 0577,
0580 and 3,192 (i.e., ETR-A to -E; Frothingham and Meeker-
O'Connell, 1998), VNTR locus 2,996 (i.e., MIRU26; Supply et al.,
2000), VNTR loci 2163a, 2163b, 3,155 and 4,052 (Skuce et al.,
2002), and VNTR loci 1,895 and 3,232 (Roring et al., 2002).
Mycobacterium tuberculosis H37Rv was used as reference strain.
Allele assignment was performed on the basis of PCR fragment size
as compared to a 50-bp molecular weight marker. Results were
stored in the TB database of the National Reference Centre for TB
at Istituto Zooprofilattico Sperimentale della Lombardia e
del’Emilia Romagna, Brescia, Italy.

We extracted the above M. bovis genotype data—spoligotypes and
12-loci MIRU-VNTR codes—from the database, and combined them
with each other to enhance the discriminatory power of the
subsequent molecular epidemiological analysis. We also gathered and
analyzed additional data, such as the type of host (cattle or Sicilian
black pig), herd location (latitude and longitude coordinates reported
by the farmers to the local authorities by law) and year of
M. bovis isolation.

2.3. Spatial analysis

The QGis software, a free and open source GIS available at https://
www.qgis.org/en/site/ (QGis Development Team 2020 version 3.18),
was used to map farms and TB infections in the herds, as well as to
study the geographic characteristics of the area under study and their
possible relationship with TB occurrence data and M. bovis genotype
frequencies in livestock.

2.4. Minimum spanning tree phylogenetic
analysis

Twelve-locus MIRU-VNTR codes were used to infer relationships
between isolates sharing the same spoligotypes. PHYLOViZ 2.0
(Nascimento et al., 2017-P1), a free online tool based on the
goeBURST algorithm, was used to perform data analysis. The tool is
available at https://online.phyloviz.net/index.

3. Results
3.1. Cases of TB in livestock

A total of 589 TB cases in livestock (1 =527 from cattle and n=62
from black pigs) were included in the study.

Mycobacterium bovis infection involved 107 out of 236 small-scale
farms (107/236, 45%) scattered across the district of Caronia. The
majority of affected farms (73%) had multiple and recurrent infections
over the study period. In many of them (42%), between 2 and 6 cases
of TB were recorded (Table 1). The most highly infected herd had 28
cases of infection in cattle (the average annual size of the herd during
the study period was 74 head of cattle).
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3.2. Spatial distribution of TB-affected
herds

The main streams and all of Caronias farms (n=236), both
infected (n=107) and uninfected (n=129), were localized using the
QGis software (Figures 2A,B). The number of TB infections per farm
is also shown, as shades of red (Figure 2B).

Animal tuberculosis was widespread across Caronia. The disease
was not randomly distributed across the district, however, but rather
clustered in specific areas, mainly in the north-central area along the
Buzza stream (Figure 2, red spots). Analyzing the landscape structure

TABLE 1 Number of infected farms and of Mycobacterium bovis isolates
by number of cases per farm.

10.3389/fmicb.2023.1107396

of Caronia, we identified eight major spatial niches or subareas—
marked from H1 to H8—in which neighboring infected herds
clustered. This identification was based on the density of cases in
defined areas (Figure 2). The landscape morphology of subareas
H1-H4 and H5-H8 is shown in Figures 3A-D, 4A-D.

Subarea H1 comprised three neighboring infected farms located
on an intermontane plateau at about 700 m above sea level (a.s.l;
Figure 3A). Subarea H2 comprised two neighboring infected farms on
a meadow at about 200 m a.s.], partially surrounded by slopes and
streets (Figure 3B). Subarea H3 involved several infected herds across
a large, heavily forested area west of the Caronia stream at 600-800 m
a.s.] (Figure 3C). Subarea H4, which accounted for most TB cases,
consisted of numerous infected herds along the Buzza stream across
a large hilly terrain at 100-500 m a.s.l, where wooded and bushy areas
alternate with farms and cultivated fields (Figure 3D). Subarea H5
comprised several infected herds along the San Barbaro Fughetto
stream in a large area covered in bushes and trees at 200-600 a.s.l
(Figure 4A). Subarea H6 comprised a few infected farms located in a
stretch of land north-east of the Sampieri stream, with bushes and
trees interspersed with cultivated fields, at 500-1,000 m a.s.
(Figure 4B). Subarea H7 encompassed about 10 infected herds situated
in a hilly plateau, east of a rocky ridge, with bushes and trees at
600-900 m a.s.] (Figure 4C). Finally, subarea H8 comprised a small
number of neighboring, infected herds located close to the San

Number of TB Number of M. bovis isolates
cases per farm infected farms (N=589)
(N=107)
2-6 45 159
7-11 17 145
12-16 11 147
>17 5 109
N
g
0 é o
5
g
» 0
3
5
FIGURE 2
Caronia is indicated (the red line). Both maps were adapted from QGis.

TB infections across the Caronia district. (A) The main streams flowing through the district—Caronia, Buzza, Sampieri, and San Barbaro. (B) Farms, both
infected (n =107) and uninfected (n =129), are shown as blue and white triangles, respectively. Shades of red represent TB infections, where darker red
represents a higher number of cases per herd. The eight geographical subareas of TB infection (H1-H8) are circled. The boundaries of the district of
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FIGURE 3
Satellite pictures of subareas H1-H4 (A-D). Infected herds are shown as yellow dots the size of which is proportional to the number of infected
animals per herd. The maps were adapted from QGis.

FIGURE 4
Satellite pictures of subareas H5—H8 (A-D). Infected herds are shown as yellow dots the size of which is proportional to the number of infected
animals per herd. The black arrows (C) indicate a rocky ridge. The maps were adapted from QGis.
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Fratello stream in a wooded area (Figure 4D). Subareas H5, H7, and
HS, all situated on the eastern side of the district, border to the west
on a long rocky ridge 800-1,000 m a.s., visible in Figure 4C.

3.3. Genotypes of Mycobacterium bovis
isolates

Genotype data—spoligotypes and 12 loci-MIRU-VNTR codes—of
all M. bovis (n=>589) isolated over the 5-year study, were combined to
enhance the discriminatory power of the molecular epidemiological
analysis. A total of 11 spoligotypes were found: SB0120, SB0133, SB0134,
SB0841, SB0850, SB1167, SB1305, SB1564, SB1566, SB2368 and SB2473.
Overall, SB0120, SB0134 and SB0841 were the most frequent, accounting
for 49% (286/589), 21% (125/589), and 20% (116/589) of M. bovis
isolates, respectively. MIRU-VNTR analysis yielded a total of 50 MIRU-
VNTR codes. The combination of spoligotypes and MIRU-VNTR codes
increased the number of genetic profiles to 62.

Of these 62 combined genetic profiles, 10 were the most frequent
and accounted for 82% M. bovis isolates (481/589). These 10 profiles are
hereinafter referred to as “the major profiles” The remaining 52 genetic
profiles, accounting for 18% M. bovis isolates (108/589), are hereinafter
referred to as “the minor profiles” Results are shown in Figure 5.

3.3.1. Major genetic profiles

The 10 major genetic profiles, which accounted for 481 M. bovis
isolates (481/589; 82%), were isolated both from cattle (n=424) and
from black pigs (n=57). These profiles—labeled MI1-M10—
comprised spoligotypes SB0120 (three profiles), SB0841 (two profiles),
SB0134 (four profiles), and SB1305 (one profile) with their respective
MIRU-VNTR codes as detailed in Figure 5A. The remaining 52 minor
profiles appear at the bottom of Figure 5A as a single group, and are
described in section 3.3.2 below.

Most of the major profiles (7/10; 70%—M1-M5, M8, and M10)
affected both kinds of livestock. However, with the exception of profile
M5, which infected cattle and black pigs almost equally, all other
profiles prevailed in cattle. The three major profiles M6, M7, and M9
affected only cattle (Figure 5A).

10.3389/fmicb.2023.1107396

The highest number of TB cases was recorded in 2015 and 2016,
with a total of 145 and 327 M. bovis isolates, respectively (Figure 5B).
M1, M2, and M4 were the most frequent major profiles and affected
more than 20 farms each (Figure 5C).

3.3.2. Minor genetic profiles

The 52 minor genetic profiles, accounting for 18% (108/589) of
M. bovis isolates, were isolated almost exclusively from cattle (cattle
n=103; black pigs n=5). These profiles—named m1-m52—are detailed
in Supplementary Table S1. Here, too, as with the major profiles, SB0120
was the most frequent spoligotype, which generated, in combination
with various MIRU-VNTR codes, 31 different minor profiles.

Most of the minor profiles (41/52; 79%) affected only one or two
individual animals (Supplementary Table S1). Profiles m49 and m50,
however, caused the highest number of cases, affecting a total of 11
and 10 cattle, respectively. These same two profiles also involved the
highest number of farms—eight and four herds, respectively. As with
the major profiles, nearly all minor profiles were isolated in 2015 and
2016 (Supplementary Table S1).

3.4. Geographical distribution of
Mycobacterium bovis genotypes

Major profiles M1-M10 were identified in 90 of 107 infected
farms (84%), and minor profiles were isolated from 53 of 107 infected
farms (50%). Specifically, 54 herds were affected only by major
profiles, 17 herds were affected only by minor profiles and 36 herds
were affected by both major and minor profiles.

The herds affected by major (n=90) and minor profiles (n=53)
are mapped in Figures 6A,B, respectively. In both cases, profiles
grouped mostly in the north-central area of the Caronia district along
the Buzza stream.

The distribution and the frequency of the major profiles are shown
in Figure 7. Numerous genetic profiles were common to cattle and/or
black pigs from both neighboring and distant herds. Major profiles
appeared to cluster in distinct subareas. M3 and M5 clustered mostly
in the western part of the district in subareas H1, H2, and H3. Profiles

FIGURE 5

infected farms.

A B C
M1 (SB0120-3,3,5,3,3,10,4,4,4,3,6,5) 79 13 9 14 55 14 25
M2 (SB0120-3,3,5,3,3,10,6,4,4,3,6,5) 78 5 17 60 15 24
M3 (SB0120-4,5,5,3,3,10,4,4,4,3,6,5) 54 5 26 30 2 14
M4 (SB0841-5,5,5,3,3,10,4,4,4,3,6,5) 62 7 2 15 48 4 23
M5 (SB0841-5,5,5,3,3,10,4,4,4,3,5,5) [mm2a 18 7 19 13 3 1
M6 (SB0134-5,4,5,3,4,10,3,5,4,3,6,5) 47 12 17 12 51 12
M7 (SB0134-5,4,5,3,4,10,4,5,4,3,6,5) 33 16 26 10
M8 (SB0134-5,4,5,3,4,10,2,5,4,3,6,5) [19m1 19 64 7
M9 (SB0134-5,4,6,3,4,10,3,5,4,3,6,5) |13 381 4
M10 (SB1305-6,4,3,3,3,10,2,5,4,3,7,2) |[W157 8 15 71 8
minor profiles m1-m52 103 5 2 32 59 5 ior 53

0 20 40 60 80 100 120 0 20 40 60 80 100 120

cow ™ blackpig 2014 © 2015 2016 2017 = 2018

Mycobacterium bovis genetic profiles by host, year of isolation and number of infected farms. (A) The top 10 most frequently isolated profiles (major
profiles M1-M10) and the group of less frequent, minor profiles (m1-m52, further details in Supplementary Table S1 and section 3.3.2) by host: number
of isolates from cattle in blue, black pigs in pink. (B) Genetic profiles by year of isolation (number of isolates). (C) Genetic profiles by number of TB
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Geographic distribution of Mycobacterium bovis genotypes. (A) farms affected by major M. bovis profiles (n =90). (B) Farms affected by minor M. bovis
profiles (n =53). The size of the dots is proportional to the number of infected animals (cattle and black pigs) per herd. Both maps were adapted from

M1, M2, and M4 emerged largely in the north-central area, in subarea
H4, and profiles M7 and M10 just south of them, in the same subarea,
with M10 mapping almost entirely in this subarea. M6, M8, and M9
appeared exclusively in the south-eastern territory, east of a rocky
ridge, and predominantly grouped within subarea H7.

Not surprisingly, identical genetic profiles were found mostly in
livestock originating from the same or neighboring herds. However, as
shown in Figure 7, some non-neighboring herds exhibited identical
profiles as well. Neighboring and non-neighboring herds from H1-H3
shared profiles M3 and M5 almost exclusively. Herds from H7 were
predominantly affected by profiles M6 and M8, both of which were also
present in subareas H5 and H8. Subareas H5, H7, and H8 are all located
in the eastern part of the district, east of a rocky ridge as indicated by
the black arrows in Figure 7. Subareas H4-H6 and H8 displayed many
different genetic profiles: M1, M2, M4, M7, and M10 were recorded
mainly in H4, M1 prevailed in H6 and H8, and M2 predominated in H5.

As noted, non-neighboring herds shared common profiles. M1
was recorded mainly in H4 but appeared also in H3, H5, H6, and H8.
M2 and M4 were detected for the most part in H4; however, a few
cases were also found in H5 and H6. M4 was identified in H1 and H3
as well. M3 and M5 prevailed in the western part of the Caronia
district, but a few cases of M3 were documented also in the southern
(H6) and eastern (H5, H7, and H8) areas, and M5 was also found in
H4, H5 and H6. M6 and M8 were predominant in the western part of
Caronia and were isolated from livestock in H5, H7, and H8. M7 was
recorded mainly in H4 but also in H5 and H6. M9 was detected in H4,
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H5, and H7. Finally, M10 was detected almost exclusively in H4. One
case, however, was recorded in the south of the province (Figure 7).

The distribution and frequency of minor profiles are shown in
Figure 8, although only profiles affecting more than two animals have
been assigned distinct colors. While minor profiles did not seem to
cluster in specific spatial niches, both m49 and m50—the most
frequent—mapped in the central area. Profile m49 was also recorded
in the eastern part of the district.

3.5. Phylogenetic investigations

Profiles obtained by combining the three predominant
spoligotypes with their respective 12-locus MIRU-VNTR codes were
used for the phylogenetic analysis. A total of 527 M. bovis isolates
subtyped SB0120 (n=286), SB0841 (n=116), and SB0134 (n=125)
was analyzed. Results are shown in Figures 9, 10.

The genetic relationships between M. bovis subtype SB0120 isolates
are shown in Figure 9. The minor profiles m1-m31 clustered around
the three major profiles M1, M2, and M3. M2 was related to the largest
number of minor profiles (14 profiles). In the SB0120 group, the
profiles showing the highest number of differences between nodes are
m8 and m20, which presented polymorphism at four loci, m11 at five
loci, and m3 and m13 at six loci. All connected to major profile M2.

The genetic relationships between M. bovis profiles belonging to
spoligotypes SB0841 and SB0134 are shown in Figure 10. Profiles m40,
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Distribution and frequency of the major genetic profiles of Mycobacterium bovis. Cattle and black pigs are marked as circles and triangles, respectively.
The size of the circle and triangle symbols is proportional to the number of infected animals per herd. Symbols inside rectangles refer to the same
herd. The black arrows indicate a rocky ridge. The Caronia, Sampieri, Buzza and Sanbarbaro Fughetto streams are indicated, as well as subareas H1-

H8. The map was adapted from QGis.
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FIGURE 8
Distribution and frequency of the minor genetic profiles of
Mycobacterium bovis. Cattle and black pigs are marked as circles
and triangles, respectively. The size of the circle and triangle symbols
is proportional to the number of infected animals per herd. Symbols
inside rectangles refer to the same herd. The Caronia, Sampieri,
Buzza and Sanbarbaro Fughetto streams are indicated. The map was
adapted from QGis.
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FIGURE 9
Minimum spanning tree of Mycobacterium bovis isolates belonging
to spoligotype SB0120. The number of isolates (n) is indicated in the
legend, in parentheses. Each circle represents a distinct 12-locus
MIRU-VNTR code. The color of the circle represents a profile, as
indicated in the legend: each of the major profiles has been assigned
a shade of blue, whereas all minor profiles are shown in orange. The
size of the circles is proportional to the number of isolates. Branch
lengths correspond to the number of locus differences. Link labels
refer to the distance matrix. The tree is based on PHYLOViZ Online.
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m41, and m42 branched off from major profile M4, profiles m34-m36,
m38 and m39 from major profile M7, and profiles m33 and m37 from
major profile M6. All minor profiles m33-m42 showed genetic
differences at one or two loci.

4. Discussion

In previous studies, the district of Caronia—a small area of about
230km*—emerged as having the highest number of TB cases among
livestock in endemic Sicily (Amato et al., 2018; Marianelli et al., 2019).
An intensive TB surveillance program implemented in Caronia
between 2014 and 2018 offered us a rare opportunity to conduct an
in-depth geo-epidemiological investigation of TB employing
genotyping, geospatial (GIS), and phylogenetic analyses to investigate
the transmission dynamics of M. bovis infection in the district and the
role played by the ecosystem in the spread of the pathogen in livestock.

A large number of farms and animals were screened for TB
infection. A total of 107 infected farms were found, and 589 M. bovis
isolates were collected from livestock (cattle and black pigs).

Geospatial analysis of TB cases confirmed that the disease was
spread widely across the district of Caronia. However, M. bovis-
infected herds, many of which showed multiple and recurrent cases,
were not randomly distributed but rather concentrated in specific areas
or niches, according to the landscape structure. The highest number of
TB cases mapped in a large hilly area in north-central Caronia, crossed
by the Buzza stream. The geographic distribution of TB in cattle was
similarly found not to be random in other TB-endemic regions, such
as Zambia (Proud Tembo et al., 2020) and Mexico (Bastida et al., 2017),
suggesting that both biotic and abiotic ecological factors play a role in
the spatial distribution of TB in high-prevalence areas.

Combined genetic profiles have been widely used in
epidemiological studies of M. bovis infection across the globe (Hauer
et al,, 2015; Carvalho et al.,, 2016; Egbe et al., 2017; Machado et al.,
2018; Reis et al., 2020), and have proven useful in boosting the
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discriminatory power of M. bovis typing, thus providing more detailed
data for the molecular-epidemiological analysis of this pathogen. In
our 589 M. bovis isolates, we identified 62 different genetic profiles by
combining 11 spoligotypes and 50 MIRU-VNTR codes.

Sicily has a long history of TB infection in cattle, especially in the
province of Messina, according to the Epidemiological Veterinary
Bulletins of Sicily.! Our group has previously genotyped M. bovis
isolates from livestock and wild animals throughout Sicily (Amato
et al,, 2018) and, more recently, from livestock in the province of
Messina (Marianelli et al.,, 2019). We found a large number of
genetically different M. bovis strains causing the disease. Numerous
common genetic patterns were identified in farm animals from
neighboring and even relatively distant districts of the province of
Messina (Marianelli et al., 2019). A high number of different genetic
profiles (10 major profiles and 52 minor profiles) were even found
analyzing a single district of the province, namely the district of
Caronia. It is probably that the high level of M. bovis heterogeneity
we observed in both cattle and black pigs reared in Sicily is due to
factors involving the geography of the territory, farming traditions and
livestock trade that led to the failure of the national eradication
program based on “test and cull” method in cattle and susceptible
animals on the island.

Spoligotypes SB0120, SB0134, and SB0841 were the most prevalent
in Caronia and affected both cattle and black pigs, in agreement with
previous work by our group showing these spoligotypes to be the
commonest in Sicily (Amato et al., 2018; Marianelli et al., 2019). The
largest variety of spoligotypes was found in cattle. This is likely due
both to the fact that cattle are the main host species for M. bovis, and
to the fact that many more isolates from cattle were analyzed in this

1 https://sites.google.com/a/izssicilia.it/izs/siti-tematici/

bollettino-epidemiologico-veterinario-della-sicilia
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study. A larger number of black pigs should be studied to better
understand the host susceptibility to M. bovis infection in our setting.

As expected, spatial analysis of the 10 most frequent genotypes (M1-
M10) revealed that identical profiles were mostly found in livestock
reared in the same or neighboring herds. Moreover, cattle and black pigs
shared identical genetic profiles, confirming an intense intra- and inter-
species M. bovis transmission in the area under study, in accordance with
our previous study (Marianelli et al., 2019). Major profiles also showed
geographic specificities in that they occupied specific spatial niches, as
previously documented in Portugal (Reis et al., 2020), Northern Ireland
(Hauer et al., 2015), Great Britan? and France (Skuce et al., 2020).

Some genotypes (i.e., major profiles M3 and M5) were isolated
mostly from farms situated west of the Caronia stream. It is likely that
this mountainous area, characterized by steep slopes, has created physical
barriers that prevented these profiles from spreading east. The sporadic
TB cases due to M3 and M5 recorded in the eastern part of the district
may be attributable to local livestock trading. Other profiles (i.e., major
profiles M1, M2, M4, M7, and M10) were isolated from numerous herds
grouped in a large hilly area ranging from the north to the center of the
district, along the Buzza stream. The high density of herds both along the
Buzza and in the surrounding hills may have promoted contact between
infected and uninfected animals, especially in the dry season, at watering
points along the stream, and may thus explain the high prevalence of
M. bovis infection recorded in that area and the co-circulation of a high
number of different major genotypes. Interestingly, profiles M6 and M8
were both found only in the eastern part of the district, east of a long
rocky ridge, and grouped mostly on a hilly plateau where livestock share
pastures. The physical barrier of the long rocky ridge may have prevented
indirectly the spread of these two profiles to western Caronia, by
restricting the movement of infected animals—both livestock and
wildlife. The lack of the livestock trade between the eastern and western
part of Caronia may also explain the above results.

The geographical distribution of major M. bovis genotypes
observed in the Caronia district strongly suggests that geography and
landscape morphology play a key role in the spread of this pathogen.
Mountains with steep slopes and rocky ridges constitute physical
barriers to animal moving and grazing, and consequently to the spread
of infection. Conversely, pastures, plateaus and streams favor animal
aggregation and thus increase the risk of inter- and intra-species
contagion. A recent study conducted in Zambia identified the sharing
of grazing grounds and drinking water as the most important risk
factors in the spread of TB (Proud Tembo et al., 2020). The importance
of water resources as indirect routes of cross-species TB transmission
was highlighted also by others (Barasona et al., 2017).

Farming methods can significantly contribute to increase the risk of
inter- and intra-herd transmission of TB. In Sicily, livestock is raised in
small-scale farms, where multiple animal species are often reared
together. Cattle and black pigs are the most common species of livestock
in the area. Extensive agricultural practices are used for both cattle and
black pigs throughout the year. Cattle are reared in grasslands and
natural pastures, whereas black pigs are raised in free or semi-free
roaming conditions in the woods and natural pastures of the Nebrodi
Park. Cattle and black pigs may therefore come into contact with each

2 https://www.gov.uk/government/publications/

bovine-tb-epidemiology-and-surveillance-in-great-britain-2019
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other at shared pastures, waterholes and feeding sites, where infected
animals may transmit the infection to healthy animals, be it within or
between farms and/or species.

Major profiles, such as M1 and M3-M>5, were isolated from
non-neighboring herds as well, some of which quite distant from one
another. These data point to the presence of multiple sources of
infection. Presumably, beyond the above-mentioned extensive and
multi-species livestock rearing systems, local livestock trade, livestock
auctions and the exchange of stud animals between farms, which reflect
local culture, may explain cross-contamination across the district.
These are all factors known to have significant impacts on M. bovis
transmission (Green et al., 2008; Martinez-Lopez et al., 2014; Palisson
etal, 2016; Fielding et al., 2020).

Contact with wildlife is regarded an additional factor driving the
spread of TB infection (Proud Tembo et al., 2020; Reis et al., 2021). The
district of Caronia is part of the Nebrodi Park. Wild mammals living
in the park are likely to play an important role in the epidemiology of
M. bovis infection. Caronia is mostly mountainous and covered in
thick vegetation which provides habitat for hedgehogs, wildcats,
martens and dormice. Unfortunately, the literature offers little
information on the potential role of these wild mammals in M. bovis
transmission to livestock. Delahay et al. (2002) reviewed the role of
several wild mammals—i.e. badgers, foxes, stoats, weasels, otters, deer,
lagomorphs and other small mammals—in the transmission of
M. bovis to cattle in the United Kingdom. Although they documented
M. bovis infection in several mustelids (i.e., stoats and weasels), they
found no wild mammal, apart from the badger, to represent a
significant, self-maintaining reservoir of TB infection (Delahay et al.,
2002). In New Zealand, Lugton et al. (1995) isolated this pathogen
from European hedgehogs with lung lesions, concluding that these
animals might constitute a reservoir for the disease. In France, Michelet
et al. (2018) described M. bovis infection in red foxes. Ultimately,
however, the lack of sufficient data and proper surveillance systems on
many wild mammals hampers the understanding of their
epidemiological role in TB infection, and further studies are therefore
needed. For the time being, not having considered wildlife in the
present study, we are unable to draw any conclusions on the possible
involvement of wildlife in the transmission of TB infection in the
district of Caronia. We are planning a study to address this matter.

Contrary to the 10 major profiles, most of the remaining 52 minor
profiles affected only one or two animals each. The minor profiles were
genetically related to the major profiles, mainly to M2, and in most
cases presented genetic differences at only one or two loci. It has been
suggested that the presence of single or double locus variations is
consistent with a clonal expansion of a founder strain (Reis et al., 2020).
It is therefore possible that the minor profiles belonging to spoligotypes
SB0120, SB0841, SB0134 are derived from M2, M4 and M6/M7,
respectively. Yet, since multi-locus VNTR analysis and similar typing
methods are often confounded by homoplasy (evolutionary reversals,
convergences, parallelisms and lateral gene transfer), which complicates
the ability to trace patterns of descent (Pearson et al., 2009), the
precision and accuracy of the above results may be affected. Homoplasy
can be mitigated by the use of a large number of loci (e.g., 24) (Reyes
et al,, 2012). In addition, integration of sub-genomic genotyping
methods with whole genome sequencing (WGS) will enable highly
accurate phylogeny estimations (Pearson et al., 2009). MIRU-VNTR
analysis can therefore be used as first-order analysis to characterize
M. bovis from a specific area. WGS can subsequently be used to study
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the transmission dynamics of observed epidemics and to quantify the
extent and direction of transmission at landscape level (Biek et al.,
2012). This landscape genetics approach will enable researchers to
assess how environmental variables contribute to the distribution of
M. bovis infection and influence microevolutionary processes of
M. bovis, as previously discussed by Biek and Real (2010).

As far as the geographical distribution of minor profiles is
concerned, the only minor profiles to form groups—m49 and m50—
affected 11 and 10 animals, respectively (as the others numbered a
couple of cases each). These profiles were localized mainly in the
central and eastern parts of Caronia. Conceivably, the analysis of a
larger number of TB cases caused by minor profiles would reveal the
formation of groups and link them to the landscape, as observed for
the major profiles. Future investigations and regular updates will
provide a better understanding of their clustering behavior.

The low number of cases due to minor profiles, coupled with their
scattered geographical distribution, may suggest that the minor profiles
originated more recently than the more firmly established major profiles,
or indicate a reduced transmissibility compared to the major profiles.

In conclusion, this study paints a complex picture of the
epidemiological dynamics of TB in this very limited geographical area.
Numerous M. bovis genotypes, transmitted within and between
neighboring and non-neighboring herds have been identified, and
several risk factors providing insights into TB transmission and
persistence have been described. The landscape structures—i.e. slopes,
rocky ridges, hills, steams, plateaus, shared watering points and pastures,
local livestock trading, extensive farming practices in multispecies
herds, may all have contributed to the spread and maintenance of
M. bovis infection in Caronia. The large number of different M. bovis
genotypes here described makes the epidemiological situation of TB in
Caronia unique. Geospatial analysis coupled with genetic analysis has
proven useful in understanding the variations in the occurrence of TB
and the distribution of M. bovis genotypes across Caronia, as well as in
identifying vulnerable animal populations and at-risk geographic niches
in the district. Our results can help in the planning of effective, tailor-
made TB surveillance plans in the at-risk subareas of the district,
especially those crossed by streams and characterized by a high density
of farms. A study of TB among the wildlife of the Nebrodi Park will
be conducted as a next step for a more comprehensive understanding
of the transmission dynamics of M. bovis in livestock in this setting.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

References

Allen, A. R,, Ford, T., and Skuce, R. A. (2021). Does mycobacterium tuberculosis var.
bovis survival in the environment confound bovine tuberculosis control and eradication?
A literature review. Vet. Med. Int. 2021:8812898. doi: 10.1155/2021/8812898

Almaw, G., Mekonnen, G. A., Mihret, A., Aseffa, A, Taye, H., Conlan, A. J. K,, et al.
(2021). Population structure and transmission of Mycobacterium bovis in Ethiopia.
Microb. Genom. 7:000539. doi: 10.1099/mgen.0.000539

Amato, B,, Presti V, D. M. L,, Gerace, E., Capucchio, M. T., Vitale, M., Zanghi, P, et al.
(2018). Molecular epidemiology of mycobacterium tuberculosis complex strains isolated
from livestock and wild animals in Italy suggests the need for a different eradication strategy
for bovine tuberculosis. Transbound. Emerg. Dis. 65, e416-e424. doi: 10.1111/tbed.12776

Frontiers in Microbiology

11

10.3389/fmicb.2023.1107396

Ethics statement

Ethical review and approval was not required for the animal
study because sample were collected during routine abattoir
inspections within official contexts based on the national
legislation for cattle and research projects funded by the Italian
Ministry of health for the Sicilian black pigs. No animals were
slaughtered for the purposes of this study and no permission
was needed.

Author contributions

CM conceived and designed the study and wrote the paper. FP, DI,
MP, and VM collected the data. CM and VV performed the analysis
and interpretation of data. All authors contributed to the article and
approved the submitted version.

Acknowledgments

We thank Simona Sermoneta, MPH, for her critical reading,
insightful comments and linguistic revision of this manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1107396/
full#supplementary-material

Barasona, J. A., Vicente, J., Diez-Delgado, L., Aznar, J., Gortézar, C., and Torres, M. J.
(2017). Environmental presence of mycobacterium tuberculosis complex in aggregation
points at the wildlife/livestock Interface. Transbound. Emerg. Dis. 64, 1148-1158. doi:
10.1111/tbed.12480

Bastida, A. Z., Tellez, M. H., Bustamante Montes, L. P,, Jaramillo Paniagua, J. N.,
Jaimes Beni Tes, M. A., Mendoza Barrera, G. N, et al. (2017). Spatial analysis of bovine
tuberculosis in the state of Mexico, Mexico. Vet. Ital. 53, 39-46. doi: 10.12834/
Vetlt.47.133.5

Beiranvand, R., Karimi, A., Delpisheh, A., Sayehmiri, K., Soleimani, S., and
Ghalavandi, S. (2016). Correlation assessment of climate and geographic distribution of

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1107396
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1107396/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1107396/full#supplementary-material
https://doi.org/10.1155/2021/8812898
https://doi.org/10.1099/mgen.0.000539
https://doi.org/10.1111/tbed.12776
https://doi.org/10.1111/tbed.12480
https://doi.org/10.12834/VetIt.47.133.5
https://doi.org/10.12834/VetIt.47.133.5

Marianelli et al.

tuberculosis using geographical information system (GIS). Iran. J. Public Health 45,
86-93.

Biek, R., O'Hare, A., Wright, D., Mallon, T., McCormick, C., Orton, R. ], et al. (2012).
Whole genome sequencing reveals local transmission patterns of Mycobacterium bovis
in sympatric cattle and badger populations. PLoS Pathog. 8:21003008. doi: 10.1371/
journal.ppat.1003008

Biek, R., and Real, L. A. (2010). The landscape genetics of infectious disease emergence
and spread. Mol. Ecol. 19, 3515-3531. doi: 10.1111/j.1365-294X.2010.04679.x

Boniotti, M. B., Goria, M., Loda, D., Garrone, A., Benedetto, A., Mondo, A., et al.
(2009). Molecular typing of Mycobacterium bovis strains isolated in Italy from 2000 to
2006 and evaluation of variable-number tandem repeats for geographically optimized
genotyping. J. Clin. Microbiol. 47, 636-644. doi: 10.1128/JCM.01192-08

Carvalho, R. C., Vasconcellos, S. E., Issa Mde, A., Soares Filho, P. M., Mota, P. M.,
Aratjo, E R,, et al. (2016). Molecular typing of Mycobacterium bovis from cattle reared
in Midwest Brazil. PLoS One 11:0162459. doi: 10.1371/journal.pone.0162459

Delahay, R. J., De Leeuw, A. N., Barlow, A. M., Clifton-hadley, R. S., and
Cheeseman, C. L. (2002). The status of Mycobacterium bovis infection in UK wild
mammals: a review. Vet. J. 164, 90-105. doi: 10.1053/tvjl.2001.0667

Di Marco, V., Mazzone, P, Capucchio, M. T., Boniotti, M. B., Aronica, V., Russo, M.,
et al. (2012). Epidemiological significance of the domestic black pig (Sus scrofa) in
maintenance of bovine tuberculosis in Sicily. J. Clin. Microbiol. 50, 1209-1218. doi:
10.1128/JCM.06544-11

Egbe, N. F, Muwonge, A., Ndip, L., Kelly, R. E, Sander, M., Tanya, V., et al. (2017).
Molecular epidemiology of Mycobacterium bovis in Cameroon. Sci. Rep. 7:4652. doi:
10.1038/541598-017-04230-6

El-Sayed, A., El-Shannat, S., Kamel, M., Castafieda-Vazquez, M. A. and
Castaneda-Vazquez, H. (2016). Molecular epidemiology of Mycobacterium bovis in
humans and cattle. Zoonoses Public Health 63, 251-264. doi: 10.1111/zph.12242

Fielding, H. R, McKinley, T. J., Delahay, R. J., Silk, M. J., and McDonald, R. A. (2020).
Effects of trading networks on the risk of bovine tuberculosis incidents on cattle farms
in Great Britain. R. Soc. Open Sci. 7:191806. doi: 10.1098/rs0s.191806

Fine, A. E., Bolin, C. A, Gardiner, J. C., and Kaneene, J. B. (2011). A study of the
persistence of Mycobacterium bovis in the environment under natural weather
conditions in Michigan, USA. Vet. Med. Int. 2011:765430. doi: 10.4061/2011/765430

Fitzgerald, S. D., and Kaneene, J. B. (2013). Wildlife reservoirs of bovine tuberculosis
worldwide: hosts, pathology, surveillance, and control. Vet. Pathol. 50, 488-499. doi:
10.1177/0300985812467472

Frothingham, R., and Meeker-O'Connell, W. A. (1998). Genetic diversity in the
mycobacterium tuberculosis complex based on variable numbers of tandem DNA
repeats. Microbiology 144, 1189-1196. doi: 10.1099/00221287-144-5-1189

Gehlen, M., Nicola, M. R. C., Costa, E. R. D., Cabral, V. K., de Quadros, E. L. L.,
Chaves, C. O, et al. (2019). Geospatial intelligence and health analitycs: its application
and utility in a city with high tuberculosis incidence in Brazil. J. Infect. Public Health 12,
681-689. doi: 10.1016/j.jiph.2019.03.012

Gortazar, C., Vicente, J., Samper, S., Garrido, J. M., Fernandez-De-Mera, 1. G.,
Gavin, P, et al. (2005). Molecular characterization of mycobacterium tuberculosis
complex isolates from wild ungulates in south-Central Spain. Vet. Res. 36, 43-52. doi:
10.1051/vetres:2004051

Green, D. M, Kiss, 1. Z., Mitchell, A. P, and Kao, R. R. (2008). Estimates for local and
movement-based transmission of bovine tuberculosis in British cattle. Proc. Biol. Sci.
275, 1001-1005. doi: 10.1098/rspb.2007.1601

Hauer, A., De Cruz, K., Cochard, T., Godreuil, S., Karoui, C., Henault, S., et al. (2015).
Genetic evolution of Mycobacterium bovis causing tuberculosis in livestock and wildlife
in France since 1978. PLoS One 10:¢0117103. doi: 10.1371/journal.pone.0117103

Lugton, I. W, Johnstone, A. C., and Morris, R. S. (1995). Mycobacterium bovis
infection in New Zealand hedgehogs (Erinaceus europaeus). N. Z. Vet. J. 43, 342-345.
doi: 10.1080/00480169./1995.35917

Machado, A., Rito, T., Ghebremichael, S., Muhate, N., Maxhuza, G., Macuamule, C.,
et al. (2018). Genetic diversity and potential routes of transmission of Mycobacterium
bovis in Mozambique. PLoS Negl. Trop. Dis. 12:e0006147. doi: 10.1371/journal.
pntd.0006147

Malama, S., Muma, J. B., and Godfroid, J. (2013). A review of tuberculosis at the
wildlife-livestock-human interface in Zambia. Infect. Dis. Poverty 2:13. doi:
10.1186/2049-9957-2-13

Marianelli, C., Amato, B., Boniotti, M. B., Vitale, M., Pruiti Ciarello, E,
Pacciarini, M. L., et al. (2019). Genotype diversity and distribution of Mycobacterium
bovis from livestock in a small, high-risk area in northeastern Sicily, Italy. PLoS Negl
Trop. Dis. 13:e0007546. doi: 10.1371/journal.pntd.0007546

Frontiers in Microbiology

12

10.3389/fmicb.2023.1107396

Martinez-Lopez, B., Barasona, J. A., Gortizar, C., Rodriguez-Prieto, V.,
Sanchez-Vizcaino, J. M., and Vicente, J. (2014). Farm-level risk factors for the
occurrence, new infection or persistence of tuberculosis in cattle herds from south-
Central Spain. Prev. Vet. Med. 116, 268-278. doi: 10.1016/j.prevetmed.2013.11.002

Michelet, L., De Cruz, K., Hénault, S., Tambosco, J., Richomme, C., Réveillaud, E.,
et al. (2018). Mycobacterium bovis infection of red fox. France. Emerg Infect Dis 24,
1150-1153. doi: 10.3201/eid2406.180094

Mohamed, A. (2019). Bovine tuberculosis at the human-livestock-wildlife interface
and its control through one health approach in the Ethiopian Somali pastoralists: a
review. One Health 9:100113. doi: 10.1016/j.onehlt.2019.100113

Naranjo, V., Gortazar, C., Vicente, ]., and de la Fuente, J. (2008). Evidence of the role
of European wild boar as a reservoir of mycobacterium tuberculosis complex. Vet.
Microbiol. 127, 1-9. doi: 10.1016/j.vetmic.2007.10.002

Nascimento, M., Sousa, A., Ramirez, M., Francisco, A. P., Carrico, J. A., and Vaz, C.
(2017). PHYLOViZ 2.0: providing scalable data integration and visualization for
multiple phylogenetic inference methods. Bioinformatics 33, 128-129. doi: 10.1093/
bioinformatics/btw582

Olea-Popelka, F, Muwonge, A. Perera, A., Dean, A. S, Mumford, E.,
Erlacher-Vindel, E., et al. (2017). Zoonotic tuberculosis in human beings caused by
Mycobacterium bovis-a call for action. Lancet Infect. Dis. 17, e21-e25. doi: 10.1016/
$1473-3099(16)30139-6

Palisson, A., Courcoul, A., and Durand, B. (2016). Role of cattle movements in bovine
tuberculosis spread in France between 2005 and 2014. PLoS One 11:e0152578. doi:
10.1371/journal.pone.0152578

Palmer, M. V,, Thacker, T. C., Waters, W. R., Gortazar, C., and Corner, L. A. (2012).
Mycobacterium bovis: a model pathogen at the Interface of livestock, wildlife, and
humans. Vet. Med. Int. 2012:236205, 1-17. doi: 10.1155/2012/236205

Pearson, T., Okinaka, R. T., Foster, J. T., and Keim, P. (2009). Phylogenetic
understanding of clonal populations in an era of whole genome sequencing. Infect.
Genet. Evol. 9,1010-1019. doi: 10.1016/j.meegid.2009.05.014

Pérez-Morote, R., Pontones-Rosa, C., Gortdzar-Schmidt, C., and Mufioz-Cardona, A. L.
(2020). Quantifying the economic impact of bovine tuberculosis on livestock farms in
South-Western Spain. Animals 10:2433. doi: 10.3390/ani10122433

Phillips, C. J., Foster, C. R., Morris, P. A, and Teverson, R. (2003). The transmission
of Mycobacterium bovis infection to cattle. Res. Vet. Sci. 74, 1-15. doi: 10.1016/
$0034-5288(02)00145-5

Proud Tembo, N. E, Bwalya Muma, J., Hang'ombe, B., and Munyeme, M. (2020).
Clustering and spatial heterogeneity of bovine tuberculosis at the livestock/wildlife
interface areas in Namwala District of Zambia. Vet. World 13, 478-488. doi: 10.14202/
vetworld.2020

Reis, A. C., Salvador, L. C. M., Robbe-Austerman, S., Tenreiro, R., Botelho, A.,
Albuquerque, T., et al. (2021). Whole genome sequencing refines knowledge on the
population structure of Mycobacterium bovis from a multi-host tuberculosis system.
Microorganisms 9:1585. doi: 10.3390/microorganisms9081585

Reis, A. C,, Tenreiro, R., Albuquerque, T., Botelho, A., and Cunha, M. V. (2020). Long-
term molecular surveillance provides clues on a cattle origin for Mycobacterium bovis
in Portugal. Sci. Rep. 10:20856. doi: 10.1038/s41598-020-77713-8

Reyes, J. E, Chan, C. H., and Tanaka, M. M. (2012). Impact of homoplasy on variable
numbers of tandem repeats and spoligotypes in mycobacterium tuberculosis. Infect.
Genet. Evol. 12, 811-818. doi: 10.1016/j.meegid.2011.05.018

Roring, S., Scott, A., Brittain, D., Walker, I., Hewinson, G., Neill, S., et al. (2002).
Development of variable-number tandem repeat typing of Mycobacterium bovis:
comparison of results with those obtained by using existing exact tandem repeats and
spoligotyping. J. Clin. Microbiol. 40, 2126-2133. doi: 10.1128/JCM.40.6.2126-2133.2002

Skuce, R., Breadon, E., Allen, A., Milne, G., McCormick, C., Hughes, C., et al. (2020).
Longitudinal dynamics of herd-level Mycobacterium bovis MLVA type surveillance in
cattle in Northern Ireland 2003-2016. Infect. Genet. Evol. 79:104131. doi: 10.1016/j.
meegid.2019.104131

Skuce, R. A., McCorry, T. P, McCarroll, J. F, Roring, S. M., Scott, A. N., Brittain, D.,
et al. (2002). Discrimination of mycobacterium tuberculosis complex bacteria using
novel VNTR-PCR targets. Microbiology 148, 519-528. doi: 10.1099/00221287-148-2-519

Supply, P, Mazars, E., Lesjean, S., Vincent, V., Gicquel, B., and Locht, C. (2000).
Variable human minisatellite-like regions in the mycobacterium tuberculosis genome.
Mol. Microbiol. 36, 762-771. doi: 10.1046/j.1365-2958.2000.01905.x

Zaragoza Bastida, A., Herndndez Tellez, M., Bustamante Montes, L. P., Medina
Torres, 1., Jaramillo Paniagua, J. N., Mendoza Martinez, G. D., et al. (2012). Spatial and
temporal distribution of tuberculosis in the state of Mexico, Mexico. Sci. World J.
2012:570278. doi: 10.1100/2012/570278

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1107396
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1371/journal.ppat.1003008
https://doi.org/10.1371/journal.ppat.1003008
https://doi.org/10.1111/j.1365-294X.2010.04679.x
https://doi.org/10.1128/JCM.01192-08
https://doi.org/10.1371/journal.pone.0162459
https://doi.org/10.1053/tvjl.2001.0667
https://doi.org/10.1128/JCM.06544-11
https://doi.org/10.1038/s41598-017-04230-6
https://doi.org/10.1111/zph.12242
https://doi.org/10.1098/rsos.191806
https://doi.org/10.4061/2011/765430
https://doi.org/10.1177/0300985812467472
https://doi.org/10.1099/00221287-144-5-1189
https://doi.org/10.1016/j.jiph.2019.03.012
https://doi.org/10.1051/vetres:2004051
https://doi.org/10.1098/rspb.2007.1601
https://doi.org/10.1371/journal.pone.0117103
https://doi.org/10.1080/00480169./1995.35917
https://doi.org/10.1371/journal.pntd.0006147
https://doi.org/10.1371/journal.pntd.0006147
https://doi.org/10.1186/2049-9957-2-13
https://doi.org/10.1371/journal.pntd.0007546
https://doi.org/10.1016/j.prevetmed.2013.11.002
https://doi.org/10.3201/eid2406.180094
https://doi.org/10.1016/j.onehlt.2019.100113
https://doi.org/10.1016/j.vetmic.2007.10.002
https://doi.org/10.1093/bioinformatics/btw582
https://doi.org/10.1093/bioinformatics/btw582
https://doi.org/10.1016/S1473-3099(16)30139-6
https://doi.org/10.1016/S1473-3099(16)30139-6
https://doi.org/10.1371/journal.pone.0152578
https://doi.org/10.1155/2012/236205
https://doi.org/10.1016/j.meegid.2009.05.014
https://doi.org/10.3390/ani10122433
https://doi.org/10.1016/s0034-5288(02)00145-5
https://doi.org/10.1016/s0034-5288(02)00145-5
https://doi.org/10.14202/vetworld.2020
https://doi.org/10.14202/vetworld.2020
https://doi.org/10.3390/microorganisms9081585
https://doi.org/10.1038/s41598-020-77713-8
https://doi.org/10.1016/j.meegid.2011.05.018
https://doi.org/10.1128/JCM.40.6.2126-2133.2002
https://doi.org/10.1016/j.meegid.2019.104131
https://doi.org/10.1016/j.meegid.2019.104131
https://doi.org/10.1099/00221287-148-2-519
https://doi.org/10.1046/j.1365-2958.2000.01905.x
https://doi.org/10.1100/2012/570278

	Geo-epidemiology of animal tuberculosis and Mycobacterium bovis genotypes in livestock in a small, high-incidence area in Sicily, Italy
	1. Introduction
	2. Materials and methods
	2.1. Area under study
	2.2. Selection of TB cases in livestock
	2.3. Spatial analysis
	2.4. Minimum spanning tree phylogenetic analysis

	3. Results
	3.1. Cases of TB in livestock
	3.2. Spatial distribution of TB-affected herds
	3.3. Genotypes of Mycobacterium bovis isolates
	3.3.1. Major genetic profiles
	3.3.2. Minor genetic profiles
	3.4. Geographical distribution of Mycobacterium bovis genotypes
	3.5. Phylogenetic investigations

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher’s note

	 References

