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Abstract: In 2019, the World Health Organization (WHO) and the Pan-American Health Organization
(PAHO) recognized Mexico as a country free of human rabies transmitted by dogs. Nevertheless, the
sylvatic cycle remains as a public health concern in the country. Although cougars (Puma concolor)
are not reservoirs of any rabies virus variant (RVV), these felines could act as vectors at the top of
the food chain, and their relationships with other organisms must be considered important for the
regulatory effect on their prey’s populations. In this study, genetic and antigenic characterization was
performed on all cougar rabies cases diagnosed at the Rabies Laboratory Network of the Ministry of
Health (RLNMH) in Mexico from 2000 to 2021. Samples from other species, a skunk, a horse (Equus
caballus) (attacked by a cougar), and a gray fox (Urocyon cineroargenteus), were included as reference.
Rabies cases in cougars were restricted to two Northern states of Mexico (Sonora and Chihuahua).
Five out of six samples of cougars were RVV7 (Arizona gray fox RVV) and one from Sonora was
RVVLI. Interestingly, there is no evidence of RVV1 in dogs in the Northern states since the 1990s but
skunk species now harbor this RVV1 in this region of the country.

Keywords: rabies virus; spill over; wild-living animals; antigenic variant

1. Introduction

Rabies is caused by neurotropic viruses of the genus Lyssavirus in the family Rhab-
doviridae. It is transmissible to all mammals, and it is almost uniformly fatal [1].

In Mexico, as an achievement of the programs of surveillance and control, human
rabies transmitted by dogs has been absent in the country since 2005, when the last two
cases occurred. On 11 November 2019, Mexico was recognized by the World Health
Organization (WHO) and the Pan-American Health Organization (PAHO) for being the
first country to have fulfilled the requirements to be validated as a country free of human
rabies transmitted by dogs. This was due to the sustained canine vaccination campaigns
and to the epidemiological surveillance system [2].

However, sylvatic rabies remains a public health concern in Mexico because of the
great diversity of wild reservoirs that maintain the virus in nature [3]. Sylvatic rabies is
characterized by the involvement of wildlife to maintain stable cycles of transmission over
time in particular geographic areas [4].

Mexico has a diversity of wild-living mammals estimated at 564 species [5]. In 2002,
9 out 11 rabies virus variants (RVVs) reported previously in the Americas were found
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within the country, and 6 were directly isolated from the reservoir species including bats
and terrestrial mammals [4].

To date, rabies in mesocarnivores in Mexico is consider a consequence of a large-scale
geographic establishment of long-term dog-maintained rabies enzootics, having a common
ancestry between dog-maintained RVVs and the emergent dog-derived RVVs maintained
mainly in gray foxes and skunks and other species [6].

Wild-living carnivores such as gray foxes (Urocyon cineroargenteus) considered the
reservoir species of the dog-derived RVV7 and coyotes (Canis lastrans) harbored RVV7
and RVV1. The last one is a dog-derived RVV with an antigenic reaction pattern like the
dog-maintained RVV but now is enzootic in skunk species. These two variants seem to be
the major lineages infecting terrestrial wildlife animals in the north of the country.

Bobcats (Lynx rufus) have been reported as harboring RVV7 and RVV10, the natural
reservoirs of which have been identified as (South Baja California) BCS skunk (Spilogale
putorius lucasana), whereas RVVS8 showed a wide distribution in skunk species, and RVV7
is circulating throughout west-central Mexico [6].

Recently, new RVVs have been reported with atypical antigenic reaction patterns and
new species involved, such as white-nosed coatis (Nasua narica) [7,8], and dog-derived
atypical RVV has been described in the sylvatic cycle of rabies [9]. These studies have
revealed the presence of several rabies transmission cycles in wildlife species in urban and
rural areas of the country and the potential of new emerging reservoir species.

From 2007-2020, 407 positive cases of rabies were confirmed by Rabies Laboratory
Network of the Ministry of Health (RLNMH), in wild-living mammals. Bats represented
63% and skunks 28%, and the remaining 9% is comprised of foxes, coatis, wildcats, cougars,
coyotes, deer, and opossums [2]. Since there is no program for the active surveillance of
rabies virus targeting wildlife, most of these cases are related to human contact.

The cougar, also known as mountain lion (Purma concolor), is one of the 41 species that
constitute the Felidae family of the mammalian order Carnivora, being the second-largest
Neotropical carnivore. In Mexico, it is considered the most widely distributed wild-living
feline [10].

Although the cougar is not a rabies virus reservoir species, they can act as vectors
to humans and other mammals. The only case of human rabies (a 64-year-old person)
transmitted by a cougar in Mexico took place in Batopilas, Chihuahua, in 2001. The
incubation period reported for this case was 28 days [11,12].

In the United States of America (USA), there was a case of rabies in cougar each decade
from 1960-2000. The detected RVVs were similar to those detected in raccoon (Florida state)
and skunk (California state); RVVs from the other two cases were not reported [13,14]. In
Arizona state, rabies in carnivores has been documented in the south where skunks and
gray foxes maintain in circulation their own specific RVYV, the south-central skunk and the
Arizona gray fox (RVV?7), respectively [15].

In 2020, the Larimer County Department of Health and Environment (Colorado State)
reported a rabid cougar that probably had been bitten by a skunk and subsequently attacked
two people. The characterization of this virus is pending [16].

The aim of this study was to perform the antigenic and genetic characterization of the
rabies-positive cases in cougars diagnosed at the RLNMH in Mexico from 2000 to 2021.

2. Results
2.1. Rabies Virus Diagnosis

All cougar samples included in this study tested positive by Fluorescent Antigen
Test (FAT). In some cases, the fluorescence was weaker than originally described in the
laboratory records, but the brain tissue was well preserved for further characterizations.

2.2. Antigenic Characterization

Two RVVs were detected with a reduced panel of eight monoclonal antibodies. Five
out of six samples of cougars were RVV7, and one was RVV1 detected in a cougar from
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Arizpe, Sonora. Interestingly, there is no evidence of RVV1 in dogs in the Northern states
since the 1990s, but skunks species (species are not identified) now harbored this RVV in
these states (Table 1).

Table 1. Summary of cases of rabies in cougar and other species of Sonora and Chihuahua.

Case Year Locality State Species Rabie?r\lftiifue: i;ariant Sequce;r(ircle]:3 ;ILl;lber
4141 2001 Guachochi Chihuahua Puma concolor RVV7 0OK247535
1811 2002 Hermosillo Sonora Puma concolor RVV7 0OK247529
3044 2008 Rayon Sonora Puma concolor RVV7 OK247530
5924 2012 Arizpe Sonora Puma concolor RVV1 0OK247536
1765 2013 Alamos Sonora Skunk RVV7 OK247532
2483 2013 Ures Sonora Lynx rufus RVV7 OK247533
251 2014 Caborca Sonora Puma concolor RVV7 OK247528
798 2014 Caborca Sonora Equus caballus RVV7 OK?247527
1690 2018 Chinipas Chihuahua Puma concolor RVV7 OK247531
1763 2019 Caborca Sonora Urocyon cinereoargenteus RVV7 OK247534

2.3. Genetic Characterization

The phylogenetic analysis was concordant with the antigenic characterization (Figure 1).
Mexican samples with the Arizona gray fox RVV7 were clustered in four major groups
with a geographic trend: the Alamos cluster; the Caborca cluster grouped three samples,
251MxPumaSon14, 798MxEquineSon14 and 1763MxFoxSon19 the last was isolated directly
from a gray fox (U. cineroargenteus), which is the reservoir species of RVV?7; the Rayon-Ures
cluster (from Sonora); and the Chihuahua cluster. The only case that has an atypical pattern
of geographic location is the case of a cougar from Hermosillo (the capital city), Sonora, in
2002 (Figure 2). It is very likely that the cougar came from another locality. Unfortunately,
there is no epidemiological data available from this case in order to confirm this.

The Texas gray fox RVV was not detected in any of the samples included in this study.

3. Discussion

Although feline species such as the cougar have not been identified as rabies reservoirs,
they could act as vectors and transmit the rabies virus to humans and other species [17].
Members of the Felidae family have the tendency of being solitary and have only one dietary
category but have no other features than have been described as important to become a
rabies virus reservoir species, such as phylogenetic similarity to known reservoirs, large
litters (~3.5 young/litter) and early sexual maturity; these may be some reasons why no
rabies reservoirs have been described for any feline species [18,19].

This could explain why only 6 cases of rabies have been identified in cougars in the
last 20 years by the RLNMH. Reports of rabid cougars in the USA are also scarce [14,20].

Even though cougar is the species of wild feline more widely distributed in Mexico,
historical rabies cases diagnosed at the RLNMH are limited to 2 out of 32 states in the
northern part of the country.

The detection of rabies virus in cougars only in Sonora and Chihuahua (Figure 2),
indicates that interspecies transmission among wild mesocarnivores and cougars is rela-
tively a frequent event in a limited area of these states. This has been described also in
Southwestern USA, the border with Mexico, considered a hotspot for rabies outbreaks in
gray foxes, striped skunks (Mephitis mephitis), bobcats and coyotes [21].

This might be due to natural barriers, such as mountain ranges and bodies of water,
which can restrict animal movements and also can slow the spread of rabies [20]. Another
possibility is that artificial barriers can limit the dispersion of the rabid cougars. Roads and
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highways act as barriers which hinder the movement of animals and have an ecological
impact [22] affecting pathogen transmission [21].
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Figure 1. Bayesian phylogenetic tree of the rabies cases in cougar and other wild-living species
of Sonora and Chihuahua including other rabies virus isolated in different reservoir species of
terrestrial mammals.
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Figure 2. Geographical distribution of the rabies cases analyzed in this study. Localities in
Sonora: Alamos, Arizpe, Caborca, Hermosillo, Rayon and Ures. Localities in Chihuahua: Chinipas
and Guachochi.
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Rabies spillovers in nature are frequently reported, although not all of them occur
with the same rate of frequency [23]; moreover, spatial overlap between species if they are
competing for similar resources has an important potential for these events to occur [24].
Ecological factors such as population densities or lack of aggregations of individual may
prevent onward transmission by reducing intra-specific contact rates [25]. This could
explain why Chihuahua and Sonora are more prone to have spillovers in cougars than
other regions in the country, where the population density is lower.

The fact that the most common RVV identified in cougars in this work is the Arizona
Gray fox RVV7 may indicates that cougars can prey on gray foxes or that rabid foxes
attack cougars, and due to the sympatric distribution of these species, encounters can be
relatively frequent.

Antigenic and genetic characterization of the rabies virus isolated from wild-living
animals, contribute to define the pathways of intra-species and inter-species rabies trans-
mission. This information is essential for evaluating the risk that wild species represent
for humans and their domestic animals and to assess the need for the implementation of
rabies control programs in wildlife using oral vaccination, which, since the 1970s, has been
shown to be the most effective method for the control of rabies in Europe, Canada and
in the USA [26,27]. Ecological, virological and genomic analyses could help to anticipate
future rabies virus emergence events and identify prospective new reservoir species [28].

Comparative genetic studies strongly suggested that the gray fox is the most probable
reservoir of RVV7 in the northern semi-desert plateau of Mexico. In these regions, bobcat
(Lynx rufus) is sympatric with several potential rabies reservoirs of the family Canidae,
such as the gray fox, the coyote and the desert fox (Vulpes macrotis) [10,29].

Historically in Mexico, RVV7 has been isolated originally from gray foxes in Zacatecas
and Sonora [30,31]. Recently, RVV7 has been isolated from coyotes and bobcats along the
Sierra Madre Occidental within the boundaries of Sonora and Sinaloa.

In this study, the sample from a gray fox (1763foxSon19) confirms the presence of the
RVV7 in the reservoir species in Sonora. Other wild-living species in which RVV7 was detected
in this study was the skunk from Alamos, Sonora (representative 1765MxskunkSon13).

In 2012, a cougar from Arizpe, Sonora, (5924PumaSon12) was infected with RVV1, a
dog-maintained RVV. Nevertheless, in the north of the country since 2000, RVV1 has been
detected in wild species and livestock [30]. This RVV is established in an independent cycle
in the wild (skunks species) given the fact that no rabid dogs have been reported in the
Northern Mexico.

Some authors have hypothesized that this could be related to the domestic dog-
coyote RVV enzootic cycle identified by sequence analysis of the RVV1 nucleoprotein gene
isolated from samples of coyotes and dogs [31-34]. Another option proposed is that this
variant is phylogenetically related with the RVV1 rabies virus that has been isolated from
some skunks in California, Arkansas and Wisconsin and in foxes in Texas [4,33], which is
phylogenetically distant from the RVV1 of dogs and coyotes [4]. The genetic diversity of
dog-related cases suggest long-term endemic situation with multiple independent cycles
of transmission.

The sample taken from a skunk (unknown species) from Sonora (1765MxskunkSon13)
represents a spillover that suggests that the skunk species in this state can act as reservoirs
of RVV1, which is known from previous studies [27], and the detection of RVV7 in the
skunk probably represents a spillover, which could imply that skunks can act as vectors of
RVV7. This is the first evidence of this interspecies transmission from gray foxes to skunks.
It is possible that the maintenance of this variant is due to independent cycles in which
several wild-living species of mesocarnivores are involved and spillover has occurred
constantly. This fact provides evidence of two cycles of transmission in wildlife species
represented by the RVV7 and RVV1 isolates.

The bobcat isolate (L. rufus) (2483MxlynxrufusSon13) from Sonora was antigenically
and genetically homologous to rabies variant circulating in the Arizona gray fox population,
indicating a wider distribution of this variant than previously reported; however, they



Pathogens 2022, 11, 265

6 of 10

showed no close relationship with representatives of the Texas gray fox or any skunks
(M. mephitis) RVV of the USA [4,33].

Our results support previous studies [33,35], since we found that variants from dogs,
Texas foxes, and skunks from the north central USA, all typed as RVV1, were clearly
distinguished by genetic characterization.

Since 2013, the Texas gray fox variant is considered extinct, and this RVV was last
detected in a cow [36]. This variant was not detected in any of the cougar samples, even
the oldest positive cases. Only the state of Chihuahua shares a border with Texas, yet all
the cougar cases of this study were detected closer to Arizona. This can explain why the
Texas gray fox RVV was not detected in these samples.

Nevertheless, the locality of the cases was assigned mainly where the cougars were
contained. The incubation period in cougars (as in other mammals including humans) may
be several weeks, and hence the spillover could have taken place far away from the locality
where it was detected.

However, the clades show a geographic pattern defined by locality. Interestingly, one
sample from Hermosillo, Sonora (2002), is clustered within the lineage of the samples
from Chihuahua.

Since this is a retrospective study, the epidemiological records from some samples are
very scarce; therefore, we consider that this sample was registered in Hermosillo (the capital
city of Sonora) because the Rabies laboratory from the Ministry of Health is located in this
city, and it was detected in this locality. The placement of this case in the phylogenetic
analysis suggests that it is highly probable that the cougar was infected in Chihuahua, or
this case can be addressed to some locality at the border of these two states.

Although cougars are not rabies virus reservoir, they represent a risk of transmission
for humans and animals (wild-living species and domestic). Oral vaccination of rabies
reservoir species (gray foxes and skunks) in Sonora and Chihuahua states may be the most
viable alternative for the control of rabies in cougars.

4. Materials and Methods
4.1. Samples

All cougar samples received in Rabies Reference Laboratory at the Instituto de Diag-
nostico y Referencia Epidemiologicos (InDRE) from 2000-2021 were included in this study:
samples from Chihuahua (n = 2) and Sonora (n = 4) (Figure 2). In order to have a complete
data set samples from these states in the analysis were included: a skunk (non-identified
species) sample from Sonora (2013), a bobcat (Lynx rufus) sample from Ures (2013), a horse
sample (Equus caballus) attacked by a cougar in Caborca, Sonora (2014), and gray fox (U
cineroargenteus) from Sonora (2019) (considered the reservoir of RVV7 in Mexico) (Table 1).

4.2. Caborca Case Note (2014)

The displacement of the cougar was traced, as well as the animals and the people
that were attacked. The samples from 2014 were part of the same outbreak that began
to be registered on 11 March 2014, when the rabid cougar was reported. Over two days,
the cougar advanced through various locations including a Lienzo Charro (the arena for
practicing Charreria), where it attacked a human, a dog and an equine. It was later seen at
a ranch, where it attacked a pregnant mare and two bovines.

The cougar arrived at a landfill in Caborca, where it attacked a woman and was finally
contained. The brain was sent for rabies testing by FAT to the Public Health Laboratory
of Sonora, and as soon as it was confirmed to be positive for rabies, the sample was sent
to the Rabies Reference Laboratory at InNDRE for antigenic and genetic characterization
(251MxPumaSon14).

After this outbreak, 32 animals were under observation, 28 dogs, 2 equines (for several
injuries) and 2 bovines which had no injuries. The rabies outbreak control activities included
the vaccination of 260 dogs and cats and 52 bovines.
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In addition, 34 humans received post-exposure treatment. Four dogs had to be eutha-
nized as they presented serious injuries (all negative for rabies by FAT).

The mare attacked at the Ranch after giving birth presented signs of rabies and died
in May. The brains of the mare and the foal were tested for rabies: the mare was positive
(798MxEquineSon14) and the foal was negative.

4.3. Rabies Virus Diagnosis

The rabies diagnosis was performed directly in brain tissue by fluorescent antigen
test (FAT) [37] employing Anti-Rabies monoclonal Globulin Fluorescein Isothiocyanate
conjugate (FITC) (Fujirebio Diagnostics Inc., PA, USA). Further confirmation tests including
antigenic characterization, RT-PCR and sequencing were performed.

4.4. Antigenic Characterization

The antigenic characterization was performed using an indirect fluorescent antibody
technique with a reduced panel of eight monoclonal antibodies (MADbs) (C1, C4, C9, C10,
C12,C15, C18, C19) as previously described [33,38]. This reduced panel is able to identify 11
reactivity patterns associated with different animals involved with rabies virus maintenance
and transmission in Mexico and South America [39]. Antigenic characterization was applied
directly on the brain smear.

4.5. RT-PCR and Partial N-Gene Sequencing

Fifty milligrams of brain tissue were homogenized in a lysis buffer: Tris 1 M, NaCl5 M,
MgCl2 0.5 M and NP40 (Sigma-Aldrich, MO, USA). The buffer aids in the homogenization
of brain tissues and the hypotonic lysis of the cells to free cytoplasmic RNA [40]. Total RNA
was extracted using QlAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) following
manufacturer’s instructions.

Partial Nucleoprotein (N) gene sequences from the brain samples were amplified
by RT-PCR with the following primers: 550FW (5-ATGTGYGCTAAYTGGAGYAC-3')
position: 647-666 of the genome of the Challenge Virus Strain (CVS) [41] and 304 (5'-
CGCTCTAGATTGACGAAGATCTTGCTCAT-3); (position 1514-1533) [42] generated an
886-bp amplicon overlapping on 200 nucleotides, obtaining nearly the complete codifying
sequence of the nucleoprotein gene.

4.6. Sequencing

The DNA sequencing was performed with the BigDye Terminator v3.1 Cycle Sequenc-
ing kit® employing the ABI PRISM® 3130x] Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA) according to the manufacturer’s recommendations. Sequences obtained in
both senses were edited in ChromasPro version 1.5 (Technelysium Pty Ltd., South Brisbane,
QLD, Australia). Edited files were converted to FASTA format in order to be used in the
phylogenetic analysis.

4.7. Phylogenetic Reconstruction

A database of 45 nucleoprotein sequences was edited and aligned in the MEGA
X software [43]. A total of 10 sequences were obtained in this study, and 35 reference
sequences were retrieved from GenBank.

The adequate model of molecular evolution (T93+G) was determined using the soft-
ware JModeltest 2.1 [44]. Phylogenetic reconstruction was performed by means of Bayesian
inference using BEAST 1.8.4 [45] with five independent runs consisting of 10,000,000 gener-
ations each and a burn-in of 25.

5. Conclusions

Evidence obtained in this study indicates that the spillover from gray foxes to cougars
is more likely in Northern Mexico, but our results also suggest that skunks could act as
RVV7 vectors in this region. To our knowledge, this is the first report that describes the
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possible role of skunks as reservoirs/vectors of two different RVVs in the north of the
country. The taxonomic and/or genetic identification of the species of skunks is paramount
in order to understand the role that each species plays in the wild cycle of rabies virus.
The cougar, due to its behavior, is capable of spreading the virus in several species in
relatively large areas, as it was observed in the Caborca case, which involved humans, dogs,
cattle and horses in 12 km around. In conclusion, wild canids and felines may represent a
risk for transmitting rabies to humans, as well as for their domestic and farm animals.

Author Contributions: Conceptualization N.A.-C. and AA-S; methodology C.C.-Z.,FG.-A,,C.A.-M,,
S.C.-L., M.G.-S.,, D.M.-S., A.S.-B. and B.E.-R,; formal analysis, FG.-A., C.A.-M. and N.A.-C.; investi-
gation, N.A.-C., FG.-A,, AS.-B. and A.A.-S.; resources, N.A.-C. and I.L.-M.; data curation, F.G.-A.,

N.A.-C. and C.A.-M.; writing—original draft preparation, N.A.-C.; writing—review and editing,

N.A.-C. and A.A.-S,; funding acquisition, N.A.-C., I.L.-M. and A.A.-S. All authors have read and

agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All sequences generated in this study can be found at Gen Bank.
Accession numbers are OK247535, OK247529, OK247530, OK247536, OK247532, OK247533, OK247528,
OK24752, OK247531 and OK247534.

Acknowledgments: We want to acknowledge: José Alberto Ordufia-Sumaran from Direccion General
de Inocuidad Alimentaria, Acuicola y Pesquera, Direccion de Establecimientos Tipo Inspeccién
Federal and José Alfredo Gutiérrez-Reyes, Diana Chavez—Crisostomo and Mario Arturo Rodriguez -
Mendoza from Servicio Nacional de Sanidad Inocuidad y Calidad Agroalimentaria, Direcciéon General
de Salud Animal, Direccién de Campaiias Zoosanitarias. Nidia Aréchiga-Ceballos thanks José
Luis Jiménez for reviewing the manuscript. Cenia Almazan-Marin thanks Moisés Zamora-Jiménez
GIS specialist.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

Franka, R.; Smith, T.G.; Dyer, J.L.; Wu, X.; Niezgoda, M.; Rupprecht, C.E. Current and future tools for global canine rabies
elimination. Antivir. Res. 2013, 100, 220-225. [CrossRef] [PubMed]

Aréchiga-Ceballos, N.; Puebla-Rodriguez, P.; Aguilar-Setién, A. The new face of human rabies in Mexico, what’s next after
eradicating rabies in dogs. Vector Borne Zoonotic Dis. 2022; in press. [CrossRef]

Velasco-Villa, A.; Orciari, L.A.; Juarez-Islas, V.; Gémez-Sierra, M.; Padilla-Medina, I.; Flisser, A.; Souza, V.; Castillo, A.;
Franka, R.; Escalante-Marfie, M.; et al. Molecular diversity of rabies viruses associated with bats in Mexico and other countries of
the Americas. J. Clin. Microbiol. 2006, 44, 1697-1710. [CrossRef] [PubMed]

De Mattos, C.C.; De Mattos, C.A.; Loza-Rubio, E.; Aguilar-Setién, A.; Orciari, L.A.; Smith, J.S. Molecular characterization of rabies
virus isolates from Mexico: Implications for transmission dynamics and human risk. Am. . Trop. Med. Hyg. 1999, 61, 587-597.
[CrossRef]

Procuraduria Federal de Proteccion al Ambiente (México). Mamiferos en México (Primera Parte). Available online: https:
/ /www.gob.mx/profepa/articulos/mamiferos-en-mexico-primera-parte?idiom=es (accessed on 4 December 2021).
Velasco-Villa, A.; Mauldin, M.R.; Shi, M.; Escobar, L.E.; Gallardo-Romero, N.F.; Damon, 1.; Olson, V.A.; Streicker, D.G.;
Emerson, G. The history of rabies in the Western Hemisphere. Antivir. Res. 2017, 146, 221-232. [CrossRef]

Aréchiga-Ceballos, N.; Velasco-Villa, A.; Shi, M.; Flores-Chavez, S.; Barrén, B.; Cuevas-Dominguez, E.; Gonzélez-Origel, A.;
Aguilar-Setién, A. New rabies virus variant found during an epizootic in white-nosed coatis from the Yucatan Peninsula.
Epidemiol. Infect. 2010, 138, 1586-1589. [CrossRef]

Velasco-Villa, A.; Messenger, S.L.; Orciari, L.A.; Niezgoda, M.; Blanton, J.D.; Fukagawa, C.; Rupprecht, C.E. New rabies virus
variant in Mexican immigrant. Emerg. Infect. Dis. 2008, 14, 1906-1908. [CrossRef]

Garcés-Ayala, F.; Aréchiga-Ceballos, N.; Ortiz-Alcantara, ].M.; Gonzalez-Duran, E.; Pérez-Agtieros, S.I.; Méndez-Tenorio, A.;
Torres-Longoria, B.; Lopez-Martinez, I.; Hernandez-Rivas, L.; Diaz-Quifionez, ].A.; et al. Molecular characterization of atypical
antigenic variants of canine rabies virus reveals its reintroduction by wildlife vectors in southeastern Mexico. Arch. Virol. 2017,
162, 3629-3637. [CrossRef]

Aranda, M.; Rosas, O.; Rios, J.D.J.; Garcia, N. Analisis comparativo de la alimentacion del gato montés (Lynx rufus) en dos
diferentes ambientes de México. Acta Zool. Mex. 2002, 87, 99-109.


http://doi.org/10.1016/j.antiviral.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23871797
http://doi.org/10.1089/vbz.2021.0051
http://doi.org/10.1128/JCM.44.5.1697-1710.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672396
http://doi.org/10.4269/ajtmh.1999.61.587
https://www.gob.mx/profepa/articulos/mamiferos-en-mexico-primera-parte?idiom=es
https://www.gob.mx/profepa/articulos/mamiferos-en-mexico-primera-parte?idiom=es
http://doi.org/10.1016/j.antiviral.2017.03.013
http://doi.org/10.1017/S0950268810000762
http://doi.org/10.3201/eid1412.080671
http://doi.org/10.1007/s00705-017-3529-4

Pathogens 2022, 11, 265 90of 10

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Secretaria de Salud, Mexico. Guia Para La Atencion Médica Y Antirrabica De La Persona Expuesta Al Virus De La Rabia.
2018. Available online: https:/ /www.gob.mx/salud/cenaprece/documentos/guia-para-la-atencion-medica-y-antirrabica-de-
la-persona-expuesta-al-virus-de-la-rabia-182293?fbclid=IwAR3z9MBOqRCLZwZ9C_HIX74e8QBh6QGI8x0Wwb_QI1TGtH_
lczSbtmBXZN14 (accessed on 27 January 2022).

PAHO SIRVERA, PANAFTOSA. Regional Information System for Epidemiological Surveillance of Rabies. 2021. Available online:
https:/ /sirvera.panaftosa.org.br (accessed on 27 January 2022).

Krebs, ] W.; Williams, S.M.; Smith, J.S.; Rupprecht, C.E.; Childs, J.E. Rabies among infrequently reported mammalian carnivores
in the United States, 1960-2000. J. Wildl. Dis. 2003, 39, 253-261. [CrossRef]

Crawford-Miksza, L.K.; Wadford, D.A.; Schnurr, D.P. Molecular epidemiology of enzootic rabies in California. J. Clin. Virol. 1999,
14, 207-219. [CrossRef]

Kuzmin, I.V,; Shi, M,; Orciari, L.A.; Yager, P.A.; Velasco-Villa, A.; Kuzmina, N.A; Streicker, D.G.; Bergman, D.L.; Rupprecht, C.E.
Molecular inferences suggest multiple host shifts of rabies viruses from bats to mesocarnivores in Arizona during 2001-2009.
PLoS Pathog 2012, 8, €1002786. [CrossRef] [PubMed]

Colorado Department of Public Health & Environment Rabid Animals by County and Species. Available online: https://cdphe.
colorado.gov/rabid-animals-by-county-and-species-2020 (accessed on 9 January 2022).

Gilbert, A.T. Rabies virus vectors and reservoir species. Rev. Sci. Tech. 2018, 37, 371-384. [CrossRef]

Miiller, T.; Freuling, C.M. Rabies in terrestrial animals. In Rabies; Elsevier: Amsterdam, The Netherlands, 2020; pp. 195-230.
[CrossRef]

Worsley-Tonks, K.E.L.; Escobar, L.E.; Biek, R.; Castaneda-Guzman, M.; Craft, M.E,; Streicker, D.G.; White, L.A,;
Fountain-Jones, N.M. Using host traits to predict reservoir host species of rabies virus. PLoS Negl. Trop. Dis. 2020,
14, €0008940. [CrossRef] [PubMed]

Krebs, ].W.; Mandel, E.J.; Swerdlow, D.L.; Rupprecht, C.E. Rabies surveillance in the United States during 2003. |. Am. Vet. Med.
Assoc. 2004, 225, 1837-1849. [CrossRef] [PubMed]

Veals, A.M.; Koprowski, J.L.; Bergman, D.L.; VerCauteren, K.C.; Wester, D.B. Occurrence of mesocarnivores in montane sky
islands: How spatial and temporal overlap informs rabies management in a regional hotspot. PLoS ONE 2021, 16, €0259260.
[CrossRef]

Coffin, A.W. From roadkill to road ecology: A review of the ecological effects of roads. J. Transp. Geogr. 2007, 15, 396-406.
[CrossRef]

Plowright, RK,; Parrish, C.R.; McCallum, H.; Hudson, PJ.; Ko, A.L,; Graham, A.L.; Lloyd-Smith, J.O. Pathways to zoonotic
spillover. Nat. Rev. Microbiol. 2017, 15, 502-510. [CrossRef]

Allen, L.J.; Wesley, C.L.; Owen, R.D.; Goodin, D.G.; Koch, D.; Jonsson, C.B.; Chu, Y.K.; Shawn Hutchinson, ].M.; Paige, R.L.
A habitat-based model for the spread of hantavirus between reservoir and spillover species. . Theor. Biol. 2009, 260, 510-522.
[CrossRef] [PubMed]

Mollentze, N.; Streicker, D.G.; Murcia, P.R.; Hampson, K.; Biek, R. Virulence mismatches in index hosts shape the outcomes of
cross-species transmission. Proc. Natl. Acad. Sci. USA 2020, 117, 28859-28866. [CrossRef]

Rupprecht, C.E.; Hanlon, C.A; Slate, D. Oral vaccination of wildlife against rabies: Opportunities and challenges in prevention
and control. Dev. Biol. 2004, 119, 173-184.

Cliquet, E; Picard-Meyer, E.; Mojzis, M.; Dirbakova, Z.; Muizniece, Z.; Jaceviciene, I.; Mutinelli, F.; Matulova, M.; Frolichova, J.;
Rychlik, L; et al. In-Depth Characterization of Live Vaccines Used in Europe for Oral Rabies Vaccination of Wildlife. PLoS ONE
2015, 10, e0141537. [CrossRef]

Mollentze, N.; Biek, R.; Streicker, D.G. The role of viral evolution in rabies host shifts and emergence. Curr. Opin. Virol. 2014,
8, 68-72. [CrossRef] [PubMed]

CITES. Evaluation of the Situation of the Populations of Bobcat (Lynx rufus) in Mexico. In Proceedings of the Twenty-Fourth
Meeting of the Animals Committee Geneva (Switzerland), Geneva, Switzerland, 20-24 April 2009.

Velasco-Villa, A.; Gémez-Sierra, M.; Hernandez-Rodriguez, G.; Juarez-Islas, V.; Meléndez-Félix, A.; Vargas-Pino, F.; Velazquez-
Monroy, O.; Flisser, A. Antigenic diversity and distribution of rabies virus in Mexico. J. Clin. Microbiol. 2002, 40, 951-958.
[CrossRef] [PubMed]

Velasco-Villa, A.; Orciari, L.A.; Souza, V.; Juarez-Islas, V.; Gomez-Sierra, M.; Castillo, A.; Flisser, A.; Rupprecht, C.E. Molecular
epizootiology of rabies associated with terrestrial carnivores in Mexico. Virus Res. 2005, 111, 13-27. [CrossRef]

Smith, J.S. New aspects of rabies with emphasis on epidemiology, diagnosis, and prevention of the disease in the United States.
Clin. Microbiol. Rev. 1996, 9, 166—176. [CrossRef]

Smith, ].S.; Orciari, L.A.; Yager, P.A.; Seidel, H.D.; Warner, C.K. Epidemiologic and historical relationships among 87 rabies virus
isolates as determined by limited sequence analysis. J. Infect. Dis. 1992, 166, 296-307. [CrossRef] [PubMed]

Rohde, R.E.; Neill, S.U.; Clark, K.A.; Smith, ].S. Molecular epidemiology of rabies epizootics in Texas. Clin. Diagn. Virol. 1997,
8,209-217. [CrossRef]

Clark, K.A; Neill, S.U.; Smith, ].S.; Wilson, P.J.; Whadford, V.W.; McKirahan, G.W. Epizootic canine rabies transmitted by coyotes
in south Texas. J. Am. Vet. Med. Assoc. 1994, 204, 536-540. [PubMed]

Monroe, B.P; Yager, P.; Blanton, J.; Bithane, M.G.; Wadhwa, A.; Orciari, L.; Petersen, B.; Wallace, R. Rabies surveillance in the
United States during 2014. ]. Am. Vet. Med. Assoc. 2016, 248, 777-788. [CrossRef] [PubMed]


https://www.gob.mx/salud/cenaprece/documentos/guia-para-la-atencion-medica-y-antirrabica-de-la-persona-expuesta-al-virus-de-la-rabia-182293?fbclid=IwAR3z9MBOqRCLZwZ9C_HlX74e8QBh6QG98x0Wwb_Q1TGtH_lczSbtmBXZN14
https://www.gob.mx/salud/cenaprece/documentos/guia-para-la-atencion-medica-y-antirrabica-de-la-persona-expuesta-al-virus-de-la-rabia-182293?fbclid=IwAR3z9MBOqRCLZwZ9C_HlX74e8QBh6QG98x0Wwb_Q1TGtH_lczSbtmBXZN14
https://www.gob.mx/salud/cenaprece/documentos/guia-para-la-atencion-medica-y-antirrabica-de-la-persona-expuesta-al-virus-de-la-rabia-182293?fbclid=IwAR3z9MBOqRCLZwZ9C_HlX74e8QBh6QG98x0Wwb_Q1TGtH_lczSbtmBXZN14
https://sirvera.panaftosa.org.br
http://doi.org/10.7589/0090-3558-39.2.253
http://doi.org/10.1016/S1386-6532(99)00054-2
http://doi.org/10.1371/journal.ppat.1002786
http://www.ncbi.nlm.nih.gov/pubmed/22737076
https://cdphe.colorado.gov/rabid-animals-by-county-and-species-2020
https://cdphe.colorado.gov/rabid-animals-by-county-and-species-2020
http://doi.org/10.20506/rst.37.2.2808
http://doi.org/10.1016/B978-0-12-818705-0.00006-6
http://doi.org/10.1371/journal.pntd.0008940
http://www.ncbi.nlm.nih.gov/pubmed/33290391
http://doi.org/10.2460/javma.2004.225.1837
http://www.ncbi.nlm.nih.gov/pubmed/15643834
http://doi.org/10.1371/journal.pone.0259260
http://doi.org/10.1016/j.jtrangeo.2006.11.006
http://doi.org/10.1038/nrmicro.2017.45
http://doi.org/10.1016/j.jtbi.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19616014
http://doi.org/10.1073/pnas.2006778117
http://doi.org/10.1371/journal.pone.0141537
http://doi.org/10.1016/j.coviro.2014.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25064563
http://doi.org/10.1128/JCM.40.3.951-958.2002
http://www.ncbi.nlm.nih.gov/pubmed/11880422
http://doi.org/10.1016/j.virusres.2005.03.007
http://doi.org/10.1128/CMR.9.2.166
http://doi.org/10.1093/infdis/166.2.296
http://www.ncbi.nlm.nih.gov/pubmed/1634801
http://doi.org/10.1016/S0928-0197(97)10003-4
http://www.ncbi.nlm.nih.gov/pubmed/8163414
http://doi.org/10.2460/javma.248.7.777
http://www.ncbi.nlm.nih.gov/pubmed/27003019

Pathogens 2022, 11, 265 10 of 10

37.

38.
39.

40.

41.

42.

43.

44.

45.

Dean, D.J.; Abelseth, M.K.; Atanasiu, W. The fluorescent antibody test. In Laboratory Techniques in Rabies; Meslin, F.-X.,
Kaplan, M.M., Koprowski, H., Eds.; World Health Organization: Geneva, Switzerland, 1996; pp. 88-95.

Smith, J.S. Rabies virus epitopic variation: Use in ecologic studies. Adv. Virus Res. 1989, 36, 215-253. [CrossRef] [PubMed]

Diaz, A.M.; Papo, S.; Rodriguez, A.; Smith, J.S. Antigenic analysis of rabies-virus isolates from Latin America and the Caribbean.
Zent. Vet. B 1994, 41, 153-160. [CrossRef] [PubMed]

McQuiston, J.H.; Yager, P.A.; Smith, J.S.; Rupprecht, C.E. Epidemiologic characteristics of rabies virus variants in dogs and cats in
the United States, 1999. J. Am. Vet. Med. Assoc. 2001, 218, 1939-1942. [CrossRef]

Markotter, W.; Kuzmin, I.; Rupprecht, C.E.; Randles, ].; Sabeta, C.T.; Wandeler, A.I; Nel, L.H. Isolation of Lagos bat virus from
water mongoose. Emerg. Infect. Dis. 2006, 12, 1913-1918. [CrossRef] [PubMed]

Murray, PR.; Baron, E.J.; Pfaller, M.A.; Tenover, EC.; Yolken, R.H.; Morgan, D.R. Manual of Clinical Microbiology (6th edn).
Trends Microbiol. 1995, 3, 449.

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef] [PubMed]

Posada, D. ModelTest Server: A web-based tool for the statistical selection of models of nucleotide substitution online. Nucleic
Acids Res. 2006, 34, W700-W703. [CrossRef] [PubMed]

Drummond, A.J; Suchard, M.A ; Xie, D.; Rambaut, A. Bayesian phylogenetics with BEAUti and the BEAST 1.7. Mol. Biol. Evol.
2012, 29, 1969-1973. [CrossRef]


http://doi.org/10.1016/s0065-3527(08)60586-2
http://www.ncbi.nlm.nih.gov/pubmed/2472046
http://doi.org/10.1111/j.1439-0450.1994.tb00219.x
http://www.ncbi.nlm.nih.gov/pubmed/7801717
http://doi.org/10.2460/javma.2001.218.1939
http://doi.org/10.3201/eid1212.060514
http://www.ncbi.nlm.nih.gov/pubmed/17326944
http://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
http://doi.org/10.1093/nar/gkl042
http://www.ncbi.nlm.nih.gov/pubmed/16845102
http://doi.org/10.1093/molbev/mss075

	Introduction 
	Results 
	Rabies Virus Diagnosis 
	Antigenic Characterization 
	Genetic Characterization 

	Discussion 
	Materials and Methods 
	Samples 
	Caborca Case Note (2014) 
	Rabies Virus Diagnosis 
	Antigenic Characterization 
	RT-PCR and Partial N-Gene Sequencing 
	Sequencing 
	Phylogenetic Reconstruction 

	Conclusions 
	References

