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Rabies is a neglected disease that affects all mammals. To determine the appropriate sanitary measures, the schedule of preventive medicine campaigns requires the proper identification of the variants of the virus circulating in the outbreaks, the species involved, and the interspecific and intraspecific virus movements. Urban rabies has been eradicated in developed countries and is being eradicated in some developing countries. In Europe and North America, oral vaccination programs for wildlife have been successful, whereas in Latin America, Asia, and Africa, rabies remains a public health problem due to the habitation of a wide variety of wild animal species that can act as rabies virus reservoirs in their environment. After obtaining recognition from the WHO/PAHO as the first country to eliminate human rabies transmitted by dogs, Mexico faces a new challenge: the control of rabies transmitted by wildlife to humans and domestic animals. In recent years, rabies outbreaks in the white-nosed coati (Nasua narica) have been detected, and it is suspected that the species plays a significant role in maintaining the wild cycle of rabies in the southeast of Mexico. In this study, we discussed cases of rabies in white-nosed coatis that were diagnosed at InDRE (in English: Institute of Epidemiological Diagnosis and Reference; in Spanish: Instituto de Diagnostico y Referencia Epidemiologicos) from 1993 to 2022. This study aimed to determine whether white-nosed coatis might be an emergent rabies reservoir in the country. A total of 13 samples were registered in the database from the Rabies laboratories of Estado de Mexico (n = 1), Jalisco (n = 1), Quintana Roo (n = 5), Sonora (n = 1), and Yucatan (n = 5). Samples from 1993 to 2002 from Estado de Mexico, Jalisco, and Sonora were not characterized because we no longer had any samples available. Nine samples were antigenically and genetically characterized. To date, coatis have not been considered important vectors of the rabies virus. The results from our research indicate that the surveillance of the rabies virus in coatis should be relevant to prevent human cases transmitted by this species.
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Introduction

The Rabies virus (RABV) belongs to the order Mononegavirales within the family Rhabdoviridae, named after the characteristic bullet-shaped Rhabdovirus virion (1) within the Lyssavirus genus, and it is the cause of rabies. It is an acute infectious zoonotic disease that affects the central nervous system, causing encephalomyelitis (2). This disease is found on all continents except Antarctica, with dogs being the main transmitter (3).

Most of the RABV reservoirs belong to the order Carnivora (carnivores) from the families Canidae, Mephitidae, Mustelidae, and Procyonidae and the order Chiroptera (bats) from the families Vespertilionidae, Molossidae, and Phyllostomidae, but the circulation of RABV, Lyssavirus species 1, in bats is limited to New World species (4).

In countries where the urban cycle of transmission (from dog to human) has been controlled, transmission is mainly by wildlife, with bats being the main vectors (5). Currently, rabies continues to be a public health problem. It is a zoonosis that has to be solved with the “One Health” management model where a transdisciplinary approach, including social and biological sciences, the population, and governments, must work together to eliminate this disease (6).

The last case of human rabies transmitted by dogs in Mexico occurred in 2005. The decrease in the incidence of human rabies could be mainly attributed to the massive vaccination campaigns that have been carried out since the 1990s as well as the efficient epidemiological surveillance system (7). In 2019, Mexico obtained recognition from the World Health Organization (WHO) and the Pan American Health Organization (PAHO) for being the first country in the world to have met the requirements to be validated as a country free of human rabies transmitted by dogs (8).

With canine rabies currently under control, human rabies transmitted by wildlife species has become the focus of attention. From 2000 to 2019, 46 cases of human rabies transmitted by wild animals have been confirmed; of these, 90% of the attacks were from bats or skunks (8).

Mexico is ranked third among the most diverse countries in terms of mammals (9). Currently, the country has a large number of species that are capable of transmitting the RABV, both in the urban and wildlife cycles.

The Procyonidae family (order Carnivora) is a widely distributed family that includes small and medium-sized species. In Mexico, there are six different species of procyonids; one of them is the white-nosed coati (Nasua narica) (10) whose distribution extends from the southern United States to Colombia. In Mexico, the Procyonidae family inhabits the whole country except for Baja California and the driest part of central Mexico (11).

They inhabit all types of tropical forests, including mangroves, cloudy mountain forests, mixed coniferous forests, and oak forests (12). They are also present in highly anthropogenically disturbed areas, such as public parks in tourist cities. Coatis are social carnivores where females, young males, and newborns form groups called “bands”; however, adult males are usually solitary and only meet the band during reproduction season (13).

In spite of their wide distribution, there are few reports of rabies in coatis. In Mexico, the oldest case was diagnosed at the InDRE's Rabies Laboratory in 1993, following which no subsequent characterization was carried out. Unfortunately, there was no biological material to carry out further studies.

In 2008, a rabies outbreak with three cases of infected coatis took place at the Kabah National Park in Cancun, Quintana Roo, Mexico. The coatis were identified as being infected with the RABV antigenic variant (AgV) 9, associated with the Mexican free-tailed bat (Tadarida brasiliensis). Through phylogenetic analysis, it was concluded that this AgV evolved and appeared as an independent variant despite sharing a common ancestor with AgV9 of T. brasiliensis, which suggests a host-switching event (14). In the United States of America (USA), the white-nosed coati is considered an infrequently reported mammalian carnivore species, and only 12 cases of rabies were registered from 1960 to 2000 (15).

The objective of this study was to characterize antigenically and genetically the cases of rabies in coatis that were registered at the Mexican Ministry of Health's Rabies Reference Laboratory to clarify the origin of the virus as well as to be able to determine the antigenic variants that circulate in white-nosed coatis.



Materials and methods

The total number of registered cases (n = 13) of rabies in white-nosed coatis from a few Mexican states: Estado de Mexico (n = 1), Jalisco (n = 1), Quintana Roo (n = 5), Sonora (n = 1), and Yucatan (n = 5) were selected from the sample bank of the InDRE's Rabies Laboratory and the Laboratory of the Committee for Livestock Development and Protection of Merida, Yucatan (Table 1).


TABLE 1 Summary of cases of rabies in a white-nosed coatis (Nasua narica) in Mexico.
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Rabies diagnosis

The samples were diagnosed using the fluorescent antigen test (FAT) (16). The antigenic characterization was performed in 10 samples with a reduced panel of eight monoclonal antibodies (MAbs) standardized by the Center for Disease Control and Prevention (CDC) for the identification of the reservoir species (17).



Mice inoculation test

A total of six 21-day-old mice per sample were intracranially inoculated with 0.03 ml of a 20% suspension (w/v) of homogenized brain samples in a phosphate buffer solution. The samples inoculated were 9021, 9022, and 1767 from Quintana Roo and 1441, 1442, 1443, and 25 from Yucatan. The inoculated animals were observed for 21 days and processed as described in Aréchiga-Ceballos et al. (18).



RT-PCR and sequencing

The genetic material was extracted from nine samples of brain tissue using the Qiagen “QIAamp Viral RNA” commercial kit, according to the directions of the manufacturer. RT-PCR was used to amplify a nucleoprotein region using the following primers: 550 FW (5′ATG TGY GCT AAY TGG AGY AC 3′) and 304 RABV (5′ TTG ACG AAG ATC TTG CTC AT 3′). Amplification products and partial sequencing were performed as described in Garcés-Ayala et al. (7).

The complete RABV genome of five samples (1442, 1443, 1767, 9022, and 25) was amplified using PCR oligonucleotide primers described a previous study (19) and the SuperScript® one-step RT-PCR system according to the supplier's manual (Invitrogen, Carlsbad, CA). After pooling the PCR amplicons for each sample, single-end libraries for NGS were constructed and sequenced with the Ion Torrent Personal Genome Machine (Thermo Fisher Scientific, Carlsbad, CA). Analysis of reading quality and the assemblies of the viral genome sequences were carried out using QIAGEN CLC Genomics Workbench software version 21.0.2.



Analysis of genetic information

Sequence editing and a manual correction were performed with BioEdit software and alignment with MEGA X (20) using the MUSCLE algorithm (21). Subsequently, BLAST (Basic Local Alignment Search Tool1) analysis (22) from NCBI was performed.

The phylogenetic analysis was based on 148 partial nucleoprotein gene sequences of 877 nucleotides from North and Central American bats and terrestrial mammals AgVs. Multiple alignments of all sequences were performed with the Mesquite program (23) using the MUSCLE algorithm. The evolutionary model was then determined with the jModelTest 2.1.4 program (24), and the best model was GTR + G + I.

The construction of the phylogenetic tree was carried out using the BEAST 1.8.4 software (25) with the Bayesian method with 10 million generations and a burn-in of 25%. The visualization of the resulting tree was done with Figtree 1.4.3. Rambaut and Drummond (26), and editing was performed with Inkscape.

To identify the presence of possible amino acid changes between the Yucatan (n = 5) and Quintana Roo (n = 3) variants, the complete genome sequences carried out in this study (n = 5) were aligned with the previously described sequences from Yucatan sylvatic AgV (n = 4) using the MUSCLE software (27).




Results


Rabies virus diagnosis

The samples 95161, 102655, 3532, and 96 mentioned in Table 1 are historical records from the InDRE sample bank. Brain tissues from these samples were no longer available for this study. Nine out of thirteen samples were re-tested by FAT, and all were positive.



Mice inoculation test

Differences in the incubation periods were observed. The clinical signs observed were as follows: hirsute hair, emaciation, and paralysis. The samples from Quintana Roo (coati AgV9) have a range between 13 and 15 days. The samples from Yucatan (Yucatan sylvatic) have a range between 19 and 20 days.



Antigenic characterization

Four antigenic rabies virus variants were detected with the reduced panel of eight monoclonal antibodies. The samples from Quintana Roo (9021, 9022, and 1767) were AgV9, except for sample 368 from 2022, which was AgV3. The Jalisco sample [96] was AgV8. The antigenicity pattern that resulted from all samples from Yucatan (3202, 1441, 1442, 1443, and 25) did not match what was described in the panel; therefore, they were assigned AgV atypical.



Genetic characterization

The generated phylogenetic analysis allows us to identify two different origins of the AgVs in white-nosed coatis, one related to bats and the other related to terrestrial mammals. The samples from the state of Quintana Roo (9021, 9022, 1767, and 1770) were grouped into an independent clade belonging to the Mexican free-tailed bat T. brasiliensis. Sequences from white-nosed coatis from 2007 to 2008 were clustered in a single sub-clade, while the viruses isolated from the bat T. brasiliensis were clustered in an independent sub-clade, indicating a divergent event between the virus from bats and the coati virus.

Sample 368 from a coati (2022) is also clustered into a clade of viruses with bat origin, but this one was grouped with the sequences related to the common vampire bat, Desmodus rotundus. To date, this is the first report of a vampire bat AgV infection in coatis in the region.

In the terrestrial mammals' clade, the Yucatan samples (1441, 1442, 1443, and 25) are grouped in a lineage that was previously described as “Yucatan sylvatic,” clustered with viruses isolated from dogs, skunks, and other wild-living mammals (Figure 1).
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FIGURE 1
 (A) Location of the coati samples and their association with terrestrial mammals and bats. (B) Bayesian phylogenetic tree of the white-nosed coati (Nasua narica) rabies cases in the Yucatan Peninsula (The states of Yucatan and Quintana Roo) including other AgV isolated from different reservoir species.


The sample sequences from the state of Yucatan are clustered in a single lineage with two sub-clades. One study grouped the viruses from 2015 with a virus isolated from a skunk in 2003. However, the other sub-clade grouped the last reported cases of RABV in dogs (in 2004, 2014, and 2015) in Yucatan. Some of these dogs and a lowland paca (Cuniculus paca) were attacked by skunks (unknown species). This lineage is part of the terrestrial sylvatic cycle of rabies in the state of Yucatan with a canine origin, but, at present, some other species (like skunks) are acting as active transmitters to non-vaccinated dogs and other wild-living species.

The analysis of the composition of the amino acids of the full genome sequences performed for the five proteins of the RABV showed that between the coati AgV9 and Yucatan sylvatic, 28 changes were detected in the nucleoprotein, 51 changes in the phosphoprotein, 19 changes in the matrix protein, 79 changes in the glycoprotein, and 112 in the large or polymerase protein (Table 2).


TABLE 2 Summary of the comparison of the amino acid differences of the 5 RABV proteins found between the coati AgV9 and Yucatan sylvatic AgV.
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The protein analysis allows a clear difference between cycles of coati AgV9 and Yucatan Sylvatic AgV. The genomes of this last one present high homogeneity between amino acid sequences for each RABV protein and without significant changes between the sequences isolated from different species or years.

According to the changes that Garces-Ayala et al. (27) mentioned having found in position 379, the finding of the change for alanine is described, which had also previously been found in the genomes carried out in this research. This amino acid change is shared with sequences from skunks. In the same way, the presence of lysine in position 367 had previously been reported in sequences from the state of Yucatan, where the probable reservoir was a skunk species (28), which coincides with the report mentioned by Garcés-Ayala et al. (27), in which at least one of the dogs from which the virus was isolated was attacked by a skunk.

In the specific case of the nucleoprotein, it can be observed that amino acid substitution is present only in those isolated sequences from the state of Yucatan, which corresponds to the Yucatan Sylvatic lineage, as shown in Figure 2. At position 36, it could be observed that all the sequences present serine; at position 40, they present cysteine; at position 41, they present isoleucine; and at position 84, they present threonine. These substitutions tend to be exclusive to the Yucatan Sylvatic lineage since they have been present and conserved in all the sequences that have been isolated over a period of 7 years (2013–2020). These results provide the support that this lineage is endemic to the terrestrial cycle in the state of Yucatan.
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FIGURE 2
 Fragment of the alignment of the nucleoprotein gene of domestic dog (Canis lupus familiaris) and white-nosed coatis (Nasua narica) sequences, marked in red, shows the punctual sites where there is a substitution of amino acids present only in the sequences belonging to the lineage of Yucatan sylvatic.





Discussion

In this study, four AgVs were detected in white-nosed coatis from Mexico. Two of them originated in bats: coati AgV9 associated with Tadarida brasiliensis and coati AgV3 associated with from Desmodus rotundus. The other two are terrestrial and are related to skunks (AgV8 and the Yucatan sylvatic variant).

The AgV8 from Jalisco was not available for genetic characterization and therefore was not included in the analyses performed in this study. However, recent studies on AgV8 have shown that it can be detected and harbored by skunks and vampire bats; therefore, further studies are needed to distinguish when rabies is transmitted by which species.

The other three variants are coati AgV9 and AgV3 from Quintana Roo and the Yucatan sylvatic variant. However, although coati AgV9 and the Yucatan sylvatic variant were found in two adjoining states, to date, there has been no evidence of geographical overlapping. It appears to be restricted to the state in which they have been detected, and even when they are infecting the same species, they are not phylogenetically related.

The geographic distribution of the virus plays an important role in virus transmission. Even when some hosts have a wide distribution, the virus variant is usually more restricted (29, 30). This implies a specific virus ecological niche (31), which could explain the geographic restriction of AgV9 and Yucatan sylvatic.

Regional differences may be influenced by the disease transmission dynamics in each state since cross-species transmission of rabies among terrestrial animals may be influenced by animal susceptibility, population density, animal behavior, niche overlap, landscape characteristics, human population distribution, and encroachment into wildlife habitats, among other factors (32).

Another piece of evidence supporting the independent origin of these two variants is the incubation period in mice. The samples from Quintana Roo (coati AgV9) have a range between 13 and 15 days, while those from the Yucatan sylvatic AgV have a range between 19 and 20 days. This difference in the incubation period also has implications for virus pathogenicity. Longer incubation periods have shown an increased transmission rate since the virus is more likely to be shed in saliva (33).

Due to two rabies outbreaks in white-nosed coatis with the same AgV in Quintana Roo in 2007 and 2008, we hypothesized that coati AgV9 evolved by host-switching from insectivorous bats. Nevertheless, the bat reservoir species origin of this virus has not yet been determined since the natural distribution of T. brasiliensis, which is associated with AgV9 in Mexico, does not include the Yucatan Peninsula (34). Therefore, we consider bats in the Molossidae family to be the most probable origin, but the species that harbors this AgV remains to be identified due to a lack of RABV surveillance in bat species in this region of the country.

Thus far, white-nosed coatis have not been considered important RABV reservoirs anywhere; however, our results suggest that a new lineage was established in the coatis of Quintana Roo; therefore, surveillance of this species should be relevant in the control of rabies in Mexico. Interestingly, the last case of rabies in a white-nosed coati in Quintana Roo was transmitted by D. rotundus, and the coati AgV9 has not been detected in recent years. Since oral vaccination campaigns for wild species are not carried out in Mexico, we can rule out that this variant is extinct due to vaccination.

There could be two reasons for which Coati AgV9 has not been detected in recent years: (1) The lack of rabies surveillance in the region led to non-detected positive cases, and (2) the disease became extinct. This phenomenon has been described for specific localities in cattle and dogs without any specific prevention measures implemented (35, 36).

Some characteristics of the white-nosed coatis support the hypothesis of a self-limited RABV outbreak caused by AgV9 since coatis may lack intrinsic competency to contribute to transmission and may be an emergent reservoir species of RABV, failing to establish and maintain intra-specific transmission. Several examples prove that RABV persists in numerous species-specific cycles that rarely sustain transmission in alternative species (37–40).

A study that used host traits to predict reservoir host species of RABV detected that having short lifespans and reproducing rapidly were among the most important traits for being a carnivore RABV reservoir. However, other species besides coatis of the Procyonidae family, the raccoon (Procyon lotor) and the kinkajou (Potos flavus), with the traits mentioned, were predicted to be non-reservoirs (41). This contrasts with the evidence collected in the last 10 years, which proves that new AgVs of the bat origin have been described in kinkajous in Peru and Brazil (42, 43), and raccoons are a well-known RABV reservoir in the USA and Canada.

Clustering may be a reason for the reduction of pathogen transmission through the buildup of immune individuals (44). The white-nosed coati presents a unique social structure within the order Carnivora (45); adult males are solitary, while females and males under 2 years of age live in groups called bands of between 5 and 26 individual animals (13).

In the rabies outbreak of 2008, one out of six coatis (and the only male) sampled showed 1.3 IU/ml of rabies virus neutralizing antibodies, while five females were all naïve. This may suggest that males may be more prone to non-lethal infection given their more solitary social behavior and acquired antibodies against RABV (14). Sex bias in rabies susceptibility has been reported in bat-eared foxes (Otocyon megalotis), with higher energy stress in females being attributed to their increased susceptibility to RABV (46).

The presence of antibodies against RABV in non-vaccinated coatis was previously described in 1998 in a study performed at Chamela, Jalisco, Mexico (47) and in São Paulo, Brazil. In this study, two out of two brown-nosed coatis (Nasua nasua) tested positive for RVNA (48).

Transmission of diseases such as rabies that require direct contact is heavily influenced by the density of susceptible animals and their contact rate with infected animals (49). There is a lack of studies regarding the density of white-nosed coatis populations in the Yucatan Peninsula; however, recent data from Quintana Roo's Ministry of Ecology and Environment (2020) indicates that, at Kabah Park, the coati density is 0.361/km (50). In 2007 and 2008, when the rabies outbreaks took place, the population density was ignored; therefore, the transmission rate of the coati variant could not be established.

Social behavior has the potential to alter disease transmission dynamics (32). In coatis, this behavior includes allogrooming, allonursing, and babysitting. This may explain why the three cases of the outbreak in 2008 were females, since social networks with high connectivity and individual animals' frequent association with each other may facilitate the spread of rabies, as has been described in raccoon populations (51).

The rabies outbreaks in 2007 and 2008 at Quintana Roo have proved that, even when the coati AgV9 has not been recently detected, there is a risk of the emergence of new reservoir species. Since ecological niches are shared by bats and terrestrial mammals in some tropical and subtropical areas of Mexico, both cycles are present (52) with the potential for the emergence of a new RABV reservoir.

By contrast, the Yucatan sylvatic variant was previously detected in non-vaccinated dogs attacked by skunks (27). Since these viruses share a canine origin, it makes them prone to return to dogs, where the disease can easily become enzootic again (53). Therefore, vaccination campaigns must continue to avoid the reintroduction of either skunks or coatis to non-vaccinated dogs.

The fact that this atypical AgV from Yucatan has been detected in domestic dogs, skunks (unknown species), white-nosed coatis, and other wild mammals such as deer (Odocoileus virginianus) and lowland pacas (28) may indicate that the terrestrial RABV cycle in this state can be more complex.

To date, skunks tend to act as active transmitters, even when they are considered aposematic species; however, the rate of transmission has not been determined, and there are many unknown facts; for instance, the skunk species that act as spreaders have not yet been identified.

Host contact rates can be influenced by variables such as habitat quality, host behavior, and local carrying capacity (54). In Yucatan, evidence suggests that habitat quality and spatial overlap can have a greater impact on cross-species transmission by generating competition for similar resources, which increases the potential for pathogen spillover (55).

In fact, on the Yucatan Peninsula, Quintana Roo is the state where the natural geocomplexes are best preserved, while the state of Yucatan has more altered geocomplexes. The modification of the more intense landscapes was caused by a greater anthropogenic impact due to urbanization, mining and industrial activities, cattle, poultry, pig farming, tourism, and electricity-generating infrastructure (56).

Surveillance should be improved to define if a single skunk species is acting as a vector/reservoir or if other wild-living species are involved. Future studies will be required to identify which of the skunk species present in the state of Yucatan is the reservoir of this AgV.

The amino acid analysis performed in this study supports the idea that the Yucatan sylvatic AgV has a canine origin; however, it has now been introduced into other wild-living mammals. Evidence indicates that this variant is maintained in populations of skunks, at present, with occasional spillovers to other wild animals, such as coatis and lowland pacas, and domestic animals, such as dogs and cats.

To date, white-nosed coatis have not been involved in rabies human cases in Mexico, but they inhabit ecological parks, which could place them in direct contact with humans and domestic animals, making them a potential source of RABV infection. According to data from the Rabies and other Zoonoses Program in the state of Yucatan, every year, an average of 10 post-exposure prophylaxis treatments are applied after human contact or aggression by white-nosed coatis. The population must be informed about this potential risk when coming into direct contact with this species, particularly in tourist areas where it is common for white-nosed coatis to approach humans and ask for food.



Data availability statement

The datasets presented in this study can be found in online repositories. The name of the repository and accession numbers can be found below: NCBI; OM971001-OM971005.



Ethics statement

Ethical review and approval was not required for the animal study because it is part of the rabies surveillance system performed at the Ministry of Health in Mexico, for which ethics approval is not required. The methods are described in the Mexican Legislation NOM-011-SSA2-2011 for the control and prevention of human rabies, in dogs and cats.



Author contributions

Conceptualization: NA-C and PP-R. Methodology: PP-R, FG-A, CA-M, SC-L, MG-S, DM-S, AS-B, BE-R, IS-G, and AA-G. Formal analysis: PP-R, FG-A, CA-M, and NA-C. Investigation: NA-C, FG-A, AS-B, and ER-F. Resources and funding acquisition: NA-C and IL-M. Data curation: FG-A, NA-C, and CA-M. Writing—original draft preparation: NA-C. Writing—review and editing: PP-R, NA-C, and ER-F. All authors have read and agreed to the published version of the manuscript.



Acknowledgments

The co-authors thank Mildred Yeladaqui Sabguino of the State of Quintana Roo's Public Health Laboratory and Daly Martínez of Yucatan's Zoonoses Program for the valuable epidemiological information provided on the rabies cases in their states and Elda Jimenez and José Luis Jiménez for helpful comments.



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.



Author disclaimer

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations.



Footnotes

1 https://blast.ncbi.nlm.nih.gov/Blast.cgi



References

 1. Davis BM, Rall GF, Schnell MJ. Everything you always wanted to know about rabies virus (but were afraid to ask). Ann Rev Virol. (2015) 2:451–71. doi: 10.1146/annurev-virology-100114-055157

 2. Velasco-Villa A, Gómez-Sierra M, Juárez-Islas V, Hernández-Rodríguez G, Rincón-Trejo AJ, Melendez-Félix A, et al. Rabia. In: Zoonosis: Manual de Procedimientos para el Diagnóstico de Laboratorio. InDRE-Secretaría de Salud. México (DF): Instituto de Diagnóstico y Referencia Epidemiológicos “Dr. Manuel Martínez Báez” (2000). p. 7–33.

 3. Carrada-Bravo T. Rabia: Visión nueva de un mal milenario. Revista Latinoamericana de Patología Clínica y Medicina de Laboratorio. (2004) 51:153–66.

 4. Gilbert AT. Rabies virus vectors and reservoir species. Revue scientifique et technique. (2018) 37:371–84. doi: 10.20506/rst.37.2.2808

 5. WHO. Expert Consultation on Rabies Third Report. Geneva: World Health Organization (2018).

 6. Frantchez V, Medina J. Rabia: 99, 9.% mortal, 100% prevenible. Revista Médica del Uruguay. (2018) 34:86–107. doi: 10.29193/RMU.34.3.5

 7. Garcés-Ayala F, Aguilar-Setién Á, Almazán-Marín C, Cuautle-Zavala C, Chávez-López S, Martínez-Solís D, et al. Rabies Virus Variants Detected from Cougar (Puma concolor) in Mexico 2000–2021. Pathogens. (2022) 11:265. doi: 10.3390/pathogens11020265

 8. Aréchiga-Ceballos N, Puebla Rodríguez P, Aguilar Setién Á. The NEW FACE OF HUMAN RABIES IN MEXICO, WHAT'S NEXT AFTER ERADICATING RABIES IN DOgs. Vector-Borne and Zoonotic Diseases. (2022) 22:69–75. doi: 10.1089/vbz.2021.0051

 9. Ceballos G Y, Arrollo-Cabrales J. Lista actualizada de los mamíferos de México 2012. Revista Mexicana de Mastozoología Nueva época. (2012) 2:27–80. doi: 10.22201/ie.20074484e.2012.2.1.20

 10. Valenzuela D. Tejón, Coatí. Nasua narica (Linnaeus, 1766). en Los Mamíferos Silvestres de México (Ceballos, G., y G. Oliva, coords.). Fondo de Cultura Económica/CONABIO, México. (2005), p. 411–3.

 11. Espinoza García CN, Martínez-Calderas JM, Palacio-Núñez J, Hernández-SaintMartín AD. Potential distribution of the coati (Nasua narica) in northeastern Mexico: conservation implications. THERYA. (2014) 5:331–45. doi: 10.12933/therya-14-195

 12. Aranda Sánchez JM. Manual para el rastreo de mamíferos silvestres en México (No. 599 A7). (2012). ISBN: 978-607-7607-69-4. doi: 10.5962/bhl.title.113211

 13. Gompper ME. Population ecology of the white-nosed coati (Nasua narica) on Barro Colorado Island, Panama. J Zool. (1997) 241:441–55. doi: 10.1111/j.1469-7998.1997.tb04836.x

 14. Aréchiga-Ceballos N, Velasco-Villa A, Shi M, Flores-Chávez S, Barrón B, Cuevas-Domínguez E, et al. New rabies virus variant found during an epizootic in white-nosed coatis from the Yucatan Peninsula. Epidemiol Infect. (2010) 138:1586–9. doi: 10.1017/S0950268810000762

 15. Krebs JW, Williams SM, Smith JS, Rupprecht CE, Childs JE. Rabies among infrequently reported mammalian carnivores in the United States, 1960–2000. J Wildl Dis. (2003) 39:253–61. doi: 10.7589/0090-3558-39.2.253

 16. Dean DJ, Abelseth MK, Atanasiu W. “The fluorescent antibody test,” In: Laboratory Techniques in Rabies. Meslin F-X, Kaplan MM, Koprowski H, , eds. World Health Organization: Geneva, Switzerland, (1996), p. 88–95.

 17. Diaz AM, Papo S, Rodriguez A, Smith JS. Antigenic analysis of rabies-virus isolates from Latin America and the Caribbean. J. Vet. Med. Ser. B. (1994) 41:153–60. doi: 10.1111/j.1439-0450.1994.tb00219.x

 18. Aréchiga-Ceballos N, Almazán-Marín C, Aguilar-Setién Á. Rabies virus littrer to mother transmission, a phenomenon that could preserve the virus in wild life reservoirs. Gaceta Médica de México. (2019) 155:249–253. doi: 10.24875/GMM.19005013

 19. Pérez-Agüeros, S, Ortiz-Alcántara J M, Garcés-Ayala F, Mendieta-Condado E, González-Durán E, Aréchiga-Ceballos N, et al. (2018). Genome sequence of a rabies virus isolated from a dog in Chiapas, Mexico, 2013. Genome Announcements. 6:e01586–17. doi: 10.1128/genomeA.01586-17

 20. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evolutionary genetics analysis across computing platforms. Mol Biol Evolut. (2018) 35:1547–9. doi: 10.1093/molbev/msy096

 21. Edgar RC. MUSCLE: multiple sequence alignment high accuracy and high throughput. Nucleic Acids Res. (2004) 32:1792–7. doi: 10.1093/nar/gkh340

 22. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol. (1990) 215:403–10. doi: 10.1016/S0022-2836(05)80360-2

 23. Maddison WP, Maddison DR. Mesquite: a modular system for evolutionary analysis. Version. (2016) 3:10.

 24. Posada D. Modeltest server: a web-based tool for the statistical selection of models of nucleotide substitution online. Nucleic Acids Res. (2006) 34:700–3. doi: 10.1093/nar/gkl042

 25. Suchard MA, Lemey P, Baele G, Ayres DL, Drummond AJ, Rambaut A, et al. (2018). Bayesian phylogenetic and phylodynamic data integration using BEAST 1, 10. Virus Evolut. 4:vey016. doi: 10.1093/ve/vey016

 26. Rambaut A, Drummond A. FigTree. (2010). Available online at: http://tree.bio.ed.ac.uk/software/figtree/

 27. Garcés-Ayala F, Aréchiga-Ceballos N, Ortiz-Alcántara JM, González-Durán E, Pérez-Agüeros SI, Méndez-Tenorio 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) 162:3629–37. doi: 10.1007/s00705-017-3529-4

 28. Velasco-Villa A, Orciari LA, Souza V, Juárez-Islas V, Gomez-Sierra M, Castillo A, et al. Molecular epizootiology of rabies associated with terrestrial carnivores in Mexico. Virus Res. (2005) 111:13–27. doi: 10.1016/j.virusres.2005.03.007

 29. Jacquot M, Wallace MA, Streicker DG, Biek R. Geographic range overlap rather than phylogenetic distance explains rabies virus transmission among closely related bat species. Viruses. (2022) 14:2399. doi: 10.3390/v14112399

 30. Blanton JD, Dyer J, McBrayer J, Rupprecht CE. Rabies surveillance in the United States during 2011. J Am Vet Med Assoc. (2012) 241:712–22. doi: 10.2460/javma.241.6.712

 31. Escobar LE, Peterson AT, Favi M, Yung V, Pons DJ, Medina-Vogel G, et al. Ecology and geography of transmission of two bat-borne rabies lineages in Chile. PLoS Negl Trop Dis. (2013) 7:e2577. doi: 10.1371/journal.pntd.0002577

 32. Wallace RM, Gilbert A, Slate D, Chipman R, Singh A, Cassie W, Blanton JD. Right place, wrong species: a 20-year review of rabies virus cross species transmission among terrestrial mammals in the United States. PLoS ONE. (2014) 9:e107539. doi: 10.1371/journal.pone.0107539

 33. Davis AD, Jarvis JA, Pouliott CE, Morgan SM, Rudd RJ. Susceptibility and pathogenesis of little brown bats (Myotis lucifugus) to heterologous and homologous rabies viruses. J Virol. (2013) 87:9008–15. doi: 10.1128/JVI.03554-12

 34. Medellín RA, Arita HT, Sanchez-Herrera O. Identificación de los murciélagos de México: clave de campo (No. Sirsi) i9789709192100). Asociación Mexicana de Mastozoología (1997).

 35. Itou T, Fukayama T, Mochizuki N, Kobayashi Y, Deberaldini ER, Carvalho A, et al. Molecular epidemiological tracing of a cattle rabies outbreak lasting less than a month in Rio Grande do Sul in southern Brazil. BMC Res Notes. (2016) 9:1–5. doi: 10.1186/s13104-016-1898-5

 36. Mancy R, Rajeev M, Lugelo A, Brunker K, Cleaveland S, Ferguson E, et al. Rabies shows how scale of transmission can enable acute infections to persist at low prevalence. Science. (2022) 376:512–6. doi: 10.1126/science.abn0713

 37. Randall DA, Williams SD, Kuzmin IV, Rupprecht CE, Tallents LA, Tefera Z, et al. Rabies in endangered Ethiopian wolves. Emerg Infect Dis. (2004) 10:2214. doi: 10.3201/eid1012.040080

 38. Kuzmin IV, Shi M, Orciari LA, Yager PA, Velasco-Villa A, Kuzmina N, et al. Molecular inferences suggest multiple host shifts of rabies viruses from bats to mesocarnivores in Arizona during 2001–2009. PLoS Pathog. (2012) 8:e1002786. doi: 10.1371/journal.ppat.1002786

 39. Borucki MK, Chen-Harris H, Lao V, Vanier G, Wadford DA, Messenger S, et al. Ultra-deep sequencing of intra-host rabies virus populations during cross-species transmission. PLoS Negl Trop Dis. (2013) 7:e2555. doi: 10.1371/journal.pntd.0002555

 40. Mollentze N, Biek R, Streicker DG. The role of viral evolution in rabies host shifts and emergence. Curr Opin Virol. (2014) 8:68–72. doi: 10.1016/j.coviro.2014.07.004

 41. Worsley-Tonks KE, Escobar LE, Biek R, Castaneda-Guzman M, Craft ME, Streicker D, et al. Using host traits to predict reservoir host species of rabies virus. PLoS Negl Trop Dis. (2020) 14:e0008940. doi: 10.1371/journal.pntd.0008940

 42. Vargas-Linares E, Romaní-Romaní F, López-Ingunza R, Arrasco-Alegre J, Yagui-Moscoso M. Rabia en Potos flavus identificados en el departamento de Madre de Dios, Perú. Rev Peru Med Exp Salud Publica. (2014) 31:88–93. doi: 10.17843/rpmesp.2014.311.13

 43. Dell'Armelina Rocha PR, Velasco-Villa A, de Lima EM, Salomoni A, Fusaro A, da Conceição Souza E, et al. Unexpected rabies variant identified in kinkajou (Potos flavus), Mato Grosso, Brazil. Emerg Microbes Infect. (2020) 9:851–4. doi: 10.1080/22221751.2020.1759380

 44. Lloyd-Smith JO, Schreiber SJ, Kopp PE, Getz WM. Superspreading and the effect of individual variation on disease emergence. Nature. (2005) 438:355–9. doi: 10.1038/nature04153

 45. Gompper ME. “Correlations of coati (Nasua narica) social structure with parasitism by ticks and chiggers,” In: Sánchez-Cordero y, V. Medellín RA, eds, Contribuciones mastozoológicas en homenaje a Bernardo Villa, Instituto de Biología y Ecología, UNAM, México (2004), p. 527–534.

 46. Maas B. Bat-eared fox behavioural ecology and the incidence of rabies in the Serengeti National Park. Onderstepoort J Vet Res. (1993) 60:389–93.

 47. Valenzuela D. Natural history of the white-nosed coati, Nasua narica, in a tropical dry forest of western Mexico. Revista Mexicana de Mastozoología (Nueva época). (1998) 3:26–44. doi: 10.22201/ie.20074484e.1998.3.1.59

 48. Araujo DB, Martorelli LA, Kataoka APG, Campos AC, Rodrigues CS, Sanfilippo L, et al. Antibodies to rabies virus in terrestrial wild mammals in native rainforest on the north coast of São Paulo State, Brazil. J Wildl Dis. (2014) 50:469–77. doi: 10.7589/2013-04-099

 49. Smith T, Engeman R. An extraordinary Raccoon, Procyon lotor, density at an urban park. Canad Field Nat. (2002) 116:636–9.

 50. Secretaria de Ecología y Medio Ambiente (SEMA). Programa de Manejo Parque Ecológico Estatal Kabah. (2020). Available online at: https://qroo.gob.mx/sites/default/files/unisitio2020/08/BORRADOR%20PM%20PARQUE%20ECOLOGICO%20ESTATAL%20KABAH_CONSULTA2.pdf (accessed March 3, 2023).

 51. Hirsch BT, Prange S, Hauver S, Gehrt SD. Genetic relatedness does not predict raccoon social network structure. Animal Behavoiur. (2013) 85:463–70. doi: 10.1016/j.anbehav.2012.12.011

 52. Smith JS, Baer GM. “Epizootiology of rabies: the Americas,” In: Campbell JB, Charlton KM, eds, Developments In Veterinary Virology: Rabies. Boston: Kluwer Academic Publishers. (1988), p. 267–99. doi: 10.1007/978-1-4613-1755-5_12

 53. Velasco-Villa A, Reeder SA, Orciari LA, Yager PA, Franka R, Blanton JD, et al. Enzootic rabies elimination from dogs and reemergence in wild terrestrial carnivores, United States. Emerg Infect Dis. (2008) 14:1849–54. doi: 10.3201/eid1412.080876

 54. Anderson RM. Populations and infectious diseases: ecology or epidemiology? J Anim Ecol. (1991) 60:1–50 doi: 10.2307/5443

 55. Allen LJ, Wesley CL, Owen RD, Goodin DG, Koch D, Jonsson CB, et al. A habitat-based model for the spread of hanta virus between reservoir and spillover species. J Theor Biol. (2009) 260:510–522. doi: 10.1016/j.jtbi.2009.07.009

 56. Chiappy C, Gama L. Modifications and fragmentation of tropical geocomplexes of the Yucatan Peninsula. Universidad y Ciencia Num Esp I. (2004) 17–25.






OPS/images/fvets-10-1090222-t001.jpg
Locality NEIGE Antigenic Sequence name GenBank

rabies accesion
virus number
variant
1 95161 1993 Quintana Roo Quintana Roo N/P N/A N/A
2 102655 1994 Ixtapaluca Estado de N/P N/A N/A
México
3 3532 2000 Hermosillo Sonora N/P N/A N/A
4 3203 2002 N/A Yucatan Atypical 3203Mxcoatiyuc02 N/A
5 9021 2007 Benito Juarez Quintana Roo AgVo 9021Mxcoatiqroo07 N/A
6 9022 2007 Benito Juarez Quintana Roo AgV9o 9022Mxcoatiqroo07 OM971001
7 1767 2008 Benito Juarez Quintana Roo AgV9 1767Mxcoatiqroo08 OM971002
8 96 2014 Tuxcueca Jalisco AgVs N/A N/A
9 1441 2019 Merida Yucatan Atypical 1441Mxcoatiyucl5 N/A
10 1442 2019 Sinanche Yucatan Atypical 1442Mxcoatiyucl5 OM971003
11 1443 2019 Tekax Yucatan Atypical 1443Mxcoatiyucl7 OM971004
12 25 2020 N/A Yucatan Atypical 25Mxcoatiyuc20 ‘OM971005
13 368 2022 Holbox Quintana Roo AgV3 368Mxcoatiqroo22 N/A

N/P, Not performed; N/A, not available.





OPS/images/fvets-10-1090222-t002.jpg
Protein Position Amino Amino
acid in acid in
samples samples

from from
Quintana Yucatan
Roo

NP — NH

36

NH — NP

42

NP — NH

98

o

B— NP

106

»

A— NP

115

NP— A

135

»

NH — NP

367

NP — B

377

NH — NP

379

NP — NH

SR> |o|»|z|o|= |3 =1
v}

433

NP — NH

M 87

NP — B

148

NH — NP

154

A— NP

Qo(R|(Z|» | |2 |R

= |m > |0

190

B— NP

Q
w
=
»

NH - NP

109

NH — NP

LA

132

NP— B

174

NH — NP

175

NP— B

176

NP— A

201

A— NP

225

NH — NP

Hl<|m|o|o|~ |0

>|= | Z|m |

261

NP — NH

273

»

NH — NP

322

NP — B

367

B— NP

368

A—> NP

375

A— NP

389

NP — B

423

NP — NH

466

NP — NH

mi>»|>» | D|Z|0o|0|x

494

NP—> A

T | O |01 |Z |0 m|R|=<|>

504

»

NH — NP

507

B— NP

P 29

NH — NP

55

B— NP

57

NP — B

oo = > =
Q= 0| Z |0

61

A—> NP

63

NH — NP

68

NP—> A

78

NP— B

Q= |w

86

NH — NP

90

NH — NP

112

m

NP — A

130

NH — NP

158

B— NP

160

NH — NP

o > R Q> | > |0 ||
»

R RS

161

NP — NH

165

m

NH - A

168

»

NH — NP

171

NH — NP

177

NP — NH

>l < | |>

189

NH — NP

241

NP — NH

248

NH — NP

»
AR - ]

= | >

270

B— NP

=
i
~
©

NH — NP

@
m
—

NH — NP

21

NP — NH

Z | »
>

24

NP — NH

25

o
»

NH — NP

46

73
]

NP — NH

48

NP— B

Ao

55

B— A

61

NH — NP

104

NP— B

107

NP— B

118

NP — NH

122

NP— B

mOo (=3 [=< ==

139

A— NP

170

NH — NP

203

NH — NP

210

A— NP

217

B— NP

285

B— NP

2lm|»~|O|>»

346

NH— B

R |lolo|lz(R (R |lolm|»|m|n|<|w|=m

426

»

NP — NH

430

NP — NH

»
o | >

741

NP — NH

933

NP— B

1092

NP — NH

S| e [T

1172

NH — NP

1255

NH - NP

1356

B— NP

1475

»

NH — NP

1884

B— NP

1889

NH — NP

ol | > |® > | E|=Z|0
»

e B

1996

NP — NH






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Rabies virus in white-nosed coatis (Nasua narica) in Mexico: what do we know so far?



		Introduction



		Materials and methods



		Rabies diagnosis



		Mice inoculation test



		RT-PCR and sequencing



		Analysis of genetic information







		Results



		Rabies virus diagnosis



		Mice inoculation test



		Antigenic characterization



		Genetic characterization







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		Author disclaimer



		Footnotes



		References

















OPS/images/cover.jpg
, frontiers | Frontiers in Veterinary Science

Rabies virus in white-nosed coatis
(Nasua narica) in Mexico: what do
we know so far?





OPS/images/fvets-10-1090222-g001.gif
919A3 ersass}
poisaosee seionauED a19ko eoe peraosse g






OPS/images/fvets-10-1090222-g002.gif
e LKA LRAY VLSRN LORVESYLAANFGSC.

Boaltintucgodts









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





