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Abstract: Rabies transmitted by common vampire bats (Desmodus rotundus) has been known since
the early 1900s but continues to expand geographically and in the range of species and environments
affected. In this review, we present current knowledge of the epidemiology and management of
rabies in D. rotundus and argue that it can be reasonably considered an emerging public health
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threat. We identify knowledge gaps related to the landscape determinants of the bat reservoir,
reduction in bites on humans and livestock, and social barriers to prevention. We discuss how new
technologies including autonomously-spreading vaccines and reproductive suppressants targeting
bats might manage both rabies and undesirable growth of D. rotundus populations. Finally, we
highlight widespread under-reporting of human and animal mortality and the scarcity of studies that
quantify the efficacy of control measures such as bat culling. Collaborations between researchers and
managers will be crucial to implement the next generation of rabies management in Latin America.

Keywords: rabies lyssavirus; zoonotic disease; control measures; public health; cross-
species transmission

1. Introduction

Rabies is among the oldest known zoonoses but still challenges public and animal health systems
on most continents. In Latin America, national and regional programs focusing on mass dog vaccination
have left only lingering hotspots of canine-mediated rabies in a few countries [1]. However, rabies
transmitted by Desmodus rotundus (Desmodus rotundus rabies virus, DRRV), generally referred to as the
common vampire bat, has emerged as a previously underappreciated and growing threat which now
causes the majority of human and livestock rabies mortality in countries of Latin America where canine
rabies is in the verge of elimination [1–3]. Although the human health burden of DRRV is challenging
to measure given geographic isolation of affected communities and under-reporting, rates of bat
depredation on humans and the associated rabies mortality can be alarming. Surveys indicate that
23–88% of inhabitants in high-risk areas are bitten by D. rotundus, leading to mortality of 1–7% of local
human populations (1–39 deaths per village) when outbreaks occur (summarized in [4]). Agricultural
losses are also substantial. Tens of thousands of livestock die from DRRV annually, costing over $30
million USD before considering under-reporting, recurrent investments in surveillance, diagnostics
and prevention [2,5]. The impacts of DRRV led to the establishment of national control and prevention
programs across Latin America. Activities include surveillance, culling bats, vaccination of livestock,
and pre- and post-exposure prophylaxis of humans [6]. However, limited funding cannot cover all
populations at risk. More worrying, bat bites in humans were historically associated with remote
rural communities, but now also occur in urban areas and in coastal fishing communities [7,8]. New
evidence that D. rotundus feeds on and transmits rabies to domestic dogs may complicate international
efforts to eliminate canine-mediated rabies [9]. The geographic area impacted is also increasing, with
spatial expansions of either D. rotundus or DRRV observed in Mexico, Peru and Uruguay, speculated
in some cases to arise from climate change [6,10–12]. Even within the core affected range, multiple
countries experienced increases in reported DRRV over the past decade, most notably in Central
America and western South America (Figure 1).

Motivated by the recognition of DRRV as a historically persistent and emerging problem in Latin
America, this review presents a consensus from individuals representing academic, government and
international health organizations on the current knowledge of the epidemiology of DRRV in its
natural reservoir and the factors that contribute to spillover to humans and livestock. Beyond rabies,
thousands of animals and humans are bitten and fed upon by D. rotundus every night, creating a
transmission route for diverse viral, bacterial and parasitic pathogens (including secondary infections
in bite wounds), and causing additional economic losses to ranchers associated with anemia from
blood loss in production animals [13–16]. We, therefore, simultaneously address the issue of bat bites.
We concentrate on four key pre-requisites for cross-species transmission: reservoir host distribution,
transmission dynamics within the reservoir host, drivers of cross-species exposures, and recipient host
susceptibility [17]. For each component, we discuss the management tools currently available and
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identify research gaps that must be filled for current and future DRRV control strategies to be effective
(Figure 2).

Figure 1. Geographic trends in rabies incidence across Latin America. Countries are colored according
the coefficient estimated from a Poisson-distributed generalized linear model relating year to the
number of reported rabies cases in livestock (N = 40287) and Desmodus rotundus (N = 214). Reds indicate
increases and blues indicate decreases in rabies from 2005 to 2018. The inset panels show time series for
countries with statistically significant trends (p < 0.05). Countries without DRRV or where data were
unavailable are colored in dark grey. Data from the World Organization for Animal Health (OIE).

Figure 2. Filling research gaps to optimize current and future interventions against Desmodus rotundus
rabies virus. All silhouettes were obtained from creazilla.com and are available on an open source
license. Figures were made in R software.
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2. Reservoir Host Distribution

2.1. Current Knowledge

Three extant species of hematophagous bats are the common vampire bat (Desmodus rotundus),
the hairy-legged vampire bat (Diphylla ecaudata), and the white-winged vampire bat (Diaemus youngi).
While the other two species feed mainly on birds and wildlife [13], D. rotundus regularly feeds on
livestock and occasionally on humans, and is the sole reservoir of DRRV [13,18,19]. Understanding
what drives the geographic distribution of D. rotundus is essential to understand the risk of DRRV.
D. rotundus occurs throughout tropical and subtropical Latin America, from northern Mexico to
northern Argentina and Chile [11], and occupies different ecosystems including tropical rainforests,
coastal deserts, xeric shrublands, and mountainous regions up to 3600 m [11]. Factors influencing bat
presence and rabies risk at large spatial scales include temperature, altitude and precipitation, whereas,
at local scales, livestock density, human-induced forest fragmentation, density/proximity of highways
and rivers appear to be important [11,20,21]. Growth in the D. rotundus population over the last century
relates to an increase in access to livestock as a food source and availability of man-made structures
that could be used as roosts including mines, tunnels, wells, culverts, and abandoned houses [6,21].
In contrast, large-scale deforestation of trees used by D. rotundus for roosting may reduce their relative
abundance [6,22]. Avoidance of open areas as flight routes may also explain the close association of
D. rotundus presence with forest fragments, rivers and tree lines [23].

2.2. Current Management Practices

Control measures to reduce the geographic distribution and population size of D. rotundus
have been applied for half a century [24]. National campaigns use orally ingested anticoagulant
poisons (“vampiricide”) that are applied topically and spread among bats by allogrooming, or are
applied to livestock and ingested when bats feed [6]. Although potential exists for ingestion of
anticoagulant poisons by other bat species or through contamination of shared roosts [25], D. rotundus
has been observed to occupy specific sites within roosts, which may reduce impacts on other species.
Unauthorized methods for bat population control include capture and killing of bats using nets or
improvised traps at roosts as well as destruction, damaging, sealing or burning of roosts [26]. These
activities have caused widespread mortality among vampire bats and other bat species, raising ethical
concerns among conservationists as well as reducing the ecosystem services provided by bats [26,27].
They should be actively discouraged by governments. Irrespective of the methods used, culling
temporarily reduces D. rotundus populations and alleviates bites on humans and/or livestock at local
scales [28,29], but is unlikely to alter the geographic distribution of D. rotundus at larger scales unless
the frequency and intensity of campaigns is increased to unprecedented levels or novel technologies
for bat population control are developed.

2.3. Improving Management

Existing management focuses exclusively on increasing bat mortality. Landscape-level
interventions could target other determinants of D. rotundus presence and abundance such as the
availability of human-provided food and shelter (Figure 2). Ecological interventions that increase the
presence of predators (e.g., domestic house cats) have been proposed [30], but should be considered
with caution given the possible effects of cats on native wildlife and their ability to transmit DRRV
to people. Reducing the availability of livestock prey is another option, but risks encouraging bat
dispersal which could increase rabies spread or increasing bat depredation on alternative prey like
humans. An exciting prospect involves developing hormonal reproductive control technologies as
used in wild terrestrial mammals [31,32]. Relative to culling, reproductive suppression might more
gradually reduce the size of D. rotundus populations (minimizing the social disturbance which has
been hypothesized to heighten rabies spread [33]), while skewing the age structure towards adults that
may have immunity against rabies from prior exposures. Ecological models may also provide new
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opportunities to increase the efficiency of interventions by identifying areas where bat populations
may be particularly sensitive or robust to intervention. Finding the optimal balance among emerging
choices may also face location-specific constraints in what is practically achievable and effective [34].

3. Transmission Dynamics within the Reservoir

3.1. Current Knowledge

DRRV is believed to primarily be transmitted between bats through bites. As typical for a rabies
virus, all mammalian species are susceptible and successful infections invariably result in acute and
lethal encephalitis. Long-term maintenance occurs through a species-specific transmission cycle within
bats [12,35]. In bats, non-lethal infections, where individuals clear infection prior to becoming infectious,
are regularly observed in the wild and in captive infection studies via the presence of virus-neutralizing
antibodies (VNAs) [33,36,37]. The protective nature of naturally acquired VNAs remains unclear. The
prevalence of active infection in free living bats is generally low (~1%) [38]. However observations
of wild bats brought into captivity have shown higher proportions of infected bats shedding virus
on their saliva, although stress related to captivity could have increased their susceptibility to the
virus [39]. Although undersampling of active infections cannot be discarded, one likely explanation
for this apparent discrepancy is that the virus undergoes localized epizootics, during which prevalence
is substantially elevated, followed by local extinctions. Indeed, such invasion–extinction dynamics
are readily observed in the complex spatiotemporal patterns of spillover to livestock, including
epizootic waves, where DRRV spreads across the landscape via transmission between neighboring
bat colonies at a relatively constant speed [10] and metapopulation persistence, where asynchronous
presence of the virus in bat colonies prevents extinction at a larger spatial scale, and localized lineage
replacements [33,40,41]. Extended incubation periods can occur but are a less plausible explanation for
localized disappearances of DRRV strains over multiple years suggested by passive surveillance of
livestock [40]. Confirming disappearance of DRRV from bats themselves has so far been hampered by
the short time frame of most longitudinal studies and their reliance on antibody-based diagnostics
(which remain detectable for months after viral clearance) rather than direct evidence of viral circulation
by RT-PCR [36,42]. Assuming extinction–recolonization dynamics are confirmed, movement of infected
bats between colonies is, therefore, crucial for long-term viral maintenance [33]. The mechanisms of
viral dispersal are beginning to be understood. Although D. rotundus is non-migratory and typically
has small home ranges with common dispersals over relatively short distances (1-3 km), longer distance
dispersals (up to 54 km) have been documented [43,44]. Recent molecular studies suggested male bat
dispersal enables DRRV spread between colonies [40,43], highlighting males as a potentially important
target for management.

3.2. Current Management Practices

The only practice currently employed to reduce DRRV transmission within the reservoir is the
reduction in bat density through culling. In theory, culling of reservoirs for disease control is most
effective when the pathogen transmission rates depend on host density, with a critical density threshold
under which the pathogen cannot be maintained by the population [45]. In practice, the relationship
between reducing bat populations and rabies risk is complex [28,36]. The social disruption of culling
bats might facilitate rabies spread by increasing bat dispersal [33]. Further complications could arise if
culls reduce population immunity by preferential killing adult immune individuals or if vacated niche
space increases juvenile survival or immigration of naïve individuals [46]. While empirical data remain
limited, a comparison of seroprevalence between D. rotundus colonies with different culling histories
suggested that culling was associated with higher rather than lower seroprevalence in bats [36]. Despite
national programs of bat culling running for several decades, there is little published evidence that
culling reduces DRRV transmission to humans or cattle. In particular, it is unclear whether culling
programs are ineffective because of reactive culling (i.e., after a DRRV is detected on humans or
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livestock) or a lack of resources to sustain culling efforts over time, partly driven by the lack of an
evident base identifying what levels of culling might be effective. In Argentina, experimental gassing
of roosts with cyanide reduced D. rotundus populations by 95% and limited livestock rabies within a
control area. However, effects were highly localized, with outbreaks continuing several kilometers
from the culled area [28]. This suggests that culls might require very small populations of bats to reduce
rabies risk, a target that could not be practically achievable in most areas. Consistent with this idea,
spillover to livestock persists or has increased in some areas with regular culling, although the specific
effects of culling have not been tested and it is conceivable that increases could reflect reductions in the
amount of culling [20,47]. Detailed studies directly quantifying the impacts of culling on bat behavior,
demography and rabies transmission in different environmental contexts are urgently needed.

3.3. Improving Management

For all non-bat reservoirs of rabies, vaccination of reservoirs is the cornerstone of human rabies
prevention, having been applied successfully in both dogs and wild carnivores [48–50]. Bats have
similar or longer lifespans (e.g., up to 15 years for wild common vampire bats [51]) than currently
vaccinated carnivores (e.g., up to 12 years for wild red foxes [52]), but 3- to 6-fold slower reproduction,
which would extend vaccine-induced population immunity to a point that effective herd immunity
may prevent transmission definitively [53,54]. Moreover, naturally acquired VNAs from sublethal
exposures potentially creates substantial baseline immunity not observed for carnivore reservoirs,
which may also help reach effective herd immunity faster [55]. Existing recombinant viral vaccines
using vaccinia [56,57] and raccoonpox [58,59] vectors are immunogenic and protective in bats. As
both vectors are already used in large-scale campaigns targeting wildlife, they have been extensively
tested for safety and lack of reversion to virulence in non-target species [48,60]. Furthermore, tools
for mass dissemination in topical gels that enhance transfer between bats by allogrooming are being
developed [58]. Applying this approach across many colonies remains a challenge, but vaccine
releases might be optimized using knowledge of D. rotundus social, dispersal and reproductive
behavior [61]. Alternatively, vaccines with greater potential to spread (i.e., “transmissible vaccines”)
could be developed, ensuring that the potential negative effects of spreading a genetically-modified
micro-organism in wild populations are minimized [62]. Field trials examining the dynamics of
vaccine spread in the wild are a crucial next step. However, even if vaccination of bats minimized
rabies circulation, the negative consequences of bat bites on humans and livestock would still demand
improved strategies for bat population management.

4. Cross-Species Exposures

4.1. Current Knowledge

D. rotundus requires blood every 2–3 days to avoid starvation [63,64], and infectious bats can feed
for days before succumbing to rabies. As such, bat bites are frequent and foraging behaviors define
risks of cross-species transmission. When present, domestic livestock are fed on more frequently, but
some individuals feed predominately on wildlife even when livestock are present [12,65]. Among
livestock, cattle are the most attacked prey, but other species (e.g., horses, chickens, goats and pigs) can
be the most common prey at specific locations depending on local prey diversity [18,66]. Bats forage
over relatively small areas (typically <5 km) and bite frequency decreases with distance from roosts [67],
which means that local prey availability in rural areas directly influences rabies risk to humans.

4.2. Current Management Practices

By reducing bat populations, culls also reduce bite rates (see above section). Bites on humans
could be further reduced by “bat proofing” houses to prevent entry and by using mosquito nets to
protect against bats within houses [68]. Although widespread implementation of these methods may
be financially prohibitive in low-income communities and their efficiency has not been tested, netting
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might be beneficial for several mosquito-borne diseases and some costs to at risk-inhabitants might be
absorbed by national programs aiming to reduce these diseases (e.g., malaria control in Brazil [69]).
Use in rainforests where bites are most frequent may be further limited by the discomfort of closed
wall houses and mosquito nets in hot, humid environments [68,70]. Human rabies outbreaks have
followed the removal of livestock or depletion of wildlife prey [19,70], suggesting that introducing
livestock might have a “zooprophylactic” effect of diverting bites from humans. However, this potential
intervention must be considered with caution since supplementation of food resources may increase D.
rotundus populations in the long term. Moreover, livestock may not be desirable in protected areas
(i.e., national parks or protected forests) for environmental reasons such as deforestation for grazing.
Preventing attacks on livestock might be achieved with physical barriers including fenced corrals
analogous to mosquito nets, but high costs limit widespread implementation. Illuminating corrals may
reduce attacks since bats avoid light but carries a high cost of electric power [71], which requires finding
low-cost sources of electricity such as solar-powered lights. Furthermore, habituation of bats to lighted
urban environments suggests that benefits might be short lived and potentially counterproductive for
rabies control if deterrents promote bat dispersal [8].

4.3. Improving Management

Reducing bat bites is among the most challenging areas for successful intervention since at risk
human populations are unlikely to adopt expensive new barriers or increase use of existing barriers that
negatively impact daily well-being. Human exposures within houses could be reduced by identifying
and changing factors limiting the use of mosquito nets and identifying populations at risk where
bat-proof houses can be cost effective. Reducing bites in livestock is more challenging since livestock
are mostly kept in unprotected corrals [18] and deterrents such as light and ultrasound [72] may
have short-lived benefits or unintended consequences for bat dispersal. New approaches to cattle
management may provide opportunities. Anecdotical evidence suggests that free-ranging cattle in
large open pastures are less attacked by D. rotundus than those kept in corrals [73]. This suggests
that, where possible, modifying farming practices (e.g., herd composition or distribution in space
and time) could reduce bat foraging success. However, free-ranging cattle require considering other
factors such as the need for concentrating cattle for routine vaccination and less protection from wild
carnivore attacks (e.g., jaguars or mountain lions). Although new physical barriers against bat bites
may eventually be developed, selective culling or reproductive suppression are presently the only
foreseeable options to reduce cross-species exposures.

5. Susceptibility of Recipient Hosts

5.1. Current Knowledge

Rabies has the highest case fatality rate of any infectious disease, approaching 100% in untreated
hosts, but for reasons that are still unclear, the likelihood of developing a productive infection which
may be transmitted onward following exposure appears to vary by species [74]. Recent studies have
demonstrated seroconversion in apparently healthy humans [68], livestock [75], and wildlife [76]. A
wide range of vaccines confer protective immunity [77].

5.2. Current Management Practices

In humans, pre-exposure vaccines are available, but only imply a reduced schedule of prophylaxis
after exposures. Pre-exposure vaccination is rarely provided to at-risk communities because it is
costly and difficult to implement in remote areas where DRRV circulation is most problematic [2,68].
Community resistance to vaccination (e.g., local religious beliefs) is a separate impediment [78]. A
tragic and unacceptable consequence is that vaccination campaigns are largely reactive to reports of
human mortalities and mostly rely on post-exposure prophylaxis of previously bitten individuals.
For livestock, deliberate post-exposure vaccination is not practiced, although some DRRV-incubating
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animals are likely to be incidentally vaccinated when vaccination occurs in response to an outbreak [2].
Preventive vaccines in livestock are effective but require annual boosters which inflate costs and reduce
usage. In spite of this, benefits of preventive vaccination of livestock are over 6-fold higher than the
costs associated with DRRV-associated mortality [2,79].

5.3. Improving Management

Socio-economical and anthropological research identifying and addressing barriers to widespread
vaccination should be a priority for human and animal health. Transdisciplinary research has a vital
role in shifting from reactive to preventive vaccination strategies. For example, spatiotemporal risk
maps of DRRV distribution could prioritize areas for large-scale preventive vaccination of humans,
while educational campaigns should aim to convince local populations of the benefits and safety of
vaccines. Additional studies that characterize the true burden of rabies in humans and livestock should
be undertaken to inform decisions on vaccine distribution [2,4]. Vaccines could also be improved by
reducing costs and ensuring vaccines have a standard protective level across manufacturers. Recent
progress in the route of administration (i.e., intradermal favored over intramuscular) has reduced the
volume and number of doses for pre- and post-exposure prophylaxis of rabies recommended by the
WHO [80]. Furthermore, developing vaccines that require fewer doses and that do not require a strict
cold chain would benefit remote communities [2]. This should follow the recent progress made in dog
rabies vaccination and the development of thermostable, single-dose vaccines [81].

6. Conclusions and Future Steps

A century has passed since rabies transmitted by D. rotundus was first reported in humans and
livestock [6]. Despite decades of investments in bat culling, human vaccination, and animal vaccination,
results throughout Latin America show that the problem is simultaneously increasing in at least three
potentially interrelated ways: geographic expansions into historically rabies-free areas, increased
incidence in endemic areas, and changes in the behavioral ecology of the reservoir host which put new
species and localities at risk. As such, despite being the first discovered and among the best understood
bat-borne zoonoses, rabies caused by DRRV can still reasonably be considered as an emerging public
health threat. We argue that this revelation mandates a new generation of interventions that harness
advances from fields spanning ecology, sociology, geography, computational biology, immunology and
vaccinology to empower a shift from damage control to prevention. Crucial research that needs to be
addressed now includes landscape analyses of bat distribution, quantification of the population-level
impacts of existing and future vaccines targeting bats, as well as social scientific studies that identify
the conditions under which existing and novel interventions will be accepted by high-risk populations
(Figure 2). Technological developments, including vaccines and reproductive suppressants for bats
and improved vaccines for livestock and humans, are within sight and could be transformative. Finally,
there are substantial uncertainties in the scale of the problem and the effectiveness of interventions.
Surveillance data are challenging to consolidate at all except the coarsest spatiotemporal scales
(Figure 1). Under-reporting of mortality is likely widespread but, with few exceptions, is unquantified.
Traditional control measures against DRRV such as culling have been applied for decades, but their
efficacy is rarely quantified, or if quantified, is not publicly reported. We encourage the integration of
international and interdisciplinary research teams to address these gaps and consolidate information to
find emergent patterns that reveal context-dependent successes of different strategies. Collaborations
between researchers and managers would create a mutually beneficial feedback, whereby successes
and shortcomings of interventions would guide the development and implementation of the next
generation of strategies to control and ultimately eliminate rabies transmitted by D. rotundus.
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11. Lee, D.N.; Papeş, M.; van Den Bussche, R.A. Present and potential future distribution of common Vampire
bats in the Americas and the associated risk to cattle. PLoS ONE 2012, 7, 1–9. [CrossRef]

12. Streicker, D.G.; Winternitz, J.C.; Satterfield, D.A.; Condori-Condori, R.E.; Broos, A.; Tello, C.; Recuenco, S.;
Velasco-Villa, A.; Altizer, S.; Valderrama, W. Host–pathogen evolutionary signatures reveal dynamics and
future invasions of vampire bat rabies. Proc. Natl. Acad. Sci. USA 2016, 113, 10926–10931. [CrossRef]
[PubMed]

13. Wray, A.K.; Olival, K.J.; Morán, D.; Lopez, M.R.; Alvarez, D.; Navarrete-Macias, I.; Liang, E.; Simmons, N.B.;
Lipkin, W.I.; Daszak, P.; et al. Viral diversity, prey preference, and bartonella prevalence in Desmodus
rotundus in Guatemala. Ecohealth 2016, 13, 761–774. [CrossRef] [PubMed]

14. Bergner, L.M.; Orton, R.J.; Benavides, J.A.; Becker, D.J.; Tello, C.; Biek, R.; Streicker, D.G. Demographic and
environmental drivers of metagenomic viral diversity in vampire bats. Mol. Ecol. 2020, 29, 26–39. [CrossRef]
[PubMed]

15. Thompson, R.D.; Elias, D.J.; Mitchell, G.C. Effects of vampire bat control on bovine milk production. J. Wildl.
Manag. 1977, 41, 736. [CrossRef]

http://dx.doi.org/10.1016/j.antiviral.2017.03.023
http://www.ncbi.nlm.nih.gov/pubmed/28385500
http://dx.doi.org/10.1371/journal.pntd.0006105
http://www.ncbi.nlm.nih.gov/pubmed/29267276
http://dx.doi.org/10.1098/rstb.2012.0143
http://www.ncbi.nlm.nih.gov/pubmed/23798691
http://dx.doi.org/10.1038/s41559-020-1144-3
http://dx.doi.org/10.3390/v6051911
http://dx.doi.org/10.1101/590083
http://dx.doi.org/10.1590/S0036-46652007000600010
http://dx.doi.org/10.1111/zph.12320
http://dx.doi.org/10.1098/rspb.2016.0328
http://dx.doi.org/10.1371/journal.pone.0042466
http://dx.doi.org/10.1073/pnas.1606587113
http://www.ncbi.nlm.nih.gov/pubmed/27621441
http://dx.doi.org/10.1007/s10393-016-1183-z
http://www.ncbi.nlm.nih.gov/pubmed/27660213
http://dx.doi.org/10.1111/mec.15250
http://www.ncbi.nlm.nih.gov/pubmed/31561274
http://dx.doi.org/10.2307/3799998


Viruses 2020, 12, 1002 10 of 13

16. Schmidt, K.M.; Badger, D.D. Some social and economic aspects in controlling vampire bats. Proc. Okla. Acad.
Sci. 1979, 59, 112–114.

17. Plowright, R.K.; Eby, P.; Hudson, P.J.; Smith, I.L.; Westcott, D.; Bryden, W.L.; Middleton, D.; Reid, P.A.;
McFarlane, R.A.; Martin, G.; et al. Ecological dynamics of emerging bat virus spillover. Proc. R. Soc. B Biol.
Sci. 2014, 282, 20142124. [CrossRef]

18. Bobrowiec, P.E.D.; Lemes, M.R.; Gribel, R. Prey preference of the common vampire bat (Desmodus rotundus,
Chiroptera) using molecular analysis. J. Mammal. 2015, 96, 54–63. [CrossRef]

19. Streicker, D.G.; Allgeier, J.E. Foraging choices of vampire bats in diverse landscapes: potential implications
for land-use change and disease transmission. J. Appl. Ecol. 2016, 53, 1280–1288. [CrossRef]

20. Gomes, M.N.; Monteiro, A.M. V Cattle rabies in the State of São Paulo and its spatial distribution from 1992
to 2003. Arq. Bras. Med. Vet. Zootec. 2011, 63, 279–286. [CrossRef]

21. De Andrade, F.A.G.; Gomes, M.N.; Uieda, W.; Begot, A.L.; Ramos, O.D.S.; Fernandes, M.E.B. Geographical
analysis for detecting high-risk areas for bovine/human rabies transmitted by the common hematophagous
bat in the Amazon region, Brazil. PLoS ONE 2016, 11, 1–15. [CrossRef]

22. Gonçalves, F.; Fischer, E.; Dirzo, R. Forest conversion to cattle ranching differentially affects taxonomic and
functional groups of Neotropical bats. Biol. Conserv. 2017, 210, 343–348. [CrossRef]

23. Avila-Flores, R.; Bolaina-Badal, A.L.; Gallegos-Ruiz, A.; Sánchez- Gómez, W.S. Use of linear features by the
common vampire bat (Desmodus rotundus) in a tropical cattle-ranching landscape. Therya 2019, 10, 229–234.
[CrossRef]

24. Thompson, R.D.; Mitchell, G.C.; Burns, R.J. Vampire bat control by systemic treatment of livestock with an
anticoagulant. Science 1972, 177, 806–808. [CrossRef]

25. Wohlgenant, T.J. Roost interactions between the common vampire bat (Desmodus rotundus) and two
frugivorous bats (Phyllostomus discolor and Sturnira lilium) in Guanacaste, Costa Rica. Biotropica 1994, 26,
344–348. [CrossRef]

26. O’Shea, T.J.; Cryan, P.M.; Hayman, D.T.S.; Plowright, R.K.; Streicker, D.G. Multiple mortality events in bats:
A global review. Mamm. Rev. 2016, 46, 175–190. [CrossRef] [PubMed]

27. Kunz, T.H.; de Torrez, E.B.; Bauer, D.; Lobova, T.; Fleming, T.H. Ecosystem services provided by bats. Ann.
N. Y. Acad. Sci. 2011, 1223, 1–38. [CrossRef]

28. Fornes, A.; Lord, R.D.; Kuns, M.L.; Larghi, O.P.; Fuenzalida, E.; Lazara, L. Control of bovine rabies through
vampire bat control. J. Wildl. Dis. 1974, 10, 310–316. [CrossRef]

29. Andrade, F.A.G.; França, É.S.; Souza, V.P.; Barreto, M.S.O.D.; Fernandes, M.E.B. Spatial and temporal analysis
of attacks by common vampire bats (Desmodus rotundus ) on humans in the rural Brazilian Amazon basin.
Acta Chiropterologica 2015, 17, 393–400. [CrossRef]

30. Delpietro, H.; Konolsaisen, F.; Marchevsky, N.; Russo, G. Domestic cat predation on vampire bats (Desmodus
rotundus) while foraging on goats, pigs, cows and human-beings. Appl. Anim. Behav. Sci. 1994, 39, 141–150.
[CrossRef]

31. Pérez-Rivero, J.J.; Pérez-Martínez, M.; Aguilar-Setién, A. Histometric analysis of vampire bat ( Desmodus
rotundus ) testicles treated with coumestrol by oral route. J. Appl. Anim. Res. 2013, 42, 208–212. [CrossRef]

32. Ransom, J.I.; Powers, J.G.; Thompson Hobbs, N.; Baker, D.L. Ecological feedbacks can reduce population-level
efficacy of wildlife fertility control. J. Appl. Ecol. 2014, 51, 259–269. [CrossRef] [PubMed]

33. Blackwood, J.C.; Streicker, D.G.; Altizer, S.; Rohani, P. Resolving the roles of immunity, pathogenesis, and
immigration for rabies persistence in vampire bats. Proc. Natl. Acad. Sci. USA 2013, 110, 20837–20842.
[CrossRef]

34. Rocha, F.; Dias, R.A. The common vampire bat Desmodus rotundus (Chiroptera: Phyllostomidae) and
the transmission of the rabies virus to livestock: A contact network approach and recommendations for
surveillance and control. Prev. Vet. Med. 2020, 174, 104809. [CrossRef] [PubMed]

35. Fisher, C.R.; Streicker, D.G.; Schnell, M.J. The spread and evolution of rabies virus: conquering new frontiers.
Nat. Rev. Microbiol. 2018, 16, 241. [CrossRef] [PubMed]

36. Streicker, D.G.; Recuenco, S.; Valderrama, W.; Gomez Benavides, J.; Vargas, I.; Pacheco, V.; Condori
Condori, R.E.; Montgomery, J.; Rupprecht, C.E.; Rohani, P.; et al. Ecological and anthropogenic drivers of
rabies exposure in vampire bats: implications for transmission and control. Proc. R. Soc. B Biol. Sci. 2012,
279, 3384–3392. [CrossRef] [PubMed]

http://dx.doi.org/10.1098/rspb.2014.2124
http://dx.doi.org/10.1093/jmammal/gyu002
http://dx.doi.org/10.1111/1365-2664.12690
http://dx.doi.org/10.1590/S0102-09352011000200002
http://dx.doi.org/10.1371/journal.pone.0157332
http://dx.doi.org/10.1016/j.biocon.2017.04.021
http://dx.doi.org/10.12933/therya-19-890
http://dx.doi.org/10.1126/science.177.4051.806
http://dx.doi.org/10.2307/2388857
http://dx.doi.org/10.1111/mam.12064
http://www.ncbi.nlm.nih.gov/pubmed/29755179
http://dx.doi.org/10.1111/j.1749-6632.2011.06004.x
http://dx.doi.org/10.7589/0090-3558-10.4.310
http://dx.doi.org/10.3161/15081109ACC2015.17.2.015
http://dx.doi.org/10.1016/0168-1591(94)90134-1
http://dx.doi.org/10.1080/09712119.2013.827578
http://dx.doi.org/10.1111/1365-2664.12166
http://www.ncbi.nlm.nih.gov/pubmed/25558083
http://dx.doi.org/10.1073/pnas.1308817110
http://dx.doi.org/10.1016/j.prevetmed.2019.104809
http://www.ncbi.nlm.nih.gov/pubmed/31756671
http://dx.doi.org/10.1038/nrmicro.2018.11
http://www.ncbi.nlm.nih.gov/pubmed/29479072
http://dx.doi.org/10.1098/rspb.2012.0538
http://www.ncbi.nlm.nih.gov/pubmed/22696521


Viruses 2020, 12, 1002 11 of 13

37. Turmelle, A.S.; Jackson, F.R.; Green, D.; McCracken, G.F.; Rupprecht, C.E. Host immunity to repeated rabies
virus infection in big brown bats. J. Gen. Virol. 2010, 91, 2360–2366. [CrossRef] [PubMed]

38. Moreno, J.A.; Baer, G.M. Experimental rabies in the vampire bat. Am. Soc. Trop. Med. Hyg. 1980, 29, 254–259.
[CrossRef]

39. Cárdenas-Canales, E.M.; Gigante, C.M.; Greenberg, L.; Velasco-Villa, A.; Ellison, J.A.; Satheshkumar, P.S.;
Medina-Magües, L.G.; Griesser, R.; Falendysz, E.; Amezcua, I.; et al. Clinical presentation and serologic
response during a rabies epizootic in captive common vampire bats (Desmodus rotundus). Trop. Med. Infect.
Dis. 2020, 5, 34. [CrossRef]

40. Streicker, D.G.; Fallas González, S.L.; Luconi, G.; Barrientos, R.G.; Leon, B. Phylodynamics reveals
extinction–recolonization dynamics underpin apparently endemic vampire bat rabies in Costa Rica. Proc. R.
Soc. B Biol. Sci. 2019, 286, 20191527. [CrossRef]

41. de Thoisy, B.; Bourhy, H.; Delaval, M.; Pontier, D.; Dacheux, L.; Darcissac, E.; Donato, D.; Guidez, A.;
Larrous, F.; Lavenir, R.; et al. Bioecological Drivers of Rabies Virus Circulation in a Neotropical Bat
Community. PLoS Negl. Trop. Dis. 2016, 10, 1–21. [CrossRef]

42. Becker, D.J.; Broos, A.; Bergner, L.M.; Meza, D.K.; Simmons, N.B.; Fenton, M.B.; Altizer, S.; Streicker, D.G.
Temporal patterns of vampire bat rabies and host connectivity in Belize. Transbound. Emerg. Dis. 2020,
tbed.13754. [CrossRef]

43. Delpietro, H.A.; Russo, R.G.; Carter, G.G.; Lord, R.D.; Delpietro, G.L. Reproductive seasonality, sex ratio and
philopatry in Argentina’s common vampire bats. R. Soc. Open Sci. 2017, 4, 160959. [CrossRef] [PubMed]

44. Trajano, E. Movements of cave bats in Southeastern Brazil, with emphasis on the population ecology of the
common vampire bat, Desmodus rotundus (Chiroptera). Biotropica 1996, 28, 121–129. [CrossRef]

45. Lloyd-Smith, J.O.; Cross, P.C.; Briggs, C.J.; Daugherty, M.; Getz, W.M.; Latto, J.; Sanchez, M.S.; Smith, A.B.;
Swei, A. Should we expect population thresholds for wildlife disease? TREE Ecol. Evol. 2005, 20, 511–519.
[CrossRef] [PubMed]

46. Choisy, M.; Rohani, P. Harvesting can increase severity of wildlife disease epidemics. Proc. R. Soc. B Biol. Sci.
2006, 273, 2025–2034. [CrossRef] [PubMed]

47. Dognani, R.; Pierre, E.J.; Silva, M.; do, C.P.; Patrício, M.A.C.; Costa, S.C.; Prado, J.R.; Lisbôa, J.A.N.
Epidemiologia descritiva da raiva dos herbívoros notificados no estado do Paraná entre 1977 e 2012. Pesqui.
Veterinária Bras. 2016, 36, 1145–1154. [CrossRef]

48. Brochier, B.; Kieny, M.P.; Costy, F.; Coppens, P.; Bauduin, B.; Lecocq, J.; Languet, B.; Chappuis, G.; Desmettre, P.;
Afiademanyo, K.; et al. Large-scale eradication of rabies using recombinant vaccinia-rabies vaccine. Lett. to
Nat. 1991, 353, 737–740. [CrossRef]

49. Benavides, J.A.; Megid, J.; Campos, A.; Rocha, S.; Vigilato, M.A.N.; Hampson, K. An evaluation of Brazil’s
surveillance and prophylaxis of canine rabies between 2008 and 2017. PLoS Negl. Trop. Dis. 2019, 13,
e0007564. [CrossRef]

50. Hampson, K.; Coudeville, L.; Lembo, T.; Sambo, M.; Kieffer, A.; Attlan, M.; Barrat, J.; Blanton, J.D.; Briggs, D.J.;
Cleaveland, S.; et al. Estimating the Global Burden of Endemic Canine Rabies. PLoS Negl. Trop. Dis. 2015, 9,
1–20. [CrossRef]

51. Tschapka, M.; Wilkinson, G.S. Free-ranging vampire bats (Desmodus rotundus, Phyllostomidae) survive 15
years in the wild. Int. J. Mamm. Biol. 1999, 64, 239–240.

52. Mulder, J.L. Longevity records in the red fox. Lutra 2004, 47, 51–52.
53. Wilkinson, G.S.; Adams, D.M. Recurrent evolution of extreme longevity in bats. Biol. Lett. 2019, 15, 20180860.

[CrossRef] [PubMed]
54. Wilkinson, G.S.; South, J.M. Life history, ecology and longevity in bats. Aging Cell 2002, 1, 124–131. [CrossRef]

[PubMed]
55. Gold, S.; Donnelly, C.A.; Nouvellet, P.; Woodroffe, R. Rabies virus-neutralising antibodies in healthy,

unvaccinated individuals: What do they mean for rabies epidemiology? PLoS Negl. Trop. Dis. 2020, 14,
e0007933. [CrossRef] [PubMed]

56. Almeida, M.F.; Martorelli, L.F.A.; Aires, C.C.; Sallum, P.C.; Massad, E. Indirect oral immunization of captive
vampires, Desmodus rotundus. Virus Res. 2005, 111, 77–82. [CrossRef] [PubMed]

57. Aguilar-Setién, A.; Brochier, B.; Tordo, N.; De Paz, O.; Desmettre, P.; Peharpre, D.; Pastoret, P.P. Experimental
rabies infection and oral vaccination in vampire bats (Desmodus rotundus). Vaccine 1998, 16, 1122–1126.
[CrossRef]

http://dx.doi.org/10.1099/vir.0.020073-0
http://www.ncbi.nlm.nih.gov/pubmed/20519458
http://dx.doi.org/10.4269/ajtmh.1980.29.254
http://dx.doi.org/10.3390/tropicalmed5010034
http://dx.doi.org/10.1098/rspb.2019.1527
http://dx.doi.org/10.1371/journal.pntd.0004378
http://dx.doi.org/10.1111/tbed.13754
http://dx.doi.org/10.1098/rsos.160959
http://www.ncbi.nlm.nih.gov/pubmed/28484615
http://dx.doi.org/10.2307/2388777
http://dx.doi.org/10.1016/j.tree.2005.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16701428
http://dx.doi.org/10.1098/rspb.2006.3554
http://www.ncbi.nlm.nih.gov/pubmed/16846909
http://dx.doi.org/10.1590/s0100-736x2016001200001
http://dx.doi.org/10.1038/354520a0
http://dx.doi.org/10.1371/journal.pntd.0007564
http://dx.doi.org/10.1371/journal.pntd.0003709
http://dx.doi.org/10.1098/rsbl.2018.0860
http://www.ncbi.nlm.nih.gov/pubmed/30966896
http://dx.doi.org/10.1046/j.1474-9728.2002.00020.x
http://www.ncbi.nlm.nih.gov/pubmed/12882342
http://dx.doi.org/10.1371/journal.pntd.0007933
http://www.ncbi.nlm.nih.gov/pubmed/32053628
http://dx.doi.org/10.1016/j.virusres.2005.03.013
http://www.ncbi.nlm.nih.gov/pubmed/15896405
http://dx.doi.org/10.1016/S0264-410X(98)80108-4


Viruses 2020, 12, 1002 12 of 13

58. Stading, B.; Ellison, J.A.; Carson, W.C.; Satheshkumar, S.; Rocke, T.E.; Osorio, J.E. Protection of bats ( Eptesicus
fuscus ) against rabies following topical or oronasal exposure to a recombinant raccoon poxvirus vaccine.
PLoS Negl. Tropic. Dis. 2017, 1–19. [CrossRef]

59. Stading, B.R.; Osorio, J.E.; Velasco-Villa, A.; Smotherman, M.; Kingstad-Bakke, B.; Rocke, T.E. Infectivity of
attenuated poxvirus vaccine vectors and immunogenicity of a raccoonpox vectored rabies vaccine in the
Brazilian Free-tailed bat (Tadarida brasiliensis). Vaccine 2016, 34, 5352–5358. [CrossRef]

60. Rocke, T.E.; Tripp, D.W.; Russell, R.E.; Abbott, R.C.; Richgels, K.L.D.; Matchett, M.R.; Biggins, D.E.; Griebel, R.;
Schroeder, G.; Grassel, S.M.; et al. Sylvatic Plague Vaccine Partially Protects Prairie Dogs (Cynomys spp.) in
Field Trials. Ecohealth 2017, 14, 438–450. [CrossRef]

61. Gomes, M.N.; Uieda, W.; Do Rosário Dias De Oliveira Latorre, M. Influence of sex differences in the same
colony for chemical control of vampire Desmodus rotundus (Phyllostomidae) populations in the state of Sao
Paulo, Brazil. Pesqui. Vet. Bras. 2006, 26, 38–43. [CrossRef]

62. Nuismer, S.L.; Althouse, B.M.; May, R.; Bull, J.J.; Stromberg, S.P.; Antia, R. Eradicating infectious disease
using weakly transmissible vaccines. Proc. R. Soc. B Biol. Sci. 2016, 283, 20161903. [CrossRef]

63. Freitas, M.B.; Welker, A.F.; Millan, S.F.; Pinheiro, E.C. Metabolic responses induced by fasting in the common
vampire bat Desmodus rotundus. J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 2003, 173, 703–707.
[CrossRef] [PubMed]

64. Wilkinson, G.S. Reciprocal food sharing in the vampire bat. Nature 1984, 311, 276–279. [CrossRef]
65. Voigt, C.C.; Kelm, D.H. Host Preference of the Common Vampire Bat (Desmodus Rotundus; Chiroptera)

Assessed By Stable Isotopes. J. Mammal. 2006, 87, 1–6. [CrossRef]
66. Bohmann, K.; Gopalakrishnan, S.; Nielsen, M.; Nielsen, L.D.S.; Jones, G.; Streicker, D.G.; Gilbert, M.T.P. Using

DNA metabarcoding for simultaneous inference of common vampire bat diet and population structure. Mol.
Ecol. Resour. 2018, 18, 1050–1063. [CrossRef] [PubMed]

67. Moya, M.I.; Pacheco, L.F.; Aguirre, L.F. Relationships between vampire bat (Desmodus rotundus) attacks to
goats, livestock management, and some habitat characteristics in the Bolivian prepuna. Mastozool. Neotrop.
2015, 22, 73–84.

68. Gilbert, A.T.; Petersen, B.W.; Recuenco, S.; Niezgoda, M.; Gómez, J.; Laguna-Torres, V.A.; Rupprecht, C.
Evidence of rabies virus exposure among humans in the Peruvian Amazon. Am. J. Trop. Med. Hyg. 2012, 87,
206–215. [CrossRef]

69. Ferreira, M.U.; Silva-Nunes, M. Da Evidence-based public health and prospects for malaria control in Brazil.
J. Infect. Dev. Ctries. 2010, 4, 533–545. [CrossRef]

70. Schneider, M.C.; Aron, J.; Santos-Burgoa, C.; Uieda, W.; Ruiz-Velazco, S. Common vampire bat attacks on
humans in a village of the Amazon region of Brazil. Cad. Saude Publica 2001, 17, 1531–1536. [CrossRef]

71. McGuire, L.P.; Fenton, M.B. Hitting the Wall: Light Affects the Obstacle Avoidance Ability of Free-Flying
Little Brown Bats (Myotis lucifugus). Acta Chiropterologica 2010, 12, 247–250. [CrossRef]

72. Arnett, E.B.; Hein, C.D.; Schirmacher, M.R.; Huso, M.M.P.; Szewczak, J.M. Evaluating the Effectiveness of
an Ultrasonic Acoustic Deterrent for Reducing Bat Fatalities at Wind Turbines. PLoS ONE 2013, 8, e65794.
[CrossRef]

73. Delpietro, H.A. Case reports on defensive behaviour in equine and bovine subjects in response to vocalization
of the common vampire bat (Desmodus rotundus). Appl. Anim. Behav. Sci. 1989, 22, 377–380. [CrossRef]

74. Rupprecht, C.E.; Hanlon, C.A.; Hemachudha, T. Rabies re-examined. Lancet Infect. Dis. 2002, 2, 327–343.
[CrossRef]

75. Benavides, J.A.; Velasco-Villa, A.; Godino, L.C.; Satheshkumar, P.S.; Nino, R.; Rojas-Paniagua, E.; Shiva, C.;
Falcon, N.; Streicker, D.G. Abortive vampire bat rabies infections in Peruvian peridomestic livestock. PLoS
Negl. Trop. Dis. 2020, 14, e0008194. [CrossRef] [PubMed]

76. Araujo, D.B.; Martorelli, L.A.; Kataoka, A.P.G.A.; Campos, A.C.A.; Rodrigues, C.S.; Sanfilippo, L.F.;
Cunha, E.S.; Durigon, E.L.; Favoretto, S.R. Antibodies ro rabies virus in terrestrial wild mammals in native
rainforest on the North coast of São Paulo State, Brazil. J. Wildl. Dis. 2014, 50, 469–477. [CrossRef]

77. World Health Organization. WHO Expert Consultation on Rabies: Third Report; WHO Technical Report Series,
No. 1012; World Health Organization: Geneva, Switzerland, 2018.

78. Gómez-Benavides, J.; Laguna-Torres, V.A.; Recuenco, S. The real significance of being bitten by a
hematophagous bat in indigenous communities in the remote Peruvian Amazon. Rev. Peru. Med.
Exp. Salud Publica 2010, 27, 657–658. [CrossRef]

http://dx.doi.org/10.1371/journal.pntd.0005958
http://dx.doi.org/10.1016/j.vaccine.2016.08.088
http://dx.doi.org/10.1007/s10393-017-1253-x
http://dx.doi.org/10.1590/S0100-736X2006000100008
http://dx.doi.org/10.1098/rspb.2016.1903
http://dx.doi.org/10.1007/s00360-003-0383-3
http://www.ncbi.nlm.nih.gov/pubmed/13680131
http://dx.doi.org/10.1038/308181a0
http://dx.doi.org/10.1644/05-MAMM-F-276R1.1
http://dx.doi.org/10.1111/1755-0998.12891
http://www.ncbi.nlm.nih.gov/pubmed/29673092
http://dx.doi.org/10.4269/ajtmh.2012.11-0689
http://dx.doi.org/10.3855/jidc.760
http://dx.doi.org/10.1590/S0102-311X2001000600025
http://dx.doi.org/10.3161/150811010X504734
http://dx.doi.org/10.1371/annotation/a81f59cb-0f82-4c84-a743-895acb4b2794
http://dx.doi.org/10.1016/0168-1591(89)90032-4
http://dx.doi.org/10.1016/S1473-3099(02)00287-6
http://dx.doi.org/10.1371/journal.pntd.0008194
http://www.ncbi.nlm.nih.gov/pubmed/32598388
http://dx.doi.org/10.7589/2013-04-099
http://dx.doi.org/10.1590/S1726-46342010000400030


Viruses 2020, 12, 1002 13 of 13

79. Anderson, A.; Shwiff, S.; Gebhardt, K.; Ramírez, A.J.; Kohler, D.; Lecuona, L. Economic evaluation of vampire
bat (Desmodus rotundus) rabies prevention in Mexico. Transbound. Emerg. Dis. 2014, 61, 140–146. [CrossRef]

80. World Health Organization. Rabies Vaccines and Immunoglobulins; WHO Position, Weekly Epidemiological
Record; WHO: Geneva, Switzerland, 2018; Volume 16, pp. 201–220.

81. Wang, C.; Dulal, P.; Zhou, X.; Xiang, Z.; Goharriz, H.; Banyard, A.; Green, N.; Brunner, L.; Ventura, R.;
Collin, N.; et al. A simian-adenovirus-vectored rabies vaccine suitable for thermostabilisation and clinical
development for low-cost single-dose pre-exposure prophylaxis. PLoS Negl. Trop. Dis. 2018, 12, e0006870.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/tbed.12007
http://dx.doi.org/10.1371/journal.pntd.0006870
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Reservoir Host Distribution 
	Current Knowledge 
	Current Management Practices 
	Improving Management 

	Transmission Dynamics within the Reservoir 
	Current Knowledge 
	Current Management Practices 
	Improving Management 

	Cross-Species Exposures 
	Current Knowledge 
	Current Management Practices 
	Improving Management 

	Susceptibility of Recipient Hosts 
	Current Knowledge 
	Current Management Practices 
	Improving Management 

	Conclusions and Future Steps 
	References

