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ABSTRACT Bats host a large variety of viruses, including some that may infect other
vertebrates and humans. Research on bat-borne viruses attracted significant attention in
recent years mainly due to epizootics caused by viruses having bats as hosts. The char-
acterization of the viral communities of bats was then prioritized, but despite increasing
efforts, there are large disparities in the geographical ranges covered and the methodol-
ogies employed around the world. As a result, large gaps remain in our current under-
standing of bat viromes and their role in disease emergence. This is particularly true for
megadiverse regions in Latin America. This review aims to summarize the current under-
standing about bat viruses that inhabit Brazilian biomes, one of the most bat species-
rich and diverse regions of the globe. Taking into account all known bat-associated viral
families studied in Brazilian biomes, we found that almost half of all bat species (86/181
species) were not investigated for viruses at all. Moreover, only a small fraction of viral
lineages or families have been studied more in depth, usually employing targeted meth-
ods with limited power to characterize a broad virus diversity. Additionally, these studies
relied on limited spatiotemporal sampling and small sample sizes. Therefore, our current
understanding of bat viral communities in the Brazilian biomes is limited and biased at
different levels, limiting zoonotic risk assessments of bat-borne viruses. Considering these
limitations, we propose strategies to bridge the existing gaps in the near future.

IMPORTANCE Bat-borne viruses have attracted much attention due to zoonotic out-
breaks with large consequences to humans. Because of that, virus characterization in bats
has been prioritized in tropical regions of the globe. However, bat-virus research in Latin
America and particularly in Brazil, which are among the most bat species-rich regions of
the world, are highly biased toward zoonotic viruses and known bat reservoir species.
These results have direct implication for virus studies in general but also for new zoonotic
virus and spillover events characterization. The limited knowledge we currently have about
the virome of Brazilian bats drastically limits any broad assessment of zoonotic viruses they
carry and calls for coordinated and large-scale studies to fill this crucial knowledge gap.

KEYWORDS RNA virus, microbiome, surveillance studies, virus-host interactions,
zoonotic infections

Bats (order Chiroptera) compose the second most diverse mammalian order with
1,456 known species from 21 families (https://batnames.org) that participate in

diverse ecological processes such as plant pollination, seed dispersion, and soil renewal
up to habitat modifications (1). Bats are also reservoirs of a large diversity of zoonotic
and nonzoonotic viruses (2 to 4). The identification of specific bat species as reservoirs
of human pathogenic viruses (Nipah paramyxoviruses and SARS-coronaviruses)
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propelled increasing efforts to characterize zoonotic viruses with epidemic potential
that infect and are transmitted among bats and other species (2). Many studies have
underscored that chiropterans are more prone to carry and transmit zoonotic viruses
to humans (5 to 8). On the other hand, nonbat intermediate amplifying hosts and the
characterization of zoonotic viruses hosted by other mammalian species suggest that
viruses undergoing transmission in different animal hosts ultimately lead to spillover
to humans (2, 9, 10). Where there is evidence of direct transmission of bat viruses to
humans, human activities had a prominent role promoting contact with bats (11 to
15). A recent study showed that the number of zoonotic viruses found in mammalian
orders is proportional to the number of species of each respective order, suggesting
that bats are not special pathogen reservoirs and that they host a large diversity of
viruses because of their high species diversity (16). There is still no consensus if bats do
carry and spread more human-pathogenic viruses than other mammalian orders (17).

Definitive answers to the role of bats as reservoirs of zoonotic viruses, and associ-
ated risks, ultimately lie in the full understanding of bats’ viromes, bat ecology, and
their interaction with other vertebrates. Several studies sampled wild bat populations
to more broadly characterize their virus diversity. However, there are large disparities
in study efforts in different regions of the world, since the vast majority of virus studies
were largely performed in Asia, Africa, and Europe (Old World), and fewer studies were
conducted in Oceania and North America (3, 18, 19). Moreover, Central and South
America, among the most chiropteran-rich regions of the globe, are comparatively
poorly studied (20). Another hardly addressed issue in viral studies of bats is the limited
representative sampling, especially considering the large habitat range, population
size variations and temporal fluctuations of infection rates (21). Therefore, our under-
standing of bats' viromes is severely biased at different scales.

Bat virome characterization is also biased when it comes to molecular methodolo-
gies employed for viral detection, once the majority of virus detection methods were
developed to target single viral lineages of zoonotic concern and not to capture the
full diversity of bat viruses (20). These methodologies rely on previous information
about the pathogen molecules (22), which contrasts with our scant knowledge of the
animal's virome (23). Nowadays, high-throughput methodologies (HTS) are one of the
most promising approaches for unbiased viral nucleic acid detection, allowing a broad
description of viral genomes associated with any sample and requiring no previous
knowledge about the infecting viral pathogens (24). HTS virome studies generated
major breakthroughs, revealing thousands of new viral lineages and families (25), but
also brought to light that the large majority of animal viruses still awaits to be formally
characterized (26 to 28).

In this review, we addressed the current understanding of viruses detected in bats
inhabiting Brazilian biomes (181 known species; https://www.sbeq.net/lista-de-especies).
We highlight the currently limited and biased character of research on the Brazilian bat
virome. Additionally, we summarize the methodologies used for characterization of bat
viruses, showing that most studies used targeted low-throughput assays. Finally, we pro-
pose methodological approaches to address existing gaps.

RESULTS AND DISCUSSION
Studies of bat viruses. Studies of bat viruses in Brazilian biomes have been mostly

performed from 1990 to the present (Fig. S1 in the supplemental material). From the 81
published studies analyzed, there is a clear focus on Rhabdoviridae and Coronaviridae, with
43 and 13 studies, respectively. The majority of studies focusing on Rhabdoviridae, and
more specifically on the Rabies virus (RABV), were likely motivated by concerns about fatal
spillover events to humans in Brazil once different bat species were described as important
RABV reservoirs (29 to 31). Comparatively few studies (1 to 3) investigated viruses from the
Orthomyxoviridae, Paramyxoviridae, Hantaviridae, Herpesviridae, and Adenoviridae families
(Fig. S1).

Bats and their viruses in Brazilian biomes. Of the 181 bat species known to exist
in Brazilian biomes, 95 were included in at least one study, while 86 species (47.5%)
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have not been screened for viruses so far (Fig. 1A). The sampling biases are also
reflected at the family level: Phyllostomidae, the most diverse family in Brazil with 92
species, is represented by 51 studied species, while 41 species (44.1%) were not stud-
ied (Fig. 1A). Some less diverse bat families such as Thyropteridae (5 species) were not
investigated at all (Fig. 1A).

Among the 95 studied species, there is a clear overrepresentation of some impor-
tant zoonotic virus reservoirs such as the vampire bat Desmodus rotundus (Fig. 1B),
which was screened for viruses in 44 of 81 studies (56.79%) reviewed (Fig. 1B). This spe-
cies is known to be the main sylvatic RABV reservoir in Brazil and the Americas (32),
with infections of cows, dogs, and humans traced to the D. rotundus RABV lineage (33,
34). In Brazil, rabies epidemiology shifted from a zoonotic infection mainly driven by
domestic animals (dogs) to sporadic spillovers to cows and humans caused by lineages
of bat origin, after effective prophylactic vaccination of rabid dogs was conducted
countrywide (30, 33). Thirteen species were included in 10 or more studies (named spe-
cies in Fig. 1B). All these species were detected as positive for different lineages of
RABV (33, 35 to 41), indicating that sampling is biased towards certain bat species. We
found a correlation between the number of viral families investigated and number of
viral families found for all species herein reviewed (Fig. 1B), as well as between the
number of virus families listed in this review and the sequences available from the
ZOVER database (Fig. S1). Therefore, the larger the effort to sample and study viruses
in a given species, the higher the likelihood of finding previously undetected virus
families.

Spatial sampling bias of bats in Brazil. The number of bat species known to occur
in each Brazilian state ranges from 40 to 135 species (Fig. 2A and B). Due to multiple fac-
tors, especially geographic scale and species ecology, bat sampling with the aim of study-
ing viruses is highly heterogeneous. The number of bat species studied varied from 0 to
47. In 12 of 27 Brazilian states, no species have been studied so far (Fig. 2C). The ratio
between the number of bat species studied and the total species inhabiting the respective
states also displayed a great variation. Only in the state of São Paulo more than 50% of the
known bat species were assessed for virus infections (Fig. 2D). For the remaining states, a
maximum of 25% of known bat taxa were investigated (Fig. 2D). Moreover, we can observe
that there is a spatial bias, with several studies targeting bats from coastal states (Fig. 2C).
Most of the studied species displayed large habitat ranges (covering, on average, 16 6 6
states, out of the 27 Brazilian states). On the other hand, the nonstudied species have
more restricted habitat ranges (56 3 states) (Fig. S2). However, it is important to note that,
having a larger habitat range per se does not necessarily mean that a given species is more
important as a potential virus reservoir and virus spreader to other species, including
humans. Some species with very large habitat range can be rarely captured due to small
population size or restricted habitat to natural and preserved areas, and display limited
interaction with other species; therefore, there is a small chance to play a significant role in
spillovers events, while more endemic ones can be locally abundant and have more fre-
quent habitat overlap and contact with other vertebrate species, including human
populations.

Virus families studied. Altogether, 17 RNA virus families and 14 DNA virus families
were detected in our review and the ZOVER database (Fig. 3A and B). Four families of DNA
virus and four of RNA viruses were detected only in the review database, while two RNA vi-
rus families were found only in the ZOVER database. We have also found differences in the
number of species recorded as positive for a viral infection/exposure. In the compiled review
database, we found 31 families in 62 of the 95 bat species studied, representing 5 of 9 chi-
ropteran families living in Brazil: Phyllostomidae (42), Molossidae (14), Vespertilionidae (9),
Mormoopidae (2), and Emballonuridae (1). In the ZOVER database, evidence of infection
was recorded for 22 virus families in 58 of 95 bat species. Here, the bats represent 6 of the 9
bat families recorded in Brazil: Phyllostomidae (24), Molossidae (15), Vespertilionidae (11),
Emballonuridae (3), Mormoopidae (3), and Natalidae (1) (Supplemental File 3).

We found a clear dominance of RNA virus data over DNA viruses available in both
our review database and in the ZOVER database. The 5 most detected RNA virus

Large Knowledge Gaps on the Virome of Brazilian Bats Microbiology Spectrum

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.04077-22 3

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04077-22


FIG 1 Bat species inhabiting Brazilian biomes covered by virus studies. (A) Proportion of 181 known bat species from Brazilian biomes
studied (dark gray) or nonstudied (light gray) in the reviewed studies (top left donut plot). Bottom right larger donut plot shows the
proportion of studied (darker colors) or nonstudied species (lighter colors) per bat family. Bat families are as follows: Phyllo, Phyllostomidae;
Moloss, Molossidae; Emball, Emballonuridae; Vesper, Vespertilionidae; Thyrop, Thyropteridae; Mormo, Mormoopidae; Natali, Natalidae; Noctil,
Noctilionidae. (B) Correlation between number of virus families investigated and number of virus families found in the reviewed studies.
Bubble size stands for the number of studies covering each bat species, and bubble color represents the number of virus sequences of the
corresponding species available in the ZOVER database.
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families are Rhabdoviridae (47 bat species positive), Coronaviridae (21), Orthomyxoviridae
(16), Paramyxoviridae (8), and Hantaviridae (9), while the remaining RNA virus families
were detected in 5 or fewer bat species (Fig. 3C). The 4 most covered virus families in
the ZOVER database are Rhabdoviridae (43), Coronaviridae (23), Flaviviridae (13), and
Paramyxoviridae (10), while the remaining virus families were detected in fewer than
four bat species. Herpesviridae was the only DNA virus family detected in more than 6
bat species, with 17 species positive in the review database and 21 species positive in
the ZOVER database (Fig. 3C). The remaining DNA virus families were detected in 6 or
fewer bat species.

The discrepancies in infected host diversity observed between our review database
and ZOVER can be explained by two key differences. While our review cataloged

FIG 2 Brazilian biomes and bat species sampling effort on virus studies. (A) Bat species richness across Brazilian states. (B) Number of bat species
investigated per state. (C) Bat richness of unstudied species per Brazilian state. (D) Ratio of number of bat species investigated divided by the number of
known species per state. Dotted line represents the ratio in which half of the species from a state are studied for viruses. States acronyms are as follows:
AC, Acre; AL, Alagoas; AM, Amazonas; AP, Amapá; BA, Bahia; CE, Ceará; DF, Distrito Federal; ES, Espírito Santo; GO, Goiás; MA, Maranhão; MT, Mato Grosso;
MS, Mato Grosso do Sul; MG, Minas Gerais; PA, Pará; PB, Paraíba; PE. Pernambuco; PI, Piauí; RJ, Rio de Janeiro; RN, Rio Grande do Norte; RS, Rio Grande do
Sul; RO, Rondônia; RR, Roraima; SC, Santa Catarina; SP, São Paulo; SE, Sergipe; TO, Tocantins.
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studies using a large array of methodologies for viral detection, including the ones
generating no genetic information (e.g., ELISA, DIAMA), the ZOVER database is based
only on virus genetic information available from other public databases. This means
that we were able to detect both infection (presence of RNA/DNA and antigens) and
exposure (antibodies) of bat hosts in the review database, while the ZOVER database
only provides information about the infection status of the host. Moreover, there are

FIG 3 Bats inhabiting Brazilian biomes with evidence of viral infection/exposure obtained from studies cataloged in this review’s database and/or with
sequences available in the ZOVER database. (A and B) Venn diagram showing the number of virus families recovered in both data sets. (C) Heatmap
showing the number of studies (range: 0 to 22) where evidence of viral infection is available, and the number of virus sequences (range: 0 to 285) for each
bat species per virus family (sorted by genome type).
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several examples of virus sequences available in the ZOVER database tagged as
“unpublished” (257 entries, accession date 1 July 2022), indicating that these data were
publicly released with no peer review. Nevertheless, the majority of the bat species
have not been comprehensively studied since most virus families were detected only
in 1 to 3 bat species (Fig. S3).

The total number of bat species sampled is an important piece of information for evalu-
ating virus family host range. However, only the host species that tested positive were
reported in a number of manuscripts focused on RABV (Supplementary File 2), and such in-
formation cannot be recovered from the ZOVER database. Therefore, we used the detection
of virus families per host species as a proxy of the number of studied species from each bat
family. This likely leads to an underestimation of the total host species/specimens investi-
gated contributing to the strong correlation between studied and positive species described
in Fig. 1B. Additionally, several virus families (12 of 29; DNA: Smacoviridae, Anelloviridae,
Papillomaviridae, Poxviridae, Alloherpesviridae, Asfarviridae, Polydnaviridae, Papillomaviridae,
and Parvoviridae, and RNA viruses: Retroviridae, Nairoviridae and Picornaviridae) were only
characterized using HTS methods, screening a limited number of individuals and species
(see Table 1 for methodologies for virus detection). Overall, these results highlight a very
limited host range investigated for the majority of virus families studied.

Infection status and temporal sampling strategies. The temporal sampling and
the number of individuals sampled per species are heterogeneous. Longitudinal sam-
pling was conducted only in 46 of 81 cataloged studies. Moreover, 27 of the 46 studies
with longitudinal sampling focused on RABV (Supplementary File 4). A recent meta-
analysis of bat coronavirus surveillance identified longitudinal repeated sampling (i.e.,
sampling the same site and bat populations multiple times) as the most significant de-
terminant for viral detection (20), suggesting that the temporal variation in bat sam-
pling is a key component to take into consideration for viral surveillance. Regarding
the infection status and prevalence, we retrieved such information from only 26 of the
81 studies (Supplementary File 4). The lack of sample size information (total number of
individuals collected) hindered estimates of infection prevalence for the large majority
of species (Supplementary File 4). The association of the previously discussed bias to-
ward sampling known pathogen hosts summed to the bias of reporting virus-positive
species (i.e., the case of RABV surveillance studies) casts doubts about the infection
prevalence estimates that can be reliably drawn from the data herein analyzed and its
extrapolation to larger natural populations.

Natural variation of virus prevalence in bat populations is highly variable depending on
several factors, such as the host immunological barrier acquired from previous infections,

TABLE 1Methodologies employed in 81 studies with the number of studies using each
methodology and the number of virus families identifieda

Methodology acronym Throughput No. studies Virus families detected
VIIIM LT 26 1
VICC LT 2 1
ELANT LT 1 1
WB LT 1 1
DIAMA LT 38 4
ELISA LT 5 5
SS-PCR LT 39 5
N-PCR LT 1 1
FSD-PCR LT 17 9
DNAVIR HT 4 13
RNAVIR HT 3 3
FVIR HT 5 14
aMethodologies are presented in an ascending order from lower to higher throughput in terms of viral diversity
characterization: Virus Isolation through Intracerebral Inoculation of Mice (VIIIM), the Virus Isolation in Cell
Culture (VICC), Electron Microscopy and ANtigenic Profile (ELANT), Western Blot (WB), Direct
Immunofluorescence Antigen Monoclonal Antibodies (DIAMA), Enzyme-Linked Immunosorbent Assay (ELISA),
Strain-Specific PCR (SS-PCR), Family/Subfamily Degenerate PCR (FSD-PCR), Nested PCR (N-PCR), DNA Virome
(DNAVIR), RNA Virome (RNAVIR), and Full Virome (FVIR).
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the number of susceptible newborns in a population, and specific physiological, ecological,
and life history factors (15). Implementing a sampling strategy that allows a broad assess-
ment of bat viruses is also challenging due to the diverse virus cycles and distinct “biology.”
Viruses interact with their hosts in various ways, e.g., pathogenic viruses cause acute and
short-term infections, and others lead to persistent/chronic infections. In each case, infec-
tious status of individuals and populations may vary through time following virus-specific,
tissue-specific replication and shedding (2). Hence, infection estimates may be affected by
the sampling strategy (longitudinal versus cross-sectional). For instance, nonpathogenic
viruses that develop a mutualistic interaction with their host may become highly prevalent
in a population. In such cases, cross-sectional sampling schemes should still be effective to
detect the virus, since a large fraction of individuals are infected at distinct time points. On
the other hand, pathogenic viruses that induce acute infection and long-lasting immunolog-
ical response (weeks to months) usually increase in prevalence only during short periods of
time. Therefore, such viruses can be more easily detected during ongoing sporadic out-
breaks, when a large fraction of the host population is infected. The virus may go unde-
tected if sampling does not take into account host physiological traits that influence preva-
lence in time (e.g., antibodies, starvation, etc.). Coronaviruses, for instance, show remarkable
variance in fecal shedding, ranging from 0% to 80% in Old World bats (44). Paramyxoviruses
such as Henipa viruses have been shown to be discharged in a pulse-like pattern, tightly
linked to bat physiology status and waning of maternal antibodies in newborns (45).
Filoviruses (e.g., Marburg virus) also vary in prevalence, with infection peaking during the
birthing season of Rousettus aegyptiacus (46).

Different tissue tropism and route of viral transmission are additional factors impacting
the sampling strategy. Collecting oral swabs provides information about viruses that are
excreted via oral/nasal fluids but not about nonexcreted viruses or those excreted through a
different route, providing only a restricted view of the virome. Similarly, studies performing
sampling of feces may characterize only viruses that are excreted through bats’ digestive
tract along with a large diversity of viruses that are derived from food sources, but do not
infect bats (47 to 49). The cataloged studies of bats from Brazilian biomes used various tissue
types chosen with a priori knowledge of the target virus infectious dynamics and shedding.
One illustrative example is that of RABV, it was investigated in 43 studies using euthanasia
and collection of brain tissue as the gold standard methodologies for RABV detection,
since it requires numerous infectious particles for intracerebral inoculation and isolation
(Supplementary File 4). Four of 13 studies investigating coronaviruses employed oral/
nasal/anal swabbing due to the upper respiratory and intestinal replication and known vi-
ral shedding route though oral/anal fluids (Supplementary File 4). It is important to note
that three studies that screened coronaviruses in bats inhabiting Brazilian biomes used
various tissues of internal organs from convenience samples obtained from RABV surveil-
lance programs (Supplementary File 4). Convenience samples are known to be biased
and generate misleading results for pathogen and disease prevalence (50).

Species populations and metapopulation size should be considered key driving fac-
tors in study design since virus prevalence is population size dependent and the host’s
physiology can affect the likelihood of detecting positive individuals. However, sam-
pling a wide range of bat sample types is only possible via euthanasia, which should
be carefully considered in order to reduce the impact on the population and/or spe-
cies. Some bat species have considerably low population size, and sampling too many
individuals may have a drastic impact on bat populations, leading to local extinction
and likely long-term impact on these species.

Overall, studies on bats in Brazil are very heterogeneous in their temporal sampling strat-
egy and the type of analyzed material. In order to broadly characterize bat viromes, flexible
sampling strategies, including systematic longitudinal sampling of representative individu-
als/populations and targeting different tissues, must be adopted.

Methodological approaches for virus characterization. Various methodologies
were employed for characterization of viruses in Brazilian bats. The large majority of
the studies employed low-throughput (LT) methodologies (Fig. S1 and Fig. 4A) such as
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FIG 4 Methodological approaches used to investigate virus and bat species stratified by throughput and infection/exposure status. (A) Number of
studies employing each methodology to investigate specific virus families. (B) Bat species included in at least one study connected by
methodology throughput (LT, low throughput; HT, high throughput; LT1HT, low and high throughput) and virus infection/exposure status.
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VIIIM, which are based on the maceration of bat tissues and experimental intracerebral
inoculation of mice (51). Positive VIIIM is followed by validation using direct immuno-
fluorescence of RABV-derived antigens with monoclonal antibodies (DIAMA, the most
used methodology along with SS-PCR) (52) (Table 1, Fig. 4A). Studies focused on
Coronaviridae (11 studies) used only amplicon-based methodologies varying from
strain-specific PCR (SS-PCR) to family/subfamily-level degenerated RT-PCR (FSD-PCR)
(Fig. 4A), while studies on other families employed a mix of different LT methods
(Fig. 4A). Twelve studies employed high-throughput nucleic acid sequencing method-
ologies (FVIR, RNAVIR, and DNAVIR) (Fig. 4A). These studies employed complementary
low-throughput methodologies such as FSD-PCR, SS-PCR, ELISA, DIAMA, and VICC
(Fig. 4A and Supplementary File 4).

Seventy-five bat species were screened for viruses using LT only, one (E. bonariensis)
was investigated using an HT method only, and 10 species were investigated using LT
and HT (P. macrotis, D. rotundus, G. soricina, C. perspicillata, A. lituratus, E. patagonicus,
M. molossus, M. rufus, T. brasiliensis, E. diminutus) (Fig. 4B). Seven of these species (D.
rotundus, G. soricina, C. perspicillata, A. lituratus, M. molossus, M. rufus, T. brasiliensis) are
also among the most studied ones (Fig. 1B). All 12 bat species that were investigated
by at least one HT methodology were found positive (Fig. 4B), while 33 species investi-
gated using LT methodologies were found negative (Fig. 4B). The negative status of
several bat species is likely a result from the methodology chosen for viral characteriza-
tion, but it may also reflect a composite effect of other sources of biases discussed
before, such as sampling, bias toward species and/or tissue sampled, as well as virus/
host life history traits such as temporal variation in population/metapopulations infec-
tion rate.

Detection and characterization of single or related virus lineages. RABV was
extensively characterized via VIIIM and DIAMA, and to a lesser extent these methods have
been used for hantaviruses and paramyxoviruses. These methods provide precise informa-
tion about symptoms induced by RABV infection in mice models and the possibility to iso-
late abundant viral material. However, they are laborious methodologies requiring eutha-
nasia or sampling sick/dead bats. Therefore, these methodologies are not well suited for
more broad virus discovery and virome community characterization.

Only one reviewed study used ELISA to detect Henipa- and Filo-like viruses (53).
Antibody and antigen detection using ELISA provide only a narrow characterization of
viral diversity, restricted to a single or closely related viral lineage. Cross-antibody rec-
ognition may allow the detection of other viruses, but it only extends to viruses from
the same genus and rarely to the same family (54). Moreover, cross-reactivity of sero-
types provides little or no information about which other viruses infected or are infect-
ing a given sample, limiting substantially the use of these methods for virus discovery.

Amplicon-based screenings have been applied for diagnosing several viral patho-
gens mainly because of low cost, high sensitivity, and speedy results, allowing high
turnover rates and screening of a large set of samples. It is also possible to estimate
the virus genome copy number and couple it with sequencing of amplified fragments.

One key constraint of all these methodologies is the need for previous information
about viral molecules (proteins, DNA/RNA), which is lacking for the large majority of
poorly studied viruses infecting animals (23). Therefore, they are not suited for viral dis-
covery and diversity characterization, but are better suited to obtain detailed informa-
tion about known viruses.

Characterization of multiple virus lineages. Degenerated primers targeting con-
served regions may allow a broader detection of divergent viruses; however, high genetic
divergence precludes broad surveys. Nowadays, there are brute force methodologies that
allow more unbiased detection and characterization of virus genetic material. For instance,
high-throughput sequencing (HTS) approaches can be applied to characterize the complete
genomes of DNA and/or RNA viruses (24). But due to the costs, HTS has been mainly used for
a few individuals and species of Brazilian bats. Nevertheless, there is a clear increase in HTS
usage for the study of Brazilian bats (Fig. S1 A). This reflects the global shift of the scientific
community toward comprehensive characterization of viromes and microbiomes. Moreover,
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viral enrichment protocols coupled with HTS may provide the most comprehensive and cost-
effective available methodological pipeline for unbiased assessment of viral communities,
because they substantially reduce the number of sequenced reads needed to obtain viral
genomes (55).

The viral diversity characterization predominantly performed using targeted low-
throughput approaches imposes clear limits on our ability to understand the true di-
versity of viromes in Brazilian bats. Our findings are in close agreement with a recent
review describing methodological biases involved in the attempts to broadly charac-
terize coronaviruses worldwide (20).

PERSPECTIVES

The results compiled in this review bring to light the limited understanding of viromes
of Brazilian bats. Several biases shape the greater picture: (i) a complete lack of studies for
almost half of known bat species occurring in the country, (ii) an extensive focus on few
zoonotic viruses or virus families, (iii) sampling design failing to take into account host pop-
ulation size and spatiotemporal population and infection dynamics, (iv) a heterogeneous
use of tissue and convenience sampling, and (v) the deployment of targeted LT methods.
On the other hand, the number of studies using HTS for virome exploration is growing in
Brazil and South America. However, they remain focused on a few bat species and small
sample sizes due to high costs. Therefore, the biases and gaps identified point to our lim-
ited basic understanding about the virome of neotropical bats. Uncovering viromes of bats
and new zoonotic viruses requires hypothesis-driven experimental design that will reveal
not only their core virome, but will also uncover the biotic and abiotic factors modulating
infection through time and space. Additionally, it can allow the identification of risk factors
pertaining to cross-species transmission events.

Call and recommendations for less biased virus diversity, prevalence informa-
tion, and assessment of new viruses with zoonotic potential. (i) Sampling strategy:
the importance of bat and virus traits. Bat populations or metapopulations vary widely
in size and geographical range, hence appropriate sampling of bat populations should be
estimated taking into account these parameters. Infection rate through time is another key
factor to take into account while planning sampling design. Prevalence and transmission
may vary drastically in space and time, being correlated with the reproductive season and
antibody waning in juveniles. Random longitudinal sampling may yield a more compre-
hensive picture of long-term infections and overall prevalence in a given population.
However, this sampling strategy could miss short-lived acute infections in geographically
isolated populations. A disease surveillance sampling strategy may be a useful alternative,
where the sampling design is planned based on probability of sampling infected individu-
als (disease prevalence). But it is highly dependent on previous knowledge of disease and
the etiological agent, which is largely lacking for bats in Brazil.

Comprehensive assessments of virus infections and diversity in bats should use multiple
tissue/body fluid collections as much as possible, since mechanisms of infection, replica-
tion, and transmission route vary. Sampling strategies trying to answer questions about
zoonotic potential can also use specific tissues/fluids that are more relevant in the trans-
mission cycle. Coronaviruses, for example, infect respiratory and intestinal tracts in mam-
mals (56), hence oral/nasal fluids as well as excreta are suitable material for learning about
infection and shedding dynamics. Moreover, less invasive sampling such as swabbing
reduces animal suffering and impact on populations, but may also limit the detection to
viruses excreted by specific routes. There is no ideal sampling strategy for covering all vi-
rus/hosts aspects, but keeping in mind the complexity of the virome and its intricate inter-
actions with their hosts is crucial for designing cost-effective, minimally invasive studies
that can offer comprehensive and relevant results.

(ii) Sampling strategy: methodologies for the characterization of viromes.
Understanding the sensitivity and specificity of different methodologies is of utmost
importance for assessing the virome diversity. Different molecular assays can be used
for complementary testing, but viral enrichment protocols preceding deep HTS are the
most powerful workflow for exploring virus communities. Such methodology will set
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the stage for in situ viral discovery and characterization of core viromes of bats and
other animals in the next few years. These HTS technologies allow us to move from
questions such as “What can we afford to do for virome characterization?” to “What
should we do for comprehensive virome characterization?” Such approaches may, for
instance, allow the sequencing of the virome of every individual sampled, not requir-
ing sample pooling and providing a direct measurement of infection rate and coinfec-
tion of several viruses in the same individual. Challenges of HTS should be kept in
mind: growing data sets of hundreds of samples are currently amenable only using
powerful computational infrastructure and trained researchers (57), substantially limit-
ing its deployment in low-resource settings.

Standardized bat and viral sampling, viral enrichment, and bioinformatic protocols
are required in order to enable cross-studies comparison. It is important to highlight
that the gaps and proposed solutions described in this review also apply to other
regions of the globe. One key example is the limited temporal sampling of bats, which
is pervasive in the relevant literature. Therefore, our findings reflect more or less the
current state of bat-borne virus research worldwide. The strategies proposed to bridge
the knowledge gaps and standardize the generated knowledge can be applied to bat
virome studies overall benefiting the entire scientific community working in this area.

One Health perspective. Direct infection of humans by bat-borne viruses is only
known in two specific cases: Nipah virus in Bangladesh (58, 59), and RABV in the
Americas (29). Otherwise, bat-borne viruses that are able to infect humans also infect a
large range of vertebrates, including several sylvatic and domestic animals as well as
vector species (2). Moreover, there is evidence indicating that these viruses underwent
prior adaptation in other mammal hosts before spilling over to humans (56). All these
viruses have complex transmission cycles infecting a range of closely and distantly
related host species, suggesting that viruses with a large host range are more prone to
host switching that potentially triggers new outbreaks (10). Therefore, a system-level
One Health approach is needed for understanding biotic and abiotic factors shaping
transmission dynamics and emergence risk of bat-borne viruses.

Conclusion. The characterization of Brazilian bats’ viromes is biased toward viruses of
zoonotic concern. Moreover, despite the accumulated knowledge regarding these viruses,
we have shown large discrepancies stemming from spatiotemporal sampling bias and the
use of techniques unsuitable for comprehensive virome characterization. Altogether, our
review reveals a limited understanding of viromes in bats in Brazil substantially limiting a
proper assessment of the zoonotic potential of most viruses. Ongoing changes of land use
in Brazilian biomes (60) represent new opportunities for cross-species virus transmission
events between humans and wildlife (61, 62). Thus, spillover events from bats and other
vertebrates inhabiting Brazilian biomes may lead to outbreaks and epidemics. High-
throughput techniques for pathogen discovery and surveillance applied to bats from syl-
vatic–urban interfaces should be prioritized in high-risk contact areas.

MATERIALS ANDMETHODS
Database construction. We screened Pubmed, Google Scholar, and Scopus scientific literature data-

bases for manuscripts containing the terms “bat-borne viruses,” “viruses AND bats,” “viruses AND Chiroptera,”
“virome,” “South American bats”, “Brazilian bats,” “Rabies,” “Coronavirus,” and “Hantavirus” until May 2022. All
the search terms were known to be represented in the published literature of viruses detected in South
American bats. Additionally, we added manuscripts in Portuguese and Spanish, which could be missing in
the searches based on English keywords. Although the review was focused on bats inhabiting the Brazilian
biomes/territory, some species have larger distribution areas covering other South and Central American
countries, and studies conducted in South American countries other than Brazil were also included. We built
a reference library of 87 publications, for which 81 remained after filtering for bat sampling or full publication
accessibility (Supplementary Files 1 and 2).

For each study we extracted title, year of publication, viral family/lineage studied (specific viral families or
several for virome studies), country, state, bat species, number of sampled individuals per species, number of
positive individuals, methodology of virus detection, sampling strategies (longitudinal or single sampling), and
type of sample (tissue or body fluid). We extracted data to species level for viruses and bats, and used family-
level taxonomy for visualization. The methodologies employed for virus detection and characterization were
classified according to throughput: low throughput (LT), high throughput (HT), and studies using both meth-
odologies (LT 1 HT). We detected the following methodologies used in the published articles: Virus Isolation
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through Intracerebral Inoculation of Mice (VIIIM), the Virus Isolation in Cell Culture (VICC), Electron Microscopy
and Antigenic Profile (ELANT), Western Blot (WB), Direct Immunofluorescence Antigen Monoclonal Antibodies
(DIAMA), Enzyme-Linked Immunosorbent Assay (ELISA), Strain-Specific PCR (SS-PCR), Family/Subfamily
Degenerate PCR (FSD-PCR), Nested PCR (N-PCR), DNA Virome (DNAVIR), RNA Virome (RNAVIR), and Full
Virome (FVIR) (Table 1).

A number of studies have sampled and characterized viruses from bat excrements (e.g. guano) where
many virus genomes were likely derived from food sources and internal or external bat microbiota.
Therefore, we only extracted information of viruses that were known to infect vertebrates, irrespective of the
original sample (guano, oral/anal fluids or tissues).

Nucleotide database search and information extraction. In order to assess the available virus
sequence information, we retrieved the number of entries per bat species and virus family from the ZOVER
database (http://www.mgc.ac.cn/cgi-bin/ZOVER/main.cgi; last accessed May 2022) (43) using the most up-
to-date taxonomy (https://www.sbeq.net/lista-de-especies). This database was chosen because it is the only
database that compiles all available viral genetic information found in bats.

Figures were rendered with R statistical language (https://www.r-project.org/) employing packages
such as ggplot2 (63), webr 0.1.2 (64), dplyr 1.0.9 (65), tidyr 1.2.0 (66), ggpubr 0.4.0 (67), reshape2 1.4.4
(68), ggforce 0.3.3 (69), ggridges 0.5.3 (70), treemapify 2.5.5 (71), ggdist 3.1.1 (42), gghalves 0.1.3 (72),
packcircles 0.3.4 (73), ggrepel 0.9.1 (74), patchwork 1.1.1 (75), and ggvenn 0.1.9 (76). Maps were rendered
using QGIS version 3.26 (77).
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