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Abstract

Background Rabies, a lethal viral zoonotic disease, remains a significant global public health concern. In
northeastern Brazil, in particular, its epidemiology is complex and dynamic, characterized by the presence of several
reservoirs associated with human rabies infection.

Methods This study, conducted from June 2022 to July 2023, was part of a passive epidemiological surveillance
initiative under Brazil's National Rabies Surveillance Program. It investigated the presence of Rhabdovirus (RhabV)

in 356 postmortem chiropteran brain samples using three diagnostic techniques for rabies and conducted an
evolutionary study on both pan-RhabV- and pan-LYSSAV-positive PCR samples. The samples were collected from 20
bat species and different locations in the State of Ceard, an endemic region for the rabies virus (RABV). Rabies-positive
samples were further explored through Bayesian, genetic distance mapping and recombination analyses.

Results From a total of 356 samples collected, 43 (12.07%) were positive for direct immunofluorescence (DIF) and

40 (11.23%) for mouse intracerebral inoculation (MIT) tests. Among the positive results, 40 samples were confirmed
by both DIF and MIT, while 13 (3.65%) had inconclusive results for one or both techniques. Molecular assays

identified 38 rabies-positive samples (10.67%). Members of the Molossidae and Phyllostomidae families had the
highest prevalence, highlighting the role of insectivorous and frugivorous bats in the cycle and dynamics of rabies
transmission. Phylogenetic reconstructions revealed three distinct and well-supported clusters and clades, indicating
the cocirculation of different RABV lineages in the region and shedding light on both intra- and interhost diversity. We
also demonstrated genetic distance among the RABV clusters and inferred that their common ancestor originated in
Europe, later diversifying across continents. No recombination breakpoints were identified.
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Conclusions This study highlights the dynamic nature of RABV evolution within individual bat hosts, contributing
to the understanding of the genetic diversity of RABV variants found in several bat species in northeastern Brazil.
This study provides crucial insights into viral transmission dynamics within and between different host species and is
essential for designing effective rabies control and prevention strategies tailored to endemic regions.
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Background

Rabies is a zoonosis that leads to 100% lethality and can
infect a wide variety of mammals [1]. In Brazil, over
the past 13 years, 47 cases of human rabies have been
reported, with 51.06% (24 cases) being transmitted by
Chiropterans [2]. The rabies virus (RABV), a member
of the genus Lyssavirus (LYSSAV), is distributed among
several host species. In Brazil, particularly in the state of
Ceard, an endemic region for rabies, domestic dogs and
cats, as well as wild animals such as foxes, non-human
primates (Callithrix jacchus) and bats, play a crucial role
in the transmission and evolution of RABV [3, 4]. Such
animals are pivotal to the ongoing spread and adaptation
of the virus across Ceard and Brazil. Importantly, bats
serve as the ancestral reservoir of rabies, with a wide-
ranging diversity harboring well-established antigenic
variants associated with Desmodus rotundus, Tadarida
brasiliensis and Lasiurus cinereus [5].

RABYV, belonging to the order Mononegavirales, fam-
ily Rhabdoviridae, comprises 46 genera and 318 spe-
cies identified in a wide range of hosts [6]. RABV is an
enveloped virus with a bullet-shaped morphology and a
negative-sense single-stranded RNA genome. Its genome
varies in size from 10.8 to 16.1 kb and encodes a set of
five proteins: nucleoprotein (N), phosphoprotein (P),
matrix protein (M), surface glycoprotein (G) and RNA-
dependent RNA polymerase (L) [7]. Errors in the RNA-
dependent RNA polymerase may contribute to genetic
heterogeneity in RABV populations, potentially enhanc-
ing the virus’s capacity to adapt to different hosts [8].

The presence of genetic heterogeneity has been dem-
onstrated in RABVs, showing that mutations in popula-
tions of these viruses leads to adaptation within a new
environment, resulting in new variants [9]. Some studies
have identified a diversity of RABVs variants in bats dis-
tributed geographically, most likely related to the ecology
of these animals [10, 11]. Nevertheless, both intra- and
interhost diversity play pivotal roles in the persistence
and evolution of RABV [12]. Conversely, interhost diver-
sity pertains to how the virus behaves in different infected
individuals and animals. This diversity contributes to the
ability of viruses to evade host immune responses and
adapt to different environments within the host [13].

Understanding rabies requires insight into the diversity
among host species, as different reservoirs have unique
transmission dynamics that pose varying public health
risks [9]. Some studies have highlighted RABV’s notable

ability to cross species barriers, leading to the develop-
ment of distinct genetic lineages [8, 9, 14, 15]. However,
there is a lack of studies reporting these aspects, includ-
ing the differentiation of viral populations across dif-
ferent hosts. Ongoing research into the virus within its
reservoir is crucial for understanding its behavior and the
disease dynamics at a regional level, which is essential for
informing public health strategies.

Methods
Sampling and viral screening
This study focused on rabies epidemiological surveillance
through qualitative analysis of post-mortem animals as
part of Brazil's National Rabies Surveillance Program
[16]. We sampled 356 brain tissues from 20 bat species
across different regions in the State of Ceard, north-
eastern Brazil (Table 1). These samples were collected
between June 2022 and July 2023. Bat species were iden-
tified based on morphological criteria [17]. To estimate
species diversity and the abundance of taxa, we calcu-
lated the Shannon index [18] using the Omni Calculator
platform (https://www.omnicalculator.com/ecology/shan
non-index). Ethical approval was obtained from the Bio-
diversity Information and Authorization System (SISBIO)
under no. 85149-1 and the UNIFESP Ethics Committee
for Animal Experimentation under no. 3299080922.
Samples were subjected to the WHO-recommended
direct immunofluorescence (DIF) technique. Infection
confirmation occurred through virus isolation via mouse
intracerebral inoculation (MIT) [19]. These experiments
were performed at the Rabies Diagnosis Sector in the
Central Laboratory of Public Health (LACEN, Fortaleza-
CE, Brazil). Subsequently, total RNA extraction was
performed using the Zymo Quick-RNA™ Viral Kit, fol-
lowed by cDNA synthesis with the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems™). The
reverse-transcribed cDNA was subjected to pan-RhabV
and pan-LYSSAV PCR assays targeting the polymerase
(260 bp) [20] and nucleoprotein (606 bp) genes [21],
respectively. Amplicons were purified using the Zymo
DNA Clean & Concentrator®-25 Kit, Sanger sequenced,
and analyzed using BLASTn. Sequence ambiguities were
resolved using the sangerseqR package (https://biocondu
ctor.org/packages/release/bioc/html/sangerseqR.html) at
a ratio of 1.0. The GenBank DNA sequences generated in
the study (37 from the N gene and 35 from the L gene)
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have been deposited with accession numbers PP389288-
PP389324 (N) and PP389325-PP389359 (L).

Phylogeny

Evolutionary history was carried out using concatenated
N (484 nt) and L (151 nt) gene sequences through the
SeqKit platform [22], resulting in a dataset with 635 nt.
This concatenation strategy, previously employed in our
study [15], demonstrated increased robustness in phy-
logenetic statistics along the branches. Sequences were
filtered using Sequence Cleaner, a Biopython-based soft-
ware (https://biopython.org/wiki/Sequence_Cleaner).

We retrieved whole-genomes (2=1.676) and nucleo-
protein gene sequences (customized length) (n=5.300) of
RABYV from GenBank, representing different geographi-
cal regions, collection years, and hosts. These datasets,
which included our laboratory-produced sequences,
comprised 5.337 sequences for the N gene and 1.711 for
the L gene (Electronic Supplementary Material), total-
ing 7.048 sequences. Alignments were conducted using
the MAFFT algorithm (https://www.ebi.ac.uk/Tools/m
sa/mafft/) and manually edited using Unipro UGENE
v.49.1 [23] and AliView [24] softwares. The phylogenetic
signal was investigated by Tree-Puzzle v.5.2 through the
likelihood mapping analysis of 10.000 random quartets
[25], and the substitution saturation index was assessed
using DAMBE v.7.3.0 software [26], which indicated little
saturation.

Global maximum likelihood (ML) phylogenies were
reconstructed using FastTree v.2.1.7 software [27],
employing the standard implementation GTR+CAT
with 20 gamma distribution parameters and a mix of
nearest-neighbor interchange (NNI) and subtree-prune-
regraft (SPR) though 1.000 replicates of the Shimodaira-
Hasegawa (SH-like) test. The history of rabies dispersal
over time was inferred from a filtered dataset (n=126)
comprising distinct clusters identified in the global
RABV N and L phylogenies (Electronic Supplementary
Material).

Bayesian analysis was conducted in BEAST v.1.10
under an uncorrelated relaxed lognormal clock, assum-
ing a SkyGrid model as the coalescent prior [28]. The
“time at last transition point” was set to 50.0. Phylogeo-
graphic analysis was performed with discrete traits using
a symmetric substitution model and the Bayesian sto-
chastic search variable selection (BSSVS) algorithm [29].
A general time-reversible (GTR) +I'4 Markovian nucleo-
tide substitution model was chosen as the best-fit model.
Two independent Markov chain Monte Carlo (MCMC)
runs were performed for 500 million generations. Mix-
ing and convergence (=250 Effective Sample Size) were
assessed using Tracer v.1.7 software after a 10% burn-in
[30]. Spatiotemporal information was estimated using
SpreaD3 [31], and the maximum clade credibility (MCC)
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tree was inferred using TreeAnnotator v.1.10. Node reli-
ability was analyzed by posterior probability support val-
ues. Qualitative analysis of trees was performed with the
DensiTree BEAST package (Electronic Supplementary
Material). Phylogenetic trees were visualized using Fig-
Tree v.1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/)
and TreeViewer (https://treeviewer.org/) softwares.

Heatmap of RABV N and L gene multiclusters and
recombination analysis

We utilized MEGA v.11 software [32] to calculate pair-
wise nucleotide genetic distances within the partial cod-
ing regions of the RABV N and L genes, focusing on the
three distinct clusters identified in the reconstructed
phylogenies (Electronic Supplementary Material). Next,
we conducted a comparative analysis of the relative
genetic divergence in intra- and interhost nucleotide
variation. Heatmaps were generated using the Pheatmap
package in R v.3.4 (https://cran.r-project.org/web/packag
es/pheatmap/index.html).

To investigate the presence of recombination break-
points in the intra- and inter-clade phylogeny of rabies,
the N and L genes were examined separately, using
sequences retrieved from clusters and the respective
RABYV reference (GenBank accession NC_001542.1). A
thorough exploratory recombination scan was carried
out using the Recombination Detection Program (RDP)
v.5 program to identify recombinants, as well as minor
and major parental sequences within the RABV N and L
dataset. Significance was determined by p-values<0.05.
Only events deemed statistically significant across nine
algorithms in the RDP were considered indicative of the
in silico presence of recombination.

Results

Our initial screening assessed a total of 356 bat brain
samples for RABV antigens using direct immunofluores-
cence (DIF) technique, with 43 samples (12.07%) testing
positive. All 43 positive samples were then subjected to
the mouse inoculation test (MIT), which identified 40
(11.23%) as positive. Therefore, these 40 samples were
positive by both DIF and MIT. Additionally, 13 samples
(3.65%) yielded inconclusive results for either one or both
of these techniques. The majority of our rabies-positive
samples were from the Molossidae family, followed by
species from the Phyllostomidae family. The prevalence
of rabies was 10.6% (Table 2). Our Shannon index was
1.8, indicating a high level of taxon diversity in our col-
lected samples. The data from Table 1 reveal that while
one sample from Molossus molossus and another from
Artibeus jamaicensis showed positive results in the DIF
assay, their outcomes were inconclusive in the MIT.
Notably, the sample from M. molossus yielded incon-
clusive results in both experiments. Furthermore, one
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Table 1 Diversity of bats circulating in Northeast Brazil included in the study, along with their respective diagnostic tests for rabies

Bat species n (2022) n (2023) Location Rabies diagnostic tests
DIF MIT pan-RhabV and -LYSSAV PCR assays
Artibeus jamaicensis 1 North + Inconclusive +/+(n=1)
1 West - - +/+(n=1)
Artibeus lituratus 3 North - - -
4 9 West - - -
Carollia perspicillata 1 East - - -
1 1 North - - -
1 3 West - - -
Cormura brevirostris 1 East - - -
Desmodus rotundus 1 East + + +/4+(n=1)
50 West - - -
Eumops glaucinus 1 East Inconclusive Inconclusive -
1 East - - -
1 West - - -
Eumops perotis 1 East + + +/+(n=1)
1 East - - -
1 North - - -
15 West - - -
Glossophaga soricina 1 East - - -
1 1 North - - -
1 10 West - - -
Molossidae 1 East - - -
(Unidentified species)
Molossus molossus 45 37 East - - -
5 16 East + + +/4+ (n=21)
1 3 East + + -
1 East + Inconclusive +/+(n=1)
1 East Inconclusive Inconclusive +/+(n=1)
1 East Inconclusive - -
1 North Inconclusive - -
7 17 North - - -
1 North - - +/+(n=1)
1 North + Inconclusive -
3 North + + -
3 North + + +/+(n=3)
4 South - - -
1 South Inconclusive + -
1 South + + -
2 4 West + + +/+(n=6)
1 West - - +/+(n=1)
13 1 West - - -
3 West Inconclusive - -
Noctilio leporinus 1 North - - -
Nyctinomops laticaudatus 1 East Inconclusive - -
Peropteryx macrotis 3 East - - -
1 2 West - - -
Phylloderma stenops 1 East - - -
1 North - - -
Phyllostomus hastatus 5 12 West - - -
Promops nasutus 1 East - - -
1 East Inconclusive Inconclusive -
Pteronotus gymnonotus 7 West - - -

Rhinophylla fischerae 11 West - - -
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Table 1 (continued)
Bat species n (2022) n (2023) Location Rabies diagnostic tests

DIF mIT pan-RhabV and -LYSSAV PCR assays
Sturnira lilium 2 West -
Uroderma bilobatum 1 East
Total 106 250 38

Abbreviations DIF, direct immunofluorescence; MIT, mice intracerebral inoculation; RhabV, Rhabdovirus; LYSSAV, Lyssavirus

sample from A. jamaicensis and two additional samples
from M. molossus tested negative in both the DIF and
MIT assays. Conversely, pan-RhabV-LYSSAV PCR assays
detected 38 rabies-positive samples (10.67%), including
those yielding inconclusive and negative results based on
WHO-recommended techniques for rabies diagnosis.

Maximum likelihood-based analyses of the concat-
enated RABV N and L genes revealed three distinct and
well-supported rabies multihost clades and subclades
(Electronic Supplementary Material; Fig. 1). In the first
subclade, designated Cluster 1, our sample (401) clus-
tered with RABYV variants detected in D. rotundus (Gen-
Bank accession no. KU523255.1) and Stenodermatinae
sp. (GenBank accession no. KX148100.1), both from
French Guiana, reported in 2010 and 2009, respec-
tively. Conversely, the subsequent subclade, Cluster 2,
which received statistical support of 0.95, included our
sequence (321) grouped with a RABV variant from a
canine host from Brazil dated to 1986 (GenBank acces-
sion no. KX148109.1).

The latter (Cluster 3), composed of a phylogeneti-
cally distinct and monophyletic clade, included a set of
sequences from our laboratory, primarily RABV from
M. molossus. These sequences were closely related to the
RABV sequences found in Nyctinomops laticaudatus
(GenBank accession no. KM594034-6) and T. brasiliensis
(GenBank accession no. KM594033.1), both of which are
Brazilian bat isolates from 2010. Additionally, this cluster
included RABYV from Eptesicus furinalis (GenBank acces-
sion no. KM594029.1), which originated in Brazil in 2006
and was identified as a common ancestor (Fig. 1).

The Bayesian analysis reinforced the findings from
the maximum likelihood (ML) multicluster inferences,
achieving a posterior probability equal to or greater than
90% (Fig. 2). Moreover, a notable observation pertains
to the temporal dynamics of both intra- and interhost
viral diversity, as evidenced by the scaled phylogenetic
branch length, indicating evolutionary changes over time
for RABV among different host orders and regions. The
reconstruction of population dynamics over a fifty-year
span from 1973 to 2023 revealed distinct fluctuations,
highlighting the dynamic nature of RABV spread and
showing variations in population size and diversity over
time (Fig. 2). Our findings further suggest the common
ancestry of RABV originating from Europe, followed by
subsequent diversification and spreading to different

countries across the American continent (Fig. 3). The
consistency of our findings across a broad range of bat
species highlights the robustness and representativeness
of our data. Such reproducibility has enabled us to delin-
eate specific clusters of RABV lineages circulating among
different bat species, providing a deeper understanding
of the intra- and interhost dynamics and diversity of the
virus.

Lastly, analysis of genetic distance, focusing on both
the nucleoprotein and polymerase genes, revealed a
greater divergence between sequences in Clusters 1 and
2, as depicted in Fig. 4. Notably, the nucleoprotein gene
displayed greater relative genetic distances between Clus-
ters 1 and 2 compared to Cluster 3 (ranging from 0.11 to
0.17), while exhibiting minimal variation between Clus-
ters 1 and 2 (Fig. 4A). Conversely, the polymerase gene
sequences exhibited the most substantial genetic distance
variations across all clusters (Fig. 4B). Furthermore, we
found no in silico evidence of recombination events asso-
ciated with our laboratory-generated sequences. There-
fore, in accordance with our methodological criteria,
these findings did not warrant further exploration.

Discussion
Our study investigated the presence of Rhabdovirus
(RhabV) and conducted an evolutionary analysis on 38
rabies-positive samples out of 356 deceased bat brain
specimens obtained through molecular assays. Nota-
bly, our investigation revealed the highest positivity rate
among samples from the Molossidae family, shedding
light on the potentially overlooked role of insectivorous
bats in the cycle and dynamics of rabies transmission [33,
34]. Traditionally, rabies detection has been focused on
WHO-recommended techniques such as DIF and MIT,
which are widely practiced in the field [19]. However, our
results revealed that samples initially yielding negative
or inconclusive outcomes in these assays tested positive
in molecular experiments, a confirmation later validated
through sequencing. This emphasizes the crucial role
of molecular epidemiology, not only in corroborating
results from DIT and MIT tests but also in identify-
ing positive samples that might have escaped detection
through these conventional methods [35].

Here, we also identified three well-defined and strongly
supported RABV multihost clusters and clades, indicat-
ing the presence of distinct phylogenetic groups. This
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Table 2 Number and percentage of bats sampled in 2022 and
2023 categorized by family, genus and species

Family, Genus and Species Sample n (%) Positive* n Rabies

(%) preva-
lence

Emballonuridae 7(1.9) 0 -

Cormura -

Cormura brevirostris 1 0

Peropteryx -

Peropteryx macrotis 6 0

Molossidae 216 (60.6) 35(92.1) 16.2

Unidentified species 1 0

Eumops 3.22

Eumops glaucinus 3 0

Eumops perotis 28 1

Molossus 18.5

Molossus molossus 183 34

Nyctinomops -

Nyctinomops laticaudatus 1 0

Mormoopidae 7(1.9) -

Pteronotus -

Pteronotus gymnonotus 7 0

Noctilionidae 1(0.2) -

Noctilio -

Noctilio leporinus 1 0

Phyllostomidae 125 (35.1) 3(7.8) 24

Artibeus 11.1

Artibeus jamaicensis 2 2

Artibeus lituratus 16 0

Carollia -

Carollia perspicillata 7 0

Desmodus 1.9

Desmodus rotundus 51 1

Glossophaga -

Glossophaga soricina 14 0

Phylloderma -

Phylloderma stenops 2 0

Phyllostomus -

Phyllostomus hastatus 17 0

Promops -

Promops nasutus 2 0

Rhinophylla -

Rhinophylla fischerae 11 0

Sturnira -

Sturnira lilium 2 0

Uroderma -

Uroderma bilobatum 1 0

Total 356 38 10.6

*Positive results are based on PCR analysis

observation underscores the extensive genetic diver-
sity among cocirculating RABV lineages in the State
of Ceard, an endemic region for rabies, and provides
insights into both intra- and interhost RABV diversity.
For instance, a molecular epidemiological and phyloge-
netic study on rabies conducted in 2011, focusing on the
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nucleoprotein-encoding gene and involving nonhema-
tophagous bats circulating in Brazil, identified distinct
clusters of antigenic and genetic variants associated with
hematophagous bats D. rotundus [36].

Globally, seven primary lineages of RABV have been
identified, with various variants emerging within each
lineage. These variants are associated with specific mam-
malian hosts and distinct geographical regions [37]. The
mammalian orders Carnivora (carnivores) and Chi-
roptera (bats) are recognized as key reservoirs for the
maintenance and transmission of rabies worldwide [38].
In Brazil, RABV is linked to five specific variants: AgV1
and AgV2, found in domestic dogs; AgV3, associated
with hematophagous bats D. rotundus; and AgV4 and
AgV6, identified in insectivorous bats T. brasiliensis and
L. cinereus, respectively. Additionally, a variant phyloge-
netically related to AgV2 is associated with wild canids
(Cerdocyon thous, bush dog), while the antigenic variant
AgVCN is linked to non-human primates (C. jacchus,
white-tufted marmoset) [39].

The emergence of novel RABV lineages is a dynamic
process closely related to the host genus and/or species.
The adaptability of particular RABV lineages across dif-
ferent hosts relies on factors such as close interspecies
contact as well as their phylogenetic proximity [38, 39].
For instance, previous studies based on the RABV N gene
in bats circulating in Brazil have demonstrated that dis-
tinct RABVs clades are associated with specific mamma-
lian hosts [37, 40, 41]. Consistent with these findings, our
concatenated phylogenetic analyses also revealed distinct
clusters and subclades among RABV strains sampled
from distinct hosts. Also, genetic distances analysis of
the N gene in these studies has shown variability, ranging
from less than 0.10 to 0.21 [37, 41]. However, by adopting
a multicluster approach that captures fragment-oriented
genetic variation in RABV across various bat species, our
data closely align with these values. We observed genetic
distances ranging from 0.05 to 0.17 among sequences
from Cluster 1 and those from Clusters 2 and 3, which
is lower than the corresponding values for the RABV L
gene (Electronic Supplementary Material).

Further analysis conducted in Brazil identified two dis-
tinct clades based on the L gene associated with canid
and bat hosts [41]. This observation also corresponds
with the findings reported by De Souza et al. (2017) [40]
regarding the N gene. Notably, the N protein of RABV
exhibits remarkable conservation compared to the other
five viral proteins, making it a commonly utilized target
in phylogenetic and phylogeographic investigations [42].
However, by using a concatenation approach, our results
offered additional insights by revealing multiple layers of
intra- and interhost genetic diversity.

Bayesian analysis provided additional support for the
maximum-likelihood multicluster inferences of RABYV,
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Fig. 1 Concatenated maximum likelihood (ML) phylogenetic tree (A) and likelihood mapping (B) based on the rabies virus (RABV) N and L gene datasets.
Multiple host-RABVs phylogenetic tree highlighting in blue the clusters found in this study, alongside those from different animal species (A), and the
phylogenetic signal (B) of the concatenated RABV N and L gene dataset. Samples with superscript numbers in their IDs refer to sequences obtained from
the original source (ID') and biological proof in mouse (ID?), respectively. Support values based on SH-like test are indicated along the branches. The scale
bar indicates the number of nucleotide substitutions per site (A). Within the triangles, dots represent the likelihood of possible unrooted topologies for
each quartet, with numbers indicating phylogenetic noise (star-like trees). If more than 30% of the mapping falls into the center of the triangle, the data
are considered unreliable for phylogenetic inference (B). Host species retrieved from GenBank are listed at the tips of the branches
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Fig. 2 Maximum clade credibility (MCC) phylogenetic tree (A) and Skygrid reconstruction (B) inferred for rabies virus (RABV) based on concatenated N
and L sequences. Phylogenetic tree illustrating the evolutionary relationships among RABVs sampled from distinct host species (A). Different host orders
are color-coded for clarity, as indicated on the right vertical bar. Clusters of RABVs identified in the study are highlighted in light blue. The median age of
each node, along with the 95% highest posterior density (HPD) interval, indicates the estimated timing of divergence events. Asterisks denote posterior
probability values equal to or greater than 90%. The Skygrid reconstruction shows the population dynamics of RABVs over time. The y-axis represents the
effective population size, with black lines indicating the means and the shaded orange area the 95% HPD interval (B)

RABVs spreading routes

i) POL = BRA

ii) BRA = USA
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BRA = ARG

iv) BRA = MEX, BRA = GUF

Fig. 3 Map illustrating the temporal and geographic dispersal of the rabies virus (RABV) based on the maximum clade credibility tree (see Fig. 2). Major
RABV dispersion events are indicated by Roman numerals (i)-(iv), representing distinct stages characterized by simultaneous transition routes. The branch-
es of the circular phylogenetic tree are color-coded according to their respective countries. The state of Ceard, located in northeastern Brazil, place where
the samples were collected, is highlighted by a red circle. The clusters of RABV identified in the study are highlighted in light blue in the phylogenetic tree
on the right side. Country abbreviations: ARG, Argentina; BRA, Brazil; BWI, British West Indies; CHN, China; CRI, Costa Rica; GUF, French Guiana; GUY, Guyana;
MEX, Mexico; POL, Poland; USA, United States of America
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Fig. 4 Pairwise genetic distance heatmaps for the partial coding regions of the rabies virus (RABV) N and L genes corresponding to the three clusters
recovered from the phylogeny shown in Fig. 1. Pairwise genetic distances calculated for the RABV N (A) and L (B) gene sequences. The legend provides
values in substitutions per site, with red indicating the highest values of paired genetic distance and blue indicating values close to zero. The RABV refer-

ence sequence (GenBank accession NC_001542.1) is denoted as “Ref”

indicating a shared ancestry originating from Europe,
followed by subsequent diversification across countries
from the American continent. Our result supports the
findings of a study conducted by Kobayashi et al. (2011)
[43]. Furthermore, another phylogenetic investigation of
rabies revealed groupings that correlate with geographi-
cal origin relative to host species, suggesting that RABV
may possess the ability to readily traverse boundaries
between different species [44]. The ability of viruses to
traverse species boundaries over evolutionary times-
cales spanning millions of years is a common character-
istic among viruses, although the extent and frequency of
such transmission can vary among different viral families
[45, 46].

Understanding the epidemiology and molecular char-
acteristics of viruses with zoonotic potential is impera-
tive, particularly for RNA viruses, which are prone to
emergence due to their adaptive traits stemming from
genome plasticity [47]. The dual dynamics of intra- and
interhost diversity within the RABVs underscore the
importance of ongoing surveillance and research to mon-
itor genetic changes, evaluate the risk of spillover events,
and develop effective control strategies. Gaining insight
into the mechanisms underlying the cross-species trans-
mission and host adaptation of RABV remains a pivotal
aspect of continuous efforts aimed at reducing and eradi-
cating rabies.

Although our study provides valuable insights into the
genetic diversity and evolutionary dynamics of RABVs

circulation in bats from northeastern Brazil, some limi-
tations should be acknowledged. First, our sample size,
although comprehensive, does not fully represent the
entire bat population in the region. Additionally, the
focus on deceased bat specimens may not capture the full
spectrum of RABV diversity, which tends to be greater.
Moreover, while our phylogenetic analyses are consis-
tent and shed light on the evolutionary relationships
among RABVs, they can be limited by the availability of
sequences deposited in public databases. These limita-
tions highlight the need for further research to elucidate
the complexities of intra- and interhost RABV dynamics
in distinct bat populations.

Conclusions

This study underscores the dynamic evolution of RABV
within individual bat hosts and provides insights into its
genetic diversity across various bat species from north-
eastern Brazil. Our findings also shed light on the intra-
and interhost diversity and transmission dynamics of
RABVs over time. Understanding these dynamics is cru-
cial for developing targeted interventions, such as vac-
cination campaigns and wildlife management strategies,
to mitigate the impact of this lethal zoonotic disease on
both human and animal populations.

Abbreviations

BEAST Bayesian Evolutionary Analysis Sampling Trees
DIF Direct Immunofluorescence
G Surface glycoprotein



Sousa de et al. One Health Outlook (2025) 7:1
GTR General Time Reversible

LACEN  Central Laboratory of Public Health
LYSSAV  Lyssavirus

L RNA-dependent RNA polymerase

M Matrix protein

MCC Maximum clade credibility

MCMC  Markov Chain Monte Carlo

MIT Mouse inoculation test

MEGA Molecular Evolutionary Genetics Analysis
N Nucleoprotein

NNI Nearest-Neighbor Interchange

p Phosphoprotein

PCR Polymerase Chain Reaction

RABV Rabies virus

RDP Recombination Detection Program
RhabV Rhabdovirus

SH-like  Shimodaira-Hasegawa

SPR Sub-Tree-Prune-Regraft

WHO World Health Organization

Acknowledgements

JOM. (2022/12861-0), BS.S.A. (2023/04038-4), LH.ST. (2022/08748-3), PS.A.
(2022/12858-9), LM.R.J. (2020/08943-5) and G. C-M. (2019/14526-0 and
2020/05146-7) are supported by the Sao Paulo Research Foundation (FAPESP).
M.D.G. is a recipient of an institutional scholarship from the Coordination

for the Improvement of Higher Education Personnel (CAPES), Brazil (grant
number 88887.901798/2023-00). F.S.C. is a Research Fellow of The National
Council for Scientific and Technological Development (CNPq), Brazil. The
authors also acknowledge Prof. José Valter Joaquim Silva Jr. and Prof. Eduardo
Furtado Flores from the Federal University of Santa Maria (UFSM) for providing
the PCR-positive control, Tatiane Lira de Souza (FAPESP grant 2022/09684-9)
for technical assistance, and the National Laboratory for Scientific Computing
(LNCC/MCTI, Brazil) for granting access to the HPC resources of the Santos
Dumont supercomputer (project “virusevolution”).

Author contributions

Sample collection and processing: LLFS, MDG, LHST. Laboratory work: LLFS,
MDG, BSSA, LHST. Bioinformatics: JOM, MDG, PSA, RD-C. Manuscript writing
and editing: G. C-M, DBC, PEB, FSC, LMRJ, RD-C. Conceptualization, design and
funding acquisition: RD-C. Final approved manuscript: All.

Funding
This work was funded by the FAPESP Young Investigator Program, Brazil, grants
2019/01255-9 and 2021/03684-4 (R. D-C).

Data availability

All the data generated and analyzed in this study are included in the main
text, tables, and figures. Additional data and details are available at https://gith
ub.com/rduraescarvalho/rabies (folder Rabies 2).

Declarations

Ethics approval and consent to participate

Ethical approval was obtained from the Biodiversity Information and
Authorization System (SISBIO) under no. 85149-1 and the UNIFESP Ethics
Committee for Animal Experimentation under no. 3299080922.

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no conflicts of interest.

Author details

'Department of Microbiology, Immunology and Parasitology, Federal
University of Sdo Paulo, Sao Paulo, SP, Brazil

“Rabies Diagnosis Laboratory, Central Laboratory of Public Health -
LACEN, Fortaleza, CE, Brazil

*Interunit Bioinformatics Graduate Program, Institute of Chemistry,
University of Sdo Paulo, Sao Paulo, SP, Brazil

Page 10 of 11

“Department of Morphology and Genetics, Federal University of Sdo
Paulo, Sdo Paulo, SP, Brazil

*Institute of Biomedical Sciences, University of Sdo Paulo (ICB/USP), Sao
Paulo, SP, Brazil

Department of Medicine, Federal University of Sao Paulo, Sao Paulo, SP,
Brazil

’School of Veterinary Medicine, University of Sdo Paulo, Sao Paulo, SP,
Brazil

8Virology Laboratory, Department of Microbiology, Immunology, and
Parasitology, Institute of Basic Health Sciences, Federal University of Rio
Grande do Sul, Porto Alegre, RS, Brazil

Received: 4 March 2024 / Accepted: 18 November 2024
Published online: 06 January 2025

References

1. World Health Organization (WHO). Rabies. 2023. https://www.who.int/news-r
oom/fact-sheets/detail/rabies

2. BRASIL. Ministério da Saude. Secretaria de Vigilancia em Satde. Raiva
humana. 2023. https.//www.gov.br/saude/pt-br/assuntos/saude-de-a-a-z/r/r
aiva/raiva-humana

3. BRASIL, Ministério da Saude. Secretaria de Vigilancia a Saude. Satide de Aa Z.
Raiva. 2024. https://www.gov.br/saude/pt-br/assuntos/saude-de-a-a-z/r/raiva

4. Benavides JA, Raghavan RK, Boere V, Rocha S, Wada MY, Vargas A, Voietta F
et al. Spatio-temporal dynamics of rabies and habitat suitability of the com-
mon marmoset Callithrix jacchus in Brazil. PLoS Negl Trop Dis. 2022;16(3),
€0010254.

5. Kuzmin IV, Bozick B, Guagliardo SA, Kunkel R, Shak JR, Tong S, et al. Bats,
emerging infectious diseases, and the rabies paradigm revisited. Emerg
Health Threats J. 2011;4(1):7159.

6. Walker PJ, Freitas-Astua J, Bejerman N, Blasdell KR, Breyta R, Dietzgen RG
et al. ICTV Virus Taxonomy Profile: Rhabdoviridae 2022: This article is part
of the ICTV Virus Taxonomy Profiles collection. Journal of General Virology.
2022;103(6). https://www.microbiologyresearch.org/content/journal/jgv/http
s://doi.org/10.1099/jgv.0.001689

7. Riedel C,Hennrich AA, Conzelmann KK. Components and Architecture of the
Rhabdovirus Ribonucleoprotein Complex. Viruses. 2020;12(9):959.

8. Morimoto K, Hooper DC, Carbaugh H, Fu ZF, Koprowski H, Dietzschold B.
Rabies virus quasispecies: implications for pathogenesis. Proc Natl Acad Sci
USA. 1998,95(6):3152-6.

9. Marston DA, Horton DL, Nunez J, Ellis RJ, Orton RJ, Johnson N, et al. Genetic
analysis of a rabies virus host shift event reveals within-host viral dynamics in
anew host. Virus Evol. 2017;3(2):vex038.

10.  Barbosa TFS, Medeiros DBDA, Travassos Da Rosa ES, Casseb LMN, Medeiros R,
Pereira ADS, et al. Molecular epidemiology of Rabies virus isolated from differ-
ent sources during a bat-transmitted human outbreak occurring in Augusto
Correa municipality, Brazilian Amazon. Virology. 2008;370(2):228-36.

11. KobayashiY, Sato G, Mochizuki N, Hirano S, Itou T, Carvalho AA, et al. Molecu-
lar and geographic analyses of vampire bat-transmitted cattle rabies in
central Brazil. BMC Vet Res. 2008:4(1):44.

12. Bonnaud EM, Troupin C, Dacheux L, Holmes EC, Monchatre-Leroy E,

Tanguy M, et al. Comparison of intra- and interhost genetic diversity in
Rabies virus during experimental cross-species transmission. PLoS Pathog.
2019;15(6):1007799.

13. Lauring AS. Within-host viral diversity: a window into viral evolution. Annu
Rev Virol. 2020;7(1):63-81.

14.  Condori RE, Aragon A, Breckenridge M, Pesko K, Mower K, Ettestad P, et al.
Divergent rabies virus variant of probable Bat Origin in 2 Gray Foxes, New
Mexico, USA. Emerg Infect Dis. 2022;28(6):1137-45.

15. De Sousa LLF, De Souza TL, Tibo LHS, Moura FBP, Junior FAS, De Oliveira-Filho
EF, et al. Rabies virus variants from bats closely related to variants found in
marmosets (Callithrix jacchus), a neglected source of human rabies infection
in Brazil. J Med Virol. 2023,95(8):e29046.

16.  BRASIL. Ministério da Saude. Secretaria de Vigilancia em Saude. Departa-
mento de Vigilancia das Doengas Transmissiveis. Manual de vigilancia, pre-
vencao e controle de zoonoses: normas técnicas e operacionais. In Brasilia,
Brazil: Ministério da Saude, Secretaria de Vigilancia em Saude, Departamento
de Vigilancia das Doengas Transmissiveis. 2016. p. 121.


https://github.com/rduraescarvalho/rabies
https://github.com/rduraescarvalho/rabies
https://www.who.int/news-room/fact-sheets/detail/rabies
https://www.who.int/news-room/fact-sheets/detail/rabies
https://www.gov.br/saude/pt-br/assuntos/saude-de-a-a-z/r/raiva/raiva-humana
https://www.gov.br/saude/pt-br/assuntos/saude-de-a-a-z/r/raiva/raiva-humana
https://www.gov.br/saude/pt-br/assuntos/saude-de-a-a-z/r/raiva
https://www.microbiologyresearch.org/content/journal/jgv/
https://doi.org/10.1099/jgv.0.001689
https://doi.org/10.1099/jgv.0.001689

Sousa de et al. One Health Outlook

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

(2025) 7:1

Schmieder DA, Benitez HA, Borissov IM, Fruciano C. Bat Species Compari-
sons Based on External Morphology: A Test of Traditional versus Geometric
Morphometric Approaches. Swartz S, editor. PLoS ONE. 2015;10(5):e0127043.
Ludwig JA, Reynolds JF. Statistical ecology: a primer in methods and comput-
ing. Wiley; 1988.

World Organization for Animal Health (WHOAH). Chapter 3.1.18. Rabies
(infection with rabies virus and other Lyssaviruses). In: Terrestrial Manual
Online. 2023. https://www.woah.org/fileadmin/Home/eng/Health_standards
/tahm/3.01.18_RABIES.pdf

Bourhy H, Cowley JA, Larrous F, Holmes EC, Walker PJ. Phylogenetic relation-
ships among rhabdoviruses inferred using the L polymerase gene. J Gen
Virol. 2005;86(10):2849-58.

Heaton PR, Johnstone P, McElhinney LM, Cowley R, O'Sullivan E, Whitby JE.
Heminested PCR assay for detection of six genotypes of rabies and rabies-
related viruses. J Clin Microbiol. 1997;35(11):2762-6.

ShenW, Le S, Li Y, Hu F, SeqgKit:. A Cross-Platform and Ultrafast Toolkit for
FASTA/Q File Manipulation. Zou Q, editor. PLoS ONE. 2016;11(10):e0163962.
Okonechnikov K, Golosova O, Fursov M. The UGENE team. Unipro UGENE: a
unified bioinformatics toolkit. Bioinformatics. 2012;28(8):1166-7.

Larsson A. AliView: a fast and lightweight alignment viewer and editor for
large datasets. Bioinformatics. 2014;30(22):3276-8.

Schmidt HA, Strimmer K, Vingron M, Von Haeseler A. TREE-PUZZLE: maximum
likelihood phylogenetic analysis using quartets and parallel computing.
Bioinformatics. 2002;18(3):502-4.

Xia X, Xie Z, Salemi M, Chen L, Wang Y. An index of substitution saturation
and its application. Mol Phylogenet Evol. 2003. p. 7.

Price MN, Dehal PS, Arkin AP. FastTree 2 — Approximately Maximum-
Likelihood Trees for Large Alignments. Poon AFY, editor. PLoS ONE.
2010;5(3):29490.

Drummond AJ, Rambaut A. BEAST: bayesian evolutionary analysis by sam-
pling trees. BMC Evol Biol. 2007;7(1):214.

Lemey P, Rambaut A, Drummond AJ, Suchard MA. Bayesian Phylogeography
Finds Its Roots. Fraser C, editor. PLoS Comput Biol. 2009;5(9):e1000520.
Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior Summariza-
tion in Bayesian Phylogenetics Using Tracer 1.7. Susko E, editor. Systematic
Biology. 2018;67(5):901-4.

Bielejec F, Baele G, Vrancken B, Suchard MA, Rambaut A, Lemey P. SpreaD3:
interactive visualization of Spatiotemporal history and trait evolutionary
processes. Mol Biol Evol. 2016;33(8):2167-9.

Tamura K, Stecher G, Kumar S. MEGAT11: Molecular Evolutionary Genetics
Analysis Version 11. Battistuzzi FU, editor. Molecular Biology and Evolution.
2021,38(7):3022-7.

Ribeiro J, Staudacher C, Martins CM, Ullmann LS, Ferreira F, Araujo JP, et al.
Bat Rabies surveillance and risk factors for rabies spillover in an urban area of
Southern Brazil. BMC Vet Res. 2018;14(1):173.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.
47.

Page 11 of 11

Cargnelutti JF, De Oliveira PSB, Pacheco SM, Dos Santos HF, Weiblen R, Flores
EF. Genetic identification of a rabies virus from an insectivorous bat in an
urban area of Rio Grande do sul, Brazil. Braz J Microbiol. 2021;52(3):1627-30.
Minozzo GA, Corona TF, Da Cruz ECR, De Castro WAC, Kmetiuk LB, Dos Santos
AP, et al. Novel duplex RT-gPCR for animal rabies surveillance. Transbounding
Emerg Dis. 2022;69(5):e2261-7.

Albas A, Campos ACDA, Araujo DB, Rodrigues CS, Sodré MM, Durigon EL, et
al. Molecular characterization of Rabies virus isolated from non-haematopha-
gous bats in Brazil. Rev Soc Bras Med Trop. 2011,44(6):678-83.

Fooks AR, Cliquet F, Finke S, Freuling C, Hemachudha T, Mani RS, Maller T, et
al. Rabies virus. Nat Rev Dis Primers. 2017,3:17091.

Mollentze N, Biek R, Streicker DG. The role of viral evolution in rabies host
shifts and emergence. Curr Opin Virol. 2014;8:68-72.

Favoretto SR, De Mattos CC, De Mattos CA, Campos ACA, Sacramento DRV,
Durigon EL. The emergence of wildlife species as a source of human rabies
infection in Brazil. Epidemiol Infect. 2013;141(7):1552-61.

De Souza DN, Carnieli P, Macedo Cl, De Novaes Oliveira R, De Carvalho Ruth-
ner Batista HB, Rodrigues AC, et al. Phylogenetic analysis of Rabies virus iso-
lated from canids in North and Northeast Brazil. Arch Virol. 2017;162(1):71-7.
Carnieli P, De Novaes Oliveira R, De Oliveira Fahl W, De Carvalho Ruthner
Batista HB, Scheffer KC, lamamoto K, et al. Phylogenetic analysis of partial
RNA-polymerase blocks Il and IIl of rabies virus isolated from the main rabies
reservoirs in Brazil. Virus Genes. 2012;45(1):76-83.

Bourhy H, Reynes J-M, Dunham EJ, Dacheux L, Larrous F, Huong VTQ,

et al. The origin and phylogeography of dog rabies virus. J Gen Virol.
2008;89(11):2673-81.

Kobayashi'Y, Suzuki Y, ltou T, Ito FH, Sakai T, Gojobori T. Evolutionary history of
dog rabies in Brazil. ] Gen Virol. 2011;92(1):85-90.

Holmes EC, Woelk CH, Kassis R, Bourhy H. Genetic constraints and the adap-
tive evolution of rabies virus in Nature. Virology. 2002,292(2):247-57.
Geoghegan JL, Duchéne S, Holmes EC. C Drosten editor 2017 Comparative
analysis estimates the relative frequencies of co-divergence and cross-spe-
cies transmission within viral families. PLoS Pathog 13 2 €1006215.

Holmes EC. The Ecology of viral emergence. Annu Rev Virol. 2022;9(1):173-92.
White RJ, Razgour O. Emerging zoonotic diseases originating in mammals:

a systematic review of effects of anthropogenic land-use change. Mammal
Rev. 2020;50(4):336-52.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.01.18_RABIES.pdf
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.01.18_RABIES.pdf

	﻿Phylogenetic inferences reveal multiple intra- and interhost genetic diversity among bat rabies viruses circulating in northeastern Brazil
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Sampling and viral screening
	﻿Phylogeny
	﻿Heatmap of RABV N and L gene multiclusters and recombination analysis


	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


