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Abstract

Since 1998, with the occurrence of the last case of rabies in dogs or cats in Sdo Paulo State related to the
dog-specific rabies virus (RABV) lineage, 55 cases of rabies in these animals have been reported until
2021, and the vast majority (51) have been genetically characterized as belonging to the Desmodus
rotundus/Artibeus lituratus lineage of RABV, However, it has not been demonstrated so far if there is the
possibility to infer which of these bats acted as a source of infection in these cases through the genetic
sequencing of isolated RABV. In order to characterize the Desmodus rotundus/Artibeus lituratus lineage
aiming at the possibility of differentiating its isolates in RABV associated with each of these reservoirs,
this research performed the DNA sequencing technique by amplification on the lllumina Miseq platform
in 70 RABV isolates from the State of Sdo Paulo, sent to the virology laboratory of the Pasteur Institute of
Sao Paulo between 2006—-2015, being 33 related to the hematophagous bat D. rotundus and 37 to the
fruit bat A. /ituratus. A genomic approach using phylogenetic and nucleotide identity analyses
demonstrated that the isolates investigated in this study can be considered as belonging to the same
genetic lineage of RABV and that in Sdo Paulo State the D. rotundus/A. lituratus lineage is subdivided
into at least four phylogenetic sub lineages, two associated with D. rotundus and two with A. lituratus,
and that these results can be practically applied to the epidemiological surveillance of rabies in this state.

Introduction

Rabies is an acute and progressive infectious disease of the central nervous system (CNS) of mammals
caused by the rabies virus (RABV), which is present in the saliva of infected animals and transmitted
primarily by biting (Acha and Szifres, 2003). Tens of thousands of people in Africa and Asia die of rabies
each year, primarily through bites from rabid dogs (Hampson et al., 2015).

RABYV has a non-segmented single-stranded RNA genome with negative polarity, making the viral RNA
non-infectious because it is unable to be translated directly into proteins. The complete genome has
11,932 nucleotides based on the fixed Pasteur Virus (PV), which encode five structural proteins (N, B M, G,
and L) from monocistronic mRNAs. The five genes encoding these proteins are named as the proteins
and are separated by four non-coding intergenic regions (Wunner, 2007), which play an important role in
the regulation of viral expression (Finke et al., 2000).

In Sao Paulo state, the domestic dog-specific genetic lineage of RABV, characterized antigenically as
antigenic variant 2 (AgV2) has not been detected since 1999 (Kotait et al., 2001). However, 55 cases of
dogs and cats rabies have been reported by the end of 2021 as resulting from infection by bat-specific
RABV genetic lineages (SVS, 2020), and in the absolute majority of these cases (51) the isolated RABV
lineages was characterized as the Desmodus rotundus/Artibeus lituratus (characterized antigenically as
variant 3), which has these two bat species as its reservoir (Castilho et al. 2018; Carnieli et al, 2009).

In recent years the species of frugivorous bat Artibeus lituratus, has gained importance in Public Health,
because in addition to the number of these animals have increased in urban areas, they are also
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reservoirs of the RABV Desmodus rotundus /Artibeus lituratus lineage, maintaining this epidemiological
cycle independently of the cycle maintained by the hematophagous bat (Castilho et al., 2017). It is worth
noting that it is not yet known which of these two bat species is the original reservoir for this lineage.

Fahl et al. (2012) studied RABV isolates from bats Desmodus rotundus and Artibeus lituratus from Séo
Paulo state based on analysis of the G and N genes and found differentiation of this lineage from those
bats, but it was not clear whether these isolates could be considered as a single lineage of RABV, nor was
a way proposed to use these data to infer the source of infection in cases of rabies in domestic animals
caused by the D. rotundus/A.lituratus lineage.

For a better understanding of the epidemiology of rabies transmitted to dogs and cats and the evolution
of RABV in the bat species Artibeus lituratus and Desmodus rotundus, the study of viral genomes with a
representative sample size is critical. Few RABV genome sequences with the Desmodus
rotundus/Artibeus lituratus lineage have been characterized and are available in GenBank (Mochizuki et
al. 2011, Campos et al., 2020, Oliveira et al., 2020).

Thus, the objective of this research was to determine, through a genomic approach, whether RABV
isolates from D. rotundus and A. lituratus bats really belong to the same viral lineage or only represent
distinct RABV lineages. These findings can contribute to the clarification of the most likely source of
infection in cases of rabies in domestic animals infected with the D. rotundus/A. lituratus lineage.

Materials And Methods
RABV samples

Seventy first-passage RABV samples from the CNS of inoculated mice were used as established in the
routine of the Rabies Diagnostic Section of the Pasteur Institute (Koprowski, 1996). RABV isolates were
obtained from Desmodus rotundus bats (4), cats (2), cattle (23), horses (6) and Artibeus lituratus bats
(35). All samples used were from Brazil, State of Sdo Paulo, collected from 2006 to 2015.

RNA Preparation

Total RNA was extracted from CNS of infected mice using TRIzol (Invitrogen™), following as
manufacturer's instructions. Total RNA was treated with DNAse | (Ambion), the extracted total rRNA was
depleted to eliminate host rRNA using the RiboMinus Eukaryote kit (Invitrogen) followed by the
RiboMinus concentration Module (Invitrogen), according to the manufacturer's instructions. Transcription
to cDNA was performed using Tug/ul of RNA with random hexamers using Superscipt Ill reverse
transcriptase (Invitrogen) and the second strand reaction was performed with Klenow Fragment exo
(Thermo Scientific).
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Library preparation and NGS sequencing

Sequencing libraries were prepared with Nextera XT DNA library preparation (lllumina) according to the
manufacturer's instructions. Library profile and concentration were evaluated using the bioanalyzer
platform on a high sensitivity kit (Agilent). Libraries were pooled manually and sequenced at 17nM on an
lllumina MiSeq (V2) with 2x150-bp paired-end reads, according to standard lllumina protocols.

The generated reads were assembled in the CLC Genomics Workbench 6 program, using a reference
sequence from a RABV isolate from a Desmodus rotundus bat (GenBank KM594042.1). These contigs
were extended by mapping reads to the reference with 95% similarity and no gaps.

Sequences with Q score = 20, minimum coverage of 100 reads per site, and penalty for homopolymeric
regions (30% quality reduction for each additional base) were maintained.

Data set for analysis

For the phylogenetic analyses described below, two different alignments generated with DNA sequences
from the same isolates (70 from this study and 14 retrieved from GenBank) were used, one referring to
the five RABV genes concatenated (10,800 nucleotides) and the other referring to a partial region of the N
gene with 799 nucleotides (nucleotide 71 to 869), the same used in the routine of genetic characterization
of RABV from the Laboratory of Molecular Biology of the Pasteur Institute.

The sequences were aligned with the MUSCLE method with the MEGA X program (Kumar et al., 2018),
and then the alignment was manually edited with the Bioedit v. 7.0.9.0 program (Hall, 1999).

Regarding the sequences corresponding to the five RABV genes, after alignment, all the non-coding
regions of the messenger RNAs of each of the flve RABV genes and their intergenic regions were removed,
and after this step, all the coding regions of each of the genes were concatenated in a single read step in
the viral genome direction (N-P-M-G-L), totaling 10,800 nucleotides.

Estimation of nucleotide substitution rate per site per year, estimate of the time to most recent common
ancestor (TACMR) and phylogeny estimates

To estimate the substitution rates per site per year and the TACMR for the Desmodus rotundus/Artibeus
lituratus, 84 sequences of all flve concatenated RABV genes were used, 70 of them generated in this
study and the remaining 14 retrieved from GenBank. Phylogenetic trees with maximum clade credibility
(MCC) were inferred for the five concatenated RABV genes using a Markov Chain Monte Carlo (MCMC)
based approach implemented in BEAST v.1.10.4 (Drummond et al, 2012) employing the General Time
Reversible (GTR) model with gamma rate and a proportion of invariant sites (GTR+TI +1) and
uncorrelated relaxed molecular clock using a lognormal probabilistic distribution (Drummond et al., 2006)
with the previously estimated p (nucleotide substitution rate) (Oliveira et al., 2020). The convergence of
the MCMC was obtained after 4 independent runs with 70 million generations each, sampling every
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70,000 trees, which was enough to obtain an appropriate sampling of the stationarity of the MCMC that
was inspected with the aid of the program Tracer v 1.7.1 (available at http://tree.bio.ed.ac.uk/software/),
considered sufficient when the effective sample sizes (ESS) of the parameters reached values greater
than 200.

For the phylogenetic reconstruction of the tree based on 799 nucleotides of the N gene (nt 71 to 869
relative to fixed sample PV), the maximum likelihood method using MEGA X software (Kumar et al., 2018)
with Tamura 3-parameter evolutionary model with gamma variation rate (T92 +I') with 1000 bootstrap
repetitions was used.

Recombination analysis

For this analysis the alignment referring to the five concatenated RABV genes was used. The detection of
possible homologous recombination events, identification of recombinant sequences and location of
recombination points were investigated using the RDP, GenConv, Chimaera, MaxChi, Bootscan, SiScan
and 3Seq methods implemented in the RDP4 beta 48 program (Martin et al., 2010), using a 95%
confidence interval and Bonferroni multiple correction to avoid false positive results.

Nucleotide and amino acid identity

The average, maximum and minimum nucleotide and amino acid identity values calculated for the five
concatenated RABV genes and each gene separately (N, P M, G, and L) were calculated using the Excel
program based on nucleotide and amino acid identity matrices obtained using the Bioedit v. 7.0.9.0
program (Hall, 1999).

Results

Recombination Analysis
No evidence of recombination was found among the RABV isolates of this study.
Nucleotide and Protein Similarity

The Table 1 shows the nucleotide identity values (mean, maximum and minimum) calculated for each
gene separately and all the concatenated genes, using only the samples of the present study for this
calculation, which ultimately reflects the degree of genetic similarity of each gene within the isolates of
the Desmodus rotundus/Artibeus lituratus lineage circulating in the state of Sdo Paulo.
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Table 1

Mean, maximum and minimum genetic identities
calculated using all DNA sequences of the isolates in

this study.
Gene Mean % Maximum % Minimum %
N 97,64 100 95,6
P 97,50 100 94,9
M 97,80 100 95,5
G 98,05 100 95,6
L 97,90 99,9 96,3
N-P-M-G-L 97,8 99,9 96,2

It can be observed that the P gene was more variable in the RABV Desmodus rotundus/Artibeus lituratus
lineage, both in mean and absolute values. In mean values we have the following order of genetic
similarity: G >L >M >N >P. In absolute values, the degree of similarity of genes would be in the following
orderL>G=N>M>P.

The Table 2 describes the values of the mean, maximum and minimum identities calculated for each
RABYV protein separately and for all the concatenated proteins, using for this calculation only the samples
of the present study.

Table 2

Average, maximum and minimum protein identities
calculated using all DNA sequences of the isolates of

this study.
Protein Mean % Maximum % Minimum%
N 99,5 100 98,6
P 99,02 100 95,9
M 99,3 100 97,5
G 99,05 100 96,9
L 99,5 100 98,7
N-P-M-G-L 994 100 98,6

The Table 2 shows that the P protein was the most variable in the RABV Desmodus rotundus/Artibeus
lituratus lineage, both in mean and absolute values. In mean values we have the following order of
similarity of the RABV proteins N=L >M>G >P. In absolute values, the degree of similarity of the proteins
would be in the following order L>N>M>G >P.
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Estimates of nucleotide substitution rate per site per year, time to most recent common ancestor (TACMR)
and phylogeny estimates.

In Figs. 1 and 2 we have respectively the maximum credible clade phylogenetic trees obtained from the
alignment of the five concatenated RABV genes and the ML tree obtained from the partial N gene
alignment.

It is possible to observe in the MCC tree generated from all the RABV genes concatenated (Fig. 1) the
division of the 84 isolates into nine clusters, with at least one taxon in each one, seven of them supported
by high posterior values, four of these clusters related to the samples used in this study, which were
arbitrarily named according to the most prevalent reservoir in each group. Thus, in the state of Sdo Paulo
there are two clusters related to the hematophagous bat Desmodus rotundus, named Desmodus 1 and
Desmodus 2, and two clusters related to the species Artibeus lituratus, named Artibeus 1 and Artibeus 2.

Figure 2 shows the maximum likelihood phylogenetic tree obtained from a 799 bp fragment of the N
gene, showing the recovery of the same four clusters related to the isolates of this research obtained in
the MCC tree, but with a slightly different topology with respect to the origin of the groups Artibeus 1 and
Desmodus 1.

According to the MCC phylogenetic trees, the most recent common ancestor time (TACMR) for the
Desmodus rotundus/Artibeus lituratus (AgV3) lineage would have occurred around 170 years, ranging
from 107 to 237 years with a 95% confidence interval (Fig. 1). The estimated average mutation rate for all
concatenated RABV genes was 2.15E-4 substitutions per site per year, ranging from 1.6E-4 to 2.6E-4 with
95% confidence interval.

In the MCC phylogenetic tree (Figs. 1) it is observed that the Artibeus 1 sublineage would be the oldest
among the representatives of the Desmodus rotundus/Artibeus lituratus lineage circulating in the state of
Sao Paulo, being the first to diverge around 100 years ago, followed by the Desmodus 1 lineage, which
would have diverged around 80 years ago. It is also observed that the Desmodus 2 and Artibeus 2
sublineages were the last to diverge, being groups that diverged directly from the same common ancestor,
around 70 years ago. The Desmodus 1 and Artibeus 1 sublineages do not diverge directly from the same
common ancestor, having their most recent common ancestor represented by the node of origin of the
Artibeus 1 lineage.

In Table 3 is the description of the 70 isolates used in this research.
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Table 3

Isolates used in this research, along with host, locality, underline, and GenBank number.

Sample

2990/06
5283/06
4987/06
3970/06
5337/07
6521/07
6784/07
895/09

2939/09
6901/10
4433/10
5845/11
5657/06
161/14

3959/10
6378/11
113/13

8532/06
7329/08
2470/09
2656/10
5731/10
1469/11
4611/11
5517/11
4338/12
3234/12

Host
Artibeus lituratus

Artibeus lituratus

Desmodus rotundus

Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Feline

Artibeus lituratus
Artibeus lituratus
Bovine

Artibeus lituratus
Bovine

Bovine

Bovine

Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Bovino

Artibeus lituratus
Artibeus lituratus
Artibeus lituratus

Artibeus lituratus

City/State
Ribeirdo Preto/SP
Campinas/SP
Ubatuba/SP
Piracicaba/SP
Campinas/SP
Ribeirdo Preto/SP
Ribeirdo Preto/SP
Ribeirdo Preto/SP
Ribeirdo Preto/SP
Jaguariuna/SP
Campinas/SP
Ribeirdo Preto/SP
Séo Carlos/SP
Campinas/SP
Pedregulho/SP
Franca/SP
Pedregulho/SP
Campinas/SP
Piracicaba/SP
Ribeirdo Preto/SP
Ribeirdo Preto/SP
Ribeirdo Preto/SP
Marilia/SP
Campinas/SP
Nova Odessa/SP
Campinas/SP
Campinas/SP
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Underline
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Artibeus 1
Desmodus 1
Desmodus 1
Desmodus 1
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2

GenBank

MW579806
MW579825
MW579824
MW579814
MW579826
MW579837
MW579839
MW579785
MW579804
MW579840
MW579817
MW579831
MW579828
MW579780
MW579813
MW579836
MW579779
MW579844
MW579842
MW579801
MW579802
MW579830
MW579787
MW579822
MW579827
MW579815
MW579808




Sample
2149/13
2249/13
3247/13
4495/13
2258/14
2367/14
2701/14
3235/14
3251/15
1613/15
2430/15
3595/15
4426/15
4507/15
6041/11
2009/11
6371/06
10357/06
8346/06
4548/07
5730/07
6077/07
7191/08
6763/08
1692/09
2429/09
3227/09
4731/09

Host

Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Feline

Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Artibeus lituratus
Equine

Bovine

Bovine

Bovine

Bovine

Desmodus rotundus

Equine
Bovine
Bovine
Bovine
Bovine

Bovine

City/State

Barretos/SP
Campinas/SP

Ribeirdo Preto/SP
ltapira/SP

Sédo José Do Rio Pardo/SP
Itapevi/SP

Mogi Guagu/SP

Ribeirdo Preto

Ribeirdo Preto/SP

Ribeirdo Preto/SP

Ribeirdo Preto/SP

Ribeirdo Preto/SP
Campinas/SP

Luiz Anténio/SP
Herculandia/SP

Ribeirdo Preto/SP
Patrocinio Paulista/SP
Socorro/SP
Joanépolis/SP
Socorro/SP
Joanépolis/SP
Socorro/SP

Pedra Bela/SP

S&o Joado da Boa Vista/SP
Séo José do Rio preto/SP
Divinolandia/SP

Séao José do Rio Pardo/SP
Séo Jodo da Boa Vista/SP
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Underline
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Artibeus 2
Desmodus 2
Desmodus 2
Desmodus 2
Desmodus 2
Desmodus 2
Desmodus 2
Desmodus 2
Desmodus 2
Desmodus 2
Desmodus 2
Desmodus 2

Desmodus 2

GenBank

MW579794
MW579795
MW579810
MW579818
MW579796
MW579797
MW579803
MW579809
MW579811
MW579790
MW579799
MW579812
MW579816
MW579819
MW579832
MW579792
MW579835
MW579846
MW579843
MW579821
MW579829
MW579833
MW579841
MW579838
MW579791
MW579798
MW579807
MW579823




Sample Host City/State Underline GenBank

8622/09 Bovine Ribeirdo Preto/SP Desmodus2 MW579845
218/10 Bovine Piracaia/SP Desmodus2 MW579781
2974/10 Muar Socorro/SP Desmodus2 MW579805
2461/11 Bovine Séo Jodo da Boa Vista/SP  Desmodus2 MW579800
2023/12 Bovine Descalvado/SP Desmodus2 MW579793
1505/12 Bovine Amparo/SP Desmodus2 MW579789
25/13 Bovine Mococa/SP Desmodus2 MW579778
233/13 Bovine Tambau/SP Desmodus2 MW579782
6312/08 Bovine Joanopolis/SP Desmodus2 MW579834
410/13 Bovine Descalvado/SP Desmodus2 MW579783
4534/13 Desmodus rotundus  Campinas/SP Desmodus2 MW579820
22/14 Equine ltatiba/SP Desmodus2 MW579777
1410/14 Desmodus rotundus  Rio Claro/SP Desmodus2 MW579786
1486/15 Equine Jaguariuna/SP Desmodus2 MW579788
763/12 Equine Amparo/SP Desmodus2 MW579784

Discussion

In Sdo Paulo state, rabies caused by the domestic dog genetic lineage (AgV2) has not been detected in
dogs and cats since 1999 (Kotait et al, 2001), but these animals continue to become infected, albeit
sporadically, with lineages circulating in bats, mainly the Desmodus rotundus/Artibeus lituratus,
(compatible with AgV3) (Castilho et al. 2017; 2018), which is endemic in Sdo Paulo State, and probably
throughout Brazil.

Desmodus rotundus are also responsible for the absolute majority of rabies cases in herbivores, which
are infected by hematophagous bats with rabies at the time they feed on these animals.

Unlike herbivores, dogs and cats, due to their predatory habits, can contract rabies from bats other than
hematophagous bats, including the frugivorous bat Artibeus lituratus, which is also a reservoir of the
RABV strain D. rotundus/A. lituratus, and to date, it is not possible to infer, through genetic sequencing of
these isolates, which of these bats acted as the most likely source of infection of these infections
(Castilho et al., 2018).
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Research has already demonstrated a possible genetic differentiation between RABV isolates from D.
rotundus and A. lituratus but has not discussed whether these groups would be specific lineages or sub
lineages within the D. rotundus/A. lituratus lineage, nor demonstrated the use of these results in rabies
epidemiological surveillance in dogs and cats infected with this lineage (Kobayashi et al., 2007, Fahl et
al,, 2012).

Based on the results of research studying different Brazilian RABV strains using the N gene, it is observed
that to date, isolates considered to be from the same lineages generally do not vary more than 5% in
nucleotide identity (Carnieli et al., 2013; Souza et al., 2017, Oliveira et al., 2010; Macedo et al., 2010), and
this value of gene identity based on the N gene is also suggested by Nadin-Davis (2020) for the
separation of RABV lineage.

For all concatenated RABV genes, according to Table 2, a maximum nucleotide identity variation of 4.8%
was found, while for the N gene, the maximum variation found was 4.4%. Thus, if we use the gene
identity values based on the N gene, there would be no sense in classifying the clusters found in this
research in distinct lineages of RABV as suggested by Fahl et al. (2012), because the variation between
them based on the N gene had a maximum value of 4.4%, thus belonging to the same lineage of RABV.

As for the analysis of the calculations of genetic identities of nucleotides in relation to the samples
sequenced in this study, the following result is observed in increasing order of genetic conservation in
mean values: G>L >M >N>P In absolute values, the degree of conservation of genes would decline in
the following order L>N=G >M>P (Table 1).

As for the analysis of amino acids in mean values we have the following order of variability of proteins N
=L <M< G <P In absolute values, the degree of variation of proteins would be in the following order L >N
>M>G>P

Oliveira (2014) conducted a phylogenetic study of RABV based on complete genomes using a very
significant sample of RABV strains distributed worldwide, where it was obtained the following result
regarding the genetic identities related to the five RABV genes: N>M >L >P >G. In the same research, the
author demonstrated that if RABV is divided into two large groups, in which the author called aerial and
terrestrial cycles of RABYV, these values varied according to the group analyzed. In this case the result of
the mean identities obtained for the aerial cycle was N>M >L >P >G, while for the terrestrial cycle was N
>M >L >G >P. This shows that depending on the way the data is analyzed or categorized, different values
of genetic identity can be obtained.

Although the N gene was shown to be the third most divergent gene on average in the Desmodus
rotundus/Artibeus lituratus lineage, in terms of amino acids, the N protein along with the L protein were
shown to be on average the most conserved proteins among the RABVs of this lineage. Protein N is
considered the most conserved protein in RABV species (Wunner & Conzelmann, 2020), but this is the first
study to demonstrate that protein L may be as conserved as protein N, again showing that some features
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of nucleotide and peptide identities considered to be the consensus for RABV as a whole may vary in
more specific analyses.

The functional and organizational constraints imposed on RABV proteins make the same to be under
intense purifying selection (Wunner & Conzelmann, 2020; Streicker & Biek, 2020; Oliveira, 2014; Kuzmina
et al., 2013), which causes most of their nucleotide mutations to be synonymous, i.e. mutations encoding
the same amino acid. Thus, it is possible that the third most variable gene on average in the strain
studied in this research (gene N) encodes the most conserved protein (Tables 1 and 2).

Although purifying selection is the dominant type of selection in RABV proteins, studies show that there is
a higher tolerance for amino acid changes in P and G proteins compared to other RABV proteins, causing
nonsynonymous mutations to be fixed in larger numbers in these genes (Streicker & Biek, 2020). This
could explain the fact that in this research the G gene proved on average to be the most conserved gene
in the Desmodus rotundus/Artibeus lituratus lineage while corresponding to the second most divergent
protein in this lineage.

In the recombination analysis, no evidence of this phenomenon was found in the isolates studied here,
agreeing with results obtained by other authors (Kuzmin et al., 2012; Oliveira et al., 2020). Recombination
between different RABV lineages is a rare event, few studies have presented events of this nature, all in
China involving specific dog lineages (Liu et al., 2011; He et al., 2012; Ding et al., 2017).

As for topology, the Maximum Cluster Credibility phylogenetic tree demonstrated that the isolates
sequenced in this study clustered into four clusters (Fig. 1), which were arbitrarily named according to the
order of divergence in the phylogenetic tree and the main host found in each cluster. It can be suggested,
according to the results found, that in Sdo Paulo State, the Desmodus rotundus/Artibeus lituratus lineage
is currently subdivided into at least four sub clusters named Desmodus 1, Desmodus 2, Artibeus 1 and
Artibeus 2 (Fig. 1).

An interesting fact observed in the phylogeny obtained in Fig. 1 were the two independent and not directly
related divergences, which gave rise to the two sub lineages associated with the species Artibeus
lituratus. This shows that these two sublines diverged at different times and from different ancestral
viruses, and according to the data of this study, the Artibeus 1 sub lineage seems to have been the first to
diverge in the state of Sao Paulo, being perhaps the most recent common ancestor of the other 3 sub
lineages circulating in the state of Sdo Paulo. These two differentiation events can be observed in a
subtle way in the research of Fahl et al. (2012), however the authors of this paper did not observe or
discuss this fact.

As for the remaining groupings, it is noted that the Desmodus 1 sub lineage was probably the second to
diverge, and interestingly, it is noted that the Desmodus 2 and Artibeus 2 lineages were the last to diverge
directly from the same ancestral RABV.
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In the analysis of each cluster, it was observed that in Desmodus 1 sub lineage only isolates associated
with the hematophagous bat Desmodus rotundus were found.

In cluster Artibeus 1 there was a predominance of isolates from Artibeus lituratus. However, we found an
isolate from a feline from Jaguariina, an isolate from Desmodus rotundus from the municipality of
Ubatuba and an isolate from a bovine from the municipality of Sdo Carlos (Fig. 1), which can be
considered very likely spillover events Artibeus lituratus — D.rotundus (Fahl et al, 2012, Oliveira et al,
2010, Menozzi et al, 2017).

In Desmodus cluster 2 isolates were found from Desmodus rotundus, equines and bovines, without the
occurrence of probable spillover events.

In the Artibeus 2 cluster, as observed in the Artibeus 1 cluster, an isolate from a bovine was clustered that
was also most likely due to an Artibeus lituratus — D.rotundus spillover event.

Although the results regarding the differentiation of the four sub lineages within the Desmodus
rotundus/Artibeus lituratus RABV lineage circulating in the state of Sdo Paulo found in this research are
quite robust based on the high posterior and bootstrap values of the source nodes of each cluster, these
results should not be extrapolated to other regions of the country due to the fact that little is known about
the characterization of RABV isolates from the frugivorous bat Artibeus lituratus in these regions
(Kobayashi et al, 2007). Furthermore, a preliminary phylogenetic analysis (data not shown) using 1281nt
of the N gene from the samples in this study together with 191 other isolates from Brazil and Latin
America show that several RABV isolates from D. rotundus and herbivores from other regions of Brazil
cluster in the Artibeus 1 and Artibeus 2 sub lineages, and to infer whether this is due to spillover events or
circulation of these sub lineages in D. rotundus in these regions, further research is needed.

In other Neotropical countries, there are no data on molecular characterization of RABV isolates from the
genus Artibeus, however, serological studies demonstrate the existence of neutralizing antibodies to
RABYV in these bats, which may be indicative of the maintenance of rabies epidemiological cycles in these
animals (Salmén-Mulanovich et al., 2009; Zieger et al., 2017, Seetahal et al., 2020). As such, genetic
sequencing of RABV isolates from this genus of bats is critical for the characterization of lineages or
sublineages associated with this genus of bats in these countries.

The divergence time of the most recent common ancestor (ACMR) of the Desmodus rotundus/Artibeus
lituratus RABV lineage, according to the data of this research, was around 170 years, ranging from 107 to
237 years with 95% confidence interval, however this value is underestimated, since all the evolutionary
signal of ancestry relationships of other sub lineages within this lineage, as well as of the different RABV
lineages maintained in bats is not present in this analysis (Oliveira et al, 2020).

Oliveira et al. (2020) demonstrated that the five RABV genes evolve at different rates, a phenomenon
known as heterotachy. Thus, using different RABV genes for evolutionary analysis may lead to different
results regarding the rate of nucleotide substitution per year and time of most recent common ancestor.
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Oliveira et al. (2020) using the concatenated G and L genes and a fairly representative sampling of the
worldwide RABV distribution, arrived at an average divergence time of approximately 260 years for the D.
rotundus/A lituratus lineage. Kuzmina et al. (2013) using the G gene, obtained the result of 309 years.

It is worth noting that the evolution of new genus or species-specific RABV lineages or the adaptation of
the same lineage in different bat genera from spillover events depends on several factors, including the
frequent contact of these animals and the phylogenetic proximity existing between the transmitting bat
and the host (Streicker et al., 2010; Streicker et al., 2012; Mollentze et al., 2014). The bats Desmodus
rotundus and Artibeus lituratus, besides belonging to the same family (Phyllostomidae) also share the
same shelter types, a fact that corroborate the adaptation of the same lineage of RABV in these two
genera (Greenhall et al., 1983; Arellano-Sota, 1988).

Thus, it can be inferred that currently in Sdo Paulo state, the RABV lineage D. rotundus/A. lituratusis
subdivided into 4 sub lineages, two of them associated with the hematophagous bat D. rotundus and the
other two associated with the frugivorous bat A. /ituratus. The use of a representative sample from a
large geographic region, together with the phylogenetic signal provided by the analysis of all
concatenated RABV genes provide subsidies for these findings.

In the phylogenetic analysis performed from a 799 nucleotides fragment of the N gene of RABV, the same
one used in the routine molecular surveillance of rabies in the state of Sdo Paulo, it is demonstrated the
recovery of the same 4 clusters relative to the sub lineages described above, with high bootstrap values in
their origin nodes, which demonstrates the possibility of differentiating these clusters without the need
for modification of the RABV sequencing protocols currently used.

Interestingly, the two RABV isolated from cats present in this research clustered in the Artibeus 1 and 2
lineages, which, according to the results presented here, may suggest that the source of infection in these
cases was most likely the frugivorous bat A. /ituratus, demonstrating the great usefulness of this research
for rabies molecular surveillance in Sdo Paulo State.
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maximum clade credibility tree inferred from the concatenated N-P-M-G-L genes with respective posterior
values obtained for each node. The branches are calibrated according to the year of isolation of the
lineage. The scale at the bottom of the graph is in years and can be used to identify when RABV
Desmodus rotundus/Artibeus lituratus underline separation events occur.
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Figure 2

Maximum likelihood phylogenetic tree containing 84 sequences of rabies virus isolates (70 from this
study and 14 sequences obtained from GenBank) with 799 nucleotides of the N gene. The tree was
constructed using the Tamura 3-parameter evolutionary model + G (T92+G) with 1000 bootstrap

repetitions.
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