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Abstract

Genomic and epidemiological surveillance are paramount for the discovery of new viruses with the potential to cross species barriers.
Here, we present a new member of the genus Alphavirus found in Trichoprosopon and Wyeomia mosquitoes, tentatively named Pirahy
virus (PIRAV). PIRAV was isolated from mosquito pools collected in a rural area of Pirai do Sul, South Brazil. In vitro assays revealed that
PIRAV replicates and causes cytopathic effects in vertebrate cell lines such as Vero E6, SH-SY5Y, BHK-21 and UMNSAH/DF-1. Genomic
signature analysis supports these results showing a dinucleotide and codon usage balance compatible with several hosts. Phylogenetic
analyses placed PIRAV basal to the Venezuelan equine encephalitis complex. Genome analyses, electron microscopy, and biological

characterization show findings that may alert for the emergence of a new arbovirus in South America.
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1. Introduction

The emergence of a virus is characteristically related both to the
evolution and adaptation of viruses and to anthropogenic factors.
Unplanned demographic expansion, biodiversity destruction, and
global warming directly impact the balance of wild transmission
cycles that may impact viral dispersion and new transmission
cycles (Gould et al. 2017).

Effective surveillance that enables the discovery of new emerg-
ing pathogens before they cause damage is considered the best
choice to anticipate and mitigate the effects of emerging infec-
tious diseases (Taylor, Latham, and Woolhouse 2001; King et al.
2006; Jones et al. 2008; Keusch et al. 2010; Day et al. 2012; Allen
etal. 2017).

This situation is especially relevant in Brazil, where the circu-
lation of arboviruses from the Flaviviridae and Togaviridae families
such as dengue virus, yellow fever virus, Zika virus, West Nile
virus, and chikungunya virus (CHIKV) overlaps. Most of them
cause similar clinical symptoms at the first stages of infection in
humans, impairing differential diagnostic (Carvalho et al. 2019;

Barrio-Nuevo et al. 2020; Costa et al. 2021; Brasil. Ministério da
Saude 2021).

Alphaviruses are distributed worldwide and comprise at least
40 described species and a dozen of variants or subtypes of
enveloped, single-stranded positive-sense RNA viruses, of which
one-third have economic or medical importance (Atkins 2013).
Their genome is approximately 11.7 kb in length, with a capped
5 end and a poly-A tail at the 3’ end, divided into two open
reading frames (ORFs) that generate the non-structural pro-
teins (nsP) and the structural proteins (sP) (Strauss and Strauss
1994).

Alphaviruses are geographically divided into two distinct
groups, the Old-World and the New World viruses (Weaver et al.
1993). Members of the Old-World alphaviruses, such as CHIKV,
Sindbis virus (SINV), Ross River virus (RRV), O'nyong-nyong virus,
Barmah Forest virus, and Semliki Forest virus, often cause
symptoms like high fever, headache, tiredness, vomiting, diar-
rhea, aching tendons, joint swelling, muscle pain, or skin rash
(Suhrbier, Jaffar-Bandjee, and Gasque 2012). Whereas infections
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Figure 1. The location of Pirai do Sul municipality, State of Parand, Brazil, where the mosquito pools MS772 and MS773 were sampled. Below, a relief

map showing the Guarteld Canyon and the Devonian Scarp.

with New World alphaviruses, like Venezuelan equine encephali-
tis virus (VEEV), Western equine encephalitis viruses (WEEV),
Eastern equine encephalitis virus (EEEV), and Everglades virus
(EVEV) are associated with encephalitis in humans and domes-
tic animals (Forrester et al. 2012; Griffin 2013). These viruses are
maintained in nature by transmission between hematophagous
arthropods and susceptible animal hosts, including humans.
Additionally, systematic high-throughput analysis has led to
the description of an increasing number of non-pathogenic
alphaviruses, apparently restricted to insects (Nasar et al. 2012;
Hermanns et al. 2017, 2020; Torii et al. 2018; Batovska et al.
2020).

In this study, we describe a new member of the genus
Alphavirus, tentatively named Pirahy virus (PIRAV), which was iso-
lated from a pool of Trichoprosopon mosquitoes and also identified
in a pool of Wyeomia mosquitoes collected in Pirai do Sul munic-
ipality, Brazil, during epidemiological surveillance efforts. PIRAV
was isolated in a cell culture model and successfully infected ver-
tebrate cell lines, causing marked cytopathic effects. Phylogenetic
analyses, codon adaptation index, dinucleotide usage, electron
microscopy, and biological characterization of this new alphavirus
are presented and may alert for the potential emergence of a new
arbovirus in South America.

2. Results

2.1 Viral screening in mosquitoes and genetic
analyses

A total of 4,640 mosquitoes divided into 661 pools were col-
lected at different regions from Parand State (southern Brazil)
for alphavirus and flavivirus molecular prospection. Mosquitoes
were morphologically identified as belonging to fifteen distinct
genera as follows: Aedeomyia, Aedes, Anopheles, Chagasia, Coquil-
lettidia, Culex, Haemagogus, Limatus, Mansonia, Psorophora, Run-
chomyia, Sabethes, Shannoniana, Trichoprosopon, and Wyeomyia.
Two mosquito pools (codes MS772 and MS773), containing three
female mosquitoes each, yielded positive results for alphavirus
using a generic RT-PCR protocol (Sdnchez-Seco et al. 2001). All
specimens were collected on 25 April 2017 at Piraf do Sul, Brazil
(24°31°40"S 49°53’02"W) (Fig. 1). In addition to the two alphavirus-
positive pools, other 73 pools comprising 325 mosquitoes obtained
specifically from Pirai do Sul were analyzed and yielded no
detectable results for alphavirus (Table S1).

The alphavirus cDNA fragments obtained from the MS772
and MS773 pools were amplified using the combined protocols
of Sdnchez-Seco et al. (Sdnchez-Seco et al. 2001) and Hermanns
et al. (Hermanns et al. 2017). The amplicons (653 and 1,003 bp in
length, both targeting the nsP4 gene were sequenced. Nucleotide
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Figure 2. Schematic diagram representing the genome organization of PIRAV.
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Figure 3. Maximum likelihood analysis of PIRAV incorporated with previously described alphaviruses and their variants. Phylogenetic trees were built
based either on the A) structural and B) non-structural genomic regions of alphaviruses. PIRAV branch is highlighted in red and named in bold.
GenBank accession numbers are plotted close to all taxa. Bootstrap values are shown above the branches. The scale bar correspond to 0.4 and

indicates the number of substitutions per site.

alignment with sequences retrieved from GenBank using a BLAST
algorithm revealed 75to 76 per cent of nucleotide identity with
Pixuna virus (PIXV) and VEEV, respectively.

The identity of the mosquito species from the MS772 and
MS773 pools was confirmed by partial sequencing of the
cytochrome C oxidase subunit I (COI) mitochondrial gene.
The 689-bp fragment exhibited 94 per cent sequence identity for
multiple species of Wyeomyia as the mosquito host in the MS772
pool, corroborating the morphological identification of Wyeomyia
limai. The molecular identification of a 696-bp fragment showed
over 97 per cent identity for Trichoprosopon pallidoventer as the
mosquito host in the MS773 pool.

Viral isolation was successfully achieved from the Trichoproso-
pon pool (MS773) homogenate inoculated in C6/36 cells. Cyto-
pathic effect (CPE) was observed 5days post-inoculation. Viral
identity was confirmed by indirect immunofluorescence assay
(IFA), RT-PCR, and sequencing of the RT-PCR amplicons.

Next-generation sequencing (NGS) of the third passage of
the isolated virus yielded a near-complete viral genome in a
single contig containing 11,190 nt with a coverage average of
1,756x. Genome organization and amino acid size of each pro-
tein are displayed in Fig. 2. The analysis of the near-complete
genome sequence of the new isolate showed a 77 per cent iden-
tity with VEEV. This result fulfills the criteria of the International
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Table 1. Amino acid sequence identities of individual proteins between PIRAV and closely related alphaviruses of VEEV complex.

Amino acid sequence identity to PIRAV (%)

Species/proteins nsP1 nsp2 nsP3 nspP4 Capsid E3 E2 6k E1l Total
Cabassou virus 63 59 27 71 45 27 27 44 27 49
Everglades virus 65 57 21 73 41 30 27 39 24 47
Mosso das Pedras virus 62 59 16 72 43 31 28 29 24 46
Mucambo virus 65 60 20 74 49 46 28 39 27 50
Pixuna virus 60 56 5 71 47 24 25 25 25 45
Rio Negro virus 63 59 24 71 48 42 38 24 25 49
Tonate virus 62 57 24 73 44 37 27 32 25 48
Venezuelan Equine Encephalitis virus 65 59 22 73 44 31 29 31 25 49

Committee on Taxonomy of Viruses for a new species definition:
a minimum of a 21 per cent divergence at nucleotide level within
an antigenic complex. The nucleotide sequence was deposited in
the GenBank database under the accession number OK539813.

The phylogenetic relationship of the new virus, tentatively
named Pirahy (PIRAV), within the genus Alphavirus was inferred
using the maximum likelihood (ML) method. Alignments were
analyzed using either the complete genomes or with the nsP and
sP genomic regions. Phylogenetic analysis placed PIRAV in the
base of the VEEV complex with a bootstrap value of 100 per cent,
indicating strong support for these nodes. The same result was
observed when the nsP and sP trees were analyzed separately
(Fig. 3). The polyprotein sequence of PIRAV shows <50per cent
overall amino acid identity compared to species of VEEV com-
plex (Table 1). PIRAV nsP4 and nsP1 proteins have more than 70
and 60 per cent identity to VEEV at the amino acid level, respec-
tively, whereas nsP3 and E2 proteins showed less than 30 per cent
identity of amino acid sequences compared to all species of VEEV
complex.

In addition, to detect putative recombination events in the
genome of the new alphavirus, seven algorithms in the RDP4
software were performed (Martin et al. 2015). No recombination
events were detected in PIRAV using sequence alignments refined
by Gblocks software (Castresana 2000).

2.2 PIRAV genomic signatures

To investigate PIRAV adaptability to potential hosts, we performed
dinucleotide usage analysis (Lobo et al. 2009), which included
alphaviruses that infect humans (CHIKV, VEEV, PIXV), insect-
specific alphaviruses (Eilat virus (EILV), Tai forest virus (TAFV),
Mwinilunga virus (MWAV)), and several vertebrate (Pan troglodytes,
Macaca mulatta, Homo sapiens, Equus caballus, Myotis lucifugus, Rat-
tus norvegicus, Mus musculus, Gallus gallus, Anas platyrhynchos,
Danio rerio) and invertebrate (Culex quinquefasciatus, Aedes aegypti,
Anopheles gambiae, Drosophila melanogaster) animals. As expected,
there is suppression of dinucleotides CG and TA in vertebrates due
to the presence of proteins that can recognize those dinucleotides
at both DNA and RNA level in these organisms and trigger an
immune response (Mansur, Smith, and Ferguson 2014; Takata
et al. 2017; Schwerk et al. 2019). Accordingly, Diptera does not
show a bias against CG (Bewick et al. 2016). Insect-specific viruses
display a dinucleotide profile much like their hosts, while viruses
that have to shuttle between hosts (arboviruses) display a mixed
dinucleotide bias, with a clear suppression of CG and TA, although
not at the same extent as observed in vertebrates. In this analy-
sis, PIRAV groups together with the arboviruses CHIKV and VEEV
(Fig. 4A). Normalized codon adaptation index (nCAI) and relative
codon deoptimization index (nRCDI) are complementary indexes

that can be used to evaluate the relation of virus codon adapta-
tion to its hosts. Both nCAI (Fig. 4B) and nRCDI (Fig. 4C) analysis
indicate a match of codon usage to a variety of vertebrate hosts,
similar to what is observed for VEEV and notably different from
EILV, an insect-specific alphavirus.

Altogether, these genomic signatures support the phyloge-
netic analysis that places PIRAV at the base of VEEV complex
and suggests that this virus may replicate in both vertebrate and
invertebrate hosts.

2.3 In vitro characterization of PIRAV

As phylogenetic and genomic signatures analysis suggested the
grouping of PIRAV with viruses that are able to infect verte-
brates, we evaluated the ability of PIRAV to infect a variety of
cells.

Immunofluorescence assays showed that PIRAV was able to
replicate in vertebrate cell lines causing cytopathic effects in
vitro in a time-dependent manner (Figs 5 and S2). Morphologi-
cal changes and cell death were observed in human neuroblas-
toma SH-SYS5Y cells infected with PIRAV (Fig. 5A), VEEV (Fig. 5B),
and CHIKV (Fig. 5C), when compared to the mock-infected cells
(Fig. 5D). PIRAV as well as the human pathogenic VEEV and
CHIKV successfully replicated in C6/36 mosquito cells (Fig. 5E),
as well as in Vero E6 (Fig. SF), SH-SYSY (Fig. 5G), and BHK-
21 (Fig. 5H) lineages. Loss of viability was observed for all the
above-mentioned cell lines in different degrees, although it was
less pronounced in BHK-21 cells infected with PIRAV compared
to the other viruses. Interestingly, UMNSAH/DF-1 chicken cells
seem to be permissive to VEEV, and to a lesser extent to PIRAV
but not to CHIKV (Fig. 5I). ZEM-2S (Danio rerio embryo) cells
(Fig. 5J) were refractory to infection by the three alphaviruses
tested.

2.4 PIRAV infection in human peripheral blood
mononuclear cells

Once we confirmed the ability of PIRAV to infect and replicate
in a variety of vertebrate cells in vitro, including human-derived
lineage (SH-SY5Y), we further investigated the susceptibility of
human cells to PIRAV infection. Since arboviruses of medical
importance have been shown to target blood mononuclear cells
during infection and given the crucial role of these cells during
immune response, we verified if peripheral blood mononuclear
cells (PBMCs) are susceptible to PIRAV infection in vitro.

PBMCs isolated from healthy donors were infected with PIRAV,
CHIKV, or VEEV at two different multiplicity of infection (MOI
1 and 10). Infection frequency was analyzed by flow cytometry
after 24, 48, and 72h post-infection (h.p.i.) in each cell popula-
tion (CD14*, CD4*, CD8*, and CD19T). CD8* and CD4+ cells
were susceptible to PIRAV infection, in addition to CD14* and
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Figure 4. Genomic signatures for host and viral species. (A) Hierarchical cluster analysis of dinucleotide odds ratio values for hosts and viruses
included in this study. (B) Normalized CAI and (C) RCDI for VEEV, PIRAV, and EILV in different hosts. VEEV, PIRAV, and EILV are represented in gray, blue,

and white, respectively.

CD19%* cells from one donor. PIRAV, CHIKV, and VEEV infection
peaked at 48h.pi. (Fig. 6). We also analyzed cell death at 24,
48 and 72h.p.i. using annexin V-7-aminoactinomycin D (7-AAD)
staining. While the viability of lymphocytes infected with PIRAV
was overall lower than mock cells, it remained relatively stable at
all timepoints (Fig. S3). Although statistical significance was not
observed for monocytes, infection by PIRAV at MOI 10 seemed to
induce progressive cell death in this population. A similar pattern
was observed for monocytes infected with CHIKV, as cell viability
progressively decreased at each timepoint. Interestingly, VEEV
infection induced an increase in cell viability at 48h.p.i. before
decreasing at 72 h.p.i.

2.5 Transmission electron microscopy of PIRAV

Nucleocapsids (NC) and mature virions (MV) were observed by
transmission electron microscopy in both C6/36 and Vero E6 cells
infected with PIRAV (Fig. 7). MV were observed budding from the
plasma membrane (Fig. 7D and H, arrows), while NC were seen in
cytoplasm, frequently close to the endoplasmic reticulum (Fig. 7C
and G, black arrowheads) or lining up along the cytoplasmic side
of vacuolar membranes (Fig. 7C, white arrowhead). Morphometric
analysis of PIRAV MV and NC, as well as MV and NC from VEEV
(used as a control) in the same host cells (Vero E6 and C6/36), was
performed (Table 2). For PIRAV, the sizes of the MV particles ranged
from 38 to 58 nm in diameter in Vero E6 cells and 42 to 57 nm in
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Figure 5. PIRAV infects different cell lines. Immunofluorescence images show the SH-SY5Y cell line 24 h after infection with Pirahy (A), VEEV (B), or
CHIKV (C) at an MOI of 1.0 or left uninfected (D). Alphavirus E1 protein is shown in green. Scale bar = 100 pm. Graphs show the time course of PIRAV
replication in different cell lineages. Percentages of infection (solid lines) and cell viability (dashed lines) from 24 to 72h.p.i. are shown for C6/36 (E),
Vero E6 (F), SH-SYSY (G), BHK-21 (H), UMNSAH/DEF-1 (I), and ZEM-S2 (J) lineages. Infection was performed at an MOI of 0.1, and results are presented as
the mean of duplicate infection (E and J) or as the means from triplicate experiments (F-I). Bars represent the means + SD.

C6/36 cells. NC particle sizes ranged from 16 to 34nm in diameter
in Vero E6 cells, and 21 to 33 nm in C6/36 cells. For VEEV, the sizes
of the MV particles ranged from 40 to 66 nm in diameter in Vero
E6 cells and 34 to 60nm in C6/36 cells. NC particle sizes ranged
from 14 to 36 nm in diameter in Vero E6 cells and 20 to 33nm in
C6/36 cells (n=100 for all conditions), which is an expected range
for alphaviruses.

3. Discussion
3.1 Viral screening in mosquito pools

Mosquito pools infected with PIRAV were sampled in Pirai do
Sul, a city in the State of Parand, South Brazil. Several dipterous

species from the family Culicidae are involved in the transmis-
sion of arboviruses and comprise epidemiologically important
insects. PIRAV was isolated from Trichoprosopon mosquito pools
and also detected in Wyeomyia pools suggesting that these species
might be the potential mosquitoes hosts of PIRAV, although fur-
ther studies are necessary to ascertain its vectorial capacity and
dynamics of transmission to vertebrates. Both genera are predom-
inantly forest mosquitoes but can also be found in disturbed areas,
present diurnal hematophagic activity, as other Sabethini, and
are involved in arboviruses transmission. Anhembi virus (AMBV),
Bussuquara virus (BSQV), Ilheus virus, and St. Louis encephalitis
virus (SLEV) have been isolated from Trichoprosopon or Wyeomyia
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Figure 6. Human PBMCs are susceptible to infection by PIRAV. PBMCs from five healthy donors were infected with PIRAV (orange), VEEV (purple), or
CHIKV (blue) at MOIs of 1 and 10. Infection was analyzed by flow cytometry at 24, 48, and 72 h.p.i. by intracellular detection of alphavirus envelope
protein. Graphs show frequencies of infection of monocytes (A), CD4+ (B), CD8+ lymphocytes and B lymphocytes, which were normalized by
subtracting the fluorescence from mock samples. Bars represent the means of infection =+ SD.

species (Downs, Anderson, and Aitken 1956; Galindo and de
Rodaniche 1961; Fonseca et al. 1975; Zavortink, Roberts, and
Hoch 1983). Generally, viruses from the VEEV complex from which
PIRAV has evolutionary proximity are transmitted to vertebrates
by the Culex, Psorophora, and Aedes mosquito species (Forrester
et al. 2017). However, Trichoprosopon and Wyeomyia species are also
related to alphaviruses transmission within the VEEV complex.
The alphaviruses Mucambo virus (MUCV) and CABV were isolated
from Wyeomyia species (Yuill 1986) and PIXV seems to be natu-
rally found in Trichoprosopon species in Brazil (De Andrade et al.
1964).

3.2 Phylogenetic analysis

The most updated and comprehensive phylogeny of alphaviruses
based on whole genomes shows PIRAV placed basally in the
clade of VEEV complex with maximum branch support and
grouped in the cluster of New World alphaviruses that encompass
encephalitic alphaviruses of the Americas.

Although about 50 per cent overall amino acid identity com-
pared to species of VEEV complex, the phylogenetic relationship
of PIRAV with the ancestor that originated the VEEV complex
reinforces the possibility of PIRAV to infect vertebrate hosts in
nature. Not all viruses in the VEEV complex cause pathogenicity
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Figure 7. Transmission Electron Micrographs of C6/36- and Vero E6-infected cells. Top row, C6/36 cells. Bottom row, Vero E6 cells. (A and E) Mock cells.
(B-D and F-H) PIRAV-infected cells. (C and G) Higher magnification of the infected cell cytoplasm showing NC close to the endoplasmic reticulum
(black arrowheads) and lining up along the cytoplasmic side of vacuolar membranes (withe arrowhead). (D and H) Higher magnification of MV close to
the plasma membrane (arrows). Scale bars: A, B, and F=500nm; C, D, G, and H=200nm; E=1 pm.

Table 2. Morphometric analysis of PIRAV and VEEV MV and
nucleocapsid cores.

PIRAV (nm = SD) VEEV (nm = SD)

MV NC MV NC
C6/36 49+3 2843 4745 2642
Vero E6 5144 2644 5145 2244

Values are expressed as mean diameter (nm) + standard deviation (SD)
(n=100). MV, mature virion; NC, nucleocapsid core.

in humans, but all have a vertebrate host. Members of the
VEEV complex occur in the Neotropical realm that includes part
of Florida, where EVEV circulates, usually transmitted by Culex
mosquitoes causing neurological disease in humans and horses
(Lewis et al. 1974; Calisher et al. 1980). In nature, VEEV uses mul-
tiple species of rodents as the main reservoirs, horses as amplifica-
tion hosts, increasing spillover to humans, and bats as accidental
reservoirs and potential dispersing hosts (Guzmén-Terdn et al.
2020). MUCV and Mosso das Pedras virus cause flu-like symp-
toms in humans (Demucha Macias and S’anchez Spindola 1965;
Lord 1974), Tonate virus was isolated from humans presenting
with mild febrile illnesses (Digoutte and Girault 1976) and Rio
Negro virus was supposedly associated with acute febrile illness
in humans (Contigiani et al. 1993). Little is known about the viral
infection of PIXV and CABV in humans, but both are associated
with rodents, equids, bats, and marsupials (Attoui et al. 2007).
Although no cases of encephalitis caused by enzootic alphavirus
have been recorded as of the time the PIRAV-infected mosquitoes
were collected, continuous epidemiological surveillance efforts
should be implemented.

Phylogenetics and recombination analyses support the already
described ancestral recombinant origin of Highlands J virus, Fort
Morgan virus, and WEEV (Hahn et al. 1988), in which the cap-
sid and nsP genes are phylogenetic related to an EEEV-like virus,
whereas its envelope glycoprotein genes are more related to a
Sindbis-like virus. To address this issue, we performed recombi-
nation analyses and no evidence of recombination events in the
PIRAV genome were detected. Overall, the nsP tree was highly sim-
ilar to that observed in complete genome phylogeny and differed
only by the position of Una virus and Aura virus (Figs 3 and S1).

3.3 PIRAV genomic signatures

Predicting potential emergence and spread is a key goal in virol-
ogy, as forecasting these events has implications for vaccine

design, drug design, and surveillance of viral pathogens (Dolan,
Whitfield, and Andino 2018). Combining analyses, like phyloge-
netic approaches, NGS, cytosine-phosphate-guanine (CpG) con-
tent, and codon adaptation index provide a framework for antic-
ipating potential emergence and allow preparedness (Lobo et al.
2009; Coutinho, Franco, and Lobo 2015; Aguiar et al. 2015;
Velazquez-Salinas et al. 2016).

Dinucleotide biases are not sufficient to determine a virus’ host
(Di Giallonardo et al. 2017), and PIRAV has not been associated
with illness in mammals so far. However, the genomic signatures
evaluated here groups PIRAV with well-known human pathogens,
such as VEEV and CHIKV, from the same family and puts it in
clear contrast with insect-exclusive alphaviruses, such as EILV.
Both codon adaptation usage indexes and dinucleotide bias anal-
ysis, together with its ability to replicate in mammalian and
primary human cells, suggest that PIRAV could be an emergent
virus.

3.4 In vitro characterization of PIRAV

To investigate whether PIRAV may infect vertebrate cells, we
performed in vitro infection using cell lineages derived from
different organisms. Since transmission cycles of encephalitic
alphaviruses, such as VEEV and EEEV, are maintained by syl-
vatic reservoirs like avians and rodents (Go, Balasuriya, and Lee
2014), the UMNSAH/DF-1 cell line from chicken (Gallus gallus) and
the BHK-21 fibroblasts from hamster (Mesocricetus auratus) were
included in this analysis. It was observed that PIRAV replicates
successfully and causes CPE in the arthropod-derived C6/36 line
and also in the vertebrate-derived Vero E6 (monkey), SH-SY5Y
(human), BHK-21, and UMNSAH/DF-1 cells.

It has been previously shown that laboratory rodents, includ-
ing hamsters and mice, are susceptible to infection with all the
VEE complex viruses (Weaver et al. 2004). Our results showed that
PIRAV infects hamster-derived BHK-21 cells at an infection rate
similar to VEEV and CHIKV (from the Semliki Forest complex).
Interestingly, PIRAV induced less cell death than VEEV or CHIKV
in BHK-21 cells, even with a high infection rate (Figs 5 and S2).

PIRAV infects the UMNSAH/DEF-1 chicken fibroblast to a lesser
extent than VEEV. This cell lineage was also refractory to CHIKV
infection. Accordingly, avians are involved in the sylvatic cycle
of New World but not of Old-World alphaviruses. Experimen-
tal infection of various animal species with CHIKV supports
these data, since it revealed that, unlike rodents, avians do not
develop viremia nor relevant neutralizing antibodies titers after
the challenge (Bowen et al. 2016). In summary, our results indicate
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that PIRAV has a potential to infect vertebrates, including avian.
On the other hand, replication of all the alphaviruses tested in this
study failed to efficiently infect zebrafish ZEM-2S cells, regardless
of the MOIL.

As PIRAV placed basally to the Venezuelan Equine Encephalitis
complex, we sought to investigate whether this virus could infect
the human neuronal SH-SY5Y cell line. PIRAV replicates in this
lineage, leading to morphological alterations and cell death. The
infection rate and cell death, however, were lower for PIRAV than
for VEEV and CHIKV, even using a higher MOI (Fig. S2). Interest-
ingly, unlike the other viruses tested, we observed an increase
in infection of SH-SY5Y cells by PIRAV within 48h of infection,
followed by a decline within 72 h.p.i., while cell viability remained
on a plateau between 48 and 72 h.p.i. This effect was less evident
when a tenfold higher MOI was used.

3.5 PIRAV infection on human PBMCs

Human PBMCs were shown to be alphavirus targets. In vitro stud-
les have suggested that human monocytes and macrophages
are susceptible to CHIKV and RRV infection, respectively (La
Linn, Aaskov, and Suhrbier 1996; Her et al. 2010). Similar find-
ings were observed in PBMCs isolated from patients acutely
infected with CHIKV, showing active infection of monocytes and,
to a lesser extent, of B lymphocytes and plasmacytoid den-
dritic cells (Her et al. 2010; Michlmayr et al. 2018). Here, we
demonstrated that human PBMCs are susceptible to PIRAV infec-
tion in vitro. Among populations analyzed, CD4* and CD8*
were more susceptible to PIRAV, while CD14+ monocytes and
CD19* B lymphocytes seemed to be infected only by CHIKV and
VEEV, except by one donor whose CD14* and CD197 cells also
appeared to be infected by PIRAV. Infection kinetics demonstrated
that intracellular viral protein detection peaked at 48h.p.i. fol-
lowed by a decrease at 72h.pi. Infection frequency decrease
could be explained either by inherent controlling of infection
by cells and/or by cell death. Indeed, infection at 72h with
CHIKV or VEEV decreases cell viability in monocytes and, to
a lesser degree, in lymphocytes, while PIRAV infection slightly
reduces cell viability in monocytes at a high MOI. Accordingly,
animal models of VEEV infection showed that VEEV replication
in lymphoid tissues causes necrosis and lymphocyte apoptosis
(Jackson, Sengupta, and Smith 1991).

3.6 Transmission electron microscopy of PIRAV

Alphaviruses’ replication and assembly occur in the cytoplasm
and are enveloped by budding at the plasma membrane, where
the virions exit the cell. Alphaviruses are enveloped viruses with
icosahedral symmetry, forming spherical particles with size of
approximately 70nm diameter (Jose, Snyder, and Kuhn 2009).
However, although the sizes of MV and NC from both PIRAV
and VEEV were very similar, the average size of MV and NC
in Vero E6 and C6/36 cells (Table 2) were smaller than 70nm.
A large range of sizes for MV and NC for PIRAV and VEEV in
both host cells were also observed. A variety of diameters and
densities of NC were previously observed in BHK cells infected
with VEEV, and the authors suggested that these physical char-
acteristics likely reflect differences in capsid protein packing
(Lamb et al. 2010).

The measurement of other alphaviruses particle size in ultra-
thin sections also showed smaller average sizes when compared
with the well-known regular 70nm. The southern elephant seal
virus (SESV), from the elephant seal louse L. macrorhini, showed
extracellular MV with a diameter of 55nm (+1nm) and cyto-
plasmic NC particles with 29nm (£2nm), values very close to
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what was observed for PIRAV and VEEV in this work. Interestingly,
when enveloped spherical particles of SESV obtained from the tis-
sue culture supernatants were measured using negative-contrast
electron microscopy, the MV size was improved to 65nm (+3nm)
(La Linn et al. 2001). This notable difference could be a result
of different artifacts induced by regular transmission electron
microscopy technique, such as chemical fixation and shrinkage
of resin thin sections during imaging with the electron beam.
On the other hand, direct observation of negative stained virus
particles or even cryo-fixation through flash freeze of samples in
its native state can preserve the ultrastructural characteristic of
viruses.

4. Conclusions

The description of the new virus, tentatively named PIRAV, might
bring contributions to the field of virology in several ways: (1) Phy-
logenetically, the incorporation of PIRAV sequences could help to
elucidate the temporal divergence of the VEEV complex. Times to
most recent common ancestors of the VEEV complex were esti-
mated at ca. 149-973years ago by Forrester et al. (35), a broad
confidence limit that could be solved incorporating PIRAV into the
analyses. (2) Clinically, it allows the development of new reagents
for diagnostic applications, such as monoclonal antibodies. (3)
Epidemiologically, potentially emerging viruses are important for
strengthening epidemiological surveillance, and may help solve
undiagnosed/misdiagnosed cases due to unknown viruses.

5. Material and methods

5.1 Specimen collection

Mosquito collection was performed by the Epidemiological
Surveillance group of the Parana State Health Service between 4
February 2017 to 5 March 2020 as part of the surveillance program
for arboviral circulation in the Parand State, South Brazil. Twenty-
one municipalities of the East, Northeast, North, and Northwest
regions from the State of Parand, South Brazil, were evaluated
according to the interest of surveillance services, which included
Pirai do Sul municipality. Adult mosquitoes, preferably females,
were collected using insect aspirators and by active collection
techniques between 9:00 a.m. and 10:00 p.m. and were pooled
according to morphological identification, sampling location, and
date. Morphological identification was performed according to
Lane (Lane 1953) and Forattini (Forattini 2002). Alphavirus and
flavivirus prospection were performed in our facilities of the
Reference Laboratory of Emerging Viruses of the Carlos Chagas
Institute/Fiocruz-PR.

5.2 Molecular screening

The screening in the pools of mosquitoes for arboviral identifica-
tion was performed as described by Tscha et al. (Tschd et al. 2019).
Briefly, pools of mosquitoes were mechanically lysed in RNase-
free phosphate-buffered saline (PBS) and RNA was extracted using
the QlAamp Viral RNA Mini Kit™ (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. Alphavirus and fla-
vivirus prospection were performed using generic primers and
protocol described by Sdnchez-Seco et al. (Sdnchez-Seco et al.
2001, 2005). The alphavirus-positive pools in this set screen-
ing were confirmed using an additional generic RT-PCR protocol
(Hermanns et al. 2017). All PCR products were visualized on
an 1.5per cent agarose gel stained with ethidium bromide. PCR
products were purified using the High Pure PCR Product Purifica-
tion Kit (Roche, Mannheim, Germany) before conventional Sanger
sequencing for viral identity verification.
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5.3 Identification of mosquito species

Fragments of the cytochrome C oxidase subunit I (COI) mito-
chondrial gene were amplified using genetic markers to confirm
the mosquito species identity in the alphavirus-positive pools.
The primer sets used were LCO1490 and HCO2198 (Folmer et al.
1994). The genetic material of insects was obtained from mosquito
homogenates using a Genomic DNA Extraction Kit (RBC Real
Genomics™, Bangiao City, Taiwan) according to the manufac-
turer’s protocol. PCRs were performed using an initial denatura-
tion of 3min at 95°C followed by 35 cycles: 30 s at 95°C, 30 s at
48°C, and 45 s at 72°C, with a final extension at 72°C for 5min.
PCRs contained 1xPCR buffer, 2mM MgCl,, 0.4mM dNTP, 2.5U
of Tag DNA polymerase, 1 uM of each of the forward and reverse
primers, and 1 pL of template DNA in a final volume of 25 puL. PCR
amplicon was purified using a High Pure PCR Product Purification
Kit (Roche) before conventional Sanger sequencing.

5.4 Viral isolation and titration

PIRAV was isolated from the mosquito lysates that tested posi-
tive for alphavirus in the RT-PCR tests. The lysate was diluted in
serum-free Leibovitz’s L-15 medium (Gibco, Waltham, USA) and
added to C6/36 cells (ATCC® CRL-1660; Manassas, USA). After a
1-h incubation period, additional Leibovitz's L-15 medium sup-
plemented with 5per cent fetal bovine serum (FBS), 0.26 per cent
tryptose (Sigma-Aldrich, St. Louis, USA), and 25 ng/mL gentamicin
(Gibco) was added to the monolayers. Morphological changes were
followed daily and viral infection was confirmed by RT-PCR and IFA
using an anti-Alphavirus E1 protein (clone 1A4B.6, cat. MAB8754,
Merck, Temecula, USA) as primary antibody.

A plaque-forming assay in Vero E6 cells (Sigma-Aldrich,
85020206) was established to titer virus stocks. On the day before
the assay, 1x10° cells were seeded in 24-well plates and incu-
bated at 37°C with 5per cent CO,. Titration was preceded by
infecting cells with tenfold dilutions of viral supernatants in Dul-
becco’s Modified Eagle Medium: Nutrient Mixture F-12 medium
(DMEM/F-12—Gibco/Invitrogen) in duplicate. After 1-h incuba-
tion at 37°C, the inoculum was replaced with 500 uL of overlay,
which was composed of 1.6per cent carboxymethyl cellulose,
and DMEM/F-12 supplemented with 2 per cent FBS, 100 IU/pg/mL
penicillin/streptomycin. The plates were incubated at 37°C with
5 per cent CO; for 7 days. Then, the cells were fixed with 3 per cent
paraformaldehyde in PBS and stained with crystal violet.

5.5 Phylogenetics and recombination analyses

Genomic RNA derived from the isolated virus was amplified and
sequenced using a combination of the forward generic primers
from the protocol of Sdnchez-Seco et al. (Sdnchez-Seco et al. 2001)
and the reverse generic primers from Hermanns et al. (Hermanns
etal. 2017) to increase the fragment length and to confirm the iso-
late identity. The PCR cycling conditions were the same present in
Hermanns et al. (Hermanns et al. 2017). The PCR amplicons were
purified using a High Pure PCR Product Purification Kit (Roche)
before Sanger sequencing.

Posteriorly, the whole-genome sequencing of the isolated virus
was performed with the RNA extracted from the supernatant of
infected cells, which was precipitated with 7 per cent polyethylene
glycol 8000/2.3 per cent sodium chloride prior to RNA purification.
Purified RNA was obtained with RNeasy Mini Kit (Qiagen) follow-
ing the manufacturer’s instructions and converted to cDNA using
the High-Capacity RNA-to-cDNAT™ Kit (Thermo Fisher Scientific).
The Nextera®XT kit (Illumina, San Diego, USA) was employed in
the library preparation and genome sequencing was performed

on the MiSeq platform (lllumina) using a 2 x250-bp paired-end
sequencing strategy. The obtained reads were uploaded to CLC
Genomics Workbench v.10.5 (Qiagen) and assembled using the de
novo assembly pipeline in the default configuration.

Phylogenetic analyses and recombination assays were per-
formed to investigate the evolutionary relationship of the virus
being described here. The consensus sequence generated after
genome sequencing was aligned with representative sequences
for all alphavirus species, its variants and subtypes described so
far. Up to three sequences per virus species were downloaded
from GenBank depending upon availability and incorporated in
the analysis.

Nucleotide sequences were codon aligned using MACSE v2.03
(Ranwez et al. 2011). To refine the phylogenetic analysis and
remove poorly aligned positions with the amount of non-
informative sites, the initial aligned sequence dataset was cleaned
using Gblocks software v. 0.91b (Castresana 2000). Alignments
encompassing the alphavirus nsP and the sP regions were gen-
erated and analyzed separately. Furthermore, the full genome
sequences were analyzed with concatenated fragments of the two
ORFs (results in Fig. S1, Supplementary Material). In addition, the
initial codon alignment was used to generate an amino acid iden-
tity matrix based on each PIRAV genome-encoded protein against
the closest related taxonomic group. Phylogenetic analyses were
performed using the ML approach. Prior to the tree reconstruc-
tion, the nucleotide substitution model was inferred by JModelTest
v.0.1 (Posada 2008) using the corrected Akaike Information Cri-
terion (AICc). ML trees were inferred using IQ-TREE, and branch
support was calculated using ultrafast bootstrap approximation
algorithm with 1,000 replicates (Nguyen et al. 2015). The phylo-
genetic trees were rooted to the midpoint and viewed in FigTree
v1.4.4 (Rambaut 2019).

The full-length genome alignment before and after the refine-
ment by Gblocks software (Castresana 2000) were screened in
order to identify signals of recombination breakpoints in PIRAV
sequence using seven detection methods: BootScan (Salminen
et al. 1995; Martin et al. 2005), Chimaera (Posada and Crandall
2001), GENECONV (Sawyer 1989; Padidam, Sawyer, and Fauquet
1999), MaxChi (Smith 1992; Posada and Crandall 2001), SiScan
(Gibbs, Armstrong, and Gibbs 2000), 3-Seq (Boni, Posada, and
Feldman 2007), and the original RDP (Martin and Rybicki 2000)
performed triplet-by-triplet using the Recombination Detection
Program v.4.16 (RDP4) (Martin et al. 2015). Both BootScan and
SiScan were used to check any new signals and to explore for
recombination signals detected by all other methods used. The
highest acceptable P value cut-off was set to 0.01 and sequences
were set as linear. All other parameters were set as default
settings.

5.6 Codon analysis

Sequences of all hosts and viruses were retrieved from the
National Center for Biotechnology Information in FASTA format.
The codon usage table of all hosts was retrieved from the CoCoP-
UTs database (Alexaki et al. 2019).

Codon adaptation index (CAI) was performed to predict the
relative adaptation of the viruses to hosts (Puigbo, Bravo, and
Garcia-Vallve 2008). And the Relative Codon Deoptimization Index
(RCDI) to evaluate the similarity of the codon usage between virus
sequences and hosts (Puigbo, Aragoneés, and Garcia-Vallvé 2010).
The CAI and RCDI values were computed using the local ver-
sion of CAlcal-v1.4 (http://genomes.urv.cat/CAlcal/—last accessed
9 September 2021).
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5.7 Dinucleotide analysis

Dinucleotide odds ratio is the ratio of the observed and expected
frequencies of a dinucleotide in a sequence. This ratio shows pat-
terns of dinucleotide favored by an organism and may indicate
selectional and mutational pressures. The dinucleotide odds ratio
was calculated using the method shown in (Lobo et al. 2009).
Genomic signature analysis was performed using the closest clade
to the one of interest which has the better annotated genome.

5.8 Infection of multiple cells lines

The ability of PIRAV to infect arthropod and vertebrate-derived
cell lines was evaluated as follows. C6/36 cells derived from Aedes
albopictus larvae (ATCC® CRL-1660) and ZEM-2S from Danio rerio
embryo fibroblast (ATCC® CRL-2147™) were maintained, respec-
tively, in Leibovitz’s L-15 or LDF (50per cent L-15, 35per cent
DMEM, and 15 per cent Ham'’s F12 media) medium at 28°C. Vero E6
cells from Cercopithecus aethiops kidney (Sigma-Aldrich, 85020206),
UMNSAH/DF-1 from Gallus gallus embryo fibroblasts (ATCC® CRL-
12203™), BHK-21 from Mesocricetus auratus kidney fibroblasts
(ATCC® CCL-10™), and SH-SY5Y from a metastatic neuroblas-
toma found in human bone marrow (ATCC® CRL-2266™) were
grown in DMEM/F-12 medium, supplemented with 5 per cent FBS
and 100 IU/ml penicillin (Gibco), 100 pg/ml streptomycin (Gibco),
at37°Cwith 5 per cent CO,. Cells were seeded in Cellstar® 96-well
optical microplates (Greiner Bio-One, Kremsmiinster, Austria).
After 24 h, cells were infected in duplicate with PIRAV at a MOI of
0.1and 1.0. For comparison purposes, cells were similarly infected
with CHIKV BR/2015/15010 isolate or with a wild type VEEV. Inocu-
lum was removed after 1h of incubation and replaced with the
appropriate media. The culture supernatants were collected and
the cells were fixed with cold methanol:acetone (1:1v/v) at the
timepoints 24, 48 and 72 h post-infection (h.p.i.).

Viral replication was assessed by IFA using the primary anti-
body anti-Alphavirus E1 protein (clone 1A4B.6). It was diluted
1:1000 in blocking buffer (1 per cent bovine serum albumin in PBS)
and added to the fixed monolayers for 1 h at 37°C. After the incu-
bation, the cells were washed thrice with washing buffer (0.05 per
cent tween 20 in PBS) and further incubated for 1 h with a solu-
tion composed of Alexa Fluor 488-conjugated goat anti-mouse IgG
(Invitrogen), 3 uM DAPI, Evans blue and blocking buffer. Images
were acquired with the Operetta CLS high-content imaging sys-
tem (PerkinElmer) with a 20x objective. The percentage of infected
cells was quantified using the Harmony software (PerkinElmer).
Infected cells were those stained with Alexa Fluor 488. The total
cell number per image was determined with the DAPI-stained
nuclei. Viability of the different groups was calculated compared
to mock-infected cells nuclei counting, at the same timepoint.

5.9 Infection of human PBMCs

All donors of the study provided written consent (approved by
the Human Ethics Research Committee of Fiocruz under num-
ber CAAE: 60643816.6.0000.5248) before participating. Peripheral
blood samples of five healthy adult donors ranging from ages
22-30 were collected for isolation of PBMCs by density gradient
separation with Ficoll-Paque PLUS (density 1.077 g/mL) (GE Life
Science). PMBCs were incubated with PIRAV, CHIKV, and VEEV
at MOIs 1 and 10 for 1 h at 37°C and 5Sper cent CO,. Uninfected
(mock) PBMCs were also cultured as controls. After incubation,
the viral inoculum was removed, cells were washed twice with
PBS (Lonza) and resuspended in RPMI 1640 medium (Lonza) sup-
plemented with 100 IU/ml penicillin (Gibco), 100 pg/ml strepto-
mycin (Gibco), and 10per cent FBS. PBMCs were then plated at
5x10° cells/well (96-well plates) and maintained at 37°C with
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Sper cent CO; for 24, 48, and 72h. At each timepoint, culture
supernatant was collected and stored at —80°C for viral titration
and cells were used for immunophenotyping, intracellular label-
ing of viral protein and annexin V-7-aminoactinomycin D (7-AAD)
staining.

5.10 Immunophenotyping and intracellular
labeling

Cells were centrifuged at 3000 rpm for 2min and recovered in
blocking buffer (PBS plus 5 per cent FBS and 1 per cent AB human
serum (Lonza)). After 20min of incubation at room temperature,
cells were centrifuged and permeabilized with Cytofix/Cytoperm
(BD Biosciences) for 20min at room temperature. Cells were
then washed in Perm/Wash (BD Biosciences) and stained with
an anti-alphavirus antibody (clone 1A4B.6) at 1:200 (vol/vol) dilu-
tion in Perm/Wash, followed by an Alexa Fluor 488 conjugated
anti-mouse IgG antibody (Invitrogen) diluted at 1:400 (vol/vol)
in Perm/Wash. Lastly, cells were incubated with a mixture of
the following monoclonal antibodies at 1:200 (vol/vol) diluted in
blocking buffer: anti-CD4-PE, anti-CD8-PE-Cy5, anti-CD19-PE-Cy7,
anti-CD14-BV421 and anti-CD3-APC-Cy7 (BD Biosciences). Cells
were washed twice with Perm/Wash between all incubations
and were recovered in PBS plus 1.5per cent paraformaldehyde
before flow cytometry analysis on a FACSCanto II cytometer (BD
Biosciences).

5.11 Anexin V 7-AAD staining

Cell culture plates were centrifuged at 3000 rpm for 2min and
recovered in binding buffer (BD Biosciences). After 15min of incu-
bation at room temperature, plates were centrifuged again and
cells were incubated for 15min with annexin V (BD Biosciences)
and 7-AAD at 1:100 (vol/vol) dilution in binding buffer. Cells were
then washed and recovered in binding buffer before cytometry
analysis on a FACSCanto II cytometer (BD Biosciences).

5.12 Transmission electron microscopy

C6/36 and Vero E6 cells were infected with PIRAV or VEEV at a
MOI of 0.025 (PIRAV), 0.0025 (VEEV, C6/36) or 0.05 (VEEV, Vero E6)
for 72 (C6/36) or 48h (VeroE6). Mock or infected (PIRAV or VEEV)
C6/36 and Vero E6 cells were fixed (2.5 per cent glutaraldehyde,
4per cent paraformaldehyde in 0.1M sodium cacodylate buffer,
PH 7.2) at room temperature for 1 h. After washing twice with
0.1M cacodylate buffer, cells were fixed in 1 per cent OsOy, 0.8 per
cent KFe (CN)s and 5mM CacCl, diluted in 0.1 M cacodylate buffer
at room temperature for 45min. Cells were washed twice with
0.1M cacodylate buffer, dehydrated in increasing concentrations
of acetone, and embedded in Poly/Bed 812 resin for 72h at 60°C.
Ultrathin sections (60 nm) were collected in copper grids, stained
for 45min with uranyl acetate and for 5min with lead citrate.
Samples were observed in a JEOL JEM-1400 transmission electron
microscope operating at 90 keV.

5.13 Morphometric analysis

Diameters of MV (only MV at the extracellular media were mea-
sured) and NC (only NC observed inside the host cell were mea-
sured) were determined in transmission electron micrographs of
thin sections. Randomly selected cells were imaged in a JEOL
JEM-1400 transmission electron microscope equipped with a digi-
tal camera (8 megapixels CCD). Profiles of different infected cells
were acquired and, in each image, different virus particles and/or
NC were measured using ImageJ software (Schneider, Rasband,
and Eliceiri 2012). Sample size was 100 (MV and NC) for all
conditions.
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Data availability

The PIRAV genome sequence obtained in this study has been
deposited in GenBank under accession number OK539813.

Supplementary data

Supplementary data is available at Virus Evolution online.
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Etymology

Pirahy virus (PIRAV) derives from the first name of the village that
gave rise to the current name of Pirai do Sul municipality, State of
Parand, Brazil.
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