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Abstract: Madariaga virus (MADV) is a member of the eastern equine encephalitis virus (EEEV)
complex that circulates in Central and South America. It is a zoonotic, mosquito-borne pathogen,
belonging to the family Togaviridae. Disturbances in the natural transmission cycle of this virus result
in outbreaks in equines and humans, leading to high case fatality in the former and acute febrile
illness or neurological disease in the latter. Although a considerable amount of knowledge exists
on the eco-epidemiology of North American EEEV strains, little is known about MADV. In Brazil,
the most recent isolations of MADV occurred in 2009 in the States of Paraíba and Ceará, northeast
Brazil. Because of that, health authorities have recommended vaccination of animals in these regions.
However, in 2019 an equine encephalitis outbreak was reported in a municipality in Ceará. Here,
we present the isolation of MADV from two horses that died in this outbreak. The full-length
genome of these viruses was sequenced, and phylogenetic analyses performed. Pathological findings
from postmortem examination are also discussed. We conclude that MADV is actively circulating
in northeast Brazil despite vaccination programs, and call attention to this arbovirus that likely
represents an emerging pathogen in Latin America.

Keywords: arbovirus; mosquito; Aedes; Culex; horse; neurological disease

1. Introduction

Eastern equine encephalitis virus (EEEV), western equine encephalitis virus (WEEV),
and Venezuelan equine encephalitis virus (VEEV) are neurotropic, mosquito-borne al-
phaviruses of zoonotic and public health importance circulating in the Americas [1].
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They belong to the genus Alphavirus, family Togaviridae, and have a positive-sense, single-
stranded, nonsegmented RNA genome of approximately 11.7 Kb [1]. EEEV is an important
pathogen within this group as it can be deadly or cause severe neurological sequelae in
animals and humans [2,3]. Initial antigenic features have led to the differentiation of EEEV
isolates into the North American (NA EEEV) and South American (SA EEEV) lineages [4].
Further phylogenetic and antigenic analyses led to the classification of EEEV into four main
lineages (I–IV), with isolates from NA and some countries of the Caribbean clustering into
lineage I, and isolates from Central and South America clustering into lineages II–IV [5].

The primary transmission cycle of EEEV leading to endemicity is enzootic; however,
infections of animal species that are not the main reservoirs and of humans occur when
factors disturbing the natural transmission cycles result in spillover events. Despite the im-
portant fact that EEEV infection can result in severe disease or death in equines and humans,
these are considered dead-end hosts and, thus, do not contribute to EEEV transmission.
In its natural cycle, NA EEEV is transmitted among passerine birds by Culiseta melanura
mosquitoes [6,7]; however, it is unclear what vectors and reservoirs are responsible for
SA EEEV maintenance and amplification in nature.

Outbreaks of encephalitis and death in equines caused by SA EEEV strains have
been reported in Central and South American countries in the past decades [8–11] but
pathogenicity to humans appears to be considerably lower than that of the NA strains.
Nevertheless, a human encephalitis outbreak of SA EEEV in 2010 in Panama raised ques-
tions of whether some SA strains are becoming more pathogenic to humans [2]. Due to
genetic divergence, distinct evolutionary patterns, and differences in eco-epidemiology
and pathogenesis among strains of lineage I (NA) and those of lineages II–IV (SA), in 2010
it was proposed that strains from lineages II–IV should be considered a distinct species
within the EEEV complex. The new proposed species received the name Madariaga virus
(MADV) [12].

In Brazil, impactful equine epizootics caused by EEEV have been reported in all five
Brazilian regions, with the first EEEV isolations having occurred in the 1940s, followed
by several reports in the next decades [10,13–23]. Phylogenetic analyses show that most
Brazilian isolates cluster within lineages II and III [12,21–23].

Circulation of SA EEEV in Brazil has also been evidenced by serosurveys, which have
been mostly performed during equine epizootics or in areas where equine encephalitis
cases had been previously reported. An early serosurvey in 1940–41 in the State of Minas
Gerais (southeast (SE) region) performed during an epizootic with high case-fatality rates
showed a seropositivity of 44.4% among alive equines [24]. In a region historically affected
by EEEV epizootics in the State of São Paulo (SE region), seropositivity in equines was 16%
in 2004–2005 [25]. In 1993, in the State of Mato Grosso (midwest (MW) region) 6.4% among
hundreds of surveyed healthy equines were seropositive for EEEV in an area with reports
of equine encephalitis cases [26], while in 2007 47.7% of non-vaccinated equines were
seropositive in the same region [27]. In the State of Paraná (south (S) region), 54.5% of
equine samples collected throughout 4 years in the 1990s were seropositive [28]. In the
north (N) region, 69% of seropositivity in equines was observed in the State of Pará in the
1960s during ongoing epizootics [15], and 21% were seropositive in 2002 in Rondônia in a
survey involving all equines from one municipality [17]. Regions where the main equine
epizootics occurred in Brazil are shown in Figure 1.
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Figure 1. Map of Brazil showing (in dark gray) the Brazilian States where epizootics of South
American eastern equine encephalitis (SA EEEV), or Madariaga virus (MADV), have occurred in
equines. PA: Pará; MT: Mato Grosso; GO: Goiás; DF: Distrito Federal; MG: Minas Gerais; SP: São
Paulo; RJ: Rio de Janeiro; PR: Paraná; CE: Ceará; PB: Paraíba; PE: Pernambuco. The State of Ceará
is displayed separately with the municipalities where MADV infections in horses were detected in
2009 (darker gray) [29] and in the present study (black).

Virus isolation and serosurveys in other animals have also been carried out in Brazil
to infer their susceptibility to EEEV infection and/or potential role as reservoirs in the
virus’s transmission cycle. EEEV has been isolated from avian species [10,16], terrestrial
mammals (e.g., rodents and marsupials) [10,16], and even reptiles [10]. Seropositivity for
EEEV ranged from 0 to 10% in birds from the N region [10,15], and was 2.9% in wild boars
from three regions (S, SE, and MW) [30], 1% in a sloth species from the NE region [31], and
5% in opossum from the N region [15]. Sentinel animals have also led to virus isolation [10].

In humans, SA EEEV was isolated once from a person in the 1950s in NE Brazil [14],
and detected molecularly in a person presenting with acute febrile illness in 2015–2016
in Mato Grosso (MW region) [21]. Serosurveys in humans are scarce but have shown the
presence of EEEV antibodies in persons living in areas where equine epizootics have oc-
curred and a seroprevalence range of 2.2–25% among surveyed populations from different
regions [10,32,33], indicating that people living in areas where the virus circulates are at
risk of infection.

Here, we present the isolation and full-length genome sequencing of SE EEEV (MADV)
isolated in 2019 from two horses that died with encephalitis in the State of Ceará, NE Brazil.
We then discuss their phylogeny, pathological findings, and the relevance of MADV active
circulation in Brazil.

2. Results
2.1. Necropsy and Histopathology

Diffuse hyperemia was the only central nervous system (CNS) gross lesion observed
in the two horses upon necropsy. One cerebrum section of animal 164 was examined by
histopathology and no lesions were observed. Examination of two cerebrum sections of
horse 165 revealed the following histopathologic findings: (1) moderate lymphoplasmacytic
encephalitis was present mainly in the cerebral cortex (gray matter) and with a lesser
extent in the white matter; (2) some vessels had swollen endothelium surrounded by
one or three layers of lymphocytes and plasma cells; (3) nonsuppurative perivascular
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inflammation was seen in multifocal areas of the leptomeninges; (4) glial reaction was
characterized by multiple areas with microglial proliferation in the neuroparenchyma.
Microscopic changes as described above for horse 165 were indicative of viral infection.

2.2. Plaque Assay

Titers of 164 and 165 P5 were 1.5 × 108 and 1 × 108 PFU/mL, respectively. Plaques
were similar in both samples and measured approximately 2–3 mm in diameter (Figure 2).

Figure 2. Plaque assay with samples 164 and 165 passage 5 (P5) was performed in Vero cells.
Plaques were similar between the samples and measured 2–3 mm in diameter. The figure shows
dilution 10−5 of sample 164.

2.3. Flavivirus, Alphavirus, and Equine Encephalitis Virus Molecular Assays

Samples 164 and 165 were negative in the genus-specific flavivirus RT-PCR (no frag-
ments were amplified). In the genus-specific alphavirus RT-PCR, a strong 434-bp fragment
(expected band size) was observed in both samples. In the specific equine encephalitis
virus PCRs, both samples tested negative for WEEV, positive for VEEV (weak band of
approximately 600 bp; not the expected size), and positive for EEEV (strong band of 124 bp;
expected size). The controls worked properly in all PCRs. Amplified fragments in the
equine encephalitis virus PCRs are shown in Figure 3.

Figure 3. Products from primer-specific equine encephalitis virus PCRs. 2–6: PCR with WEEV
primers. 8–12: PCR with VEEV primers. 14–18: PCR with EEEV primers. 1, 7, and 13:100 bp ladder
(Promega). 2, 8, and 14: H2O. 3, 9, and 15: CHIKV PB302. 5, 11, and 17: sample 164. 6, 12, and 18:
sample 165. The stronger band in the ladder is 500 bp and the lowest band is 100 bp. Wells 11 and
12 show the non-specific amplified fragments of 164 and 165 (marked with asterisks) with the VEEV
forward primer and the genus-specific reverse alphavirus primer. Wells 17 and 18 show the specific
EEEV band of 124 bp for samples 164 and 165, respectively.
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2.4. Herpesvirus PCR

Except for the positive control (HSV-1), no sample yielded visible bands in the univer-
sal herpesvirus PCR.

2.5. Sequencing Results and Phylogenetic Analysis

The first sequenced fragments (143–600 Kb) from 164 and 165 led to the identification
of EEEV/MADV through BLASTn. The full-length genome was successfully sequenced
through the Sanger method after several rounds of RT-PCRs. The genomes have 11,605 nu-
cleotides and contain two ORFs. The first ORF has 7416 nucleotides and encodes the
nonstructural proteins (nsP1–nsP4), while the second ORF is 3729 nucleotides long and
encodes the structural polyprotein (C, E2, E3, 6K, E1). A conserved “leaky” stop codon was
identified at position 5614. There was 99.9% of nucleotide identity between the genomes
of 164 and 165, with only 9 mismatches. The sequences of samples 164 and 165 were
submitted to GenBank (Accession numbers MZ389693 and MZ389692, respectively).

The maximum likelihood phylogenetic tree (Figure 4) supports the previously defined
EEEV lineages [5,12,29]. Sample sequences from this study (MADV#164 and MADV#165)
shared similarities of 94.6% to 99% with other Brazilian sequences from lineage III, with
higher values shared with KR132531.1 (99.0%), isolated from a horse in Paraíba, NE Brazil,
in 2009, followed by GU001935.1, isolated from a bird in 1983 (97.4%). Sequence DQ241304
isolated from a mosquito in 1996 in Peru (also clustered within lineage III) shared 97.9% of
similarity with sequences from this study. When compared to Brazilian sequences within
lineages II and IV, MADV#164 and MADV#165 shared a similarity ranging from 81.6–82.5%
and 80.4, respectively. The similarity between the sequences were estimated by the
p-distance method [34]. The p-distance of Brazilian isolates is shown in Supplementary Table S3.

Figure 4. Nucleotide maximum likelihood phylogenetic analysis of 61 strains of EEEV based on
the structural polyprotein open reading frame. Sequences aligned in different clusters refer to
North American EEEV lineage (NA EEEV lineage I) and MADV lineages (II, III, and IV). Samples
highlighted in bold and with a gray background indicate the sequenced samples of this study.
Samples with a black circle were isolated in Brazil. Ultrafast bootstrap values were determined in
5000 replications; only bootstrap values ≥70% are shown. EEEV: eastern equine encephalitis virus;
MADV: Madariaga virus.
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3. Discussion

The equine encephalitis outbreak reported here leading to the isolation of MADV
occurred in 2019 in the State of Ceará, where an outbreak had been reported in 2009 [29].
In addition, SA EEEV outbreaks have also been reported in other regions of NE Brazil
[19,29,35], indicating that the virus may be endemic in the NE region as it may be in other
parts of the country. Importantly, even though EEEV vaccination in horses was carried
out in Ceará after the 2009 outbreak and no equine encephalitis cases were reported in the
following years, the outbreak in 2019 indicates that broad vaccination programs in animals
are not being achieved in the region.

Endemicity of MADV in Brazil is truly relevant for animal and human health con-
sidering that infection with this pathogen can result in high morbidity and mortality in
equines [24,29] and has the potential to cause disease in humans [2,21,36,37]. As for human
health, although SA EEEV/MADV strains have been considered less pathogenic than NA
strains for humans, MADV infection was confirmed in persons with severe neurological
disease during an encephalitis outbreak in Panama in 2010 [2]. Changes in the transmission
patterns and virulence are common among arboviruses, which have the ability to adapt to
new hosts, vectors, and ecological niches.

The clinical signs observed in the two horses (ataxia, paresis, circling, knuckling,
and recumbency) that ultimately died, appear to be common in cases of eastern equine
encephalitis [20,29,38]. Other acute signs of EEEV infection that were not observed here
include fever, abnormal gait, blindness, head-pressing, paralysis, severe depression, and
convulsions [29,38–41]. In Brazil, any neurological disease in herbivores must be notified to
the animal health regulatory agency (Ministério da Agricultura, Pecuária e Abastecimento:
MAPA), as part of the national surveillance program for rabies. In these cases, CNS
samples from animals should be collected and processed following MAPA’s protocol so
that appropriate tests can be performed, and conclusions drawn. For histopathology, it
is recommended that CNS samples should be fixed immediately upon collection. There
are also specifications on the types of CNS tissues that must be collected as infection with
different pathogens leads to pathology in distinct CNS areas [42]. For instance, brain lesions
caused by EEEV are generally described in the cerebral cortex, hypothalamus, thalamus,
and to a lesser extent, in the caudal portion of thalamus, other portions of brainstem
and cerebellum [43,44]. The cervical portion of the spinal cord may also be affected [44].
Unfortunately, the reality is that in the field a significant number of neurological diseases
in animals are not notified and, when they are, in most cases samples are not collected
and prepared appropriately, leading to inconclusive diagnosis. Histopathology is critical
to guide further tests towards a conclusive diagnosis of animal neurological disease, i.e.,
histopathologic analysis may indicate the etiologic agent causing the disease (e.g., viruses,
protozoans, or bacteria) so that specific tests can be performed.

Here, lesions in horse 165 were more pronounced in the cerebral cortex; however, other
regions of the CNS were not sampled for histopathology and more conclusions could not be
reached. Importantly, the microscopic lesions in this animal, including the nonsuppurative
encephalitis, were indicative of viral infection. Microglial proliferation and nonsuppurative
inflammation, especially in the gray matter, can occur in a more advanced stage of this
type of viral infection [43]. Neutrophil infiltration in the neuroparenchyma, sometimes
around neurons, is a reaction seen in an earlier stage of the disease or in a peracute lethal
course of the disease [43], and was not observed in this horse. Nevertheless, in the present
study CNS samples were received frozen in the laboratory and then fixed (as opposed to
being fixed immediately upon collection), which resulted in poor-quality processed tissues.
Although the histopathology analysis led to some important observations, it is likely
that the poor quality of the material due to improper conservation prevented additional
conclusions. Moreover, the lack of abnormal histologic features in samples from horse
164 might have been due to improper sampling.

As the samples tested negative for rabies and because histology observations were
indicative of viral infection, virus isolation and molecular diagnostic tests were carried
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out and led to the final diagnosis. We call attention to the fact that the viruses had to
be amplified in tissue culture and the published flavivirus and alphavirus genus-specific
RT-PCRs protocols had to be optimized to work properly (based on the positive controls).
This is important as the low amount of virus in the original samples and the lack of
optimizations in molecular assays can lead to false negative results. Issues concerning
sample collection/processing and molecular assays must be considered as these are directly
associated with the success of surveillance and control programs of zoonotic diseases.

The phylogenetic analyses showed that MADV#164 MADV#165 clustered within lin-
eage III. Although strains from lineages II and IV (especially the former) have been detected
in Brazil, the most recent studies have identified lineage III strains [21–23], suggesting this
is currently the predominant lineage circulating in the country.

According to the evolutionary profile of MADV and to comparisons with NA EEEV
and the closely related VEEV, it has been hypothesized that although some bird species are
susceptible to MADV infection, the main amplifying reservoirs may be ground-dwelling
mammals. In Brazil, studies with SA EEEV/MADV in the N region have shown that
several bird species are susceptible to infection, given that some species exhibited (low)
seropositivity. However, in these studies the seropositivity rates and the number of avian
species potentially susceptible to MADV were considerably lower compared to Saint-Louis
encephalitis virus (SLEV) and WEEV, which are arboviruses that have avian hosts as the
main amplifying reservoirs [10]. In addition, EEEV seropositivity in various mammal
species indicates they may be potential hosts [30,31]. The MADV outbreak in Panama also
shed some light on the types of reservoirs involved in the local transmission cycle of this
virus as the animal with the highest seropositivity rate for MADV was the short-tailed
cane mouse [45]. As for relevant vectors, although MADV has been isolated from Aedes
taeniorhynchus [15] and other Aedes spp. [10] in Brazil, several isolations from Culex spp.,
especially from Cx. (Melanoconion) spp. indicate that species of this genus may be playing
an important role in transmission. Interestingly, Cx. (Melanoconion) spp. from a region in
Brazil where several MADV epizootics have occurred (Vale da Ribeira, State of São Paulo)
exhibited the most eclectic feeding behavior compared to other mosquito species [46] and
some level of domestication [47]—excellent features for a vector involved in epizootic
transmission and spill over events of arboviruses.

4. Conclusions

MADV is a potential emerging pathogen in Latin America and the several knowledge
gaps regarding its transmission cycle, pathogenicity in different hosts, and attack rates,
among others, warrant further research at many levels. Surveillance programs should
start considering MADV as an endemic zoonotic agent in Brazil and, according to reports
on MADV detection in acute human febrile illnesses in Venezuela [36], Haiti [37], and
Brazil [21], MADV should also be considered in the differential diagnosis of arboviruses
causing acute febrile disease in human populations and not only in neurological disease.

5. Materials and Methods
5.1. Outbreak Data and Sample Processing

On 30 May 2019, cases of acute equine neurological disease were notified to the local
health authorities in Irauçu, State of Ceará, NE Brazil. One out of twelve, and six out of
twelve horses from two farms (farm 1 and farm 2) became sick and died within five days
from the onset of clinical signs. One horse from each farm was necropsied for postmortem
diagnosis. Both horses were 5-year-old crossbreeds of unknown gender that exhibited
signs like ataxia, paresis, circling, and knuckling, that progressed to recumbency and
death. Upon necropsy, CNS fragments were collected and sent to the designated laboratory.
Horses were the only affected species on the farms. Previous vaccination history was
unknown, except that the herd had not been vaccinated for rabies. Farm 1 is located
at 03◦46′8.7” latitude and 39◦47′51.1” longitude, and farm 2 at 03◦46′31” latitude and
39◦46′12” longitude. The farms are 3.2 km apart from each other.
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Fresh CNS samples received by the Animal Health Laboratory at the Animal Defense
Agency in the State of Minas Gerais (Laboratório de Saúde Animal, Instituto Mineiro de
Agropecuária: LSA-IMA) were processed and tested for rabies by the direct fluorescent
antibody and mouse inoculation tests, for which they were negative. For histopathology
analysis, one or two sections of the cerebral hemispheres were fixed in 10% formalin,
processed by routine histologic methods, embedded in paraffin, sectioned at 5 µm, and
stained with hematoxylin/eosin (HE), according to Luna [48].

Samples were then sent to the Laboratory of Animal Virology Research at the Vet-
erinary School (Laboratório de Pesquisa em Virologia Animal, Escola de Veterinária) of
Universidade Federal de Minas Gerais and the Virology Department at Instituto Aggeu
Magalhães/Fundação Oswaldo Cruz for the experiments describe hereafter.

5.2. Virus Isolation and Plaque Assay

Frozen CNS fragments from the two horses (horses’ ID: 164, farm 2; 165, farm 1) were
homogenized using mortar and pestle and diluted 1:20 (w/v) in phosphate buffered saline
(PBS) containing antibiotics and antifungal. The suspensions were vortexed for 15 s, kept
at 4 ◦C overnight, and centrifuged at 4000× g for 10 min at 4 ◦C. The supernatant was then
collected and filtered through a 0.22 µm filter. Virus isolation was performed according
to the protocol described by Pinheiro et al. [49], with modifications. Briefly, an aliquot
of the samples was inoculated into 60–70% confluent Vero cells (ATCC-CCL-81) for a 1 h
incubation (adsorption) at 37 ◦C (with gentle rocking at every 15 min) in a 5% CO2 incubator.
The inoculum was removed, and medium was added into the flasks, which were incubated
for approximately 3–5 days until most cells exhibited a cytopathic effect. The flask content
was then harvested, centrifuged at 1000× g for 5 min, and the supernatant stored at−80 ◦C.
The negative control consisted of cells inoculated with PBS. Four more rounds of virus
amplification were performed the same way but instead of using homogenized CNS tissue,
an aliquot of the previous passage was used for cell inoculation.

Plaque characterization and virus titer of 164 and 165 passage 5 (P5) were determined
through plaque assays in Vero cells [50]. Briefly, cells were seeded into 24-well plates and 24 h
later inoculated with 10-fold serial dilutions of the samples (100 µL of 10−1 to 10−6 dilutions
after medium removal). After a 1 h adsorption at 37 ◦C/5% CO2 the inoculum was removed,
and semi-solid medium (1.5% carboxymethyl cellulose in 2× tissue culture medium)
was added to the wells. Cells were incubated at 37 ◦C/5% CO2 for 6 days and then
fixed in 4% formalin after medium removal. Plaques were stained with 1% crystal violet
(Sigma-Aldrich; St. Louis, United States), washed and counted visually for titer calculation,
which was expressed as plaque forming units per mL (PFU/mL).

5.3. Molecular Assays
5.3.1. RNA Extraction

A 250 uL aliquot of 164 and 165 P5 frozen stocks was used for RNA extraction using
TRIzol Reagent (Invitrogen; Waltham, United States), according to the manufacturer’s
instructions. After the 75% ethanol wash, the precipitate was air-dried and dissolved in
30 uL of Ultra-Pure H2O. Samples were stored at −80 ◦C until further analysis. In addition,
RNA of Yellow Fever virus (YFV) strain 17DD and Chikungunya virus (CHIKV) strain
PB302 that had been cultivated in Vero cells was extracted using the same protocol.

5.3.2. Genus-Specific Flavivirus and Alphavirus RT-PCRs

A genus-specific nested RT-PCR targeting the NS5 flavivirus gene was optimized
based on the method described by Sanchez-Seco et al. [51]. In the Sanchez-Seco strategy, a
reverse-transcription (RT) reaction is performed, followed by a PCR to amplify a 1385 bp
fragment of the NS5 gene, and a final nested-PCR to amplify a 143 bp portion of the
first PCR product. Here, a 20-uL RT reaction was performed using the SCRIPT cDNA
synthesis kit (Jena Bioscience; Jena, Germany) following the manufacturer’s instructions,
and 8 µL of viral RNA. Prior to the RT reaction, RNA was mixed with the first-round PCR



Pathogens 2021, 10, 983 9 of 13

reverse primer Flavi1 (−) and incubated for 1 min at 70 ◦C for denaturation and primer
annealing. The RT was then performed at 45 ◦C for 2 h, followed by a reverse transcriptase
inactivation at 70 ◦C for 10 min. The 50-µL first-round PCR was performed with primers
Flavi1 (+)/Flavi1 (−), KlenTaq DNA polymerase (Cellco Biotec; São Carlos, Brazil), and
5 uL of the RT product under the following cycling conditions: 95 ◦C for 2 min (initial
denaturation); 40 cycles of 95 ◦C for 30 s (denaturation), 47 ◦C for 30 s (annealing), and
68 ◦C for 1 min 15 s (extension); 68 ◦C for 2 min (final extension). The 50-µL nested-PCR was
performed with primers Flavi2 (+)/Flavi2 (−), KlenTaq, and 1 µL of the first-round PCR
product under the same cycling conditions as the first-round PCR, except that the extension
time was 30 and there were 35 cycles. The positive control for the flavivirus RT-PCR was
YFV 17DD RNA, and the negative controls were H2O and CHIKV PB302 RNA.

A genus-specific alphavirus RT-PCR was optimized based on the strategy reported by
Pfeffer et al. [52]. In the Pfeffer strategy, primers M2W (+)/cM3W (−) are used to amplify
a 434 bp region of the nsP1 gene from alphaviruses. The RT reaction was performed
using the reverse primer cM3W (−) the same way as described above. PCR cycling
conditions were the same as those described for the nested flavivirus PCR, except that the
annealing temperature was 50 ◦C. The positive control for the alphavirus RT-PCR was
CHIKV PB302 RNA, and the negative controls were H2O and YFV 17DD RNA.

5.3.3. Equine Encephalitis Virus PCRs

The product from the RT reaction with the genus-specific alphavirus reverse primer
(described above) was used in a modified nested, primer-specific PCR for WEEV, VEEV,
and EEEV, following a previously described strategy [53]. For that, 5 uL of the RT prod-
uct was used in singleplex PCRs with WEEV-, VEEV-, or EEEV-specific forward primers
(nWEE, nVEE, and nEEE, respectively) and the genus-specific alphavirus reverse primer
cM3W (−). PCR conditions were the same as the alphavirus PCR, except that the anneal-
ing temperature was 52 ◦C. The expected amplicon size for WEEV, VEEV, or EEEV was
208, 400, and 124 bp, respectively. The negative controls in these RT-PCRs were H2O and
CHIKV PB302; positive controls were not available.

5.3.4. DNA Extraction and Herpesvirus PCRs

A nested-PCR to detect herpesviruses was performed with samples 164 and 165.
For that, DNA was extracted using 500 µL of 164 and 165 frozen stocks using the phe-
nol:chloroform extraction protocol described by ThermoFisher (Waltham, United States) [54],
except that glycogen was replaced by linear acrylamide. DNA pellets were resuspended in
50 µL of ultra-pure H2O. Herpesvirus PCR was then performed according to VanDevan-
ter [55]. In the first reaction, 2 µL of DNA were used in a 50-µL reaction using KlenTaq, and
PCR conditions were the following: 95 ◦C for 2 min (initial denaturation); 40 cycles of 95 ◦C
for 30 s (denaturation), 46 ◦C for 30 s (annealing), and 68 ◦C for 1 min (extension); 68 ◦C
for 2 min (final extension). In the nested-PCR, 5 µL of the first PCR was used in a 50-µL
reaction using KlenTaq, and PCR conditions were the same, except that the extension was
allowed to occur for 30 s. The expected band size after the nested-PCR was 215–315 bp.
The positive control for this assay was herpesvirus simplex 1 (HSV-1) from cell culture, and
the negative control was H2O.

5.4. Sequencing

The amplicons of samples 164 and 165 from the genus-specific alphavirus PCR and the
equine encephalitis virus PCRs were sequenced by the chain termination (Sanger) method
with the same primers used in the respective PCRs. Nucleotide sequence similarity search-
ing using the Basic Local Alignment Search Tool (BLASTn) (http://blast.ncbi.nlm.nih.gov,
accessed on 26 November 2020) showed high similarity of the amplified material with
MADV sequences deposited in the database. Next, whole genome sequencing of both
samples was achieved through Sanger sequencing. Initially, primers were designed based
on a MADV sequence retrieved from GenBank (accession number KR132531.1) and then

http://blast.ncbi.nlm.nih.gov
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sequences obtained from the first-round sequencing were used for further primer design
to be used in RT and PCR. RT reactions were first performed with the reverse primers as
described above (except that 4 µL of RNA were used and RT reaction occurred for 1 h), and
PCR was then performed as described above for the genus-specific alphavirus PCR, except
that the annealing temperature varied from 52 to 65 ◦C and the extension time was adapted
to the size of each fragment to be amplified (1 min/Kb). Primers were designed with
the “A plasmid Editor-ApE” program. The sequences of the primers designed to obtain
the full-length genome sequencing of the samples are shown in Supplementary Table S1.
Alignments and genome assembly was performed with ApE. In all cases, before being sent
for sequencing PCR products were run in 1% agarose gel and the bands of interest cut and
purified with the Zymoclean Large Fragment DNA Recovery Kit (Zymo Research; Irvine,
United States).

5.5. Phylogenetic Analysis

Sequences were aligned with reference sequences obtained from GenBank
(Supplementary Table S2) using MAFFT v7.471 [56], global pair method, and adjust
direction option. The phylogeny, based on the structural polyprotein open reading
frame (ORF) of EEEV and MADV, was estimated by maximum likelihood, using IQ-
TREE 2 [57], where the best nucleotide substitution model selected by the program was
GTR+F+I+G4 [58]. Branch support was estimated using the ultrafast bootstrap (UFBoot)
method with 5000 bootstrap replicates. The tree image was generated with the ITOL
online tool [59]. The final tree was rooted at midpoint root. The pairwise distance between
sequences were estimated by the p-distance method under 1000 bootstrap replications
using Mega 7.0.26. software [34].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10080983/s1, Supplementary Table S1: Madariaga virus (MADV) primers used
for reverse-transcription (RT)-PCRs and sequencing of samples 164 and 165, Supplementary Table
S2: Reference sequences used in this study with the respective GenBank Accession numbers, and
Supplementary Figure S1: P-distance analysis of Brazilian sequences from lineages II, III, and IV,
based on the structural polyprotein open reading frame.
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