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Abstract

Madariaga virus (MADV), the new species designation for the South American isolates of eastern 

equine encephalitis virus (EEEV) is genetically divergent, and substantially different in ecology 

and pathogenesis from North American EEEV strains. We isolated and characterized a MADV 

isolate obtained from a horse in Brazil. Our results support previous phylogenetic studies showing 

there are 3 genetically distinct MADV lineages. The MADV isolate from Paraíba State belongs to 

the South American lineage III and is closely related to Peruvian, Colombian and Venezuelan 

isolates.

Several equine encephalitis viruses belong to the family Togaviridae, genus Alphavirus, 

including western (WEEV), Venezuelan (VEEV) and eastern equine encephalitis viruses 

(EEEV) (1). EEEV was previously classified into four distinct lineages/subtypes (I to IV) 

(2). Indeed, the South American (SA) strains (lineages II-IV), which include the isolates 
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from South and Central America, are genetically diverse in contrast to the conserved North 

American (NA) strains (lineage I)(3). Because of the genetic divergence and significant 

differences in ecology and pathogenesis, the SA isolates were recently classified as a distinct 

species, Madariaga virus (MADV) (3, 4).

Previously in South America, only three human EEE cases have been reported, detected in 

Brazil and Trinidad (5, 6). However, an outbreak of encephalitis caused by MADV was 

confirmed in Panama in 2010, with 13 human and 50 equine positive cases (8). Unlike the 

epidemiological profile in South America, in North America an average of eight human 

cases of EEE neuroinvasive disease has been reported annually between 2004-2013 (7).

In Brazil, few studies have reported the isolation and molecular characterization of MADV 

from horses (9). Most information on MADV distribution is based on serological surveys in 

horses, humans and wild vertebrates, or virus isolation only from mosquito vectors, as 

previously reported in the states of Amazonas, Pará, Rondônia, Tocantins, Ceará, Paraíba, 

Pernambuco, Bahia, Mato Grosso, Mato Grosso do Sul, Minas Gerais, Rio de Janeiro and 

São Paulo (10-16).

Here, we describe the complete genomic sequence of a MADV isolate from a horse in 

Paraíba State, Brazil, in 2009. We analyzed samples from a five-year-old crossbred horse, 

from the city of São José do Rio do Peixe, Paraíba State, in the northeast of Brazil. The 

horse presented with signs of encephalitis for three days and tested negative for rabies. 

While under veterinary care, it showed blindness with depression, anorexia, severe ataxia, 

head pressing, circular walking while occasionally collapsing. On the second day, it 

presented with lip ptosis and lateral recumbence, and on the third day, the animal was 

euthanized. At necropsy, corneal opacity, scarifications of the head tissue and congestion in 

the leptomeninges and brain were observed.

As part of a histological examination, samples from various organs and the central nervous 

system (CNS) were fixed in 10% buffered formalin, cut transversely into 3-5 mm thick 

sections and then stained with hematoxylin-eosin. We observed mainly in the frontal cortex 

a diffuse multifocal non-suppurative lymphoplasmocytic encephalomyelitis with 

perivascular infiltration by lymphocytes, plasma cells, macrophages and some neurophils, 

vasculitis with endothelial cells swelling, neuronal death, satellitosis, neuronophagia, 

hemorrhages, edema and multifocal lymphocytic infiltration of the neurophil. Moderate 

lesions were also observed in the brain stem affecting mainly the grey matter, and mild 

lesions were observed in the cerebellum and cervical spinal cord. No lesions were observed 

in the dorsal and lumbar spinal cord.

Virus isolation was performed in vitro and in vivo. The brain tissue (frontal cortex, parietal 

cortex, basal nuclei, thalamus) was homogenized and the suspension was inoculated into 

C6/36 (Aedes albopictus) cells and in newborn albino mice (CH3– Rockefeller strain) 

intracerebrally. Mice were observed daily for 30 days for neurologic signs or death.

The 5 day-old mice presented signs of illness 24 hours post-inoculation including isolation 

from the others in the litter, failure to nurse, difficulty breathing, and paresis progressing to 

flaccid paralysis.
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Viral RNA from the CNS of the horse and mice were extracted using the RNeasy mini kit 

(Qiagen Inc., Venlo, Netherlands) following the manufacturer's instruction. RT-PCRs for 

several flaviviruses and alphaviruses were performed as described by Bronzoni (17) to 

confirm the presence of MADV, followed by complete genomic sequencing of the MADV 

isolate. Complementary DNA (cDNA) was prepared using the RNA High Capacity cDNA 

Reverse Transcription Kit© with random primers (Thermo Fisher Scientific Inc., Waltham, 

MA). Nextera-XT DNA Library Prep Kit (©Illumina, San Diego, CA) was used to prepare 

the dsDNA library that was sequenced using the MiSeq Reagent Kit© v3, 300 cycles 

(Illumina Inc., San Diego, CA). Geneious v7.1.4 (Biomatters Inc., San Francisco, CA) was 

used to assemble the sequence using MADV complete genome strain PE-0.0155 as a 

reference (DQ241304 GenBank accession number). The derived sequence was submitted to 

GenBank under the accession number KR132531. The polyprotein sequences available in 

GenBank were aligned using ClustalW, implemented in MEGA 6 (9). A set of 44 sequences 

of 3,729 nt was used for analysis. Maximum likelihood (ML) phylogenetic trees were 

constructed using the General Time Reversible model (GTR+Γ4+I), which was identified as 

the best-fit model of nucleotide substitution using MODELTEST version 3.7 (18). 

Bootstrapping was performed to assess the robustness of tree topologies using 1,000 

replicate neighbor-joining (NJ) trees under the ML substitution model. Analyses were 

performed with PAUP* version 4.0b (Sinauer Associates Inc., Sunderland, MA).

Divergence estimates between the Paraíba strain (MADY/Equus ferus/BR/PB/01/2009) and 

the nearest sister, MADV/Equus ferus caballus/COL/980150/2002 (GenBank accession 

number KJ469590), was conducted using a total of 11,217nt positions in the two open 

reading frames, using the Tamura-Nei model. Evolutionary analyses were conducted in 

MEGA 6 (19).

Previous phylogenetic studies based on partial structural polyprotein gene sequences 

indicate that EEEV and MADV are distinct species. The EEEV complex (lineage I) contains 

strains from North America and the Caribbean while the MADV (lineages II-IV) includes 

isolates collected throughout South and Central America (3). Our ML phylogeny (Figure 1) 

further supports the previously defined lineages (3). Our isolate also grouped most closely 

with recent strains from Peru, Colombia and Venezuela within EEE complex lineage III, 

with strong bootstrap support (100%). The MADV/Equus ferus/BR/PB/01/2009 strain was 

genetically distinct from the other isolates in this phylogeny and showed highest sequence 

identity with isolate MADV/Equus ferus caballus/COL/980150/2002, with overall 

divergence of 0.02 substitutions per site.

In conclusion, our data suggest ongoing enzootic transmission of equine-virulent MADV in 

Paraíba State, Brazil. The etiologic agent of this case of equine encephalitis was a South 

American lineage III strain.
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Figure 1. 
Maximum likelihood (ML) phylogeny tree of 44 strains of EEEV and MADV inferred by 

3,729 nt of structural polyprotein gene sequences. Numbers at nodes indicate posterior 

probabilities ≥0.95. Taxon/tip labels include years of isolation, accession numbers, strain 

names and isolation countries. Scale bar shows percent nucleotide sequence divergence, 0.09 

nucleotide substitutions/per site. Paraíba strain (MADY/Equus ferus/BR/PB/01/2009) is 

highlighted in gray and indicated with a black arrow.
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