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ABSTRACT. I performed metaviromic analysis of publicly available RNA-seq data from reptiles 
to understand the diversity of filoviruses (family Filoviridae). I identified a coding-complete 
sequence of a filovirus from the common lancehead (Bothrops atrox (Linnaeus, 1758)), tentatively 
named Tapajós virus (TAPV). Although the genome organization of TAPV is similar to mammalian 
filoviruses, our phylogenetic analysis showed that TAPV forms a cluster with a fish filovirus. 
However, TAPV is still distantly related to all the known filoviruses, suggesting that TAPV can be 
assigned as a species of a novel genus in Filoviridae. To our knowledge, this is the first report 
identifying a filovirus in reptiles, and thus contributes to a deeper understanding of the diversity 
and evolution of filoviruses.
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Filoviruses (family Filoviridae) are non-segmented negative-strand RNA viruses that belong to the order Mononegavirales [13]. 
Filoviruses were first discovered in 1967 as causative agents of hemorrhagic fever at laboratories in Germany and Yugoslavia 
[16]. In the following 50 years, several filoviruses, including Ebola viruses, have been detected. However, those filoviruses were 
detected in mammals exclusively [13]. In 2018, a large-scale viromic study identified distantly related filoviruses in fishes [9, 15]. 
Although the discovery of fish filoviruses expanded our knowledge on the diversity and evolution of filoviruses, there still exist 
large phylogenetic gaps among the fish and mammalian filoviruses, suggesting that filoviruses filling such phylogenetic gaps are 
present in vertebrates. Therefore, more extensive search for viruses would lead to the identification of novel filoviruses, leading 
to a better understanding of the diversity and evolution of filoviruses. In this study, I explored novel filoviruses using publicly 
available RNA-seq data obtained from reptiles.

I first searched for filovirus-like sequences in the contigs that we previously assembled from paired end RNA-seq data obtained 
from reptiles [10]. Using BLASTx searches [4], I detected a 16,388-nucleotides (nt) long filovirus-like contig assembled from 
reads in SRR1953011, showing 39.87% amino acid identity to the L protein of Lloviu virus (LLOV; Filoviridae: Cuevavirus; 
YP_004928143). This RNA-seq data were obtained from the venom gland of a common lancehead (Bothrops atrox (Linnaeus, 
1758)) sampled at Tapajós National Forest, Brazil [8]. To validate the quality of the contig, I mapped the original short reads to 
the contig. The contig sequence was well covered with short reads (Fig. 1a). The end of the filovirus-like contig contained an 
approximately 330-nt simple repeat-like sequence (the sequence is available in Supplementary information 1). The entire contig, 
except for the first two nucleotides, was covered with at least five reads of high quality, meeting the minimum quality for viral 
contigs previously suggested [14]. Nonetheless, I could not exclude the possibility that the repetitive sequence is derived from 
artifacts (data not shown). Therefore, I deleted the repetitive sequence present downstream of the gene end (GE) signal of the L 
gene (see below). The resultant viral contig consisted of 16,009 nt (Accession number BR001752). I named this virus Tapajós 
virus (TAPV). It should be noted that I cannot exclude the possibility that the contig contains nucleotides that have undergone 
post-transcriptional modifications, such as RNA-editing.

I next performed gene annotation for the TAPV contig. I searched for open reading frames (ORFs) more than 300 nt, identifying 
seven ORFs on the contig (Fig. 1a). I performed BLASTp searches against the filoviral sequences (taxid:11266) in the NCBI nr 
database [6] using the deduced amino acid sequences of identified ORFs as queries (Supplementary Table 1). Based on the results 
of BLASTp, I revealed that the seven ORFs correspond to the canonical filoviral genes, NP, VP35, VP40, GP, VP30, VP24, or L 
(Fig. 1a) [13]. Similar to marburgviruses and dianloviruses, the GP gene of TAPV contains a single ORF.

I further analyzed gene start (GS) and end (GE) signals on the contig. I extracted the nucleotide sequences of inter ORF regions and 
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analyzed them by MEME [1]. The MEME searches identified putative GS and GE signals for each of the genes. The putative GS and 
GE signals are CUUCU (C/U) GUAAUUCU and UAAUUCUUUUU, respectively (Fig. 1b and c). As reported in other filoviruses, 
the first nucleotide of the TAPV GS signals is a cytidine residue. The 12-nucleotide stretch, which is well conserved in the GS signals 
of most of filoviruses, is also well conserved in the TAPV GS signals. The GE signals of TAPV are almost identical to those of 
other filoviruses. All the GS and GE signals except for those between the VP35 and VP40 genes are overlapping (Figs. 1b and 2).

To infer the evolutionary relationship between the TAPV and other filoviruses, I performed phylogenetic analysis using the 
sequences of L genes. I aligned the deduced amino acid sequences of L genes by MAFFT 7.455 using the L-INS-i algorithm [11], 
trimmed the ambiguously aligned regions by trimAl [5], and then constructed a phylogenetic tree by the maximum likelihood 
method with the resultant multiple alignments (available in Supplementary information 2) using RAxML-NG 0.9.0 [12]. The tree 
showed that TAPV formed a strongly supported cluster with Xīlǎng virus (XILV; Filoviridae: Striavirus) (Fig. 2). However, TAPV 
is still distantly related to XILV, and the gene organization of TAPV shares higher similarity with mammalian filoviruses than 
XILV (Fig. 2). These data suggest that TAPV should be assigned to a novel genus in the Filoviridae. To assess this possibility, I 
performed a pairwise sequence comparison (PASC) analysis [2] with known filovirus sequences. The highest identity to the TAPV 
contig was Bombali virus (BOMV; Filoviridae: Ebolavirus), showing 28.66% nucleotide identity (Supplementary Fig. 1). This 
suggests that TAPV can be a type virus of a novel genus in the Filoviridae family.

Finally, I analyzed whether TAPV is also detectable in other SRA data to understand the prevalence, distribution, and target 
tissues for the virus. I mapped short reads in 3480 RNA-seq data obtained from reptiles to the TAPV contig. I found that eight 
SRAs, except for the SRA in which TAPV was initially identified, contained reads mappable to the TAPV genome (Table 1). 
Especially, one of the eight SRAs (SRR1953010) contained many reads mappable to the TAPV sequence, reaching 669 reads per 
million (RPM). However, the detailed metadata are unavailable, and thus it is not clear whether SRR1953010 was obtained from a 
different individual or not. Further analyses are needed to understand the prevalence of TAPV in the animal population.

In this study, I identified a novel filovirus, TAPV, in the common lancehead. To the best of our knowledge, this is the first report 
showing the presence of a reptile filovirus. I further showed that TAPV could partially fill the phylogenetic gaps of filoviruses 
(Fig. 2). Based on the genus criteria of the family Filoviridae, where the genome sequences of filoviruses of different genera differ 
by more than 55% [3], I propose that TAPV can be a type virus of a novel genus in the family Filoviridae. Therefore, this study 
expands our knowledge of the diversity of filoviruses. The presence of diverse filoviruses in vertebrates, as shown here and in other 
studies, suggests that novel unidentified filoviruses still exist in vertebrate animals. Further studies are needed to understand the 
diversity and evolution of filoviruses.
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Fig. 1. Genome organization of Tapajós virus (TAPV). (a) A schematic diagram of the TAPV genome and mapped reads. ORFs and gene start 
(GS) and end (GE) signals are shown. The upper graph indicates the mapped reads in SRR1953011. The gray box indicates the repetitive region 
observed in the contig (see text). (b and c) GS and GE signals for each gene of TAPV are shown. Sequence logos were based on the alignment of 
transcription initiation or termination signals by WebLogo [7]. Note that all the signals except for those between VP35 and VP40 are overlapping.
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Fig. 2. Phylogenetic relationship and comparison of gene structures of filoviruses. A phylogenetic tree was constructed by the maximum 
likelihood method using the deduced amino acid sequences of the L proteins of filoviruses. The scale bar indicates the number of amino 
acid substitutions per site. Tapajós virus (TAPV) is indicated with the black circle. The right panel shows the genome organizations of 
filoviruses. Each gene is indicated by a box. Gray boxes are the genes that show homology to known filoviral genes. White boxes are 
genes for which similarity to known filoviral genes could not be detected. Triangles show gene overlapping regions. Unclear gene start 
and end signals are depicted by the dashed lines.

Table 1. Detection of sequence reads mapped to Tapajós virus

SRA accession Reads per million mapped reads
SRR1953002 0.02
SRR1953003 0.03
SRR1953004 0.04
SRR1953007 0.05
SRR1953008 0.04
SRR1953010 669.50
SRR1953012 0.90
SRR1953013 0.17
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