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A B S T R A C T

In recent years there has been a significant increase in the number of new species potentially belonging to the
Totiviridae family. Most of these new viruses have not yet been covered by the Committee on Taxonomy of
Viruses (ICTV) official classification. In this study, a phylogenetic analysis including new sequences of Totiviridae
candidates revealed a clade including Giardiavirus and a great diversity of new totiviruses, which infect ar-
thropods, protozoa and mollusc. This expanded Giardiavirus clade comprises two monophyletic groups, one of
them including Giardia lamblia virus (GLV) grouped with viruses that infect arthropods and vertebrates (GLV-like
group), and the other includes the previously proposed Artivirus group (IMNV-like group). A screening of the
members of the GLV-like group in search of genomic elements already described in IMNV-like group revealed the
existence of sites with a high propensity to become 2 A-like oligopeptides, mainly in a specific subgroup of
arthropod viruses, suggesting that these viruses preserved ancestral characteristics. The existence of these
"pseudo 2 A-sites" associated to phylogenetic reconstruction indicates that these sequences appear at a decisive
stage for viral evolution. If they are changed to functional 2 A-like sequences, an irreversible route to increase
the genome complexity will be initiated.

1. Introduction

The Totiviridae family comprises non-enveloped icosahedral virions
of ∼40 nm, containing monopartite double stranded RNA (dsRNA)
genomes. Their genomes range from 4.6 to 7.0 kbp in size, and mostly
of them are organized in two Open Reading Frames (ORFs). The ORF1
encodes a capsid protein which generally present sizes between
70–100 kDa, and ORF2 encodes an RNA-dependent RNA polymerase
(RdRp) (Wickner et al., 2012). According to the latest classification by
the Committee on Taxonomy of Viruses (ICTV), the Totiviridae family
comprises five genera: Giardiavirus, Leishmaniavirus and Trichomo-
nasvirus comprising viruses that infect protozoa, and Totivirus and Vic-
torivirus which exclusively infect fungi.

In recent years there has been a significant increase in the number of
studies describing new species potentially belonging to Totiviridae fa-
mily, and most of them have not yet been covered by official ICTV
classification. At least 37 new Totiviridae genomes were added to the
National Center for Biotechnology Information (NCBI) databank in the
last 5 years. Surprisingly, some of these had an unexpected host

distribution, including a variety of insects, some plants and even fish
species (Koyama et al., 2015; Martinez et al., 2016; Chen et al., 2016;
Mor and Phelps, 2016b). Due to this large host heterogeneity, the To-
tiviridae family has increasingly become an excellent model for studies
that aim to clarify the relationships between phylogeny and structural
genome features.

In fact, despite the small number of studies on the subject, there is
evidence that certain genomic elements occur exclusively in specific
groups within the Totiviridae family. In this context, one of the principal
examples are the 2A-like sequences. 2A is an oligopeptide sequence
with eight or nine amino acid signatures that mediate a ribosome
‘skipping’ effect, analogous to internal ribosome entry sequences
(IRES), producing an apparent co-translation ‘cleavage’ of polyproteins
without needing a proteinase (Donnelly et al., 2001a, 2001b; Luke
et al., 2008). The existence of 2A-like sequences in the Totiviridae family
was first reported in Infectious myonecrosis virus (IMNV), a virus that
infects penaeid shrimps, by Nibert (2007). From there, the presence of
2 A-like sequences has been reported in other genomes such as Armi-
geres subalbatus totivirus (AsV), Drosophila melanogaster totivirus (DTV),

https://doi.org/10.1016/j.virusres.2018.10.011
Received 31 May 2018; Received in revised form 28 August 2018; Accepted 15 October 2018

⁎ Corresponding author at: Laboratório de Biologia Molecular Aplicada – LAPLIC, Departamento de Bioquímica, Centro de Biociências, Universidade Federal do Rio
Grande do Norte, Natal, RN, CEP: 59072-970, Brazil.

E-mail address: danielclanza@gmail.com (D.C.F. Lanza).

Virus Research 259 (2019) 1–9

Available online 16 October 2018
0168-1702/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01681702
https://www.elsevier.com/locate/virusres
https://doi.org/10.1016/j.virusres.2018.10.011
https://doi.org/10.1016/j.virusres.2018.10.011
mailto:danielclanza@gmail.com
https://doi.org/10.1016/j.virusres.2018.10.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2018.10.011&domain=pdf


Omono river virus (OMRV), Tianjin totivirus (ToV) and Golden shiner to-
tivirus (GSTV) (Zhai et al., 2010; Isawa et al., 2011; Yang et al., 2012;
Mor and Phelps, 2016b).

These viruses (OMRV, ToV, DTV, AsV, IMNV and GSTV) present one
or two 2A-like sequences and one cleavage site located upstream of the
major capsid protein (MCP) coding region in their OFR1. Because of
this, they potentially encode two or three proteins in addition to MCP.
One of these is a RNA binding protein (RBP) with a double-stranded
RNA-binding domain (DSRM), and the other is the small protein 2
(SP2), a hypothetical protein that may be a component of the IMNV
capsid and can be related to virus cell entry and extracellular trans-
mission (Dantas et al., 2016).

Zhai et al. (2010) suggested the creation of Artivirus as a new genus
comprising arthropod Totiviridae species based on IMNV, DTV and AsV
genome characteristics, phylogenetic relationships and host type. Fur-
ther genome and phylogenetic analyses performed by Dantas et al.
(2016) supported the existence of typical characteristics observed in
IMNV, DTV, AsV, OMRV and ToV.

In this study we have updated the phylogenetic relations of
Totiviridae family, including all newly described species so far, and
propose the possible origin of the 2 A-like sequences in this family.

2. Methods

2.1. Phylogenetic analysis

The 90 protein sequences used for reconstruction of the RdRp-based
phylogenetic tree were obtained from NCBI Taxonomy database
(Supplementary material 1). Totiviridae sequences were selected ac-
cording to the following criteria: (1) sequences annotated as
“Totiviridae” or “unclassified Totiviridae” deposited before October/
2017; (2) in cases where more than one lineage was available for the
same species, only the larger size sequence was used; (3) sequences
containing more than 300 amino acids. Although the sequences desig-
nated by ToV and OMRV possibly correspond to the same organism,
these two sequences were maintained in the analysis since they corre-
spond to different annotations. Sequences designated as “diatom colony
associated dsRNA virus”, “environmental samples” or those that were
not described/characterized in published articles were not considered.
Four sequences (ADO60933; YP_009209482; YP_003541123;
CAJ34335) that reduce the posteriori values of their respective groups
and one sequence (YP_009094186) that grouped with outgroup se-
quences in phylogenetic analysis were removed. RdRp sequences from
Amalgaviridae family were used as the outgroup.

Sequence alignments were performed using the online version of
MAFFT (Yamada et al., 2016), with structural alignment option guided
by the RT_like family domain (cd00304) obtained from the NCBI Con-
served Domains Database (CDD) (Marchler-Bauer et al., 2016). After-
wards, the alignment was submitted to the ProtTest program (Darriba
et al., 2011) in order to estimate the best amino acid substitution
model, followed by a Bayesian phylogenetic analysis using the BEAST
v2.4 program (Bouckaert et al., 2014). The Bayesian inference was
performed from two independent runs using the LG substitution model,
a strict type molecular clock with a discrete trait informing which group
each one of the viruses could belong to in a constant population coa-
lescing model. The Markov chain Monte Carlo (MCMC) was performed
with 107 generations, with log and tree samplings per 1000 genera-
tions. The consensus tree was obtained from the combination of both
independent runs with a 10% burning in of the initial states. The
phylogenetic inference quality was analyzed in the Tracer v1.6 program
(Drummond et al., 2012) and the tree topology was generated and
edited using the FigTree v1.4 program (Drummond et al., 2012).

2.2. Genome structure and ORF1 organization of the members of expanded
Giardiavirus group

Genome schemes were elaborated based in NCBI sequences:
NC_007915.3; NC_030295.1; NC_014609.1; NC_013499.1;
NC_017084.1; AB555544.1; NC_003555.1; NC_015639.1; NC_025218.2;
KX148550.1; NC_027212.1; NC_029312.1; and NC_029302.1, and also
according to the data from previous descriptions (Koyama et al., 2015;
Dantas et al., 2016; Fauver et al., 2016; Koyama et al., 2016; Martinez
et al., 2016; Mor and Phelps, 2016a, b). The FoldIndex© web server tool
(Prilusky et al., 2005) was used to predict folded or unfolded regions.
For GSTV characterization, DSRM domain and putative SP2 sequences
of GSTV were aligned using MUSCLE (Edgar, 2004) and T-Coffee
(Notredame et al., 2000) with default parameters and manually ad-
justed using the Jalview v.2.8 interface (Waterhouse et al., 2009). 3D
protein models were generated in I-TASSER (Zhang, 2008; Roy et al.,
2010) and model scores were evaluated using MOLPROBITY (Chen
et al., 2010) and SWISS-MODEL (Arnold et al., 2006).

2.3. Pseudo 2 A site analysis and cleavage site prediction

2 A-like sequences described in Zhai et al. (2010); Isawa et al.
(2011); Yang et al. (2012) and Mor and Phelps (2016b) were aligned
against Leptopilinia boulard toti-like virus (LbTV), Anopheles totivirus
(AToV), Australian Anopheles totivirus (AATV), Camponotus nipponicus
virus (CNV) and Camponotus yamaokai virus (CYV) ORF1 protein se-
quences (YP_009072447.2; KX148550.1; YP_009417300.1;
YP_009230207.1; YP_009143312.1) using BlastP algorithm and Gen-
eious 7.1.3, and colored by its polarity and hydrophobicity. 2 A-like
sequences from IMNV-like group were aligned with the dsRNA bank of
NCBI using BlastP algorithm to search for pseudo 2 A site sequences in
other dsRNA viruses. The sequences that showed at least 63% of
identity were compared with 2 A-like sequences experimentally vali-
dated and notified in the literature (Supplementary material 2) using
the 2 A-like ranking software. The codon weights were established
based on the proportion of invariant sites for each codon position using
Data Analysis in Molecular Biology and Evolution (DAMBE) software
(Xia and Xie, 2001).

2.4. 2A-like ranking software

The 2A-like ranking software was developed to quantify the pro-
pensity of a particular sequence in becoming a functional 2 A-like by
means of random mutations. The algorithm works in five steps: (1) The
potential codons that encode that amino acid are identified; (2) each
nucleotide position is analyzed per codon. The matches are scored ac-
cording to the pre-defined weights, assigned by the user for each nu-
cleotide position within the codon. By default, the weights for the first
codon position is 0.3, the second is 0.6 and the third is 0.1; (3) the
initial score is calculated by summing the individual scores of each
codon; (4) the weight of each amino acid of the query sequence is de-
fined, in other words, how much each codon can score depending on
the sequence size. For example, in a sequence of 9 nucleotides that
corresponds to 3 amino acids, the weight of each codon (1 amino acid)
is defined by the division of 1 by the number of codons (3 codons),
which results in 0.33. (5) Finally, after the sum of the nucleotide scores,
this value is multiplied by the value of each amino acid and then all the
scores for each amino acid are summed. A more detailed example is
shown in Supplementary material 3. The software code is available at
https://github.com/LAPLIC/2A-like-ranking.

3. Results and discussion

3.1. Phylogenetic analysis

Phylogenetic analysis based on the RdRp sequences revealed the
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existence of six monophyletic taxa in Totiviridae family (Fig. 1). These
groups include the genera adopted by ICTV such as Giardiavirus, Toti-
virus, Victorivirus, Leishmaniavirus and Trichomonasvirus, as shown in the
dendrogram presented in Fig.1.

Among the 90 species submitted to phylogenetic analysis, 59 un-
classified viruses are grouped within genera formally classified by ICTV
(Table 1). The highest number of new viruses (24 viruses) is clustered
within the clade of the Totivirus genus. Interestingly, 5 among these 24

Fig. 1. Phylogenetic relationships be-
tween Totiviridae family members. The
tree was calculated from an alignment
of 90 RdRp amino acid sequences
comprising representative members of
the Totiviridae family and tentatively
assigned viruses, using Bayesian in-
ference. Sequences not formally as-
signed to ICTV taxonomy are high-
lighted with asterisks. Numbers in
branch nodes indicate posterior prob-
abilities. Colored branches represent
the ancestry for each group. The black
triangle indicates the single virus for-
mally classified within the
Giardiavirus. The tentatively groups
GLV-like and IMNV-like (Artivirus) are
highlighted. Different shapes in front
of each name indicate the host of each
respective virus.

J.G.S. de Lima et al. Virus Research 259 (2019) 1–9

3



viruses (Delisea pulchra totivirus IndA (DpR), Maize-associated totivirus
(MATV), Maize-associated totivirus 2 (MATV-2), Panax notoginseng virus
A (PnVA), Pterostylis sanguinea totivirus A (PsTVA)) do not infect fungi,
but plants. The Victorivirus group received the second highest number of
individuals, totaling 20 new viruses. Also in this group, phylogenetic
analysis not only revealed viruses that infect fungi, but also 2 viruses
that infect protozoa (Eimeria stiedai RNA virus 1 (EsRV-1) and Eimeria
tenella RNA virus 1 (EtRV-1)). New viruses were also observed in
Leishmaniavirus (1 virus) and Giardiavirus clades (14 viruses). Recently
discovered viruses that infect the Biomphalaria glabrata mollusc or the
Notemigonus crysoleucas fish, called BV5 and GSTV respectively, were

grouped in the proposed Artivirus group, in addition to the other pre-
viously described arthropod totiviruses. Interestingly, the phylogenetic
analysis revealed that five recently described arthropod viruses (LbTV,
AToV, AATV, CYV and CNV) and two vertebrate viruses (PCMV and
PMCLV) belong to the same clade of Giardia lamblia virus (Fig. 1).

These results suggested a new interpretation on the classification of
the groups within the Totiviridae family. If so far there was a coin-
cidence between viruses that infect hosts belonging to a unique
kingdom inside each group, from now on the host diversity inside
groups introduces that the evolutionary mechanisms cannot be re-
stricted by a host type. In this context, the classification of Giardiavirus

Table 1
Suggested classification for the totiviruses analyzed in this article.

Virus name Abbreviation First described in Proposed genus

Leishmania aethiopica RNA virus LRV-Lae (Zangger et al., 2014) Leishmaniavirus
Cherry chlorotic rusty spot associated totivirallike dsRNA 3 CCRS-3 (Kozlakidis et al., 2006) Totivirus
Cherry chlorotic rusty spot associated totivirallike dsRNA 4 CCRS-4 (Kozlakidis et al., 2006)
Delisea pulchra totivirus IndA DpR (Lachnit et al., 2016)
Pterostylis sanguinea totivirus A PsTVA (Ong et al., 2018)
Puccinia striiformis totivirus 1 PsV1 (Zheng et al., 2017)
Puccinia striiformis totivirus 2 PsV2 (Zheng et al., 2017)
Puccinia striiformis totivirus 3 PsV3 (Zheng et al., 2017)
Puccinia striiformis totivirus 4 PsV4 (Zheng et al., 2017)
Puccinia striiformis totivirus 5 PsV5 (Zheng et al., 2017)
Red clover powdery mildew-associated totivirus 1 RPaTV1 (Kondo et al., 2016)
Red clover powdery mildew-associated totivirus 2 RPaTV2 (Kondo et al., 2016)
Red clover powdery mildew-associated totivirus 3 RPaTV3 (Kondo et al., 2016)
Red clover powdery mildew-associated totivirus 4 RPaTV4 (Kondo et al., 2016)
Red clover powdery mildew-associated totivirus 5 RPaTV5 (Kondo et al., 2016)
Red clover powdery mildew-associated totivirus 6 RPaTV6 (Kondo et al., 2016)
Red clover powdery mildew-associated totivirus 7 RPaTV7 (Kondo et al., 2016)
Red clover powdery mildew-associated totivirus 8 RPaTV8 (Kondo et al., 2016)
Red clover powdery mildew-associated totivirus 9 RPaTV9 (Kondo et al., 2016)
Saccharomyces kudriavzevii virus SkV (Rowley et al., 2016)
Saccharomyces paradoxus virus L-A-1143 SpV L-Al1143 (Rodriguez-Cousiño et al., 2017)
Saccharomyces uvarum virus L-A-10560 SuV L-A-10560 (Rodriguez-Cousiño et al., 2017)
Maize-associated totivirus MATV (Quito-Avila et al., 2016)
Maize-associated totivirus 2 MATV-2 (Quito-Avila et al., 2016)
Panax notoginseng virus A PnVA (Guo et al., 2016)
Alternaria arborescens victorivirus 1 AaVV1 (Komatsu et al., 2016) Victorivirus
Aspergillus mycovirus 178 AmV-178 (Hammond et al., 2008)
Botryosphaeria dothidea victorivirus 1 BdV1 (Zhai et al., 2015)
Eimeria stiedai RNA virus 1 EsRV-1 (Xin et al., 2016)
Eimeria tenella RNA virus 1 EtRV-1 (Wu et al., 2016a)
Fusarium poae victorivirus 1 FpV1 (Osaki et al., 2016)
Gremmeniella abietina RNA virus L2 GaRV-L2 (Tuomivirta and Hantula, 2005)
Macrophomina phaseolina totivirus 1 MpTotV1 (Marzano et al., 2016)
Magnaporthe oryzae virus 3 MoV-3 (Tang et al., 2015)
Nigrospora oryzae victorivirus 1 NoRV1 (Zhong et al., 2016)
Ophiostoma minus totivirus OmV (Doherty et al., 2007)
Penicillium aurantiogriseum totivirus 1 PaTV1 (Nerva et al., 2016)
Penicilium digitatum virus 1 PdV1 (Niu et al., 2016)
Phomopsis longicolla totivirus 1 PLTV (Marzano et al., 2016)
Phomopsis vexans RNA vírus PvRV (Zhang et al., 2015)
Ustilaginoidea virens RNA virus 1 UvRV1 (Zhong et al., 2014a)
Ustilaginoidea virens RNA virus 3 UvRV-3 (Zhong et al., 2014b)
Ustilaginoidea virens RNA virus 5 UvRV-5 (Zhong et al., 2017)
Ustilaginoidea virens RNA virus L UvRV-L (Jiang et al., 2015)
Sclerotinia nivalis victorivirus 1 SnVV (Wu et al., 2016b)
Anopheles totivirus AToV (Fauver et al., 2016) Expanded

GiardiavirusArmigeres subalbatus virus AsV (Zhai et al., 2010)
Australian anopheles totivirus AATV (Colmant et al., 2017)
Biomphalaria virus 5 BV5 (Galinier et al., 2017)
Camponotus yamaokai virus CYV (Koyama et al., 2015)
Camponotus nipponicus virus CNV (Koyama et al., 2016)
Drosophila melanogaster totivirus DTV (Wu et al., 2010)
Golden shiner totivirus GSTV (Mor and Phelps, 2016b)
Leptopilinia boulardi toti-like virus LbTV (Martinez et al., 2016)
Omono river virus OMRV (Isawa et al., 2011)
Penaeid shrimp infectious myonecrosis virus IMNV (Poulos et al., 2006)
Piscine myocarditis virus PMCV (Haugland et al., 2011)
Piscine myocarditis-like virus PMCLV (Mor and Phelps, 2016a)
Tianjin totivirus ToV (Yang et al., 2012)
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as a protozoan group comprising only one species could be reviewed,
considering the closely phylogenetic relationship of Giardia lamblia
virus with some arthropod and vertebrate viruses (Fig. 1). The propo-
sition that the Artivirus genus only contains viruses that infect ar-
thropods could also be revised, taking into account the presence of
viruses that infect vertebrates and mollusc in the same group.

Therefore, the two monophyletic groups observed within the ex-
panded Giardiavirus clade will be herein referred to as IMNV-like and
GLV-like (in reference to the first described virus of each group), to
avoid any misinterpretation with groups formally accepted by ICTV. In
this way, it would be interesting to define other characteristics that
would allow a more robust criterion to classify the viruses within the
expanded Giardiavirus clade.

3.2. Genome organization and ORF1 characteristics of the expanded
Giardiavirus group

Since phylogenetic analyses were restricted to RdRp, the next step
was to search characteristics related to the structural organization of
ORF1 that would clarify the classification of the expanded Giardiavirus
clade. The analysis of ORF1 organization confirmed that viruses of the
IMNV-like group have unique characteristics that could be better de-
fined, such as the existence of 2 A-like sequences, putative proteins RBP

and SP2 and a cleavage site between SP2 and MCP, as illustrated in
Fig. 2A. It was also possible to observe some conservation in the folding
profile of these elements encoded by ORF1 according to the folding
prediction shown in Fig. 2A below each scheme. Thus, 3D models were
calculated as these elements had not yet been characterized for GSTV
(Supplementary material 4 A). The DSRM model predicted two α-he-
lices and a β-sheet, like the models previously described from the other
IMNV-like viruses (Dantas et al., 2016). A putative SP2 located up-
stream of MCP was also identified, and the 3D model of this protein
revealed a protein rich in α-helices (Supplementary material 4 A). The
reliability scores for DSRM and SP2 3D models are detailed in Sup-
plementary material 5. It was not possible to verify the existence of 2A-
like sequences, or cleavage sites in BV5 since only the RdRp sequence
was deposited in the NCBI database (Galinier et al., 2017).

There are no evident elements enabling to determine a consensus in
ORF1 organization within the GLV-like group (Fig. 2B). Due to this, the
ORF1 of these viruses were screened by means of sequence alignments,
adopting the elements of IMNV-like viruses as probes (RBP, SP1, SP2,
cleavage site and 2 A-like sequences) using the BlastP algorithm. Al-
though it was not possible to observe evidence of RBP and SP2, it was
notable to observe the existence of a probable cleavage site in LbTV
ORF1, similar to that already described for the IMNV-like viruses
(Fig. 3A). Another exciting finding was the identification of sequences

Fig. 2. Schematic presentation of ORF1 polypeptide. Schematic representations comparing full genomes of viruses grouped in the IMNV-like (A) and GLV-like (B)
groups according to the phylogenetic analyses. The coding regions of the proteins are represented by rectangles of different colors: 2 A-like sequences (2 A) as yellow,
RNA binding protein (RBP) as dark grey, small protein 1 (SP1) as light blue, small protein 2 (SP2) as orange, major capsid protein (MCP) as light grey and RNA-
dependent RNA polymerase (RdRp) in green. Positions of the initial nucleotide referenced by the complete genome and the size of each predicted polypeptide
encoded by ORF1 are represented by the numbers below and above the bars respectively. The brown and purple rectangles represent the putative cleavage sites. Dark
blue rectangles represent the pseudo 2 A-site positions in GLV-like members. Graphs below each genome scheme indicate the folded (green) and unfolded (red)
regions predicted by FoldIndex for ORF1, x-axis represent amino acid positions and the y-axis represents the probability scores. Asterisks indicate that 5′UTR and
OFR3 were not completely sequenced and 3′UTR was not sequenced. Abbreviations: OMRV - GSTV - Golden shiner totivirus; Omono river virus; ToV - Tianjin totivirus;
DTV - Drosophila melanogaster totivirus; AsV - Armigeres subalbatus virus; IMNV - Infectious myonecrosis virus; GLV - Giardia lamblia virus; PMCV - Piscine myocarditis virus;
PMCLV - Piscine myocarditis-like virus; LbTV - Leptopilina boulardi toti-like virus; AToV - Anopheles totivirus; AATV - Australian anopheles totivirus; CYV - Camponotus
yamaokai virus; CNV - Camponotus nipponicus virus.
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resembling 2 A-like sites in some GLV-like genomes (Figs. 2B and 3 B
and C).

3.3. Pseudo 2A-site sequences

Screening the LbTV, AToV, AATV, CNV and CYV genomes using the
previously described 2A-like sequences as probes revealed six se-
quences: LbTV(242-250) AToV(245-253), AATV(261-269), CNV(30-
38), CNV(281-289) and CYV(298-306), which shared at least 50%
identity with at least one of the original 2 A-like sequences. Indeed, the
polarity and hydrophobicity profiles of these amino acid sequences
resemble those observed in functional 2 A-like sequences, indicating
that they may conserve partial characteristics (Fig. 3B and C); so these
sequences were called "pseudo 2A-sites".

Pseudo 2A-sites probably do not produce a ribosome ‘skipping’ ef-
fect since some changes in specific amino acids prevents the cleavage of
the polypeptide (Donnelly et al., 2001a, 2001b; Luke et al., 2008).
However, these pseudo 2A-sites could be remnants of some common
ancestor of the expanded Giardiavirus clade. In this way, it would be
interesting to verify if the nucleotide sequences encoding these regions
would have some propensity to generate a functional 2A-like, taking
into account random mutation events.

3.4. 2A-like ranking software

We developed a software for determining the propensity of a given
nucleotide sequence "to become" a 2 A-like coding sequence. This
software is called “2A-like ranking” and quantifies the minimum
number of substitutions that would be necessary in each nucleotide
position of a query sequence, assigning points to each match (coin-
cidence) between query and reference sequences (in this case the re-
ference being a known 2A-like coding sequence). When the match oc-
curs in the first two nucleotides of each codon the assigned score is
higher, since the mutation effect in these positions is more pronounced,
in agreement with the proportion of invariable sites in 2A-like se-
quences (Table 2). Finally, the score obtained by each codon is
summed, and sequences with higher scores would be those with higher
propensity to originate a functional 2A-like coding region. In other
words, the software assigns the highest scores to sequences that need
fewer mutation events to generate a 2A-like coding region.

3.5. 2A-like evolution in Totiviridae

The propensity of the identified pseudo 2A-sites to become func-
tional 2A-like sequences was assessed using the 2A-like ranking soft-
ware (Fig. 4A). In parallel, an analysis of similarity between the same
sequences was performed using the BLOSUM62 matrix to encompass
different scores for amino acid substitutions (Fig. 4 B). As expected, a
high similarity with a functional 2 A-like sequence does not directly
correlate with a greater propensity to become a functional 2 A-like by
random mutation events. The results from BLOSUM45 and BLOSUM80
matrices produced similar results (data not shown). According to the
2 A-like ranking, the 2 A-site with the least propensity to become a
functional 2 A-like belongs to LbTV. Interestingly, the other viruses
(AToV, AATV, CYV, CNV) which present the most likely 2 A-sites to
become functional form a specific monophyletic subgroup within the
GLV-like group (Fig. 1).

Fig. 3. Cleavage sites, 2A-like se-
quences and pseudo 2A-sites char-
acterization. (A) Putative MCP cleavage
sites identified in ORF1 sequences co-
lored by amino acid type. Asterisks in-
dicate the new putative cleavage site
described in this article. (B, C) Amino
acid sequences of 2A-like and pseudo
2A-sites identified in ORF1 polypeptide
colored by polarity (B) and hydro-
phobicity (C). Numbers in parentheses
correspond to the positions of each site
in their respective ORF1 amino acid
sequences. Sequences in the box corre-
spond to pseudo 2 A-sites.
Abbreviations: OMRV - GSTV - Golden
shiner totivirus; Omono river virus; ToV -
Tianjin totivirus; DTV - Drosophila mela-
nogaster totivirus; AsV - Armigeres sub-
albatus virus; IMNV - Infectious myone-
crosis virus; LbTV - Leptopilina boulardi
toti-like virus; AToV - Anopheles totivirus;
AAToV - Australian anopheles totivirus;
CYV - Camponotus yamaokai virus; CNV
- Camponotus nipponicus virus.

Table 2
Proportion of invariable sites for each codon position.

1º codon
position

2º codon
position

3º codon
position

1º and 2º
codon
position

Whole
sequence

Artivirus 0,23 0,44 0 0,49713 0,25678
Giardiavirus 0,17170 0,02078 0 0,1111 0,02965
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Previous studies concerning RNA viruses and 2 A-like peptides have
reported that these sequences emerged independently during the evo-
lution of viral families (Luke et al., 2008; Yang et al., 2017). Our results
imply that this independence can be restricted at some level by the
existence of precursor sequences herein called pseudo 2 A-sites. This
would be in agreement with the phylogenetic proximity of the GLV-like
and IMNV-like proposed groups, despite considerable differences in
ORF1 structure. These differences have possibly started by events that
altered the ancestral pseudo 2 A-site sequences in opposite directions,
to promote or not the formation of functional 2 A-like sequences.

It was remarkable to note that only GLV, PMCV and PMCLV within
the GLV-like group did not present pseudo 2 A-sites, confirming that
somehow these sequences which would exist in their ancestors were
lost. On the other hand, all IMNV-like members present functional 2 A-
like sequences, a clear indication that this adaptation is an irreversible
event. The subgroup formed by AToV, AATV, CYV, and CNV was in the
"middle of the path", which preserved the ancestor sites which possibly
originated the functional 2A-like sequences.

In agreement, our results also introduce that 2 A-like and pseudo
2 A-site sequences are submitted to positive and neutral selection, re-
spectively, based in phylogenetic relationships and in the analysis of
invariable sites (Table 2). Indeed, 2 A-like sequence cleavage capacity
amplifies the viral adaptation potential, providing the advantage of
releasing more than one protein from the same ORF. In this way, se-
lective pressure can act on each protein individually, favoring adaptive
changes in fewer generations and directly impacting viral infection
mechanisms. Similarly, it has already been suggested that picorna-
viruses comprising multiple 2 A sequences have more complex infection
mechanisms than others viruses of the same family (Yang et al., 2017).
From this, it can be inferred that 2 A/2 A-like sequence presence in viral
genomes can favor their fitness in complex multicellular systems.

4. Conclusion

The results presented herein reinforce considerable host and
genome structural diversity within the Totiviridae family, especially
considering the expanded Giardiavirus clade. Despite their considerable
differences, especially in comparing ORF1 structure, the phylogenetic
analysis revealed that GLV-like and IMNV-like groups present close
evolutionary relationships, thus sharing the same common ancestor.

The structural diversity of ORF1 could be explained by the emer-
gence of functional 2 A-like sequences from ancestral sequences de-
scribed herein as pseudo 2 A-sites. These ancestral sequences reached
the necessary configuration to codify functional 2 A-like sequences by
random mutations, generating derived groups that could be observed in
expanded Giardiavirus clade. In this way, some mutations in pseudo 2 A-
sites may have prevented 2 A-like formation, originating the viruses
GLV, PMCV, PMCLV and LbTV. Considering this scenario, AToV, AATV,
CYV, CNV remained in the halfway point, conserving the ancestral sites
with higher propensity to form functional 2 A-likes, while IMNV-like
reaches the status of a different group from the emergence of functional
2 A-like sites. Thus, the pseudo 2 A-sites may be a key point in viral
evolution, acting as a way to the increment or maintenance of genome
complexity.
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