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Abstract

To date only a handful of duplicated genes have been described in RNA viruses. This shortage can be attributed to different
factors, including the RNA viruses with high mutation rate that would make a large genome more prone to acquire deleteri-
ous mutations. This may explain why sequence-based approaches have only found duplications in their most recent evolu-
tionary history. To detect earlier duplications, we performed protein tertiary structure comparisons for every RNA virus
family represented in the Protein Data Bank. We present a list of thirty pairs of possible paralogs with <30 per cent sequence
identity. It is argued that these pairs are the outcome of six duplication events. These include the a and b subunits of the
fungal toxin KP6 present in the dsRNA Ustilago maydis virus (family Totiviridae), the SARS-CoV (Coronaviridae) nsp3 domains
SUD-N, SUD-M and X-domain, the Picornavirales (families Picornaviridae, Dicistroviridae, Iflaviridae and Secoviridae) capsid pro-
teins VP1, VP2 and VP3, and the Enterovirus (family Picornaviridae) 3C and 2A cysteine-proteases. Protein tertiary structure
comparisons may reveal more duplication events as more three-dimensional protein structures are determined and sug-
gests that, although still rare, gene duplications may be more frequent in RNA viruses than previously thought.
Keywords: gene duplications; RNA viruses.

1. Introduction

Many hypotheses on the evolutionary importance and the
mechanisms of gene duplications were already established by
cytologists and cytogeneticists since the first decades of the
twentieth century (Taylor and Raes 2004). However, it was not
until the publication of Evolution by gene duplication by Susumu
Ohno (1970), when the idea of gene duplication as a major evo-
lutionary force became widely acknowledged. During the fol-
lowing decades, with the advent of DNA sequencing
techniques, a wealth of accumulated evidence contributed con-
siderably to our understanding of gene duplications, allowing
for the refinement of models that describe its mechanisms and
underlying its evolutionary relevance (Taylor and Raes 2004).
The rationale for understanding the evolutionary significance

of gene duplications lies within the notion that evolution can-
not proceed solely through point mutations because any muta-
tion that alters the function of a coding gene would be
deleterious. The solution to this conundrum is provided by
Ohno (1970): ‘Only the cistron which became redundant was
able to escape from the relentless pressure of natural selection,
and by escaping, it accumulated formerly forbidden mutations
to emerge as a new gene locus’. The evolutionary significance of
gene duplications is highlighted by the relatively high frequency
at which they occur in the three major domains of life (17–44%
in bacteria, �30% in archaea and 30–65% in eukarya) (Zhang
2003). In fact, the identification of ancient gene duplications
that appear to have happened before the divergence of the three
domains of life (Becerra et al. 2007) suggests that it has been one
of the most important mechanisms for increasing the size and
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complexity of genomes since the early stages of cell evolution
(Lazcano 1995).

Previous studies have shown that gene duplications have
been a relatively frequent event in dsDNA viral genome evolu-
tion (Shackelton and Holmes 2004). Many examples of gene
duplications are known in Adenoviridae (Davison et al. 2003),
Herpesviridae (McGeoch and Davison 1999) and Poxviridae
(Hughes and Friedman 2005). A search on 201 dsDNA viruses
found gene duplications in 42.3 per cent of its genomes. The
1,874 identified paralogs were distributed in 612 protein families
with two to sixty-one members (Gao et al. 2017). Additionally, a
positive correlation was found between paralog number and ge-
nome size, which can reach up to 2,473 kbp in Pandoravirus sali-
nus. In sharp contrast, Simon-Loriere and Holmes (2013)
detected gene duplications only in 19 out of 1,198 (1.6%) RNA vi-
ruses analysed. The twenty paralogs were distributed in eight
protein families composed of two to three members (Table 1).
These twenty pairs are likely to represent nine duplication
events that include four cases in ssRNA(þ) viruses: 1) the coat
protein (CP) and the minor CP (CPm) in the family Closteroviridae
(Boyko et al. 1992; Kreuze et al. 2002; Tzanetakis et al. 2005;
Tzanetakis and Martin 2007; Simon-Loriere and Holmes 2013),
as well as a tandem duplication of CPm in the Grapevine leafroll-
associated virus 1 (Fazeli and Rezaian 2000); 2) p25 and p26 pro-
teins encoded by the third and fifth segments, respectively, in
the family Benyviridae (Simon-Loriere and Holmes 2013); and 3) a
tandem duplication of the genome-linked protein VPg in the
Foot-and-mouth disease virus of the family Picornaviridae (Forss
and Schaller 1982). In ssRNA(-), the two cases were found in the
family Rhabdoviridae: 1) the G and Gns glycoproteins in some vi-
ruses of the genera Ephemerovirus (Walker et al. 1992; Blasdell
et al. 2012) and Hapavirus (Gubala et al. 2010); and 2) U1 and U2
of unknown function (Simon-Loriere and Holmes 2013). Finally,
in ssRNA(RT), three cases were found in the family Retroviridae:
1) orfA and orfB of Walleye epidermal hyperplasia virus 2 (LaPierre
et al. 1999); 2) orf1 and orf2 of Xenopus laevis endogenous retrovirus
(Kambol et al. 2003); and 3) vpr and vpx in Human immunodefi-
ciency virus 2 and Simian immunodeficiency virus—mnd 2 (Tristem
et al. 1990). As of today, no gene duplication events have been
reported in dsRNA viruses.

Detection of gene duplications in RNA viral genomes is com-
plicated for a number of reasons. For instance, the number of
paralogs is known to be positively correlated with the genome
size (Gevers et al. 2004) and, with the exception of coronavi-
ruses, RNA viruses tend to have smaller genomes (from �2 to
�33 kbp) compared with dsDNA viruses (from �5 to �2,500 kbp)
(Campillo-Balderas et al. 2015). The genome sizes of RNA vi-
ruses may be limited by the high error rate of RNA replicases
(Reanney 1982; Holmes 2009). As described by Eigen (1971), nu-
cleic acids need a minimum replication fidelity to preserve the
genetic information, where a higher fidelity allows a higher in-
formation content. This implies that the amount of genetic in-
formation is limited by the precision of the copying process. If

the genome grows beyond the error, threshold deleterious
mutations would quickly appear (Eigen 1971; Maynard Smith
and Szathmáry 1995). In fact, an inverse relationship between
mutation rate and genome size has been observed from viroids
to eukaryotes, in which RNA viruses appear as the second bio-
logical entities with the highest mutation rates and the shortest
genomes (Gago et al. 2009; Holmes 2011). Paradoxically, to
evolve an accurate replication machinery requires more coding
capabilities and thus a larger genome. This so-called Eigen’s
paradox (Maynard Smith and Szathmáry 1995) might imply that
most RNA virus genomes are irrevocably limited to remain
small. As can be inferred from Sol Spiegelman’s in vitro RNA rep-
lication and evolution experiment from 1970 (Maynard Smith
and Szathmáry 1995), replication efficiency is another pressure
that selects for smaller genomes, which could also affect RNA
viruses that benefit from a faster replication in a context of
competition with the host and other viruses for cellular
resources.

Other factors that could underline the RNA viruses genome
size restrictions include the shape and size of the capsid and
the impossibility of unwinding large dsRNA structures formed
during the replication in viruses lacking a helicase domain
(Reanney 1982; Holmes, 2009). Finally, and as expected, in a di-
rected evolution experiment that tested the stability and fitness
effect of different duplicated genes in artificial constructs de-
rived from the plant-infecting ssRNA(þ) Tobacco etch virus (fam-
ily Potyviridae), Willemsen et al. (2016) observed a fitness
reduction and the deletion of the duplicated gene. As a further
explanation to the deleterious effect of gene duplications, they
suggested that the correct processing of the polyprotein and a
greater cellular resource requirement to express a larger ge-
nome could be important factors contributing to the constraints
on RNA virus genome size. Some of these issues may also apply
to ssDNA viruses which, from an evolutionary perspective, have
been thought to behave similarly to RNA viruses, showing small
genome sizes and little gene duplication (Boyko et al. 1992;
Holmes 2009).

The current evidence of gene duplications in RNA viruses
comes mainly from protein primary structure which, given the
previously mentioned high mutation rate, can only recognize
the most recent duplications (Simon-Loriere and Holmes 2013).
As argued here, protein tertiary structure comparisons can
broaden the known universe of paralogous proteins in RNA vi-
ruses. Our results suggest that in fact gene duplications might
be more stable in RNA genomes than previously thought.

2. Methods
2.1 Data selection

On 17 July 2020, we performed an advanced search on RCSB
Protein Data Bank (PDB) (www.rcsb.org) (Berman et al. 2000)
based on the following criteria:

Table 1. Gene duplications are much more frequent in dsDNA compared with RNA viruses.

dsDNA viruses (Gao et al. 2017) RNA viruses (Simon-Loriere and Holmes 2013)

Viruses with duplicated genes 85/201 (42.3%) 19/1198 (1.6%)
Number of paralogous pairs 1874 20
Number of paralogous families 612 8
Family size 2 to 61 members 2 to 3 members

The table summarizes the results described by Gao et al. (2017) and Simon-Loriere and Holmes (2013), respectively.
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• Source Organism Taxonomy Name equals Riboviria
• Polymer Entity Distinct Taxonomy Count ¼ 1
• Experimental Method equals X-RAY DIFFRACTION
• Resolution � 3Å
• Polymer Entity Type equals Protein
• Polymer Entity Sequence Length � 80
• Polymer Entity Mutation Count ¼ 0

The search resulted in a table (Supplementary data S1) de-
scribing different features (such as Entity ID, Number of Entities
(Protein), PDB ID, Source Organism, Taxonomy ID,
Macromolecule Name, Resolution Å, R Work, Deposition Date,
Structure Title, Chain Length, Number of Polymer Residues,
Entity Polymer Type, Structure Keywords, PubMed Central ID,
PubMed ID, DOI) of 4,049 protein entities. To select representa-
trive structures, the information was sorted on the basis of:

• PDB in alphabetical order
• Deposition date (most recent)
• Quality factor (highest)

o
1

Resolution Å� R Work

• Macromolecule name in alphabetical order
• Source organism in alphabetical order

The manual selection resulted in 1,112 representative enti-
ties corresponding to 961 PDB IDs (Supplementary data S2). The
corresponding sequences were downloaded from RCSB PDB and
further redundancy was filtered with a three-step iterative hier-
archy clustering with CD-HIT (90% and 60% sequence identity)
and PSI-CD-HIT (30% sequence identity) (Li and Godzik 2006).
The clustering resulted in 305 protein entities corresponding to
297 PDB IDs (Supplementary data S3 and S4), which were down-
loaded from RCSB PDB and parsed with the Perl module
ParsePDB.pm (Bulheller and Hirst 2009) to retrieve only the cor-
responding chains. Taxonomic annotation based on the NCBI
taxonomy (https://ftp.ncbi.nlm.nih.gov/pub/taxonomy/new_tax
dump/ accessed July 2020) revealed that the most frequent
entries in the dataset corresponded to ssRNA(þ), followed by
ssRNA(-), dsRNA and ssRNA(RT) viral families and two ssRNA(þ)
satellite viruses.

2.2 Tertiary structure alignments

Structural comparisons were carried out for each viral family.
Families with only one representative structure (Picobirnaviridae,
Alphaflexiviridae, Alphatetraviridae, Mesoniviridae,
Permutotetraviridae, Potyviridae, Tospoviridae) and viruses with no
family assigned (satellite viruses) were excluded from the
analysis. A total of 2,406 tertiary structure alignments
(Supplementary data S5) were automatically conducted via the
FATCAT rigid algorithm (Ye and Godzik 2003). Structural simi-
larity was evaluated with a modification of the structural align-
ment score (SAS) (Subbiah et al 1993) that takes into account the
alignment coverage of each structure defined as:

Lsas ¼ 100RMSDðL1þ L2Þ
2Naln2

Where Lsas stands for length-weighted SAS, RMSD is the
root mean square deviation between a-carbon atoms, L1 and L2
correspond to the lengths of the superposed structures and
Naln is the number of aligned residues. 257 alignments with

Lsas < 10 (Supplementary data S6) were manually analyzed to
evaluate the homology type between pairs. Likely paralogs were
defined with Lsas < 5. Structural alignments were visualized
with UCSF Chimera (Pettersen et al. 2004).

2.3 Structure similarity trees

Structural models 2acf-A (X-domain), 1b35-C (VP3), 3q3y-A (3C)
and both chains in 4gvb (KP6a and KP6b) were queried for a PDB
search within the DALI server (http://ekhidna2.biocenter.hel
sinki.fi/dali/ accessed January 2021) (Holm 2020). Models selec-
tion for the structure similarity tree analyses was performed as
follows: 1) for the KP6 subunits only the shared hits with Z� 4
on the PDB25 report; 2) for the X-domain hits with Z� 12 on the
PDB90 report; 3) for VP3 hits with Z� 7 on the PDB25 report
(Secoviridae models 1a6c, 1bmv and 7chk were excluded to avoid
long branch attraction artifacts); and 4) for the 3C protease non-
viral hits with Z� 11 on the PDB25 report plus viral hits with
Z� 11 on the PDB90 report (Supplementary data S8). In each
case, protein and species redundancies were omitted. The mod-
els were edited with UCSF Chimera to retain only the corre-
sponding chains. For the proteases, only the carboxy terminal
domains were used. Multiple structure alignments were per-
formed with the STAMP algorithm (Russell and Barton 1992)
within the MultiSeq tool (Roberts et al. 2006) in VMD 1.9.3
(Humphrey et al. 1996) with default parameters for the KP6 sub-
units and the 3C protease and its respective relatives, and with
scanscore ¼ 0 for VP3 and its related structures. The X-domain-
related structures were compared through pairwise against all
alignments with the MatchMaker tool within Chimera using a
BLOSUM30 matrix and the Smith-Waterman algorithm.
Structure similarity was assessed with the Match ! Align tool
in Chimera from which RMSD and number of aligned residues
were retrieved to compute SAS (100RMSD/Naln) as a geometric
distance measure. The resulting distance matrices were intro-
duced into the FITCH algorithm (Fitch and Margoliash 1967)
within the PHYLIP 3.695 package (Felsenstein 1989) for tree con-
struction with global branch-swapping rearrangements and the
jumble option to randomize 100 times the input order. For the
capsid proteins, the tree was rooted on Solemoviridae and
Tombusviridae single jelly roll capsid proteins as outgroup. For
the rest, the root was placed using the MAD method (Tria et al.
2017). Finally, tree visualization was made with FigTree 1.4.2
(Rambaut 2014).

3. Results

A total of 30 pairs of likely paralogous proteins was found
(Supplementary data S7). Table 2 shows 12 representative pairs
with the lowest Lsas. As argued below, it is possible that these
cases represent six duplication events: 1) one that led to the a

and b subunits of the Ustilago maydis virus (UmV) (family
Totiviridae) KP6 toxin, which is potentially the first confirmed
case of gene duplication in a dsRNA virus; 2) the SARS-Unique
domain (SUD) N and M domains found in sarbecoviruses (family
Coronaviridae) that may come from the more widely distributed
coronavirus X-domain; 3) a duplication event that probably
gave rise to the chymotrypsin-related 2A cysteine protease in
the genus Enterovirus (family Picornaviridae) from the greater dis-
tributed 3C cysteine protease; and 4) VP1, VP2 and VP3, that
probably originated after two duplication events during the
dawn of the order Picornavirales (Liljas et al. 2002).
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3.1 Totiviridae KP6a-KP6b

As described elsewhere (Allen et al. 2013), KP6 is a viral toxin
present in UmV. This virus is found only in fungi containing re-
sistance genes that allow them to compete with other strains
not resistant to the toxin. Thus, UmV acts as a symbiont which
is only transmitted from one cell to another through mitosis or
meiosis. KP6 is a heterodimer whose subunits are encoded on a
single satellite dsRNA. Both subunits are translated as a single
polypeptide that undergoes protease cleavage on a 31 amino
acid linker between the former amino (KP6a) and carboxy (KP6b)
terminal domains. KP6a and KP6b are 77 and 74 residues long,
respectively, both of which fold into a a/b sandwich structure
consisting of a four-stranded antiparallel b-sheet and a pair of
antiparallel a-helices. The major differences between these
structures are the presence of an extra N-terminal helix in KP6a,
and longer a2-b2 and b3-a3 loops in KP6b (Fig. 1).

Although no clear statement regarding the paralogous rela-
tionship between the genes was made, a 3D alignment of the
two KP6 subunits had been reported by Allen et al. (2013) with
very similar results as those reported here with FATCAT rigid.
Interestingly, upon structural database search, the only similar
proteins to KP6a and KP6b are individual domains within larger
cellular proteins, with KP6 being the only protein showing this
kind of heterodimer (Allen et al. 2013). This suggests that the

virus did not acquire an already duplicated protein, but that the
gene encoding it underwent a duplication event in the virus af-
ter the acquisition of a single domain.

3.2 Sarbecovirus Sud and X-domain

SARS-CoV Nsp3 is translated as a polyprotein that contains an
acidic domain, an X-domain, the SUD, a papain-like cysteine
protease domain and other domains including a transmem-
brane region. The X-domain is a homodimeric phosphatase that
removes the 10 phosphate group of ADP-ribose-10-phosphate
(ADRP). Its structure is mainly defined by seven central b

strands surrounded by six a helices (three on each side of the
sheet), conforming a three-layered a/b/a topology as seen in
proteins belonging to the Macro-H2A fold. The innermost five b

strands are parallel while the outermost two strands are anti-
parallel (Saikatendu et al. 2005). SUD is a domain present only
in SARS-CoV and closely related sarbecoviruses. It is known to
be endowed with two macrodomains, N and M, similar to ADRP
which is also present in other coronaviruses and even in viruses
belonging to different families. However, SUD domains lack
phosphatase activity, and have been shown to bind to oligonu-
cleotides forming G-quadruplex secondary structures. The
structure of SUD-N consists of six b strands and four a helices,
while SUD-M is made of six b strands and five a helices. In both

Table 2. Likely paralogs detected by protein tertiary structure comparisons.

Genome type Order Family Pair RMSD Naln Lsas

dsRNA Ghabrivirales Totiviride KP6a and KP6b 1.52 62 2.9854
ssRNA(þ) Nidovirales Coronaviridae SUD-M and X-

domain
2.82 123 3.9982

Picornavirales Dicistroviridae VP1 and VP2 3.14 173 2.6596
VP1 and VP3 3.11 208 2.0164
VP2 and VP3 3.13 208 2.0112

Iflaviridae VP1 and VP2 3.02 173 2.5831
VP1 and VP3 3.17 206 2.4987
VP2 and VP3 3.07 182 3.1373

Picornaviridae VP1 and VP2 3.19 165 2.8883
VP1 and VP3 3.15 179 2.3398
VP2 and VP3 3.08 167 2.8438
3C and 2 A 2.75 140 2.3151

The table shows 12 representative pairs with the lowest Lsas. Detailed information on the 30 protein pairs and PDB IDs is available in Supplementary data S7.

Figure 1. Tertiary structure of KP6a (a) and KP6b (b). Models are colored in a blue (N-terminal) to red (C-terminal) gradient. (c) 3D alignment between KP6a (orange) and

KP6b (cyan) as made by FATCAT rigid. PDB ID 4GVB.
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domains, the b sheet has five parallel strands and only one anti-
parallel b3 strand (Tan et al. 2009).

Although the homologous relations between SUD-N, SUD-M
and the X-domain was not discussed by Tan et al. (2009), they
had in fact described their structural similarity. They superim-
posed SUD-N and SUD-M with an RMSD of 3.3 Å, and found a
conserved Leu-Glu-Glu-Ala motif at the N-terminal end of helix
a4. We have confirmed the structural similarity between SUD-M
and the X-domain (Fig. 2). Tan et al. observed better RMSD val-
ues between SUD-M and X-domain (2.3 Å) than between SUD-N
and X-domain (2.7 Å), which is consistent with our results.
Given the taxonomic distribution of these domains, the adja-
cent position of the three domains in the Nsp3 polyprotein and
the clear structural similarity, we posit that SUD-N and SUD-M
are likely paralogs that resulted from two duplication events
that started with the duplication of the X-domain.

3.3 Picornavirales capsid proteins VP1, VP2 and VP3

The order Picornavirales comprises families such as
Dicistroviridae, Iflaviridae, Marnaviridae, Picornaviridae and
Secoviridae. In most viruses belonging to the family
Picornaviridae, the capsid genes are translated into a single poly-
protein which is proteolytically cleaved into VP0, VP3 and VP1.
VP0 is then self-cleaved into VP4 and VP2, except in the genera
Kobuvirus and Parechovirus, in which the equivalent of VP4
remains as a N-terminal extension of VP2 (Sabin et al. 2016;
Kalynych et al. 2016a). In other families, such as Dicistroviridae
and Iflaviridae, VP4 is cleaved from the N-terminal region of VP3
(Liljas et al. 2002; Kalynych et al. 2016b). In viruses of the family
Secoviridae there is no equivalent to VP4, and in some cases the
polyprotein is partially cleaved into a large and small subunit
made of two and one domains, respectively (e.g. Comovirus), or
not cleaved at all (e.g. Nepovirus). VP1, VP2 and VP3, or its equiv-
alent domains (A, C and B) are the main building blocks of the
Picornavirales capsids. These proteins are jelly-roll b barrels of
approximately 250 residues long made of eight anti-parallel
strands (B-I). Sixty copies of each domain assembly to form a T

¼ p3 icosahedral capsid with a diameter of approximately
30 nm (Rossmann and Johnson 1989).

As discussed in qualitative terms by Chandrasekar and
Johnson (1998) and Liljas et al. (2002), VP1, VP2 and VP3 tertiary
structures are remarkably similar. As shown in Fig. 3, this simi-
larity is particularly clear after visual inspection of the capsid
proteins of the family Dicistroviridae, in which VP1, VP2 and VP3
do not have large insertions and the N-terminal arm conforma-
tion is conserved. Given that VP1, VP2 and VP3 of different fami-
lies of the order Picornavirales appear to be related, it is likely
that VP1, VP2 and VP3 arose after two duplication events prior
to the divergences of the Picornavirales families (Liljas et al.
2002). This hypothesis is further supported by our quantitative
analysis, which shows that the 3D structures of VP1 and VP2,
VP1 and VP3, and VP2 with VP3 of the Dicistroviridae capsid pro-
teins, align with 3.14, 3.11 and 3.13 RMSD along 173, 208 and 208
residues, respectively (Table 2). The selective advantage of these
duplication events might be related to a rapid assembly of the
capsid or to the interactions with the cell receptors and the host
immune systems.

3.4 Enterovirus 3C and 2A cysteine-proteases

The 3C and 2A picornains are cysteine-proteases responsible for
the viral polyprotein processing. According to the MEROPS pep-
tidase database (https://www.ebi.ac.uk/merops/ accessed July
2020) (Rawlings et al. 2018), both picornains are part of the C3
family. Based on fold similarity and catalytic triad arrangement,
this family is classified alongside other serine and cysteine-
protease families into clan PA. Members of this clan show the
same protein fold described in chymotrypsin (family S1), which
consists of two homologous six-stranded antiparallel b barrels
with a catalytic triad, His-Asp-Ser (His-Asp-Cys or His-Glu-Cys
in some viral proteases), located in the barrel interface (Lesk
and Fordham 1996). Each barrel is made of two structural motifs
composed of three antiparallel b strands connected by two
loops, with strands named from A1 to F1 (N-terminal domain)
and from A2 to F2 (C-terminal domain), respectively. The

Figure 2. Tertiary structure of SUD-N (a), SUD-M (b) and X-domain (c) of SARS-CoV. Models are colored in a blue (N-terminal) to red (C-terminal) gradient. (d) 3D align-

ment between SUD (orange) and X-domain (cyan) as made by FATCAT rigid. PDB IDs 2WCT and 2ACF.
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catalytic residues are located in different loops named accord-
ingly with the corresponding residue. The histidine loop is lo-
cated between strands C1 and D1, the aspartate loop between
strands E1 and F1 and the serine loop between strands C2 and
D2 (James et al. 1978; Petersen et al. 1999).

Picornains differ from chymotrypsin in that both have a
shorter D1-E1 (which does not bind to calcium) and A2-B2 loops
(James et al. 1978; Matthews et al. 1994). Another major differ-
ence is in the B2-C2 loop (referred as methionine loop in S1 pro-
teases) that presents an abrupt extended turn in picornains
instead of the characteristic helix found in chymotrypsin
(James et al. 1978; Allaire et al. 1994; Matthews et al. 1994). The
major difference between 3C and 2A is the absence of A1 and D1
strands in 2A, whose domain 1 consists of only four b stands,
which makes it �40 resides shorter than 3C (Fig. 4).
Additionally, 2A has a pair of cysteines, close to the strand A2,
that mediates zinc ion coordination together with another cys-
teine and a histidine located in D2-E2 loop. This coordination is
very similar to the one found in hepacivirin (family S29) of
Hepatitis C virus (family Flaviviridae) and might play a stabilizing
role such as the disulfide bond found in chymotrypsin in a simi-
lar position (Petersen et al. 1999).

It has been suggested that 3C and 2A proteases are paralogs
based on a pairwise sequence alignment in which, despite the

low sequence identity (13%), the catalytic residues and pre-
dicted secondary structure elements appear to be conserved
(Bazan and Fletterick 1988). Based on a qualitative structure
comparison, the paralogous relationship of 3C and 2A has also
been suggested (Petersen et al. 1999). Our analysis adds quanti-
tative support to the duplication hypothesis.

Information about the function and taxonomic distribution
of both proteases can provide insights into the evolutionary rel-
evance of this duplication. The 3C protease is responsible for
most of the polyprotein processing, whereas 2A can only cata-
lyze its own cleavage from the structural proteins. 3C is found
in every genera of the family Picornaviridae, while 3C-like pro-
teases are found in all the families of the order Picornavirales
and in some related families such as Caliciviridae, Coronaviridae
and Potyviridae (King et al. 2011). On the other hand, there are up
to five different types of 2A proteins in the family Picornaviridae:
1) the 2A protease (2Apro) typical of the genus Enterovirus; 2) the
2Anpgp protein typical of Cardiovirus, Senecavirus, Aphthovirus,
Teschovirus and Erbovirus, which produces an analogous effect to
the 2Apro cleavage through ribosomal skipping in a conserved
sequence motif NPGP; 3) the 2AH-box/NC protein typical of
Parechovirus, Kobuvirus and Tremovirus, which lacks proteolytic
activity and is related to a family of proteins involved in the
control of cell proliferation (Hughes and Stanway 2000); 4) the

Figure 3. Tertiary structure of Dicitroviridae (a) VP1, (b) VP2 and (c) VP3. Models are colored in a blue (N-terminal) to red (C-terminal) gradient. (d–f) Pairwise 3D align-

ments between VP1 (blue), VP2 (yellow) and VP3 (red) as made by FATCAT rigid. PDB IDs (a, b) 1B35, (c) 5CDD, (d) 1B35 and 5CDD, (e) 1B35 and 5CDD and (f) 1B35 and

3NAP.

Figure 4. Tertiary structure of Enterovirus 3C (a) and 2A (b). Models are colored in a blue (N-terminal) to red (C-terminal) gradient. (c) 3D alignment between 3C (orange)

and 2A (cyan) as made by FATCAT rigid. PDB IDs 3Q3Y and 3W95.
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2A AIG1-like protein with possible NTPase function, located be-
tween a 2Anpgp and a 2AH-box/NC, only found in Avihepatovirus

(Tseng et al. 2007); and 5) a 2A protein of unknown function
unrelated to the previous ones only found in the genus
Hepatovirus (King et al. 2011). This suggests that the 2A protease
is a synapomorphy with a particular selective advantage on the
genus Enterovirus (and possibly on the closely related genus
Sapelovirus), and that the polyprotein processing activity of
2Apro, which can be replaced by the 2Anpgp or 3C, may be in fact
dispensable for most picornaviruses.

Additional functions have been associated with both picor-
nains. On the one hand, 3C has been associated to the viral rep-
lication initiation complex formation via 50-untranslated region
binding and to the host transcription inhibition through the
degradation of the H3 histone, the TATA-binding protein or
some transcription factors. On the other hand, 2Apro has been
associated with the host translation inhibition by means of
eIF4G degradation (Bazan and Fletterick 1988; Porter 1993;
Matthews et al. 1994; Petersen et al. 1999). Degradation of eIF4G
allows the virus to impair the host protein translation while it
takes advantage of the translation machinery through its inter-
nal ribosome entry site (IRES). It has been suggested that picor-
naviruses lacking a 2Apro have a strong IRES for ribosome
binding that can compete with an intact host initiation factor
complex, whereas Enterovirus IRES binding is weak, so that these

viruses depend on eIF4G inhibition to gain access to the host
translation machinery (Petersen et al. 1999).

4. Discussion

Since gene homology within a genome can result from recombi-
nation and not from paralogous duplications, we performed
searches against protein structure databases for each case
reported here to construct structure similarity trees as a means
to distinguish between the different possible scenarios. In all
four cases, the trees display topologies consistent with paralo-
gous relationships (see Figs 5 and 6 and Supplementary Figs S1
and S2). This is specially clear for the KP6 subunits KP6a and
KP6b, which group together with its closest relative being an
uncharacterized protein from an ascomycete fungus (Fig. 5).
The capsid proteins VP1, VP2 and VP3, form three monophyletic
groups, each showing a similar inner topology, which suggest
two paralogous duplication events prior to the divergence of the
order Picornavirales (Fig. 6) Although the possibility of indepen-
dent gains of these proteins cannot be ruled out completely, the
phylogeny depicted in Fig. 6 strongly supports their origin
through gene duplication events.

It has been argued that an important difference between
RNA and dsDNA viruses is the number of gene duplications
(Holmes 2009). However, the newly detected cases of paralogous

Figure 5. Structure similarity tree supporting a close relationship between KP6a and KP6b. PDB IDs with its chain, protein names and organisms are indicated on each

leaf. PAC-AC and PAC-BLUF stand for photoactivated adenylate cyclase-adenylate cyclase domain and blue light using flavin domain, respectively, FTCD equates to

Formimidoyl Transferase Cyclo Deaminase amino (-N) and carboxy (-C) terminal domains and EF2 corresponds to Elongation Factor 2 domains III and V. Organisms

are: UmV ¼ Ustilago maydis virus, Ztritici ¼ Zymoseptoria tritici, Rnorvegicus ¼ Rattus norvegicus, Oacuminata ¼ Oscillatoria acuminata and Mnitroreducens ¼
Methanoperedens nitroreducens.
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proteins in RNA viruses reported here suggests that gene dupli-
cation may be a more frequent phenomenon on these viruses
than previously thought. The number of detected paralogs us-
ing 3D protein comparison methodology discussed here is
expected to increase as more viral protein structures are deter-
mined. Unfortunately, due to the lack of X-ray determined mod-
els, we were unable to apply our methodology to confirm the
cases reported by Simon-Loriere and Holmes (2013). The addi-
tion of structural models determined with techniques other
than X-ray crystallography (like NMR or Cryo-EM) may increase
the size of the analyzed database.

Our inability to detect some previously reported duplications
is an indication of the limits of our approach. Examples of sug-
gested duplicated domains that are not discussed in our analy-
sis include the shell (S) and protruding (P) domains of
Tombusviridae capsid protein (Jones et al. 1989), as well as the P1
and P2 domains of Hepeviridae and Caliciviridae capsid proteins
(Guu et al. 2009). It is worth pointing out that we also found
structural similarity between the Macrobrachium rosenbergii noda-

virus capsid P domain and the Black beetle virus capsid S domain
(Lsas ¼ 7.7631), both of which have a jelly-roll topology (Wery

et al. 1994; Chen et al. 2019), which suggests that some nodavi-
ruses may have undergone a duplication similar to the one sug-
gested by Jones et al. (1989) for tombusviruses. Other similar
structures that might indicate duplication events but will re-
quire further analysis are the Porcine reproductive and respiratory

syndrome virus (Arteriviridae) nsp1a and nsp1b papain-like cyste-
ine protease domains (Sun et al. 2009; Xue et al. 2010) (Lsas ¼
6.2778), the coronavirus 3C-like protease and nsp9 (Sutton et al.
2004) (Lsas ¼ 13.912), the ssRNA(-) Human respiratory syncytial vi-

rus (Pneumoviridae) NS1 and matrix protein (Chatterjee et al.
2017) (Lsas ¼ 7.4347), the retrovirus capsid N-terminal domain
and C-terminal domain (Lsas ¼ 7.0739–8.1531) and the retrovi-
rus reverse transcriptase-ribonuclease H (RT-RNaseH) connec-
tion domain, RNaseH domain and integrase (INT) (Lsas INT-
RNaseH ¼ 5.7483–6.4967) (Malik and Eickbush 2001), although it
has been suggested that the later have independent evolution-
ary histories (Koonin et al. 2015). Finally, It is important to note
that, despite their low sequence similarity, coronavirus papain-
like proteases PL1pro and PL2pro have been suggested to be
paralogs (Lee et al. 1991; Herold et al. 1999; Ziebuhr et al. 2000;
Ziebuhr et al. 2001). This case was not detected by our method

Figure 6. Structure similarity tree of proteins related to VP1, VP2 and VP3. PDB ids with its chain, protein names and organisms are indicated on each leaf. VP1, VP2 and

VP3 proteins are highlighted by a blue, yellow and red box, respectively. Organisms are: ERAV ¼ Equine rhinitis A virus; FMDV ¼ Foot and mouth disease virus; TMEV ¼
Theiler’s encephalomyelitis virus; AiV ¼ Aichi virus; HRV-C ¼ Human rhinovirus-C; LV ¼ Ljungan virus; HPeV3¼Human parechovirus 3; HAV ¼ Hepatitis A virus; BQCV ¼ Black

queen cell virus; TrV ¼ Triatoma virus; CrPV ¼ Cricket paralysis virus; MCDV ¼ Mud crab dicistrovirus; IAPV ¼ Israeli acute paralysis virus; CtenRNAV ¼ Chaetoceros tenuissimus

RNA virus; DWV ¼ Deformed wing virus; SBPV ¼ Slow bee paralysis virus; SBV ¼ Sacbrood virus; TBSV ¼ Tomato bushy stunt virus; MNSV ¼ Melon necrotic spot virus; TCV ¼
Turnip crinkle virus; SeMV ¼ Sesbania mosaic virus; MCMV ¼Maize chlorotic mottle virus; CfMV ¼ Cocksfoot mottle virus.
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because both sequences were clustered together by PSI-CD-HIT.
Specifically, the Swine acute diarrhea syndrome coronavirus PL2pro
(PDB: 6L5T) was selected as the representative protein for the
cluster in which the Porcine transmissible gastroenteritis coronavi-
rus PL1pro (PDB: 3MP2) and the Porcine epidemic diarrhea virus
PL2pro (PDB: 6NOZ) were included with 27.404 per cent and
44.872 per cent sequence identity, respectively (Supplementary
data S4).

Given the positive correlation between paralog number and
genome size (Gevers et al. 2004), we would have expected to
find more duplicated genes in viruses with larger genomes. For
example, viruses of the family Coronaviridae with genomes that
can reach more than 30kb (Campillo-Balderas et al. 2015) or vi-
ruses with segmented genomes which, on average, tend to be
larger than non-segmented RNA genomes (Holmes 2009).
However, most of the detected cases belong to monopartite vi-
ruses with genomes not larger than 20kb. This might suggest
different growth mechanisms or even a sample bias. For the
particular case of the coronaviruses, in which we have detected
three likely paralogs, it has been suggested that their large
genomes are possible because they encode a HEL domain heli-
case and an ExoN domain 30-50 exoribonuclease which are in-
volved in RNA duplex unwinding, and proofreading and repair,
respectively (Gorbalenya et al. 2006; Holmes 2009). The presence
of a helicase domain could explain the number of duplicated
genes detected so far in the order Picornavirales. Interestingly, it
has been shown that large single and multi-domain protein
families are less frequent in viruses compared to cellular organ-
isms. Also, the percentage of multi-domain proteins belonging
to viruses tends to be smaller than the percentage of single-
domain proteins (Forslund et al 2019). Considering that the
reported duplication events in RNA viruses only involve single
domains of around 300 residues or less, it is possible that RNA
viruses can preserve gene duplications only if the genetic re-
dundancy is comprised of relatively small sequences. This
appears to be the case presented in Willemsen et al. (2017),
where the artificial insertion of the relatively small gene 2b,
which codes for a redundant function, is preserved despite the
predicted fitness cost of a growing genome. Although gene du-
plication and horizontal gene transfer imply a different homol-
ogy origin, the fitness effects related to the genome size
limitations are predicted to be the same. Therefore, functional
redundancy may also be beneficial both after the recruitment of
external sequences or following a duplication event, which is
consistent with our results as well as with other gene duplica-
tion reports (Simon-Loriere and Holmes 2013) where at best we
can only see slight indications of functional diversification.

Studies on RNA virus genome size increase due to recombi-
nation and/or paralogous duplications provide insights into
how hypothetical cellular RNA genomes grew during early
stages of cell evolution and increased their coding capacity
from a small number of coding genes to the hundreds or thou-
sands of genes that eventually led to a complex organism such
as the last common ancestor (Becerra et al. 2007). Despite the
obvious differences, some features of RNA virus genomes can
be used as models to understand the hypothetical RNA/protein
World cellular genomes. For instance, early proteinic polymer-
ases were probably just as error prone as current viral RNA-
dependent RNA polymerases (Reyes-Prieto et al. 2012; Jácome
et al. 2015), whose palm subdomain is probably one of the oldest
structural domains still recognizable in today’s viruses and
cells, and may actually be a relic from the RNA/protein World
(Jácome et al. 2015).

If we add the paralogous pairs reported here to the 20 pairs
listed by Simon-Loriere and Holmes (2013) at least fifty pairs
distributed in twelve paralogous families composed of two to
three members derived from fifteen duplication events can be
considered. Although this numbers might still indicate that
gene duplications are infrequent in RNA viruses, it is remark-
able that gene duplications still occur and are maintained,
which indicates that although genome growth tends to reduce
the virus fitness (Willemsen et al. 2016), paralogous genes can
be maintained whenever the acquired benefits are greater than
the cost of a longer genome. Gene duplications can be conspicu-
ous in only some RNA viruses. For instance, the three capsid
proteins and the tandem repeat of VPg represent a high propor-
tion of genes originated by gene duplication in the genome of
Foot-and-mouth disease virus.

5. Conclusions

New cases of paralogous proteins that probably diverged early
on RNA virus evolution are reported here. These cases include
both subunits of the cytotoxin KP6, SARS-CoV SUD and X-do-
main, Enterovirus cysteine proteases 3C and 2A, and
Picornavirales VP1, VP2 and VP3 viral capsids. Due to the low se-
quence conservation, these cases could only be confirmed by
quantitative tertiary structure comparisons. The number of
known paralogous proteins in RNA viruses is likely to grow as

more viral protein structures are determined. Overall, our
results suggest that gene duplication is a more relevant mecha-
nism for increasing the coding capacities of RNA genomes than
previously thought.
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