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Overlapping genes represent an intriguing puzzle, as they encode two proteins whose ability to evolve is con-
strained by each other. Overlapping genes can undergo “symmetric evolution” (similar selection pressures on the
two proteins) or “asymmetric evolution” (significantly different selection pressures on the two proteins). By
sequence analysis of 75 pairs of homologous viral overlapping genes, I evaluated their accordance with one or
the other model. Analysis of nucleotide and amino acid sequences revealed that half of overlaps undergo
asymmetric evolution, as the protein from one frame shows a number of substitutions significantly higher than
that of the protein from the other frame. Interestingly, the most variable protein (often known to interact with

the host proteins) appeared to be encoded by the de novo frame in all cases examined. These findings suggest that
overlapping genes, besides to increase the coding ability of viruses, are also a source of selective protein

adaptation.

1. Introduction

Many viruses produce novel genes inside pre-existing genes by
overprinting of a de novo frame onto an ancestral frame (Atkins et al.,
1979; Keese and Gibbs, 1992; Rancurel et al.,, 2009; Sabath et al.,
2012). The high prevalence of overlapping genes in viruses has been
attributed to the advantage of maximizing the gene information content
of small viral genomes (Miyata and Yasunaga, 1978; Lamb and Orvath,
1991; Pavesi et al., 1997).

In detail, the gene-compression hypothesis states that the size of the
viral capsid imposes a biophysical limit on the size of the viral genome,
thus making overprinting the most adequate strategy to gain new
function (Chirico et al., 2010). In alternative, the gene novelty hy-
pothesis argues that the birth of overlapping genes is driven by selec-
tion pressures favoring evolutionary innovation (Brandes and Linial,
2016). This hypothesis is supported by the finding that overlaps,
thought for a long time to be restricted to viruses, also occur in the large
genomes of prokaryotic (Delaye et al., 2008; Fellner et al., 2015) and
eukaryotic organisms (Szklarczyk et al., 2007; Bergeron et al., 2013;
Vanderperre et al., 2013).

A particularly interesting feature of overlapping genes is that they
represent an intriguing example of adaptive conflict. Indeed, they si-
multaneously encode two proteins whose freedom to change is con-
strained by each other (Sander and Schulz, 1979; Krakauer, 2000; Peleg
et al., 2004; Allison et al., 2016), which would be expected to reduce
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the adaptive ability of the virus (Simon-Loriere et al., 2013).

We would expect, in principle, that overlapping genes are subjected
to strong evolutionary constraints, as a single nucleotide substitution
can impair two proteins (see the codon position “21” in Fig. 1). A ty-
pical example of “constrained evolution” is that occurring in Hepatitis B
virus (HBV), whose short genome (3.2kb) contains a high percentage
(50%) of overlapping coding regions (Mizokami et al., 1997; Zhang
et al., 2010).

However, overlapping genes can also show a less conservative
pattern of change, because of a high rate of non-synonymous sub-
stitutions in one frame (positive adaptive selection) with concurrent
dominance of synonymous substitutions in the other (negative pur-
ifying selection). Examples of positive selection concern the over-
lapping genes that encode the tat and vpr proteins of simian im-
munodeficiency virus (Hughes et al., 2001), the p19 and p22 proteins of
the tombusvirus family of plant viruses (Allison et al., 2016), and the
ORF2 and ORF5 proteins of trichodysplasia spinulosa-associated poly-
omavirus (Kazem et al., 2016).

We can hypothesize for overlapping genes a first evolutionary
model in which the two proteins they encode are subjected to similar
selection pressures. When selection is strong both proteins (or protein
regions) are highly conserved (e.g. the RNase domain of polymerase
and the amino-terminal half of the X protein in HBV; see Fig. 4 in
Mizokami et al., 1997). When selection is not too strong both proteins
can vary considerably (e.g. the spacer domain of polymerase and the
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Fig. 1. Orientation of overlapping genes, with the downstream frame having a
shift of one nucleotide 3’ with respect to the upstream frame. There are 3 types
of codon position (cp): cpl3 (bold character), in which the first position of the
upstream frame overlaps the third position of the downstream frame; cp21
(underlined character), in which the second position of the upstream frame
overlaps the first position of the downstream frame; c¢p32 (italic character), in
which the third position of the upstream frame overlaps the second position of
the downstream frame. Based on the genetic code, a nucleotide substitution at
first codon position causes an amino acid change in 95.4% of cases, at second
codon position in 100% of cases, and at third codon position in 28.4% of cases.
Thus, nucleotide substitutions at the codon positions “13” and “32” are usually
non-synonymous in one frame and synonymous in the other. Nucleotide sub-
stitutions at the codon position “21” are almost all non-synonymous in both
frames.

preS1/S2 domain of the surface protein in HBV; see Fig. 4 in Mizokami
et al., 1997). This model is named “symmetric evolution”, because the
number of amino acid substitutions of one protein is expected to be not
significantly different from that of the other. It corresponds to the
“shared model” by Fernandes et al. (2016).

In alternative, we can hypothesize for overlapping genes an evolu-
tionary model in which the two proteins they encode are subjected to
significantly different selection pressures. Support for this model, which
implies adaptive selection on one frame and purifying selection on the
other, was provided both by viral (Hughes et al., 2001; Fujii et al.,
2001; Guyader and Ducray, 2002; Stamenkovi¢ et al., 2016) and
mammalian overlapping genes (Szklarczyk et al., 2007). This model is
named “asymmetric evolution”, because the number of amino acid
substitutions of one protein is expected to be significantly different
from that of the other. It corresponds to the “segregated model” by
Fernandes et al. (2016).

We recently assembled a dataset of 80 viral overlapping genes
whose expression is experimentally proven (Pavesi et al., 2018), with
the aim to provide a useful benchmark for systematic studies. A first
analysis of the dataset revealed that overlapping genes differ sig-
nificantly from non-overlapping genes in their nucleotide and amino
acid composition (Pavesi et al., 2018). We also found that the vast
majority of the 80 overlaps of the dataset have one or more homologs,
suggesting further comparative studies.

In the present study, I investigated the evolution of viral over-
lapping genes by sequence analysis of 75 pairs of homologs. The first
aim of the study was to determine which of the two evolutionary
models described above is the prevailing one. The second aim was to
identify the type of nucleotide substitution that significantly affects the
pattern of symmetric/asymmetric evolution. Finally, the third aim was
to assess whether the most variable protein (in the case of asymmetric
evolution) is that encoded by the ancestral or the de novo frame.

2. Materials and methods
2.1. Selection criteria for homologous overlapping genes

I first extracted from the dataset of 80 overlapping genes experi-
mentally proven (S1 Dataset from Pavesi et al., 2018) the amino acid
sequence of the two proteins encoded by each overlap. For each pro-
tein, I searched for homologs against the non-redundant protein se-
quences NCBI database using BLASTP (Altschul et al., 1997). When
BLASTP did not detect any homolog I used TBLASTN, which compared
the protein query sequence against the nucleotide collection NCBI da-
tabase translated in all reading frames. I used TBLASTN because the
amino acid sequence of the protein encoded by one of the two over-
lapping frames (usually that discovered more recently) may not be
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reported in many viral genomes present in the NCBI database (Pavesi
et al., 2018).

The selection of homologous overlapping genes was based on three
criteria. The first was an equal length of the homolog. It was met in the
great majority of cases (72 out of 80). In the remaining cases, the
homolog was only slightly shorter than the query sequence. The ex-
ception was the overlap capsid protein/Assembly Activating Protein
(AAP) of adeno-associated virus-2, whose homolog encodes an AAP 9
amino acids shorter in the amino-terminal region and 26 amino acids
shorter in the carboxy-terminal region.

The second criterion was a homolog yielding, for both the encoded
proteins, an alignment with no insertion/deletion (indel) or with a
minimal number of indels. In the latter case, I imposed the rule that
indel(s) must be located at the same amino acid position in the align-
ments of the two pairs of proteins (see for example the overlap poly-
merase/2b protein of Spinach latent virus, which is the first overlap in
Supplementary File S1). By imposing this rule, I could align the two
homologous nucleotide sequences in full accordance with the corre-
sponding protein sequences. The alignment of protein sequences was
carried out with Clustal Omega (Sievers and Higgins, 2014).

The third criterion concerned the cases in which I found multiple
homologs meeting the two criteria described above. In these cases, I
selected the most distantly related homolog, with the aim to cover the
largest evolutionary space. The choice to select only one homolog for
each overlapping gene was due to the fact that collection of a larger
sample of homologs is limited to a few overlaps, mainly those occurring
in virus species that are human pathogens (e.g. influenza and hepatitis
viruses or SARS and Ebola viruses).

3. Results
3.1. Creation of a dataset of 80 homologous overlapping genes

The search for homologs yielded a dataset of 80 pairs of homologous
overlapping genes (Supplementary File S1). Thirty-seven homologs
came from a different virus species, in accordance with the ICTV tax-
onomy (King et al., 2018) (https://talk.ictvonline.org/taxonomy/). The
mean nucleotide identity between overlaps and homologs was 70.7%,
with a standard deviation (sd) of 9.4%. The remaining 43 homologs
came from isolates belonging to the same virus species. In this case, the
mean nucleotide identity between overlaps and homologs was 89.6%
(sd = 7.1%).

For each pair of homologous overlapping genes, the Supplementary
File S1 contains the following information: i) the nucleotide sequence of
the upstream frame and that of the homolog; ii) the amino acid se-
quence of the protein encoded by the upstream frame (Upl) and that of
the protein encoded by the homolog (Up2); iii) the nucleotide sequence
of the downstream frame (shifted of one nucleotide 3’ with respect to
the upstream frame) and that of the homolog; iv) the amino acid se-
quence of the protein encoded by the downstream frame (Downl) and
that of the protein encoded by the homolog (Down2); v) the alignment
of Upl with Up2 and the percent amino acid identity; vi) the alignment
of Down1 with Down2 and the percent amino acid identity; vii) the chi-
square analysis, which compared by a 2 x 2 contingency-table the
number of the amino acid identities and differences in the Upl-Up2
alignment with that in the Downl-Down2 alignment (cut-off of sig-
nificance = 3.84; 1 degree of freedom; P < 0.05).

3.2. Half of overlapping genes evolve in accordance with the asymmetric
model

I carried out a preliminary analysis using the t-Student test for
paired data. For each pairs of homologous overlaps, I counted the
number of amino acid identities between Upl and Up2 and that be-
tween Downl and Down2. I then calculated the absolute value of the
difference between them. The null hypothesis was a mean difference
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between paired observations close to zero, indicating that overlapping
genes evolve in accordance with the symmetric model. The null hy-
pothesis was rejected (t-Student = 5.91; 79 degrees of freedom;
P = 10"°), indicating that overlapping genes can also evolve in ac-
cordance with the alternative asymmetric model.

In order to identify which and how many overlapping genes un-
dergo symmetric or asymmetric evolution, I then compared the amino
acid diversity between Upl and Up2 to that between Downl and
Down2. I used the contingency-table chi-square test (Snedecor and
Cochran, 1967) with a cut-off value of 3.84 for 1 degree of freedom
(P < 0.05).

I classified a pair of homologous overlaps as a case of symmetric
evolution, if the number of amino acid substitutions in the Upl-Up2
alignment did not significantly differ from that in the Downl-Down2
alignment (chi-square < 3.84). An example is given by the overlap NS1
protein/NS2 protein from Dendrolimus punctatus densovirus. For the NS1
protein, I found 73 identities and 86 differences when compared to the
homolog from Hordeum marinum Itera-like densovirus. For the NS2
protein, I found 71 identities and 88 differences, yielding a chi-square
value (0.01) largely below the cut-off of significance.

In alternative, I classified a pair of homologous overlaps as a case of
asymmetric evolution, if the number of amino acid substitutions in the
Upl-Up2 alignment was significantly different from that in the Down1-
Down2 alignment (chi-square > 3.84). An example is given by the
overlap movement protein/replicase from Turnip yellow mosaic virus.
For the movement protein, I found 302 identities and 323 differences
when compared to the homolog from Watercress white vein virus. For
replicase, I found 454 identities and 171 differences, yielding a chi-
square value (76.3) largely above the cut-off of significance.

The chi-square test was highly sensitive. For example, I found that
the overlap capsid protein/p31 protein from Maize chlorotic mottle virus
undergoes asymmetric evolution, in spite of a nucleotide identity with
the homolog extremely high (96.7%). Indeed, the number of amino acid
differences between p31 and homolog (12 out of 149 sites) was sig-
nificantly higher than that between capsid and homolog (2 out of 149
sites) (chi-square = 6.07; P = 0.01). Based on this finding, I set the
upper limit of sensitivity of the chi-square test to a nucleotide identity
between overlap and homolog of 97%. This filter limited the analysis to
75 (out of 80) pairs of homologous overlaps.

Overall, I found that 38 overlapping genes evolve in accordance
with the asymmetric model (significantly different selection pressures
on the two proteins). The highest chi-square value (113.8) concerned
the overlap from Apple stem grooving virus, which encodes the 36kD
movement protein and the polyprotein linker-domain. Indeed, the
amino acid diversity between linker-domain and homolog (39%; 125
differences and 195 identities) was ten-fold higher than that between
movement protein and homolog (4%; 13 differences and 307 iden-
tities).

I found that the remaining 37 overlapping genes evolve in ac-
cordance with the symmetric model (similar selection pressures on the
two proteins). The occurrence of similar selection pressures can yield
two highly conserved proteins. For example, analysis of the overlap 3a
protein/3b protein from human SARS coronavirus revealed that the
amino acid diversity between 3a and homolog is remarkably low (5.3%;
6 differences and 108 identities), as well as that between 3b and
homolog (8.8%; 10 differences and 104 identities).

However, the occurrence of similar selection pressure can also yield
two proteins with a remarkably less conserved pattern of change. This is
the case of the overlap from Spinach latent virus, which encodes the zinc-
finger domain of polymerase and the 2b protein. Sequence analysis
revealed that the amino acid diversity between zinc-finger domain and
homolog is considerably high (47%; 47 differences and 54 identities),
as well as that between 2b and homolog (44%; 44 differences and 57
identities).

The analysis of amino acid diversity in the 75 pairs of homologous
overlapping genes is summarized in Fig. 2. It shows, for each overlap,
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the percent amino acid (aa) identity of the two encoded proteins with
those encoded by the homolog. The subset of the 37 overlapping genes
under symmetric evolution (Fig. 2A) contains 31 overlaps in which both
proteins have high conservation (aa identity > 50%), 5 overlaps in
which both proteins have poor conservation (aa identity < 50%) and 1
overlap with a protein having an aa identity above 50% and the other
below 50%. The subset of the 38 overlapping genes under asymmetric
evolution (Fig. 2B) contains 24 overlaps in which both proteins have
high conservation (aa identity > 50%), 1 overlap in which both pro-
teins have poor conservation (aa identity < 50%) and 13 overlaps with
a protein having an aa identity above 50% and the other below 50%.

Finally, a list of the 75 overlapping genes, classified in accordance
with the symmetric or asymmetric model (37 and 38 cases, respec-
tively), is given in Supplementary Table S1.

3.3. Validation of the model of symmetric/asymmetric evolution by analysis
of the pattern of nucleotide substitutions in homologous overlapping genes

In accordance with Wei and Zhang (2014), I first classified the nu-
cleotide sites of each overlapping gene into four categories depending
on the impact of potential mutations on the two encoded proteins. The
four categories are referred as NN, SN, NS, and SS sites, respectively,
where N stands for non-synonymous change and S stands for synon-
ymous change. That is, if all potential mutations at a site cause non-
synonymous change in both proteins, it is a NN site, and so on. I then
classified the nucleotide substitutions occurring in the homolog into
four categories: NN, SN, NS, and SS. Using the contingency-table chi-
square test, I compared the number of SN and NS sites in each over-
lapping gene with the number of SN and NS substitutions in the
homolog.

Under symmetric evolution, I would expect a chi-square value
below the cut-off of significance (3.84; 1 degree of freedom), that is a
full concordance between the number of SN and NS sites and that of SN
and NS substitutions. For example, in the overlap ORF4/0ORF5 from
Barley yellow striate mosaic virus I counted 49 SN sites and 51 NS sites. In
the homolog from Maize yellow striate virus, I classified 23 nucleotide
substitutions into the SN category and 28 substitutions into the NS
category. The chi-square test yielded a value (0.08) largely below the
cut-off of significance.

Under asymmetric evolution, I would expect a chi-square above the
cut-off of significance, that is a significant discordance between the
number of SN and NS sites and that of SN and NS substitutions. For
example, the overlap capsid protein/NS4 protein from Bluetongue virus
(serotype 10) has 56 SN sites and 46 NS sites. The homolog from
Bluetongue virus (serotype 16) has 5 nucleotide substitutions belonging
to the SN category and 29 substitutions to the NS category. The chi-
square test yielded a value (15.07) largely above the cut-off of sig-
nificance.

The analysis of the pattern of nucleotide substitutions in the 75 pairs
of homologous overlaps revealed 39 and 36 cases of symmetric and
asymmetric evolution, respectively (Supplementary Table S2). This
result was in accordance with that obtained previously (from analysis of
the amino acid diversity, see Supplementary Table S1) in the 87% of
cases (65 out of 75). Overall, I found a total of 33 overlaps under
symmetric evolution (they are marked with a single asterisk in
Supplementary Tables S2a) and a total of 32 overlaps under asymmetric
evolution (they are marked with a double asterisk in Supplementary
Table S2b). A list of the 32 overlapping genes under asymmetric evo-
lution is given in Table 1.

These findings were not affected by the fact that some homologs
came from a different virus species, while others from an isolate within
the same virus species. Under symmetric evolution, I found 14 and 19
overlaps with the homolog within and between species, respectively.
Under asymmetric evolution, I found 18 and 14 overlaps with the
homolog within and between species, respectively.

Finally, a further validation of the model of symmetric/asymmetric
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Fig. 2. Analysis of the amino acid diversity in the 75 pairs of homologous overlapping genes. Each pair of columns shows: i) the percent amino acid identity between
the protein encoded by the upstream frame of the overlap and that encoded by the homolog (dark column); ii) the percent amino acid identity between the protein
encoded by the downstream frame of the overlap (shifted of one nucleotide 3’ with respect to the upstream frame) and that encoded by the homolog (gray column).
The horizontal line separates well-conserved homologous pairs (aa identity > 50%) from not well-conserved homologous pairs (aa identity < 50%). (A) Subset of the
37 overlapping genes under symmetric evolution. (B) Subset of the 38 overlapping genes under asymmetric evolution. The numbering of overlapping genes is in
accordance with that given in Supplementary Table S1. The underlined numbers indicate the overlaps in which the pattern of symmetric evolution (4 cases out of 37)
or that of asymmetric evolution (6 cases out of 38) was not confirmed by chi-square analysis of the nucleotide diversity.

evolution was provided by a correlation test between the chi-square
value from analysis of amino acid substitutions and the distribution of
nucleotide substitutions at the codon positions “32” and “13” (Fig. 1).
Given the orientation of overlapping genes in our dataset (Fig. 1), a
substitution at the codon position “32” (cp32) is usually synonymous in
the upstream frame and always non-synonymous in the downstream
frame, while a substitution at the codon position “13” is almost always
non-synonymous in the upstream frame and usually synonymous in the
downstream frame.

Under symmetric evolution, the number of substitutions at the
codon position “32” is expected to be close to that at the codon position
“13”, yielding a similar distribution of the amino acid substitutions in
the two pairs of homologous proteins. Under asymmetric evolution, the
number of substitutions at the codon position “32” is expected to be
significantly higher (or lower) than that at the codon position “13”,
yielding a different distribution of the amino acid substitutions in the
two pairs of homologous proteins.

By comparing the upstream frame of each overlap with that of the
homolog, I calculated the absolute value (Abs) of the difference be-
tween the percent frequency (%F) of substitutions at the codon position
“32” (%F.cp32) and that at the codon position “13” (%F.cp13). I then
carried out a correlation test between Abs (%F.cp32 — %F.cp13) and the
chi-square value from analysis of amino acid substitutions. As the chi-
square test depends on the extent of the sample (here the length of the
protein encoded by the overlap), I normalized the chi-square value in
accordance with the Cohen's rule (Cohen, 1988). Normalization was the
square root of the ratio between the chi-square value and the overall
length of the two proteins encoded by the overlap (e.g. the highest chi-
square value, 113.83, was converted into the highest normalized chi-
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square value, 0.42).

I found a significantly positive correlation between Abs (%F.cp32 —
%F.cp13) and the normalized -chi-square value (r = 0.88; t-
Student = 14.36; one tailed P < 0.00001; 63 degrees of freedom)
(Fig. 3). As expected, this result indicates that asymmetric evolution is
significantly affected by an unbalanced distribution of the nucleotide
substitutions at the codon positions “32” and “13”.

3.4. In overlapping genes under asymmetric evolution the most variable
protein is that encoded by the ancestral or the de novo frame?

To answer the question, I investigated the genealogy of the 32
overlapping genes under asymmetric evolution. Identifying which gene
is ancestral and which one is de novo (the genealogy of the overlap) can
be done by examining their phylogenetic distribution, under the as-
sumption that the gene with the most restricted distribution is the de
novo one (Rancurel et al., 2009). This approach yielded a set of 34
overlapping genes with a reliably predicted genealogy (see Table 1 in
Sabath et al., 2012 and Table 1 in Pavesi et al., 2013). This set included
16 out of the 32 overlaps under asymmetric evolution.

Another approach to infer the genealogy of overlapping genes is the
codon-usage method. It is based on the assumption that the ancestral
gene, which has co-evolved over a long period of time with the other
viral genes, has a distribution of synonymous codons significantly
closer to that of the viral genome than the de novo gene (Keese and
Gibbs, 1992; Sabath et al., 2012; Pavesi et al., 2013; Willis and Masel,
2018). Due to the shortness of most overlapping genes, the method has
been improved, with the aim to evaluate the correlation between the
codon-usage patterns of overlapping and non-overlapping genes with a
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Fig. 3. Correlation between the normalized chi-square value (from analysis of
amino acid substitutions) and the absolute value (Abs) of the difference be-
tween the percent frequency (%F) of nucleotide substitutions at the codon
position “32” (%F.cp32) and that at the codon position “13” (%F.cp13). Empty
circles indicate the 33 overlapping genes under symmetric evolution. Black
circles indicate the 32 overlapping genes under asymmetric evolution.

minimal loss of information (Pavesi, 2015).

Using the improved version of the codon-usage method (Pavesi,
2015), I could predict the genealogy of 18 out of the 32 overlapping
genes under asymmetric evolution. In 11 cases, the prediction by
codon-usage was concordant with that established by the phylogenetic
method. In the remaining 7 cases, the prediction was provided only by
the codon-usage method (Supplementary Table S3).

The overlap p130/p104 of Providence virus is notable, as the an-
cestral frame p104 was acquired from another viral genome by distant
horizontal gene transfer (Pavesi et al., 2013), which makes the codon
usage an unreliable predictor of the genealogy. The prediction yielded
by phylogenetics is supported by the finding that p104, unlike p130,
has a wide phylogenetic distribution (Pavesi et al., 2013).

Overall, I collected a set of 23 overlapping genes, all under asym-
metric evolution and with known genealogy (15 overlaps with a shift of
the de novo frame of one nucleotide 3’ with respect to the ancestral
frame and 8 overlaps with a shift of two nucleotides 3’). Interestingly, I
found that in all cases the most variable protein is that encoded by the
de novo gene (Table 2).

3.5. Symmetric and asymmetric evolution in the same overlap: the case of
the overlap polymerase/large envelope protein of hepatitis B virus (HBV)

Chi-square analysis indicated that the overlap polymerase/large
envelope protein of HBV evolves in accordance with the symmetric
model (Supplementary Tables S1 and S2). On the other hand, theore-
tical and experimental studies (Pavesi, 2015; Lauber et al., 2017) de-
monstrated that this long overlap (1167 nt) is subjected to modular
evolution, as the spacer domain of polymerase and the S domain of the
large envelope protein originated de novo by overprinting. Thus, the
overlap can be subdivided into two regions: a 5’ region (480 nt), in
which the spacer domain of polymerase (de novo gene product) overlaps
the Pre-S domain of envelope (ancestral gene product), and a 3’ region
(687 nt), in which the reverse transcriptase domain of polymerase
(ancestral gene product) overlaps the S domain of envelope (de novo
gene product).

I carried out a chi-square analysis of the 2 regions of the overlap
independently, under the hypothesis that they may have been subject to
different evolutionary pressures. This analysis revealed that the 5’ re-
gion of the overlap undergoes asymmetric evolution, because the amino
acid diversity of the spacer domain (33.7%; 54 differences and 106
identities) is significantly higher than that of the Pre-S domain (19.4%;
31 differences and 129 identities) (chi-square = 7.75; P = 0.005).
Asymmetric evolution was confirmed by analysis of the pattern of
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nucleotide substitutions (chi-square = 10.13; P = 0.001).

In addition, chi-square analysis revealed that the 3’ region of the
overlap undergoes symmetric evolution, as the amino acid diversity of
the reverse transcriptase domain (7.4%; 17 differences and 212 iden-
tities) does not significantly differ from that of the S domain (11.8%; 27
differences and 202 identities) (chi-square = 2.04; P = 0.15).
Symmetric evolution was confirmed by analysis of the pattern of nu-
cleotide substitutions (chi-square = 1.61; P = 0.20).

With the aim to further validate these findings, I carried out a fur-
ther analysis using, as homolog, the most distantly related overlap of
woolly monkey HBV (79.9% of nucleotide identity). Again, chi-square
analysis of the amino acid and nucleotide diversity revealed asym-
metric evolution in the 5’ region and symmetric evolution in the 3’
region. Details of both analyses are reported in the Supplementary File
S2.

Finally, the finding that the spacer domain of polymerase (de novo
gene product) is significantly more variable than the Pre-S domain
(ancestral gene product) confirms that the most variable protein, under
asymmetric evolution, is usually that encoded by the de novo gene.

4. Discussion

Several researchers have developed methods for estimating the
strength of selection pressure on overlapping genes (Pedersen and
Jensen, 2001; Sabath et al., 2008; de Groot et al., 2008; Mir and
Schober, 2014; Wei and Zhang, 2014). All methods evaluate, in both
overlapping frames, the ratio of non-synonymous nucleotide substitu-
tions to synonymous nucleotide substitutions (dn/ds) by correctly
taking into account the problem of the interdependence between se-
quences imposed by the overlap. The aim is to assess if there is neutral
evolution or positive selection in one frame (dn/ds higher than 1) and
purifying selection (strong constraints) in the other frame (dn/ds lower
than 1).

However, the only method having an accessible implementation is
that by Sabath et al. (2008). Yet, the method has some limitations, as it
restricts the analysis to the homologous overlaps in which the two
encoded proteins have both an amino acid diversity smaller than 50%
or greater than 5%. In the dataset examined here (see the first 75 pairs
of homologous overlaps in Supplementary File S1), these limitations
would have considerably reduced the size of the sample from 75 to 43
pairs of homologous overlaps.

I thus chose an approach focused, at first instance, on the evaluation
of the amino acid diversity of homologous overlapping proteins, which
is the final result of the complex pattern of the interdependent nu-
cleotide substitutions that occur in dual-coding regions. Unlike previous
studies, limited to a few virus species (Sabath et al., 2012; Zaaijer et al.,
2007; Liang et al., 2010; Shukla and Hilgenfeld, 2015; Brayne et al.,
2017), I examined a large dataset of 75 overlaps from 59 virus species.

A possible limitation of the study concerns the selection criteria for
homologous overlapping genes. In particular, the first two stringent
criteria (an equal length of the homolog and an alignment with a
minimal number of indels) led to exclusion, for some overlaps, of highly
divergent homologs. An example is given by the overlap P3N-PIPO/
polyprotein of Turnip mosaic virus, in which the length of the P3N-PIPO
protein is quite variable among the different potyvirus species, ranging
from 60 to 115 amino acids (Hillung et al., 2013). Thus, the dataset
used in this study likely underestimates the sequence diversity of
overlapping genes, as it was created mainly to ensure a high quality in
the homologous relationship.

The finding that 32 out of 65 overlapping genes (Table 1) undergo
asymmetric evolution is striking, as well as that the most variable
protein is encoded by the de novo gene in all cases examined (Table 3).
In particular, I would point out the overlap ORF3/0ORF4 from Tobacco
bushy top virus, which encodes two proteins entirely nested within each
other. This peculiar arrangement is similar to that of the overlap p19/
p22 from Tomato bushy stunt virus, in which the de novo p19 protein
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shows a previously unknown structural fold an a previously unknown
mechanism of binding to small interfering RNAs (Vargason et al., 2003;
Baulcombe and Molnar, 2004; Scholthof, 2006). I believe that struc-
tural or functional studies on the de novo ORF3 protein from Tobacco
bushy top virus could reveal new interesting features.

In addition, I would point out the overlap polymerase (PB1 sub-
unit)/PB1-F2 protein of human influenza A virus. It shows, when
compared to the homolog from duck, a sixteen-fold increase of sub-
stitutions at the codon position “32” (89.2%) with respect to the codon
position “13” (5.4%). This yields only 3 amino acid differences between
the two PB1 subunits and as many as 35 differences between the two
PB1-F2 proteins. Interestingly, the de novo PB1-F2 protein has been
shown to largely contribute to viral pathogenicity by a pleiotropic effect
(Chen et al., 2001; Varga et al., 2011; Yoshizumi et al., 2014).

Several other de novo proteins under asymmetric evolution are
known to play a role in viral pathogenicity. Eight de novo proteins
(ARFP, VP5, L*, X, VF1, PB1-F2, P6, and NSs) act as suppressor or
antagonist of the interferon response by the host (Park et al., 2016;
Lauksund et al., 2015; Sorgeelos et al., 2013; Wensman et al., 2013;
McFadden et al., 2011; Varga et al., 2011; Garcia-Rosado et al., 2008;
Jaaskeldinen et al., 2007). Four de novo proteins (p19, p69, AC4, and
movement protein) act as suppressor of RNA silencing (Silhavy et al.,
2002; Chen et al., 2004; Chellappan et al., 2005; Yaegashi et al., 2008).
Two de novo proteins (apoptin and PB1-F2) act as apoptosis factor
(Noteborn et al., 1994; Chen et al., 2001). Finally, the de novo protein
PA-X has the ability to selectively degrade the host RNA-polymerase II
transcripts (Khaperskyy et al., 2016).

However, another possible limitation of the study depends on the
fact that the subset of overlapping genes evolving asymmetrically and
with known genealogy (23 overlaps) is too small to conclude that the de
novo protein is always the preferred target of selection. Furthermore,
overlapping genes are subjected to a variety of selection pressures that
are independent of the orientation of the overlapping frames relative to
one another. Thus, it is hypothetically possible that an ancestral protein
may be significantly more variable than a de novo protein under pe-
culiar selective constraints.

Despite this limitation, our findings suggest that the birth of new
overlapping genes, besides to increase the coding ability of small viral
genomes (Chirico et al., 2010), is also a valuable source of selective
protein adaptation.
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