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ARTICLE INFO ABSTRACT

Keywords: In December 2019, a novel human-infecting coronavirus (SARS-CoV-2) was recognized in China. In a few
SARS-CoV-2 months, SARS-CoV-2 has caused thousands of disease cases and deaths in several countries. Phylogenetic ana-
Coronaviruses

lyses indicated that SARS-CoV-2 clusters with SARS-CoV in the Sarbecovirus subgenus and viruses related to
SARS-CoV-2 were identified from bats and pangolins. Coronaviruses have long and complex genomes with high
plasticity in terms of gene content. To date, the coding potential of SARS-CoV-2 remains partially unknown. We
thus used available sequences of bat and pangolin viruses to determine the selective events that shaped the
genome structure of SARS-CoV-2 and to assess its coding potential. By searching for signals of significantly
reduced variability at synonymous sites (dS), we identified six genomic regions, one of these corresponding to
the programmed — 1 ribosomal frameshift. The most prominent signal of dS reduction was observed within the E
gene. A genome-wide analysis of conserved RNA structures indicated that this region harbors a putative func-
tional RNA element that is shared with the SARS-CoV lineage. Additional signals of reduced dS indicated the
presence of internal ORFs. Whereas the presence ORF9a (internal to N) was previously proposed by homology
with a well characterized protein of SARS-CoV, ORF3h (for hypothetical, within ORF3a) was not previously
described. The predicted product of ORF3h has 90% identity with the corresponding predicted product of SARS-
CoV and displays features suggestive of a viroporin. Finally, analysis of the putative ORF10 revealed high dN/dS
(3.82) in SARS-CoV-2 and related coronaviruses. In the SARS-CoV lineage, the ORF is predicted to encode a
truncated protein and is neutrally evolving. These data suggest that ORF10 encodes a functional protein in SARS-
CoV-2 and that positive selection is driving its evolution. Experimental analyses will be necessary to validate and
characterize the coding and non-coding functional elements we identified.

Functional RNA elements
Coding potential

1. Introduction

Human-infecting coronaviruses are potentially dangerous patho-
gens of zoonotic origin (Cui et al., 2019; Forni et al., 2017). In De-
cember 2019, a novel coronavirus, now referred to as SARS-CoV-2
(Coronaviridae Study Group of the International Committee on
Taxonomy of Viruses, 2020), was described in China. The virus caused
respiratory disease in a large number of people and was responsible for
thousands of deaths (Zhu et al., 2020). Eventually, SARS-CoV-2 reached
other countries: outbreaks in Italy, Japan, South Korea, and other areas
are ongoing (www.who.int/emergencies/diseases/novel-coronavirus-
2019/situation-reports/). This is reminiscent of the events that, two

decades ago, led to the emergence and spread of SARS-CoV (severe
acute respiratory syndrome-related coronavirus) and, in 2012, of
MERS-CoV (Middle East respiratory syndrome-related Coronavirus)
(Cui et al., 2019, Forni et al., 2017).

Coronaviruses (family Coronaviridae, order Nidovirales) are positive-
sense, single stranded RNA viruses. Several coronavirus genera and
subgenera are recognized (https://talk.ictvonline.org/ictv-reports/).
Phylogenetic analyses indicated that SARS-CoV-2 clusters with SARS-
CoV and other viruses in the Sarbecovirus subgenus (Betacoronavirus
genus) (Zhou et al., 2020).

As most human coronaviruses, both SARS-CoV and MERS-CoV ori-
ginated in bats and were transmitted to humans via intermediate hosts:

Abbreviations: ORF, open reading frame; -1 PRF, programmed -1 ribosomal frameshifting; dS, synonymous substitution rate; dN, nonsynonymous substitution rate;
GTR, General Time Reversible; SLAC, single-likelihood ancestor counting; PAML, Phylogenetic Analysis by Maximum Likelihood
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small carnivores in the case of SARS-CoV and dromedary camels for
MERS-CoV (Cui et al., 2019; Forni et al., 2017). A bat origin seems also
to be likely for SARS-CoV-2, as to date its closest relative (BatCoV
RaTG13) was sequenced from horseshoe bats (Rhinolophus affinis)
(Zhou et al., 2020). Two other bat-derived coronaviruses (bat-SL-
CoVZC45 and bat-SL-CoVZXC21) display high levels of similarity
(> 70%) to SARS-CoV-2 (Lu et al., 2020; Paraskevis et al., 2020; Wu
et al., 2020b). Recently, though, several reports suggested that viruses
related to SARS-CoV-2 exist in pangolins (Manis javanica) (Lam et al.,
2020; Xiao et al., 2020; Wong et al., 2020; Liu et al., 2020). In parti-
cular, striking similarity between pangolin-derived viruses and SARS-
CoV-2 was detected in the receptor binding domain (RBD) of the sur-
face spike glycoprotein (Wong et al., 2020), which represents a major
determinant of coronavirus host range (Haijema et al., 2003, Kuo et al.,
2000,McCray Jr et al., 2007, Moore et al., 2004, Schickli et al., 2004).
Overall, these reports suggest that recombination events have shaped
the diversity of the spike protein and contributed to the diversification
of SARS-CoV-2 and related viruses (Wong et al., 2020; Zhang et al.,
2020). Nevertheless, it still remains unclear whether this novel human
pathogen emerged as a zoonosis transmitted from bats, pangolins, or
other animals. Moreover, determinants located in genomic regions
other than the RBD most likely contribute to determine coronavirus
host range (Peck et al., 2015). Importantly, several coronavirus proteins
modulate immune evasion, tissue tropism, and virulence, eventually
playing a role in disease severity and pathogenesis (Cui et al., 2019,
Forni et al., 2017). Indeed, coronaviruses have unusually long and
complex genomes if compared to those of other RNA viruses. Two thirds
of the coronavirus genome are occupied by two large overlapping open
reading frames (ORFla and ORF1b), that are translated into poly-
proteins. These latter are processed to generate 16 nonstructural pro-
teins (nspl to nsp16). The remaining portion of the genome includes
OREFs for the structural proteins (spike, envelope, membrane, and nu-
cleoprotein) and a variable number of accessory proteins (Cui et al.,
2019, Forni et al., 2017). Gene gains and losses during the evolutionary
history of coronaviruses have resulted in a diverse array of accessory
ORFs, even among viruses belonging to the same lineage (Forni et al.,
2017).

To date, the coding potential of SARS-CoV-2 remains partially un-
known, and distinct studies have provided different genome annota-
tions (Zhou et al., 2020; Wu et al., 2020b; Wu et al., 2020a; Chan et al.,
2020). We thus used available sequences of bat and pangolin viruses
related to SARS-CoV-2 to determine the selective events that shaped the
genome structures of these viruses and to assess their coding potential.

2. Materials and methods
2.1. Sequences, alignments, and recombination

Viral genome sequences from pangolins were retrieved from the
GISAID (https://www.gisaid.org) database, whereas all other genome
sequences were downloaded from the NCBI (National Center for
Biotechnology Information) database (http://www.ncbi.nlm.nih.gov/)
(Supplementary Table S1).

All alignments were generated using MAFFT (Katoh and Standley,
2013), setting sequence type as codons or nucleotide, as appropriate.

In order to analyze interspecies diversity, pairwise identity scores
were calculated for pangolin viruses. Scores were calculated as 1-(M/L)
where M is the number of mismatching nucleotides and L is the total
number of positions along the alignment at which neither sequence has
a gap or a N character, as previously suggested (Muhire et al., 2014).
We considered genomes with a identity score less than 0.90 and with
the highest genome coverage (Supplementary Fig. S1). We thus ran-
domly selected Guangxi/P1E among Guangxi/P1E, Guangxi/P5E,
Guangxi/P5L, Guangxi/P4L, Guangxi/P3B, and Guangxi/P2V. We also
selected Guandong/1 instead of Guangdong/P2S based on their
genomic coverage (Supplementary Fig. S1).
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Recombination was evaluated using RDP4. Specifically, we applied
four different methods (RDP, GENECONV, MaxChi, and Chimera)
(Martin et al., 2017; Sawyer, 1989; Martin and Rybicki, 2000; Posada
and Crandall, 2001; Smith, 1992) and only recombination events with a
p value < .05 for at least two methods were considered as significant.

2.2. Detection of synonymous substitution reduction

Synonymous substitution (dS) reduction was calculated using syn-
plot2 program (Firth, 2014). This tool is designed to identify over-
lapping functional elements along coding sequence alignments. A pe-
culiar signature of these elements is a reduction of dS variability. We
used windows of 25 codons, as suggested (Firth, 2014), and a p-value
threshold calculated on the basis of the number of windows (i.e., 0.05/
number of windows).

2.3. Detection of conserved RNA structures

RNA secondary structures were searched for using RNAz v2.1
(Washietl et al., 2005). This software predicts conserved structures in a
multiple sequence alignment. RNAz was run using default parameters,
with sliding windows of 120 nucleotides moving with a step of 40. We
accepted only RNA structures with a mean z-score < -4, a structure
conservation index = mean pairwise identity, and an SVM RNA-class
probability > .95. A visual representation of the secondary structures
was obtained with RNAalifold (Bernhart et al., 2008).

2.4. Phylogenetic trees and positive selection analyses

Phylogenetic trees were generated using the phyML software using a
General Time Reversible (GTR) model with gamma-distributed rates, 4
substitution rate categories, and estimation of transition/transversion
ratio and proportion of invariable sites (Guindon et al., 2009).

The ORF10 average nonsynonymous substitution (dN)/synonymous
substitution (dS) rate was calculated using the single-likelihood an-
cestor counting (SLAC) method(Kosakovsky Pond and Frost, 2005).

Evidence of positive selection was searched for using the codon-
based codeml program implemented in the PAML (Phylogenetic
Analysis by Maximum Likelihood) suite (Yang, 2007). We applied dif-
ferent site (NSsite) models. M7 and M8a are null models, M8 is a po-
sitive selection model. M7 assumes that 0 < dN/dS < 1 and is beta
distributed among sites; M8 is the same as M7 but also includes a ca-
tegory of sites with dN/dS > 1, and M8a is the same as M8, but allows
only neutral evolution. The models were run with the F3x4 codon
frequency model, an initial value of ® = 0.4, and a phylogenetic tree
generated for each ORF analyzed, after accounting for recombination
events. To assess statistical significance, twice the difference of the
likelihood (AlnL) for the two models is compared to a X2 distribution
(M7 vs M8, degrees of freedom = 2; (M8a vs M8, degrees of
freedom = 1).

Test for relaxation of selective pressure, we used the RELAX tool
(Wertheim et al., 2015). RELAX evaluates if selection on the test
branches is relaxed (k < 1) or intensified (k > 1) compared to
background branches. In particular, we masked the stop codon in SARS-
CoV lineage strains and we analyzed the full potential coding sequence
both in SARS-CoV lineage and SARS-CoV-2 lineage viruses. We set as
test branches all the branches in the phylogenetic tree that led to SARS-
CoV-2 lineage species, and as background branches all the branches
leading to the SARS-CoV lineage. SLAC and RELAX were performed
using the datamonkey webtool (https://www.datamonkey.org/).

2.5. Protein domain prediction
Transmembrane domains were predicted using different methods:

TMpred (https://embnet.vital-it.ch/software/TMPRED_form.html),
Phobius (Kall et al., 2007), and the MEMSAT-SVM (Nugent and Jones,


https://www.gisaid.org
http://www.ncbi.nlm.nih.gov/
https://www.datamonkey.org/
https://embnet.vital-it.ch/software/TMPRED_form.html
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Fig. 1. Sequence conservation, coding potential, and RNA structure prediction in the SARS-CoV-2 lineage. (a) Phylogenetic tree of SARS-CoV-2 and related animal
viruses. The maximum-likelihood tree was calculated using the ORF1la non-recombining region (see panel b). Colored dots indicate viral sequences. (b) Schematic
representation of recombination events. Each bar represents the recombinant sequence with the corresponding name and the genomic location of the recombination
event. Colors indicate the major and the minor parental sequences (color coding as in panel a); gray color indicates an unknown parental sequence. The location of
the spike protein, its receptor-binding domain (RBD), and the receptor-binding motif (RBM) are also shown. (c¢) Distribution of synonymous site variation. Plot of
synonymous sites substitution (dS) along SARS-CoV-2 lineage coding sequences. The brown line indicates relative dS variability calculated as the ratio of the
observed over the expected values of dS in a sliding window of 25 codons. The red line shows the corresponding p-value and the dashed line represents the p-value
cutoff. A schematic representation of SARS-CoV-2 ORFs is reported; ORFs that are not annotated in the SARS-CoV-2 reference genome (NC_045512.2) are in red
(genomic positions 25,457-25,582, 28,284-28,577, and 28,734-28,955 of the reference SARS-CoV-2 genome correspond to ORF3h, ORF9a, and ORF9b). Gray boxes
indicate recombination events that were masked in the analysis. The location of the three predicted conserved RNA secondary structures is shown. Structures were
rendered using RNAalifold. The color scheme reflects the mutational pattern with respect to the structure. Thus, colors indicate conserved base pairs: from red
(conservation of only one base-pair type) to purple (all six base-pair types are found); from dark (all sequences contain this base pair) to light colors (1 or 2 sequences
are unable to form this base pair). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Ve Y Ve N [ Y
ORF3a [ | T™M1 | | TM2 || TM3 | }
A J A J X J
ORF3h
SARS-CoV MLLLQVLFMLQQRYRYKPHSLSDGLLLALHFLLFFRALPK-
SARS-CoV-2 MLLLQILFALLQRYRYKPHSLSDGLLLALHFLLFFRALPKS
RaTG13 MLLLQILFALLQRYRYKPHSLSDGLLLALHFLLFFKALPRS
BetaCoV/pangolin/Gx/P1E MLLLQILFALLQRYRYKPHSLSDGLLLALHFLLFFRALPK-
BetaCoV/pangolin/Gd/1 MLLLQILFALLQRYRYKPHSLSDGLLLALHFLLFFKALPK-
bat-SL-CovzXC21 MLLLQILFALLQQYRYKPHSLSDGLLLALQFLLFFKALQK-
bat-SL-CoVZC45 VLLLQILFALLQQYRYKPHSLSDGLLLALQFLLFFKALQK-

Fig. 2. ORF3 Transmembrane regions. Schematic representation of the protein product of ORF3a, with the predicted location of transmembrane (TM) regions. The
potential alternative protein encoded by ORF3h is also shown, along with an amino acid alignment of SARS-CoV-2 and related animal viruses. PSIPRED predicted the
boxed region to be transmembrane (dark orange) and pore-lining (blue profile). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

2010) tool from PSIPRED (Buchan and Jones, 2019). MEMSAT-SVM
was also used for the prediction of pore-lining residues.

3. Results
3.1. Sequence conservation and recombination

As mentioned above, in addition to three bat viruses, eight available
pangolin viruses display high sequence similarity to SARS-CoV-2
(Supplementary Table S1) (Zhou et al., 2020; Lam et al., 2020; Xiao
et al., 2020). The genomes of these viruses were obtained using dif-
ferent approaches and display different levels of coverage. We thus
calculated pairwise sequences identities among these genomes. Because
our aim was to perform an analysis of interspecies diversity and con-
servation, we included in our analysis two pangolin virus genomes with
less that 0.90 identity and with the highest coverage (Supplementary
Fig. S1 and Fig. 1a). Thus, the final genome dataset included SARS-CoV-
2 (reference genome, Wuhan-Hu-1), three bat viruses (BatCoV RaTG13,
bat-SL-CoVZC45 and bat-SL-CoVZXC21), and the two pangolin viruses
(Fig. 1a).

Recombination is known to affect evolutionary inference (Martin
et al., 2011). We thus screened the genome alignment using four
methods implemented in the RDP4 software (Martin et al., 2017). In
particular, RDP, GENECONV, MaxChi, and Chimera (Martin et al.,
2017; Sawyer, 1989; Martin and Rybicki, 2000; Posada and Crandall,
2001; Smith, 1992) were used due to their good power in previous si-
mulation analyses (Posada and Crandall, 2001; Bay and Bielawski,
2011). Because our aim was to account for recombination signals, we
used relatively relaxed criteria to define recombination events (i.e., p
value cutoff = 0.05 and detection by at least two methods). Five re-
combination events were detected (Fig. 1b). One of these involves the

RBD domain of the BatCoV RaTG13, BetaCoV/pangolin/Gd/1, and
BetaCoV/pangolin/Gx/P1E. We thus split the genomic alignments into
three large non-recombining regions, whereas shorter regions involved
in recombination events were not analyzed further.

We first used synplot2 to analyze the genomic alignments (Firth,
2014). This program was devised to detect functional elements that
overlap with viral coding sequences. To identify such elements, which
include ORFs with alternative reading frames and RNA structural ele-
ments, synplot2 searches for regions with a statistically significant re-
duction in the rate of substitution at synonymous sites (dS). The ana-
lysis identified six regions of significantly low dS (Fig. 1c). One of these
corresponds to the region of programmed —1 ribosomal frameshifting
(—1 PRF) between ORFs la and 1b. A similar dS reduction was pre-
viously reported in this region for SARS-CoV (using an alignment of
betacoronaviruses) and indicates the presence of an RNA pseudoknot
structure (Firth, 2014; Plant et al., 2005). One signal was present in the
nsp3 region within ORFla, but no potential ORF was found in the
corresponding region, in line with the fact that alternative proteins
encoded from ORFla or ORF1b have not been described in cor-
onaviruses. Likewise, no alternative reading frame was detected in the
prominent signal within the E (envelope) gene. Notably, a reduction of
dS was previously noted in the E gene for other betacoronaviruses,
including SARS-CoV (Firth, 2014). Conversely, the dS reduction within
ORF3a corresponded to the presence of a potential ORF (we refer to this
ORF as ORF3h, for hypothetical, see below) (Fig. 1c and Fig. 2). Like-
wise, the signals in the N gene, some of which did not pass the p value
cutoff, might be accounted for by the presence of two additional ORFs,
as previously described on the basis of similarity to SARS-CoV (Wu
et al., 2020b; Wu et al., 2020a). Failure to reach statistical significance
might be due to low power resulting from the small number of se-
quences.
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As in the case of the —1 PRF, where an RNA pseudoknot was de-
scribed (Plant et al., 2005), a dS reduction might indicate the presence
of RNA secondary structures. We thus used RNAz (Washietl et al., 2005)
to analyze the genome alignments for the presence of conserved RNA
structures. As expected, the RNA pseudoknot was not predicted, as
RNAz is not devised to predict this kind of structures (Hamada, 2015).
Using very conservative criteria (see methods), we detected three
conserved secondary structures (Fig. 1c, Supplementary Table S2). The
first is located within ORFla, at the 3’ boundary of one of the re-
combination events, the second is within ORF3a, and the last one covers
almost entirely the E gene. Clearly, structure conservation might be
secondary to sequence conservation (Washietl et al., 2005). We thus
repeated the RNAz analysis on a genome alignment that included more
divergent coronaviruses (SARS-CoV lineage, Supplementary Table S2).
Using the same criteria as above, the only highly conserved RNA
structure we detected was the one overlapping with the E gene. To-
gether with the strong reduction of dS we observed in the region, this
result supports the presence of a conserved functional RNA element.

3.2. Coding potential of SARS-CoV-2

The coding potential of SARS-CoV-2 has mainly been explored by
comparison with SARS-CoV. At the amino acid level, the percentage of
identity between proteins encoded by the two viruses ranges from
~69% (ORF6) to ~96% (ORF1b and E), with the exclusion of ORF8
(Zhou et al., 2020). SARS-CoV strains of the early epidemic phase ac-
quired a 29-nucleotide deletion which split ORF8 in two functional
ORFs (ORF8a and ORF8b) (Chinese SARS Molecular Epidemiology
Consortium, 2004). SARS-CoV-2 potentially encodes an ORF8 protein
of similar length as the full-length ORF8 of early SARS-Cov isolates,
however identity (32%) is definitely lower than for the other proteins
(Zhou et al., 2020).

Different annotations exist for the internal ORFs of SARS-CoV-2
(Zhou et al., 2020; Wu et al., 2020b; Wu et al., 2020a; Chan et al.,
2020). The potential alternative protein encoded by ORF3 (ORF3h) that
we predicted based on the significantly low dS value is 41 amino acid
long and does not correspond to those previously reported (23 and 57
amino acids in size) (Wu et al., 2020a, Chan et al., 2020). Inspection of
the SARS-CoV genome indicated that protein 3h is potentially encoded
by this virus, as well, and the identity with the SARS-CoV-2 protein is
90%. Analysis of ORF3h protein domains indicated the presence of a
predicted transmembrane helix possibly involved in pore formation
(see methods).

As for the two putative ORFs within the N gene, the results of
synplot2 were not conclusive, as multiple signals were observed, but
most did not reach statistical significance. Two ORFs (9a and 9b) of 97
and 73 amino acids are predicted from the genome sequence of SARS-
CoV-2 and related viruses (Wu et al., 2020b). synplot2 results provide
stronger support for ORF9a. The predicted protein has 72% identity
with the corresponding product encoded by SARS-CoV.

Compared to SARS-CoV, the genome of SARS-CoV-2 may encode an
additional ORF at the genomic 3’ end (designated as ORF10) (Wu et al.,
2020b) (Fig. 1c). The predicted protein product of ORF10 is 38 amino
acids long and is potentially encoded by the pangolin and bat viruses
we analyzed, with the exception of bat-SL-CoVZXC21, in which a one
nucleotide deletion alters the reading frame. It is presently impossible
to determine whether this is the result of a sequencing error or of a
mutation event in this virus. Analysis of more distantly related cor-
onaviruses (SARS-CoV lineage) indicated that the reading frame of
ORF10 is interrupted by a stop codon (Fig. 3). To assess the potential
functional relevance of ORF10, we calculated the nonsynonymous over
synonymous substitution rate (dN/dS). For viruses potentially encoding
the full length protein, dN/dS resulted equal to 3.82, whereas a value
close to selective neutrality (AN/dS = 1.18) was observed for viruses
carrying a truncated ORF10 protein (Fig. 3). High values of dN/dS may
be due to either positive selection or to relaxed purifying selection. To

Infection, Genetics and Evolution 83 (2020) 104353

disentangle these possibilities, we applied the RELAX method, which
evaluates if selection on the test branches (encoding full-length protein)
is relaxed (k < 1) compared to background branches (encoding
truncated protein) (see methods) (Wertheim et al., 2015). We obtained
a k = 5.65, which excludes the hypothesis of relaxed constraint.
Overall, this suggests that ORF10 is evolving under positive selection in
viruses related to SARS-CoV-2. Analysis of the potential ORF10 protein
indicated the presence of a predicted transmembrane domain.

To formally test if positive selection has shaped the diversity of the
coding sequences of SARS-CoV-2 and related viruses, we applied the
likelihood ratio tests (LRT) implemented in the PAML package (Yang,
2007; Yang, 1997). Specifically, we used the codeml program to com-
pare a models of gene evolution that allow (NSsite model M8, positive
selection models) or disallow (NSsite models M7 and M8a, null models)
a class of codons to evolve with dN/dS > 1. The analysis was performed
for ORF1la, 1b, M, 7a, and 8; for ORFs N and 3a, only the portion that
does not overlap with the internal reading frames was analyzed. Other
ORFs (6, 7b), including ORF10, were not analyzed as the power of the
LRTs for short ORFs and few sequences is extremely low. The E ORF
was not analyzed because of its constraints on dS. No evidence of po-
sitive selection was detected for any ORF (not shown).

4. Discussion

Coronaviruses have long and complex genomes with high plasticity
in terms of gene content. This feature is thought to contribute to their
ability to adapt to specific hosts and to facilitate host shifts (Cui et al.,
2019; Forni et al., 2017). It is therefore essential to characterize cor-
onavirus genomes in terms of coding potential and functional elements.
In the case of SARS-CoV-2, the little we know about its genetic make up
mainly derives from comparison with SARS-CoV, which has been ex-
tensively studied since its emergence as a human pathogen in 2002.
However, the coding potential of SARS-CoV-2 is still uncertain and the
presence of non-coding functional elements is poorly explored, even for
SARS-CoV. By allowing the detection of evolutionary constrained se-
quences, comparative genomic approaches can provide clues about the
presence of functional elements, either coding or non-coding. We thus
focused on viruses that are closely related to SARS-CoV-2 and we used
evolutionary inference to characterize their genomes. By searching for
signals of significantly low dS, we identified six genomic regions, one of
these associated with the —1 PRF. The most prominent signal of dS
reduction was observed within the E gene and corresponded to the
presence of a conserved RNA structure, which is shared among SARS-
CoV-2 related viruses and the SARS-CoV lineage. RNA secondary
structures are increasingly recognized as functional elements within
RNA virus genomes. For coronaviruses, the best characterized RNA
secondary structure elements are those located in the genomic 5’ and 3’
ends, which play essential roles in viral transcription and replication
(Yang and Leibowitz, 2015). We did not detect these elements as we
only focused on coding regions, where dS reduction can be calculated.
In addition to the UTRs, the role of an RNA pseudoknot in programmed
—1 frameshifting was mentioned above and is a conserved feature of
coronaviruses (Firth, 2014; Plant et al., 2005; Irigoyen et al., 2016).
However, recent experimental data indicated that structured RNA ele-
ments are pervasive throughout the genomes of RNA viruses (Boerneke
et al., 2019). For instance, extensive probing of several human-infecting
viruses (e.g. HCV, HIV, ZIKV, DENV) revealed that RNA elements have
diverse functions and often modulate viral fitness by regulation of viral
transcription, protein synthesis, and replication, as well as by favoring
the evasion of the host immune responses (Boerneke et al., 2019). For
instance, HCV adopts secondary RNA structures that minimize cleavage
by RNAse L and recognition by protein kinase R, two major components
of the innate immune response (Mauger et al., 2015). Whereas some
RNA structures in viral genomes were found to be conserved across
species or even genera, others are specific to single species and even
strains. Emblematic is the case of an RNA element which is only present
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SARS-CoV-2 GYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNFENLT
RaTG13 MGYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNLNLT
bat-SL-CovzZC45 MGYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNFNFT
BetaCov/pangoling/Gd/1 MGYINVFAFPFTIYSLLLCRMNSRSYIAQVDVVNFNLT
BetaCov/pangoling/Gx/P1E | MGYVNVFAFPFTIHSLLLCRMNSRSYTAQVGIVNFNLT
BM48-31/BGR/2008 MGYVNVFAIPFTIHSLLLCRMNSRS*

HKU3-1 MGYVNVFAIPFTIHSLLLCRMNSRS*
Longquan-140 MGYVNVFAIPFTIHSLLLCRMNSRS*
Rf4092 MGYVNVFAIPFTIHSLLLCRMNSRS*
As6526 MGYVINVFAIPFTIHSLLLCRMNSRS*
Rs4231 MGYVNVFAIPFTIHSLLLCRMNSRS*

Rp3 MGYVNVFAIPFTIHSLLLRRMSSRS*

Rp/Shaanxi2011 MGYVNVFAIPFTIHSLLLCRMNSRN*
Cp/Yunnan2011 MGYVNVFAIPFTIHSLLLCRMNSRN*
BtKY72 MGYVNVFAIPFTIHSLLLCRMNSRN*

Rm1 MGYVNVFAIPFTIHSLLLCRMNSRN*
SARS-CoV MGYVNVFAIPFTIHSLLLCRMNSRN*
LYRall MGYVNVFAIPFTIHSLLLCRMNSRN*
BtRf-BetaCoV/JL2012 MGYVNVSAIPFTIHSLLLCRMNSRN*
BtRs-BetaCoV/HuB2013 GYVINVFAIPFTIHSLLLCRMNSRN*

Fig. 3. (a) ORF10 phylogenetic tree for the SARS-CoV-2 and the SARS-CoV lineages. Viral sequences belonging to the SARS-CoV-2 lineage are colored in red, viruses
belonging to the SARS-CoV lineage are colored in blue. Their corresponding dN/dS values, calculated using SLAC, are also reported. (b) ORF10 protein alignment. An
amino acid alignment of the same viral sequences is shown, along with transmembrane region (TM) prediction (dark orange) by PSIPRED. Asterisks indicate stop
codons. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

in the epidemic Asian ZIKV lineage and absent in the African lineage (Li
et al., 2018). This element engages into long-range intramolecular in-
teractions eventually modulating virus infectivity (Li et al., 2018).

The two additional conserved RNA structure elements we detected
were not associated with a statistically significant reduction in the de-
gree of variability at synonymous sites. This might indicate that they
are less strongly constrained or that we had insufficient power to detect
a dS reduction in the corresponding regions. One of these structures was
located at the 3’ end of one of the recombination events we detected.
Notably, RNA secondary structures were proposed to play a role in
recombination in coronaviruses and other positive sense RNA viruses,
although the mechanisms and effective role of structural elements is
still matter of debate (Bentley and Evans, 2018; Rowe et al., 1997). In
general, only experimental analysis will shed light on the functional
role of the RNA secondary structures we detected and on their re-
levance for SARS-CoV-2 fitness.

We also detected two regions of reduced variability at sysnonymous
sites (one in the nsp3 region and the other in ORF6) which were not
associated with the presence of alternative reading frames nor with
prediction of secondary structure elements. However, we run RNAz
with a recommended window size of 120 nucleotides, which might fail
to detect short structural motifs. Thus, these unexplained signals might
represent additional conserved RNA structures. Further analysis, pos-
sibly with a larger number of SARS-CoV-2-related genomes will clarify
this point. Conversely, two regions of reduced dS corresponded to al-
ternative reading frames (ORF9a and ORF3h). The presence ORF9a was
previously proposed (Wu et al., 2020b) and the encoded predicted
protein shares homology with a multifunctional, well characterized
protein (9b) of SARS-CoV (Xu et al., 2009; Meier et al., 2006). The 9b
protein encoded by SARS-CoV is incorporated into mature virions (Xu
et al., 2009) but is dispensable for viral replication in vitro and in vivo
(von Brunn et al., 2007;DeDiego et al., 2008). When retained in the
nucleus, protein 9b can induce caspase-dependent apoptosis, but its role
in SARS-CoV pathogenesis and virulence is unknown (Sharma et al.,

2011). Conversely, ORF3h was not previously described. The predicted
product of ORF3h, a 40 amino acid protein with a single transmem-
brane domain, shares high homology with the corresponding predicted
product encoded by SARS-CoV and, interestingly, displays features
suggestive of a viroporin. Coronaviruses are known to encode diverse
viroporins, which were acquired through distinct processes and often
independently of each other (Forni et al., 2017). Whereas some of these
proteins are multi-pass membrane proteins, other are short, with a
single transmembrane domain. For instance, the 8a protein encoded by
SARS-CoV is a 39 amino acid long protein with a single transmembrane
domain. The protein oligomerizes to form ion channels and localizes to
the mitochondria, where it can induce apoptosis by depolarization of
the membrane potential (Chen et al., 2011; Chen et al., 2007). Several
coronaviruses encode two viroporins, whereas SARS-CoV encodes three
proteins with channel-forming activity (3a, E, and 8a) (Castano-
Rodriguez et al., 2018), suggesting that multiple viroporins are bene-
ficial for the virus. Because viroporins can modulate virulence and are
regarded as possible targets for antivirals (Forni et al., 2017; Royle
et al., 2015), it will be important to determine whether the 3h protein is
translated and if it displays channel-forming activity. It is also worth
noting that SARS-CoV encodes a 3b protein (154 amino acids in size)
that is translated in a different frame than 3a and inhibits interferon
(IFN) production and signaling (Kopecky-Bromberg et al., 2007). Based
on the synplot2 results, the 3b protein was not predicted to be encoded
by SARS-CoV-2, as no dS reduction was observed other than the puta-
tive ORF3h. In line with this observation, analysis of ORF3 revealed
that the reading frame for the 3b protein is interrupted by a STOP
codon at position 23, indicating that SARS-CoV-2 lacks this IFN an-
tagonist. However, as previously reported, the function of the 3b pro-
tein of SARS-CoV is redundant with those of ORF6 (with an effect on
both IFN production and signaling) and N (which only affects IFN
production), suggesting that distinct, although related coronaviruses
display different arrays of immunomodulatory proteins (Kopecky-
Bromberg et al., 2007).
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Finally, we investigated the evolutionary history of the putative
ORF10, which, in its full-length form, appears to be specific for SARS-
CoV-2 and related coronaviruses. Calculation of dN/dS revealed a value
of 3.82 in these viruses, whereas in the SARS-CoV lineage the ORF
encoding a truncated protein appears to be neutrally evolving. These
data suggest that ORF10 might encode a functional protein in SARS-
CoV-2 and that positive selection is driving its evolution. Again, addi-
tional data, including genomes of other coronaviruses encoding a full-
length protein, as well as experimental analyses, will be required to test
this hypothesis. Indeed, a clear limitation of our study lies in the quality
and paucity of genomes from viruses related to SARS-CoV-2. Available
sequences were obtained using different methods: they most likely
contain errors and display missing information in several regions
(especially the genomes deriving from pangolins). Whereas this is un-
likely to strongly affect most results, especially analyses that were
performed over sliding windows and thus rely signals from relatively
long regions, the availability of additional genomes will indubitably
increase the power to detect selective events and the confidence with
which evolutionary patterns are inferred. For instance, the lack of
evidence of positive selection should not be regarded as conclusive, but
might be due to the low statistical power of the LRT with as few as six
sequences.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2020.104353.
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