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Abstract

Coronaviruses (CoVs) have complex genomes that encode a fixed array of structural
and nonstructural components, as well as a variety of accessory proteins that dif-
fer even among closely related viruses. Accessory proteins often play a role in the
suppression of immune responses and may represent virulence factors. Despite
their relevance for CoV phenotypic variability, information on accessory proteins
is fragmentary. We applied a systematic approach based on homology detection
to create a comprehensive catalogue of accessory proteins encoded by CoVs. Our
analyses grouped accessory proteins into 379 orthogroups and 12 super-groups. No
orthogroup was shared by the four CoV genera and very few were present in all or
most viruses in the same genus, reflecting the dynamic evolution of CoV genomes.
We observed differences in the distribution of accessory proteins in CoV genera.
Alphacoronaviruses harboured the largest diversity of accessory open reading frames
(ORFs), deltacoronaviruses the smallest. However, the average number of accessory
proteins per genome was highest in betacoronaviruses. Analysis of the evolutionary
history of some orthogroups indicated that the different CoV genera adopted simi-
lar evolutionary strategies. Thus, alphacoronaviruses and betacoronaviruses acquired
phosphodiesterases and spike-like accessory proteins independently, whereas hori-
zontal gene transfer from reoviruses endowed betacoronaviruses and deltacorona-
viruses with fusion-associated small transmembrane (FAST) proteins. Finally, analysis
of accessory ORFs in annotated CoV genomes indicated ambiguity in their naming.
This complicates cross-communication among researchers and hinders automated
searches of large data sets (e.g., PubMed, GenBank). We suggest that orthogroup
membership is used together with a naming system to provide information on protein

function.
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1 | INTRODUCTION

Coronaviruses (CoVs, family Coronaviridae, order Nidovirales) are
a large family of nonsegmented, positive-sense RNA viruses that
infect a wide range of animal hosts. As of 2022, seven human
CoVs are known, all of them zoonotic in origin (Cui et al., 2019;
Forni et al., 2017; Zhou et al., 2020). Three of such human CoVs
are highly pathogenic (SARS-CoV-2, SARS-CoV and MERS-CoV),
whereas the other four (HCoV-OC43, HCoV-NL63, HCoV-229E and
HCoV-HKU1) usually cause mild symptoms (Cui et al., 2019; Forni
et al., 2017; Zhou et al., 2020). All these viruses belong either to the
genus Alphacoronavirus or genus Betacoronavirus, which are divided
into several subgenera. For instance, SARS-CoV and SARS-CoV-2
belong to the subgenus Sarbecovirus, whereas MERS-CoV is classi-
fied in the subgenus Merbecovirus (https://talk.ictvonline.org/taxon
omy/) (Coronaviridae Study Group of the International Committee
on Taxonomy of Viruses, 2020). Two additional CoV genera,
Gammacoronavirus and Deltacoronavirus, include viruses that mainly
infect birds, but also cetaceans, pigs and other mammals (Wille &
Holmes, 2020).

The advent of high-throughput sequencing technologies has
resulted in the identification of an outstanding number of novel
viruses, and the emergence of SARS-CoV-2 has spurred efforts to
characterize CoV genetic diversity, particularly in bats, which are
considered the ultimate reservoir from which SARS-CoV-2 spilled
over (Annan et al., 2013; Anthony et al., 2017; Corman et al., 2015;
Corman, Ithete, et al., 2014; Hu et al., 2017; Lam et al., 2020; Latinne
et al., 2020; Lau et al., 2015; Tao et al., 2017; Wang, Fu et al., 2017,
Yang et al., 2014; Zhou et al., 2021). These studies have indicated
that alphaCoVs and betaCoVs are highly diverse, especially in bats,
rodents and other small mammals, and that they often switch among
hosts (Latinne et al., 2020; Li et al., 2021; Tsoleridis et al., 2019;
Wang et al., 2015, 2020; Wang, Lin et al., 2017; Zhou et al., 2021).
Likewise, a large diversity of gammaCoVs and deltaCoVs is hosted
by wild birds, and cross-species transmission from birds to pigs is
probably responsible for the emergence of porcine deltacoronavirus
(Wille & Holmes, 2020).

The host-switching ability of CoVs is thought to be at least par-
tially due to their genome plasticity and rampant recombination
(Forni et al., 2017). CoV genomes are unusually long and complex
compared to those of other RNA viruses. The genomic organization
and some encoded proteins are shared among all CoVs. Specifically,
two-thirds of the genome consists of two large open reading frames
(ORF1a and ORF1b), which overlap by a few nucleotides at their ter-
mini. Both ORF1a and ORF1b are translated into polyproteins. The
remaining portion of the genome includes ORFs for the structural
proteins, namely spike (S), envelope (E), membrane (M) and nucleop-
rotein (N) (Forni et al., 2017). However, CoVs also encode a variable
number of accessory proteins, which differ in sequence and number
even among closely related viruses. Some of these accessory prod-
ucts such as phosphodiesterases (PDEs), lectin-like molecules and
immunoglobulin domain-containing proteins were probably acquired
from vertebrate hosts, whereas others originated by duplication or

by the exchange of genetic material with other viruses (De Sabato
et al., 2020; Forni et al., 2017; Tan et al., 2020; Wang et al., 2020;
Zhang et al., 2013). Because they are usually dispensable for viral
replication, these accessory ORFs are frequently lost through mu-
tation or deletion, leading to a highly dynamic evolution of gene
content. This ability to acquire and shuffle protein-coding genes
is thought to contribute to host adaptation (Forni et al., 2017).
Importantly, CoV accessory proteins often play a role in the suppres-
sion of immune responses or in immune evasion and, for this reason,
some of them represent virulence factors (Forni et al., 2017). This is
the case, for instance, of the MHV (mouse hepatitis virus) NS2a pro-
tein, a PDE that blocks the oligoadenylate synthetase (OAS)-RNase
L pathway and leads to hepatitis development (Zhao et al., 2012). In
general, the dispensability of accessory proteins for viral replication
makes them an exceptional raw material for the evolution of new
phenotypes.

Despite their potential relevance for CoV ecology and pheno-
typic variability, a comprehensive catalogue of accessory ORFs is
lacking and the evolutionary history of most of these proteins re-
mains unexplored. Moreover, the partial annotation of several CoV
genomes and the absence of a standardized nomenclature system
to classify these proteins makes it difficult to obtain a full picture of
the overall distribution and representation of accessory ORFs in CoV
genomes. To fill such gap in knowledge, we performed a systematic

search and evolutionary analysis of accessory proteins in CoVs.

2 | MATERIAL AND METHODS

2.1 | Viral sequence selection

All complete or coding-complete CoV genomes were retrieved from
the NCBI virus database (https://www.ncbi.nlm.nih.gov/labs/virus/
vssi/) and viral genomes belonging to the same genus were aligned
using MAFFT version 7.475 (Katoh & Standley, 2013). We then calcu-
lated nucleotide pairwise identity for each genus alignment and we
retained strains showing less than 99% identity. Specifically, we cal-
culated pairwise identity scores between all sequence combinations
and, for each genome, we removed all those showing identity 299%
(Table S1). Pairwise identity scores were calculated as 1-(M/N),
where M is the number of mismatching nucleotides and N is the total
number of positions along the alignment at which neither sequence
has a gap or an undetermined character. This procedure generated
a list of 107 alphaCoVs, 136 betaCoVs, 293 gammaCoVs and 34
deltaCoVs.

2.2 | Accessory protein
identification and orthology inference

For each of these selected genomes, we downloaded all annotated
accessory protein sequences from the NCBI database. Proteins an-
notated as “nonfunctional” were removed from the analyses.
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To limit biases of annotation accuracy among different viral
strains, all viral genomes (with the exclusion of the ORF1a/
ORF1b regions) were also analysed with the orrFINDER tool ver-
sion 0.4.3 (Sayers et al., 2011). This tool searches for ORFs in a
given genome and identifies potential protein-coding segments.
Specifically, we searched the positive strand in all three frames
for all possible ORFs with a length of at least 25 codons and with
“ATG” as the start codon. Because of the large number of result-
ing ORFs, additional filtering procedures were adopted. Thus,
out-of-frame overlapping genes (OLGs) were analysed using the
CodScr+SeqComp method (Pavesi, 2021). This approach relies
on one of five prediction criteria: one from the codon scrambling
(CodScr) method (Pavesi, 2000) and four from the sequence com-
position (SeqComp) method (Pavesi, 2020). The former is based
on codon usage, whereas the latter uses known differences in nu-
cleotide and amino acid composition to predict OLGs. Only OLGs
confirmed by the five criteria were included in downstream anal-
yses. These ORFs and all non-OLGs predicted by orrrINDER were
then merged with NCBI annotations.

Annotated and predicted proteins were analysed to infer possi-
ble orthologies with orRTHOFINDER version 2.5.4 (Emms & Kelly, 2015,
2019). orTHOFINDER identifies hierarchical OrthoGroups (OGs) as
groups of genes that are descended from a common gene in the
last common ancestor; an OG can be composed of orthologues and
paralogues.

ORTHOFINDER Was run using “multiple sequence alignment” as
the method for gene tree inference, MarrT as an aligner (Katoh &
Standley, 2013) and rasTTree (Price et al., 2010) for tree inferences.
Coronavirus genera were analysed independently.

All non-OLGs predicted by orrriNDER and longer than 50 codons
were included. However, to limit the number of potentially spurious
ORFs, we retained non-OLGs shorter than 50 codons only if, based
on ORTHOFINDER results, they clustered with one or more annotated

proteins.

2.3 | Remote homology detection

Protein sequences belonging to the same OG were then aligned with
MAFFT and the generated multiple sequence alignment was used as a
template to search for remote homology.

Sequence identity searches are not well suited for the inference
of distant relationship among protein families. Conversely, profile
hidden Markov models (HMMs) and 3D-structure comparisons have
proven to be more sensitive. We thus applied the HHPRED and HHBLITS
tools (Alva et al., 2016; Remmert et al., 2011) to characterize all OGs
identified by orTHOFINDER. Only HHPRED/HHBLITS hits with a probability
higher than 90% were considered significant (Gabler et al., 2020). The
probability criterion is the most sensitive for both HHPRED and HHBLITS
(Gabler et al., 2020). For HHprep we used PDB_mmCIF70_12_Oct,
SCOPe70_2.07, ECOD_F70_20200717,
viral70_23_Aug_2020 as target databases; all other parameters were

and  UniProt-SwissProt-

set as defaults, both for HHPRED and HHBLITS.

2.4 | Alignment and phylogenetic analyses
Phylogenetic maximume-likelihood (ML) trees were generated by the
IQ-TREE software version 1.6.12 (Trifinopoulos et al., 2016). 1Q-TReE
was run by selecting the best-fitting evolutionary model selected
according to the Bayesian Information Criterion (BIC), followed by
reconstruction of an ML tree (MFP +MERGE option). For all trees,
branch supports were calculated using the ultrafast bootstrap
method (UFBoot) with 1000 bootstraps.

To infer phylogenetic relationships among distantly related pro-
teins, two different approaches were applied. In the first approach,
sequences were aligned using the “Expresso” mode (Armougom
et al., 2006) from the T-corree multiple sequence alignment package
(Notredame et al., 2000). Expresso uses BLAsT to identify homologues
within the PDB database and uses the 3D structure information as
a template to build the multiple sequence alignment (Armougom
et al., 2006). This alignment was then used as input for the i1Q-TReE
software as described above.

In the second approach, phylogenetic relationships were re-
constructed using saL-pHY (Redelings & Suchard, 2005; Suchard &
Redelings, 2006). This method jointly infers the alignment and the
tree by applying a Bayesian Markov chain Monte Carlo (MCMC) ap-
proach. Specifically, we ran three different analyses with default pa-
rameters and, after checking for the potential scale reduction factor
to be <1.01, we combined them to find the consensus tree. Branch

support was evaluated by posterior probabilities.

2.5 | Recombination
Alignments of the RdRp domains were screened for the presence
of recombination using the carp tool (Kosakovsky Pond et al., 2006)
from the HypHY package (Pond et al., 2005). This tool uses phyloge-
netic incongruence among segments in the alignment to identify
recombination breakpoints. Recombination events were considered
significant when showing a p-value <.01.

No breakpoint was detected for alphaCoVs, betaCoVs and
gammaCoVs. GArRD detected two breakpoints in the deltaCoV RdRP
alignment. Thus, the longest nonrecombinant region was selected

(420 aa) and a phylogenetic tree were generated as described above.

2.6 | Molecular modelling and protein analysis

Ab initio structural modelling was performed using ROSETTAFOLD
(Baek et al., 2021), an automated software tool that uses deep
learning to accurately predict protein structures based on their se-
quence. The global confidence of each model is evaluated accord-
ing to the mean of the per-residue local distance difference test
(IDDT), ranging from 0.0 (low quality) to 1.0 (high quality), by using
the deep learning network DeepAccNect (Hiranuma et al., 2021).
Low-confidence portions characterized by a per-residue error es-
timate >5 A, probably corresponding to highly flexible/disordered
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regions, have been excluded both from model structures and esti-
mation of IDDT scores.

Signal peptides were predicted using sigNaLp-5.0 (Almagro
Armenteros et al., 2019), transmembrane helices using T™MHMM and
pHoBIUs (Kall et al., 2007; Krogh et al., 2001).

3D structures were analysed with the software pymoL

(Schradinger, 2017), which was also used to create protein figures.

3 | RESULTS

3.1 | Accessory ORF identification and
classification

Our first aim was to obtain a comprehensive catalogue of accessory
proteins encoded by CoVs and to reconstruct their evolutionary re-
lationships. CoV genome sequences available in public repositories
are annotated with different levels of accuracy, and some of them
display no accessory ORF annotation. We thus used a strategy
based on both available annotations and ORF prediction, as sum-
marized in Figure 1. Specifically, we analysed CoV genomes selected
to have less than 99% identity in pairwise comparisons (Table S1).
Annotated accessory protein sequences were downloaded; also, all
genomes (with the exclusion of the ORF1a/ORF1b regions) were
used as an input for orRFFINDER, a program that identifies all ORFs of

a selected minimum size (25 amino acids in this case) in a sequence

i alphaCoV ;

(Sayers et al., 2011). OLGs (out-of-frame overlapping genes) were
only included if they were also confirmed by the CodScr+SeqComp
method (see Materials and Methods). We next combined annotated
and predicted proteins in a common data set and we identified OGs
with orRTHOFINDER, which defines an OG as a group of genes that are
descended from a common gene in the last common ancestor (Emms
& Kelly, 2015, 2019). To limit the number of false positive orFFINDER
predictions, we discarded predicted non-OLGs shorter than 50 co-
dons that did not belong to an OG including at least one annotated
protein. Using these criteria, orTHOFINDER identified 188 OGs for al-
phaCoVs, 107 for betaCoVs, 50 for gammaCoVs and 34 for delta-
CoVs. Such OGs included very different numbers of orthologues,
from one to 288 (https://github.com/dforni5/CoVaccessory).

We next characterized OGs and determined whether some of
them might share distant sequence or structure homology. To this
end, we ran HHPReD and HHBLITS on alignments of orthologs in all OGs
(Alva et al., 2016; Remmert et al., 2011). Both methods were de-
veloped to search for remote homologues and we only considered
hits with a probability higher than 90%, which corresponds to a
conservative cutoff (Gabler et al., 2020). These analyses revealed
known and unknown homologies among OGs. For instance, in line
with recent works (Tan et al., 2021), we found that orthologues in
the large OG to which the SARS-CoV-2 ORF3a protein belongs form
a super-group with other coronavirus proteins (all denoted by the
light green colour in Figure 2). These include ORF5 (also known as
NS5) from MERS-CoV, proteins in alphaOGO01, which are encoded by

i betaCoV ; i gammaCoV ; i deltaCoV ;

FIGURE 1 Overview of the applied
workflow. Schematic representation of
the workflow applied in this study for
the characterization of CoV accessory
proteins and for the identification of
orthogroups/supergroups
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FIGURE 2 AlphaCoV and betaCoV genome organization. A schematic genome organization of representative alphaCoV (a) and betaCoV
(b) genomes. Super-groups and relevant orthogroups are coloured as shown in the key; known and unknown orthogroups are coloured

in black and grey, respectively, and orthogroup names are reported. For all viruses, ORF1ab is not shown to scale and structural proteins
are coloured in white. For human coronaviruses, accessory protein names are also reported. Viruses reported in the figure are as follows:
Common shrew coronavirus Tibet-2014: KY370053; mink coronavirus 1: MN535737; Lucheng Rn rat coronavirus: MT820627; HCoV-
NL63: NC_005831; HCoV-229E: NC_002645; Alphacoronavirus bat-CoV/P.kuhlii/ltaly/3398-19/2015: NC_046964; coronavirus BtRs-
AlphaCoV/YN2018: MK211373; Rousettus bat coronavirus HKU10: NC_018871; Rousettus bat coronavirus GCCDC1: MT350598; Zaria
bat coronavirus: HQ166910; SARS-CoV-2: NC_045512; SARS-CoV: NC_004718; MERS-CoV: NC_019843; Longquan aa mouse coronavirus:
KF294357; HCoV-OC43: NC_006213; HCoV-HKU1: NC_006577; bat Hp-betacoronavirus/Zhejiang2013: NC_025217; Rousettus bat

coronavirus isolate GCCDC1 356: NC_030886

all analysed alphaCoVs, as well as M proteins from CoVs and torovi-
ruses (Table 1, Figure 2). Indeed, it has been suggested that acces-
sory proteins in this OG emerged via duplication of a gene encoding
an M protein followed by diversification (as opposed to conservation
of M) (Ouzounis, 2020; Tan et al., 2021). We will refer to these OGs
as the ORF3a-like super-group (Table 1). Likewise, orTHOFINDER placed
the sarbecovirus ORF8 and ORF7a proteins in the same OG, which
showed homology to alphaOG18, as previously reported (Neches
et al., 2021; Tan et al.,, 2020). These OGs are thus referred to as the
ORF7a/ORF8-like super-group (denoted by the dark green colour in
Figure 2) (Table 1). Similarly, homology was found between two OGs
in deltaCoVs and gammaCoVs (Figure 3 and Table 1). By searching
for among-OG homologies we reconstructed a total of 12 super-
groups (Table 1). However, no OG was found to be common to more
than two subgenera (Table 1).

Clearly, a few super-groups simply reflect the fact that some ac-
cessory proteins encoded by viruses in the same CoV genus/sub-
genus diverged to such a degree that orTHOFINDER assigned them to
distinct OGs. Others unveiled the ancestral common origin of CoVs
or the exchange of genetic material between genera. Thus, in ad-
dition to the ORF3a-like and ORF7a/ORF8-like super-groups, we
found that a small subset of alphaCoVs encode a putative accessory
ORF (denoted by the light orange colour in Figure 2) showing homol-
ogy to a protein encoded by Zaria bat CoV, a betaCoV sequenced
from Nigerian bats (Figure 2; Table 1) (Quan et al., 2010). Likewise,
three alphaCoV genomes harbour ORFs related to the ORF3 protein
encoded by MERS-CoV (light blue colour in Figure 2) (Table 1). Some
other super-groups suggest that CoVs independently acquired ge-
netic material from their hosts or from other viruses, as exemplified
by PDEs (Forni et al., 2017; Zhang et al., 2013). One super-group
included PDEs from alphaCoVs and betaCoVs, but we also identified
a divergent, unannotated PDE in a shrew alphaCoV (all of them de-
noted in orange, Figure 2; Table 1) (see below).

Particular mention is also necessary for a super-group of pro-
teins internal to the N gene. AlphaOGO02 included proteins predicted
in several alphaCoV genomes, whereas betaOG12 and betaOG17
included internal proteins encoded by merbecoviruses (including
MERS-CoV) and embecoviruses (including HKU1) (red colour in
Figure 2; Table 1). Proteins in these OGs were previously reported
to display no mutual sequence homology, and also no similarity to
the ORF9b proteins (betaOGO04) encoded by sarbecoviruses (Wong
et al., 2020). However, HHPRreD identified mutual structural homology
between betaOG12 and betaOG17. HHPRED also detected structural

homology between proteins in betaCoV OG12 and SARS-CoV-2
ORF9b, although with only 84% probability.

Finally, homology was found between proteins in gammaOGO05
(sometimes annotated as 3b) and proteins in deltaOG11 (referred to
as 7b). Because these proteins show distinct locations in gammaCoV
and deltaCoV genomes, they may have originated from intergenus
recombination (Figure 3).

3.2 | Distribution of accessory proteins and OGs in
CoV genomes

We next analysed the distribution of OGs and of accessory proteins
in CoV genomes. BetaCoV genomes displayed, on average, more ac-
cessory ORFs (median: eight ORFs per genome) than all other genera
(medians: six, seven and seven for alphaCoVs, deltaCoVs and gam-
maCoVs, respectively) (Figures 2 and 3). In fact, although we identi-
fied a larger overall number of OGs in alphaCoVs, OGs tended to be
specific to one or a few viruses in this genus (Figure 4a). This held
true for the other genera as well, but an appreciable number of OGs
were also shared by several viruses (Figure 4a). Thus, alphaCoVs en-
code, on average, fewer accessory proteins per genome than viruses
in other genera, but accessory ORFs are more specific to subsets
of alphaCoVs. With the exclusion of the ORF3a-like proteins in al-
phaCoVs (Figure 5a) and of deltaOG1 (Table 1, Figure 6a), no OG
was shared by all CoVs in the same genus, and very few were pre-
sent in more than 50% of the analysed viruses (Figure 4a, https://
github.com/dforni5/CoVaccessory), reflecting the high plasticity and
dynamic evolution of CoV genomes. Also, as previously shown for
SARS-CoV ORF8 and HCoV-229E ORF4, some CoVs carry split ac-
cessory ORFs (Figure 2) (Forni et al., 2017).

To get a general picture of OG and super-group representation in
CoV genomes, we mapped their occurrences on phylogenetic trees
(Figures 5 and 6). Specifically, we identified nonrecombining regions
within the RdRp domains of the viral polymerases of all genera and
we used them for ML phylogenetic reconstruction. As expected, viral
genomes clustered by subgenera and, in the case of betaCoVs, largely
also by OG presence/absence. Indeed, several OGs or super-groups
were shared by all or most viruses in the same betaCoV subgenus
(Figure 5b). This was not the case for alphaCoVs, as only a minority of
OG/super-groups defined viral subgenera. However, some level of OG
clustering by host order was observed, as viruses borne by rodents,
carnivores and shrews tended to harbour specific OGs (Figure 5a).
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TABLE 1 Super-group classification and description

Super-group

ORF3a-like

ORF7a/ORF8-like

PDE

N internal protein

4.8-kDa protein

Ns7a-like

ORF7b-like

ORF8 Zaria

ORF3-like

3x-like

OGs
alphaOGO01

betaOGO02

betaOGO08

betaOG22

alphaOG18
betaOGO1

alphaOG21

alphaOG107

betaOG10

betaOG16

alphaOGO02

betaOG04

betaOG12

betaOG17

betaOG18
betaOG66

betaOG33
betaOG40
betaOG48
betaOGO5

betaOG65
alphaOG11

betaOG76
alphaOG50

betaOG11

alphaOGO08
alphaOG172

Contributing viruses

All alphaCovs

Most sarbecoviruses; includes SARS-CoV-2

ORF3a

All merbecoviruses; includes MERS-CoV
ORF5/NS5

Most hibecoviruses and nobecoviruses

Rodent coronaviruses (luchacoviruses)

All sarbecoviruses; includes SARS-CoV-2
ORF7a/ORF8

Most rodent alphaCoVs (luchacoviruses)

Only one alphaCoV (Shrew-CoV)

All merbecoviruses; includes MERS-CoV
NS4b

Most embecoviruses

Several alphaCoVs

Subset of sarbecoviruses; includes SARS-
CoV-2 ORF9%b

Most merbecoviruses

Most embecoviruses

Subset of embecoviruses

Only one embecovirus (Buffalo coronavirus

B1-28F)
Subset of nobecoviruses
Subset of nobecoviruses
Subset of nobecoviruses; includes HKU9

Several sarbecoviruses; includes SARS-
CoV-2 ORF7b

Subset of sarbecoviruses

Subset of decacoviruses; one
duvinacovirus

Only Zaria bat coronavirus

Two Nyctacovirus; one unclassified
alphaCoV

All merbecoviruses; includes MERS-CoV
ORF3/NS3

Carnivore CoVs (minacoviruses)

FIPV

HHPRED/HHBLITS results

Homology to a number of proteins encoded by
betaCoVs (betaOGO02 and betaOG22)

Homology to proteins encoded by alphaCoVs
(alphaOGO01) and betaCoVs (betaOG22), as well
to the coronavirus/torovirus M protein

Homology to HKU? proteins in betaOG22

Homology to a number of proteins encoded
by alphaCoVs (alphaOGO01) and beta CoVs
(betaOGO02), as well to the coronavirus/
torovirus M protein

Homology to SARS-Cov-2 ORF7a (betaOGO01)
Homology only to ORFs in the same OG

Homology to coronavirus/torovirus/rotavirus
PDEs; homology to cellular PDEs (AKAP7)

Homology to coronavirus/torovirus/rotavirus
PDEs; homology to cellular PDEs (AKAP7)

Homology to coronavirus/torovirus/rotavirus
PDEs; homology to cellular PDEs (AKAP7)

Homology to coronavirus/torovirus/rotavirus
PDEs; homology to cellular PDEs (AKAP7)

Homology to proteins encoded by betaCoVs
(betaOG17)

Homology only to ORFs in the same OG

Homology to proteins encoded by betaCoVs
(betaOG17). Also homology (84% probability)
to sarbecovirus ORF9b protein (betaOGO04)

Homology to proteins encoded by betaCoVs
(betaOG12)

No homology (excluding embecovirus proteins)
Homology to the HS4 protein of MHV (betaOG18)

Homology to HKU9 nonstructural protein 7a
Homology to HKU9 nonstructural protein 7a
No homology

Homology (probability 92%) to uncharacterized
baculovirus proteins; however, homology
extends across a short low-complexity region,
suggesting a false positive result

Homology to SARS-CoV and SARS-CoV-2 ORF7b

Homology to Zaria bat coronavirus ORF8
(betaOG76)

No homology

Homology to MERS-CoV and HKU5 ORF3
(betaOG11)

No homology

No homology

Homology to 3x-like proteins of ferret/mink CoVs
(alphaOGO08)
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TABLE 1 (Continued)

Super-group OGs Contributing viruses

4b-like gammaOGO03 Most gammaCoVs; includes IBV 4b
deltaOGO1 All deltaCoVs

3b-like gammaOGO05 Most gammaCoVs; includes IBV 3b
deltaOG11 Subset of deltaCoVs

With respect to gammaCoVs, OGs clustered by subgenus and divided
viruses hosted by cetaceans (cegacoviruses) from those hosted by
birds (igacoviruses) (Figure 6b). Likewse, in deltaCoVs, OGs tended to
separate CoVs hosted by birds and pigs (Figure 6a).

Analysis of OGs/supergroups by host order indicated that most
(93%) OGs are host order-specific in alphaCoVs and, to a lesser ex-
tent, in gammaCoVs (84%), whereas less than 74% are host order-
specific in betaCoVs and deltaCoVs (Figure 4b). As expected,
chiroptera displayed the largest diversity, both in alphaCoVs and in
betaCoVs. This is unsurprising because bats are the original reservoir
of most alphaCoV and betaCoV subgenera and they account for 65%
of genomes analysed herein. Nonetheless, for chiroptera, as well as
for other orders (e.g., rodentia, carnivora and eulipotyphla), more
OGs were specific in alphaCoVs than in betaCoVs.

With respect to gammaCoVs, the largest OG diversity was ob-
served in galliformes, which account for 97% of the hosts. However,
cegacoviruses, although represented by only three members, showed
a remarkable diversity of accessory proteins (Figure 6a), most of them
specific to this subgenus. Finally, deltaCoVs hosted by passeriformes

showed the most diverse repertoire of accessory proteins (Figure 4b).

3.3 | Evolutionary analysis of OGs

Previous analyses of specific CoV accessory ORFs indicated that these
originate from either cellular or viral genes (Forni et al., 2017). We thus
used HHPRED and HHBLITS to search for remote homologies between
OGs and known proteins (Alva et al., 2016; Remmert et al., 2011).
Again, we set the cutoff for reliable hits at 90% probability (Gabler
etal., 2020). No homology was detected for the large majority of OGs,
reflecting the difficulty of defining relationships among distantly re-
lated homologues. However, for some OGs we detected known and
unknown similarities suggestive of ORF origin and function.

We confirmed that most embecoviruses express haemagglutinin-
esterases that are probably of viral origin (Smits et al., 2005) and
that two nobecoviruses harbour a protein derived from the ns1-1
product (also known as p10) of bat orthoreovirus (Table 2). This pro-
tein belongs to the FAST (fusion-associated small transmembrane)
family of viral proteins (Huang et al., 2016). ORFs derived from other
viruses were also detected in deltaCoVs. For instance, proteins in
deltaOG12, which are harboured by a subset of buldecoviruses,
showed homology to the ns1-1 protein (a FAST protein) from human
Rotavirus B. Because rotaviruses and orthoreoviruses belong to two
distinct subfamilies in the family Reoviridae, we investigated whether
the ns1-1 ORFs were acquired independently in nobecoviruses and

HHPRED/HHBLITS results

Homology to deltaCoV NSé6 proteins (deltaOG1)
Homology to IBV 4b protein (gammaOGO03)
Homology to deltaCoV 7b proteins (deltaOG11)
Homology to IBV 3b protein (gammaOGO05)

buldecoviruses. Thus, we generated a phylogenetic tree with ns1-1
sequences from coronaviruses, orthoreoviruses and rotaviruses.
The results indicated that the nobecovirus and buldecovirus pro-
teins cluster with bat/avian orthoreoviruses and human/porcine ro-
taviruses, respectively (Figure 7). This suggests strongly that FAST
proteins were independently acquired by viruses in the two genera.

An unexpected finding was that accessory proteins in alphaOG20
show sequence and structure similarity to the spike proteins of al-
phaCoVs (Table 2). ORFs belonging to this OG are only found in ro-
dent alphaCoVs (luchacoviruses) and are located immediately 3" of
the M coding region (Figures 2a and 5a). This observation is reminis-
cent of a previous description of a spike-related accessory protein
in a hibecovirus (herein ascribed to betaOG78), but which is located
upstream of the S ORF (Figures 2b and 5b) (Wu et al., 2016). We thus
analysed these spike-like proteins in further detail.

For the spike-like proteins in alphaOG20, HHBLITs found homol-
ogy to the spike protein of BtRf-AlphaCoV/YN2012, a bat alphaCoV.
HHPRED confirmed structural similarity to the spike protein of swine
acute diarrhoea syndrome CoV (SADS-CoV) and HKU2. Alignment
of the predicted proteins to the spike proteins of BtRf-AlphaCoV/
YN2012 and SADS-CoV indicated that the homologous region over-
laps with the receptor binding domain (RBD) (Figure 8a). Likewise, ab
initio modelling using RoseTTAfold (Baek et al., 2021) showed very
good superimposition with the RBD of the SADS-CoV spike protein
(Figure 8b) (Guan et al., 2020).

With respect to the hibecovirus spike-like protein, HHPRED and HH-
BLITs found the S proteins of SARS-CoV-2 and SARS-CoV as best hits.
Sequence and structural alignment using a model built with RoseT TAfold
indicated that the region of homology corresponds to the N-terminal
domain of the sarbecovirus spike protein (Figures 8b and S1).

Although they derive from coronavirus spike proteins, the acces-
sory ORFs in alpha and betaCoVs probably represent independent
acquisitions, either through duplication or recombination. We thus
generated phylogenetic trees of these ORFs and the spike proteins of
all analysed alpha and betaCoVs. Because the spike proteins of lucha-
coviruses and SADS-CoV are thought to have originated through
recombination with betaCoVs, analysis of proteins in alphaOG20
was performed by including both alphaCoVs and betaCoVs (Pan
et al., 2017; Tsoleridis et al., 2019). The results showed both hibeco-
virus and luchacovirus spike-like proteins to be more closely related
to the S proteins of the respective viruses than to other CoV spikes
(Figure 8c). This suggests that the spike-like accessory proteins orig-
inated from independent duplications of the hibecovirus and lucha-
covirus spike genes (either entire or partial). The duplications were
followed by divergence of the newly acquired ORFs.
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Finally, we investigated the evolutionary history of coronavirus
PDEs. Enzymes belonging to the 2H-PDE family (characterized by the
presence of two HxT/S motifs, where x in a hydrophobic residue) are
encoded by embecoviruses and merbecoviruses, although their ge-
nomic locations differ (Figures 2b and 5b) (Thornbrough et al., 2016;
Zhang et al., 2013). These coronavirus PDEs show homology to en-
zymes encoded by toroviruses and rotaviruses, and also to cellular

proteins (AKAP7) (Forni et al., 2017; Zhang et al., 2013). We found
that ORFs encoding PDEs are also present in the genomes of most
luchacoviruses and in a shrew alphaCoV (Figure 5a, Table 1). These
alphaCoV proteins also belong to the 2H-PDE family and share the
same homologies to viral and cellular genes as the betaCoV counter-
parts. To explore the relationships among the viral and the cellular
PDEs, we selected the protein region covering the two HxT/S motifs
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FIGURE 5 Alpha CoV and beta CoV phylogenies and orthogroup distribution. Maximum-likelihood phylogenetic tree of the RdRp region
of alphaCoVs (a) and betaCoVs (b) generated by 1q-TrRee using the LG+ 1+ F + G4 and LG+ R5 models. Internal nodes with bootstrap values
>80% are shown as black dots and tips are coloured according to viral hosts (see key). The distribution of all orthogroups among viral species
is also reported. Super-groups and relevant orthogroups are shown with the same colours as in Figure 2; known and unknown orthogroups
are coloured in black and grey, respectively. Asterisks indicate orthogroups with split/paralogous ORFs. Scale bars are expressed as

substitutions per site

and the intervening sequence. Because phylogenetic inference is
challenging for highly diverged proteins, and alignment errors impact
topological accuracy (Ogden & Rosenberg, 2006), we applied two
different methodologies and compared the resulting trees. Thus,
we aligned the PDE sequences with T1-corree “Expresso” (Armougom
et al., 2006), which uses structural data to inform the alignment, and
generated a tree with 1Q-Tree (Trifinopoulos et al., 2016). In parallel,
we used BALI-PHY to jointly infer the alignment and the tree (Redelings
& Suchard, 2005; Suchard & Redelings, 2006) (see Methods).
The two approaches yielded very similar tree topologies, which
only differed in the placement of the torovirus protein (Figure 9).
Luchacovirus and embecovirus PDEs formed a clade that was more
closely related to the cellular and torovirus/rotavirus than to merbe-
covirus PDEs (Figure 9). The PDE encoded by the shrew alphaCoV
was closely related to the cellular AKAP7 proteins. These observa-
tions suggest that the PDEs of rodent alphaCoVs and embecoviruses
were acquired by an ancestor of these viruses, as also suggested by
the identical genome location of the ORFs (Figure 2). Indeed, the
PDE might have been already present in an ancestor of nidoviruses,
to which toroviruses also belong. Whereas it is impossible to deter-
mine with certainty whether this ancestral PDE was derived from a
cellular or viral gene, it seems safe to assume that the shrew alpha-
CoV PDE derived from an independent gene transfer from a mam-
malian genome or from an unidentified virus (Figure 9). Regarding
the merbecovirus proteins, they probably represent yet another in-

dependent gene gain event.

3.4 | Accessory protein nomenclature

As recently highlighted in the case of SARS-CoV-2, the nomenclature
of CoV accessory proteins is ambiguous and confusing, both in annota-
tions and in the scientific literature (Jungreis, Nelson, et al., 2021). More
generally, the same holds true for alphaCoVs and betaCoVs. For in-
stance, we retrieved the gene and/or product annotations for 181 pro-
teins belonging to the ORF3a-like super-group and we counted at least
19 different names, which appear with different frequencies. Very simi-
lar results were obtained when we analysed 61 viral PDEs with 12 dif-
ferent names (Figure 10). The same babel of names can be observed for
most CoV accessory ORFs (https://github.com/dforni5/CoVaccessory).

4 | DISCUSSION

The emergence of three epidemic coronaviruses in the last two
decades haskindled interest in zoonotic viruses. As a consequence,

a number of studies have contributed to widen our knowledge of
CoV distribution and genetic diversity. Whereas bats have re-
mained the main focus of field surveys, and probably represent
the major natural reservoir of alphaCoVs and betaCoVs, other
small mammals such as rodents and shrews are increasingly recog-
nized to host a large variety of coronaviruses (Annan et al., 2013;
Anthony et al.,, 2017; Corman et al., 2015; Corman, lIthete,
etal.,2014; Corman, Kallies, et al., 2014; De Sabato et al., 2020; Hu
et al., 2017; Lam et al., 2020; Latinne et al., 2020; Lau et al., 2015;
Li et al., 2021; Tao et al., 2017; Tsoleridis et al., 2016, 2019; Wang
et al., 2015, 2020; Wang, Fu et al., 2017; Wang, Lin et al., 2017;
Yang et al., 2014; Zhou et al., 2021). Also, wild birds are known to
host a substantial diversity of deltaCoVs and gammaCoVs (Wille
& Holmes, 2020). These sampling efforts generated a large num-
ber of CoV genomes, which were annotated with different levels
of accuracy, depending on the main purpose for which they were
initially sequenced. In general, information on accessory ORFs has
remained fragmentary and scattered. This is unfortunate for at
least two reasons. First, although dispensable for virus replication,
accessory proteins often play a role at the host-virus interface and
represent virulence factors (Forni et al., 2017). Thus, the comple-
ment of accessory proteins contributes to the pathogenetic po-
tential of specific CoVs. Second, the characterization of accessory
ORFs in terms of origin and diversity provides a window to un-
derstand CoV evolution. We thus applied a systematic approach
to identify, categorize and characterize CoV accessory proteins.
Our analyses identified 379 OGs and 12 super-groups. In line
with previous analyses, we found that some super-groups are shared
by alphaCoVs and betaCoVs, some others by deltaCoVs and gam-
maCoVs. Whereas the relationships among members in the ORF3a-
like and ORF7a/ORF8-like super-groups were previously described
(Neches et al., 2021; Tan et al.,, 2020, 2021), we also detected
homology between an accessory ORF in the genomes of Asian
HKU10-related bat alphaCoVs and a putative protein (annotated as
ORF8) encoded by Zaria bat CoV. The latter was sequenced from
Commerson's leaf-nosed bats in Nigeria and is one of the few repre-
sentatives of the hibecovirus subgenus (Quan et al., 2010). Proteins
in this super-group show no homology to any other know protein,
either of viral or of cellular origin, and they display distinct locations
in alphaCoV and in Zaria bat CoV genomes. Another similar instance
of shared accessory proteins in alphaCoVs and betaCoVs involves
the ORF3 protein encoded by all merbecoviruses and by three bat
alphaCoVs isolated in Italy and Australia. As in the case above, the
locations of these accessory proteins differ in merbecoviruses (3’
of the S ORF) and alphaCoVs (3’ of N). These observations suggest
that the sharing of these ORFs in alphaCoVs and betaCoVs is due
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FIGURE 6 DeltaCoV and GammaCoV phylogeny and orthogroup distribution. Maximum-likelihood phylogenetic tree of the RdRp region
of deltaCoV (a) and gammaCoV (b) generated by ia-TrRee using the LG+ G4 and JTT +F + R6 models. Relevant internal nodes with bootstrap
values >80% are shown as black dots. Super-groups and relevant orthogroups are shown with the same colours as in Figure 3; unknown
orthogroups are coloured in grey. Asterisks indicate orthogroups with split/paralogous ORFs. Scale bars are expressed as substitutions per

site

to recombination rather than to common ancestry. Similarly, the
genomic locations of 3b proteins in gammaCoVs and 7b proteins
in deltaCoVs are distinct, again suggesting the action of recombi-
nation. Indeed, recombination events among viruses in different
subgenera are thought to have generated the spike proteins of a

subset of alphaCoVs, including SADS-CoV and luchacoviruses (Pan
et al., 2017; Tsoleridis et al., 2019). This indicates that recombination
is not limited to closely related CoVs, but can also occasionally occur
between members of different genera. A recent analysis of the four
CoV genera, though, showed that recombination is ubiquitous among
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TABLE 2 List of relevant orthogroups

oG Viruses

alphaOG16 Seven bat viruses

Homology results

Family of viral and host proteins containing Ig-like domains (e.g., HCMV RL11 and

adenovirus protein E3)

Spike protein of alphaCoVs (SADS-CoV and HKU2)

Phosphoribosylamine-glycine ligase domain of bacterial and eukaryotic organisms

RNA binding proteins, either from viruses (e.g., nonstructural protein 3 of Rotavirus C,
Pernambuco mycovirus 1, Thika virus, NSP1 from Porcine rotavirus) or from cellular

organisms (e.g., rat dsRNA-specific editase 1, human interferon-inducible double
stranded RNA-dependent protein kinase activator A, human TAR RNA-binding

Influenza virus and torovirus haemagglutinin-esterase

Several viral and cellular proteins carrying Ig-like domains. Most viral proteins with high
similarity are encoded by human herpesviruses

Capsid protein (VP90) of mamastoviruses and human/porcine artroviruses

Uridine kinases from many different cellular organisms

alphaOG20 All rodent CoVs (luchacoviruses)
alphaOG63 Two rodent viruses C-type lectin domain
alphaOG86 FIPV and TGEV
betaOGO09 Most merbecoviruses; includes

MERS-CoV ORF4a/NS4a

protein 2)

betaOG13 All embecoviruses
betaOG36 Subset of merbecoviruses hosted

by hedgehogs
betaOG56 Two bat nobecoviruses Rotavirus ns1-1 proteins
betaOG78 Only one hibecovirus SARS-CoV-2 spike protein
gammaOG15 Three cegacoviruses
gammaOG18 Three cegacoviruses
deltaOG12 Six Buldecoviruses ns1-1 product of Rotavirus B

buldecovirus deltaOG12

100

porcine rotavirus B

nobecovirus betaOG56

bat orthoreovirus

avian orthoreovirus

0.4

human rotavirus B

FIGURE 7 FAST proteins in nobecoviruses and buldecoviruses. Maximum-likelihood phylogenetic tree showing the relationship

among coronavirus and reovirus FAST proteins. The tree with bootstrap values was generated by 1Q-TrRee using the best fitting substitution
model (LG+ G4). In addition to nobecovirus (betaOG56) and buldecovirus (deltaOG12) proteins, the FAST proteins of human rotavirus B
(YP_008126848 and AAF69263), porcine rotavirus B (BAL04357 and AUG44809), bat orthoreovirus (JF811580 and NC_020448) and avian
orthoreovirus (AIA57457 and DQ996607) were included. Orthogroups are shown with the same colours as in Figures 2 and 3. Scale bar is

expressed as substitutions per site

genetically similar viruses, but less common when genetic distances
increase (Vakulenko et al., 2021). This pattern was observed for all
genera and probably results from incompatibilities of genome frag-
ment combinations (Vakulenko et al., 2021). Their study, however,
did not analyse accessory ORFs, but only the essential genes. It is
thus unclear how often recombination events can lead to the ex-
change of accessory ORFs between CoV genomes.

It is similarly uncertain whether recombination patterns play a
role in explaining differences in the number and distribution of ac-
cessory proteins in coronaviruses from different genera. AlphaCoVs

display, on average, fewer accessory ORFs per genome compared to
the other genera, but the encoded proteins belong to many different
OGs and tend to be virus-specific. With the exclusion of the ORF3a-
like proteins, which are a hallmark of alphaCov genomes (https://
talk.ictvonline.org/ictv-reports/ictv_9th_report/positive-sense
-rna-viruses-2011/w/posrna_viruses/222/coronaviridae), most OGs
only appear in one or a few alphaCoVs. Conversely, in betaCoVs and
deltaCoVs several accessory proteins are shared among viruses in
the same subgenera, and their distribution mirrors phylogenetic re-
lationships. This also holds true, to some extent, for gammaCoVs, as
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FIGURE 8 Spike-like proteins in alphaCoVs and betaCovs. (a) Alignment of the spike-like proteins of luchacoviruses (dark grey) with the
spike proteins of SADS-CoV and BtRf-AlphaCoV/YN2012 (blue). Fully conserved residues are shaded in yellow. The red triangles denote the
start and end of the predicted RBD of SADS-CoV spike protein. The green bar indicates the predicted signal peptide in spike-like proteins.
(b) 3D structure superimposition of (left) the ab initio 3D model of alphaOG20 spike-like protein (NC_032730) to the RBD of SADS-CoV
spike protein (PDB ID: 6 M39) and of (right) the ab initio 3D model of betaOG78 spike-like protein (NC_025217) to the N-terminal domain
of SARS-CoV2 spike protein (PDB ID: 7B62). The IDDT scores for alphaOG20 and betaOG78 spike-like protein models were 0.75 and 0.73,
respectively. Dark grey cartoons correspond to spike-like ab initio models, and blue cartoons to spike protein structures. (c) Phylogenetic
trees of spike proteins and spike-like proteins identified in luchacoviruses (left, alphaOG20) and hibecoviruses (right, betaOG78). Tip colour
indicates alpha (red) and beta (blue) CoVs. The position of SADS-CoV is indicated by a yellow triangle, along with relevant CoV subgenera.
The trees were generated with 1o-Tree using the WAG+I + G4 model. Bootstrap values for relevant internal nodes are also reported. Scale
bars are expressed as substitutions per site
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FIGURE 9 Phylogenetic relationship among phosphodiesterases. Phylogenetic trees showing the relationship among viral and host
phosphodiesterases. A maximum-likelihood tree with bootstrap values (a) generated by iQ-Tree using the JTT +1+ G4 model and a Bayesian
tree with posterior probabilities (b) generated by BaLi-pPHY are reported. Values are shown for relevant internal nodes only. IDs for human
AKAP7, mouse AKAP7, porcine torovirus PDE and rotavirus a VP3 are NP_057461.2, NP_001366167, YP_008798231 and YP_002302228,

respectively. Scale bars are expressed as substitutions per site

FIGURE 10 Ambiguous nomenclature
of accessory proteins. Word clouds for
gene and/or product annotations for
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a large fraction of accessory protein diversity and suborder-specific
ORFs are accounted for by the presence of cegacoviruses, which
have the largest genomes among CoVs and display a number of
unique ORFs (Woo et al., 2014).

The reason(s) for the different distribution of accessory ORFs in
CoVs genomes are presently unknown. Experimental and theoretical
work on virus genome evolution has indicated that the stability of a
new insert (in this case an accessory ORF) depends on the nature
of the genome, the site, size and sequence of the insert, and the re-
combination rate (Willemsen et al., 2017; Willemsen & Zwart, 2019).
However, other factors play a very important role, as well. These
include host range, host-switch frequency and demographic con-
ditions, such as viral population and bottleneck sizes (Willemsen &
Zwart, 2019). Unfortunately, detailed and systematic information on

these parameters is not available for CoVs.

Despite these differences, it is worth noting that some evolu-
tionary strategies seem to be shared by CoVs in different genera.
Thus, both alphaCoVs and betaCoVs probably acquired PDEs and
spike-like accessory proteins independently. Although it is difficult
to reliably infer the evolutionary history of distantly related proteins,
the two methods we used showed good concordance in the topology
of the PDE tree. If the genomic locations of these ORFs is also taken
into account, the most likely scenario is that the PDEs encoded by ro-
dent alphaCoVs and by embecoviruses were acquired by an ancestor
of these viruses from a cellular or viral source. The clustering of the
shrew alphaCoV PDE with human and rodent AKAP7 proteins sug-
gests arecent, independent horizontal gene transfer from a mamma-
lian genome, although transfer from a presently unidentified (corona)
virus cannot be excluded. Concerning the merbecovirus proteins,

these probably represent another independent acquisition, through
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either horizontal gene transfer or recombination. Interestingly, all
these CoV PDEs, as well as those encoded by toroviruses and rota-
virus A, belong to the 2H-phosphoesterases superfamily and recent
analyses indicated that they all have 2’,5"-oligoadenilates as the pre-
ferred substrate (Asthana et al., 2021). This is consistent with data
showing that the MHV and MERS-CoV enzymes can block RNAse L
activation and promote evasion from the host innate immune system
(Thornbrough et al., 2016; Zhang et al., 2013). Clearly, the finding
that these viral enzymes were acquired multiple times underlines
their relevance in CoV evolution and adaptation.

Likewise, we found that the acquisition of nsl-1-related pro-
teins occurred independently in nobecoviruses and buldecoviruses.
Notably, ns1-1 proteins from orthoreovirius and rotavirus B function
as FAST proteins. These proteins are fusogenic and mediate the for-
mation of syncytia in mammalian cells, thus enhancing cell-to-cell
virus spread (Diller et al., 2019; Huang et al., 2016). Thus, the FAST
proteins encoded by CoV genomes might favour viral dissemination
in the host independently of receptor binding. Importantly, FAST
proteins represent major pathogenicity determinants in orthoreovi-
ruses (Kanai et al., 2019).

The spike-like accessory proteins we identified in luchacoviruses
and the one previously described in a hibecovirus (Wu et al., 2016)
probably also represent independent acquisitions from different
sources (i.e., viruses closely related to those carrying the respective
spike-like accessory ORFs). It is worth noting that proteins in the
two OGs correspond to distinct regions of the spike protein, but in
both cases they cover the S1 region, which is a major target of neu-
tralizing antibodies (Du et al., 2009; Kubo et al., 1994; Sadarangani
et al,, 2021; Zhou et al., 2018). The spike-like proteins of luchacovi-
ruses are predicted to present a signal peptide, but no transmem-
brane region. These findings, as well as the sequence and structure
similarity restricted to the RBD region, suggest that these proteins
are secreted and may function as decoys for the host immune sys-
tem. Such a strategy was suggested to be exploited by Ebola virus:
a soluble form of the viral glycoproteins (sGP) is secreted during in-
fection and functions as a modulator of the host immune response
(Zhu et al., 2019). sGP absorbs antibodies against the full-length
protein and, at least in mouse models, induces cross-reactivity with
epitopes it shares with membrane-bound GP (Mohan et al., 2012;
Murin et al., 2014). Thus, the characterization of accessory proteins
in terms of homology and sequence features can generate testable
hypotheses about their function and possible relevance for CoV
biology.

Of course, our study has limitations. The most relevant one is
that the accessory protein sequences we analysed derive from an-
notations and/or ORF predictions. Thus, some of these proteins
may not be translated during viral infection. The other side of the
coin is that proteins that are not included in our catalogue may be
produced and may have functional effects. Indeed, to limit false
positive predictions, we restricted our analyses to OLGs longer than
25 codons that are predicted by the CodScr+SeqComp method.
For instance, in the case of SARS-CoV-2, these criteria result in

the exclusion of ORF3c (internal to ORF3a and not predicted by
CodScr+SeqComp), which is likely to be functional, as assessed by
sequence conservation and experimental data (Finkel et al., 2021;
Jungreis, Nelson, et al.,, 2021; Jungreis, Sealfon, & Kellis, 2021;
Nelson et al., 2020). Also, non-OLGs shorter than 50 codons were
discarded if they did not cluster in an OG with annotated proteins.
Taking SARS-CoV-2 again as an example, failure to apply these cri-
teria would result in the prediction of three short ORFs partially
overlapping with S and ORF3a, ORF3a and M, and M and E. The
resulting proteins have never been described and are unlikely to
be produced. Although necessary, these criteria are arbitrary and
are likely to introduce biases and inconsistencies, as ORFs from
the best annotated genomes and the most investigated genera/
subgenera are preferentially retained. In this respect our analysis
is not truly comprehensive. Nonetheless, it is difficult to reliably
estimate the coding potential of so many CoVs without extensive
proteomic data or ribosome profiling experiments. Methods based
on measuring the selective pressure acting on single ORFs (e.g.,
by estimating dN/dS, the ratio of divergence at nonsynonymous
and synonymous sites) can provide valuable information and com-
plement the approach we applied herein, as previously shown in
SARS-CoV-2 (Cagliani et al., 2020; Jungreis, Nelson, et al., 2021;
Jungreis, Sealfon, & Kellis, 2021; Nelson et al., 2020).

Another shortcoming is that OG and super-group classifica-
tion, as well as inference of ORF origin, are influenced by the abil-
ity of existing tools to detect remote homologies. Consequently,
we cannot exclude that proteins in different OGs once shared
a common ancestor (i.e., that they are orthologues). Likewise,
we were unable to trace the evolutionary history of most OGs.
Nevertheless, one of the main goals of this work was to provide an
overview of accessory protein distribution and diversity, regard-
less of their ultimate origin, to facilitate future studies. Such an
overview is necessarily limited to and possibly biased by the avail-
able sample of CoV genomes.

Finally, it is important to underline that an analysis of pub-
lished studies indicated that conflicting names have been used
for the accessory proteins of SARS-CoV-2 with, consequently,
erroneous functional inferences (Jungreis, Nelson, et al., 2021).
Our analysis of ORF names in several annotated CoV genomes
confirms that substantial ambiguity exists. This complicates the
cross-communication among researches and hinders automated
searches of large data sets (e.g., PubMed, GenBank). Jungreis and
co-workers, who included members of the Coronaviridae Study
Group of the ICTV, suggested that accessory protein nomencla-
tures should be based on homology recognition (Jungreis, Nelson,
et al., 2021). We suggest that OG membership might be used to-
gether with the name to provide information about protein func-
tion. We thus make sequences of all OGs available (https://github.
com/dforni5/CoVaccessory), in the hope that they will facilitate
the annotation of CoV genomes that will be sequenced in the
future, as well as the analysis of those genomes that are already
available.
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