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Abstract

over-represented in the reading frames of viral genes.

Background: The Covid19 infection is caused by the SARS-CoV-2 virus, a novel member of the coronavirus (CoV)
family. CoV genomes code for a ORF1a / ORF1ab polyprotein and four structural proteins widely studied as major
drug targets. The genomes also contain a variable number of open reading frames (ORFs) coding for accessory
proteins that are not essential for virus replication, but appear to have a role in pathogenesis. The accessory
proteins have been less well characterized and are difficult to predict by classical bioinformatics methods.

Methods: We propose a computational tool GOFIX to characterize potential ORFs in virus genomes. In particular,
ORF coding potential is estimated by searching for enrichment in motifs of the X circular code, that is known to be

Results: We applied GOFIX to study the SARS-CoV-2 and related genomes including SARS-CoV and SARS-like
viruses from bat, civet and pangolin hosts, focusing on the accessory proteins. Our analysis provides evidence
supporting the presence of overlapping ORFs 7b, 9b and 9c in all the genomes and thus helps to resolve some
differences in current genome annotations. In contrast, we predict that ORF3b is not functional in all genomes.
Novel putative ORFs were also predicted, including a truncated form of the ORF10 previously identified in SARS-
CoV-2 and a little known ORF overlapping the Spike protein in Civet-CoV and SARS-CoV.

Conclusions: Our findings contribute to characterizing sequence properties of accessory genes of SARS coronaviruses,
and especially the newly acquired genes making use of overlapping reading frames.

Keywords: COVID-19, SARS-CoV-2, SARS-CoV, Coronavirus, Accessory genes, ORF prediction, Circular code motifs

Background

Coronaviruses (CoVs) cause respiratory and intestinal
infections in animals and humans [1]. They were not
considered to be highly pathogenic to humans until the
last two decades, which have seen three outbreaks of
highly transmissible and pathogenic coronaviruses, in-
cluding SARS-CoV (severe acute respiratory syndrome
coronavirus), MERS-CoV (Middle East respiratory syn-
drome coronavirus), and SARS-CoV-2 (which causes the
disease COVID-19). Other human coronaviruses (such
as HCoV-NL63, HCoV-229E, HCoV-OC43 or HKU1)
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generally induce only mild upper respiratory diseases in
immunocompetent hosts, although some may cause se-
vere infections in infants, young children and elderly in-
dividuals [1].

Extensive studies of human coronaviruses have led to
a better understanding of coronavirus biology. Corona-
viruses belong to the family Coronaviridae in the order
nidovirales. Whereas MERS-CoV is a member of the
Merbecovirus subgenus, phylogenetic analyses indicated
that SARS-CoV-2 clusters with SARS-CoV in the Sarbe-
covirus subgenus [2]. All human coronaviruses are con-
sidered to have animal origins. SARS-CoV, MERS-CoV
and SARS-CoV-2 are assumed to have originated in bats
[1]. It is widely believed that SARS-CoV and SARS-CoV-
2 were transmitted directly to humans from market
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civets and pangolin, respectively, based on the sequence
analyses of CoV isolated from these animals and from
infected patients.

All members of the coronavirus family are enveloped
viruses that possess long positive-sense, single-stranded
RNA genomes ranging in size from 27 to 33 kb. The cor-
onavirus genomes encode five major open reading
frames (ORFs), including a 5’ frameshifted polyprotein
(ORF1a/ORFlab) and four canonical 3" structural pro-
teins, namely the spike (S), envelope (E), membrane (M)
and nucleocapsid (N) proteins, which are common to all
coronaviruses [3]. In addition, a number of subgroup-
specific accessory genes are found interspersed among,
or even overlapping, the structural genes. Overlapping
genes originate by a mechanism of overprinting, in
which nucleotide substitutions in a pre-existing frame
induce the expression of a novel protein in an alternative
frame. The accessory proteins in coronaviruses vary in
number, location and size in the different viral sub-
groups, and are thought to contain additional functions
that are often not required for virus replication, but are
involved in pathogenicity in the natural host [4, 5].

In the face of the ongoing COVID-19 pandemic, ex-
tensive worldwide research efforts have focused on iden-
tifying coronavirus genetic variation and selection [6-8],
in order to understand the emergence of host/tissue
specificities and to help develop efficient prevention and
treatment strategies. These studies are complemented by
structural genomics [9-11], as well as transcriptomics
[12] and interactomics studies [13] of the structural and
putative accessory proteins.

However, there have been less studies of accessory
proteins, for two main reasons [14]. First, accessory pro-
teins are often not essential for viral replication or struc-
ture, but play a role in viral pathogenicity or spread by
modulating the host interferon signaling pathways for
example. This has led to some contradictory experimen-
tal results concerning the presence or functionality of
accessory proteins. For instance, in a recent experiment
[13] to characterize SARS-CoV-2 gene functions, 9 pre-
dicted accessory protein ORFs (3a, 3b, 6, 7a, 7b, 8, 9b,
9¢, 10) were codon optimized and successfully expressed
in human cells, with the exception of ORF3b. However,
another recent study using DNA nanoball sequencing
[12] concluded that the SARS-CoV-2 expresses only five
canonical accessory ORFs (3a, 6, 7a, 7b, 8).

Second, bioinformatics approaches for the prediction
of accessory proteins are challenged by their complex
nature as short, overlapping ORFs. Such proteins are
known to have biased amino acid sequences compared
to non-overlapping proteins [15]. In addition, the
homology-based approaches widely used to predict
ORFs in genomes are less useful here, because many
accessory proteins are lineage- or subgroup-specific.
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Thus, many state of the art viral genome annotation sys-
tems, such as Vgas [16], only predict overlapping pro-
teins if homology information is available. Other
methods have been developed dedicated specifically to
the ab initio prediction of overlapping genes, for ex-
ample based on multiple sequence alignments and statis-
tical estimates of the degree of variability at synonymous
sites [17] or sequence simulations and calculation of ex-
pected ORF lengths [18].

Here, we propose a computational tool GOFIX (Gene
prediction by Open reading Frame Identification using X
motifs) to predict potential ORFs in virus genomes.
Using a complete viral genome as input, GOFIX first lo-
cates all potential ORFs, defined as a region delineated
by start and stop codons. In order to predict functional
ORFs, GOFIX calculates the enrichment of the ORFs in
X motifs, i.e. motifs of the X circular code [19], a set of
20 codons that are over-represented in the reading
frames of genes from a wide range of organisms. For ex-
ample, in a study of 299,401 genes from 5217 viruses
[20] including double stranded and single stranded DNA
and RNA viruses, codons of the X circular code were
found to occur preferentially in the reading frame of the
genes. This is an important property of viral genes, since
it has been suggested that X motifs at different locations
in a gene may assist the ribosome to maintain and
synchronize the reading frame [21]. An initial evaluation
test of the GOFIX method on a large set of 80 virus ge-
nomes [15] showed that it achieves high sensitivity and
specificity for the prediction of experimentally verified
overlapping proteins (manuscript in preparation). A
major advantage of our approach is that it requires only
the sequence of the studied genome and does not rely
on any homology information. This allows us to detect
novel ORFs that are specific to a given lineage.

We applied GOFIX to study the SARS-CoV-2 genome
and related SARS genomes, with a main focus on the
accessory proteins. Using the extensive experimental
data concerning the SARS-CoV genome and the
expressed ORFs, we first show that the reading frames of
the SARS-CoV ORFs are enriched in X motifs, including
most of the overlapping accessory proteins. Exceptions
include SARS-CoV ORF3b and ORF8b which may not
be functional. Then, we use GOFIX to predict and com-
pare putative genes in related genomes of SARS-like vi-
ruses from bat, civet and pangolin hosts as well as
human SARS-CoV-2.

Methods

Genome sequences

Viral genome sequences were downloaded from the
Genbank database, as shown in Table 1. The Genbank
reference genomes were used as representative genomes
for SARS-CoV and SARS-CoV-2. For the Bat-CoV,
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Table 1 Genome sequences selected for the current study. Note that the SARS-CoV strain hTor02 is from humans infected during
the middle and late phases of the SARS epidemic of 2013, and has a deletion of 29 nucleotides in the region of ORF8

Description Genbank accession number
Bat-CoV Bat SARS-like coronavirus isolate As6526 KY417142
Civet-CoV Civet SARS coronavirus civet007 AY572034
SARS-CoV Human severe acute respiratory syndrome-related coronavirus strain hTor02 NC_004718
Pangolin-CoV Pangolin coronavirus isolate PCoV_GX-P2V MT072864
SARS-CoV-2 Human severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1 MT072688

Civet-CoV and Pangolin-CoV genomes, we selected well
annotated Genbank entries having the highest number
of annotated ORFs. All CDS annotations were extracted
from the Genbank files, and ORF names were standard-
ized according to the SARS-CoV-2 nomenclature
(Table 2).

Definition of X motif enrichment (XME) scores

The X circular code contains the following 20 codons
X={AAC,AAT,ACC,ATC,ATT, CAG, CTC, CTG, GAA,
GAC, GAG, GAT, GCC, GGC, GGT, GTA, GTC, GTT,
TAC,TTC} (1) and has several strong mathematical
properties [19]. In particular, it is self-complementary,
i.e. 10 trinucleotides of X are complementary to the
other 10 trinucleotides of X, and it is a circular code. A
circular code is defined as a set of words such that any
motif obtained from this set, allows to retrieve, maintain
and synchronize the reading frame.

An X motif m is defined as a word containing only co-
dons from the X circular code (1) with length |m| =3 co-
dons and cardinality (i.e. number of unique codons) ¢ >
2 codons. The minimal length |m|=3 codons was
chosen based on a previous study showing that the prob-
ability of retrieving the reading frame with an X motif of
at least 3 codons is 99.9% [22]. The class of X motifs
with cardinality ¢ <2 are excluded here because they are
mostly associated with the “pure” trinucleotide repeats
often found in non-coding regions of genomes [23].

The total length XL, of all X motifs m, of nucleotide
length |my in a frame f (the reading frame or one of
the 2 shifted frames) of a nucleotide sequence s is de-
fined as:

XLf = Z |I’}’If|

WleS

Then the X motif enrichment XMEy in a frame f of a
sequence s of nucleotide length [ is defined as:

100
XLy

XME; =
Ly

where for non-overlapping ORFs: /;=/, and for overlap-
ping ORFs: [;= [ - XL, where XL, is the total length of all
X motifs in the overlapped frame g.

Finally, for an ORF of length / and associated with a
reading frame f, the X motif enrichment score XME is
defined as:

XME = XME;.

GOFIX method

The GOFIX method will be described in detail in a sep-
arate manuscript. Briefly, the method consists of two
main steps:

(i.) Identification of all potential ORFs. Using the
complete genome sequences as input, all potential
OREFs in the positive sense are located, defined as a
sequence region starting with a start codon (AUG)
and ending with a stop codon (UAA, UAG, UGA).
For a given region, if alternative start codons are
found, the longest ORF is selected. In this study, we
selected all ORFs having a minimum length of 120
nucleotides (40 amino acids).

(ii.) Calculation of X motif enrichment scores. For each
potential ORF, all X motifs in the nucleotide
sequence are identified in the three positive sense
frames f using the computational method described
in [24]. For each identified potential ORF, the X
motif enrichment (XMEsand XME) scores are
calculated as defined above. We set the threshold
for prediction of a functional ORF to be XME =5
(i.e. XME score in the reading frame >5), based on
our benchmark studies (data not shown) of
experimentally validated ORFs in a large set of 80
genomes [15] covering a wide range of viruses
(including single-stranded and double-stranded
DNA viruses and single-stranded and double-
stranded RNA viruses). To avoid any statistical bias,
coronavirus genome sequences were excluded from
the benchmark.

Results

Initial study of SARS-CoV reference genome

We first analyzed the complete genome of the well-
studied SARS-CoV and plotted the X motif enrichment
(XME) scores calculated in a sliding window of 150
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Table 2 CDS annotations extracted from Genbank, with ORF names standardized according to the SARS-CoV-2 nomenclature

Name Start Stop Length
Bat-CoV
ORF1a® 265 13,398 13,134
ORF1b* 13,398 21,485 8086
S 21,492 25217 3726
ORF3a 25227 26,051 825
ORF3b 25,648 25,992 345
E 26,076 26,306 231
M 26,357 27,022 666
ORF6 27,033 27,224 192
ORF7a 27,232 27,600 369
ORF7b 27,597 27,731 135
ORF8 27,738 28,103 366
N 28,118 29,386 1269
Pangolin-CoV
ORF1a 249 13,427 13,179
ORF1b 13,427 21514 8086
S 21,522 25,331 3810
ORF3a 25,341 26,168 828
E 26,193 26,420 228
M 26,468 27,136 669
6 27,147 27332 186
7a 27,339 27,704 366
7b 27,701 27,832 132
8 27,839 28,202 366
N 28218 29471 1254
Civet-CoV
ORF1a 239 13,366 13,128
ORF1b 13,366 21,459 8092
S 21,466 25,233 3768
ORF3a 25,242 26,066 825
ORF3b 25,663 26,127 465
E 26,091 26,321 231
M 26,372 27,037 666
ORF6 27,048 27,239 192
ORF7a 27,247 27,615 369
ORF7b 27,612 27,746 135
ORF8 27,753 28,121 369
N 28,123 29,391 1269
ORF9b 28,133 28,429 297
ORF9c 28,586 28,798 213
SARS-CoV-2
ORFla 251 13453 13,203
ORF1b 13,453 21,538 8086
S 21,521 25,369 3849
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Table 2 CDS annotations extracted from Genbank, with ORF names standardized according to the SARS-CoV-2 nomenclature

(Continued)

Name Start Stop Length
ORF3a 25,378 26,205 828
ORF3b© 25,509 25,680 172
E 26,230 26,457 228
M 26,508 27,176 669
ORF6 27,187 27372 186
ORF7a 27,379 27,744 366
ORF7b¢ 27,741 27,872 130
ORF8 27,879 28,244 366
ORFN 28,259 29,518 1260
ORF9b© 28,269 28,562 294
ORFOc* 28,719 28,940 222
ORF10 29,543 29,659 17

SARS-CoV
ORF1a 265 13,398 13,134
ORF1b 13,398 21,485 8086
S 21,492 25,259 3768
ORF3a 25,268 26,092 825
ORF3b 25,689 26,153 465
E 26,117 26,347 231
M 26,398 27,063 666
ORF6 27,074 27,265 192
ORF7a 27,273 27,641 369
ORF7b 27,638 27,772 135
ORF8a 27,779 27,898 120
ORF8b 27,864 28,118 255
N 28,120 29,388 1269
ORF9b 28,130 28426 297
ORFOc® 28,583 28,793 211

2 For convenience, ORF1ab is split into 2 regions corresponding the ORF1ab gene regions upstream and downstream of the frameshift
P SARS-CoV annotation for ORF9c was propagated from Genbank entry AY274119: SARS-CoV isolate Tor2, where it is annotated as ORF14
€ SARS-CoV-2 annotations for ORF3b, ORF7b, ORF9b and ORF9c were propagated from Genbank entry MN985325: Severe acute respiratory syndrome coronavirus

2 isolate 2019-nCoV/USA-WA1/2020

nucleotides for each of the three positive sense frames
(Fig. 1). We then mapped the ORFlab, the four struc-
tural proteins (S, E, M, N), and the nine generally ac-
cepted accessory genes (3a, 3b, 6, 7a, 7b, 8a, 8b, 9b, 9¢)
to the X enrichment plot.

We observe a tendency for the reading frames of the
SARS-CoV OREFs to be enriched in X motifs. For example,
ORFlab is the longest ORF, encoding a polyprotein, which
is translated by a — 1 programmed ribosomal frameshift at
position 13,398. Sequences upstream and downstream of
the frameshift are enriched in X motifs in the correspond-
ing reading frame (green and yellow plots respectively in
Fig. 1a). Other ORFs enriched in X motifs in the reading
frame include the S protein (yellow plot in Fig. 1b) and

the E and M proteins (blue and green plots respectively in
Fig. 1c). The S, E and M ORFs are conserved in all corona-
virus genomes and code for structural proteins that to-
gether create the viral envelope.

The case of overlapping ORFs is more complex. For
example, the last structural protein coded by the N ORF
is overlapped by two accessory genes: ORF9b and
ORF9c. The sequence regions containing the overlap-
ping ORFs are characterized by an enrichment in X mo-
tifs in the 2 frames (green and blue plots in Fig. 1c).

Characterization of known accessory genes in SARS-CoV
The SARS-CoV genome is known to contain four struc-
tural proteins and nine accessory proteins, namely ORFs
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Fig. 1 X motif enrichment (XMEy) scores in the three frames f=0, 1 and 2 (green, blue, yellow respectively) of the SARS-CoV genome, using a
sliding window of length 150 nucleotides. Genomic organization of known ORFs is shown underneath the plots. a Polyprotein gene ORF1ab. b
Spike protein. ¢ C-terminal structural and accessory proteins. The colors used in the enrichment plot and in the boxes representing ORFs (green,

blue, yellow) indicate the three frames 0,1 and 2 respectively

3a, 3b, 6, 7a, 7b, 84, 8b, 9b and 9c. To verify that our ap-
proach can predict the accessory genes in coronavirus ge-
nomes, we used GOFIX to identify all potential ORFs in
the complete SARS-CoV genome and calculate their X en-
richment. Figure 2 shows the X motif enrichment (XME)
scores calculated by GOFIX for the identified ORFs in the
3’ terminal region of the SARS-CoV genome.

The overall performance of GOFIX is shown in Table 3.
Initially, GOFIX found 25 potential ORFs (delineated by
start and stop codons) in the 3" region (21,492-29,751) of
SARS-CoV. Twelve of these 25 potential ORFs were pre-
dicted to be non-functional (see Methods), including 10
unknown ORFs mostly overlapping the S protein. Two
previously annotated ORFs were also predicted to be non-

XME

3b

8b

XME = XMEf=

outlined in blue

Fig. 2 XME; scores calculated by GOFIX for potential ORFs in the 3" terminal region of the SARS-CoV genome, in the three frames f=0, 1 and 2 (green, blue,
yellow respectively). For clarity, only Genbank annotated ORFs or new ORFs predicted in this work are shown. The red line represents the threshold value

5 (where fis the reading frame) for the prediction of a functional ORF. Known ORFs are indicated below the histogram using the color
corresponding to the ORF reading frame. Known ORFs not predicted to be functional by GOFIX are outlined in red. Novel ORFs predicted by GOFIX are
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Table 3 Prediction performance of the GOFIX method on the
set of known ORFs in the SARS-CoV genome

Predicted: YES Predicted: NO Total
Known ORF 11 2 13
Unknown ORF 2 10 12
Total 13 12 25

Sensitivity = 0.85 Specificity = 0.83

functional, namely ORF3b (XME=1.9) and ORF8b
(XME = 0.0) that are discussed in detail below.

GOFIX predicts that 13 of the 25 potential ORFs are
functional, with XME scores (in the reading frame) > 5.
These include 11 previously annotated ORFs, namely
S, 3a, E, M, 6, 7a, 7b, 8a, N, 9b, 9c. Two novel ORFs
are also predicted by the GOFIX method: ORF10
(XME =15.8) is located downstream of the N gene
(29,415-29,496) and a new ORF we called ORFSa (XME =
7.6) that overlaps the S gene (22,732-22,928). These novel
OREFs are discussed in more detail below. It should also be
noted that some ORFs have larger XME scores in the
shifted frames than in the reading frame. This is often
linked to overlapping ORFs where proteins are coded in
more than one frame, for example ORFs 3a and 3b, or
OREFs 9b, 9c¢ that overlap the N ORF.

Comparative analyses of accessory proteins in
coronavirus genomes

Having evaluated the GOFIX method on the well-
studied SARS-CoV genome, we then used it to
characterize and compare the accessory proteins in
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representative strains of five coronavirus genera, includ-
ing SARS-CoV, SARS-CoV-2 and three viruses from ani-
mal hosts with SARS-CoV-like infections. Bat is
considered to be the most likely host origin of SARS-
CoV and SARS-CoV-2. It is generally considered that
transmission to humans occurred via an intermediate
host. For SARS-CoV, civets probably acted as the inter-
mediate host, while pangolin has been proposed as the
intermediate host in SARS-CoV-2 animal-to-human
transmission [25]. For each of the five genomes, we used
GOFIX to predict all potential ORFs in the complete ge-
nomes and calculated the X motif enrichment (XME)
scores for each ORF. Figure 3 gives an overview of the
predicted ORFs in each genome, confirming for example
that the structural proteins S, E, M and N, as well as the
accessory proteins ORF6, ORF7a and ORF7b are con-
served and have XME scores above the defined thresh-
old XME =5. However, important differences in XME
scores are observed for the remaining accessory protein
ORFs.

ORF3b may not code for a functional protein in all CoVs
ORF3a codes for the largest accessory protein that com-
prises 274—275 amino acids (Fig. 4). In SARS-CoV, ORF3a
is not required for virus replication, but contributes to
pathogenesis by mediating trafficking of Spike (S protein)
[4]. It is efficiently expressed on the cell surface, and was
easily detected in a majority of SARS patients. The XME
scores for ORF3a in all the genomes range from 13.8—
19.3, i.e. almost 3 times greater than the defined threshold
for functional ORFs.

7b
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Fig. 3 Prediction of ORFs in representative SARS-like coronavirus genomes. A schema is provided for each genome, showing the Genbank
annotated ORFs and new ORFs predicted in this work. The numbers in the tables below each schema indicate the XME scores in the reading
frame of each ORF. Genbank annotated ORFs that are not predicted to be functional by the GOFIX method are highlighted in red. Novel ORFs
predicted by GOFIX are shown in blue. ORFs with conflicting annotations in Genbank, but predicted by GOFIX are shown in brown. Note that
ORF3b in Civet-CoV and SARS-CoV is not homologous to ORF3b in Pangolin-CoV and SARS-CoV-2
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Civet-CoV 151 GCATTTCTTGCTCTTTTTCACAGCCCTACCAAAATAATTGCGC TCAATAAAAGATGGCAGCTAGCCCTTTATAAG el i R ST RIA CCAA TTTACTCC TGC TATT TERRENRNETA TTCACATCTTTTGC TTGTCGC TGCAGG T 300
SARS-COV_ 151 GCATTTCTTGCTCTTTTTCACAGCGCTACCAAAATAATTGCGC TCAATAAAAGATGGCAGCTAGCCCTTTATAAG g RN Qe NI TCCAATTTACTCCTGCTAT T TRMENMS N TA TTCACATC TTTTGC TTCTCGC TGCAGET 300

Pangolin-CoV 151 GCACTTCTTGCTCTTTTTCACACCCCTTCCAA CTCAAAAAGAGGTGGCAATTTGCTCTCTCCAAGGGTCTTCATTTTCCTTCCAACTTCCTTCTACTATTTCTTACAGTCTACTCTCACCTTTTGCTTGTTCCTGCTGCC 300
SARS-COV-2 151 GCACTTCTTGCTCTTTTTCACAGCGCTTCCAAAATCATAACCC TCAAAAAGAGATGGCAACTAGCACTCTCCAAGGGTGTTCACTTTGTTTCCAACTTGCTCTTGTTCTTTCTAACAGTTTACTCACACCTTTTGCTCCTTCCTGCTGEC 300

301 ATGGAGGCACAATTTTTGTACATCTATGCTCTCATTTATATTCTGCTAGTTGTGAGC TTCTGCAGATTTGTTATGAGATGC TGGC TTTGC TGGAAG TG TAAATCCAAAAACCCATTACTC
301 ATGGAGGCGCAATTTTTGTACCTCTATGCCTTCATATATTTTC TACAATGCATCAACGCAGG TAGAATTATTATGAGATCTTGGC TTTGTTCGAAG TGCAAATCCAACAACCCATTACTT

Bat-CoV

Civet-CoV
SARS-C_OV 301 AT CCCCAATTTTTCTACCTCTATCCCTTCATATATTTTCTACAATCCATCAACGCATCTAGAATTATTATCAGATCTTCCCTTTCTTCCAACTCCAAATCCAACAACCCATTACTT SRR P T TTCTTTCCTGCCAC 450
Parﬁ§olm-CoV 01¢ GCCCAATTTCTCTATCTTTACGCTTTAGTTTATTTTCTGCAAAGTCTTAATGCTTGCAGAATTATTATGAGGC TTTGGC TGTGC TGCAAG TCCAGA TCCAAAAATCCATTACTTTATLRIASVRRINAT TTC TTTCC TGGCAT 450
SARS-CoV-2 301 ¢ GCCCCTTTTCTCTATCTTTATGC TT TAGRISRENSREIS T TGCAGAGTATAAAC TTTG TAAGAA TAATAATGAGGC TTTGGC TTTGC TGCAAA TCCCC TTCCAAAAACCCATTACTTTA T REAMSWNATA TTTTCTTTGC TGGCAT 450

VAL VIR PN T TTC TTTCC TGCCAC 450

TYTcrnccchcn 450

Bat-CoV 451 ACACATAACTATGACTACTGTATACCATATAACAG TG TCACAGA TACANTERIREREIA C TG CAFTRIFNEAAFREI TCAACACCAAAAC TCAAAFEVYTYRTNRC AAA TTGC TG RERRIAEAGGA TTCGCAC TCAGG TG TTAAAGAC TAT 600
Civet-COV 451 ACACATAACTATCACTACTGTATACCATATAACACTGTCACAGATACASRERERRRIA C TEVXAREFNLAAPREI TCAACACCAAAAC TCAAA EVNTNRPNEC AAA TTCC TC RRFREISFACCA TACGCAC TCAGC TG TTAAAGACTAT 600
SARS-COV_ 451 ACACATAACTATCACTACTGTATACCATATA, GTCACAGATACARRERESRRIA C T INARITNLAAFRRITCAACACCAAAAC TCAAA FESTNRINECAAA TTCC TG ML URLMIMACCATAGGCAC TCAGG TG TTAAAGACTAT 600

T cT
Pangolin-CoV 451 ACTAATTGCTATGACTATTGTATACCATATANTACEATAACTTCTTCAATTGTCATTACA TCA SAREPREAEA C TACAAG TCCTATTACAGACCATGACTACCAAATTGGTGGTTATACGGAAAAGTGGGAATCTGGTGTTAAAGACTGT 600
SAl C RESRATA TAC TCAAAAATGGGAATC TGGAG TAAAAGAC TG T 600

ety

ALY TTCAG TC TACACAAATTAC TACAGACAC TISRENRITYYVNICC TACA TTC TTCATC TTTAACAAGC TTGTTAAAGA TCCA - - -CCGAATC TGCAAATACACACA!
AR IRIYSINAC TTCAG TC TACACAAA TTAC TACAGACAC TR PR RTFWINRICC TACATTCTTCATC TTTAACAAGC TTCTTAAAGACCCA - - ~CCGAATG TGCAAA TACACACA
c [RRARLYRIYLINEC TTCAC TC TACACAAATTACTACAGACAC TR PR RPVIVRICC TACATTC TTCATC TTTAACAAGC TTCTTAAAGACCCA - - -CCGAA TG TCCAAATACACACA
TACATCAGAA TGC\UNSSNASTRTNETC TACACAAC TTAG TACAGA TAC T AR ERREIWC A TAC T CTAGAATTCTCCATGAACCAGAAGACCATC TTCAAATTCACACA
AASETRRTTNITYAC C TCAAGAACATC TCCAAATTCACACA

Bat-CoV 601 SRTSRETRRNC A TCCC TA TR
Civet-CoV
SARS-CoV. CTCCTTCT ATIREEY
Pangolin-CoV 601 CTTACATTACATCGTTACTT
SAl

>
a
a
b
]

Bat-CoV YCTTCACCA%{CACCAATCCAYCCAAT'H’ATCAYCAC(CCACCACCACTACTACCCTCCCTYTCTAA

825

Civet-CoV TCTTCAGCAGTT! TCCAGCAACGCATCCAATTTATGA TGAGCCGACGACGAC TACTAGCGTGCCTTTGTAAGCACAAGAAAGTGAG TACGAACTTATGTACTCATTCGTTTCCGAAGAAACAGG TACG JTAA] 886
SARS-CoV TCTTCAGCAGTTGCTAATCCAGCAATGCATCCAATTTATCATGAGCCGACGACGACTACTAGCGTGCCTTTG TAAGCACAAGAAAGTGAG TACCAAC TTATGTACTCATTCGTTTCCCAAGAAACAGG TACG TAA 886
Pangolin-CoV TCATCAGCA BRIREYYNIC CACCAATGCATCCTATCTATGATGAGCCGACGACGACTACTAGCGTGCCTTTGTAA 828
-CoV-2__ 751 SAITCATCCGCAGTTG TTAATCCACTAATCCAACCAATTTATCA TGAACCCACGACGACTACTAGCGTCCCTTTGTAA 828

Fig. 4 a Schematic view of genome organization of ORF3a, ORF3b and E gene. b Multiple alignment of ORF3a, ORF3b sequences, with X motifs
in the reading frame of ORF3a shown in blue. The start and stop codons of the overlapping ORF3b sequences (in the + 1 reading frame of
ORF3a) are indicated by purple and red boxes respectively. X motifs in the reading frame of ORF3b are shown in green

The ORF3b coding sequence overlaps the + 1 reading
frame of ORF3a and sometimes extends beyond the start
codon of the E gene. In SARS-CoV, it is proposed to
antagonize interferon (IFN) function by modulating the
activity of IFN regulatory factor 3 (IRF3) [26]. However,
immunohistochemical analyses of tissue biopsies and/or
autopsies of SARS-CoV-infected patients have failed to
demonstrate the presence of ORF3b in vivo, and the
presence of ORF3b in SARS-CoV-infected Vero E6 cells
is the only evidence for the expression of this protein
[27]. Furthermore, when mice are infected with mutant
SARS-CoV lacking ORF3b, the deletion viruses grow to
levels similar to those of wild-type virus, which demon-
strates that SARS-CoV is able to inhibit the host IEN re-
sponse without the 3b gene [28].

Bat-Cov and Civet-CoV also present ORF3b overlap-
ping the 3" region of ORF3a (start codon at nt 422), al-
though the sequence of Bat-CoV ORF3b is shorter
having a stop codon within the ORF3a sequence (nt
764). We observe a single X motif in the ORF3b reading
frame of length 9 nucleotides (563—571), resulting in low
XME scores of 2.6, 1.9 and 1.9 respectively for Bat-CoV,
Civet-CoV and SARS-CoV ORF3b. We thus predict that
ORE3b is not functional in these strains. This ORF is
not predicted to be present in Pangolin-CoV or SARS-
CoV-2 due to the introduction of a new stop codon

(indicated by *** in Fig. 4) and the loss of the X motif in
the + 1 reading frame.

However, a completely different ORF is identified in
the Pangolin-CoV and SARS-CoV-2 sequences, overlap-
ping the 5" region of ORF3a (132-305). This ORF is not
annotated in the SARS-CoV-2 reference genome
(MT072688), but is annotated as ORF3b in the genome
of another SARS-CoV-2 strain isolated from the first
U.S. case of COVID-19 (MN985325). The Pangolin-CoV
ORE3b sequence contains one X motif in the reading
frame of length 9 nucleotides (183-191), with an XME
score of 4.6. However, the X motif is lost in the SARS-
CoV-2 genome, in agreement with recent ORF expres-
sion data [13].

ORFS8: a rapidly evolving region of SARS-CoV genomes
Previously shown to be a recombination hotspot, ORF8
is one of the most rapidly evolving regions among
SARS-CoV genomes [29]. Furthermore, the evolution of
ORES is supposed to play a significant role in adaptation
to the human host following interspecies transmission
and virus replicative efficiency [30].

In SARS-CoV isolated from bats and civets (as well as
early human isolates of the SARS-CoV outbreak in 2003:
data not shown), ORF8 encodes a single protein of
length 122 amino acids (Fig. 5). However, in SARS-CoV
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B O R ——
a. ‘—/‘/_‘l\
Civet-CoV [ T Pangolin-CoV
sars-cov I I sARs-Cov-2 M.
29 nt deletion
Bat-CoV 1 ATGAAACT T[SESBERRI T TAGGACTCTTAACATCAGTGTATTGCATGCATAAAGAATGCAGTATACAAGAATGTTGTGAAAATCAACCATTCCAACTTG 100
Civet-CoV 1 ATGAAACTT(SEFSRERRIT TG~ - - - - - ACTTGTATTTCTCTATGCAGTTGCATACGCACT[REYRENFNACGCTGTGCATCTAATAAACCTCATGTGCTTG 94
SARS-CoV 1 ATGAAACT T[S SRERBIT TG~ - - - - - ACTTGTATTTCTCTATGCAGTTGCATATGCACTGTAGTACAGCGCTGTGCATCTAATAAACCTCATGITGCTTG 94
PangolinCoV 1 ATGAAATTTCTTGTTTTACTTGGAATACTAACAACAGTACACACATTCCATCAGGAATGTAGTTTACAGTCATGTCAATTCAATTCACCTTATHEXRERRY 100
SARS-CoV-2 1ATGAAATTTCTTGTTTTCTTAGGAATCATCACAACTGTAGCTGCATTTCACCAAGAATGTAGTTTACAGTCATGTACTCAACATCAACCATAT(RENEREY 100
ORF8a ORF8b
«—
Bat-CoV 101 AAGACCCATGTCCAATACATTATTATTCGGACTGGTTTATAAAAATTGGACCTCG---CAAGTCTGCTCGCCTAGTACAACTTTGTGCTGGTGAATATGG 197
Civet-CoV 95 AAGATCCTTGTCCTA[MIAARI IS Y AR IFTYNIGGAATATAAGGTACAAAACLAGGGGTAATACTTATAGCACTGCTTGGCTTTGTGCTCTAGGAAAGGT 194
SARS-CoV 95 AAGATCCTTGT -~ -vvevemmee e~ AAGGTACAACAC[TACIGGGTAATACTTATAGCACTGCTTGGCTTTGTGCTCTAGGAAAGGT 165
Pangolin-CoV 101 PREWRICCATGCCCTATACATTTCTACTCGAAATGGTATATTAGGGTCGGTGCTAG- - - AAAATCTGCACCAT T GINRRAYYRET G T[RRIV SIVYXRINAY 197
SARS-CoV-2 101 LN N§CCGTGTCCTATTCACTTCTATTCTAAATGGTATATTAGAGTAGGAGCTAG- - - AAAATCAGCACCTTTAATTGAATTGTGCGTGGATGAGGCTGG 197
Bat-CoV 198 ACATAGAGTTCCAATACATTATGAAATGTTTGGCAATTATACTATTTCATGTGAACCACTTGAAATAAATTGTCAAAACCCACCAGT TGGAAG T[SiNeENET 297
Civet-COV 195 TTTACCTTTTCATAGATGGCACACTATGGTTCAAACATGCACACCTAATG= === ==~~~ TTACTATCAACTGTCAAGATCCAGCTGGTGGTGCGCTTATA 285
SARS-COV 166 TTTACCTTTTCATAGATGGCACACTATGGTTCAAACATGCACACCTAATG- - == ==~~~ TTACTATCAACTGTCAAGATCCAGCTGGTGGTGCGCTTATA 256
Pangolin-CoV 198 [JTCAAAAACACCTAT TAAA XSS ST HEYEA CTGTTTCTTGTTCACCGTTTACTATAAACTGTCAAGAACCTAAATTAGGT AG T [diEEY 297
SARS-CoV-2 198 TTCTAAATCACCCINRRIXAINT AR T NP AR RI VNI TATACAGTTTCCTGTTTACCTTTTACAATTAATTGCCAGGAACCTAAATTGGGTAGTCTTGTA 297
Bat-CoV 298 [MRACGTTGTTCATAT [ NEAREANAT TT- -~ - - = - - - ATGGAGTATCATGACGTTCGTGTTGTTCTA- -~~~ GATTTCATCAIYY 366
Civet-CoV 286 GCTAGGTGTTGGTACCTTCATGAAGGTCACCAAACTGCTGCATTTAGAGACGTACTTGTTGTTTTAAATAAACGAACAAATTAA 369
SARS-COV 257 GCTAGGTGTTGGTACCTTCATGAAGGTCACCAAACTGCTGCATTTAGAGACGTACTTGTTGTTTTAAATAAACGAACAAATTAA 340
Pangolin-CoV 298 [EICGTTGTTCGTTCTATGAAGACTTT------~-~ RIS EPNSCATGACATTCGTGTTGTTTTA- - -~~~ GATTTCATCEYY 366
SARS-CoV-2 298 GTGCGTTGTTCGTTCTATGAAGACTTT========= TTAGAGTATCATGACGTTCGTGTTGTTTTA- -~~~ GATTTCATCTAA 366

Fig. 5 a Schematic view of genome organization of ORF8, highlighting the 29-nt deletion in SARS-CoV, resulting in 2 ORFs: ORF8a and ORF8b.
b Multiple alignment of ORF8 sequences, with X motifs in the reading frame of ORF3a shown in blue. The start and stop codons of the SARS-CoV

in green

ORF8a and ORF8b sequences are indicated by purple and red boxes respectively. The X motif corresponding to the 29-nt deletion is shown

isolated from humans during the peak of the epidemic,
there is a 29-nt deletion in the middle of ORFS, resulting
in the splitting of ORF8 into two smaller ORFs, namely
ORF8a and ORF8b [31]. ORF8a and ORF8b encode a 39
amino acid and 84 amino acid polypeptide, respectively.
The XME scores in these ORFs are in line with the
known experimental evidence concerning their func-
tions. ORF8a has an XME score of 15.3 in SARS-CoV
and anti-p8a antibodies were identified in some patients
with SARS [32]. In contrast, ORF8b has no X motifs in
the reading frame, and protein 8b was not detected in
SARS-CoV-infected Vero E6 cells [31].

It is interesting to note that although Civet-CoV has a
full-length ORFS, it has a low XME score (XME =4.9)
compared to Bat-CoV (XME =9.9). Thus, it is tempting
to suggest that the loss of X motifs in transmission of
the virus from bats to civets is somehow linked to the
loss of ORF8 in the transmission from civets to humans.
Both Pangolin-CoV and most SARS-CoV-2 strains con-
tain the full length ORFS8, with XME scores of 23.1 and
12.4 respectively. However, a 382-nt deletion has been
reported recently covering almost the entire ORF8 of
SARS-CoV-2 obtained from eight hospitalized patients
in Singapore, that has been hypothesized to lead to an
attenuated phenotype of SARS-CoV-2 [33].

Characterization of ORFs overlapping the N gene
The annotation of functional ORFs overlapping the N
gene is variable in the different genomes studied here. In
SARS-CoV, only ORF9b has been observed to be trans-
lated, probably via a ribosomal leaky scanning mechan-
ism and may have a function during virus assembly [30,
34]. ORF9b limits host cell interferon responses by tar-
geting the mitochondrial-associated adaptor molecule
(MAVS) signalosome. However, some SARS-CoV strains
have an additional ORF9c, annotated as a hypothetical
protein (e.g. Genbank:AY274119). For Bat-CoV and
Pangolin-CoV, no overlapping genes are annotated in
the corresponding Genbank entries. In contrast, the
Civet-CoV genome is predicted to contain both overlap-
ping genes, ORF9b and ORF9c. Similarly, the annotation
of overlapping ORFs for SARS-CoV-2 is different de-
pending on the strain: the reference strain has no over-
lapping ORFs of the N gene, while the U.S. strain has
ORF9b and ORF9c (see Methods). ORF9c is described
as a short polypeptide (70 amino acids) dispensable for
viral replication, but there is no data yet providing evi-
dence that the protein is expressed during SARS-CoV-2
infection.

Here, we predict that ORF9b and ORF9c are present
in all genomes as overlapping ORFs within the N gene
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(Fig. 6). Furthermore, Pangolin-CoV may also have an
additional ORF, that we called ORF9d (XME = 12.7), in
the 3" region of the N gene.

Origin and evolution of ORF10

ORF10 is proposed as unique to SARS-CoV-2 [35] and
codes for a peptide only 38 amino acids long. There is
no data yet providing evidence that the protein is
expressed during SARS-CoV-2 infection. Therefore, we
wanted to investigate the potential origin of this protein.
New proteins in viruses can originate from existing pro-
teins acquired through horizontal gene transfer or
through gene duplication for example, or can be gener-
ated de novo. To determine whether homologs of
ORF10 are present in the other coronavirus genomes,
we relaxed the GOFIX parameters used to predict func-
tional ORFs, and set the minimum ORF length to 60

Page 10 of 13

nucleotides. The predicted ORFs in the different ge-
nomes are shown in Fig. 7. The Pangolin-CoV genome
contains a full-length ORF10 with XME =10.4, com-
pared to the SARS-CoV-2 ORF10 with XME =20.2. A
truncated version of ORF10 coding 26 amino acids is
also detected in the Bat-CoV, Civet-CoV and SARS-CoV
genomes, although this short ORF is probably not func-
tional. We suggest that the ORF10 of SARS-CoV-2 thus
evolved via the mutation of a stop codon (TAA) at nt 76
and the addition of a new X motif of length 15 nucleo-
tides in the 3" region.

Novel ORF overlapping the S gene

The GOFIX method predicts a novel ORF, that we
called ORFSa, overlapping the RBD (Receptor Binding
Domain) of the S (Spike) ORF in SARS-CoV (XME =
7.6) and Civet-CoV (XME = 7.6). ORFSa is found in the

Pangolin-CoV M s
SARS-Cov-2 [

Bat-Cov
Civet-CoV
IS’ARs lIo-C Vv

angolin-CoV 1 ATGTCTGAT
SAR§~C°V-1 1ATGTCTGAT

1ATGTCTCAT
1ATGTCTGAT

Bat-CoV
Civet-CoV
SAl

Bat-CoV
Civet-CoV

PN T CGCACC(Ad VR ddagaATAACAATGT TGCCACC[agda

Bat-CoV
CivetCov 441 JRANREC GCAATCCTINREVNIWRICE TGCCACCGTGC
S-CoV P T COCCACCHARVREAEMIAATAACAAT TGCCACCGTGC

B

SAR!
gzrﬁ&olin-COVGZ TGGCACC ATV TAIAACAACAAT

-CoV-2 438 IfAX4CCCAATCCTGCTAAC TGCAATCGTGC

111 GCCGAAACAGCGCCGACCCCAGGGTTTACCCAATAATACTGCGTCTTGGTTCACAGCTCTCACTCAGCATGGCAAGGAGGAACTTAGATTCC

RS-CoV 111 GCCAAAACAGCGCCGACCCCAAGGTTTACCCAATAATACTGCGTCTTGGTTCACAGCTCTCACTCAGCATGGCAAGGAGGAACTTAGATTCC
Pangolin-Cov 102 GCCAALE R 8 e N SCCCAGGGATTACCCAATAATACTGCGTCTTGGTTCACCGCTCTCACTCAACATGGTAAGGAAGACCTTAGATTCC
SARS-CoV-2 108 AT CAALN N E N e e SCCCAAGGTTTACCCAATAATACTGCGTCTTGGTTCACCGCTCTCACTCAACATGGCAAGGAAGACCTTAAATTCC

Bat-CoV PXIWFNAT CAACACCAATIY ARSI TR LINLFVNA T TCCCTACTACCGAAGAGIRINLAACACGAGT TC[RICCTGGT GACGGCLYVY
[ e o VA PIRFNA T CAACACCAATIN ARSI VTS FNLFVNA T TGCCTACTACCCAAGAGIRINILACACGAGT TCIRICCT GGTGACGGCLYYY
NSV IR NA T CAACACCAATI N gV I N VIA T TGCCTACTACCCAACAGIRINIAACACCACT TC[RICCTCCTCGACGCCLYVY

Pangolin-CoV 212 CGLERFVNFNIFVEIAGCTACCAAAGATGACCAAISRETIR PN IS VNINCCTACCASNETNE S IEG T [depgelehdep NalefepiA A A
SARS-CoV-2 218 CALNREVNINGFVRIAGCCAGT CCAGATGACCAAINREARR YR THSTININACTACCAENETVESTEC T [dRqRgYaaamyaaA

331 TTCTATTACCTAGGAACTGGCCCAGAAGCTTCACTTCCCTACGGCGCTAACAAAY AP RIRIIT GGGTCGCAACTGAGGGAGCCTTGAACACACCCAAAGACCACEY] 440
331 TTCTATTACCTAGGAACTGGCCCAGAAGCTTCACTTCCCTACGGCGCTAACAAA/NNAAF RPN T CCGTTGCAACTGAGGGAGCCTTGAATACACCCAAAGACCACES] 440
SARS-CoV 331 TTCTATTACCTAGGAACTGGCCCAGAAGCTTCACTTCCCTACGGCGCTAACAAAIPY NN dNT CGGTTGCAACTGAGGGAGCCTTGAATACACCCAAAGACCACINY 440
Pangolin-CoV322 TTCTATTACCTTGGAACTGGGCCAGAAGCTGGACTTCCCTATGGTGCTAACAAA[ YN RdaA TATGCGGTTGCAACTGAGGGAGCCTTGAATACACCAAAAGATCACESY 431
SARS-CoV-2 328 NSNS PYSC TAGGAACTGGGCCAGAAGCTGGACTTCCCTATGGTGCTAACAAA(I YA SREATATGGGTTGCAACTGAGGGAGCCTTGAATACACCAAAAGATCACESE 437

AAGGAACAACATTGCCAAAAITSEEISINECCAGAGGGGAGCAGAGGCGGCAGTCAAGCCT 550
AAGCAACAACATTGCCAAAAHRRERPNECCACACCCAACCACAGCCGGCAGTCAAGCCT ss0
AAGGAACAACATTGCCAAAAISRERPNECCAGCAGCGAAGCAGAGGCGGCAGTCAAGCCT 550
AAGGAACAGCTTTGCCTAAARREREPINCCACAAGCGCGCAGCAGCAGGCGGCAGTCAAGCTT 541
AAGCCAACAACATTGCCCAAAAMMREMEINICCACAACCCAGCCACAGCCGGCAGTCAAGCCT 547

9b

AGCAGCTCAGCCCCAGATGGTAC 330
AGAGCTCAGCCCCAGATGGTAC 330
ACAGCTCACCCCCAGATGGTAC 330
AGATCTCAGCTCCACGATGGTAC 321
AGATCTCAGTCCAAGATGGTAT 327

TGGCTAGCGGAREAREFWIACTGCCCTC 660
TCCGCTAGCCCCAAREARERRIACTCCCCTC 660
TCGGCTAGCCCAENRERRIACTGCCCCTC 660
(R NGCCTGCCCTT 651
[ARETMMCCTCCTCTT 657

BEARYCCCAATGC

Pangolin-CoV
SARg-COV 652 GCTTTGCTACTGCTTGATCGG

CCAGCTTGAGAGCAAAGTTTCTGGTAAAGGCCAACAACAACAAGGCCAAACTGTCACTAAGAAATCTGCTGCTGAGGCATCTAA 770
CCAGCTTGAGAGCAAAGTTTCTGGTAAAGGCCAACAACAACAAGGCCAAACTGTCACTAAGAAATCTGCTGCTGAGGCATCTAA 770

9¢
Bat-CoV SSICTTCTCGCTCTTCATCACGTAGTCGCGGTAATTCAAGAAATTCAACTCCTGGCAGCAGTAGGGGAAACT
Civet-CoV SS1CTTCTCGCTCCTCATCACGTAGTCCCGGTAATTCAAGAAATTCAACTCCTGGCAGCAGTAGGG
SARS-CoV SSICTTCTCGCTCCTCATCACGTAGTCGCGGTAATTCAAGAAATTCAACTCCTGGCAGCAGTAGGG
Pangolin-Cc 542 CTTCACGCTCTTCATCACGTAGTCGCAATAGTTCCAGAAACTCAACTCCAGGCAGTAGTAGGGGAACTT T
SARS-COV-2 S48 CTTCTCGTTCCTCATCACGTAGTCGCAACAGTTCAAGAAATTCAACTCCAGGCAGCAGTAGGGGAACTTCTCCTGCTAGAATGGCT MV N
9c
Bat-CoV. 661 GCCCTATTGCTGCTAGACAGA
Civet-CoV 661 GCCCTATTCCTGCTAGACAGA
SARS-CoV 661 CCCCTATTCGCTGCTAGACAGA

GCTTGAGAGCAAAGTTTCTGGTAAAGGCCAACAACAACAAGGCCAAACTGTCACTAAGAAATCTGCTGCTCAGGCATCTAA 770
ATGICACTTGAGAGCAAAATGTCTGGTAAAGGCTCACAACAACAGAGCCAAACAGT CACTAAGAINSISIASIASIJAGGCTTCCAA 761

2§58 GCTTTGCTGCTGCTTGACAGA AGCTTGAGAGCAAAATGTCTGGTAAAGGCCAACAACAACAAGGCCAAACTGTCACTAAGAAATCTGCTGCTGAGGCTTCTAA 767
—
9d
Bat-CoV 771 AAAGCCTCGCCAAAAACGTACTGCTACAAAAYREYFYYIRTRACTCAAGCATTTGGGAGGCGTGGTCCAGAACAAACCCAAGGAAACTTCGGGGACCAAGACCTAATCA 880
Civet-CoV 771 AAAGCCTCGCCAAAAACGTACTGCCACAAAAN RN VNI TaA CTCAAGCATTTGGGAGACGTGGTCCAGAACAAACCCAAGGAAATTTCGGGGACCAAGACCTAATCA 880
SARS-CoV_ 771 AAAGCCTCGCCAAAAACGTACTGCCACAAAAIYREYFVYIRTEACTCAAGCATTTGGGAGACGTGGTCCAGAACAAACCCAAGGAAATTTCGGGGACCAAGACC TCA 880
gﬂn O(I:m\-lcgv 762 GA CCACTAAACAALRN R RERREACTCAGGCATTTGGCAGACGTG AAACCCAAGGAAATTTTGCGGGACCAAGAA CA 871
-CoV-2 768 GAAGCCTCGGCAAAAACGTACTGCCACTAAAGCAIRNSYNERPIACACAAGCTTTCGGCAGACGTGGTCCAGAACAAACCCAAGGAAAT TTT GG CENIEYATY) CA 877
-—
9d

reading frame shown in orange

Fig. 6 a Schematic view of genome organization of ORF N, with overlapping genes ORF9b, 9c and the novel predicted 9d. b Multiple alignment
of ORF N sequences, with X motifs in the reading frame of ORF N shown in blue, in ORF9b in green, in ORF9c in yellow. Start and stop codons of
the overlapping genes are indicated by violet and red boxes, respectively. c. The novel ORF9d predicted in Pangolin-Cov with X motifs in the
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1ATGCCCTAT VAR R RdC CAATTCCCTTTACCGATACATAGTCTACTCTTGTGCAGAATCGAATTCTCCGTAGOTAARC 80
1ATCCCCTAT RV VIS RRRREC CAATTCCCTTTACCATACATACTCTACTCTTCTCCACAATCAATTCTCCTAAQTAARC 80
1ATGCCCTAT VIR R REC CAATTCCCTTTACGATACATAGTCTACTCTTGTCCAGAATGAATTCTCGTAACTAARC 80
1 ATGCCCTAT RV S R dCCTTTTCCCTTTACCATACATAGTCTACTCTTGTGCAGAATCGAATTCTCGTAGCTA
1ATGGGCTATATAY N RRNNECCTTTTCCCGTTTACGATATATAGTCTACTCTTGTGCAGAATGAATTCTCGTAACTACAT 80

Bat-CoV

Civet-CoV

SARS-CoV

Pangolin-CoV

SARS-CoV-2

Bat-CoV 81 AGCACAAGTAGGTTTAGTTAACTTTAATCTCACATAG
Civet-CoV 81 AGCACAAGTAGGTTTAGTTAACTTTAATCTCACATAG
SARS-CoV 81 AGCACAAGTAGGTTTAGTTAACTTTAATCTCACALA
pangolinCovV 81 AGCACAAGTAGGTATAGTTAACTTTAATCTCACATAG
SARS-Cov-2 81 AGCACAA[ RN SIRIYRRIVYNT TTAATCTCACATAG

117
117
117
117
117

Fig. 7 Multiple alignment of ORF10 sequences, with X motifs in the reading frame shown in blue. Stop codons are indicated by red boxes

+1 frame and codes for a protein with 64 amino acids,
as shown in Fig. 8. As the ORFSa sequence was not
present in the Bat-CoV reference genome, we also
searched for the ORF in the genomes of other Bat-CoV
strains, and found one occurrence (XME =6.5) in the
strain WIV16 (Genbank:KT444582) (Fig. 8), another bat
coronavirus that is closely related to SARS-CoV [36].

To investigate whether the novel ORFSa might be a
functional protein in SARS-CoV, we used BlastP to
search the Genbank database for matches to viral pro-
teins. A significant hit was obtained with a sequence
identity of 100% to the protein AAR84376, described as
“putative transmembrane protein 2d” from the genome
of SARS coronavirus strain ZJ01 (AY28632). To further
characterize this putative protein, the Phobius web site
(phobius.sbc.su.se) was used to predict transmembrane

(TM) helices. Two potential TM helices of nearly twenty
amino acids (residues 6-28 and 42-62) were predicted
with a small inter-TM endodomain. Thus, this potential
double-membrane spanning small protein might com-
plement the set of already known SARS-CoV membrane
proteins, namely the Spike (S), membrane (M) and enve-
lope (E) proteins.

Discussion

Coronaviruses are complex genomes with high plasticity
in terms of gene content. This feature is thought to con-
tribute to their ability to adapt to specific hosts and to
facilitate host shifts [1]. It is therefore essential to
characterize the coding potential of coronavirus ge-
nomes. Here, we used an ab initio approach to identify
potential functional ORFs in the genomes of a set of

da.

Bat-CoV ACTTCACAGGCTGT[RENBEANET GGAATACT == === ===~ GCTCAGCAAGATAAGGGTCAATAT -~~~ -~ TATTATAGATCCTCTAGAAAGACAA 1336
Bat-CoV (WIV16) ATTTCACGGGTTGTGTCCTTGCTTGGAATACTAGGAACATTGATGCTACT CAAAGITREYSEIATAATTATAAATATAGATCTCTCAGACATGGCA 1339
Civet-CoV TTTCATCCGTTCTCTCCTTGCTTCGAATACTACCCCTACTTCAAATAATTATAAATATACGTATCTTAGACATGGCA 1339
SARS-CoV ATTTCATGGGTTGTGTCCTTGCTTGGAATACTAGGIY X NRETNIGCTACTTCAAMEASE Y SRIATAATTATAAATATAGGTATCTTAGACATGGCA 1339
pangolin-CoV ATTTTACTGGTTGTGTTA cnccAACTcmnAAccucnccrﬁ TGGTGGTAATTATGGTTATTTGTATAGATTATTTAGAAAGTCTA 1378
SARS-CoV-2 TTTTACACGCTCCCTTTTCGAATTCTAACAATCTTCATTCTA BRI ARTRE YN T ATV SREYISa T ATAGATTGTTTAGGAAGTCTA 1378
Bat-CoV 1337 AACTTAAACCTTTTGAGAGGGACCTATCTTCA- === mmmmmmmmmmmmmmmemmmmeemm e mmm e mm = [TV YYSIARIREICGTACTCTTA 1393
Bat-CoV (WIV16) 1340 AGCTTAGGCCTTTTGAGAGAGATATTTCTAATGTGCCTTTCTCTCCTGATGGCAAACCTTGTACCCCACCT---GCTTTTALYREARENETATECA 1435
Civet-CoV 1340 AGCTTAGGCCCTTTGAGAGAGACATATCTAATGTGCCTTTCTCTTCTGATGGCAAACCTTGCACCCCACCT---GCTCCTALUREARFNATAAECAT[TAA| 1435
SARS-CoV 1340 AGCTTAGGCCCTTTGAGAGAGACATATCTAATGTGCCTTTCTCCCCTGATGGCAAACCTTGCACCCCACCT---GCTCTTALNREARFNRTAAECAT(T AA) 1435
Pangolin-CoV 1379 AGCTTAAACCATTTGAGAGAGATATTTCCACTGAAATATACCAAGCCGGCAGCACACCCTGTAACGGTCAAGTTGGTCTAANBEARE SR SIARIaTTC 1477
SARS-CoV-2 1379 ATCTCAAACCTTTTGAGAGAGATATTTCAACTGAAATCTATCAGGCCGGTAGCACACCTTGTIY SR RRETYYARNIT TTAATTGTTACTTTCCTTTAC 1477
b- gat gat ttc atg ggt tgt gtc ctt gct tgg aat act agg aac att gat gct act tca act ggt aat
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tat aat tat aaa tat agg tat ctt aga cat ggc aag ctt agg ccc ttt gag aga gac ata tct aat
Y N Y K Y R Y L R H G K L R P F E R D I S N
I I I N I G I L D M A S L G P L R E T Y L M

gtg cct ttc tcc cct gat ggc aaa cct tgc acc cca cct get ctt aat tgt tat tgg cca tta
v P F s P D G K P C T P P A L N Cc Y W P L
[ L S 4 L M A N L A P H L L L I v I G H -

Fig. 8 a Multiple alignment of ORFSa sequences, with X motifs in the reading frame of ORFS shown in blue and ORFSa in green. Start and stop
codons of the overlapping genes are indicated by violet and red boxes, respectively. Bat-CoV (WIV16) sequence is from GenbankKKT444582. b
Nucleotide and amino acid sequences of the novel ORF predicted to overlap the Spike protein in the genome of SARS-CoV. The nucleotide
sequence segment (SARS-CoV:nt 22,732-22,926) encodes part (residues 414-478) of the RBD (residues 323-502) of the Spike protein (normal
characters), while the reading frame + 1 encodes a potential overlapping ORF (italics), which we named Sa
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representative SARS or SARS-like coronaviruses. Our
method allows comprehensive annotation of all ORFs.
Surprisingly, the calculation of X motif enrichment is
also accurate for the detection of overlapping genes,
even though the codon usage and amino acid compos-
ition of overlapping genes is known to be significantly
different from non-overlapping genes [15].

We showed that the predictions made by the GOFIX
method have high sensitivity and specificity compared to
the known functional ORFs in the well characterized
SARS-CoV. For example, the annotated ORFs that have
been described previously as non-functional or redun-
dant, notably ORF3b and ORF8b, are not predicted to
be functional by GOFIX. In contrast, we identified a pu-
tative small ORF overlapping the RBD of the Spike pro-
tein in SARS-CoV, that is conserved in Civet-CoV and
Bat-CoV strain WIV16. Protein sequence analysis pre-
dicts that this novel ORF codes for a double-membrane
spanning protein.

We then used the method GOFIX to compare all pu-
tative ORFs in representative genomes, and showed that
most are conserved in all genomes, including the struc-
tural proteins (S, E, M and N) and accessory proteins 3a,
6, 7a, 7b, 9b and 9c. However, a number of ORFs were
predicted to be non-functional, notably ORF8b in SARS-
CoV and ORF3b in all genomes. We also identified po-
tential new ORFs, including ORF9d in Pangolin-CoV
and ORF10 in all genomes.

Concerning SARS-CoV-2, to date, the coding potential
of SARS-CoV-2 remains partially unknown, and distinct
studies have provided different genome annotations [37—
39]. Overall, the genome of SARS-CoV-2 has 89% nucleo-
tide identity with bat SARS-like-CoV (ZXC21) and 82%
with that of human SARS-CoV [40]. A recent annotation
[39] of the SARS-CoV and SARS-CoV-2 genomes identi-
fied 380 amino acid substitutions in 27 shared proteins,
including the four structural proteins and eight accessory
proteins, named 3a, 3b, p6, 7a, 7b, 8b, 9b and orf14 (corre-
sponding to ORF9c here). Our analysis is in agreement
with the previous studies showing that the genome
organization is generally conserved. In particular, ORF9b
and ORF9c are predicted to be expressed in SARS-CoV-2
genome. As expected, the structural proteins, S, E, M and
N are conserved and have similar XME scores. ORF3a,
ORF6 and ORF9b in SARS-CoV-2 also have similar XME
scores to SARS-CoV.

Our ab initio analysis also allowed us to highlight
some important specificities of the SARS-CoV-2 gen-
ome. Previously identified differences include some
interferon antagonists and inflammasome activators
encoded by SARS-CoV that are not conserved in SARS-
CoV-2, in particular ORF8 in SARS-CoV-2 and ORF8a,b
in SARS-CoV. Recent annotations of ORF3b are con-
flictual. For example, some authors have predicted that
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SARS-CoV-2 ORF3b is homologous to SARS-CoV
ORE3b [40], although the proposed SARS-CoV-2 protein
is shorter with only 22 amino acids. In contrast, the
SARS-CoV-2 ORF3b observed in [13] is not coded by
the same region as SARS-CoV-2 ORF3b and the protein
sequence is completely different. Here, we show that
ORE3b has 0 X motifs in SARS-CoV-2, in agreement
with the fact that little expression was observed in recent
experiments aimed at characterizing the functions of
SARS-CoV-2 proteins [13]. ORF10 is supposed to be
unique to SARS-CoV-2, however it is also present in the
Pangolin-CoV genome and its origin can be traced back
to the Bat-CoV, where a truncated ORF of 26 amino
acids, also present in the civet and human SARS-CoV
genomes, can be found. Here, we observe that ORF7a,
ORF7b and ORF9c have reduced XME scores in SARS-
CoV-2. It remains to be seen whether these differences
reflect functional divergences between SARS-CoV and
SARS-CoV-2.

Conclusions

In summary, we have developed a computational method
GOFIX to characterize potential ORFs in virus genomes
and applied the method to study the SARS-CoV-2 and re-
lated genomes. Our analysis of ORF coding potential helps
to resolve some differences in current genome annota-
tions. In addition, we suggest that some annotated ORFs
may not be functional and predict novel putative ORFs in
some genomes. Our findings contribute to characterizing
sequence properties of accessory genes of SARS corona-
viruses, and especially the newly acquired genes making
use of overlapping reading frames.
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