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A B S T R A C T

The new SARS-CoV-2 poses a significant threat to human health but many aspects of its basic biology remain
unknown. Its genome encodes accessory genes that differ significantly within coronaviruses and contribute to
the virus pathogenicity. Among accessory genes, open reading frame 8 (ORF8) stands out by being highly
variable and showing structural changes suspected to be related with the virus ability to spread. However, the
function of ORF8 remains to be elucidated, making it less studied than other SARS-CoV-2 genes. Here I show that
ORF8 is poorly conserved among related coronaviruses. The ORF8 phylogeny built using 11,113 SARS-CoV-2
sequences revealed traces of a typical expanding population with a small number of highly frequent lineages.
Interestingly, I detected several nonsense mutations and three main deletions in the ORF8 gene that either
remove or significantly change the ORF8 protein. These findings suggest that SARS-CoV-2 can persist without a
functional ORF8 protein. Deletion breakpoints were found located in predicted hairpins suggesting a possible
involvement of these elements in the rearrangement process. Although the function of ORF8 remains to be
elucidated, its structural plasticity and high diversity suggest an important role in SARS-CoV-2 pathogenicity.

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the causative agent of the coronavirus disease 2019 (COVID-19), a
large global outbreak with severe public health consequences (Wu
et al., 2020; Zhou et al., 2020). SARS-CoV-2 belongs to the Betacor-
onavirus genus, which is divided into four lineages (A–D). Lineage B
(subgenus Sarbecovirus) includes SARS-CoV-2 and SARS-CoV, the virus
responsible for the 2002–2003 SARS outbreak in Asia (Cui et al., 2019;
Forni et al., 2017). The Middle East respiratory syndrome coronavirus
(MERS-CoV), responsible for several outbreaks since 2012, belongs to
lineage C. The novel SARS-CoV-2 shares nearly 96% similarity to the
bat coronavirus isolate RaTG13, suggesting these animals are the likely
natural reservoir of the virus (Boni et al., 2020; Lu et al., 2020; Zhou
et al., 2020).

The SARS-CoV-2 genome consists of a single, positive-stranded RNA
with approximately 30,000 nucleotides (Fig. 1A). The genomic RNA
serves as a mRNA upon entering the cell to produce several proteins
from different open reading frames (ORFs) (Kim et al., 2020). Two
overlapping ORF genes, ORF1a and ORF1b, encompass approximately
two-thirds of the genome. The remaining 3′ part of the genome encodes
four structural proteins (S, E, M and N) and several ‘accessory genes’
that encode additional non-structural proteins (3a, 6, 7a, 7b, 8, and 10).

Despite the relevance for human health, it remains to be determined if
all accessory ORFs are actually expressed and what is the function of
the resulting proteins.

Among accessory genes, ORF8 stands out by showing a series of
intriguing features identified in SARS-CoV during the 2002–2003 SARS
outbreak. ORF8 has only been detected in betacoronaviruses from
lineage B (Cui et al., 2019; Forni et al., 2017; Wu et al., 2016). Most
lineage B viruses retain a single continuous ORF8. In the reference
SARS-CoV-2 genome (NC_045512.2), ORF8 has 366 nucleotides (posi-
tions 27,894–28,259) and encodes a protein with 121 amino acids.
During the early phases of the SARS epidemic, human isolates were
found to possess a unique continuous ORF8 with 366 nucleotides and a
predicted protein with 122 amino acids. However, the middle and late
phases of the SARS epidemic where characterized by the emergence and
spread of strains with a 29-nucleotide deletion that created two func-
tional ORFs (ORF8a and ORF8b), predicted to encode two small pro-
teins, 8a with 39 amino acids and 8b with 84 amino acids (Consortium,
2004; Guan et al., 2003; Lau et al., 2005). Additionally, SARS-CoV
lineages with a 83-nucleotide deletion within ORF8 and large deletions
removing the complete gene were also detected during the SARS epi-
demic (Consortium, 2004). Interestingly, a large 382-nucleotide dele-
tion, removing almost completely the ORF8 gene, has already been
detected in COVID-19 patients from Singapore (45 samples) and
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Taiwan (one patient). The SARS-CoV-2 genomes with the 382-nucleo-
tide deletion diverge by two or less mutations and most likely origi-
nated in Wuhan and spread to Singapore and Taiwan subsequently
(Gong et al., 2020; Su et al., 2020). This deletion has been associated
with a milder infection with less systemic release of proinflammatory
cytokines and a more effective immune response to SARS-CoV-2 (Young
et al., 2020). The propensity of the ORF8 region to suffer deletions has
raised the hypothesis that RNA secondary structures could play a role in
their formation (Consortium, 2004). Several hairpin structures have
been already detected in SARS-CoV-2 (Andrews et al., 2020; Bartas
et al., 2020; Lan et al., 2020; Rangan et al., 2020; Simmonds, 2020).

The precise functions of the ORF8 and the truncated ORF8a and
ORFb genes remain unclear, although some studies on SARS-CoV have
provided important clues about their putative cellular roles. Protein 8ab
was found associated with the endoplasmic reticulum membrane at
luminal surface, able to activate ATF6 and facilitate protein folding and
processing (Oostra et al., 2007; Sung et al., 2009). Protein 8a was found
localized in mitochondria where it could induce apoptosis via a caspase
3–dependent pathway (Chen et al., 2007). Protein 8b is involved in
cellular degradation of the viral envelope protein and is also capable of
inducing apoptosis (Chen et al., 2007; Keng et al., 2006; Law et al.,
2006). Both proteins 8b and 8ab were found to inhibit the induction of
interferon (IFN) via degradation of IRF3, allowing a high viral re-
plication efficiency in cells (Wong et al., 2018). SARS-CoV-2 ORF8 was
shown to inhibit type I interferon (IFN-β) activation and NF-κB pathway
(Li et al., 2020). Muth et al. using viral reverse genetics and advanced
cell culture models showed that the absence of 8ab (via the 29-nu-
cleotide deletion) reduced significantly the replication capacity of

SARS-CoV. The complete deletion of the ORF8 caused an even greater
reduction in replicative capability. The study proved that this effect was
independent of the type I interferon response. The spread of the deleted
variants was hypothesized to be the result of a founder effect in the
initial phase of the SARS epidemic (Muth et al., 2018). All these find-
ings from studying SARS-CoV proteins remain to be tested in the new
SARS-CoV-2.

The ORF8 locus is also peculiar by being one of the most variable
genomic regions among betacoronaviruses (Cui et al., 2019; Wu et al.,
2016). Comparison among betacoronavirures lineage B allowed re-
searchers to identify three main lineages in phylogenetic analyses,
named types I, II and III (Wu et al., 2016). Similarly, the first com-
parisons among SARS-CoV-2 and other SARS genomes placed ORF8
among the most divergent genes (Wu et al., 2020). After the S gene,
ORF8 stands out as being the most divergent gene when SARS-CoV-2 is
compared with bat and pangolin coronaviruses (Boni et al., 2020).

Here I provide a deep analysis of the evolutionary and structural
features of ORF8 in SARS-CoV-2 and related betacoronaviruses.
Predicted RNA structures are analyzed in the light of the observed
ORF8 genetic diversity and genomic rearrangements. This new data
clarifies the phylogenetic position of SARS-CoV-2 ORF8 and its muta-
tional pattern in the ongoing pandemic.

2. Materials and methods

2.1. Sequence features

SARS-CoV-2 and other coronaviruses ORF8 gene sequences were

Fig. 1. SARS-CoV-2 ORF8 genomic location. A) Genome structure of SARS-CoV-2. The ORF1ab (overlapping ORF1a and ORF1b) occupy approximately two-thirds of
the genome. Genes for four structural proteins (S, E, M and N) and six non-structural proteins (3a, 6, 7a, 7b, 8, and 10) encompass the remaining genome. B) Genomic
organization of betacoronaviruses lineages (A to D) and Aphacoronaviruses. The terminal 3′ section of the genomes is represented. The SARS-CoV-2 ORF8 is located in
a cluster of ORFs between the M and N genes, flanked by ORF7b and N. A different gene organization was observed in the previous SARS epidemic, whereas ORF8
was splitted into two functional overlapping ORFs (ORF8a and ORF8b). C) Percentage of pairwise identity among ORF8 and other genes in SARS-CoV-2 and other
viruses. The percentage of identity for protein comparisons is indicated in brackets next to the DNA percentage of identity.
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obtained from the GenBank (https://www.ncbi.nlm.nih.gov/genbank/
sars-cov-2-seqs/) and the GISAID Initiative (https://www.gisaid.org/).
The filters “complete”, “high coverage” and “low coverage excl” (all
together) were used in the GISAID database. These filters excluded
sequences with> 1% Ns and with insertions/deletions not verified by
the submitter. A total of 11,289 genomes were initially downloaded. I

further removed from the dataset all sequences with any ambiguous
nucleotide, resulting in a total of 11,113 ORF8 sequences. Data on the
distribution of deleted lineages was obtained from the CoV-GLUE da-
tabase (Singer et al., 2020) and China National Center for Bioinfor-
mation (CNCB) (Zhao et al., 2020), both accessed at 17 July 2020.

I also searched for homologous ORF8 gene and protein sequences

Fig. 2. SARS-CoV-2 ORF8 genetic diversity and phylogeny. A) Identity plot and sequence logo for the alignments of 11,113 ORF8 gene and protein sequences. The
most conserved positions are indicated by green bars. B) Location of the 16 stop codons (indicated by a dash) identified in the 11,113 ORF8 protein sequences. C)
Median-joining network of ORF8 haplotypes. The area of the circles is proportional to the frequency of sequences, except H1 and H2 which are limited in size for
visualization purposes. D) Mismatch distribution graph with the observed number of pairwise differences (y-axis) among ORF8 haplotypes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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using the SARS-CoV-2 reference genome (NC_045512.2) as a query in
blastn (discontiguous megablast), blastx and blastp searched against the
Nucleotide collection (nt) database (Altschul et al., 1990). I removed
sequences significantly shorter than the query and/or with ambiguities.
The sequences were aligned using the default parameters of the MAFFT
version 7 online service (Katoh et al., 2019). Standard measures of
genetic diversity were obtained using DNAsp 6.12.03 (Rozas et al.,
2017). Gene and protein sequence features were obtained using the
Geneious Prime 2019.0.4 (https://www.geneious.com). The CG content
was calculated with a sliding window size of 15 nucleotides. Only re-
peats with 100% similarity (i.e., perfect repeats) and more than 8 nu-
cleotides were identified.

2.2. Structural analyses

RNA secondary structures were predicted using the RNA Folding
Form of the Mfold web server (Zuker, 2003) at a temperature of 37 °C.
The RNA folding was limited to a maximum distance between paired
bases of 75 nucleotides. The structures were predicted for the ORF8
gene region and the 50-nucleotide flanking regions with a total length
of 466 nucleotides.

2.3. Phylogenetic analyses

Median-joining network (Bandelt et al., 1999) and mismatch dis-
tribution were calculated using the Network V10.1.0.0 software
(http://www.fluxus-engineering.com) using default parameters. Baye-
sian analyses were performed with MrBayes on XSEDE (3.2.7a) soft-
ware (Ronquist and Huelsenbeck, 2003) running on the CIPRES Science
Gateway (Miller et al., 2010). The Metropolis-coupled Markov chain
Monte Carlo process was set with two runs of four independent chains
running simultaneously for 4,000,000 generations using the
GTR + I + G mutation model. The average standard deviation of split
frequencies of the final DNA tree was 0.007801 and the protein tree was
0.007183. A burn-in value of 0.25 was applied. Trees were edited in
FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

3. Results

3.1. SARS-CoV-2 ORF8 has neither paralogues nor orthologues outside
Betacoronavirus lineage B (subgenus Sarbecovirus)

SARS-CoV-2 open reading frame 8 (ORF8) gene only has homology
in genomes of other lineage B betacoronaviruses (Fig. 1B). The attempts
to align SARS-CoV-2 ORF8 with the full genome of other viruses failed
(Fig. 1C). Similarly, blast searches with SARS-CoV-2 ORF8 DNA and
protein sequences did not retrieve any match besides lineage B. Studies
on SARS-CoV ORF8 also fail to identify homologies outside lineage B
(Lau et al., 2015; Wu et al., 2016), a scenario that did not change with
the new SARS-CoV-2 ORF8.

ORF8 is located between the M and N genes, in a cluster that also
includes ORF6, ORF7a and ORF7b (Fig. 1A). It has been shown that
gene duplication is rare in RNA viruses, but a few cases have been
observed (Simon-Loriere and Holmes, 2013). Therefore, I tested the
hypothesis that the cluster ORF6-ORF7a-ORF7b-ORF8 in SARS-CoV-2
may have evolved via past gene duplication events, resulting in para-
logues. The highest similarity was found between ORF8 and ORF7a
within SARS-CoV-2, with a percentage of identity of 45% for DNA and
18% for protein comparisons (Fig. 1C). The observed low similarity
does not support the existence of paralogues resulting from a previous
duplication event within this gene cluster.

3.2. SARS-CoV-2 ORF8 gene has several mutated positions at low
frequencies, some causing premature stop codons

Alignment of the ORF8 gene from 11,113 SARS-CoV-2 genomes

revealed 264 (72.1%) fully conserved sites out of 366 nucleotide po-
sitions. The 102 variable positions were found scattered along the ORF8
gene (Fig. 2A). Seven nucleotide positions were found with insertion/
deletions in the alignment. The average number of pairwise matches
across all the positions of the alignment (pairwise identity) was 99.9%,
suggesting that most variable positions are defined by mutations in a
small number of genomes. In fact, I identified 58 sites with singleton
mutations in the 11,113 ORF8 sequences analyzed. The most variable
site within ORF8 was position 28,144, presenting either a C (15%) or a
U (85%) variant and a pairwise identity of 74.5%. This mutation
changed the amino acid at position 84 of the protein from a leucine
(observed in 85% of the sequences) to serine (in 15% of the sequences).
I also identified 16 sequences with premature stop codons caused by
seven different nonsense mutations (Fig. 2B). Five of the seven muta-
tions causing a premature stop codon were found in more than one
sequence reducing the likelihood of being sequencing errors. Moreover,
several mutations were observed in viruses sequenced in different
world regions by different laboratories. For example, the same stop
codon was observed in the protein position 8 in sequences obtained
from patients in USA, Australia and Wales. The nonsense mutation at
position 106 was observed in viruses from patients in Iceland and Wales
(Fig. 2B).

3.3. SARS-CoV-2 ORF8 gene phylogeny is typical of an expanding
population

Alignment of 11,113 ORF8 gene sequences yielded 118 different
haplotypes. The phylogenetic network reveled a star-like pattern, ty-
pical of an expanding population (Fig. 2C). A similar pattern was ob-
served using complete SARS-CoV-2 genomes (Forster et al., 2020). The
central large haplotype (H1) was observed in 9086 sequences, including
the reference NC_045512.2. The network also revealed three frequent
haplotypes: H2 (1537 sequences) differing from the reference H1 at
position 28,144; H10 (152 sequences) diverging from H1 at position
27,964 and H3 (108 sequences) diverging from H2 at position 28,077.
The network shows reticulation at several points suggesting parallel
mutations. The mismatch distribution shows that most ORF8 sequences
diverge by a single mutation, representing ~40% of all pairwise com-
parisons (Fig. 2D). There are only two haplotypes that diverge by 6
mutations. All other haplotypes diverge by less than 6 mutations con-
sidering the ORF8 locus alone. The smooth unimodal distribution is in
line with the recent population growth from a single ancestor.

3.4. Three different types of deletions were detected in the ORF8 gene region
in patients sampled from different world regions

The ORF8 protein varies from 119 to 125 amino acids when con-
sidering the dataset with 11,113 sequences. The difference in length
results from deletions in the ORF8 gene. First, three sequences had a
deletion of a single base (loss of an adenine) at position 28,254
(Fig. 3A). The deletion occurs seven bases upstream the end of the gene,
introducing a frameshift mutation in the second last amino acid. The
resulting protein lacks the last isoleucine common to all other variants,
and instead ends with a Ser-Lys-Arg-Thr-Asn sequence, which in-
troduces an additional three amino acids. This change in the stop codon
explains the ORF8 proteins with 125 amino acids. It is interesting to
notice that a stop codon exists considering the new frame in the
downstream region between ORF8 and N genes, allowing a protein that
is only four amino acids longer than the average length. It remains to be
determined if there is any selective pressure to maintain extra stop
codons downstream of the gene to cope with the loss of the original stop
codon. The three sequences belong to two different haplotypes: the
samples from Australia and England cluster in the central H1 haplotype,
while the sequence from Wales belongs to haplotype H92 (shared with
another samples from England). The CNCB database reports 12 samples
with this deletion when accessed at 17 July 2020.
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Second, a deletion of six nucleotide from positions 28,090 to 28,095
was observed in three sequences (Fig. 3B). The deletion occurs near the
middle of the gene, 196 nucleotides downstream the beginning of the
ORF8. The deletion does not match the reading frame, reducing the
length of the protein in two amino acids by changing Gly-Ser-Lys (ca-
nonical protein) to Glu (deleted variant). This deletion explains the
ORF8 proteins with only 119 amino acids. The deletion occurs in three
sequences from Canada, Iceland and Australia. The Canadian sequence
belongs to H1, while those from Iceland and Australia to H2 (Fig. 2C).
According to the CoV-GLUE database, this deletion was detected in 24
samples from different lineages when accessed at 17 July 2020.

Finally, a large 382-nucleotide deletion has been reported in se-
quences from Singapore and Taiwan spanning most of the ORF8 gene
(Gong et al., 2020; Su et al., 2020). The deletion removes the terminal
part of the ORF7b gene and 336 nucleotides (91.8%) of the ORF8 gene
(Fig. 3C). The 5′ breakpoint (27,847) is located 37 nucleotides upstream

the ORF7b stop codon, while the 3′ breakpoint (28,230) is located 27
nucleotides upstream the ORF8 stop codon. Because the original ORF7b
stop codon is removed, the predicted ORF7b protein is 7 amino acids
shorter than the normal variant and ends with Thr-Phe-Val-Leu-Phe
(Fig. 3C). The 382-nucleotide deletion also removes the region en-
coding the ORF8 protein, which is therefore missing in these SARS-CoV-
2 viruses.

3.5. Several large hairpins are predicted for the SARS-CoV-2 ORF8 gene
region

RNA genomes are known to form stable secondary structures im-
plicated in a variety of regulatory functions (Brierley et al., 1989; Chen
and Olsthoorn, 2010; Williams et al., 1999). The formation of sec-
ondary structures is often related with repeated sequences (Shapiro and
von Sternberg, 2005; Zhao et al., 2012). I identified six perfect repeats

Fig. 3. SARS-CoV-2 ORF8 gene deletions. A) Deletion of a single base at position 28,254, upstream the end of the gene, introduces a frameshift mutation originating a
longer protein with four more amino acids. B) Deletion of six nucleotide from positions 28,090 to 28,095 reduces the length of the protein in two amino acids. C)
Deletion of 382 nucleotides reported in sequences from Singapore and Taiwan. The deletion removes the terminal part of the ORF7b gene and 336 nucleotides of the
ORF8 gene. The predicted ORF7b protein is 7 amino acids shorter and no ORF8 protein is expected to be produced.
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within the ORF8 gene with more than 8 nucleotides (Supplementary
Fig. S1). The largest is an overlapped inverted repeat (Repeat 1) with 10
nucleotides (CAAUUAAUUG) at positions 28,153–28,162. All other
repeats have 8 nucleotides, with three direct repeats and two over-
lapped inverted repeats (Supplementary Fig. S1). Additionally, RNA
regions with a high GC content may have more stable secondary
structures. ORF8 has an overall GC content of 35.8%, slightly lower
than the 38% observed in the complete genome (Supplementary Fig.
S2). There are only four regions in the ORF8 gene with a GC content
over 50% when considering 15 nucleotide windows.

Using a standard nucleic acid folding method, I determined the
secondary structure of the ORF8 gene region (Fig. 4). The folding was
done considering only short distance interactions excluding possible
pairing between distant bases in the genome. However, it was recently
shown that long-distance interactions across the SARS-CoV-2 RNA have
a small effect on the identity of local structures (Lan et al., 2020). The
ORF8 start and stop codons are located in two hairpins. The 28,254
frameshift deletion is located on a paired base, which was also identi-
fied as polymorphic in a different haplotype. The six-nucleotide dele-
tion (28,090–29,095) occurs at the tip of a large hairpin, where one of
the identified perfect repeats (Repeat 4) is also located. The perfect
repeats (Supplementary Fig. S1) are often associated with hairpin arms

in this predicted structure. The 3′ breakpoint of the 382-nucleotide
deletion is also located at the tip of a large hairpin.

The polymorphic positions identified in the alignment with 11,113
sequences that occur in more than one sequence (i.e., excluding sin-
gletons) were found slightly more in paired (59.5%) than in unpaired
(40.5%) nucleotides (Fig. 4). The opposite trend was observed when
considering the complete SARS-CoV-2 genome (Simmonds, 2020). It is
possible that mutations on ORF8 are not dependent on the disruption of
secondary structures as in other genomic regions. The position 28,144
is located in a paired region of a small hairpin. Finally, a RNA mod-
ification site identified on viral transcripts (Kim et al., 2020) is located
in an unpaired base in the terminal loop of an hairpin.

3.6. The phylogenetic classification of ORF8 lineages are redefined by the
new SARS-CoV-2 sequences

The ORF8 is located in a non-recombining region of sarbecoviruses
allowing a reliable phylogenetic reconstruction (Boni et al., 2020). The
Bayesian phylogenetic inference described in Fig. 5 placed SARS-CoV-2
ORF8 close to the RaTG13 previously detected in bats from the Yunnan
province (Zhou et al., 2020), with a 97% sequence identity (Fig. 5).
Close to SARS-CoV-2 are the pangolin coronaviruses, in particular

Fig. 4. SARS-CoV-2 ORF8 RNA secondary structure. The ORF8 start and stop codons are located in two hairpins (green arrows). Polymorphic sites (blue circles) are
distributed equally by paired and unpaired nucleotides. The 28,090–29,095 deletion (red box) and the 28,230 3′ breakpoint (382-nucleotide deletion) are located at
the tip of a hairpin. Most perfect repeats occur in hairpins. The RNA modification site identified by Kim, D. et al. (Cell, 2020, 181(4): 914–921) is located in an
unpaired base in the terminal loop of a hairpin. The putative transcription-regulatory sequences (TRS) are indicated in grey. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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sequence MT084071.1 (92.1% identity), and two SARS-like cor-
onaviruses with 88.5% of identity (ZXC21 and ZC45), sampled in bats
from the Zhejiang province of China (Hu et al., 2018). These ten se-
quences were now classified here as type IV. I followed the nomen-
clature for ORF8 lineages previously proposed (Wu et al., 2016), which
identified three ORF8 types (I, II and III). All the sequences for the new
type IV were not available at the time of the original classification. The
remaining phylogenetic tree includes two main clades with the se-
quences previously clustered in type I, II and III. However, I found no
support for a clear separation of types I and II, while sequences iden-
tified as Type III all belong to a monophyletic branch (Fig. 5).

Position 28,144 has C in all type IV and type I/II Betacoronaviruses,
as observed in 15% of human SARS-CoV-2 (Fig. 6A). Type III sequences
have an A, while the most frequent U (85%) variant in human SARS-
CoV-2 does not occur in any other coronavirus. The C variant seems to
be the ancestral state in SARS-CoV-2 since it occurs in all other Type IV
sequences. However, the early occurrence of both variants (U/C) in

SARS-CoV-2 samples from Wuhan in early January 2020 and possible
biases in early sampling does not allow a definitive conclusion to be
drawn.

Interestingly, the 3′ breakpoint 28,230 of the 382-nucleotide dele-
tion occurs in a transition between a variable region (with 4 and 5
nucleotide insertion/deletions) and a conserved domain of the cor-
onaviruses alignment (Fig. 6A). The phylogeny built with protein se-
quences resembles the one obtained with DNA (Supplementary Fig. S3).
The reference SARS-CoV-2 ORF8 protein diverges only in six out of 122
amino acids in relation to the bat coronavirus RaTG13. The region at
the C-terminus of the protein was found conserved, with a Val-Val-Leu
stretch of amino acids equal in all available sequences. Additionally,
two clusters of four amino acids are found conserved (Fig. 6B and
Supplementary Fig. S4): Ile-Asn-Cys-Gln and Asp-Pro-Cys-Pro.

Fig. 5. Phylogeny of Betacoronavirus lineage B based on ORF8 gene sequences. The Bayesian phylogenetic tree was built with the reference SARS-CoV-2 and all
related coronavirus sequences identified in blast searches (n= 84). Bayesian posterior probabilities are shown on basal nodes and as colours in branches (from high
values in red to low values in violet). The scale bar indicates substitutions per site. The * indicates the sequences and classification used previously by Wu, Z. et al.
The Journal of infectious diseases, 2016, 213(4): 579–583. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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4. Discussion

The analyses of the newly discovered SARS-CoV-2 ORF8 confirmed
the highly dynamic nature of this accessory gene in evolutionary and
structural terms, as previously noted for the homologous SARS-CoV
ORF8 locus during the SARS epidemic (Consortium, 2004; Cui et al.,
2019; Forni et al., 2017; Stadler et al., 2003). Unfortunately, the origin
of SARS-CoV-2 ORF8 remains unknown. I found no ORF8 orthologues
in betacoronaviruses outside lineage B, supporting previous observa-
tions (Lau et al., 2015; Wu et al., 2016). The accumulation of mutations
may have erased any trace of past homologies with other gene regions,
either with viral or host genomes. The future identification of inter-
mediates states among betacoronaviruses from lineage B may provide
some clues about their origin, although the high diversity observed on
these accessory genes makes such task very difficult. The phylogenies
built using SARS-CoV-2 sequences allowed the redefinition of the
classification of ORF8 lineages (Wu et al., 2016), with the inclusion of a
new type (IV) defined by SARS-CoV-2 and the bat and pangolin related
sequences. The new phylogeny did not support the separation of types
ORF8 I and II, either in DNA or protein phylogenies, suggesting a re-
vision of the nomenclature. Position 28,144 had the same state in all
type I/II sequences, supporting their close phylogenetic relationship. In
fact, the C seems to be the ancestral state according to the phylogeny,
while the presence of an A defines type III ORF8.

Three different types of ORF8 deletions were detected in patients
sampled from different world regions and often from different lineages.
It has been suggested that the SARS-CoV 8a and 8b truncated products
resulting from a large deletion in ORF8 might have affected the virus
replication capacity and pathogenicity in a way that helped in the
adaptation of SARS-CoV to humans during the 2002–2003 epidemic
(Chen et al., 2007; Consortium, 2004; Guan et al., 2003; Lau et al.,
2005). However, strains with a 83-nucleotide deletion within ORF8 and
even the complete loss of the ORF8 region have been reported in SARS-
CoV (Consortium, 2004), raising doubts regarding the functional re-
levance of the protein for the virus fitness in human hosts (Forni et al.,
2017). Moreover, different studies showed that the 29-nucleotide de-
letion decreased the replication of the virus in different cell systems
(Muth et al., 2018). The deleted ORF8 lineages detected in Singapore
and Taiwan (Gong et al., 2020; Su et al., 2020) could be used to test the
functional role of ORF8, by comparing transmission rates in deleted and
non-deleted lineages. Su et al. found that SARS-CoV-2 with the 382-
nucleotide deletion showed a higher replicative fitness in vitro than the
wild type, with no differences in patient viral load. The clinical effect of
the 382-nucleotide deletion appears to be a milder infection with less
systemic release of proinflammatory cytokines (Young et al., 2020). The
deletion was found associated with clinically significant illness, but
infections tended to be milder compared with those caused by the non-
deleted variants.

Fig. 6. ORF8 genetic diversity in Betacoronavirus. A) Identity plot and sequence logo for the DNA alignments of reference SARS-CoV-2 and all related coronavirus
sequences identified in blast searches (n= 84). The location of position 28,144 is indicated, as well as the nucleotide in all betacoronaviruses lineage B types (I to IV).
The location of the 3′ breakpoint (28,230) of the 382-nucleotide deletion is also highlighted for the two main lineage B types. B) Identity plot and sequence logo for
the protein alignments of the same viruses used in A).
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I identified six perfect repeats within the ORF8. Perfect direct re-
peats have been found distributed throughout the genome of several
viruses (Zhao et al., 2012). Repetitive DNA sequence elements can be
either random genomic features or be associated with the regulation of
viral packaging, replication or transcription, directly or via the forma-
tion of secondary structures (Chew et al., 2004; Shapiro and von
Sternberg, 2005). In fact, repeats 2 and 4 define the complementary
nucleotides of the terminal loop of two large hairpins predicted for the
ORF8 region. The six-nucleotide deletion (28,090–29,095) detected in
SARS-CoV-2 lineages occurs at the tip of an hairpin, as observed for
some of the previous SARS ORF8 deletions (Consortium, 2004). Most
deletion breakpoint were found associated with hairpins, a phenom-
enon observed in other types of genomes (Bacolla et al., 2004; Damas
et al., 2012). The formation of RNA structures has been shown to reg-
ulate ribosomal frameshifting, replication, translation and packaging in
coronaviruses (Brierley et al., 1989; Chen and Olsthoorn, 2010;
Williams et al., 1999). It has also been shown that RNA secondary
structures can influence the generation of deletions by pausing the
polymerase activity and increasing the chance of template slippage in
RNA viruses (Pathak and Temin, 1992; Pita et al., 2007). Therefore, it is
worth testing the possibility that some of these SARS-CoV-2 ORF8 de-
letions are related with the formation of secondary structures, as they
are known to be sites of genomic instability (Kidd-Ljunggren et al.,
2000; Romero et al., 2006).

Overall, SARS-CoV-2 ORF8 revealed many intriguing features that
deserve further investigation. The occurrence of premature stop codons
and large deletions described here reinforce the idea that ORF8 is dis-
pensable for SARS-CoV-2 replication. However, the persistence of ORF8
in different lineages suggest it is playing an important yet uncovered
role. It will be important to monitor the progression of variants with
ORF8 deletions and nonsense mutations worldwide, as several were
already detected. Hopefully, the deep study of accessory genes from an
evolutionary and molecular perspective will help us to better under-
stand the biology of these important viruses and learn how to deal with
them in the future.
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