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Abstract

Coronaviruses express their structural and accessory genes via a set of subgenomic
RNAs, whose synthesis is directed by transcription regulatory sequences (TRSs) in the
5’ genomic leader and upstream of each body open reading frame. In SARS-CoV-2,

the TRS has the consensus AAACGAAC; upon searching for emergence of this motif in
the global SARS-CoV-2 sequences, we find that it evolves frequently, especially in the
3’ end of the genome. We show well-supported examples upstream of the Spike gene—
within the nsp16 coding region of ORF1b—uwhich is expressed during human infection,
and upstream of the canonical Envelope gene TRS, both of which have evolved conver-
gently in multiple lineages. The most frequent neo-TRS is within the coding region of the
Nucleocapsid gene, and is present in virtually all viruses from the B.1.1 lineage, including
the variants of concern Alpha, Gamma, Omicron and descendants thereof. Here, we
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demonstrate that this TRS leads to the expression of a novel subgenomic mRNA encoding
a truncated C-terminal portion of Nucleocapsid, which is an antagonist of type | interferon
production and contributes to viral fithess during infection. We observe distinct phenotypes
when the Nucleocapsid coding sequence is mutated compared to when the TRS alone is
ablated. Our findings demonstrate that SARS-CoV-2 is undergoing evolutionary changes
at the functional RNA level in addition to the amino acid level.

Introduction

SARS-CoV-2 has continued to evolve since its emergence in the human population [1]. An
important emphasis throughout the pandemic has been on characterising the amino acid
substitutions in new variants, particularly within the Spike glycoprotein, which contribute to
increased transmission and immune evasion [2-4]. However, there has also been substantial
evolution at the nucleotide level in both coding and non-coding regions of the genome [5].

Coronaviruses have polycistronic positive-sense RNA genomes, which contain numerous
cis-acting RNA elements that regulate the viral lifecycle (Fig 1A). For example, translation of
the first open reading frame, ORF1ab, is regulated by an RNA element which stimulates ribo-
somal frameshifting [6]. The subsequent ORFs, encoding the viral structural and accessory
proteins, are translated from subgenomic messenger RNAs (sgmRNAs), which are synthesised
via a mechanism known as discontinuous transcription, a form of programmed RNA recom-
bination (Fig 1B) [7]. This is directed by corresponding transcription regulatory sequences
(TRSs) located in the genomic 5" UTR (leader, TRS-L) and upstream of each subsequent ORF
(body, TRS-B) (Fig 1C) [8-11]. During negative strand synthesis, the viral RNA-dependent
RNA polymerase complex may pause at a TRS-B, allowing the nascent RNA strand to disso-
ciate and reanneal with the complementary TRS-L, then reinitiate transcription. The shared
leader sequence in the 3’ of the negative-strand subgenomic RNA then serves as a promoter
for positive-strand sgmRNA synthesis, producing a nested set of 5" and 3’ co-terminal sgmR-
NAs (Fig 1Biii).

There are numerous factors which influence coronavirus sgmRNA expression levels. First,
since discontinuous transcription takes place during negative strand synthesis, the most 3’
TRS-Bs are encountered more frequently than those more 5', creating a gradient in sgm-
RNA expression, with the most 3" ORF (encoding Nucleocapsid, N) being the most highly
expressed. Coronaviruses may also alter sgmRNA expression levels by increasing or decreas-
ing the degree of homology between the regions flanking the TRS-L and the TRS-B—or, more
precisely, the strength of base-pairing between the TRS-L and the anti-TRS-B in the nascent
negative strand RNA [12-14] (Fig 1C). This, along with long-range RNA-RNA interactions
which may promote proximity to the TRS-L [12,15], enables highly regulated expression of
coronavirus structural and accessory genes.

Analyses of sequencing datasets have identified new TRS-B sequences in SARS-CoV-2,
which may lead to the expression of novel sgmRNAs [16-18]. In particular, the nucleotide
substitutions G28881A, G28882A and G28883C, which underly the N:R203K,G204R muta-
tion, create a consensus TRS (AGGGGAAC > AAACGAAC). These mutations define the
B.1.1 lineage and its descendants, which includes three Variants of Concern: Alpha (B.1.1.7),
Gamma (P.1) and Omicron (B.1.1.529 and its descendants). The presence of this new TRS-B
was initially reported by Leary and colleagues [16] and the resultant sgnRNA was subse-
quently identified in publicly available RNA sequencing datasets [17] and RNAseq from
infected cells [18]. However, deep sequencing of coronavirus-infected cells [19-21], and

nidovirus-infected cells more broadly [22-26], often reveals a multitude of non-canonical
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A

subgenomic RNA species. While some of these transcripts may be functional, and may be very
highly expressed even from non-canonical TRS-like sequences [27], many are simply defective
genomes from erroneous RNA recombination and can be overemphasised due to sequenc-
ing biases [28]; differentiating these possibilities from sequencing data alone is challenging.
It is therefore still unclear to what extent this novel sgmRNA is expressed, whether it has a
functional role during infection and if wider sgmRNA emergence is a general feature of SARS-
CoV-2 evolution in the human population.

We therefore examined TRS-B emergence in SARS-CoV-2 in more detail. Here, we analyse
global SARS-CoV-2 sequences to determine the prevalence of TRS-B evolution. We then
focus on the novel TRS-B within the N gene, quantifying its expression in both cell culture
and human swab samples. We further show that the protein product encoded by this new
sgmRNA is expressed during infection, acts as an innate immune antagonist and contributes
to viral fitness in cell culture. We find that mutation of the TRS-B within N attenuates viral
replication in a distinct manner to mutation of the N coding sequence.
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Fig 1. Discontinuous transcription in coronaviruses. (A) Schematic of the SARS-CoV-2 genome and (B) the mechanism of discontinuous transcription for expres-
sion of the structural (S, E, M, N) and accessory genes (yellow highlight). (C) Alignment of TRS-Bs upstream of each of the indicated ORFs, compared to the TRS-L.
Regions of homology to the TRS-L are highlighted in blue and downstream homology to the 5'UTR is highlighted in green. TRS, transcription regulatory sequence.

https://doi.org/10.1371/journal.pbio.3002982.9001
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Results
Detection of novel TRS-B sites

We set out to determine the frequency with which new TRS-B sequences have emerged in the
global SARS-CoV-2 population. We searched the GISAID sequence repository for acquisition
of the consensus TRS motif for SARS-CoV-2, AAACGAAG, relative to the Wuhan-Hu-1 ref-
erence sequence. Newly emerged TRS-Bs were non-uniformly distributed across the genome,
and clustered towards the 3" end (Fig 2A).

The most frequent of these neo-TRS-Bs is the G28881A, G28882A, G28883C mutant
(N:R203K,G204R), described above (Fig 2A, red box). To date, this mutation is present in over
60% of SARS-CoV-2 sequences and, since the emergence of the Omicron variant and its sub-
variants, is nearly fixed in the global SARS-CoV-2 population (>98% of sequences in the past
6 months, Fig 2B) [29,30]. This TRS-B is flanked by substantial sequence homology to the 5'
Leader (4 nt directly adjacent to the TRS, plus distal structures, Fig 2C and 2D). The resultant
sgmRNA contains a start codon in frame with the N open reading frame at Met-210, which
is in good Kozak sequence context for translation initiation (Fig 2D) [31]. This creates a new
open reading frame that encodes residues 210-419 of N, fully encompassing the C-terminal
and N3 domains (Fig 2C). Since this is the third internal open reading frame identified
within the N coding region of SARS-CoV-2, we have named it ‘N internal ORF 3’ (N.iORF3),
following the naming system used by Finkel and colleagues [32]; N.iORF1 and N.iORF2 are
alternative names for ORF9D, an internal out-of-frame ORF which encodes an innate immune
antagonist.

To verify whether the N.iORF3 sgmRNA is transcribed during infection in cell culture, we
infected Vero E6 cells at a high multiplicity with either a very early 2020 UK isolate (B lineage,
before the evolution of the S:D614G mutation), a late 2020 UK isolate (Alpha variant, B.1.1.7
lineage), a late 2020 South African isolate (Beta variant, B.1.351 lineage), or a late 2021 UK
isolate (Omicron BA.1 variant) and harvested cells at 24 h post-infection. RNA was extracted
and analysed by reverse transcription PCR (RT-PCR) using a forward primer against the
5' Leader and a reverse primer against the 3’-end of N (Fig 2E). When analysed by agarose
gel electrophoresis, products corresponding to the canonical full-length N sgmRNA were
detected in all SARS-CoV-2 infected cells, and an additional shorter product corresponding
to the N.iORF3 sgmRNA was detected in Alpha- and Omicron-infected cells, but not lineage
B-, and Beta-infected cells (Fig 2F). The identity of these PCR products was confirmed by
nanopore sequencing (S1 Fig).

We then sought to confirm the presence of the N.iORF3 sgmRNA in human infections.
We analysed occupational health screening swab samples from UK National Health Service
(NHS) healthcare workers and employees of the Francis Crick Institute processed by the Crick
COVID-19 Consortium Testing Centre and retained for analysis as part of the Legacy study
(Cohort A1, NCT04750356). The Legacy study was approved by London Camden and Kings
Cross Health Research Authority Research and Ethics committee (IRAS number 286469)
and is sponsored by University College London Hospitals. We analysed 12 samples from each
of the main COVID-19 “waves” from late 2020 to early 2022: B.1.177 (EU1, autumn 2020);
B.1.1.7 (Alpha, winter 2020/1); B.1.617.2 (Delta, summer 2021); and BA.1 (Omicron, win-
ter 2021/2). Analysis by RT-PCR revealed that N.iORF3 sgmRNA was specifically present
in human clinical samples from the B.1.1 lineage (Alpha, Omicron) but not from non-B.1.1
lineages (EU1, Delta) (Fig 2F).

We next examined whether the N.iORF3 sgmRNA might have evolved independently
outside of the B.1.1 lineage. We used Taxonium (see Materials and methods) to search public
SARS-CoV-2 genomes within the complete UShER phylogenetic tree [33] that contained the
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Fig 2. Nucleocapsid R203K, G204R mutations in the SARS-CoV-2 B.1.1 lineage generate a novel TRS-B site and new subgenomic mRNA (sgmRNA). (A) Fre-
quency of emergence of the TRS-B consensus sequence (AAACGAAC) in the global SARS-CoV-2 population. The most frequent neo-TRS-B, within the nucleocapsid
coding region, is highlighted in red. (B) Phylogenetic reconstruction of SARS-CoV-2 evolution in humans, with lineage-defining mutations for B.1.1 indicated. Viruses
with N:R203K mutation (B.1.1 and its descendants) are coloured in red. Adapted from Nextstrain [103,104]. (C) Diagrams of nucleocapsid (N, top) and N.iORF3
(bottom) protein domains and sequence alignment of nucleotides 28874-28891, and amino acids 200-215 of N, showing emergence of a new TRS-B motif. Mutations
relative to reference are highlighted in red. The N-terminal (NTD), linker, C-terminal (CTD) and N3 domains of nucleocapsid are shown, along with intrinsically
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disordered regions (IDRs), and the serine-arginine (SR) rich region. (D) The sequence context of the novel N.iORF3 TRS-B (blue highlight), with extended base-pairing
to the 5'UTR (green highlight) during (-) strand RNA synthesis (black), and downstream start codon with Kozak context (yellow highlight). (E) Schematic represen-
tation of reverse transcription PCR (RT-PCR) analysis of RNA extracted from infected VeroE6 cells at 24 h post-infection or nasopharyngeal swabs, showing positions
of primers. (F) RT-PCR detection of canonical nucleocapsid (N) and N.iORF3 sgmRNAs in RNA extracted from infected cells and clinical swabs (numbered 1-48), for
SARS-CoV-2 variants as indicated. Data underlying this figure can be found in: https://doi.org/10.25418/crick.27953013.

https://doi.org/10.1371/journal.pbio.3002982.9002

N:R203K,G204R mutation, but lay outside of the B.1.1 lineage. We found examples of convergent
evolution of the N.iORF3 sgmRNA, notably within the Iota variant (B.1.526, S2A Fig); Iota was

a Variant of Interest which circulated predominantly in the United States between late 2020 and
summer 2021. These samples clustered within geographic regions, showed evidence of ongoing
transmission, and were detected by multiple depositing laboratories, supporting their authenticity
(S1 Table). Intriguingly, we also observed multiple independent instances of further evolution

of the N.iORF3 TRS region (A28877U, G28878C) that increases homology to the 5'UTR (S2B
Fig), notably in the entire Gamma lineage, at least six times within the Alpha lineage (1.3% of all
sequences), and within Omicron, particularly in the BA.1 sublineage (2.1% of all sequences) ( S2C
and S2D Fig and S1 Table) [29,30]. Sequences which have evolved the A28877U, G28878C muta-
tions almost exclusively also carry the NiORF3 TRS-B mutations, (>99.9%, S2E Fig), indicating
that the upstream homology evolves after the N.iORF3 TRS-B emerges.

After N.iORF3, the most frequent novel TRS-B is located at the end of ORF1lab, within the
nspl6 coding region, 251 nt upstream of the Spike ORF (Fig 3A). A two nucleotide substi-
tution at positions C21304A and G21305A (underlying nsp16:R216N) creates a consensus
TRS-B immediately upstream of four start codons (Fig 3B and 3C). The first, second and
fourth start codons are in the +1 reading frame, in moderate Kozak sequence context, and
would encode a short transframe peptide that we have designated nsp16.iORF1; the third start
codon, also in moderate Kozak context, is in frame with the main nsp16 ORF and encodes a
C-terminal portion of nsp16, designated nsp16.iORF2.

We then searched archived SARS-CoV-2-positive clinical swabs from the Legacy study
that had been sequenced, and found six with the nsp16 R216N mutation, collected between
September 2020 and January 2021. We analysed RNA extracted from these swabs by RT-PCR
using primers in the 5’ leader and in the 5’ portion of Spike coding region (Fig 3D). We
observed amplification of the canonical Spike sgmRNA in all samples, and also observed a
longer nsp16.iORF-specific product in four samples, while the remaining two fell below the
limit of detection (Fig 3E). These results confirmed that the nsp16.iORF sgmRNA is expressed
during human infection.

The swabs we analysed were from three different lineages (B.1.1.44, B.1.416.1 and B.1.1.7/
Alpha), suggesting that the nsp16.iORF TRS may have been acquired convergently. Using
Taxonium, we found at least 21 occurrences of convergent evolution of the nsp16.iORF TRS-B
(Fig 3F and S1 Table), notably including the summer 2020 B.1.1.44 outbreak in Scotland
(82% of sequences), a large Alpha subclade focussed on the Canadian Prairies (subsequently
displaced by Delta) and a large AY.4.2 Delta subclade focussed on England (subsequently
displaced by Omicron). As with the N.iORF3 TRS, we also observed further evolution of the
sequence surrounding the nsp16.iORF TRS that increases the potential for base-pairing to the
5'UTR (C21303U, nsp16:P215L) (Fig 3B and 3C) and is present in 48% of sequenced genomes
with the nsp16.iORF TRS. Two of our swab samples contained this additional mutation (Fig
3B and 3E), indicated by bullseye icons.

There are numerous other novel TRSs with lower prevalence in the global SARS-CoV-2
population. For example, the third-most common novel TRS has evolved independently at
least seven times via a single nucleotide change within the connector domain [34] of Spike,
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Fig 3. Convergent evolution of a novel TRS-B within ORFlab. (A) Frequency of emergence of the TRS-B consensus sequence
(AAACGAAC) in the global SARS-CoV-2 population. (B) Diagram of the nsp16 coding region, including a potential transframe
product and sequence alignment of nucleotides 21298-21315, and amino acids 213-229 of nsp16, showing emergence of a new TRS-B
sequence. (C) The sequence context of the novel nsp16.iORF sgmRNA, showing TRS-B (blue highlight), extended homology to the
5'UTR (green highlight) during nascent (-) strand RNA synthesis (black), and downstream start codon and Kozak context (yellow
highlight). (D) Schematic representation of reverse transcription PCR (RT-PCR) analysis of RNA extracted from nasopharyngeal
swabs, showing positions of primers. (E) RT-PCR detection of nsp16.iORF sgmRNA in clinical swabs (numbered 49-60), indicated by
purple arrowheads, or Spike sgmRNA, indicated by black arrowheads. C, control PCR without template. (F) Phylogenetic reconstruc-
tion of SARS-CoV-2 evolution in humans, with independent emergences of nsp16.i1ORF TRS sequence with >100 descendant genomes
highlighted in purple (see S1 Table). Emergence of extended homology to the 5'UTR is indicated with white outline “bullseye” pattern.
Data underlying this figure can be found in: https://doi.org/10.25418/crick.27953013.

https://doi.org/10.1371/journal.pbio.3002982.9003

between the S1 and S2 subunits (S3 Fig and S1 Table), which contains extended homology to

the 5'UTR and lies upstream of tandem out-of-frame start codons. Finally, subgenomic RNAs
may also be produced from shorter or non-consensus TRSs [19]; one example is the canonical
E sgmRNA, which is synthesised via a shorter TRS, ACGAAC, which we refer to here as the
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minimal TRS (minTRS). The minTRS has emerged numerous times throughout the SARS-
CoV-2 genome (S4A Fig), most notably >13 times at two loci in SARS-CoV-2 upstream of E
(S4B Fig). This neo-minTRS lies within the coding region for the disordered CTD of ORF3a
(S4C-S4E Fig) and came to be present in nearly all Australian Delta variant sequences prior to
the arrival of the Omicron variant (S4F Fig).

Together, our analysis confirms the presence of at least two novel sgmRNAs which have
evolved in different lineages of SARS-CoV-2 and highlights the prevalence of TRS-B evolution
throughout the viral genome over the course of SARS-CoV-2 evolution to date.

Expression and function of N.iORF3

Having confirmed the presence of non-canonical sgmRNAs from novel TRS-B sites, we then
examined the N.iORF3 sgmRNA in more detail. Initially, we wanted to accurately quantify
N.iORF3 expression during infection. Previous reports have suggested that N.iORF3 may

be highly expressed in B.1.1-lineage infections, based on amplicon sequencing data [17,18].
Similarly, our RT-PCR experiments and subsequent nanopore sequencing showed that

the N.iORF3-specific product accounted for over half of PCR amplicons, suggesting high
expression (S1B Fig). However, short PCR products, such as the N.iORF3 amplicon, may be
preferentially amplified, and thus overrepresented in these experiments [28]. Therefore, we
designed a specific RT-qPCR assay to accurately compare N.iORF3 sgmRNA with other viral
RNA species. Probes spanned the leader-TRS-sgmRNA junction (Fig 4A), allowing absolute
quantitation of N.iORF3 sgmRNA copy number, compared to a cDNA standard (S5 Fig), as
well as two canonical sgmRNAs: N, the most abundant viral transcript, and Envelope (E),
whose expression is typically 100- to 1,000-fold lower than N [35]. These sgmRNAs therefore
provide a useful reference frame to understand N.iORF3 expression levels within the context
of established viral sgmRNAs.

RNA from human swabs, described above, was reanalysed by RT-qPCR: in Alpha- and
Omicron-positive swab samples, N.iORF3 expression was comparable (30%-150%) to E
sgmRNA expression (Fig 4B), while expression was approximately 100-fold lower than the
highly abundant N sgmRNA (S6A Fig). We also analysed RNA from VeroE6 cells which were
infected with a range of isolates both within and without the B.1.1 lineage, from different
times during the COVID-19 pandemic. In addition to the Lineage B, Alpha and Beta isolates,
described above, we infected VeroE6 cells with an early 2020 UK isolate (Lineage B.1.1), repre-
sentative of a precursor virus to Alpha, and a late 2021 UK isolate (Omicron BA.1). Consistent
with our clinical swab samples, in B.1.1, Alpha or Omicron infected cells, N.iORF3 expression
was similar (60%-110%) to E expression (Fig 4C), and 50- to 100-fold lower than N sgmRNA
(S6B Fig). These data show that amplicon-based sequencing data may overestimate N.iORF3
expression by up to 500-fold. We did not observe any substantial changes in E or N expression
relative to genomic RNA levels at steady state, at either 7 or 24 h post-infection in any of the
isolates examined (see S6 Fig).

We then examined the kinetics of sgmRNA expression during Alpha infection of a human
lung carcinoma cell line, A549, which stably expresses the SARS2-CoV-2 receptor and entry
co-factor ACE2 and TMPRSS2 (AAT). All sgmRNAs tested were expressed as early as 4h
post-infection and expression rapidly increased between 4 and 8 h post-infection, and started
to plateau at 16-24 h post-infection (Fig 4D).

A previous report [17] suggested that the Alpha variant also expressed a distinct
ORF9b-specific sgmRNA. While we were able to detect this product by nanopore sequencing
of endpoint PCR products (S1B Fig), the expression level was below the limit of detection (100
copies) of our RT-qPCR assay using ORF9b-specific sgmRNA probes (S7 Fig), suggesting very
low expression. Indeed, a recent report showed that increased ORF9b protein expression in
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https://doi.org/10.1371/journal.pbio.3002982.9004

Alpha and related viruses was due to enhanced leaky ribosomal scanning of the canonical N
sgmRNA, rather than ORF9b sgmRNA expression [36].

N.iORF3 protein is expressed in B.1.1 infections and functions as an innate
immune antagonist

We next sought to determine whether a protein product was produced from N.iORF3 in
infected cells. VeroE6 ACE2-TMPRSS?2 cells were infected with Lineage B, B.1.1, Alpha, Beta
or Delta viruses, and harvested at 20 h post-infection. When analysed by immunoblotting,

N expression was largely consistent between variants. We also observed a band at ~25kDa
in B.1.1-, Alpha- and Omicron-infected cells (Figs 4E and S8A and B), consistent with the
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predicted molecular weight of N.iORF3 protein. In line with our qPCR data, expression of
the N.iORF3 band was very low compared to the main N band. We also observed a low level
of N.iORF3 in Beta-infected cells, but not in Lineage B- or Delta-infected cells. We did not
observe substantial N.iORF3 sgmRNA expression in Beta infection (see Fig 2F), therefore
we speculate this protein product may arise via a separate mechanism, such as proteolytic
processing [37].

To confirm the identity of this protein, we generated mutant viruses by reverse genetics
to introduce or delete the N.iORF3 TRS-B (Fig 5A). Introducing the G28881A, G28882A,
(G28883C (N:R203K,G204R) mutations into a Wuhan-Hu-1_S:D614G virus background
(WT-N:KR) increased the expression of N.iORF3 protein (S8C Fig), while reverting this

B o ¢

5 CE

Z »

3 <55 &

& s % o 286586

<R><G><T><S>» o (LQD L kDa ==z << <

AGGGGAACUUCU GSSRGTSPARM  |WT

AAACGAACUUCU GSSKRTSPARM |Alpha-wT 50 --- <N

AGGGGAACUUCU GSSRGTSPARM |Alpha-N:RG
AAgaGcACaUCu GSSKRTSPARM |ATpha-si1TRS

AAACGAAC

low contrast

~ |[4N.IORF3
high contrast
N
GAPDH

(Co-) Infection
MOI0.01

T T 1
8 16 24 48 hpi

0.0026
0.0373
m

10 105+ SRS 100 105
Q Q —
3 = L 9
g 10 104_ r@=8- 25 - /f~ 104 QO
kel 2_] E X N 5 @)
c ° 1064 : /,/ F10° 3
] O o o
& 1074 - S 50 __ 102
o —+— Alpha-WT < 4024 < = )
— 0 — 1 —
L ~e~ Alpha-N:RG 2] /| 100 5
B . 107 a
O 1074 — Alpha-siTRS - 100 §
1072 | T T T | 100~ b O————7——7 7171107
0 12 24 36 48 60 E o P_C 4 8 16 24 48
Hours post infection g Z(-“ 2 Hours post infection
T 5 5
T <

Fig 5. N.iORF3 leads to the expression of a truncated form of Nucleocapsid and contributes to viral fitness. (A) Nucleotide and amino acid sequences of reverse-
genetics-derived SARS-CoV-2 mutant viruses (upper panel) and schematic of the experimental set-up for viral competition assays (lower panel). (B) Western blot
analysis of lysates from infected VeroE6 cells. N.iORF3 is indicated with a red arrowhead. The membrane was re-probed for GAPDH after N, in the same fluorescent
channel. MW, molecular weight marker. (C) Replication of reverse-genetics-derived viruses in A549-ACE2-TMPRSS2 (AAT) cells, measured by reverse transcription
qPCR (RT-qPCR) against ORFlab, normalised to actin. Data are means and standard errors of six biological replicates across two independent experiments. ANOVA
analyses for individual times post-infection are given in S2 Table. (D) Corresponding area under the curve (AUC) values are means and standard deviations of AUC val-
ues from each independent experiment, compared to Alpha-WT infection by one-way ANOVA and Dunnett’s test. P values are shown. (E) Head-to-head competition
assays comparing fitness of Alpha-WT and Alpha-silTRS viruses, measured by Illumina sequencing of amplicons spanning the N.iORF3 TRS-B region and expressed

as percentage of Alpha-WT reads. Total ORFlab expression, normalised to actin, is shown on the right y-axis for reference. Data are means and standard deviations of
three biological replicates. Data underlying this figure can be found in: https://doi.org/10.25418/crick.27952842 and https://doi.org/10.25418/crick.27953013.

https://doi.org/10.1371/journal.pbio.3002982.9005
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mutation in an Alpha virus background (N:K203R,R204G; Alpha-N:RG) abolished expression
of N.iORF3 protein (Fig 5B). We additionally made viruses in which the TRS-B was silently
mutated, while maintaining the N amino acid sequence (WT-N:KR-silTRS and Alpha-silTRS;
Fig 5A); alternative codons were chosen which had similar frequency to the Alpha-WT
sequence. We found that introduction of the silTRS mutations also abolished N.iORF3 protein
expression (Figs 5B and S8C), confirming that the TRS-B nucleotide sequence is necessary for
expression of N.iORF3 protein. Both N.iORF3 TRS-B mutations resulted in a drastic decrease
in N.iORF3 sgmRNA expression, as determined by RT-qPCR (S9 Fig); we also noticed small
differences in ORF4 expression, with a decrease relative to Alpha-WT in Alpha-N:RG viruses
and an increase in Alpha-silTRS (S9B Fig), but no significant changes were observed for N
sgmRNA expression.

To determine the fitness of these viruses in cell culture, AAT cells were infected at a low
multiplicity and cells were harvested up to 48 h post-infection for RT-qPCR analysis. Introduc-
tion of the N:KR or N:KR-silTRS mutations into a WT background did not substantially affect
viral replication until 24 h post-infection, when the WT-N:KR virus grew to slightly higher peak
levels compared to WT (2.8-fold, p = 0.0292, one-way ANOVA with Tukey’s multiple compar-
isons test) and WT-N:KR-silTRS (3.4-fold, p = 0.0092) (S10A-S10C Fig). We then analysed
the Alpha backbone viruses. The Alpha-N:RG mutant, which contains the WT-like amino acid
and nucleotide sequence, was attenuated relative to Alpha, with reduced overall replication and
lower peak genome expression at 24-48 h post-infection (8.4-fold at 48 hpi, p < 0.0001), despite
slightly higher genome copies at early times post-infection (Fig 5C and 5D). Conversely, the
Alpha-silTRS mutant showed substantially delayed growth compared to Alpha-WT up to 16h
post-infection, which recovered by 48 h post-infection (Fig 5C and 5D and S2 Table).

We then tested these viruses in head-to-head competition assays: AAT cells were infected
with pairs of viruses at a low multiplicity and harvested over 48 h. Total virus replication
was quantified by RT-qPCR while relative fitness was determined by amplicon sequencing
of the region surrounding the N.iORF3 TRS-B, expressed as the percentage of sequencing
reads mapping to each virus. The proportion of Alpha-WT virus increased over time rela-
tive to Alpha-N:RG, confirming a selective advantage for Alpha-WT (S10D Fig). Likewise,
Alpha-WT rapidly out-competed the Alpha-silTRS mutant, reaching >80% of amplicon reads
by 8h post-infection (Fig 5E). Since the growth kinetics of the Alpha-N:RG and Alpha-silTRS
mutants were distinct, we also tested these viruses against each other in a head-to-head com-
petition assay. Alpha-N:RG dominated between 4 and 16 h post-infection, consistent with its
faster growth kinetics at early time points, but Alpha-silTRS overtook by 24-48h, reaching
75% of amplicon reads by the end of the time course (S10E Fig). Together these results indi-
cate that both the amino acid and the nucleotide mutations contribute to fitness in the context
of the Alpha backbone.

Finally, we investigated how N.iORF3 may contribute to viral fitness. In SARS-CoV, type
I interferon (IFN) production is strongly inhibited by N, specifically its C-terminal domain,
which sequesters double-stranded RNA in the cytoplasm away from host pattern recogni-
tion receptors [38,39]. We therefore hypothesised that N.iORF3 protein, which encompasses
the CTD of N, might act as an antagonist of type I IFN induction. We therefore investigated
whether knocking out either of the major dsRNA sensors in the cytoplasm, MDAS5 or RIG-I,
could restore fitness in viruses which lack N.iORF3. We infected A549-dual ACE2-TMPRSS2
(WT), or corresponding MDA5 knockout (MDA5 KO) and RIG-I KO cells with a low multi-
plicity of Alpha-WT, Alpha-N:RG and Alpha-silTRS, and examined viral replication over 48h
by RT-qPCR (Fig 6A). Knockout of MDAS5 did not have a significant impact on replication of
Alpha-WT or Alpha-silTRS viruses (S11A and S11C Fig), while Alpha-N:RG genome levels
were slightly increased at late times post-infection (S11B Fig).
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Fig 6. N.iORF3 antagonises interferon induction downstream of RIG-I. (A) Western blot analysis of lysates from AAT-dual WT, MDA5 KO and RIG-I KO cell
lines. (B) Replication of reverse-genetics-derived viruses in WT and RIG-I KO AAT-dual cells, measured by reverse transcription qPCR (RT-qPCR) against ORF1lab,
normalised to 18S rRNA. Data are means and standard deviations of three biological replicates. ANOVA analyses for individual times post-infection are given in S3
Table. (C) Corresponding area under the curve (AUC) values, compared by two-way ANOVA with Tukey’s multiple comparisons. P-values are shown. (D) Diagram of
N.iORF3 protein, also called N *, showing domains from Nucleocapsid and described functions (left panel) and schematic showing experimental design (right panel).
(E) Western blot analysis of N and N.iORF3 expression in transfected HEK293T cells. (F) Expression of IENb (left panel) and a representative interferon-stimulated
gene (IFIT1, right panel), normalised to GAPDH and expressed as fold change in cells transfected with poly(I:C) compared to control cells which were not transfected
with poly(I:C), in the presence of increasing concentrations of N- or N.iORF3-expressing plasmids (25, 50 or 100 fmol) or NSI from influenza A virus as a positive con-
trol (100 fmol). Data are means and standard deviations of at least two biological replicates, compared to mock-transfected cells by one-way ANOVA and Dunnett’s test.
P-values are shown. Data underlying this figure can be found in: https://doi.org/10.25418/crick.27952842 and https://doi.org/10.25418/crick.27953013.

https://doi.org/10.1371/journal.pbio.3002982.9006

In RIG-I KO cells, growth of Alpha-WT was slightly increased at 8 and 16 h post-infection
(Figs 6B, S11A and S11D), though overall replication, as determined by area under the curve
(AUC) analysis, was comparable between cell lines (Fig 6C, p = 0.9978). This replication

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002982 January 21, 2025 12/29



https://doi.org/10.25418/crick.27952842
https://doi.org/10.25418/crick.27953013
https://doi.org/10.1371/journal.pbio.3002982.g006

PLOS BIOLOGY

Emergence of SARS-CoV-2 subgenomic RNAs that enhance viral fithess and immune evasion

advantage was more pronounced in Alpha-silTRS, with significantly higher overall repli-
cation compared to WT cells (3.9-fold, p = 0.0049, two-way ANOVA with Tukey’s multiple
comparisons test) which was comparable to Alpha-WT (p > 0.9999) (Fig 6C). Replication of
Alpha-silTRS was still delayed relative to Alpha-WT, but recovered by 24 h post-infection (Fig
6B). Likewise, Alpha-N:RG replicated to higher levels in RIG-I KO cells compared to WT
cells, with higher peak genome levels at 16-48 h post-infection (S11B Fig), though overall rep-
lication was not significantly restored (S11D Fig, p = 0.5336). Together these data show that
removal of RIG-I can partially compensate for the loss of N.iORF3, indicating that N.iORF3
acts as a RIG-I antagonist.

To test this directly, HEK293T cells were transfected with plasmids encoding N or
N.iORF3, or influenza A virus NS1 protein as a positive control, since NSI is a potent type
I IFN antagonist [40]; after 24 h, cells were transfected with poly(I:C), a synthetic double-
stranded RNA analogue which stimulates innate immune signalling following sensing by
RIG-I or MDAS5. Cells transfected with either N or N.iORF3 expressed lower mRNA levels of
type I IFN (IFNp) and a representative IFN-stimulated gene (IFIT1) (Fig 6F), indicating that
N.iORF3 can antagonise IFN signalling downstream of dsRNA sensing in the cytoplasm.

Discussion

Since its emergence in late 2019, SARS-CoV-2 has continued to adapt to the human host.
Many of these adaptations have been within Spike, the major glycoprotein on the virion
surface, to increase affinity for its receptor, ACE2, or to evade recognition by the adaptive
immune system [2-4]. However, there have also been numerous changes to genes outside of
Spike and in non-coding regions [5,41]. Here, we have focussed on the emergence of novel
TRSs during SARS-CoV-2 evolution. We have shown that TRS emergence happens frequently
on a global scale, may occur convergently across different lineages, and can lead to the expres-
sion of novel subgenomic RNAs which encode novel protein isoforms.

In SARS-CoV-2, the most common newly-emerged TRS-B occurs within the Nucleocap-
sid gene, at nucleotides 28881-28883 (AGGGGAAC > AAACGAAC), underlying the B.1.1
lineage-defining mutations N:R203K,G204R. We confirmed that these nucleotide mutations
lead to the expression of a new subgenomic ORF, N.iORF3, and using a custom sgmRNA-
specific qPCR assay, we accurately quantified N.iORF3 expression in both cell culture and
swab samples from infected individuals. We found that amplicon sequencing data overrep-
resented N.iORF3 expression (S1 Fig and [16-18]), likely due to PCR bias of the shorter
N.iORF3 amplicons [28]. This highlights the complexity of accurately quantifying overlapping
Nidovirus RNA species using indirect sequencing methods [42]. Of note, we have extended
the utility of our sgmRNA qPCR probe design to allow sgmRNA-specific knockdown in the
context of infection, allowing for mutational analysis of the Envelope protein without the need
for reverse genetics [43].

We examined the contribution of this novel sgmRNA to viral fitness. Previous reports

have shown that viruses bearing the N:R203K,G204R mutation have an advantage in cell
culture and in an in vivo hamster infection model over WT virus [44,45]. These studies
focussed on the coding consequences of the N:KR mutation, which occurs in the middle of
the serine-arginine-rich linker in between the structured N-terminal and C-terminal domains
of N (Fig 2C). This linker is phosphorylated during infection [46], and regulates the RNA
chaperone [47,48] and genome packaging roles of N [49]. N:KR was shown to increase the
phosphorylation of this linker [36,44] and alter the dynamics of N phase separation in vitro
[50], suggesting that the amino acid substitutions may alter N regulation during infection.
Structural modelling has also suggested that N RNA binding activity may be altered by the
slight alteration in charge distribution within this domain [45].
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Here, we confirmed the fitness advantage of N:KR-bearing viruses in IFN-competent cells,
particularly in the context of an Alpha-lineage virus backbone, but add that the advantage
is diminished when the nucleotide sequence underlying the N:KR mutation is mutated to
ablate the TRS-B (silent TRS mutant, silTRS). Interestingly, we observed distinct attenuation
phenotypes in these mutant viruses: replication of Alpha-silTRS was drastically delayed, but
recovered to wild-type Alpha levels by 48 h post-infection. By contrast, mutation of the N
coding sequence to N:RG, which also ablates N.iORF3 expression, resulted in lower peak
replication at late times post-infection, even though replication was similar to wild-type
Alpha at early time points. Likewise, in direct competition assays, the Alpha-N:RG virus had
a fitness advantage over Alpha-silTRS at early times post-infection, but at later times Alpha-
silTRS recovered to become the dominant virus in the population. We therefore conclude that
the N:R203K,G204R mutation is advantageous because of both the coding and non-coding
changes, and add that there appears to be a crosstalk between the nucleotide and amino acid
sequence changes which warrants further investigation.

We further demonstrated that N.iORF3 protein can act as an inhibitor of IFN induction,
contributing to the panel of innate immune antagonists which SARS-CoV-2 has at its dis-
posal, providing a potential mechanism the observed fitness advantage [18]. We found that
knockout of RIG-I, but not MDAS5, in A549 cells could restore replication of Alpha-silTRS
back to Alpha-WT levels over the course of infection, indicating that N.iORF3 acts as a RIG-I
antagonist. RIG-I has been shown to bind to the 3'UTR of the SARS-CoV-2 genome and was
shown to be the primary mediator of innate immune induction in both primary and A549
lung epithelial cells [51-53]; this may vary in a cell type-dependent manner [54,55], with
other lung epithelial cell lines such as Calu-3, showing equal or dominant MDAS5 sensing and
restriction of SARS-CoV-2 infection [56-58]. It is plausible that the C-terminal RNA binding
domain of N.iORF3 acts as a competitive inhibitor of RIG-I binding, in an analogous manner
to the C-terminal domain of SARS-CoV nucleocapsid [38,39,59]. While N.iORF3 protein
expression is low compared to N, the uncoupling of the N- and C-terminal domains may
relieve N.iORF3 of some of the other roles of N during infection, such as RNA chaperoning
during replication and transcription, which is mediated by the N-terminal domain. Addition-
ally, N.iORF3 was recently reported to bind to the RNA polymerase II-associated factor com-
plex (PAFc) [36], similar to Influenza virus NS1 protein, which potently downregulates host
innate immune responses by reprograming host transcription [60], offering another potential
mode of action for innate immune antagonism, which is the subject of ongoing investigation.

However, we found that while peak replication of Alpha-silTRS was significantly increased
in the absence of RIG-I, replication still lagged behind Alpha-W'T virus, indicating incom-
plete restoration of WT-like replication. This indicates that there may be multiple roles for
N.iORF3 during infection beyond RIG-I antagonism. Indeed, N.iORF3 has been shown to
form ribonucleoprotein complexes in a similar manner to full-length N [61] and could medi-
ate viral RNA packaging in the absence of N in a virus-like particle assay [36], indicating a
potential role in virus assembly. N.iORF3 may also modulate the function of full-length N: the
CTD of N, and consequently N.iORF3, contains a dimerisation domain, raising the possibility
of N:N.iORF3 heterodimers. Intriguingly, we identified another internal ORF downstream of
aneo-TRS-B at the 3’ end of ORF1lab, which encodes two ORFs, one of which encompasses
the C-terminal tail of nsp16, the viral RNA 2'-O-methyltransferase [62]. This region includes
the dimerisation domain of nsp16, similarly suggesting heterodimerisation between the full-
length and truncated proteins arising from these newly evolved TRS-Bs.

The generation of new open reading frames is a general feature of coronavirus evolution
[63]. This is often considered in the context of dramatic duplications or rearrangements which
generate new ORFs which are then able to diversify in function; examples in SARS-CoV-2
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include the ORF3a, an accessory protein which evolved from a copy of the viral Membrane
protein [64], and ORF8 which is thought to be a duplicate of ORF7a [65-67], both accessory
proteins with diverse functions in host cell modulation. Functional redundancy between the
Membrane and Envelope genes of mouse coronavirus even suggests a common evolutionary
origin of these two structural proteins in early coronavirus evolution [68]. Moreover, novel
ORFs may arise via non-homologous recombination with unrelated viruses: an ancestral
betacoronavirus is thought to have acquired its haemagglutinin esterase gene from an influ-
enza C-like virus [69,70], while a bat coronavirus has been identified with a novel 3" ORF
which was homologous to a gene from a bat reovirus, a double-stranded RNA virus [71].
These sequences can then be exchanged or shuffled between viruses to provide rapid sequence
diversity. Notably, regions of the Spike gene, described as mobile “modules”, can be exchanged
between similar viruses and have been implicated in expansion of viral host range [72,73]. In
SARS-CoV-2, recombination between two subvariants of Omicron, BJ.1 and BM.1.1.1, within
the Spike gene lead to the generation of the XBB variant, which dominated globally through-
out 2023 [74,75].

Here, we have shown that ORF evolution can also occur from more subtle mutations, even
down to single nucleotide changes, which generate consensus TRS-Bs that are sufficient to
drive novel sgmRNA synthesis. In the case of N.iORF3, we observed low-level expression in
viruses without the TRS-B mutations, but expression was increased by at least 100-fold when
the TRS-B mutations were present. This is in line with numerous previous reports which show
that coronaviruses can recombine promiscuously with TRS-B-like sequences at low frequency,
producing a wide diversity of subgenomic RNA species during infection beyond the canonical
sgmRNAs [19-21], and artificial insertion of a consensus TRS alone is sufficient to enhance
sgmRNA expression by 100- to 1,000-fold [76].

It is important to note that TRS usage varies greatly between different Nidoviruses [23,77].
For example, the TRS-Bs upstream of the HE, ORF5 (also known as ns12.9) and M in human
coronavirus OC43 contain deletions or mutations relative to the TRS-L. In Sarbecoviruses,
as noted above, transcription of the Envelope sgmRNA is driven by a shorter hexanucleotide
TRS-B, while in OC43, TRS-B-like sequences upstream of E are both shorter and mutated rel-
ative to the TRS-L. A short TRS-B was also implicated in the transcription of a novel sgmRNA
transcript in SARS-CoV, which encodes a truncated version of Spike [78]. Likewise, in avian
coronavirus and other gammacoronaviruses, shorter TRS-Bs can be used highly efficiently
[27]; indeed, a minimal TRS of only three nucleotides is efficiently used for the expression of
gene 4b [79]. Moreover, in mouse coronavirus, reverse genetics experiments have revealed
additional non-TRS-B sequences which can be used for sgRNA transcription [80]. Finally, in
some arenaviruses, sgnRNA synthesis is even more plastic and can be both discontinuous and
non-discontinuous (terminating without addition of the 5" leader) [81-83].

There are numerous other sequence and structural features which govern TRS-B selection
[84,85], including the identity of TRS-flanking nucleotides [11,13,14], the structural presen-
tation of the TRS [86] and long-range RNA-RNA interactions between the 5" and 3’ ends of
the genome [12,15]. Position in the genome is also a key factor, with more 3’ TRS-Bs being
selected more frequently than those 5" [87]. Indeed, in both swine and mouse coronaviruses,
experimental introduction of optimal TRS-Bs downstream of N leads to strong expression
of the new transgene, and downregulation of the upstream ORFs [76,88]. By contrast, we
found that N.iORF3 expression was ~100-fold lower than N, at levels comparable to the E
sgmRNA. Additionally, we observed no differences in canonical sgmRNA expression in the
presence or absence of the N.iORF3 TRS-B, indicating minimal perturbation of the overall
transcriptional programme. We may conclude that the N.iORF3 TRS-B is inefficiently utilised,
and may have been compensated for with other mutations in the B.1.1 lineage, possibly to
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avoid dysregulated sgmRNA transcription which could be deleterious [18,87]. However, we
did observe small changes to E sgmRNA expression in our reverse-genetics-derived viruses,
indicating that when the TRS-B is perturbed artificially, the transcriptional programme may
be altered. This therefore implies that other changes are present in viruses that contain the
N.iORF3 TRS-B, which could compensate for the additional TRS; additional reverse genetics
experiments may shed light on this potential transcriptional fine-tuning in the future. It is
tempting to speculate that inefficiently expressed transcripts may provide an opportunity for
new ORFs to be expressed and, if found advantageous, the efficiency of the TRS-B may then
be further optimised.

In summary, the emergence of novel open reading frames is a hallmark of coronavirus evo-
lution and adaptation to new hosts in coronaviruses [64,72,89], Nidoviruses [63,90,91], RNA
viruses more broadly [92]. Indeed, gene duplication and diversification as an evolutionary
process is fundamental to complexity in cellular organisms and forms the backbone of both
innate and adaptive immune systems. Here, we show that this process is ongoing in SARS-
CoV-2, as we observe evolution at the functional RNA level throughout the genome.

Materials and methods
Cell lines and viruses

Vero E6 (Pasteur), Vero V1 (a gift from Stephen Goodbourn), and A549 ACE-TMPRSS2 and
VeroE6 ACE2-TMPRSS2 cells [93] (gifts from Suzannah Rihn) were maintained in Dulbecco’s
Modified Eagle Medium (DMEM), supplemented with 10% foetal calf serum and penicillin-
streptomycin (100 U/mL each). A549-dual hACE2-TMPRSS2, A549-dual KO MDA5
hACE2-TMPRSS2 and A549-dual KO RIG-I hACE2-TMPRSS2 cells were purchased from
Invivogen, and were maintained in DMEM as above, with addition of 100 pug/mL Normicin,
10 pg/mL Blasticidin, 100 ug/mL Hygromycin, 0.5 pg/mL Puromycin and 100 ug/mL Zeo-
cin. Forty-eight hours before infection selection antibiotics were removed to avoid off-target
pressure on viral growth.

The SARS-CoV-2 B lineage isolate used (hCoV-19/England/02/2020) was obtained from
the Respiratory Virus Unit, Public Health England, UK, (GISAID accession EPI_ISL_407073).
The B.1.1 lineage strain used was isolated from a healthcare worker swab as part of the Legacy
study and has the genotype: C241T, C3037T, nsp12: P323L, S: D614G, N: S194L, N: R203K, N:
G204R. The SARS-CoV-2 B.1.1.7 isolate (“Alpha”) was hCoV-19/England/204690005/2020,
which carries the D614G, A69-70, A144, N501Y, A570D, P681H, T7161, S982A and D1118H
mutations in Spike, and was obtained from Public Health England (PHE), UK, through Prof.
Wendy Barclay, Imperial College London, London, UK through the Genotype-to-Phenotype
National Virology Consortium (G2P-UK). The B.1.617.2 (“Delta”) isolate was MS066352H
(GISAID accession number EPI_ISL_1731019), which carries the T19R, K77R, G142D,
A156-157/R158G, A222V, L452R, T478K, D614G, P681R, D950N mutations in Spike, and
was kindly provided by Prof. Wendy Barclay, Imperial College London, London, UK through
the Genotype-to-Phenotype National Virology Consortium (G2P-UK). The BA.1 (“Omi-
cron”) isolate was M21021166, which carries the A67V, A69-70, T951, A142-144, Y145D,
A211, L2121, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A,
Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, A701V,
N764K, D796Y, N856K, Q954H, N969K and L981F mutations in Spike, and was kindly
provided by Prof. Gavin Screaton, University of Oxford, Oxford, UK through the Genotype-
to-Phenotype National Virology Consortium (G2P-UK). The B.1.351 isolate (“Beta”) was
obtained from Alex Sigal and Tulio de Olivera. Viral genome sequencing of this B.1.351
identified S: Q677H and S: R682W mutations at the furin cleavage site in ~45% of genomes.
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Reverse-genetics-derived viruses were generated at the CVR, using the transformation-
associated recombination method, as previously described [94,95]. Genomes were transcribed
in vitro and transfected into BRH-hACE2-N cells, which stably express hACE2 and SARS-
CoV-2N, for virus rescue. Rescued viruses were passaged twice in Vero E6 cells and sequenced
using Oxford Nanopore to confirm their identity. Virus stocks were propagated in Vero V1
cells by infection at an MOI of 0.01 in DMEM, supplemented with 1% foetal calf serum and
penicillin-streptomycin (100 U/mL each), harvested when CPE was visible, and stocks were
titrated on Vero E6 cells.

Clinical samples

Extracted RNA from occupational health screening swab samples of UK National Health
Service (NHS) healthcare workers at the Crick COVID Consortium Testing Centrel8 was
obtained from the Crick/UCLH SARS-CoV-2 Longitudinal Study (Legacy Study) [COVID-
19] (IRAS ID 286469). These samples were collected between December 2020 and February
2021 and had tested positive for SARS-CoV-2 (TaqPath assay, Thermo Fisher) and the viral
genomes had been fully sequenced (ARTIC v333,34, GridION), and lineage assigned using
pangolin [1]. The 12 samples with the lowest ORFlab Ct values and a genome coverage >96%
were selected from each of Alpha (B.1.1.7) and B.1.177 (EU1) lineage for use in this work.

Ethics

The Legacy study (Cohort A1, NCT04750356) was approved by London Camden and Kings
Cross Health Research Authority Research and Ethics committee (IRAS number 286469) and
is sponsored by University College London Hospitals. Participants provided written consent.

Plasmids

Sequences for N and N.iORF3 were amplified from cDNA from Alpha-infected cells, to
include 5" Nhel and 3’ NotI sites, then ligated into pPCDNA3-T2A-mCherry, to generate
pCDNA3-B117-N-T2A-mCherry and pCDNA3-B117-Nstar-T2A-mCherry. pPCDNA3-NS1
was a kind gift from Caetano Reis e Sousa.

In vitro infections

For in vitro infections to examine sgmRNA production, Vero E6 cells were infected at an
MOI >1 in DMEM supplemented with 1% foetal calf serum and penicillin streptomycin (100
U/mL each). At 7 or 24 h post-infection, cells were washed with phosphate-buffered saline
and lysed in TRIzol or Laemmli buffer. For growth curves and competition assays, A549
ACE2 TMPRSS2 (AAT) cells, A549-dual hACE2-TMPRSS2, A549-dual KO MDA5 hACE2-
TMPRSS2 or A549-dual KO RIG-I hACE2-TMPRSS2 cells were infected at an MOI of 0.01
PFU/cell at room temperature for 1h. For competition assays, cells were infected with both
viruses at an MOI of 0.01 each. Inoculum was then removed and replaced with fresh DMEM,
supplemented with 2% foetal calf serum and penicillin streptomycin (100 U/mL each). Cells
were incubated for 4-48 h, before lysis in Trizol. RNA from infected cells was extracted using
a Direct-zol RNA MiniPrep kit (Zymo Research).

RT-PCR

Reverse transcription was carried out using the SuperScript VILO ¢cDNA synthesis kit (Invi-
trogen) at 25 °C for 10 min, then 50 °C for 10 min, followed by 2 min each at 55, 50, 60, 50,
65, and 50 °C. PCR was carried out using GoTaq DNA polymerase (Promega) with RT-PCR
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primers 5’'UTR-FWD and ORF9-REV (S84 Table). PCR cycling conditions were 95 °C for

2 min, followed by 40 cycles of 95 °C for 305, 56 °C for 305, and 72 °C for 60, with a final
extension of 72 °C for 5min. PCR products were purified using a NucleoSpin Gel and PCR
Clean-up kit (Macherey-Nagel). PCR products were separated in 1.2% agarose-TBE gels at
110 V for 45 minutes, before visualisation using an Amersham Imager 600 or Li-Cor D-Digit.

Nanopore sequencing and data analysis

End preparation was carried out using the NEBNext Ultra II End Repair A-Tailing Mod-

ule (NEB). The reaction was carried out at 20 °C for 25 min, followed by 15 min at 65 °C to
inactivate the enzyme. Samples were directly ligated with an individual barcode from the ONT
Native Barcoding kit (EXP-NBD196) using NEBNext Blunt/TA Ligase Master Mix (NEB).
The ligation reaction was carried out for 20 min at 20 °C followed by 10 min at 70 °C. After
barcoding, samples were pooled with equal volumes. The pool is cleaned up using a 0.4x ratio
of SPRIselect magnetic beads (Beckman Coulter). Fragment-bound beads were washed twice
with short fragment buffer (SFB) (ONT), and once with 80% ethanol. The DNA target was
eluted with Buffer EB (Qiagen). To allow nanopore sequencing, the AMII adapter (ONT) was
ligated on using NEBNext Quick Ligation Module (NEB), with a 20-min incubation at 20 °C.
A second SPRIselect bead cleanup was carried out with a 100d7 ratio of beads and two washes
with SFB only. The final pool was eluted in Elution Buffer (ONT) and quantified by Qubit HS
dsDNA assay (Thermo Fisher). A FLO-MIN106 flowcell is primed with the Flow cell Priming
kit (ONT). Up to 15ng of the final pool was mixed with Loading Beads (ONT) and Sequenc-
ing Buffer (ONT) before loading onto the flowcell, which was sequenced on the GridION
platform for up to 20 h with a voltage of —180 mV. Sequencing reads were adapter-trimmed
using porechop (https://github.com/rrwick/Porechop) and reads were filtered by size into
bins of 75-130bp, 250-400 bp and 850-1,050 bp, and aligned to the reference sequence of

the ORF9 amplicon using minimap2 [96] and samtools [97]. Alignments were visualised in

Integrative Genomics Viewer [98], and statistics were extracted using the samtools flagstat
command. ORF9b-specific amplicons in were identified by counting the number of reads

in the 850-1,050 bin containing the ORF9b sgmRNA-specific sequence TGTAGATCT-
GTTCTCTAAATGGACC. A consensus sequence was generated from reads in 75-130 bp bin,
which identified this product as a result of mis-priming of 4 bases at the 3'-end of the reverse
PCR primer. Quantification of read statistics were plotted using GraphPad Prism (v 9.2.0).
Raw nanopore sequencing data has been deposited under the ArrayExpress accession number
E-MTAB-14681.

Illumina amplicon sequencing and data analysis

To determine the abundance of each virus in head-to-head competition assays, a region
surrounding the N.iORF3 TRS-B sequence was amplified using Platinum SuperFi Il DNA
Polymerase (Invitrogen) with primers N3geno_FWD and N3geno_REV which contained

5' Illumina adapter sequences. PCR cycling conditions were 95 °C for 5 min, followed by

20 cycles of 95 °C for 305, 60 °C for 30s and 72 °C for 205, with a final extension of 72 °C

for 5min. Products were cleaned up using Ampure XP beads (Beckman Coulter) at a ratio

of 1.8x. One microlitre of each sample was taken into a PCR reaction with 5 uL of NEB Q5
High-Fidelity DNA Polymerase 2x Master Mix, 1 pL of NXT-IDT Primer Mix 10 uM unique
dual index and 3 uL of H,0O. PCR cycling conditions were 95 °C for 3 min, followed by 10
cycles of 95 °C for 30s, 55 °C for 155, and 72 °C for 30, with a final extension of 72 °C for
5min. Libraries were cleaned up using Ampure XP beads at a ratio of 0.8x. Libraries were
quantified using Promega Quantifluor reagents, plate reader and Agilent Tapestation. Samples
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were pooled by concentration and sequenced on the Illumina MiSeq platform with a PE
250bp run configuration on a nano flowcell. Reads were aligned to reference sequences using
Bowtie2 [99] and read counts were calculated using SAMtools [97], using a custom pipeline
(https://doi.org/10.5281/zenodo.14277568). Amplicon data are presented as a percentage of
the total number of reads which map to the indicated virus. Data were analysed by one-way
ANOVA and tested for a linear trend using GraphPad (v. 10.1.2). Raw Illumina sequencing
data has been deposited under the ArrayExpress accession number E-MTAB-14680.

RT-qPCR

To quantify sgmRNA abundance, RT-qPCR was carried out using the Tagman Multiplex
Master Mix (Applied biosystems) with 1.8 uM forward and reverse primers and uM 5'-FAM-
/3'-BHQ-labelled probe and cDNA from 5ng of RNA extracted from infected VeroE6 cells

(or a 1:100 dilution for N), or from 2 uL of RNA from HCW swab samples. Linear amplifica-
tion range was tested against synthetic oligonucleotide templates (Dharmacon) and absolute
sgmRNA copy number was calculated by interpolating cDNA standard curves. Ratios between
sgmRNA species were calculated from copy numbers. ORFlab and Actin abundances were
determined using the Real-Time Fluorescent RT-PCR kit for Detecting nCoV-19 (BGI), or,
for S9B-D Fig, TagPath COVID-19 Combo Kit (ThermoFIsher) and Tagman beta-actin
detection Reagents (Applied Biosystems). For Fig 4, log, -transformed data from infected

cells were compared to B Lineage-infected cells by one-way ANOVA with Dunnett’s test for
multiple comparisons using GraphPad Prism (v 9.2.0). To account for differences in variances
due to uneven samples sizes from swab samples, data were compared to EU1 swabs by one-
way Browne-Forsythe and Welch ANOVA with Dunnett’s T3 test. For Figs 5, 6, S9 and S10,
AUC values were calculated in GraphPad Prism (v 10.1.2) and compared by one-way ANOVA
with Dunnett’s test for multiple comparisons (Figs 5D and S9) or two-way ANOVA with
Tukey multiple comparisons correction. Additionally, ANOVA comparisons were made for
log, -transformed data from each time point and are listed in 52 and S3 Tables.

To determine innate immune responses, RT-qPCR was carried out using the Brilliant III
Ultra-Fast SYBR Green QPCR Master Mix (Agilent) with 0.8 uM primers, against IFNb, IFIT1
or GAPDH (see “Primer Sequences’, below), and cDNA from 5ng of RNA extracted from
transfected HEK293T cells. Data were normalised to GAPDH and expressed as fold change
(2-DDCq) over control cells, which were not transfected with poly(I:C), for each plasmid.

Log, -transformed data were compared by one-way ANOVA with Dunnett’s test for multiple
comparisons using GraphPad Prism (v 9.2.0).

Immunoblotting

Cell lysates (6-10 pg total protein) were separated by SDS-PAGE using Any kD precast gels
(Bio-Rad) and transferred to 0.2-pm nitrocellulose membrane by semidry electrotransfer.
Membranes were probed with anti-Nucleocapsid (MA5-35943, Invitrogen, 1:250), anti-HSP90
(MA5-35624, Invitrogen, 1:2000), anti-GAPDH (AM4300, ThermoFisher, 1:2000), anti-
Membrane (MRC PPU & CVR Coronavirus Toolkit, Sheep No. DA107, 1:800), anti-MDA5
(XX) or anti RIG-I (XX), followed by IRdye secondary antibodies (Li-Cor), allowing visualisa-
tion on an Odyssey CLx imaging system (Li-Cor).

Transfection

HEK293T cells were transfected at 70% confluency in 24-well plates, with 25, 50 or
100fmol pCDNA3-B117-N-T2A-mCherry or pPCDNA3-B117-Nstar-T2A-mCherry from
Alpha (B.1.1.7), or 100 fmol pCDNA-NSI, or mock transfected, using Lipofectamine 2000

PLOS Biology | https:/doi.org/10.1371/journal.pbio.3002982  January 21, 2025 19/29



https://doi.org/10.5281/zenodo.14277568

PLOS BIOLOGY

Emergence of SARS-CoV-2 subgenomic RNAs that enhance viral fitness and immune evasion

(Invitrogen) at a 2:1 ratio according to the manufacturer’s instructions, in antibiotic-free
DMEM. After 24 h, cells were transfected again with 1 pg polyinosinic-polycytidylic acid
(Poly(I:C), Sigma Aldrich) using Lipofectamine 2000 at a 2:1 ratio in Opti-MEM (Gibco).
After a further 24 h, cells were harvested in passive lysis buffer for western blot analysis
(Promega) and RNA was extracted by mixing cell lysate 1:3 with TRIzol LS (Invitrogen) then
using a Direct-zol RNA MiniPrep kit (Zymo Research).

Phylogenetics and identification of novel TRS-B sites

For Figs 2B and S2A phylogenetic trees produced by Nextstrain for SARS-CoV-2 global

data were downloaded as SVG files under the CC BY license on 24/05/2024 (Fig 2B) or
23/09/2021 (S2A Fig), following annotation to indicate amino acids at position 204 of N,
using the “Colour by... genotype” command. To calculate emergence of novel TRS-B sites,

a complete snapshot of the GISAID EpiCov database was downloaded on 12 Nov 2021 and
the subset of ‘complete’, ‘high coverage’ SARS-CoV-2 genomes extracted according to the
associated metadata. Using locateTRS (https://doi.org/10.25418/crick.27959910) these were
aligned in parallel in batches of 10,000 sequences to the Wuhan-Hu-1 (NC_045512) refer-
ence with MAFFT [100] (‘mafft -nuc —-nwildcard - 6merpair --keeplength —addfragments’)
and the results merged to produce a complete alignment. Locations of the AAACGAAC and
ACGAAC sequence motifs were extracted from individual sequences within the alignment
using ‘seqgkit locate’ 42 using regular expressions allowing for alignment gaps (‘-’ characters)
within each search sequence. These were subsequently compared to the locations of the same
search sequences within the Wuhan-Hu-1 reference using ‘bedtools subtract’ to identify novel
occurrences and their frequencies calculated with ‘bedtools genomecov’ As the ‘--keeplength’
flag to MAFFT carries the potential to create artefactual alignments by removing nucleotides
inserted relative to the reference, for each novel location of either sequence motif, the corre-

sponding genomes were extracted and re-aligned to the Wuhan-Hu-1 reference using MAFFT
without this flag to ensure that reported sites were valid.

To screen for possible convergent evolution, we examined the Audacity tree made available
by the GISAID Initiative [30], using a mutation-annotated tree inferred by UShER [101]. We
examined the final phylogenetic tree using Taxonium (https://github.com/theosanderson/

taxonium), searching for nodes annotated with the mutations under consideration, and
which had more than 30, 50, or 100 descendants. Where clades were found, we considered
the alternative possibilities of convergent evolution, phylogenetic misplacement, or artefacts
due to contamination with other B.1.1 sequences. In particular we looked for the presence

of mutations back to reference, often indicative of artefacts due to contamination or failure

to trim primer sequences, and used CoV-Spectrum [29] to examine sub-clade dynamics and
prevalence. CoV-Spectrum was also used to determine the proportions of sequences carrying
certain mutations in S2D and S2E Fig and Venn diagram representations were generated with
BioVenn [102].

Supporting information

S1 Fig. Nanopore sequencing of sgmRNA amplicons from human swab samples. (A)
Schematic for detection of N, N.ORF3 and ORF9b-specfic sgmRNA using the endpoint
reverse transcription PCR (RT-PCR) assay depicted in Fig 2E-G. (B) Nanopore sequencing
of endpoint PCR products from N.iORF3-, N-, or ORF9b-specific sgnRNAs in clinical swab
samples from EU1 and Alpha lineages, expressed as either raw Nanopore read numbers,
determined by TRS-B junction-specific sequences, (left panel) or expressed as a proportion of
N reads per sample (right panel). Data are means and standard errors of 12 swab samples per
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lineage and p-values represent pairwise t-tests for each sgmRNA species. TRS, transcription
regulatory sequence. Data underlying this figure can be found in: https://doi.org/10.25418/
crick.27952842.

(PDF)

S2 Fig. N.iORF3 and extended homology to TRS-flanking regions have both evolved
convergently. (A) Phylogenetic reconstruction of the Iota variant evolution (B.1.526), high-
lighting the emergence of N.iORF3 (red). (B) A silent mutation at S202 generates extended
homology of the N.iORF3 TRS-B region to the 5'UTR region flanking the TRS-L. (C) Phylo-
genetic reconstruction of SARS-CoV-2 evolution in humans, with independent emergences
of extended N.iIORF3 TRS sequence highlighted (see S1 Table). The phylogenetic tree in
panel a was adapted from Nextstrain based on the Iota-focussed build, and in panel C on
the Omicron.21K focussed-build [103,104]. (D) Proportion of SARS-CoV-2 sequences with
the extended N.iORF3 TRS-B sequence by lineage, showing B.1.1 and P.1 (Gamma) in the
left panel, and Alpha and four Omicron sub-lineages in the right panel. (E) Venn diagram
showing proportion of B.1.1 sequences (red) with the A28877U, G28878C mutations (blue),
and minimal emergence of these mutations outside of the B.1.1 lineage. TRS, transcription
regulatory sequence. Data underlying this figure can be found in: https://doi.org/10.25418/
crick.27952842.

(PDF)

$3 Fig. Convergent evolution of a TRS-B site within the coding region of Spike protein,
overlapping the connector domain of Spike/S2. (A) Schematic of the SARS-CoV-2 genome
(upper panel) and frequency of emergence of the TRS-B sequence (AAACGAAC) in the
global SARS-CoV-2 population (lower panel). (B) Diagram of the Spike ORE, including a
potential transframe product. (C) Sequence alignment of amino acids 1071-1086 of Spike,
and alignment of the corresponding nucleotide sequences show emergence of a new TRS-B
sequence. (D) The sequence context of the novel Spike.iORF sgmRNA, showing TRS-B (blue
highlight), extended homology to the 5'UTR (green highlight) during nascent (-) strand RNA
synthesis (black), and downstream tandem start codons and Kozak contexts (yellow high-
light). (E) Phylogenetic reconstruction of SARS-CoV-2 evolution in humans, with indepen-
dent emergences of Spike.iORF TRS sequence with >50 descendant genomes highlighted

in pink (see S1 Table). The schematic and abbreviations of Spike protein domains shown in
panel B was adapted from Lan and colleagues [16]. TRS, transcription regulatory sequence.
(PDF)

S4 Fig. Evolution of minimal TRS-B (minTRS-B) sites upstream of the canonical Enve-
lope minTRS-B. (A) Schematic of the SARS-CoV-2 genome (upper panel) and frequency

of emergence of the minTRS-B sequence (ACGAAC, middle panel) and full-length TRS-B
sequence (AAACGAAC, lower panel) in the global SARS-CoV-2 population. (B) Diagram
of the ORF3a, including a potential transframe product, showing two loci of new minTRS-B
emergence (i) and (ii), upstream of (iii) the canonical E minTRS-B. (C) Sequence alignment
of amino acids 238—275 of ORF3a, and alignment of the corresponding nucleotide sequences
show two loci of new minTRS-B emergence. (D) The sequence context of the novel (i) ORF3a.
iORF1 and (ii) ORF3a.iORF2 sgmRNA relative to (iii) existing minTRS-B that drives canon-
ical E sgmRNA expression, showing minTRS-B sites (blue highlights), extended homolo-
gies to the 5'UTR (green highlights) during nascent (-) strand RNA synthesis (black), and
downstream start codons and Kozak contexts (yellow highlights). (E) Phylogenetic recon-
struction of SARS-CoV-2 evolution in humans, with independent emergences of ORF3a.
iORF minTRS-B sites with >50 descendant genomes highlighted in orange, with overlaid (i)
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or (ii) annotation in white denoting ORF3a.iORF1 minTRS-B and ORF3a.iORF2 minTRS-B
emergence, respectively. (F) Percentage of sequenced Delta variant genomes in Australia that
contain (i) ORF3a.iORF2 minTRS-B mutation (See S1 Table). The plot in panel F was gener-
ated using CoV-Spectrum [44]. TRS, transcription regulatory sequence.

(PDF)

S5 Fig. Validation of sgmRNA reverse transcription qPCR (RT-qPCR) and determination
of sgmRNA copy number. (A) Schematic representation of qRT-PCR primer probe sets for
N, N.iORF3 and E sgmRNAs and (B) standard curves using synthetic cDNA oligonucleotide
templates. Insets show linear regression of Ct plotted against log, -transformed cDNA copy
number. (C) RT-qPCR of VeroE6 cells infected with B, B.1.1, Alpha or mock cells, or water
controls, validating RT-qPCR specificity. Bars represent the mean and standard deviation of
three biological replicates. RT-qPCR analysis of N.iORF3 sgmRNA copy number, expressed
as a ratio of N copy number in (D) clinical swabs, and (E) infected VeroE6 cells in culture at

7 and 24 h post-infection. For infected VeroE6 cells, data are means and standard deviations
of at least three biological replicates. For clinical swabs, data are means and standard devia-
tions of 4 (EU1/Alpha) or 12 (Delta/Omicron) swab samples per lineage. Data underlying this
figure can be found in: https://doi.org/10.25418/crick.27952842.

(PDF)

S6 Fig. Extended reverse transcription qPCR (RT-qPCR) analysis of sgmRNA expres-
sion in SARS-CoV-2 infected clinical swabs and cell culture. (A, B) N.iORF3 copy number
expressed as a percentage of Nucleocapsid copy number. (C-H) Expression of Envelope (B),
Nucleocapsid (C) or N.iORF3 (D) sgmRNA, normalised to genomic RNA (ORFlab) and
expressed as fold change compared to the control virus condition: for swab samples (A, C,

E, G), EUI, and for infections in VeroE6 cells (B, D, E H), B lineage. Alpha-ins represents

an additional Alpoha isolate with an insertion upstream of the Nucleocapsid codiing region,
described in S8 Fig. Data underlying this figure can be found in: https://doi.org/10.25418/
crick.27952842.

(PDF)

S7 Fig. ORF9b-specific sgmRNA reverse transcription qPCR (RT-qPCR). (A) Schematic
representation of QRT-PCR primer probe sets for N and ORF9b sgmRNAs and (B) standard
curve using synthetic cDNA oligonucleotide templates for ORF9b sgmRNA. Standard curve
for N sgmRNA is shown in Extended Data Fig 1B. (C) Amplification of N (black) or ORF9b
(purple) sgmRNA in Vero E6 cells infected with B, B.1.1 or Alpha, in technical duplicate,
representative of three biological replicates. (D) Gel electrophoresis of RT-PCR products
from ORF9b RT-qPCR reactions. Data underlying this figure can be found in: https://doi.
org/10.25418/crick.27952842 and https://doi.org/10.25418/crick.27953013.

(PDF)

S8 Fig. Expression of N.iORF3 protein in infection. (A, B) Western blot analysis of Mock,
B-lineage or Alpha-infected VeroE6 cells, at 24 h post-infection without treatment (A) or at
16 h post-infection with or without 8h MG-132 treatment (B). (C) Western blot analysis of
Mock VeroES6 cell or cells infected with reverse-genetics-derived viruses as indicted (see Figs 5
and S9). MW, molecular weight marker. Data underlying this figure can be found in: https://
doi.org/10.25418/crick.27953013.

(PDF)

S9 Fig. sgmRNA expression in reverse-genetics-derived viruses. (A) Summary of
reverse genetics mutants used in the Alpha backbone, showing nucleotide mutations and
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corresponding amino acid changes (left panel) and schematic of the experimental design
(right panel). (B-D) reverse transcription qPCR (RT-qPCR) analysis of the indicated
sgmRNAs, normalised to ORFlab and expressed as fold change relative to expression in
Alpha-WT. Log -transfrmed values were compared by one-way ANOVA with Tukey’s mul-
tiple comparisons test. Data underlying this figure can be found in: https://doi.org/10.25418/
crick.27952842.

(PDF)

$10 Fig. Growth of WT- and Alpha-backbone virus mutants. (A) Summary of reverse
genetics mutants used in the WT (Wuhan-Hu-1 S:D614G) backbone, showing nucleotide
mutations and corresponding amino acid changes (left panel) and schematic of the experi-
mental design (right panel). (B) Growth of mutant viruses individually, measured by reverse
transcription qPCR (RT-qPCR) against ORFlab, normalised to actin and (C) corresponding
area under the curve (AUC) values. Data are means and standard deviations of three bio-
logical replicates, compared to WT-N:KR by one-way ANOVA (C). (D, E) Head-to-head
competition assay comparing fitness Alpha-WT and Alpha-N:RG viruses (D), or Alpha-N:RG
and Alpha-silTRS viruses (E), measured by Illumina sequencing of amplicons spanning

the N.iORF3 TRS-B region and expressed as percentage of WT-N:KR reads. Total ORFlab
expression, normalised to actin, is shown on the right y-axes for reference. Data underlying
this figure can be found in: https://doi.org/10.25418/crick.27952842.

(PDF)

S11 Fig. Growth of WT- and Alpha-backbone virus mutants in MDA5 KO and RIG-I KO
cells. (A-C) Growth of Alpha-WT (A), Alpha-N:RG (B) or Alpha-silTRS (C) in A549-dual
ACE2-TMPRSS2 cells (WT), MDAS knockout (MDA5 KO) or RIG-I KO cells, measured by
reverse transcription qPCR (RT-qPCR) against ORFlab, normalised to 18S rRNA and (D)
corresponding area under the curve (AUC) values. Data are means and standard deviations of
three biological replicates, compared by two-way ANOVA with Tukey’s multiple comparisons.
P-values are shown. One-way ANOVA comparisons of individual time points for each virus
are presented in S3 Table. NB: Growth curve data and AUC values for Alpha-WT in WT cells,
Alpha-WT in RIG-I KO cells, Alpha-silTRS in WT cells and Alpha-silTRS in KO cells are the
same as presented in Fig 6B and C.

(PDF)

S1 Table. Convergent evolution of TRS-B and minTRS-B sites within SARS-CoV-2.
Identified nodes on a phylogenetic reconstruction of SARS-CoV-2 evolution in humans
representing clusters of novel TRS and sgmRNA emergence (see Materials and methods). For
each emergence event, the parental lineage, approximate date (“Approx. Date”) and location
(“Location Focus”) of circulation are annotated, as well as number of identified descendant
genomes within each cluster (“N="), whether it appears to be a true independent emergence
event (“Indep?”, see Materials and methods) and whether it has further extended homology
to the 5’'UTR (“+Homol?”). Each cluster is further annotated with potential interrelation-
ships (“Links”) and additional notes, including context to its spread based on analysis using
CoV-Spectrum [29].

(PDF)

S2 Table. One-way ANOVA analysis with Tukey’s multiple comparisons test of individual
time points for data shown in Fig 5B. Data were log-transformed, six biological replicates
across two independent experiments. P-values less than 0.05 are highlighted in bold. hpi,
hours post-infection.

(DOCX)
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$3 Table. One-way ANOVA analysis with Tukey’s multiple comparisons test of individual
time points for data shown in Figs 6B and S10. Comparisons were carried out for each virus,
comparing genome expression at each time point in KO cell lines compared to WT cells. Data
were log-transformed, three biological replicates. P-values less than 0.05 are highlighted in
bold. hpi, hours post-infection.

(DOCX)

S4 Table. Primer sequences.
(DOCX)

S5 Table. GISAID Accession Numbers and Acknowledgements.
(XLSX)

Acknowledgments

We thank Simon Caidan, Robert Goldstone, Maria Greco, and Michael Bennett for technical
assistance; and Steve Gamblin, George Kassiotis, Wendy Barclay, and Ervin Fodor for helpful
discussions. We thank Wendy Barclay, Assessment of Transmission and Contagiousness of
COVID-19 in Contacts’ (ATACCC), the NIHR Health Protection Research Unit in Respira-
tory Infections, Imperial College London (NIHR200927), Public Health England, Leo James,
Steve Goodbourn, Tulio de Oliveira, Alex Sigal, Khadija Kahn, Thushan de Silva, Gavin
Screaton, and the G2P-UK National Virology Consortium for support and rapid sharing

of reagents and samples, as well as the participants of the Crick SARS-CoV-2 Longitudinal
Study: Understanding Susceptibility, Transmission and Disease Severity (Legacy Study). We
thank all researchers who have submitted SARS-CoV-2 genomes to the GISAID database:

an acknowledgement table for the specific set analysed here can be found in S5 Table. The
phylogenetic reconstructions depicted in Figs 2B and S2A are derivatives of those produced by
nextstrain.org, used under CC BY. For the purpose of Open Access, the author has applied a
CC BY public copyright licence to any Author Accepted Manuscript version arising from this
submission.

Author contributions
Conceptualisation: Harriet V. Mears, David L. V. Bauer.
Data curation: Theo Sanderson.

Funding acquisition: Arvind H. Patel, Massimo Palmarini, Bryan Williams, Sonia Gandhi,
Charles Swanton, David L. V. Bauer.

Investigation: Harriet V. Mears, George R. Young, Theo Sanderson, Ruth Harvey, Jamie
Barrett-Rodger, Rebecca Penn, Vanessa Cowton, Wilhelm Furnon, Giuditta De Lorenzo,
Margaret Crawford, Daniel M. Snell, Ashley S. Fowler, Anob M. Chakrabarti, Saira
Hussain, Ciaran Gilbride, Edward Emmott, Katja Finsterbusch, Thomas P. Peacock.

Methodology: Harriet V. Mears, George R. Young, Theo Sanderson, Anob M. Chakrabarti,
David L. V. Bauer.

Project administration: Emma Wall, Charles Swanton, David L. V. Bauer.

Resources: Theo Sanderson, Katja Finsterbusch, Jakub Luptak, Emma Wall, Sonia Gandhi,
Charles Swanton.

Software: George R. Young, Theo Sanderson.
Supervision: Jérome Nicod, Bryan Williams, Sonia Gandhi, Charles Swanton, David L. V. Bauer.

Visualisation: George R. Young, Theo Sanderson.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002982 January 21, 2025 24729



http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002982.s014
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002982.s015
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002982.s016

PLOS BIOLOGY

Emergence of SARS-CoV-2 subgenomic RNAs that enhance viral fithess and immune evasion

Writing - original draft: Harriet V. Mears, David L. V. Bauer.

Writing - review & editing: Harriet V. Mears, David L. V. Bauer.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

Rambaut A, Holmes EC, O'Toole A, Hill V, McCrone JT, Ruis C, et al. A dynamic nomenclature
proposal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat Microbiol. 2020;5(11):1403—7.
https://doi.org/10.1038/s41564-020-0770-5 PMID: 32669681

Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama M, et al. Evolution of antibody
immunity to SARS-CoV-2. bioRxiv. 2021:2020.11.03.367391. https://doi.org/10.1101/2020.11.03.367391
PMID: 33173867

Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison EM, et al. SARS-CoV-2
variants, spike mutations and immune escape. Nat Rev Microbiol. 2021;19(7):409-24. https://doi.
org/10.1038/s41579-021-00573-0 PMID: 34075212

Mittal A, Khattri A, Verma V. Structural and antigenic variations in the spike protein of emerging SARS-
CoV-2 variants. PLoS Pathog. 2022;18(2):e1010260. https://doi.org/10.1371/journal.ppat. 1010260
PMID: 35176090

Carabelli AM, Peacock TP, Thorne LG, Harvey WT, Hughes J, COVID-19 Genomics UK Consortium,
et al. SARS-CoV-2 variant biology: immune escape, transmission and fitness. Nat Rev Microbiol.
2023;21(3):162—77. https://doi.org/10.1038/s41579-022-00841-7 PMID: 36653446

Brierley |, Digard P, Inglis SC. Characterization of an efficient coronavirus ribosomal frameshifting
signal: requirement for an RNA pseudoknot. Cell. 1989;57(4):537—47. hitps://doi.org/10.1016/0092-
8674(89)90124-4 PMID: 2720781

Sola I, Alimazan F, Zuhiga S, Enjuanes L. Continuous and discontinuous RNA synthesis in corona-
viruses. Annu Rev Virol. 2015;2(1):265-88. https://doi.org/10.1146/annurev-virology-100114-055218
PMID: 26958916

Moreno JL, Zuiiga S, Enjuanes L, Sola I. Identification of a coronavirus transcription enhancer. J
Virol. 2008;82(8):3882-93. https://doi.org/10.1128/JV1.02622-07 PMID: 18272586

Joo M, Makino S. Mutagenic analysis of the coronavirus intergenic consensus sequence. J Virol.
1992;66(11):6330-7. https://doi.org/10.1128/JVI.66.11.6330-6337.1992 PMID: 1383562

La Monica N, Yokomori K, Lai MM. Coronavirus mRNA synthesis: identification of novel transcrip-
tion initiation signals which are differentially regulated by different leader sequences. Virology.
1992;188(1):402—7. https://doi.org/10.1016/0042-6822(92)90774-] PMID: 1566582

Zuniga S, Sola I, Alonso S, Enjuanes L. Sequence motifs involved in the regulation of discontinuous
coronavirus subgenomic RNA synthesis. J Virol. 2004;78(2):980-94.

Sola |, Mateos-Gomez PA, Almazan F, Zufiga S, Enjuanes L. RNA-RNA and RNA-protein interac-
tions in coronavirus replication and transcription. RNA Biol. 2011;8(2):237-48. https://doi.org/10.4161/
rna.8.2.14991 PMID: 21378501

Sola I, Moreno JL, Zuhiga S, Alonso S, Enjuanes L. Role of nucleotides immediately flanking
the transcription-regulating sequence core in coronavirus subgenomic mRNA synthesis. J Virol.
2005;79(4):2506—-16. https://doi.org/10.1128/JV1.79.4.2506-2516.2005 PMID: 15681451

D’Souza AR, Buckingham AB, Salasc F, Ingemarsdotter CK, laconis G, Jarvis |, et al. Duplex forma-
tion between the template and the nascent strand in the transcription-regulating sequences is associ-
ated with the site of template switching in SARS - CoV-2. RNA Biol. 2021;18(sup1):148-56. https://doi.
0rg/10.1080/15476286.2021.1975388 PMID: 34541994

Mateos-Gomez PA, Morales L, Zuiiga S, Enjuanes L, Sola I. Long-distance RNA-RNA interactions in
the coronavirus genome form high-order structures promoting discontinuous RNA synthesis during
transcription. J Virol. 2013;87(1):177-86. https://doi.org/10.1128/JVI1.01782-12 PMID: 23055566

Leary S, Gaudieri S, Parker MD, Chopra A, James |, Pakala S, et al. Generation of a novel SARS-
CoV-2 sub-genomic RNA due to the R203K/G204R variant in nucleocapsid: homologous recombina-
tion has potential to change SARS-CoV-2 at both protein and RNA level. bioRxiv. 2021.

Parker MD, Lindsey BB, Shah DR, Hsu S, Keeley AJ, Partridge DG, et al. Altered subge-

nomic RNA expression in SARS-CoV-2 B.1.1.7 infections. bioRxiv. 2021. https://doi.
org/10.1101/2021.03.02.433156

Thorne LG, Bouhaddou M, Reuschl A-K, Zuliani-Alvarez L, Polacco B, Pelin A, et al. Evolution of
enhanced innate immune evasion by SARS-CoV-2. Nature. 2022;602(7897):487-95. https://doi.
org/10.1038/s41586-021-04352-y PMID: 34942634

PLOS Biology | https:/doi.org/10.1371/journal.pbio.3002982  January 21, 2025 25/29



https://doi.org/10.1038/s41564-020-0770-5
http://www.ncbi.nlm.nih.gov/pubmed/32669681
https://doi.org/10.1101/2020.11.03.367391
http://www.ncbi.nlm.nih.gov/pubmed/33173867
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41579-021-00573-0
http://www.ncbi.nlm.nih.gov/pubmed/34075212
https://doi.org/10.1371/journal.ppat.1010260
http://www.ncbi.nlm.nih.gov/pubmed/35176090
https://doi.org/10.1038/s41579-022-00841-7
http://www.ncbi.nlm.nih.gov/pubmed/36653446
https://doi.org/10.1016/0092-8674(89)90124-4
https://doi.org/10.1016/0092-8674(89)90124-4
http://www.ncbi.nlm.nih.gov/pubmed/2720781
https://doi.org/10.1146/annurev-virology-100114-055218
http://www.ncbi.nlm.nih.gov/pubmed/26958916
https://doi.org/10.1128/JVI.02622-07
http://www.ncbi.nlm.nih.gov/pubmed/18272586
https://doi.org/10.1128/JVI.66.11.6330-6337.1992
http://www.ncbi.nlm.nih.gov/pubmed/1383562
https://doi.org/10.1016/0042-6822(92)90774-j
http://www.ncbi.nlm.nih.gov/pubmed/1566582
https://doi.org/10.4161/rna.8.2.14991
https://doi.org/10.4161/rna.8.2.14991
http://www.ncbi.nlm.nih.gov/pubmed/21378501
https://doi.org/10.1128/JVI.79.4.2506-2516.2005
http://www.ncbi.nlm.nih.gov/pubmed/15681451
https://doi.org/10.1080/15476286.2021.1975388
https://doi.org/10.1080/15476286.2021.1975388
http://www.ncbi.nlm.nih.gov/pubmed/34541994
https://doi.org/10.1128/JVI.01782-12
http://www.ncbi.nlm.nih.gov/pubmed/23055566
https://doi.org/10.1101/2021.03.02.433156
https://doi.org/10.1101/2021.03.02.433156
https://doi.org/10.1038/s41586-021-04352-y
https://doi.org/10.1038/s41586-021-04352-y
http://www.ncbi.nlm.nih.gov/pubmed/34942634

PLOS BIOLOGY

Emergence of SARS-CoV-2 subgenomic RNAs that enhance viral fitness and immune evasion

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kim D, Lee J-Y, Yang J-S, Kim JW, Kim VN, Chang H. The architecture of SARS-CoV-2 transcriptome.
Cell. 2020;181(4):914-921.e10. https://doi.org/10.1016/j.cell.2020.04.011 PMID: 32330414

Zhou T, Gilliam N, Li S, Spandau S, Osborn R, Connor S, et al. Generation and functional analysis of
defective viral genomes during SARS-CoV-2 infection. mBio. 2023;14(3):e0025023.

Irigoyen N, Firth AE, Jones JD, Chung BY-W, Siddell SG, Brierley |. High-resolution analy-
sis of coronavirus gene expression by RNA sequencing and ribosome profiling. PLoS Pathog.
2016;12(2):e1005473. https://doi.org/10.1371/journal.ppat. 1005473 PMID: 26919232

Stewart H, Brown K, Dinan AM, Irigoyen N, Snijder EJ, Firth AE. Transcriptional and translational
landscape of equine torovirus. J Virol. 2018;92(17).

Pasternak AO, Spaan WJM, Snijder EJ. Nidovirus transcription: how to make sense...? J Gen Virol.
2006;87(Pt 6):1403-21. https://doi.org/10.1099/vir.0.81611-0 PMID: 16690906

Snijder EJ, Kikkert M, Fang Y. Arterivirus molecular biology and pathogenesis. J Gen Virol. 2013;94(Pt
10):2141-63. https://doi.org/10.1099/vir.0.056341-0 PMID: 23939974

Cook GM, Brown K, Shang P, Li Y, Soday L, Dinan AM, et al. Ribosome profiling of porcine repro-
ductive and respiratory syndrome virus reveals novel features of viral gene expression. Elife.
2022;11:€75668. hitps://doi.org/10.7554/eLife.75668 PMID: 35226596

Zhang R, Wang P, Ma X, Wu 'Y, Luo C, Qiu L, et al. Nanopore-based direct RNA-sequencing reveals
a high-resolution transcriptional landscape of porcine reproductive and respiratory syndrome virus.
Viruses. 2021;13(12):2531. https://doi.org/10.3390/v13122531 PMID: 34960801

Keep S, Oade MS, Lidzbarski-Silvestre F, Bentley K, Stevenson-Leggett P, Freimanis GL, et al. Multi-
ple novel non-canonically transcribed sub-genomic mMRNAs produced by avian coronavirus infec-
tious bronchitis virus. J Gen Virol. 2020;101(10):1103-18. https://doi.org/10.1099/igv.0.001474 PMID:
32720890

Pawluczyk M, Weiss J, Links MG, Egana Aranguren M, Wilkinson MD, Egea-Cortines M. Quantitative
evaluation of bias in PCR amplification and next-generation sequencing derived from metabarcoding
samples. Anal Bioanal Chem. 2015;407(7):1841-8.

Chen C, Nadeau S, Yared M, Voinov P, Xie N, Roemer C, et al. CoV-Spectrum: analysis of globally
shared SARS-CoV-2 data to identify and characterize new variants. Bioinformatics. 2022;38(6):1735—
7. https://doi.org/10.1093/bioinformatics/btab856 PMID: 34954792

Shu'Y, McCauley J. GISAID: global initiative on sharing all influenza data - from vision to reality. Euro
Surveill. 2017;22(13).

Kozak M. Point mutations close to the AUG initiator codon affect the efficiency of translation of rat pre-
proinsulin in vivo. Nature. 1984;308(5956):241-6. https://doi.org/10.1038/308241a0 PMID: 6700727

Finkel Y, Mizrahi O, Nachshon A, Weingarten-Gabbay S, Morgenstern D, Yahalom-RonenY, et al. The
coding capacity of SARS-CoV-2. Nature. 2021;589(7840):125-30. https://doi.org/10.1038/s41586-
020-2739-1 PMID: 32906143

McBroome J, Thornlow B, Hinrichs AS, Kramer A, De Maio N, Goldman N, et al. A daily-updated
database and tools for comprehensive SARS-CoV-2 mutation-annotated trees. Mol Biol Evol.
2021;38(12):5819-24. https://doi.org/10.1093/molbev/msab264 PMID: 34469548

Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, et al. Structure of the SARS-CoV-2 spike receptor-binding
domain bound to the ACE2 receptor. Nature. 2020;581(7807):215-20. https://doi.org/10.1038/s41586-
020-2180-5 PMID: 32225176

Lin C-H, Chen B, Chao D-Y, Hsieh F-C, Lai C-C, Wang W-C, et al. Biological characterization of coro-
navirus noncanonical transcripts in vitro and in vivo. Virol J. 2023;20(1):232. https://doi.org/10.1186/
$12985-023-02201-0 PMID: 37828527

Bouhaddou M, Reuschl A-K, Polacco BJ, Thorne LG, Ummadi MR, Ye C, et al. SARS-CoV-2 variants
evolve convergent strategies to remodel the host response. Cell. 2023;186(21):4597-4614.e26.
https://doi.org/10.1016/j.cell.2023.08.026 PMID: 37738970

Meyer B, Chiaravalli J, Gellenoncourt S, Brownridge P, Bryne DP, Daly LA, et al. Characterising proteolysis
during SARS-CoV-2 infection identifies viral cleavage sites and cellular targets with therapeutic potential.
Nat Commun. 2021;12(1):5553. https://doi.org/10.1038/s41467-021-25796-w PMID: 34548480

Kopecky-Bromberg SA, Martinez-Sobrido L, Frieman M, Baric RA, Palese P. Severe acute respiratory
syndrome coronavirus open reading frame (ORF) 3b, ORF 6, and nucleocapsid proteins function

as interferon antagonists. J Virol. 2007;81(2):548-57. https://doi.org/10.1128/JV1.01782-06 PMID:
17108024

Lu X, Pan J, Tao J, Guo D. SARS-CoV nucleocapsid protein antagonizes IFN-f3 response by targeting
initial step of IFN-f3 induction pathway, and its C-terminal region is critical for the antagonism. Virus
Genes. 2011;42(1):37-45. https://doi.org/10.1007/s11262-010-0544-x PMID: 20976535

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002982 January 21, 2025 26/29



https://doi.org/10.1016/j.cell.2020.04.011
http://www.ncbi.nlm.nih.gov/pubmed/32330414
https://doi.org/10.1371/journal.ppat.1005473
http://www.ncbi.nlm.nih.gov/pubmed/26919232
https://doi.org/10.1099/vir.0.81611-0
http://www.ncbi.nlm.nih.gov/pubmed/16690906
https://doi.org/10.1099/vir.0.056341-0
http://www.ncbi.nlm.nih.gov/pubmed/23939974
https://doi.org/10.7554/eLife.75668
http://www.ncbi.nlm.nih.gov/pubmed/35226596
https://doi.org/10.3390/v13122531
http://www.ncbi.nlm.nih.gov/pubmed/34960801
https://doi.org/10.1099/jgv.0.001474
http://www.ncbi.nlm.nih.gov/pubmed/32720890
https://doi.org/10.1093/bioinformatics/btab856
http://www.ncbi.nlm.nih.gov/pubmed/34954792
https://doi.org/10.1038/308241a0
http://www.ncbi.nlm.nih.gov/pubmed/6700727
https://doi.org/10.1038/s41586-020-2739-1
https://doi.org/10.1038/s41586-020-2739-1
http://www.ncbi.nlm.nih.gov/pubmed/32906143
https://doi.org/10.1093/molbev/msab264
http://www.ncbi.nlm.nih.gov/pubmed/34469548
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2180-5
http://www.ncbi.nlm.nih.gov/pubmed/32225176
https://doi.org/10.1186/s12985-023-02201-0
https://doi.org/10.1186/s12985-023-02201-0
http://www.ncbi.nlm.nih.gov/pubmed/37828527
https://doi.org/10.1016/j.cell.2023.08.026
http://www.ncbi.nlm.nih.gov/pubmed/37738970
https://doi.org/10.1038/s41467-021-25796-w
http://www.ncbi.nlm.nih.gov/pubmed/34548480
https://doi.org/10.1128/JVI.01782-06
http://www.ncbi.nlm.nih.gov/pubmed/17108024
https://doi.org/10.1007/s11262-010-0544-x
http://www.ncbi.nlm.nih.gov/pubmed/20976535

PLOS BIOLOGY

Emergence of SARS-CoV-2 subgenomic RNAs that enhance viral fithess and immune evasion

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Hale BG, Randall RE, Ortin J, Jackson D. The multifunctional NS1 protein of influenza A viruses. J
Gen Virol. 2008;89(10):2359-76.

Chen D-Y, Chin CV, Kenney D, Tavares AH, Khan N, Conway HL, et al. Spike and nsp6 are key
determinants of SARS-CoV-2 Omicron BA.1 attenuation. Nature. 2023;615(7950):143-50. https://doi.
org/10.1038/s41586-023-05697-2 PMID: 36630998

Kazachenka A, Kassiotis G. SARS-CoV-2-Host chimeric RNA-sequencing reads do not neces-
sarily arise from virus integration into the host DNA. Front Microbiol. 2021;12:676693. hitps://doi.
org/10.3389/fmicb.2021.676693 PMID: 34149667

Pearson GJ, Mears HV, Broncel M, Snijders AP, Bauer DLV, Carlton JG. ER-export and ARFRP1/
AP-1-dependent delivery of SARS-CoV-2 envelope to lysosomes controls late stages of viral replica-
tion. Sci Adv. 2024;10(14):eadl5012. https://doi.org/10.1126/sciadv.adl5012 PMID: 38569033

Johnson BA, Zhou Y, Lokugamage KG, Vu MN, Bopp N, Crocquet-Valdes PA, et al. Nucleocapsid
mutations in SARS-CoV-2 augment replication and pathogenesis. PLoS Pathog. 2022;18(6):e1010627.
https://doi.org/10.1371/journal.ppat.1010627 PMID: 35728038

Wu H, Xing N, Meng K, Fu B, Xue W, Dong P, et al. Nucleocapsid mutations R203K/G204R increase
the infectivity, fitness, and virulence of SARS-CoV-2. Cell Host Microbe. 2021;29(12):1788—1801.6.
https://doi.org/10.1016/j.chom.2021.11.005 PMID: 34822776

McBride R, van Zyl M, Fielding BC. The coronavirus nucleocapsid is a multifunctional protein. Viruses.
2014;6(8):2991-3018. https://doi.org/10.3390/v6082991 PMID: 25105276

Keane SC, Liu P, Leibowitz JL, Giedroc DP. Functional transcriptional regulatory sequence (TRS)
RNA binding and helix destabilizing determinants of murine hepatitis virus (MHV) nucleocapsid (N)
protein. J Biol Chem. 2012;287(10):7063-73. https://doi.org/10.1074/jbc.M111.287763 PMID: 22241479

Zuhiga S, Sola I, Moreno JL, Sabella P, Plana-Duran J, Enjuanes L. Coronavirus nucleocapsid protein is an
RNA chaperone. Virology. 2007;357(2):215-27. https://doi.org/10.1016/}.virol.2006.07.046 PMID: 16979208

Masters PS. Coronavirus genomic RNA packaging. Virology. 2019;537:198-207. https://doi.
org/10.1016/j.virol.2019.08.031 PMID: 31505321

Zhao M, YuY, Sun L-M, Xing J-Q, Li T, Zhu Y, et al. GCG inhibits SARS-CoV-2 replication by disrupt-
ing the liquid phase condensation of its nucleocapsid protein. Nat Commun. 2021;12(1):2114. https:/
doi.org/10.1038/s41467-021-22297-8 PMID: 33837182

Yamada T, Sato S, Sotoyama Y, Orba Y, Sawa H, Yamauchi H, et al. RIG-I triggers a signaling-
abortive anti-SARS-CoV-2 defense in human lung cells. Nat Immunol. 2021;22(7):820-8. hitps://doi.
org/10.1038/s41590-021-00942-0 PMID: 33976430

Russ A, Wittmann S, Tsukamoto Y, Herrmann A, Deutschmann J, Lagisquet J, et al. Nsp16
shields SARS-CoV-2 from efficient MDA5 sensing and IFIT1-mediated restriction. EMBO Rep.
2022;23(12):55648.

Zheng, Deng J, Han L, Zhuang MW, Xu 'Y, Zhang J, et al. SARS-CoV-2 NSP5 and N protein coun-
teract the RIG-I signaling pathway by suppressing the formation of stress granules. Signal Transduct
Target Ther. 2022;7(1):22.

Yang D-M, Geng T-T, Harrison AG, Wang P-H. Differential roles of RIG-I like receptors in SARS-CoV-2
infection. Mil Med Res. 2021;8(1):49. https://doi.org/10.1186/s40779-021-00340-5 PMID: 34488908

Steiner S, Kratzel A, Barut GT, Lang RM, Aguiar Moreira E, Thomann L, et al. SARS-CoV-2 biology
and host interactions. Nat Rev Microbiol. 2024;22(4):206—-25.

Thorne LG, Reuschl A-K, Zuliani-Alvarez L, Whelan MVX, Turner J, Noursadeghi M, et al. SARS-
CoV-2 sensing by RIG-1 and MDAS5 links epithelial infection to macrophage inflammation. EMBO J.
2021;40(15):e107826. https://doi.org/10.15252/embj.2021107826 PMID: 34101213

Yin X, Riva L, PuY, Martin-Sancho L, Kanamune J, Yamamoto Y, et al. MDA5 governs the innate
immune response to SARS-CoV-2 in lung epithelial cells. Cell Rep. 2021;34(2):108628. https://doi.
org/10.1016/j.celrep.2020.108628 PMID: 33440148

Rebendenne A, Valadao ALC, Tauziet M, Maarifi G, Bonaventure B, McKellar J, et al. SARS-CoV-2
triggers an MDA-5-dependent interferon response which is unable to control replication in lung epithe-
lial cells. J Virol. 2021;95(8).

Oh SJ, Shin OS. SARS-CoV-2 nucleocapsid protein targets RIG-I-Like receptor pathways to inhibit the induc-
tion of interferon response. Cells. 2021;10(3):530. https://doi.org/10.3390/cells 10030530 PMID: 33801464
Marazzi I, Ho JSY, Kim J, Manicassamy B, Dewell S, Albrecht RA, et al. Suppression of the antiviral
response by an influenza histone mimic. Nature. 2012;483(7390):428-33. https://doi.org/10.1038/
nature10892 PMID: 22419161

Adly AN, Bi M, Carlson CR, Syed AM, Ciling A, Doudna JA, et al. Assembly of SARS-CoV-2 ribonucle-
osomes by truncated N(*) variant of the nucleocapsid protein. J Biol Chem. 2023;299(12):105362.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002982 January 21, 2025 27 /29



https://doi.org/10.1038/s41586-023-05697-2
https://doi.org/10.1038/s41586-023-05697-2
http://www.ncbi.nlm.nih.gov/pubmed/36630998
https://doi.org/10.3389/fmicb.2021.676693
https://doi.org/10.3389/fmicb.2021.676693
http://www.ncbi.nlm.nih.gov/pubmed/34149667
https://doi.org/10.1126/sciadv.adl5012
http://www.ncbi.nlm.nih.gov/pubmed/38569033
https://doi.org/10.1371/journal.ppat.1010627
http://www.ncbi.nlm.nih.gov/pubmed/35728038
https://doi.org/10.1016/j.chom.2021.11.005
http://www.ncbi.nlm.nih.gov/pubmed/34822776
https://doi.org/10.3390/v6082991
http://www.ncbi.nlm.nih.gov/pubmed/25105276
https://doi.org/10.1074/jbc.M111.287763
http://www.ncbi.nlm.nih.gov/pubmed/22241479
https://doi.org/10.1016/j.virol.2006.07.046
http://www.ncbi.nlm.nih.gov/pubmed/16979208
https://doi.org/10.1016/j.virol.2019.08.031
https://doi.org/10.1016/j.virol.2019.08.031
http://www.ncbi.nlm.nih.gov/pubmed/31505321
https://doi.org/10.1038/s41467-021-22297-8
https://doi.org/10.1038/s41467-021-22297-8
http://www.ncbi.nlm.nih.gov/pubmed/33837182
https://doi.org/10.1038/s41590-021-00942-0
https://doi.org/10.1038/s41590-021-00942-0
http://www.ncbi.nlm.nih.gov/pubmed/33976430
https://doi.org/10.1186/s40779-021-00340-5
http://www.ncbi.nlm.nih.gov/pubmed/34488908
https://doi.org/10.15252/embj.2021107826
http://www.ncbi.nlm.nih.gov/pubmed/34101213
https://doi.org/10.1016/j.celrep.2020.108628
https://doi.org/10.1016/j.celrep.2020.108628
http://www.ncbi.nlm.nih.gov/pubmed/33440148
https://doi.org/10.3390/cells10030530
http://www.ncbi.nlm.nih.gov/pubmed/33801464
https://doi.org/10.1038/nature10892
https://doi.org/10.1038/nature10892
http://www.ncbi.nlm.nih.gov/pubmed/22419161

PLOS BIOLOGY

Emergence of SARS-CoV-2 subgenomic RNAs that enhance viral fitness and immune evasion

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Decroly E, Imbert |, Coutard B, Bouvet M, Selisko B, Alvarez K, et al. Coronavirus nonstructural
protein 16 is a cap-0 binding enzyme possessing (nucleoside-2’0)-methyltransferase activity. J Virol.
2008;82(16):8071-84. https://doi.org/10.1128/JV1.00407-08 PMID: 18417574

Gorbalenya AE, Enjuanes L, Ziebuhr J, Snijder EJ. Nidovirales: evolving the largest RNA virus
genome. Virus Res. 2006;117(1):17-37. hitps://doi.org/10.1016/j.virusres.2006.01.017 PMID: 16503362
Inberg A, Linial M. Evolutional insights on uncharacterized SARS coronavirus genes. FEBS Lett.
2004;577(1-2):159-64. https://doi.org/10.1016/j.febslet.2004.09.076 PMID: 15527778

Arduini A, Laprise F, Liang C. SARS-CoV-2 ORF8: a rapidly evolving immune and viral modulator in
COVID-19. Viruses. 2023;15(4).

Neches RY, Kyrpides NC, Ouzounis CA. Atypical divergence of SARS-CoV-2 Orf8 from Orf7a
within the coronavirus lineage suggests potential stealthy viral strategies in immune evasion. mBio.
2021;12(1):e03014—-20. https://doi.org/10.1128/mBio0.03014-20 PMID: 33468697

Pereira F. Evolutionary dynamics of the SARS-CoV-2 ORF8 accessory gene. Infect Genet Evol.
2020;85:104525. hitps://doi.org/10.1016/j.meegid.2020.104525 PMID: 32890763

Kuo L, Masters PS. Evolved variants of the membrane protein can partially replace the envelope
protein in murine coronavirus assembly. J Virol. 2010;84(24):12872-85.

Lang, Li W, Li Z, Koerhuis D, van den Burg ACS, Rozemuller E, et al. Coronavirus hemagglutinin-
esterase and spike proteins coevolve for functional balance and optimal virion avidity. Proc Natl Acad
Sci U S A. 2020;117(41):25759-70. https://doi.org/10.1073/pnas.2006299117 PMID: 32994342

Zhang XM, Kousoulas KG, Storz J. The hemagglutinin/esterase gene of human coronavirus strain
OCA43: phylogenetic relationships to bovine and murine coronaviruses and influenza C virus. Virology.
1992;186(1):318-28. https://doi.org/10.1016/0042-6822(92)90089-8 PMID: 1727608

Huang C, Liu WJ, Xu W, Jin T, Zhao Y, Song J, et al. A bat-derived putative cross-family recombinant
coronavirus with a reovirus gene. PLoS Pathog. 2016;12(9):e1005883. https://doi.org/10.1371/journal.
ppat.1005883 PMID: 27676249

Graham RL, Baric RS. Recombination, reservoirs, and the modular spike: mechanisms of coronavirus
cross-species transmission. J Virol. 2010;84(7):3134—46. https://doi.org/10.1128/JV1.01394-09 PMID:
19906932

Lauber C, Vaas J, Klingler F, Mutz P, Gorbalenya AE, Bartenschlager R, et al. Deep mining of the
sequence read archive reveals bipartite coronavirus genomes and inter-family spike glycoprotein
recombination. bioRxiv. 2021.

Carr EJ, Wu MY, Gahir J, Harvey R, Townsley H, Bailey C, et al. Neutralising immunity to omicron
sublineages BQ.1.1, XBB, and XBB.1.5 in healthy adults is boosted by bivalent BA.1-containing
mRNA vaccination and previous Omicron infection. Lancet Infect Dis. 2023;23(7):781—4. https://doi.
0rg/10.1016/S1473-3099(23)00289-X PMID: 37290472

Tamura T, Ito J, Uriu K, Zahradnik J, Kida I, Anraku Y, et al. Virological characteristics of the SARS-CoV-2
XBB variant derived from recombination of two Omicron subvariants. Nat Commun. 2023;14(1):2800.

Alonso S, Izeta A, Sola |, Enjuanes L. Transcription regulatory sequences and mRNA expression
levels in the coronavirus transmissible gastroenteritis virus. J Virol. 2002;76(3):1293-308. https://doi.
org/10.1128/jvi.76.3.1293-1308.2002 PMID: 11773405

de Vries AAF, Horzinek MC, Rottier PJM, de Groot RJ. The genome organization of the nidovirales:
similarities and differences between arteri-, toro-, and coronaviruses. Semin Virol. 1997;8(1):33-47.

Hussain S, Pan J, Chen'Y, Yang Y, Xu J, Peng, et al. Identification of novel subgenomic RNAs and
noncanonical transcription initiation signals of severe acute respiratory syndrome coronavirus. J Virol.
2005;79(9):5288-95.

Bentley K, Keep SM, Armesto M, Britton P. Identification of a noncanonically transcribed subgenomic
mRNA of infectious bronchitis virus and other gammacoronaviruses. J Virol. 2013;87(4):2128-36.
https://doi.org/10.1128/JVI1.02967-12 PMID: 23221558

Zhang X, Liu R. Identification of a noncanonical signal for transcription of a novel subgenomic mRNA
of mouse hepatitis virus: implication for the mechanism of coronavirus RNA transcription. Virology.
2000;278(1):75-85. https://doi.org/10.1006/viro.2000.0637 PMID: 11112483

Cowley JA, Dimmock CM, Walker PJ. Gill-associated nidovirus of Penaeus monodon prawns tran-
scribes 3’-coterminal subgenomic mRNAs that do not possess 5’-leader sequences. J Gen Virol.
2002;83(Pt 4):927-35. hitps://doi.org/10.1099/0022-1317-83-4-927 PMID: 11907343

van Vliet ALW, Smits SL, Rottier PJM, de Groot RJ. Discontinuous and non-discontinuous subge-
nomic RNA transcription in a nidovirus. EMBO J. 2002;21(23):6571-80. https://doi.org/10.1093/emboj/
cdf635 PMID: 12456663

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002982 January 21, 2025 28/29



https://doi.org/10.1128/JVI.00407-08
http://www.ncbi.nlm.nih.gov/pubmed/18417574
https://doi.org/10.1016/j.virusres.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16503362
https://doi.org/10.1016/j.febslet.2004.09.076
http://www.ncbi.nlm.nih.gov/pubmed/15527778
https://doi.org/10.1128/mBio.03014-20
http://www.ncbi.nlm.nih.gov/pubmed/33468697
https://doi.org/10.1016/j.meegid.2020.104525
http://www.ncbi.nlm.nih.gov/pubmed/32890763
https://doi.org/10.1073/pnas.2006299117
http://www.ncbi.nlm.nih.gov/pubmed/32994342
https://doi.org/10.1016/0042-6822(92)90089-8
http://www.ncbi.nlm.nih.gov/pubmed/1727608
https://doi.org/10.1371/journal.ppat.1005883
https://doi.org/10.1371/journal.ppat.1005883
http://www.ncbi.nlm.nih.gov/pubmed/27676249
https://doi.org/10.1128/JVI.01394-09
http://www.ncbi.nlm.nih.gov/pubmed/19906932
https://doi.org/10.1016/S1473-3099(23)00289-X
https://doi.org/10.1016/S1473-3099(23)00289-X
http://www.ncbi.nlm.nih.gov/pubmed/37290472
https://doi.org/10.1128/jvi.76.3.1293-1308.2002
https://doi.org/10.1128/jvi.76.3.1293-1308.2002
http://www.ncbi.nlm.nih.gov/pubmed/11773405
https://doi.org/10.1128/JVI.02967-12
http://www.ncbi.nlm.nih.gov/pubmed/23221558
https://doi.org/10.1006/viro.2000.0637
http://www.ncbi.nlm.nih.gov/pubmed/11112483
https://doi.org/10.1099/0022-1317-83-4-927
http://www.ncbi.nlm.nih.gov/pubmed/11907343
https://doi.org/10.1093/emboj/cdf635
https://doi.org/10.1093/emboj/cdf635
http://www.ncbi.nlm.nih.gov/pubmed/12456663

PLOS BIOLOGY

Emergence of SARS-CoV-2 subgenomic RNAs that enhance viral fithess and immune evasion

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Smits SL, van Vliet ALW, Segeren K, el Azzouzi H, van Essen M, de Groot RJ. Torovirus
non-discontinuous transcription: mutational analysis of a subgenomic mRNA promoter. J Virol.
2005;79(13):8275-81. https://doi.org/10.1128/JV1.79.13.8275-8281.2005 PMID: 15956573

Sawicki SG, Sawicki DL, Siddell SG. A contemporary view of coronavirus transcription. J Virol.
2007;81(1):20-9. https://doi.org/10.1128/JV1.01358-06 PMID: 16928755

van der Most RG, de Groot RJ, Spaan WJ. Subgenomic RNA synthesis directed by a synthetic
defective interfering RNA of mouse hepatitis virus: a study of coronavirus transcription initiation. J
Virol. 1994;68(6):3656—66.

Dufour D, Mateos-Gomez PA, Enjuanes L, Gallego J, Sola I. Structure and functional relevance of
a transcription-regulating sequence involved in coronavirus discontinuous RNA synthesis. J Virol.
2011;85(10):4963-73.

Pasternak AO, Spaan WJ, Snijder EJ. Regulation of relative abundance of arterivirus subgenomic
mRNAs. J Virol. 2004;78(15):8102—-13.

Hsue B, Masters PS. Insertion of a new transcriptional unit into the genome of mouse hepatitis
virus. J Virol. 1999;73(7):6128-35.

Gulyaeva AA, Gorbalenya AE. A nidovirus perspective on SARS-CoV-2. Biochem Biophys Res Com-
mun. 2021;53824-34. https://doi.org/10.1016/j.bbrc.2020.11.015 PMID: 33413979

Kuhn J, Lauck M, Bailey A, Shchetinin A, Vishnevskaya T, Bao Y, et al. Reorganization and expan-
sion of the nidoviral family Arteriviridae. Arch Virol. 2016;161(3):755-68.

Godeny EK, de Vries AA, Wang XC, Smith SL, de Groot RJ. Identification of the leader-body
junctions for the viral subgenomic mMRNAs and organization of the simian hemorrhagic fever virus
genome: evidence for gene duplication during arterivirus evolution. J Virol. 1998;72(1):862-7.

Shi M, Lin X-D, Chen X, Tian J-H, Chen L-J, Li K, et al. The evolutionary history of vertebrate
RNA viruses. Nature. 2018;556(7700):197—202. https://doi.org/10.1038/s41586-018-0012-7 PMID:
29618816

Rihn SJ, Merits A, Bakshi S, Turnbull ML, Wickenhagen A, Alexander AJT, et al. A plasmid DNA-
launched SARS-CoV-2 reverse genetics system and coronavirus toolkit for COVID-19 research.
PLoS Biol. 2021;19(2):e3001091. hitps://doi.org/10.1371/journal.pbio.3001091 PMID: 33630831

Thi Nhu Thao T, Labroussaa F, Ebert N, V’kovski P, Stalder H, Portmann J, et al. Rapid reconstruc-
tion of SARS-CoV-2 using a synthetic genomics platform. Nature. 2020;582(7813):561-5. https://doi.
org/10.1038/s41586-020-2294-9 PMID: 32365353

Willett BJ, Grove J, MacLean OA, Wilkie C, De Lorenzo G, Furnon W, et al. SARS-CoV-2 Omicron
is an immune escape variant with an altered cell entry pathway. Nat Microbiol. 2022;7(8):1161-79.
https://doi.org/10.1038/s41564-022-01143-7 PMID: 35798890

Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics. 2018;34(18):3094—100.
https://doi.org/10.1093/bioinformatics/bty191 PMID: 29750242

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence alignment/map
format and SAMtools. Bioinformatics. 2009;25(16):2078-9. https://doi.org/10.1093/bioinformatics/
btp352 PMID: 19505943

Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative
genomics viewer. Nat Biotechnol. 2011;29(1):24—6. https://doi.org/10.1038/nbt.1754 PMID: 21221095

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012;9(4):357—
9. https://doi.org/10.1038/nmeth.1923 PMID: 22388286

Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: improvements in
performance and usability. Mol Biol Evol. 2013;30(4):772-80.

Turakhia Y, Thornlow B, Hinrichs AS, De Maio N, Gozashti L, Lanfear R, et al. Ultrafast sample
placement on existing tRees (UShER) enables real-time phylogenetics for the SARS-CoV-2 pan-
demic. Nat Genet. 2021;53(6):809-16. hitps://doi.org/10.1038/s41588-021-00862-7 PMID: 33972780

Hulsen T, de Vlieg J, Alkema W. BioVenn—a web application for the comparison and visualization
of biological lists using area-proportional Venn diagrams. BMC Genomics. 2008;9:488. https://doi.
org/10.1186/1471-2164-9-488 PMID: 18925949

Hadfield J, Megill C, Bell SM, Huddleston J, Potter B, Callender C, et al. Nextstrain: real-time track-
ing of pathogen evolution. Bioinformatics. 2018;34(23):4121-3. hitps://doi.org/10.1093/bioinformat-
ics/bty407 PMID: 29790939

Sagulenko P, Puller V, Neher RA. TreeTime: maximum-likelihood phylodynamic analysis. Virus Evol.
2018;4(1):vex042. https://doi.org/10.1093/ve/vex042 PMID: 29340210

PLOS Biology | https:/doi.org/10.1371/journal.pbio.3002982  January 21, 2025 29/29



https://doi.org/10.1128/JVI.79.13.8275-8281.2005
http://www.ncbi.nlm.nih.gov/pubmed/15956573
https://doi.org/10.1128/JVI.01358-06
http://www.ncbi.nlm.nih.gov/pubmed/16928755
https://doi.org/10.1016/j.bbrc.2020.11.015
http://www.ncbi.nlm.nih.gov/pubmed/33413979
https://doi.org/10.1038/s41586-018-0012-7
http://www.ncbi.nlm.nih.gov/pubmed/29618816
https://doi.org/10.1371/journal.pbio.3001091
http://www.ncbi.nlm.nih.gov/pubmed/33630831
https://doi.org/10.1038/s41586-020-2294-9
https://doi.org/10.1038/s41586-020-2294-9
http://www.ncbi.nlm.nih.gov/pubmed/32365353
https://doi.org/10.1038/s41564-022-01143-7
http://www.ncbi.nlm.nih.gov/pubmed/35798890
https://doi.org/10.1093/bioinformatics/bty191
http://www.ncbi.nlm.nih.gov/pubmed/29750242
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1038/nbt.1754
http://www.ncbi.nlm.nih.gov/pubmed/21221095
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1038/s41588-021-00862-7
http://www.ncbi.nlm.nih.gov/pubmed/33972780
https://doi.org/10.1186/1471-2164-9-488
https://doi.org/10.1186/1471-2164-9-488
http://www.ncbi.nlm.nih.gov/pubmed/18925949
https://doi.org/10.1093/bioinformatics/bty407
https://doi.org/10.1093/bioinformatics/bty407
http://www.ncbi.nlm.nih.gov/pubmed/29790939
https://doi.org/10.1093/ve/vex042
http://www.ncbi.nlm.nih.gov/pubmed/29340210
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

