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A B S T R A C T

Like for other coronaviruses, SARS-CoV-2 gene expression strategy is based on the synthesis of a nested set of
subgenomic mRNA species (sgRNAs). These sgRNA are synthesized using a “discontinuous transcription”
mechanism that relies on template switching at Transcription Regulatory Sequences (TRS). Both canonical (c-
sgRNA) and non-canonical (nc-sgRNA, less numerous) subgenomic RNA species can be produced. Currently,
sgRNAs are investigated on the basis of sequence data obtained through next generation sequencing (NGS), and
bioinformatic tools are crucial for their identification, characterization and quantification. To date, few software
have been developed to this aim, whose reliability and applicability to all the available NGS platforms need to be
established, to build confidence on the information resulting from such tools. In fact, these information may be
crucial for the in depth elucidation of viral expression strategy, particularly in respect of the significance of nc-
sgRNAs, and for the possible use of sgRNAs as potential markers of virus replicative activity in infected patients.
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the
etiological agent of COVID-19 (coronavirus infectious diseases-2019) is
an enveloped virus with a positive-sense single strand RNA genome
(gRNA) belonging to order Nidovirales. Such order is characterized by
the production of an array of multiple distinct nested subgenomic mRNA
species (sgRNAs). Indeed, the gRNA undergoes discontinuous transcrip-
tion during negative-strand synthesis, followed by positive-strand syn-
thesis to form mRNA. The discontinuous negative-strand synthesis leads
to the production of multiple negative-sense intermediates (so-called,
antigenome RNAs, agRNAs), that, in turn, are the templates for the
synthesis of positive-sense gRNAs and sgRNAs. The discontinuous tran-
scription mechanism that leads to the formation of sg-RNA is regulated
by cis-acting elements named Transcription Regulatory Sequences (TRSs)
(Sola et al., 2015; Sawicki and Sawicki, 1995). These regulatory se-
quences are 6–12 nucleotide long, and consist of a short-conserved core
motif (ACGAAC for SARS-CoV-2) and flanking sequences. TRSs are
located at the end of the ‘leader’ sequence in the 50 untranslated region
(UTR) (termed Leader TRSs, TRS-Ls) and proximal to the start codons of
‘body’ open reading frame (ORF) of structural (such as nucleocapsid,
spike surface, matrix, envelope) and accessory (such as, orf3a, orf3b,
orf6, orf7a, orf7b, orf8 and orf10) genes, placed in the distal third of the
genome (termed ‘body’ TRSs, TRS-Bs). The TRS-Bs are complementary to
TRS-Ls in the agRNA. The discontinuous transcription is based on a
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template switch mechanism. When, during the extension of the negative
sense agRNA, the replicase–transcriptase complex (RTC) encounters a
TRS-B, complementary to TRS-L, it pauses, so that the RNA-dependent
RNA polymerase (RdRP) switches the template to the TRS-L. As a
result, the neo-synthesized antisense sgRNAs are formed by the fusion of
50 UTR ‘leader’ sequence and the ‘body’ sequence derived from one of the
30 structural or accessory genes. The antisense sgRNAs are then tran-
scribed, giving rise to a set of multiple positive sense sgRNAs that are
nested and have the same 50 leader sequence (La Monica et al., 1992;
Hiscox et al., 1995; vanMarle et al., 1995; Alonso et al., 2002; Thiel et al.,
2003). In addition to the sgRNAs encoding the structural and accessory
proteins (the so-called canonical sgRNAs, c-sgRNAs), non-canonical
sgRNAs are also synthesized (nc-sgRNAs), that result from truncated
fusions, frameshifted ORFs, and body-to-body junctions (Ozdarendeli
et al., 2001; Masters, 2006; Long et al., 2021) and are all consistent with
the discontinuous transcription model (Fig. 1).

As viral mRNAs, in infected cells sgRNAs are only transcribed and
translated into structural and accessory proteins, and generally are not
packaged into virions. At the present, the process of sgRNA biogenesis
remains not completely understood. Nevertheless, sgRNA biogenesis may
play a role in viral evolution, as template switching can cause a high rate
of recombination, that is typically observed in several coronaviruses
(Simon-Loriere and Holmes, 2011; Wu and Brian, 2010).
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Fig. 1. Transcription mechanisms that lead to the generation of sgRNAs in the replication cycle of coronaviruses. A: the structure of the SARS-CoV-2 genome, along
with the location of Transcript Regulatory Sequences (TRS). B: the discontinuous transcription of ORF N, where the replicase-transcriptase complex (RTC) generates a
negative RNA molecule until a TRS-B is reached. At this point, the RNA template forms a hairpin structure and the RTC switches to the TRS-L template and proceeds
until the 50 UTR, omitting the transcription of the hairpin content. As a result, the neo-synthesized antisense RNA sequences lack parts of the positive RNA template,
resulting in sgRNAs. C: the various types of discontinuous viral genome transcription (negative RNA synthesis), including those caused by concomitant involvement of
TRS-L and TRS-B (TRS-L – TRS-B interactions, red lines), by only TRS-L involvement (TRS-B independent, green lines), and by neither of them (non-TRS dependent,
purple lines). The TRS-B independent transcription generates the complete negative RNA copies of the genomic RNA template that are used to produce the genomic
RNA progeny. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Little is known about qualitative and quantitative variation within
sgRNAs synthesis in SARS-CoV-2. Generally, sgRNA species represent a
small percentage of viral RNAmolecules, where genomic RNA species are
largely predominant in infected cells, as described by Alexandersen et al.,
2020(Alexandersen et al., 2020) and by Kim et al., 2020) (Kim et al.,
2020). Existing reports from in vitro and in vivo studied indicate sub-
genomic N RNA as the most abundantly expressed canonical sgRNA,
followed by subgenomic M RNA (Alexandersen et al., 2020; Kim et al.,
2020; Finkel et al., 2021; Doddapaneni et al., 2020; Bouhaddou et al.,
2020), likely reflecting the polarity of the sgRNA synthesis process.
sgRNAs for the ORFs S, E, 3a, 6, and 7a are represented at low amount,
and ORF 10 sgRNA has been rarely detected (Kim et al., 2020; Davidson
et al., 2020a; Taiaroa et al., 2020; Lyu et al., 2022a). nc-sgRNA can span a
wide spectrum of length and of fusion patterns, and, in general, indi-
vidual nc-sgRNA molecules are poorly represented in infected cells, and
may represent only a small proportion, accounting for up to about 5% of
all sgRNA species (Lyu et al., 2022a). However, some in vitro studies
indicate that these molecules may represent a relevant proportion, up to
50%, of sgRNAs (Nomburg et al., 2020).

Although it is well known that canonical sgRNA transcription is
essential for replication, the importance of non-canonical sgRNA tran-
scription remains to be established. However, most of the nc-sgRNAs
have coding potential, and their products can be altered versions of
known accessory or structural proteins, hence this RNA species may have
a potential regulatory role in the replication and expression of SARS-CoV-
2 genome (Long et al., 2021).

Due to their intrinsic association with active virus replication and
viral genome expression, sgRNAs have been proposed as diagnostic
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markers of ongoing viral replication in infected patients. However,
contradictory results have been reported about their diagnostic signifi-
cance. Some authors concluded that sgRNA detection in clinical samples
correlates with active virus replication (W€olfel et al., 2020), whereas
others asserted that sgRNAs are poor marker of active infection due to
their highly stable nature, that is responsible for prolonged presence in
clinical samples well after the active virus replication phase has been
concluded (Alexandersen et al., 2020).

The laboratory methods used for the identification of sgRNA are
designed to target “chimeric” RNA fragments, containing the 50 UTR
‘leader’ sequence fused the various ORF sequences. Over the past few
years, several studies have been focused on deepening knowledge on
sgRNA, applying different methods, such as Real Time PCR, digital PCR
(Telwatte et al., 2022; Oranger et al., 2021) as well as using the Omics
approaches (Kim et al., 2020; Davidson et al., 2020a; Chang et al., 2021;
Wu et al., 2022a).

Recently, a notable help in extending the knowledge of sgRNA pop-
ulation in SARS-CoV-2 has been given by next generation sequencing
(NGS). Most NGS studies have analyzed viral transcripts generated dur-
ing infection in vitro, using different cell lines, mainly Vero cells. In
addition, some authors have analyzed the SARS-CoV-2 transcriptome
present in clinical samples collected from symptomatic and asymptom-
atic patients (Alexandersen et al., 2020; Wong et al., 2021; Chen et al.,
2022). To investigate the qualitative and quantitative variation of
sgRNAs, different NGS approaches have been employed, such as RNA-Seq
(Nanopore direct sequencing (Kim et al., 2020; Doddapaneni et al., 2020;
Davidson et al., 2020a; Taiaroa et al., 2020), Illumina poly(A) RNA
sequencing (Finkel et al., 2021; Thorne et al., 2022), metagenomics



Table 1
Main characteristics of three software used to identify SARS-CoV-2 sgRNAs in NGS data sets.

Input raw data Periscope LeTRS sgDI-tector CORONATATOR

paired-end paired-end single-end Paired-end

Compatible sequencing
platforms

Nanopore (implemented but not
suggested for Illumina)

Nanopore/Illumina/Ion Torrent Illumina/Ion Torrent Illumina

Require previous
sequence knowledge

Yes Yes No No

Need data preprocessing No Yes Yes Yes
Algorithm Local alignment detecting known

sequences for both c- and nc-
sgRNAs

Perl pipeline based on breaking site
search, based on known sequences
only for c-sgRNAs

Detects segmented reads and identifies
deletion, insertion, copy-back and hairpin
defective viral genomes

Alignment breakpoint
detection

Adaptable for viruses
other than SARS-CoV-2

Yes, but with known TRS
sequences

Yes Yes Yes
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(Parker et al., 2021), amplicon-based (Alexandersen et al., 2020; Wong
et al., 2021; Parker et al., 2021) or oligonucleotide capture-based
sequencing (Doddapaneni et al., 2020; Parker et al., 2021)). On the
bioinformatics side, the fundamental principle in the identification of
sgRNA is the use of alignment pipelines in order to fish out, in the
composite array of virus-specific reads, those reads that contain canon-
ical junctions, i.e. a leader sequence derived from the 50 UTR of the
genome fused with a TRS of a given ORF (TRS-B) for c-sgRNA, or
non-canonical junctions, i.e. a 50UTR leader sequence fused with other
distal regions, or even chimeric fragments derived from diverse discon-
tinuous transcription events, for nc-sgRNA.

To date, amplicon-based sequencing is the most widely used approach
for SARS-CoV-2 epidemiological surveillance and genetic variant moni-
toring. The raw data from this approach are an important source of in-
formation for investigating sgRNAs, especially nc-sgRNAs, whose
significance is still uncertain. Hence, precise bioinformatics tools are
needed to explore sgRNAs, especially regarding nc-sgRNA species. To
this respect, a milestone was the establishment of “Periscope”, developed
by Parker et al. (2021), that was the first tool specifically addressing the
detection and quantification of sgRNAs contained in SARS-CoV-2
genomic sequence data.

Different NGS-based studies have been conducted in these years in
order to better define SARS-CoV-2 trascriptome, and, in particular, to
address the c-sgRNAs and nc-sgRNAs populations and their quantitative
variations during the infection. For this purpose, RNA-Seq and amplicon-
based NGS sequencing are the mainly used approaches. In the former
approach, the data analysis is performed using software designed for
RNA splicing identification (di Gioacchino et al., 2022), such as STAR
(Spliced Transcripts Alignment to a Reference)-based approaches. STAR
is an RNA-Seq aligner, designed for spliced alignments, i.e. for the
alignment of non-contiguous sequences directly to the reference genome
(Dobin et al., 2013); in the latter approach, dedicated software, such as
Periscope, (Parker et al., 2021), but these have the shortcoming of not
being appropriate for data generated with the Illumina or the Ion torrent
NGS platforms. So, additional versatile software have been developed for
the recognition of c-sgRNAs and nc-sgRNAs, such as LeTRS, sgDI-tector
and CORONATATOR (Dobin et al., 2013; Dong et al., 2022; Lyu et al.,
2022b).

Each of these bioinformatic tools applies different algorithms to un-
veil c-sgRNAs and nc-sgRNAs. Except of SgDI-tector, all the softwares
required a prior knowledge of leader sequence and TRS, and data
generated by pair-end sequencing (Parker et al., 2021; Dobin et al., 2013;
Dong et al., 2022; Lyu et al., 2022b). To identify c- and nc-sgRNAs,
Periscope (Parker et al., 2021) locates reads with the SARS-CoV-2
leader by local alignment. This software has been developed to analyze
data from Nanopore platforms, and is also applicable to Illumina
paired-end sequencing data, even if the performance may be decreased.
LeTRS (Dobin et al., 2013) is based on breaking site search. Precisely, the
tool unveils: a) c-sgRNAs by searching reads around a given known in-
terval near a SARS-CoV-2 leader; b) potential nc-sgRNA by analyzing
junctions out of the known intervals in order to identify those reads with
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leader-independent fusion sites. SgDI-tector (Dong et al., 2022) is a
user-friendly tool developed to detect sgRNAs and quantify their level
expression by analyzing data from single-end sequencing. Finally, COR-
ONATATOR (Lyu et al., 2022b) is a software developed to analyze
RNAseq-based metatranscriptomic data from coronavirus-infected cells
in order to quantify gene expression and identify bona fide sgRNA.

The main characteristics of the four main bioinformatics tools used
for the study of sgRNAs, including the compatibility with existing NGS
platforms, are described in the Table 1.

Overall, precise and accurate bioinformatics tools are essential for the
study of sg-RNAs and to establish the consistency of the results obtained
by independent transcriptome datasets and sequencing technologies.
Indeed, thanks to advanced sequencing approaches and dedicated bio-
informatics tools, enormous progress has been made in the study of na-
ture, role and significance of sgRNAs in SARS-CoV-2 biology, evolution
and variation within the human host.

However, considerable work is still needed, as better tailored bioin-
formatics tools are required for a standardized sgRNA evaluation, in
order to extend functional investigation of viral proteins, replication
mechanism, and host–viral interactions involved in pathogenicity; in
particular, standardized enumeration and characterization methods are
mostly needed in respect of nc-sgRNA, for definitively establishing if
those individually rare species of sgRNAs, identified and quantified by
bioinformatics tools, represent true phenomena or if, and to what extent,
they are merely reflecting technical artefacts due to the elaborated bio-
informatics procedure(s) used for their identification and classification.
Moreover, proteomic data are crucial to provide useful information for
identifying those putative nc-sgRNAs that actually encode a product.
Indeed, products encoded by nc-sgRNA can be considered as variations of
corresponding annotated proteins (Wu et al., 2022b; Finkel et al., 2020;
Davidson et al., 2020b).
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