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The largest group of viruses in the Baltimore classification system comprises viruses with a positive-sense, single-
stranded RNA genome. Once the viral genome is released into the cytoplasm of a specific host cell following virus
entry, it functions directly as an mRNA, and the virus-encoded proteins that are essential for genome replication are
produced by the translation apparatus of the host cell. The positive-sense genome is replicated in two stages, initially
the positive strand is copied to make a negative-sense RNA, which then functions as the template for transcription of
many new positive-sense genomes. Virus infections can be detected at different stages throughout the infection cycle for
diagnostic and scientific purposes. Here, the advantages and disadvantages of some of the relevant methods for genome
detection will be briefly reviewed with special emphasis on techniques allowing strand-specific RNA detection. Further-
more, tools of the future are considered.
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Viruses are small parasitic particles found in many
shapes and sizes. The virus particle, also known as
a virion, comprises genomic material, in the form
of single-stranded (ss) or double-stranded (ds)
RNA or DNA, surrounded by a coat of virus-
encoded proteins called a capsid. Some viruses are
enveloped, meaning that the genome is surrounded
by a lipid membrane with viral proteins embedded.
In order to propagate, viruses depend on infecting
specific host cells to exploit their metabolic and
biosynthetic machineries for the production of
virus-encoded proteins, to achieve viral genome
replication and for the assembly of new virions.
Protein production requires translation of the
positive-sense mRNA, but because viruses do not
all have the same type of genomic material, the
production of these mRNAs happens in different
ways. The mode of mRNA synthesis is the basis of
the Baltimore virus classification system, which has
seven classes, I-VII [1]. Viruses, belonging to class
IV, have a single-stranded positive-sense RNA ((+)-

RNA) genome, which can be translated directly as
mRNA or used to produce more mRNA via a
negative-sense RNA ((�)-RNA) intermediate. This
is the largest group of viruses, comprising both bac-
teriophages, like Qb and MS2 [2], and eukaryotic
viruses such as hepatitis C virus (HCV), poliovirus
(PV) and the coronaviruses, including the recently
discovered severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) [3-5].

The life cycle of (+)-RNA viruses

In order to establish a successful infection, each
type of virus has specific requirements from a
potential host cell. On the cell surface, specific pro-
tein structures or receptors are necessary for virus
entry, while intracellular host cell factors may be
required for the production of new virus particles.
Some viruses use additional co-receptors for entry,
further increasing the host specificity of the virus.
Some types of virus have a broader range in host
organisms than others. For example, SARS-CoV-2
requires expression of the specific host cell surfaceReceived 30 August 2021. Accepted 16 December 2021
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receptor angiotensin-converting enzyme 2 (ACE2)
and co-receptor NRP1, which are both highly con-
served among mammals [6, 7], whereas the Qb bac-
teriophage is specific for Escherichia coli strains
that have surface-exposed F-pili that the phage can
attach to [8]. Viruses, specific for animal host cells,
can enter the cell via different mechanisms of endo-
cytosis, often mediated through binding of the virus
particle to a surface receptor on the host cell [9-11].

After successful entry of a virus into a host cell,
the viral RNA genome needs to be released (Fig. 1,
step 1). This can happen when the lipid envelope of
enveloped viruses like dengue virus (DENV) and
HCV fuse with the endosomal host membrane, cre-
ating a pore, through which the genome gains
access to the cytosol [12, 13]. In contrast, (+)-RNA
viruses without a lipid envelope must rely on a
strategy that does not involve membrane fusion for
genome liberation. PV is a non-enveloped virus that
enters the animal cell via clathrin-dependent endo-
cytosis like some of the enveloped viruses, but the
PV genome is then uncoated in several steps
through conformational changes resulting in expan-
sion of the capsid induced by binding to the polio-
virus receptor [14].

The genomes of positive-sense RNA viruses func-
tion as mRNA for translation in addition to acting
as templates for genome replication. Thus, these
viruses each encode their own viral RNA-
dependent RNA polymerase (RdRp), which must
be produced, before genome replication is possible
[15]. The viral genome is translated by the host
translation apparatus into one or more polypro-
teins, which are subsequently processed into mature
products, generally via cleavage by proteases. As an
example, the PV genome is translated into a single
polyprotein, which is cleaved into multiple struc-
tural and non-structural proteins mainly by viral
proteases, whereas the translation of the larger gen-
omes of coronaviruses, like SARS-CoV-2, is more
complex and involves ribosome frameshifts between
different open reading frames and production of
subgenomic RNA transcripts [16, 17].

When the necessary proteins have been produced
(Fig. 1, step 2) and the viral replication machinery
assembled, genome replication can start. Often,
host proteins form part of the viral RdRp complex
to assist various steps during replication [18]. In
eukaryotic host cells, the genome replication takes
place at intracellular membrane compartments
remodelled from host organelles, including the
Golgi apparatus and the endoplasmic reticulum
(ER) [19]. During replication, the (+)-stranded viral
genome is first transcribed into a complementary
(�)-strand replicative intermediate (Fig. 1, step 3),
from which, a large number of new (+)-RNA

strands can be produced in 10-100 times excess [18]
(Fig. 1, step 4). These are initially used for addi-
tional protein production and later packaged into
new virions [20] (Fig. 1, step 5+6).

The viral capsids usually only contain one or a
few different structural proteins, and the assembly
of new virions involves encapsidation of the newly
synthesized (+)-RNA genomes, which can happen
via different mechanisms. As an example, icosahe-
dral capsids are formed by self-assembly of the viral
proteins during infection by the non-enveloped PV
[21]. The genomes of the enveloped coronaviruses
are packaged by nucleocapsid proteins, which bind
to the RNA, oligomerize and form a helical nucleo-
capsid [22]. Assembly of enveloped virions is facili-
tated by the membrane compartments of the
eukaryotic host cell, in which the viral envelope
proteins are embedded. This is at the Golgi appara-
tus and ER for coronaviruses and HCV, respec-
tively [19].

Release of the progeny virions usually happens
through exocytosis, budding or lysis of the host
cell, and each type of virus is not restricted to use
just one pathway. Non-enveloped viruses, like PV,
are usually categorized as lytic viruses, because the
new virions primarily exit the host cells by inducing
rupture of the cell. This is, however, not always the
case. Nonlytic mechanisms of virus exit have been
observed, for example enteroviruses PV and A71
using the secretory autophagy pathway [23]. Envel-
oped viruses, like DENV and coronaviruses, can be
trafficked between host cell membrane compart-
ments and either exit by exocytosis or budding
directly from the plasma membrane [24, 25].

VIRAL GENOME DETECTION

Detection of viral infections is used in many differ-
ent settings, hence, a variety of methods for this
purpose are available. It is widely employed in
research and diagnostic laboratories in order to get
a better understanding of the infection process of
different viruses, but it is also applied in commer-
cial laboratories, for example for production of
viral vectors, which are often used in gene therapy
and vaccine development. During the ongoing
SARS-CoV-2 pandemic, it has become increasingly
clear to everyone just how important the develop-
ment of accurate and reproducible tools for detec-
tion of viral infections are in a diagnostic setting,
and why extensive knowledge about a virus, gained
through research, can help development of vaccines
and antiviral drugs.

Viruses can be detected at different steps during
their infection cycle. A common way of estimating
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the infectivity of a virus is quantification of viral
particles using a plaque assay. Here, the sample
containing the virus is spread onto a monolayer of
appropriate host cells on a plate, and the number
of plaque-forming units (PFUs), caused by individ-
ual infectious particles in adequately diluted sam-
ples, is counted. In general, this is a very sensitive
method for detection of infectious particles, because
a single infectious particle should give rise to one
PFU [26]. Enzyme-linked immunosorbent assay
(ELISA) is another widely used technique for detec-
tion of viruses, where a combination of virus-
specific primary antibodies and enzyme-linked sec-
ondary antibodies are used to determine the pres-
ence of viral proteins [27]. Virus-specific antibodies
are also often used in immunofluorescence assays
(IFA), for example for visualization of virus

antigens in different tissues by microscopy [28].
ELISA and IFA are characterized by a high speci-
ficity, but sometimes suffer from limited sensitivity
depending on the binding affinity between antibody
and antigen among others. Although very useful,
the methods mentioned above do not provide speci-
fic information about the genome replication pro-
cess, which is a characteristic property of an active,
viral infection. For this purpose, methods detecting
the RNA genome directly can be used.

RT-PCR

The current golden standard for detection of a
viral (+)-RNA genome is reverse transcription
polymerase chain reaction (RT-PCR)-based assays,
which have been in use since the late 1980s [29].

Fig. 1. Life cycle of positive-sense RNA viruses. After virus entry into the host cell, the viral genome is released (blue bar,
step 1) and virus-encoded proteins, including the RdRp, are produced by translation of the RNA (different colours and
shapes, step 2). The genome also functions as template for transcription of a complementary negative-sense RNA molecule
(red bar, step 3), from which many new positive-sense genomes are made (step 4). These genomes are either used for fur-
ther protein production (step 5) or packaged into new virions (step 6).
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RT-PCR techniques are often used in both
research and clinical settings for RNA virus detec-
tion, but it is also a popular method in gene
expression analyses, where the level of the differ-
ent mRNAs in a cell can be monitored and quan-
tified [30].

Very briefly, the extracted RNA in a sample is
first subjected to first-strand synthesis of the com-
plementary DNA (cDNA) strand by reverse tran-
scription (RT) using an RNA-dependent DNA
polymerase, also known as reverse transcriptase.
Priming of the reverse transcription can be done
with random hexamers, when strand-specificity of
the assay is not needed. In this case, first-strand
cDNA copies are produced from the total extracted
RNA, while the specificity of the assay is achieved
in the subsequent exponential cDNA amplification
by polymerase chain reaction (PCR) using specifi-
cally designed primers [31]. These primers can be
designed in different ways, depending on the scope
of the analysis. For example, when using RT-PCR
for diagnosing viral infections, the PCR primer pair
is designed to anneal to a specific region of the viral
genome. If this region is conserved among different
variants of a virus, the method detects multiple vari-
ants without discrimination. If, however, the pri-
mers are designed to amplify a variable genomic
region, it is possible to only detect a specific variant
of the virus [32]. When using RT-PCR for diagnos-
ing infection by novel viruses like SARS-CoV-2, it
can be important to target more than one conserved
region to avoid losing sensitivity of the assay, if the
virus changes in the target region [33].

Due to the exponential amplification of the start-
ing material that happens during the PCR step, RT-
PCR is considered a very sensitive method for viral
RNA detection. This, however, is not only an advan-
tage, since it can result in more false-positive tests
because even a small amount of contamination of
the sample (in principle as little as one molecule),
could be amplified and cause a positive result. This
means that primer specificity and the avoidance of
sample contamination are two critical aspects of the
RT-PCR procedure. Combining the RT-PCR with a
nested PCR, where a second round of PCR is per-
formed with a new primer pair amplifying an internal
region of the amplicon of the first round, is a widely
used strategy in research settings to increase both
specificity and sensitivity of the assay [34, 35]. How-
ever, this technique is not usually applied in clinical
diagnostics, because it requires more handling of the
samples, which increases the risk of cross-
contamination and false-positive results.

RT-PCR is not in itself considered quantitative,
but only a means to amplify the target RNA to a
detectable level. However, if an assessment of gene

expression levels via mRNA or the amount of viral
RNA is required, the reverse transcription can be
combined with a quantitative PCR (qPCR), also
known as real-time qPCR, using a dye or DNA
probes for detection. This could, for example, be a
non-specific fluorescent dye like SYBR green, or
specifically designed fluorescent TaqMan probes,
which can increase the specificity of the assay [36].
In the clinical laboratory, a standard panel of well-
characterized reference material is included to
improve quantitation [37].

When RT-qPCR is used to detect viral infections
in clinical samples, the samples need to be pre-
treated in order to get rid of sample components
that could potentially inhibit the PCR. The pro-
teins immunoglobulin G and haemoglobin in blood
samples have, for example, been shown to inhibit
PCR [38]. Removal of these components can be
both time-consuming and labour-intensive, which
is especially a problem when rapid and effective
diagnosis is essential for controlling a virus out-
break in areas with limited resources. With this in
mind, direct RT-qPCR assays (dirRT-qPCR) have
been developed specifically to avoid this pre-
treatment. As an example, Li et al. developed an
optimized dirRT-qPCR assay for detection of
ZIKV [39]. The authors tested several DNA poly-
merases to see which one was the least affected by
the PCR inhibitors in the clinical sample, and what
kinds of PCR enhancers like dithiothreitol (DTT)
and KCl were the most effective. They ended up
with an assay that is able to diagnose a ZIKV
infection, in different biological samples, within 2 h
[39]. Similar assays have been developed for detec-
tion of SARS-CoV-2 during the COVID-19 pan-
demic, where supplies were suddenly limited
worldwide and fast and accurate diagnostic tools
were critical [40].

STRAND-SPECIFIC GENOME DETECTION

Most RT-PCR assays used for RNA detection are
not designed to be strand-specific, and therefore do
not distinguish between the (+)-RNA genome of
the virus and the complementary negative-sense
(�)-RNA. Yet, the presence of (�)-RNA is consid-
ered a hallmark of an active virus infection, because
it is specifically produced during the replication of
the viral genome, while virus particles only contain
the (+)-stranded genome. Strand-specific genome
detection by RT-PCR is therefore widely used to
study viral replication and infectivity. Achieving
this specificity, however, is not trivial, since the
mere use of a strand-specific primer for reverse
transcription is rarely sufficient [41]. One of the
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main problems, when aiming for specific detection
of the (�)-strand, is referred to as ‘false’ priming
events, where non-specific negative-strand cDNA
molecules are produced during reverse transcription
in the absence of RT primers. These events could
be caused by contaminating nucleic acids function-
ing as primers or self-priming due to RNA sec-
ondary structures. A model for a possible self-
priming event during detection of DENV genome
was proposed, where the RNA genome template
folds upon itself creating a double-stranded region
suitable for reverse transcription initiation [41, 42].
Because the (+)-strand is present at much higher
levels than the (�)-strand during a viral infection,
false priming events affect specific detection of the
latter more significantly.

Strand-specific RT-PCR

A very popular approach to circumvent this problem
and improve the strand-specificity of RT-PCR-based
assays is referred to as tagged RT-PCR (Fig. 2A).
Here, the use of a single strand-specific RT primer
(marked in green in Fig. 2A) with a 50 tag-sequence,
unrelated to the viral genome, results in tagged first-
strand cDNA molecules that can subsequently be
amplified during PCR with a primer pair consisting
of one tag-specific and one genome-specific primer
(marked in orange in Fig. 2A). This ensures that any
cDNA molecules resulting from ‘false’ priming can-
not be amplified and cause a false-positive detection
result, because they do not contain the tag-sequence
[42]. An important aspect of this strategy is to avoid
carry-over of the tagged RT primer to the PCR
amplification step, since that could result in unspeci-
fic, tagged cDNA fragments again causing false-
positive results or, when doing a qPCR, an overesti-
mation of the amount of (�)-strand [42]. Although
both silica-based purification of cDNA and treat-
ments with exonuclease I prior to PCR have proven
beneficial, it is just as important to limit the amount
of RT primer to what is absolutely necessary,
because it can be hard to remove unincorporated

primers completely [43, 44]. Tagged RT-PCR assays
have been developed for many different (+)-RNA
viruses, with just a few examples being human enter-
oviruses, ZIKV and SARS-CoV-2 [42, 45, 46]. Fur-
ther improvement of strand-specificity of tagged RT-
PCR assays has been observed by using a ther-
mostable reverse transcriptase, for example the
recombinant Thermus thermophilus (rTth) DNA
polymerase or SuperScript RT-III, for cDNA ampli-
fication. This improvement is likely due to a higher
reaction temperature limiting potential RNA sec-
ondary structures, which could otherwise give rise to
self-priming events [43, 44].

RNase protection assay

The RNase protection assay (RPA) is an example of
another method for strand-specific genome detection
(Fig. 2B). Here, a strand-specific probe (marked in
dark blue in Fig. 2B) is designed to bind the single-
stranded genome (marked in light blue in Fig. 2B)
and thus form a region of double-stranded RNA.
Subsequent treatment with RNases degrades the
single-stranded RNA, and the protected RNA can
be visualized via a fluorescent or radioactive label
attached to the probe (marked with an orange star in
Fig. 2B). Novak and Kirkegaard [47] developed an
improved version of this method, which was shown
to allow sensitive, strand-specific RNA detection,
even when the complementary strand is in large
excess. This is very important for detection of the
(�)-strand replication intermediate during active
infection by (+)-RNA viruses, since the (+)-strand is
present at higher levels. A round of hybridization of
cytoplasmic RNA without probes was included in
the beginning of the assay, resulting in all (�)-
strands hybridizing to the complementary (+)-
strands. They subsequently removed all excess (+)-
strand by RNase digestion, which left an equal
amount of (+)- and (�)-strands and allowed the
radioactive probe added later to hybridize to the (�)-
strand without significant interference by the (+)-
strand [47].

Fig. 2. Illustrations of the principles behind strand-specific tagged RT-PCRs, RNase protection assays and in situ
hybridization assays with branched DNA probes. (A) During tagged RT-PCR, first-strand cDNA synthesis is carried out
using a strand-specific reverse transcription primer (green) with a non-viral 50 tag-sequence (bold). One tag-specific and one
sequence-specific primer (both in orange; tag-specific primer in bold) are used for subsequent cDNA amplification by
PCR. Dashed lines indicate newly synthesized DNA, and the sense of the nucleic acids strands is shown on the right. (B)
In an RNase protection assay, a fluorescently or radioactively labelled probe (dark blue with an orange star) hybridizes to
the target RNA (light blue). RNases (green) degrade single-stranded regions, while the labelled double-stranded region is
detected. (C) During in situ hybridization with branched DNA probes, cells are fixed on slides, and the intracellular target
RNA (light blue) is first hybridized with the target probe (green) and subsequently the preamplifier (yellow). Lastly, ampli-
fiers with multiple labels (dark blue with orange heptagons) are added to hybridize with the preamplifier and visualization
is possible using the appropriate type of microscopy.
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In situ hybridization assay

In situ hybridization (ISH) techniques are commonly
used for strand-specific in situ visualization of RNA
in cells, tissue samples, cytological preparations and
even whole organisms. For this technique, a detect-
able strand-specific probe can be designed as used
for RPAs. The most used techniques are fluorescent
in situ hybridization (FISH), where the probes are
fluorescently labelled and visualized in a fluorescence
microscope, and chromogenic in situ hybridization
(CISH), in which the probes are usually labelled with
biotin or digoxigenin and visualized by bright-field
microscopy [48]. For specific detection of an RNA
species with relatively low abundance, like the (�)-
strand, branched DNA (bDNA) probes have been
used to increase the signal (Fig. 2C). A set of bDNA
probes consist of several nucleic acid fragments
(marked in different colours in Fig. 2C) of which the
first one, called the target (or capture) probe, specifi-
cally binds the target RNA sequence. The second
probe, called the preamplifier, binds the target probe
and then multiple fluorescently labelled probes,
called amplifiers, bind the preamplifier, which results
in a stronger localized signal [49]. Liu et al. com-
bined this technique with immunofluorescence stain-
ing of viral proteins to examine viral RNA and
proteins simultaneously during HCV infection using
confocal microscopy. This allowed the authors to
test the effect of antiviral drugs on the replication of
HCV RNA [20].

FUTURE PERSPECTIVES

Even though, the RNA detection strategies
described here have been very useful and optimized
in many ways, they still have their limitations, for
example by being labour-intensive and/or requiring
specialized instrumentation as well as trained per-
sonnel. New methods are still being developed,
especially aiming for faster and simpler diagnostic
tools, which are becoming increasingly necessary
with the emergence of novel viral outbreaks as seen
worldwide with SARS-CoV-2.

Zhou et al. have recently developed a viral RNA
detection assay utilizing specifically designed DNA
nanoswitches, where the DNA binds viral RNA and
undergoes a conformational change, which is
detected by gel electrophoresis due to a shift in
migration pattern [50]. This assay can work without
the use of any enzymes, which would usually
increase both cost and complexity of assays due to
strict conditions for use and storage. Even though
the assay showed promising results when tested on
ZIKV, DENV and SARS-CoV-2, further optimiza-
tion is needed to increase sensitivity without an

RNA extraction step or even an isothermal pream-
plification step, which would require the use of
enzymes [50]. In another line of advancements, the
clustered regularly interspaced palindromic repeats
(CRISPR)/CRISPR-associated enzyme (Cas) sys-
tem, has been used as a basis for newly developed
RNA detection methods [51]. One of these methods
is called specific high-sensitivity enzymatic reporter
unlocking (SHERLOCK). Briefly, a CRISPR RNA
(crRNA) is designed to guide the Cas13 enzyme to
cleave a virus-specific RNA sequence, but because
Cas13 has promiscuous RNase activity, nearby
RNA molecules are also cleaved by the activated
enzyme. This is exploited by designing reporter
RNA probes with a fluorophore in one end and a
quencher in the other. Hence, a fluorescent signal is
detected when the reporter molecule is cleaved to
separate the fluorophore from the quencher [52]. An
optimized version of the method, called SHER-
LOCK version 2 (SHERLOCKv2), was developed
with increased sensitivity and adapted for lateral
flow detection, which gives it great potential in diag-
nostic settings, where access to special laboratory
equipment is limited [53]. The CRISPR-based meth-
ods also have the potential to be optimized for
strand-specific detection in the future, allowing
specific detection of actively replicating viruses.

The continued development of new strategies can
improve virus detection in clinical settings as well
as in research environments, where the techniques
are still needed for further advancing the knowl-
edge of both well-known and novel viruses, which
is crucial for the development of potential antiviral
drugs and vaccines.
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