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A B S T R A C T

Senecavirus A (SVA) is classified into the genus Senecavirus in the family Picornaviridae. Its genome is a posi-
tive-sense, single-stranded and nonsegmented RNA, approximately 7300 nucleotides in length. A picor-
naviral genome is essentially an mRNA, which, albeit unmodified with 5′ cap structure, can still initiate
protein expression by the internal ribosome entry site (IRES). The SVA genome contains a hepatitis C virus-
like IRES, in which a pseudoknot structure plays an important role in initiating protein expression. In this
study, we constructed a set of SVA (CH-LX-01-2016 strain) minigenomes with all combinations of point mu -
tations in its pseudoknot stem II (PKS-II). The results showed that any combination of point mu tations could
not significantly interfere with the IRES to initiate protein expression. Further, we constructed a full-length
SVA cDNA clone, in which the PKS-II-forming cDNA motif was subjected to site-directed mu tagenesis for to-
tally disrupting the PKS-II formation in IRES. Such a modified SVA cDNA clone was transfected into BSR-
T7/5 cells, consequently demonstrating that the PKS-II-disrupting IRES interfered neither with protein ex-
pression nor with antigenome replication, whereas a competent SVA could not be rescued from the cDNA
clone. It was speculated that the mu tated motif possibly disrupted a packaging signal for virion assembly,
therefore causing the failure of SVA rescue.

1. Introduction

Senecavirus A (SVA), also known as Seneca Valley virus (SVV), be-
longs to the genus Senecavirus in the family Picornaviridae. SVA is an
emerging virus that causes vesicular disease in pigs, whose clinical signs
are indistinguishable from those caused by foot-and-mouth disease
virus (Liu et al., 2020b). Some herds additionally suffer an increase in
neonatal losses of 1- to 4-day-old piglets (Houston et al., 2020). This
virus is not pathogenic to normal human cells, but has potent oncolytic
activity in tumor cells, such as neuroendocrine tumor cells (Liu et al.,
2021b; Reddy et al., 2007) and human retinoblastoma cells (Wadhwa
et al., 2007). The SVA genome is a positive-sense, single-stranded, non-
segmented and linear RNA, approximately 7300 nt in length, with a 3′
poly (A) tail but without a 5′ capped structure. The genome contains 5′
and 3′ untranslated regions (UTR), and a single long open reading
frame (ORF) of polyprotein precursor.

The 5′ UTR contains a sequence of hepatitis C virus (HCV)-like in-
ternal ribosome entry site (IRES) (Martínez-Salas et al., 2015), allow-

ing for translation initiation in a cap-independent manner. The 3′ UTR
reveals a kissing-loop structure, followed by a poly (A) sequence. The
polyprotein ORF follows the standard
“L–VP4–VP2–VP3–VP1–2A–2B–2C–3A–3B–3C–3D” layout (Hales et al.,
2008). Referring to other picornaviruses (McKnight and Lemon, 2018;
Sun et al., 2016; Wang and Li, 2019), the VP1, VP2, VP3 and VP4 are
four structural proteins, required for encapsidation of SVA genome. The
2A performs the function of ribosomal skipping. The 2C protein is a he-
licase-like polypeptide involved in RNA synthesis. The 3B (VPg) is a
genome-linked polypeptide, functioning as a protein primer for RNA
synthesis. The 3C (3Cpro) is a protease, responsible for cleaving the SVA
polyprotein precursor. The 3D (3Dpol) is a RNA-dependent RNA poly-
merase, functioning in virus replication and VPg uridylylation.

A picornaviral genome is actually an mRNA, which, albeit unmodi-
fied with 5′ cap structure, can still initiate protein expression by the
IRES that recruits ribosomal subunits using a process independent of the
cap-binding protein, eukaryotic initiation factor (eIF) 4E. The picor-
naviral IRES was initially reported in genomes of poliovirus (Pelletier
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and Sonenberg, 1988) and encephalomyocarditis virus (Jang et al.,
1988), and subsequent studies demonstrated that different types of
IRES elements could drive internal initiation of translation from mR-
NAs of all picornaviral members (Martínez-Salas et al., 2015). Based on
RNA secondary structure, the picornaviral IRES elements are generally
classified into five types, namely type I, II, III, HCV-like and aichivirus
(AV)-like (Lozano and Martínez-Salas, 2015). The picornaviral HCV-
like IRES was initially identified in the genome of porcine teschovirus-1
(PTV-1) (Kaku et al., 2002), and subsequently found in numerous mem-
bers in the family Picornaviridae (Chard et al., 2006a), such as avian
encephalomyelitis virus (Bakhshesh et al., 2008) and SVA (Willcocks et
al., 2011).

RNA pseudoknots are structural elements, existing in almost all
classes of RNA. A pseudoknot is a structure formed upon base-pairing of
a single-stranded region of RNA in the loop of a hairpin to a stretch of
complementary nucleotides elsewhere in the RNA chain (Brierley et al.,
2007). The HCV-like IRES forms a defined secondary structure that
contains two major hairpins, termed domain II and III (Chard et al.,
2006b; Easton et al., 2009). Initial binding of the 40S ribosomal subunit
is mediated mainly by the basal region of domain III, including the
stem-loop IIId, with a modest contribution from an H-type pseudoknot
upstream of the start codon (Kieft et al., 2001; Otto and Puglisi, 2004).
The pseudoknot consists of two base-paired stem regions (stem I and II)
connected by two loops, the stem sequences are not especially well con-
served, but the presence of the structure is highly conserved with com-
pensatory base changes that preserve the base-pairing (Belsham,
2009). A proposed model showed that different domains in an HCV
IRES functioned synergistically to position the start codon into the ri-
bosomal P site, coupled to movement of the pseudoknot that was up-
stream of the start codon (Boehringer et al., 2005).

The pseudoknot has been demonstrated to be critical for the activity
of picornaviral HCV-like IRESs (Bakhshesh et al., 2008; Chard et al.,
2006b; Pan et al., 2012; Willcocks et al., 2011). For instance, structural
disruption of the pseudoknot in the stem, either I or II, of PTV-1 caused
significant inactivity of its IRES to initiate protein expression (Chard et
al., 2006b). As to SVA (SVV-001 strain), the activity of IRES could even
be totally attenuated by only two point mutations in the pseudoknot
stem II (PKS-II) (Willcocks et al., 2011). The SVA PKS-II is predicted to
be a 5-base-paired stem structure, containing a non-Watson–Crick base

pair, G:U base pair. Contrary to the conclusion in the literature
(Willcocks et al., 2011), we demonstrated that any combination of
point mutations in SVA (CH-LX-01-2016 strain) PKS-II could not sig-
nificantly interfere with the IRES activity. The SVA PKS-II formation,
if completely disrupted, was shown to have no significant impact on
the replication of SVA antigenome, but to inhibit recovery of compe-
tent SVA from a cDNA clone that contained a 5-nt-mutated motif in
the PKS-II.

2. Materials and methods

2.1. Cell line and plasmids

The T7 RNA polymerase-expressing BHK (BSR-T7/5) cells
(Buchholz et al., 1999) were cultured at 37 °C with 5% CO2 in Dulbec-
co’s modified Eagle’s medium (DMEM), supplemented with 10 % fetal
bovine serum (FBS) and G418 (500 µg/mL). The pUC57 plasmid was
used for constructing a SVA minigenome. The full-length SVA cDNA
clone, used for rescuing the enhanced green fluorescent protein (eGFP)-
tagged recombinant SVA (rSVA-eGFP), was constructed previously in
our laboratory (Liu et al., 2020a). The reporter plasmid of firefly lu-
ciferase (pFLuc) was kindly provided by Dr. Youming Zhang, Shan-
dong University, China.

2.2. Pseudoknot prediction and minigenome construction

Referring to the literature (Willcocks et al., 2011), a putative
pseudoknot within SVA IRES was schematically illustrated in Fig. 1.
The predicted secondary structure of PKS-II (Fig. 1, dashed yellow rec-
tangle) was formed upon 5-nt-pairing of a single-stranded region in the
loop to a stretch of complementary nucleotides. The SVA CH-LX-
01−2016 (GenBank: KX751945.1) (Zhao et al., 2017) as a reference
strain was modified for constructing the wild-type SVA minigenome,
named M0. Briefly, its polyprotein cDNA sequence was replaced with
the ORF of NanoLuc® luciferase (NLuc) ( Genbank: JQ513379). The
minigenome sequence was flanked by the T7 promoter and the T7 ter-
minator at its 5′ and 3′ ends, respectively. The terminal-modifying M0
sequence was chemically synthesized and then subcloned between the
Aat II and Afl III sites of pUC57 plasmid.

Fig. 1. Schematic representation of putative PKS-II within internal ribosome entry site (IRES) of SVA (CH-LX-01-2016) genome. Proposed secondary struc-
ture of IRES (dashed light-blue rectangle), referring to that of the prototype strain (SVV-001) (Willcocks et al., 2011). The predicted secondary structure of
PKS-II (dashed yellow rectangle) is formed upon 5-nt-pairing of a single-stranded region in the loop to a stretch of complementary nucleotides. D.II and
D.III: Domain II and Domain III; PKS-I and PKS-II: pseudoknot stem I and pseudoknot stem II. (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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2.3. Kinetics of NLuc expression

BSR-T7/5 cells were plated into four 24-well plates for incubation
at 37 °C overnight. Cell monolayers at 70 % confluency were sepa-
rately transfected with the M0 (100 ng/well, and 3 wells/plate), using
Lipofectamine 2000 (Thermo Fisher, Waltham, MA, USA) according to
the manufacturer’s instruction. At 0, 24, 48 and 72 h post transfection
(hpt), any of plates was randomly removed from the incubator, and
subjected to two freeze-and-thaw cycles to collect supernatants. All su-
pernatants were separately diluted 100-fold with PBS in a white 96-
well plate for measuring their luminescence intensities (with substrac-
tion of autoluminescence background) using the Nano-Glo® Luciferase
Assay System (Promega, Madison, WI) by the Tecan microplate reader.
Kinetic curve of NLuc expression was determined using the GraphPad
Prism software (Version 7.0). Data at each time point were representa-
tive of three independent experiments.

2.4. Site-directed mutagenesis of PKS-II

The M0 contained two key motifs, 5′-GCCTA-3′ (Fig. 2A, Green-
shaded) and 5′-TAGGT-3′ (Fig. 2A, Red-shaded), both of which jointly
contributed to the formation of PKS-II. The latter one was subjected to
all possible point mutations by site-directed mutagenesis (SDM): five 1-
nt-SDMs, ten 2-nt-SDMs, ten 3-nt-SDMs, five 4-nt-SDMs and one 5-nt-
SDM. All thirty-one mutants were constructed using the M0 as a tem-
plate. Briefly, the M0 was subjected to PCR reactions independently us-
ing thirty-one pairs of SDM primers (Table 1). The PCR reaction con-
tained 2 × PrimeSTAR Max Premix (Takara, Dalian, China) and un-
derwent 32 cycles at 98 °C (10 s), 58 °C (5 s) and 72 °C (38 s). The PCR
product was detected by agarose gel electrophoresis, and then digested
with Dpn I (Takara, Dalian, China) to degrade the circular plasmid
template. The Dpn I-digested product was transformed into E. coli
JM109 competent cells, subsequently incubated on an ampicillin-
containing agar plate overnight at 37 °C. Single colonies were inocu-
lated into individual culture tubes for incubation with shaking at 37 °C.
All thirty-one mutants were confirmed by Sanger sequencing, and puri-
fied using a Mini Plasmid Kit (TIANGEN, Beijing, China) according to
the manufacturer’s instruction.

2.5. Dual-luciferase reporter assay

BSR-T7/5 cells were plated into 24-well plates for incubation at
37 °C overnight. All mutants and the M0 were separately co-
transfected with the pFLuc into cell monolayers at 70 % confluency
(Mutants, M0 or pFLuc: 300 ng/well), using Lipofectamine 2000
(Thermo Fisher, Waltham, MA, USA) according to the manufacturer’s

instruction. At 48 hpt, the 24-well plates were subjected to two freeze-
and-thaw cycles to collect supernatants for dual-luciferase reporter as-
say on NLuc and FLuc intensities using the Nano-Glo® Luciferase Assay
System (Promega, Madison, WI) and the Firefly Luciferase Reporter
Gene Assay Kit (Beyotime, Shanghai, China), respectively. Lumines-
cence intensities were measured as described in Subheading 2.3. The
GraphPad Prism software (Version 7.0) was used for assessing the dif-
ference of luminescence intensity ratio (NLuc/FLuc) between the M0
and each mutant by two-tailed Student′s t-test. The data shown are the
means ± standard deviations (SD) of three independent experiments.
Statistical significance: *p < 0.05, **p < 0.01 and ***p < 0.001.

2.6. Rescue of PKS-II-disrupting rSVA-eGFP

The rSVA-eGFP cDNA clone (Liu et al., 2020a) was used for con-
structing a mutated plasmid, rSVA-eGFP-M cDNA clone, in which the
key pseudoknot-forming motif, 5′-TAGGT-3′, was replaced with its
compensatory one, 5′-ATCCG-3′ (Fig. 5A, Red-shaded). The rSVA-
eGFP-M cDNA clone was purified for Sanger sequencing to confirm its
full-length sequence, and subsequently transfected into BSR-T7/5 cells
in an attempt to rescue a competent recombinant virus, rSVA-eGFP-M.
Briefly, BSR-T7/5 cells were seeded into a 12-well plate for incubation
at 37 °C overnight. One cell monolayer at 70 % confluency was trans-
fected with the rSVA-eGFP-M (2000 ng/well), using Lipofectamine
2000 (Thermo Fisher, Waltham, MA, USA) according to the manufac-
turer’s instruction. At 72 hpt, the 12-well plate was subjected to one
freeze-and-thaw cycle to collect supernatant (passage-0, P0) for three
serial blind passages, regardless of whether the rSVA-eGFP-M was suc-
cessfully recovered from its cDNA clone. The rSVA-eGFP cDNA clone
was simultaneously transfected for rescuing the non-mutated rSVA-
eGFP as a control.

2.7. RT-PCR identification of virus recovery

The passage-3 (P3) rSVA-eGFP-M was harvested for extracting vi-
ral RNA by a Viral RNA/DNA Extraction Kit (Takara, Dalian, China).
The extracted product was used as template for one-step RT-PCR
analysis using the F1/R1 primers for amplifying a 693-bp fragment, as
described previously (Liu et al., 2020a). Briefly, the one-step RT-PCR
underwent 45 °C for 10 min, 94 °C for 2 min and then 30 cycles at
98 °C (10 s), 55 °C (15 s) and 68 °C (10 s). The extracted RNA was si-
multaneously subjected to PCR analysis using the F1/R1 primers. The
PCR reaction contained 2 × PrimeSTAR Max Premix (Takara, Dalian,
China) and underwent 30 cycles at 98 °C (10 s), 55 °C (5 s) and 72 °C
(10 s). The P3 rSVA-eGFP was also analyzed simultaneously as a con-
trol. If the RT-PCR result indicated the failure of rSVA-eGFP-M recov-

Fig. 2. Construction and characterization of SVA minigenome (M0). Schematic representation of M0 (A). The ORF sequence of SVA polyprotein is replaced
with that of the NLuc. The minigenome sequence is flanked by the T7 promoter (pT7) and the T7 terminator (T7t) at its 5′ and 3′ ends, respectively. The se-
quencing chromatogram illustrates a cDNA fragment, in which two key motifs, 5′-GCCTA-3′ (Green-shaded) and 5′-TAGGT-3′ (Red-shaded), jointly con-
tribute to the formation of pseudoknot stem II. UTR: untranslated region. Kinetic curve of M0-expressed NLuc in BSR-T7/5 cells (B). At 0, 24 , 48 and 72 h hpt,
M0-transfected cell monolayers are subjected to two freeze-and-thaw cycles to collect supernatants, subsequently diluted 100-fold with PBS for luciferase ac-
tivity assay in a white 96-well plate using the Tecan microplate reader. The data represent the mean ± SD for three independent experiments. RLU: relative
luminescence unit. (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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Table 1
Primers used for construction of mu tated SVA minigenomes by site-directed mu tagenesis.

Mutated SVA minigenomes Forwar d primers (5′ to 3′)* Revers e primers (5′ to 3′)* Mutated PKS-II-form ing cDNA sequence#

M1-A gtcgtgtcgg ttctaAaggtag cacata Ttagaa ccgacacgactaggccgtcgcc gcctagtcgtgtcgg ttctaAaggt
M1-B tcgtgtcggttctatTgg tagcacatac Aatagaaccgacacgactaggccgtcgc gcctagtcgtgtcgg ttctatTggt
M1-C cgtgtcgg ttctataC gtag cacataca Gtatagaa ccgacacgactaggccgtcg gcctagtcgtgtcgg ttctataCgt
M1-D gtgtcggttctatagC tagcacatacaa Gctatagaaccgacacgactaggccgtc gcctagtcgtgtcgg ttctatagCt
M1-E tgtcgg ttctataggGagcacatacaaa Ccctatagaa ccgacacgactaggccgt gcctagtcgtgtcgg ttctataggG
M2-A tagtcgtgtcggttctaATggtagcacatacaaatatgg ccatatttgtatgtgctaccATtagaaccgacacgacta gcctagtcgtgtcgg ttctaATggt
M2-B tagtcgtgtcggttctaAaCgtagcacatacaaatatgg ccatatttgtatgtgctacGtTtagaaccgacacgacta gcctagtcgtgtcgg ttctaAaCgt
M2-C tagtcgtgtcggttctaAagCtagcacatacaaatatgg ccatatttgtatgtgctaGctTtagaaccgacacgacta gcctagtcgtgtcgg ttctaAagCt
M2-D tagtcgtgtcggttctaAaggGagcacatacaaatatgg ccatatttgtatgtgctCcctTtagaaccgacacgacta gcctagtcgtgtcgg ttctaAaggG
M2-E tagtcgtgtcggttctatTCgtagcacatacaaatatgg ccatatttgtatgtgctacGAatagaaccgacacgacta gcctagtcgtgtcgg ttctatTCgt
M2-F tagtcgtgtcggttctatTgCtagcacatacaaatatgg ccatatttgtatgtgctaGcAatagaaccgacacgacta gcctagtcgtgtcgg ttctatTgCt
M2-G tagtcgtgtcggttctatTggGagcacatacaaatatgg ccatatttgtatgtgctCccAatagaaccgacacgacta gcctagtcgtgtcgg ttctatTggG
M2-H tagtcgtgtcggttctataCCtagcacatacaaatatgg ccatatttgtatgtgctaGGtatagaaccgacacgacta gcctagtcgtgtcgg ttctataCCt
M2-I tagtcgtgtcggttctataCgGagcacatacaaatatgg ccatatttgtatgtgctCcGtatagaaccgacacgacta gcctagtcgtgtcgg ttctataCgG
M2-J tagtcgtgtcggttctatagCGagcacatacaaatatgg ccatatttgtatgtgctCGctatagaaccgacacgacta gcctagtcgtgtcgg ttctatagCG
M3-A tagtcgtgtcggttctaATCgtagcacatacaaatatgg ccatatttgtatgtgctacGATtagaaccgacacgacta gcctagtcgtgtcgg ttctaATCgt
M3-B tagtcgtgtcggttctaATgCtagcacatacaaatatgg ccatatttgtatgtgctaGcATtagaaccgacacgacta gcctagtcgtgtcgg ttctaATgCt
M3-C tagtcgtgtcggttctaATggGagcacatacaaatatgg ccatatttgtatgtgctCccATtagaaccgacacgacta gcctagtcgtgtcgg ttctaATggG
M3-D tagtcgtgtcggttctaAaCCtagcacatacaaatatgg ccatatttgtatgtgctaGGtTtagaaccgacacgacta gcctagtcgtgtcgg ttctaAaCCt
M3-E tagtcgtgtcggttctaAaCgGagcacatacaaatatgg ccatatttgtatgtgctCcGtTtagaaccgacacgacta gcctagtcgtgtcgg ttctaAaCgG
M3-F tagtcgtgtcggttctaAagCGagcacatacaaatatgg ccatatttgtatgtgctCGctTtagaaccgacacgacta gcctagtcgtgtcgg ttctaAagCG
M3-G tagtcgtgtcggttctatTCCtagcacatacaaatatgg ccatatttgtatgtgctaGGAatagaaccgacacgacta gcctagtcgtgtcgg ttctatTCCt
M3-H tagtcgtgtcggttctatTCgGagcacatacaaatatgg ccatatttgtatgtgctCcGAatagaaccgacacgacta gcctagtcgtgtcgg ttctatTCgG
M3-I tagtcgtgtcggttctatTgCGagcacatacaaatatgg ccatatttgtatgtgctCGcAatagaaccgacacgacta gcctagtcgtgtcgg ttctatTgCG
M3-J tagtcgtgtcggttctataCCGagcacatacaaatatgg ccatatttgtatgtgctCGGtatagaaccgacacgacta gcctagtcgtgtcgg ttctataCCG
M4-A tagtcgtgtcggttctatTCCGagcacatacaaatatgg ccatatttgtatgtgctCGGAatagaaccgacacgacta gcctagtcgtgtcgg ttctatTCCG
M4-B tagtcgtgtcggttctaAaCCGagcacatacaaatatgg ccatatttgtatgtgctCGGtTtagaaccgacacgacta gcctagtcgtgtcgg ttctaAaCCG
M4-C tagtcgtgtcggttctaATgCGagcacatacaaatatgg ccatatttgtatgtgctCGcATtagaaccgacacgacta gcctagtcgtgtcgg ttctaATgCG
M4-D tagtcgtgtcggttctaATCgGagcacatacaaatatgg ccatatttgtatgtgctCcGATtagaaccgacacgacta gcctagtcgtgtcgg ttctaATCgG
M4-E tagtcgtgtcggttctaATCCtagcacatacaaatatgg ccatatttgtatgtgctaGGATtagaaccgacacgacta gcctagtcgtgtcgg ttctaATCCt
M5 tagtcgtgtcggttctaATCCGagcacatacaaatatgg ccatatttgtatgtgctCGGATtagaaccgacacgacta gcctagtcgtgtcgg ttctaATCCG
* Mutated nucleotides are shown in uppercase letters.
# Mutated nucleotides are shown in uppercase letters, and comp lementary sequences related to PKS-II formation are in bold typeface.

ery, the experiment would be repeated three times to eliminate acciden-
tal factors interfering with the rescue of virus.

2.8. Mass spectrometry

The rSVA-eGFP-M cDNA clone was transfected (5000 ng/well) into
BSR-T7/5 cells cultured on a 6-well plate, which was subjected to three
freeze-and-thaw cycles at 24 hpt to collect supernatant for mass spec-
trometry at the Shanghai Bioprofile Biotechnology Co., Ltd (Shanghai,
China). Briefly, protein digestion was performed with a method of
filter-aided sample preparation, as described previously (Wiśniewski et
al., 2009). Liquid chromatography linked to tandem mass spectrometry
(LC–MS/MS) was performed on a Q Exactive Plus mass spectrometer
that was coupled to Easy nLC (Thermo Fisher, Waltham, MA, USA).
The MS data were analyzed using MaxQuant software v1.6.0.16. The
database search results were filtered and exported with <1% false dis-
covery rate at peptide-spectrum-matched level, and protein level, re-
spectively.

2.9. Analysis of antigenome replication

The rSVA-eGFP-M cDNA clone was transfected (2000 ng/well) into
BSR-T7/5 cells cultured on a 12-well plate. The rSVA-eGFP cDNA clone
was simultaneously transfected as a control. The plasmid-transfected
cells were harvested at 72 hpt for extracting viral RNA by a Viral RNA/
DNA Extraction Kit (Takara, Dalian, China). The extracted product
was immediately digested with DNase I (Accurate, Changsha, China)
to eliminate the cDNA residues that would interfere with the later two-
step RT-PCR assay. The DNase I-digested product was used as template
for the first-strand cDNA synthesis based on the F2 primer (5′-
TGCCAAACTGGGGTATAAGATGA-3′) using the 1 st Strand cDNA
Synthesis Kit (Takara, Dalian, China), according to the manufacturer’s

instruction. The synthesized first-strand cDNA was subsequently used
as template for PCR assay based on the F2 and R2 (5′−CCCTTTTCT-
GTTCCGACTGAGTT-3′) primers using the PrimeSTAR Max Premix
(Takara, Dalian, China), undergoing 35 cycles at 98 °C (10 s), 58 °C
(5 s) and 72 °C (5 s). In order to confirm no cDNA residue interfering
with the two-step RT-PCR assay, the DNase I-digested product was
also used for PCR analysis. The two-step RT-PCR and PCR products
were detected by agarose gel electrophoresis, followed by Sanger se-
quencing for confirming the RT-PCR product.

3. Results

3.1. M0 is constructed for determing kinetic curve of NLuc expression

Fig. 2A showed the M0 map, in which the key pseudoknot-forming
motif was marked with its sequencing chromatogram. To examine the
kinetics of NLuc expression by the M0 in vitro, luciferase activities were
measured at each time point after M0 transfection. The kinetic curve
showed that 0–24 hpt was an exponential phase of NLuc expression,
and the NLuc level remained relatively stable over time after 48 hpt
(Fig. 2B).

3.2. M0 is subjected to SDM for constructing PKS-II-disrupting mutants

All thirty-one mutants, five 1-nt-SDMs (M1-A to -E), ten 2-nt-SDMs
(M2-A to -J), ten 3-nt-SDMs (M3-A to -J), five 4-nt-SDMs (M4-A to -E)
and one 5-nt-SDM (M5), were constructed using the M0 as a template.
The SDM PCR-amplified circular products were approximately 3.3 kb
in length (Fig. 3A to D). All mutants were subjected to Sanger sequenc-
ing for confirming their mutated motifs involved in pseudoknot forma-
tion (Fig. 3E).
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Fig. 3. Site-directed mu tageneses (SDM) of a key motif (5 ′-TAGGT-3′) in M0 contributing to formation of pseudoknot stem II. The original sequence (5 ′-
TAGGT-3′) is subjected to all possible SDMs: five 1-nt-SDMs (A), ten 2-nt-SDMs (B), ten 3-nt-SDMs (C), five 4-nt-SDMs (D) and one 5-nt-SDM (D). All mu tated
plasmids are confirmed by Sanger sequencing (E). Each mutated nucleotide is marked with A, T, C or G over its chromatogram peak.

3.3. PKS-II-disrupting IRESs do not abolish their abilities to initiate NLuc
expression

All mutants were independently co-transfected with the pFLuc into
BSR-T7/5 cells for dual-luciferase reporter assays to uncover impacts
of point mutations in the PKS-II motif on the NLuc expression. At 48
hpt, both the NLuc and the FLuc could be expressed by each of the mu-
tants at a relatively high level. Both NLuc- and FLuc-based lumines-
cence intensities were more than 106 relative luminescence unit (RLU)/
well for almost all samples (Fig. 4A). The NLuc/FLuc luminescence in-
tensity ratio (LIR) for each mutant showed that any combination of
point mutations could not greatly interfere with the NLuc expression,
despite the two-tailed Student′s t-test indicating a significant (or ex-
tremely significant) difference between the M0 and a given mutant
(Fig. 4B). Unexpectedly, some samples, such as the M4-B, -C and -D,
showed their LIRs approximately 2-fold higher than that of the M0.

3.4. Recombinant SVA cannot be rescued from 5-nt-mutated cDNA
clone

The rSVA-eGFP-M cDNA clone was schematically illustrated in Fig.
5 A. The key pseudoknot-forming motif, 5′-TAGGT-3′, was replaced
with its compensatory one, 5′-ATCCG-3′ (Fig. 5A, Red-shaded). After
confirmation of its full-length sequence by Sanger sequencing, the
rSVA-eGFP-M cDNA clone was transfected into BSR-T7/5 cells in an
attempt to rescue a competent rSVA-eGFP-M. At 24 hpt, a small num-
ber of cells had begun to emit green fluorescence (Fig. 5B). However,
the proportion of fluorescence-emitting cells was not rising over time in
the rSVA-eGFP-M cDNA clone-transfected cell monolayer (Fig. 5B), in
comparison with that in the control group (Fig. 5C). The rSVA-eGFP-M
was subjected to three serial passages in BSR-T7/5 cells, nevertheless
showing no green fluorescence during passaging (Fig. 5D). In contrast,
the rSVA-eGFP could effectively express the eGFP during serial pas-
sages (Fig. 5E).

The P3 rSVA-eGFP-M and rSVA-eGFP were separately harvested for
extracting total RNAs, which as templates were used for one-step RT-

5



F. Liu et al. Veterinary Microbiology xxx (xxxx) 109024

Fig. 4. Dual-luciferase reporter assays for BSR-T7/5 cells co-transfected with pFLuc and mutated SVA minigenome (or M0). Absolute luminescence in-
tensities of NLuc and FLuc for the M0 and all mu tants (A). Luminescence intensity ratios (NLuc/FLuc) for the M0 and all mu tants (B). At 48 hpt,
BSR-T7/5 cells are subjected to two freeze-and-thaw cycles to collect supernatants. Each undiluted supernatant is independently subjected to dual-
luciferase reporter assays on NLuc and FLuc. The GraphPad Prism software (Version 7.0) is used for assessing the difference of luminescence intensity
ratio (NLuc/FLuc) between the M0 and each mutant by two-tailed Student′s t-test. The data shown are the means ± SD of three independent experi-
ments. Statistical significance: *p < 0.05 , **p < 0.01 and ***p < 0.001. RLU: relative luminescence unit.

PCR and PCR analyses. Only the P3 rSVA-eGFP showed an expected
693-bp product, amplified by the one-step RT-PCR (Fig. 5F). The ex-
periment was repeated three times to eliminate accidental factors inter-
fering with the rescue of rSVA-eGFP-M. However, we still observed nei-
ther the eGFP expression during passaging, nor the RT-PCR-amplified
specific product. Thus, it could be concluded that the 5-nt-mutated
cDNA clone interfered with the recovery of recombinant virus.

3.5. The mutated cDNA clone can still initiate expression of interesting
proteins

As described in Subheading 3.4., the rSVA-eGFP-M cDNA clone, al-
beit genetically modified in its theoretically crucial motif for protein
expression, could still code for the eGFP as early as 24 hpt or even ear-
lier. In order to explore whether viral self-proteins could also be ex-
pressed, the rSVA-eGFP-M cDNA clone was transfected into BSR-T7/5
cells once again, then subjected to three freeze-and-thaw cycles at 24
hpt (Fig. 5G) to collect supernatant for mass spectrometry. The result
showed that a total of three unique peptide sequences matched to the
MS/MS spectra: 42LLNVIK47 in VP1, 201LSSATR206 in VP1 and
109TRAEVK114 in eGFP (Fig. 5H). The mass spectrometry suggested that
the rSVA-eGFP-M cDNA clone could initiate transcription of mRNA
(genome) for further protein expression.

3.6. The 5-nt-mutated PKS-II has no impact on antigenome replication

In order to test whether the failure of rSVA-eGFP-M recovery was
attributed to inability of antigenome to be replicated from the genome,
a pair of specific primers (F2/R2) was designed for two-step RT-PCR to
detect the antigenome at P0. The result showed that a 396-bp-specific
band only appeared on the RT-PCR lane (Fig. 5I, rSVA-eGFP-M), and
the Sanger sequencing revealed the RT-PCR product identical to the
396-bp sequence. The PCR control was simultaneously performed here
to reveal no cDNA residue interfering with RT-PCR detection (Fig. 5I,
rSVA-eGFP-M). In addition, the P0 rSVA-eGFP exhibited the same RT-
PCR and PCR results (Fig. 5I, rSVA-eGFP) as those of the P0 rSVA-
eGFP-M. Both RT-PCR and PCR results suggested that the key pseudo-

knot-forming motif, albeit subjected to five point mutations, had no
impact on antigenome replication.

4. Discussion

A picornaviral genome is essentially a non-capped mRNA, and the
VPg is covalently linked to its 5′ end. Despite a similar organization of
genome among members in the family Picornaviridae, their 5′ UTRs still
differ in sequence length and in structural element, such as distinct
IRESs. Picornaviral IRES element, as a cis-acting region, is responsible
for recruitment of the ribosomal subunits to initiate translation of viral
polyprotein (Lozano and Martínez-Salas, 2015). It has been demon-
strated that HCV-like IRESs in members of the Flaviviviridae and Picor-
naviridae use the same mechanism to initiate protein expression in an
eIF-independent manner: they directly bind to the ribosomal 40S sub-
unit via sites that include the GGG motif in domain IIId, domain IIIe,
and elements of the pseudoknot (Asnani et al., 2015). The pseudoknot is
an indispensable component of HCV-like IRESs. The integrity of PKS-I
is critical for binding of the ribosomal 40S subunit. The disruption of
PKS-II has been shown to impair IRES’s ability to position the start
codon in the ribosomal P site (Berry et al., 2010, 2011). The SVA PKS-II
is predicted to be a 5-base-paired stem structure (Fig. 1, dashed yellow
rectangle). Single or multiple point mutations would possibly inhibit
the IRES activity to initiate protein expression.

In this study, in order to explore which single or combined point mu-
tations could totally impair the activity of SVA IRES, we constructed a
set of plasmid-based SVA minigenomes, including all single and com-
bined point mutations in one strand of PKS-II. The M0 was a wild-type
minigenome, in which the polyprotein ORF was replaced with that of
the NLuc. The NLuc is a novel luciferase, approximately 150-fold
brighter than others, and has been used as an ideal reporter to rescue re-
combinant SVA in our previous study (Liu et al., 2021b). Moreover, the
NLuc ORF (516 bp) is shorter than those of others, therefore shortening
the full-length sequence of M0, and furthermore facilitating construc-
tion of mutated minigenomes. It has been reported that NLuc and FLuc
are suitable for joint use in the dual-luciferase reporter assay (Germain-
Genevois et al., 2016). Therefore, we used the NLuc-inserting
minigenomes and the pFLuc for the dual-luciferase reporter assay. Be-

6



F. Liu et al. Veterinary Microbiology xxx (xxxx) 109024

Fig. 5. Impacts of 5-nt-mu tated motif related to PKS-II formation on SVA recovery, protein expression and antigenome replication. Schematic representa-
tion of 5-nt-mu tated rSVA-eGFP-M cDNA clone (A). A putative pseudoknot cannot be formed, due to the absence of complementary base-pairing be-
tween 5′-GCCUA-3′ (Light-green-shaded) and 5′-AUCCG-3′ (Red-shaded). The cDNA fragment related to PKS-II formation is illustrated with its sequenc-
ing chromatogram. BSR-T7/5 cell monolayers independently transfected with the rSVA-eGFP-M (B) and the rSVA-eGFP (C) cDNA clones. At 72 hpt, two
cell monolayers are independently subjected to one freeze-and-thaw cycle to collect supernatants for three serial blind passages, regardless of whether
recombinant SVAs are successfully recovered from their cDNA clones. Serial blind passages of rSVA-eGFP-M (D) and rSVA-eGFP (E) in BSR-T7/5 cells.
One-step RT-PCR analyses of rSVA-eGFP and rSVA-eGFP-M at P3 using the F1/R1 primer pair (F). Two PCR controls are assigned to reveal no interfer-
ence of cDNA residues. BSR-T7/5 cell monolayer transfected with rSVA-eGFP-M at 24 hpt (G) for mass spectrometry. Three MS/MS spectra (H), to
which three unique peptide sequences match. Two-step RT-PCR analyses of antigenome replication on rSVA-eGFP and rSVA-eGFP-M at 72 hpt using the
F2/R2 primer pair (I). The F2 and R2 primers are marked with orange and blue rectangles, respectively (A). The DNase I-digested product is used as
template for the first-strand cDNA synthesis only using the F2 primer. The first-strand cDNA serves as template for PCR assay based on the F2/R2
primers. To confirm no cDNA residue interfering with the two-step RT-PCR assay, the DNase I-digested product is also subjected to PCR assay using the
F2/R2 primers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

fore the present study, we had constructed a single dicistronic reporter
vector, and attempted to use it as a tool for dual-luciferase reporter as-
say. Our single dicistronic reporter vector followed the standard “pro-
moter–reporter I–5′ UTR–reporter II–terminator” layout. Unfortu-
nately, we found that only the report I was expressed. The failure of re-
port II expression would be attributed to disruption of SVA IRES struc-
ture, most possibly by the long RNA sequence upstream of the 5′ UTR.

The dual-luciferase reporter assay in this study demonstrated that
any of single or multiple point mutations in PKS-II could not signifi-
cantly impair the IRES activity for initiating protein expression. Such a
result was contrary to that of the literature (Willcocks et al., 2011),
which revealed that only two adjacent mutated sites (CC→GG) in the
PKS-II could severely inhibit the SVA (SVV-001) IRES activity by
analysis of dicistronic reporter construct in 293 T cells. Interestingly,
the two adjacent mutated sites were located at one strand (Fig. 1, “gc-
cua”), whereas all mutations in our study targeted its complementary
strand (Fig. 1, “uaggu”). In order to unify the mutated sites, the M0
was subsequently subjected to SDM to construct another minigenome
(M6) with the two adjacent mutated sites (CC→GG) in the strand of
“gccua”. However, we found that the M6, like other mutants in this
study, still could not inhibit the IRES activity, as evidenced by the dual-
luciferase reporter assay (data not shown).

Unexpectedly, there were eight minigenomes (M2-I, M3-E, M3-F,
M3-J, M4-B, M4-C, M4-D and M5) with LIRs notably higher than that
of the M0 (Fig. 4B). These unexpected results might be attributed to the
random errors, because a total of thirty-two minigenomes were trans-
fected and analyzed in different batches. In addition, despite signifi-

cant (or extremely significant) differences between the M0 and other
three minigenomes (M1-C, M1-E and M2-E) (Fig. 4B), the “significant
(or extremely significant) difference” was a merely statistical concept,
and might result from the random errors as well. Actually, the NLuc ex-
pression was not inhibited towards an acceptable level by these three
minigenomes (Fig. 4A and B). Indeed, all mutant samples, when mixed
with the furimazine substrate, emitted light-blue luminescence that
was visible in a darkroom.

According to the results in Fig. 4, we hypothesized that a PKS-II-
disrupting SVA IRES is unable to interfere with viral characteristics,
such as replication, packaging and infectivity. In order to test our hy-
pothesis, the rSVA-eGFP cDNA clone was subjected to SDM to con-
struct the rSVA-eGFP-M cDNA clone, subsequently transfected into
BSR-T7/5 cells in attempting to rescue a competent SVA. The green flu-
orescence was visible at 24 hpt (Fig. 5B), implying that the 5-nt-
mutated motif had no significant impact on the expression of polypep-
tide or at least eGFP. The following mass spectrometry revealed several
peptide sequences, which matched to SVA polypeptide but were also
identified in the cell database (data not shown). Eliminating all of these
non-specific peptide sequences, we screened out three unique ones that
specifically matched to the rSVA-eGFP-M polypeptide. Compared with
our previous report (Liu et al., 2021a), in which the SVA-infected cell
culture showed a total of thirteen unique peptides, the present study
only identified three unique ones via mass spectrometry, due to the plas-
mid-expressed polypeptide at a low level in cells at 24 hpt.

The co-expression of eGFP and VP1 (Fig. 5B, G and H) indirectly
demonstrated that mRNA, or positive-sense SVA genome, could be
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Fig. 6. Hypothesized model of failure in SVA morphogenesis due to PKS-II-disrupting genome, compared with encapsidation of wild-type SVA genome to
form infectious virion. The schematic representation is created via known aspects of picornavirus morphogenesis (Jiang et al., 2014 ; Shakeel et al., 2017 ;
Strauss et al., 2018). The polyprotein precursor is expressed, and then undergoes proteolytic processing to release VP0, VP1 and VP3 (I), all of which inter-
act to one another to form a protomer (II). Five protomers assemble to generate a pentamer (III). A PKS-II-disrupting genome cannot interact with the pen-
tamer, possibly attributed to a packaging signal disturbed for RNA encapsidation (IV). Twelve pentamers, albeit deficient in interaction with a complete
genome, can self-assemb le to generate a procapsid but with low efficiency (V). One pentamer is recruited to the replication complex to interact with a VPg-
linked genome without genetic modification (VI). The nonstructural protein, 2C, plays a key role in morphogenesis. As each protomer binds RNA, the
genome would form a loop until the next sequence of packaging signal appears (VII). Twelve pentamers condense around the RNA to produce a noninfec-
tious provirion, and subsequently the VP0 is cleaved into VP4 and VP2, finally forming a mature virion (VIII).

transcripted from the rSVA-eGFP-M cDNA clone. In general, RNA repli-
cation of picornaviruses (e.g., poliovirus) requires genome circulariza-
tion through a protein–protein bridge (Herold and Andino, 2001). The
5′ and 3′ ends of viral RNA interact to form a circular ribonucleoprotein
complex that regulates the stability, translation and replication of po-
liovirus RNA (Barton et al., 2001). In the present study, it is unclear
whether the mRNA can serve as a template for replication of the
antigenome, due to a 5-nt-mutated motif upstream of the start codon.
Therefore, we designed the two-step RT-PCR for specific detection of
the SVA antigenome using the F2 and R2 primers. It should be noted
that the R2 primer must be designed to anneal to its complementary se-
quence that is closely adjacent to the poly (A) tail, in order to ensure the
specific detection of SVA antigenome. The result of two-step RT-PCR
indicated the replication of antigenome (Fig. 5I), which was not inhib-
ited by the disruption of PKS-II.

Although PKS-II-disrupting IRES interfered neither with protein ex-
pression nor with antigenome replication, we found that competent
rSVA-eGFP-M could not be rescued from its cDNA clone. The rSVA-
eGFP-M cDNA clone was approximately 8 kb in length. Such a long se-
quence might harbor lethal mutated sites that would inhibit recovery of
virus. To exclude this possibility, the full-length rSVA-eGFP-M cDNA
clone was subjected to Sanger sequencing, consequently revealing no
unwanted mutation in it (data not shown). We attempted to rescue the
rSVA-eGFP-M for three times, but were unsuccessful. We propose one
possibility that the PKS-II-disrupting event inhibits encapsidation of
SVA genome so that the competent virus can not be rescued, because
the encapsidation of picornaviral genome is an indispensable step in re-
covery of recombinant virus.

In general, selective encapsidation of a picornaviral genome, nei-
ther cellular RNAs nor a viral antigenome, requires the specific recogni-
tion of packaging signals, which generally are sequences and (or) struc-
tures unique to viral nucleic acid. For example, electron microscopy
showed that RNA replication complexes of poliovirus co-localized with
capsid precursors on membranous vesicles during infection (Pfister et
al., 1992). Aichi virus (picornavirus) was reported to contain a 5′-end
sequence critical for viral RNA encapsidation (Sasaki and Taniguchi,

2003). Human parechovirus was recently shown to depend on genomic
RNA folding to mediate its morphogenesis (Shakeel et al., 2017).
Deficits in encapsidation for modified viruses are likely to arise from the
elimination of essential interaction between a genome and capsid pro-
teins (Chandler-Bostock et al., 2020).

Based on known aspects of picornavirus morphogenesis (Jiang et
al., 2014; Shakeel et al., 2017; Strauss et al., 2018), we propose one hy-
pothesized model (Fig. 6) to exhibit how the PKS-II-disrupting genome
cannot be encapsidated, in comparison with how an unmodified
genome is packaged into the capsid to form an infectious virion. A clas-
sical theory of packaging signal assumes the presence of a single site of
packaging signal with affinity for cognate coat protein, consequently
forming an assembly initiation complex of RNA-coat protein for fur-
ther encapsidation (Shakeel et al., 2017). Our hypothesized model sup-
poses that a PKS-II-disrupting genome would lose its packaging signal,
and therefore cannot interact with a pentamer or (and) other key fac-
tors, such as the 2C protein, finally causing encapsidation failure. It
was recently demonstrated that enterovirus assembly depended on
multiple and conserved contacts between genomic RNA and coat pro-
tein (Chandler-Bostock et al., 2020). We did not demonstrate here that
the PKS-II was a packaging signal for SVA. If so, it would likely be one
of the multiple packaging signals. Besides the consideration of PKS-II-
based packaging signal, there may be other factors responsible for the
failure of rSVA-eGFP-M recovery.
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