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Abstract: Coronaviruses are able to establish persistence. However, how coronaviruses react to
persistence and whether the selected viruses have altered their characteristics remain unclear. In this
study, we found that the persistent infection of bovine coronavirus (BCoV), which is in the same
genus as SARS-COV-2, led to alterations of genome structure, attenuation of gene expression, and the
synthesis of subgenomic mRNA (sgmRNA) with a previously unidentified pattern. Subsequent
analyses revealed that the altered genome structures were associated with the attenuation of gene
expression. In addition, the genome structure at the 5′ terminus and the cellular environment during
the persistence were responsible for the sgmRNA synthesis, solving the previously unanswered
question regarding the selection of transcription regulatory sequence for synthesis of BCoV sgmRNA
12.7. Although the BCoV variants (BCoV-p95) selected under the persistence replicated efficiently in
cells without persistent infection, its pathogenicity was still lower than that of wild-type (wt) BCoV.
Furthermore, in comparison with wt BCoV, the variant BCoV-p95 was not able to efficiently adapt to
the challenges of alternative environments, suggesting wt BCoV is genetically robust. We anticipate
that the findings derived from this fundamental research can contribute to the disease control and
treatments against coronavirus infection including SARS-CoV-2.
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1. Introduction

Coronaviruses (CoVs), which are single-stranded, positive-sense RNA viruses with a genome size of
26–32 kilobases (kb), belong to the subfamily Coronavirinae, family Coronaviridae, order Nidovirales [1–3].
The structure of the coronavirus genome consists of a 5′ cap, a 5′-untranslated region (UTR), open reading
frames (ORFs), and a 3′-UTR including a poly(A) tail. The high-ordered structures in the 5′ and 3′ UTR
have been identified as cis-acting RNA elements associated with coronavirus gene expression. The 5′

two-thirds of the genome encode replicase-related nonstructural proteins (nsps), and the other one-third
of the genome mostly encodes structural proteins [2,4]. In addition to the replication of genomic RNA in
infected cells, a nested set of subgenomic mRNAs (sgmRNAs), which are 5′ and 3′ coterminal with the
genome [2,4], are synthesized using the genome as a template at the transcription regulatory sequence
(TRS). However, due to the lack of packaging signal in sgmRNAs, the budding virus particles only
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contain genome [5]. The synthesis of sgmRNAs is a feature of Nidoviruses and defined as transcription.
TRS is a sequence motif located at the downstream of the leader sequence (TRS-L) and upstream of each
structural or accessory gene in the genome body (TRS-B). The TRS contains a ~6 nt conserved sequence
(CS) flanked by variable sequences at its 5′ (5′ TRS) and 3′ (3′ TRS) ends [6]. Because TRS-B shows
complementarity to cTRS-L, sgmRNA can be synthesized through base pairing by similarity-assisted
homologous recombination mechanism [6–9]. Many factors including complementarity between the cTRS-L
and the TRS-B, TRS secondary structure, and viral and cellular proteins have been shown to affect the levels
of sgmRNA synthesis. Bovine coronavirus (BCoV), which is in the genus betacoronavirus [10], contains
three TRSs (designated TRS1, TRS2, and TRS3) located upstream of 12.7 kDa gene [11]. Because TRS1,
TRS2, and TRS3 show different levels of complementarity to the 5′ leader TRS (cTRS-L), they can all be
potentially used to synthesize sgmRNA 12.7 kDa (sgmRNA 12.7) through base pairing by a similarity-assisted
homologous recombination mechanism in infected cells. However, although complementarity is higher
between the cTRS-L and the TRS1-B, TRS2-B is mostly employed to synthesize sgmRNA 12.7 kDa (sgmRNA
12.7) in infected cells. It has been suggested that the sequence downstream of the TRS2 can affect the
choice of TRS for the sgmRNA 12.7 synthesis [12]. However, the mechanism leading to this outcome
remains unknown.

In addition to acute coronavirus infection, several lines of evidence have shown that coronaviruses
including SARS-CoV-2 are able to establish persistence in vitro and in vivo [13–18]. Viral persistence is
a coevolution process between the virus and host cells during which the virus adapts the environment
via alterations of genome structures and host cells resist the viral cytopathology [19,20]. Understanding
the mechanism by which coronavirus establishes persistence and subsequent virus fitness may reveal
viral gene functions and their effects on pathogenicity, thus demonstrating medical importance [21,22].
During persistent BCoV infection, intraleader RNA mutation in subgenomes has been observed and
is associated with translation attenuation of the downstream ORF [23]. However, variations at the
5′ terminal sequence in mouse hepatitis virus-A59 (MHV-A59), a mouse coronavirus, have not been
identified, but instead a mutation at nucleotide (nt) 77 in the genome leads to the synthesis of the
start codon AUG and subsequent translation enhancement [18]. The recently identified leaderless
genome in BCoV has also been suggested to be associated with an attenuation of translation during
BCoV persistence [24]. These studies focus only on the structural changes at the 5′ end of the
genome and subgenome during persistence [18,23,24]. Alterations of the whole genome structure
in coronaviruses during persistence, however, have not been documented. In addition, whether the
alterations in genome structure during persistence affect coronavirus pathogenicity in different host
cells remains unclear. With the unique genetic organization and replication strategy of coronavirus [2],
understanding the molecular mechanisms leading to persistence and characterizing the features of the
resultant coronavirus may unveil unknown viral features of medical importance.

Coronaviruses including SARS-CoV-2 are able to establish persistence [13–18]. However, how coronaviruses
response to persistence and whether the selected viruses through the persistence have altered their
characteristics such as pathogenicity are important questions that remain unanswered. In this study,
BCoV, which is in the same genus (betacoronavirus) as SARS-COV-1, SARS-CoV-2, and MERS-CoV,
was used to explore the effects of persistence on the genome structure and subsequent gene expression,
pathogenicity, and adaptation capability. The results derived from the study may enable us to further
understand the mechanism of gene expression and coronavirus infection, thus contributing to the disease
control and treatments for coronaviruses.

2. Materials and Methods

2.1. Viruses and Cells

BCoV strain of Mebus (GenBank accession no. U00735), which was obtained from David A.
Brian (University of Tennessee, TN), was plaque-purified [25,26] and grown in human rectum tumor
(HRT)-18 cells [27]. Mouse L (ML) cells and HRT-18 cell were also obtained from David A. Brian and
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maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (Hyclone, UT, USA) at 37 ◦C with 5% CO2.

2.2. Establishment of Persistence and Adaptation

For the establishment of coronavirus persistence, HRT-18 cells were infected with wild type (wt)
BCoV at a multiplicity of infection (MOI) of 1. The surviving cells (<5%) at 3 days postinfection (dpi)
were thereafter passaged at every fourth day. The virus and cellular RNA were collected at each
passage and the virus collected at 95 days (d) of persistent infection was designated BCoV-p95. For the
experiment of BCoV-p95 in fresh HRT-18 cells, HRT-18 cells were infected with wild-type (wt) BCoV or
BCoV-p95 at a MOI of 1 for VP0-VP10. For the adaptation experiment of BCoV-p95 in HRT-18 cells
treated with polyinosinic:polycytidylic acid (poly IC), HRT-18 cells were first treated with poly IC with
final concentration of 1 µg/mL and after 4 h of treatment, HRT-18 cells were infected with wt BCoV or
BCoV-p95 at a MOI of 1. The virus was collected at 48 hpi and virus at this stage is defined as virus
passage 0 (VP0). The titer was 107.7 pfu/mL for wt BCoV; however, almost no virus plaque could be
detected for BCoV-p95 (101.4 pfu/mL) at VP0. In order to determine whether BCoV-p95 could gradually
adapt to the challenge, we performed blind passage until VP10. On the other hand, the collected wt
BCoV at VP0 was passaged to fresh HRT-18 cells (VP1) at a MOI of 1 in the presence of poly IC with
final concentration of 1 µg/mL. The wt BCoV passage step was repeated until VP10. At each passage of
virus, virus, cellular RNA and lysates were collected for the subsequent assays. In addition, for the
adaptation experiments of BCoV-p95 and wt BCoV in ML cells, ML cells were respectively infected
with the aforementioned viruses at a MOI of 1 for the first time of infection. The titer was 105.2 pfu/mL
for wt BCoV and 103.8 pfu/mL for BCoV-p95 at VP0. Therefore, for VP1-VP10 infection, 0.001 MOI was
used for both viruses. At VP10, virus, cellular RNA, and lysates were collected for subsequent assays.

2.3. Identification of Genome Structure

To determine the terminal sequence including poly(A) tail length for BCoV genomic RNA,
a head-to-tail ligation method was employed as described previously [28]. The head-to-tail ligated
RNA was used for reverse transcription (RT) with SuperScript III reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) and PCR was performed with AccuPrime Taq DNA polymerase (Invitrogen,
Carlsbad, CA, USA) and oligonucleotides binding to 5′ and 3′ UTR of the genome followed by
sequencing. The structures of the cis-acting RNA located in the 5′ UTR were predicted using the
Mfold algorithm [29]. To determine whether the genome structures of BCoV were altered under
the persistence, random hexamer oligonucleotides were used for RT with SuperScript III reverse
transcriptase (Invitrogen, Carlsbad, CA, USA), and the resulting cDNA was used for PCR with PfuUltra
II high-fidelity DNA polymerase (Agilent, Santa Clara, CA, USA). The resultant PCR products were
then subject to sequencing analysis. Because conventional Sanger sequencing was used, the sequences
shown in the passaging experiments represented the genome structure of the main virus population
but not the quasispecies. For the identification of the TRS employed for the synthesis of sgmRNAs,
oligonucleotides binding to the leader sequence, and the sequence downstream of the TRS of each
sgmRNA were used followed by sequencing.

2.4. Construction of Plasmid and in vitro Transcription

An overlap PCR was employed to create defective interfering (DI) RNA mutants derived from
wt DI RNA and has been described previously [30]. In brief, constructs pDI-73C, pDI-TAA, pDI-D10,
pDI-D5G and pDI-D4U for replication assay were generated using pDI-Wt DNA as the template
with appropriate oligonucleotides containing various mutated 5′-terminal sequences corresponding
to the constructs for PCR. The resulting PCR product was digested with NgoMIV and XbaI and
cloned into NgoMIV- and XbaI- linearized pDI-Wt to create the aforementioned constructs. Constructs
for translation assay were similarly generated but using constructs pDI-Wt with EGFP gene as
described previously [31]. The construction of pSgm-DI-12.7 for the transcription assay has been
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described previously [12] and thus to construct pSgm-DI-73C-12.7, the 5′ end of pDI-73C was digested
with NgoMIV and XbaI and cloned into NgoMIV- and XbaI- linearized pSgm-DI-12.7. The overlap
PCR was also applied to generate pS-DI-E and S-DI73C-E and the PCR product was digested with
NgoMIV and MluI and cloned into NgoMIV- and MluI- linearized pDI-Wt. For in vitro transcription,
capped transcripts using MluI-linearized plasmid DNA constructs as templates were prepared with
a T7 mMessage mMachine kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol.

2.5. Determination of Virus Titer

The plaque assay for BCoV was performed in 6-well Costar plates (Costar, Cambridge, MA,
USA.) [32]. Virus with serial dilution was added into HRT-18 cells and at 1 hpi, HRT-18 cells were
washed with DMEM followed by an agarose overlay containing DMEM, 0.6% agarose, and 2% FBS.
HRT-18 cells were then incubated at 37 ◦C with 5% CO2 for 72f h and viral plaques were visualized by
haemadsorption with mouse red blood cells. The virus titer was determined by scoring the number of
haemadsorption foci.

2.6. Northern Blot Assay

Ten µg of total cellar RNA was electrophoresed through a formaldehyde-agarose gel. By vacuum
blotting, RNA was transferred from the gel to a Nytran membrane, and BCoV RNA was detected with
the oligonucleotide, which was 5′-end labeled with 32P and bound to BCoV 3′ UTR. The probed blot
was exposed to Kodak XAR-5 film (Kodak, Rochester, NY, USA).

2.7. Western Blot Assay

The collected cell lysates were separated using 12% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels and electrotransferred onto nitrocellulose membranes (GE Healthcare,
Chicago, IL, USA). An antibody against BCoV nsp1, N protein, enhanced green fluorescent protein
(EGFP) or β-actin was used as the primary antibody followed by goat anti-mouse IgG conjugated to
horseradish peroxidase (HRPO) as the secondary antibody (Jackson Laboratory, Bar Harbor, ME, USA).
Detected protein(s) was visualized using a Western Lightning™ Chemiluminescence Reagent (Perkin
Elmer, Waltham, MA, USA) and Kodak XAR-5 film (Kodak, Rochester, NY, USA).

2.8. RT-qPCR

To measure the synthesis of genome and subgenome, 2 µg of TRIzol-extracted total cellular RNA
was used for the RT reaction. For measurement of genome synthesis, oligonucleotides binding to the
leader sequence and sequence in the nsp1 gene were used. For measurement of subgenome synthesis,
oligonucleotides binding to the leader sequence and sequence downstream of TRS for each subgenome
gene were used. For comparison of the replication efficiency between DI RNAs with 5′ terminal
sequence alterations, oligonucleotides binding to N gene and reporter gene of DI RNA were employed
to differentiate the DI RNA from the helper virus. For comparison of the efficiency of sgubgenomic DI
RNA synthesis between the constructs Sgm-DI-12.7 and Sgm-DI-73C-12.7, oligonucleotides binding to
the leader sequence and reporter gene downstream of TRS were employed to differentiate the sgm
DI RNA from the helper virus as described previously [12]. For qPCR, SYBR® green amplification
mix (Roche Applied Science, Mannheim, Germany) and oligonucleotides were used according to the
manufacturer’s protocol. In these experiments, dilutions of plasmids containing the same gene as
the detected genome, subgenomes, DI RNA, or sgm DI RNA were always run in parallel with the
quantitated cDNA for use in standard curves (dilutions ranged from 108 to 10 copies of each plasmid).
The amount of synthesized RNA was normalized to the levels of internal controls, including helper
virus genomic RNA, 18S rRNA, or input DI RNA where is needed.
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2.9. Statistical Analysis

Data were analyzed with Student’s t test using Prism 6.0 software (GraphPad Software Inc.,
San Diego, CA, USA). The values in the study are presented as the means ± standard deviations (SD)
(n = 3); * p < 0.05, ** p < 0.01 and *** p < 0.001.

3. Results

3.1. Alterations of Genome Structure in BCoV during Persistence

To determine whether the genome structure of BCoV was altered after the establishment of
viral persistence, the BCoV RNA genome and subgenomes from HRT-18 cells after 95 days (d) of
persistent infection were sequenced and analyzed. In comparison to wild type (wt) BCoV, the sequence
alterations of both nucleotides (nt) and amino acids (aa) were identified and are illustrated in Figure 1
and Supplementary Figure S1. Specifically, the 5′-most sequences of the genome showed heterogeneity,
and such alterations also affected the 5′ cis-acting RNA structure stem-loop (SL) I and the corresponding
free energy (∆G) after 95 d of infection (Figure 1B–F). A U to C substitution at nt 73, located immediately
downstream of the core sequence of transcription regulatory sequence (TRS), was also identified.
Such a substitution also altered the cis-acting RNA structures SL III and decreased the ∆G (Figure 1G).
The sequence and cis-acting RNA structure in 3′ UTR were not altered; however, in comparison to the
various poly(A) tail lengths of ~38, ~63, ~52 and ~38 nt in fresh HRT-18 cells infected with wt BCoV at
2, 8, 24, and 48 h postinfection (hpi), respectively, the poly(A) tail length became shorter (~25 nt) and
showed no variations at 2, 8, 24, and 48 h after the final passage of HRT-18 cells with persistent wt
BCoV infection (95 d) (Figure 1H). For the structure of subgenomic RNA (sgmRNA), the sequencing
results showed that TRS used for synthesis of each sgmRNA was not changed with the exception of
sgmRNA 12.7, where TRS1, instead of TRS2 (with which sgmRNA 12.7 was synthesized in HRT-18
cells freshly infected with wt BCoV), was employed during persistence (Figure 1I; sequencing data
are shown in Supplementary Figure S2). In addition, nt substitutions were found within the open
reading frames (ORFs) of the genome (Supplementary Figure S1) with a higher intensity in the nsp16
and S protein genes. Consequently, the aa substitutions were also identified (Figure 1J–L) and mostly
found in nsp16 and S proteins. For nsp16 (Figure 1K), in addition to 28 aa substitutions, the presence
of a nt substitution in the nsp16 gene from G to A at nt 21,287 was identified, resulting in a stop
codon, and leading to a deletion of 69 aa in the C-terminal of nsp16 protein. For S protein (Figure 1L),
the aa substitutions occurred mostly in the S1 subunit (20 out of 26 aa) during persistence. Together,
the structures of both genome (at 5′ and 3′ termini and within the ORF, mostly in nsp16 and S protein)
and subgenome 12.7 (with an alternative TRS) were altered during persistence.
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Figure 1. Alterations of BCoV genome structures under persistent infection. (A) Schematic diagram of
the BCoV genome structure. (B) Cis-acting RNA elements SLs I-III at the 5′-proximal region of the BCoV
genome. The core sequences of the leader (CS-L; UCUAAAC) in the transcription regulatory sequence
(TRS) are shaded in gray. ∆G: free energy. (C–F) Altered SL I structure caused by nt mutations (indicated
in red) at the 5′ terminus of the BCoV genome during persistent infection. The nt deletion is indicated
with a red dot. (G) Altered SL III structure due to mutation at nt 73 (indicated in red). The core sequences
of the leader (CS-L; UCUAAAC) in the TRS are shaded in gray. (H) Poly(A) tail length at the 3′ terminus
of the BCoV genome at different times of acute and persistent infection. Inf.: infection. (I) Upper panel:
Illustration of core sequences of leader TRS (TRS-L) and body TRSs (TRS-B) TRS1, TRS2 and TRS3 in the
BCoV genome employed for the synthesis of sgmRNA 12.7. Lower panel: The structure of the synthesized
sgmRNA 12.7 with TRS2 (Wt-sgmRNA 12.7) or TRS1 (p95-sgmRNA 12.7). (J) Location of the mutated aa
in the BCoV genome (except for nsp16 and S protein) during persistence. Wt (48 h): Viral RNA collected
from fresh HRT-18 infected with wt BCoV at 48 hpi. Wt (95 d): Viral RNA collected from HRT-18 cells
after 95 d of persistent infection with wt BCoV. (K) Linear schematic of nsp16 showing the positions of the
conserved catalytic tetrad (K-D-K-E) and identified aa alterations during persistence. The aa deletion is
indicated with a dash. (L) Linear schematic of BCoV S protein with subunits S1 (domains A–D) and S2
(FP, HR1 and HR2) showing the positions of the aa alterations identified during persistence. The residue
numbering is based on the BCoV Mebus strain spike protein (GenBank: U00735) with domain boundaries
based on the HCoV-OC43 S structure [33]. 32K: 32 kDa protein, HE: hemagglutinin/esterase, S: spike
protein, 12.7: 12.7 kDa protein, E: envelope protein, M: membrane protein, N: nucleocapsid protein, FP:
fusion peptide, HR1: heptad repeat 1, HR2: heptad repeat 2.
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3.2. The Gene Expression of BCoV was Attenuated during Persistence

To determine whether BCoV replication was altered during persistent infection, a plaque assay
was performed to determine the virus titer. The virus collected from HRT-18 cells after 95 d of BCoV
infection was designated BCoV-p95. The viral titer of BCoV-p95 was high (107.34 pfu/mL, Figure 2A)
but still 10-fold lower than that of wt BCoV (108.35 pfu/mL, Figure 2A). In addition to the detection of
virus particle number, Northern blot analysis was employed to examine the synthesis of coronaviral
RNA. The sgmRNAs nucleocapcid (N), membrane (M) and envelope (E) collected from HRT-18 cells
with 95 d of wt BCoV infection were detected; surprisingly, the sgmRNAs 12.7 kDa (12.7), spike (S),
hemagglutinin/esterase (HE) and 32 kDa (32K) were not detectable (Figure 2B). This pattern of sgmRNA
synthesis has not been previously identified in coronavirus infection. Note that the signal for BCoV
genome detected by Northern blotting is generally weak. Thus, to further determine whether the
genome along with the aforementioned sgmRNAs, which were not detectable by Northern blot analysis,
were synthesized during persistence, RT-qPCR was performed. As shown in Figure 2C, the genome
and sgmRNAs 32K, HE, S, and 12.7 collected after 95 d of persistent infection (p95) could be detected,
but their amounts were ~20–50-fold lower when compared with those collected after 48 h of wt BCoV
infection (Wt). Western blot analysis was also performed to determine the translation efficiency of
the genome (represented by nsp1) and subgenome (represented by N protein) during persistence.
As shown in Figure 2D, the translation efficiency of the nsp1 and sgmRNA N after 95 d of persistence
was decreased in comparison to that after 48 h of infection. Thus, the efficiency of gene expression for
BCoV was decreased during persistence.

Figure 2. Determination of gene expression efficiency for BCoV during persistence. (A) The virus
titer of wt BCoV (Wt) and BCoV-p95 (p95) as determined by the plaque assay. Virus collected from
fresh HRT-18 infected with wt BCoV was designated Wt. Virus collected from HRT-18 cells after
95 d of persistent infection with wt BCoV was designated BCoV-p95 (p95). (B) Left panel: Schematic
representing the BCoV genome and sgmRNAs. Right panel: Synthesis of BCoV RNA as determined by
Northern blotting. (C) Relative amounts of genome and subgenomes including sgmRNAs 32K, HE,
S and 12.7 between Wt and p95 as measured by RT-qPCR. (D) Left panel: Coronaviral protein synthesis
from the genome (represented by nsp1) and subgenome (represented by N protein) during persistence
by Western blotting. Right panel: Relative amounts of nsp1 and N protein between Wt and p95 based
on the results shown in the left panel. The values in (A,C,D) represent the mean ± standard deviation
(SD) of three individual experiments. Statistical significance was evaluated using a t-test: * p < 0.05,
*** p < 0.001.

3.3. Alterations in the Genome Structure are Associated with Attenuation of Gene Expression during Persistence

It has been well characterized that the 5′ and 3′ termini of the coronavirus genome harbor cis-acting
RNA elements that are required for efficient gene expression [2]. To determine whether the alterations
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in the 5′ and 3′ termini of the genome and subgenomes (Figure 1) were connected to the attenuation
of gene expression during persistence, BCoV defective interfering (DI) RNA (Figure 3A), which is
a surrogate for the BCoV genome and has been extensively used to study cis-acting RNA elements
required for coronavirus gene expression, was employed for this aim [7–9,31,34–36]. To determine
whether the replication efficiency was affected by the alterations of 5′-terminal sequences, DI RNA was
engineered to contain the 5′-modified sequences (Figure 3B) identified during persistence (Figure 1C–G).
The resulting DI RNA constructs were respectively transfected into wt BCoV-infected HRT-18 cells
followed by RT-qPCR. The replication efficiency between DI RNA constructs was variable (Figure 3C).
That is, in comparison with wt DI RNA (DI-Wt), DI-73C and DI-TAA showed similar replication
efficiency, but DI-D10, DI-D5G and DI-D4U displayed reduced replication efficiency. Regarding the
translation efficiency, to avoid the effect of replication on translation efficiency, DI RNA constructs
carrying the EGFP gene (Figure 3D) were respectively transfected into uninfected cells, and as shown in
Figure 3E, the translation efficiency of DI RNA constructs was similar (DI-TAA, DI-D5G and DI-D4U)
or higher (DI-73C and DI-D10) in comparison with that of wt DI RNA (DI-Wt). These results suggest
that the 5′-terminal heterogeneous sequences synthesized during persistence may not play important
roles in the decrease of translation efficiency. However, it has been demonstrated that DI RNA with
shorter poly(A) tail length show decreased replication and translation efficiency [28,37]. Thus, DI RNA
with a poly(A) length of 25 nt during persistence (Figure 1H) may display decreased efficiency of
gene expression in comparison to that with a poly(A) length longer than 25 nt during acute infection
(Figure 1H). These results together suggest that the altered 5′ and 3′ terminal sequences caused by
persistence are associated with the decreased gene expression of DI RNA.

Since a mutation from U to C at nt 73 within the leader TRS altered the secondary structure of SL
III, it was hypothesized that such mutation may affect the selection of the body TRS and possibly the
efficiency of sgmRNA 12.7 synthesis. To test this possibility, DI RNA with or without the C mutation
at nt 73 was engineered to contain sgmRNA12.7 TRS1, TRS2, and TRS3 (TRS3 is not shown in color)
(Figure 3F, left panel). The results showed that TRS1 was still selected for synthesis of sgmRNA DI 12.7
(sgm-DI-73C-12.7) derived from DI-73C-12.7 (C mutation at nt 73) (Figure 3F, left panel; the sequencing
data not shown). By RT-qPCR, it was found that the efficiency of sgm-DI-73C-12.7 synthesis was
lower than that of sgm-DI-12.7 (Figure 3F). However, the translation efficiency was similar between
synthesized sgm DI RNAs with TRS1 (S-DI-E) or TRS2 (S-DI73C-E) (Figure 3G). Therefore, the mutation
at nt 73 in the leader TRS of the genome affected the selection of TRS and subsequent reduced efficiency
of sgmRNA 12.7 synthesis.

Taken together, the results suggest that the alterations of genome structures in cis-acting elements
located at 5′ and 3′ termini and leader TRS (Figure 1B–I) caused by BCoV persistence can decrease
the efficiency of gene expression. Thus, the alterations in genome structures are associated with the
attenuation of gene expression during persistence, as shown in Figure 2.
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Figure 3. Effects of alterations in the 5′ and 3′ termini of the genome and subgenomes caused by
persistence on gene expression. (A) Structure of naturally occurring BCoV DI RNA related to the BCoV
full-length genome. DI RNA was used for the replication assay, and its derivative DI-EGFP containing
EGFP gene was employed for the translation assay. (B) DI RNA constructs with 5′-mutated sequences
(Figure 1C–G) identified during persistence. (C) Relative levels of DI RNA synthesis between DI
RNA constructs illustrated in (B) as measured by RT-qPCR. (D) DI-EGFP constructs with 5′-mutated
sequences (Figure 1C–G) identified during persistence. (E) Left panel: Determination of the synthesis
of DI-EGFP fusion protein from the constructs illustrated in (D) by Western blotting. Right panel:
Relative amounts of DI-EGFP fusion protein between DI-EGFP constructs based on the results shown
in the left panel. (F) Left panel: Genome structure of DI-12.7 and DI-73C-12.7 with insertions of TRS1
(green), TRS2 (gray) and TRS3 (not shown in color) for the 12.7 gene, and predicted sgm DI RNAs
(Sgm-DI-12.7 and Sgm-DI-73C-12.7, respectively) derived from the aforementioned DI RNA constructs.
Right panel: Relative amounts of sgm DI RNA synthesis between DI RNA 12.7 and DI-73C-12.7,
as quantitated by RT-qPCR. (G) Left upper panel: Constructs of the EGFP gene-containing sgm DI
RNA S-DI-E (synthesized with TRS2) and S-DI73C-E (synthesized with TRS1). Left lower panel:
Determination of the synthesis of EGFP from constructs illustrated in the left upper panel by Western
blotting. Right panel: Relative amounts of EGFP between sgm DI RNA constructs based on the results
shown in the left lower panel. The values in (C) and (E–G) represent the mean ± standard deviation
(SD) of three individual experiments. Statistical significance was evaluated using a t-test: * p < 0.05,
*** p < 0.001.

3.4. The BCoV-p95 Derived from Persistence Replicates Efficiently in Regular Host HRT-18 Cells

Under the selection pressure of persistence, the structures of the BCoV genome and gene expression
were altered (Figures 1 and 2), and these modulations might represent the means for coronavirus to
adapt to the environment with persistent infection. We further addressed whether BCoV-p95 with an
altered genome structure caused by persistent infection showed modified biological characteristics
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when returned to its regular host HRT-18 cells without selection pressure. For this, sequence analysis
of BCoV-p95 virus stock collected from the supernatant of persistent infection cells was first performed
to ensure that the genome structure from the supernatant viruses was not altered in comparison with
that from persistently infected cells, and fresh HRT-18 cells were then respectively infected with wt
BCoV and BCoV-p95. After 48 h of infection, virus was collected and virus at this stage is defined as
virus passage 0 (VP0). The virus viters during VP0-VP10 for BCoV-p95 and wt BCoV were shown in
Supplementary Figure S3. Both wt BCoV (wt) and BCoV-p95 (p95) grew to high titers (108.4 pfu/mL and
107.7 pfu/mL, respectively) in fresh HRT-18 cells at VP10 (Figure 4A), although the titer of BCoV-p95
was lower than that of wt BCoV by 5-fold. To identify whether the sgmRNAs 32K, HE, S, and 12.7,
which were undetectable in HRT-18 cells persistently infected with BCoV at 95 d, could be synthesized
in fresh HRT-18 cells infected with BCoV-p95, RNA collected at 48 hpi was subject to Northern blot
analysis. As shown in Figure 4B, lane 2, sgmRNAs 32K, HE and S were detected. However, sgmRNA
12.7 remained undetectable. The translation efficiency between wt BCoV and BCoV-p95 in fresh HRT-18
cells was also similar, as determined by Western blot analysis (Figure 4C). To further examine whether
sgmRNA 12.7 could be synthesized from BCoV-p95, a series of virus passages (VP) were performed in
fresh HRT-18 cells (designed VP1-VP10). Consequently, the virus titer of the respective VP3 and VP10
of BCoV-p95 remained at a high level (Figure 4D). However, sgmRNA 12.7 remained undetectable by
Northern blotting (Figure 4E). Although sgmRNA 12.7 could be detected by RT-qPCR, its amounts
were still very low (Figure 4F). Accordingly, the signals between sgmRNAs E and S observed by
Northern blotting (Figure 4B,E, lane 2) were not sgmRNA 12.7 but rather speculated to be unidentified
BCoV genomes such as defective interfering RNAs. Regarding the genome structure of BCoV-p95 at
VP10 in fresh HRT-18 cells, it was found that (i) the heterogeneous 5′-most sequences disappeared,
(ii) the mutation at nt 73 remained, (iii) as with wt BCoV, the 3′-terminal poly(A) tail length varied
from 23 to 61 nt at different times of infection and (iv) few synonymous mutations occurred within the
ORFs. In addition, the TRS1, which was used for synthesis of sgmRNA 12.7 during persistent infection
(Figure 1I), was still employed in regular HRT-18 cells infected with BCoV-p95, suggesting that the
structure of sgmRNA 12.7 remained the same at VP10. Together, these results suggest that (i) BCoV-p95
resulting from persistent infection does not increase pathogenicity in comparison with that of wt BCoV
in regular HRT-18 cells in the absence of selection pressure and (ii) sgmRNA 12.7 and possibly its
encoded protein are not essential for replication in HRT-18 cells. In addition, although the mutation at
nt 73 in the genome remained, the results showing that sgmRNAs 32K, HE and S became detectable in
fresh HRT-18 cells infected with BCoV-p95 by Northern blot analysis suggest that cellular factors may
be responsible for the undetectable sgmRNAs 32k, HE and S in HRT-18 cells persistently infected with
wt BCoV. Accordingly, in addition to cellular factors, the remaining undetectable sgmRNA 12.7 may be
attributed to the mutation at nt 73.
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Figure 4. Characterization of the gene expression of BCoV-p95 in regular host HRT-18 cells. (A) The
virus titer of wt BCoV (Wt) and BCoV-p95 (p95) in fresh HRT-18 cells at VP0 as determined by the
plaque assay. (B) Determination of BCoV RNA synthesis from fresh HRT-18 cells infected with Wt
or p95 at VP0 by Northern blotting. (C) Left panel: Coronavirus protein synthesis from the genome
(represented by nsp1) and subgenome (represented by N protein) from fresh HRT-18 cells infected with
Wt or p95 at VP0 by Western blotting. Right panel: Relative amounts of nsp1 and N protein between Wt
and p95 in fresh HRT-18 cells at VP0 based on the results shown in left panel. (D) The virus titer of Wt
and p95 in fresh HRT-18 cells at VP3 and VP10 as determined by the plaque assay. (E) Determination of
BCoV RNA synthesis from fresh HRT-18 cells infected with Wt or p95 at VP3 (left panel) and VP10
(right panel) by Northern blotting. (F) Relative amounts of genome and sgmRNAs (represented by S
and 12.7) between Wt and p95 from fresh HRT-18 cells infected with Wt or p95 at VP10 as measured by
RT-qPCR. The values in (A), (C), (D) and (F) represent the mean ± standard deviation (SD) of three
individual experiments. Statistical significance was evaluated using a t-test: * p < 0.05, *** p < 0.001.
VP: virus passage.

3.5. Evaluation of the Adaptation Capability of BCoV-p95 in Alternate Environments in Comparison to wt BCoV

Although BCoV-p95 can adapt well back to regular host HRT-18 cells in the absence of selection
pressure (Figure 4), it remains unknown, in addition to the effect on attenuation of gene expression,
whether the altered genome structure in BCoV-p95 affects its fitness when facing the challenges of
environmental pressures such as innate immunity and different host cells. To test whether BCoV-p95
could adapt to the environment with innate immune, poly IC-treated HRT-18 cells were respectively
infected with wt BCoV and BCoV-p95. The virus (defined as virus passage 0, VP0) was collected at
48 hpi and then passaged in fresh HRT-18 cells (VP1) in the presence of poly IC. At VP10, both viral
RNA and proteins were collected and subjected to analyses by Northern blotting (Figure 5A), RT-qPCR
(Figure 5B), and Western blotting (Figure 5C). Both viral RNA (Figure 5A, lane 2 and Figure 5B) and
proteins (Figure 5C, left panel, lane 4 and right panel) collected from poly IC-treated wt BCoV-infected
HRT-18 cells can be detected. In contrast, both viral RNA (Figure 5A, lane 3 and Figure 5B) and
proteins (Figure 5C, left panel, lane 5 and right panel) collected from poly IC-treated BCoV-p95-infected
HRT-18 cells were not detectable, suggesting that the replication of BCoV-p95 was blocked by the
treatment of poly IC-induced innate immunity and thus BCoV-p95 had no adaptation capability in
face of the challenges of poly IC-induced innate immunity. To further determine which stage of the
BCoV-p95 replication was blocked by the treatment of poly IC-induced innate immunity, a plaque
assay and RT-qPCR were performed. As shown in Supplementary Figures S4 and S5, viral replication
was almost blocked at VP0 and cannot be detected from VP1 to VP10 based on the results of virus
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titer (Supplementary Figure S4) and RT-qPCR (Supplementary Figure S5), further suggesting that
BCoV-p95 had no adaptation capability in face of the challenges of poly IC-induced innate immunity.

Although BCoV-p95 can adapt well back to regular host HRT-18 cells in the absence of selection
pressure (Figure 4), it remains unknown, in addition to the effect on attenuation of gene expression,
whether the altered genome structure in BCoV-p95 affects its fitness when facing the challenges of
environmental pressures such as innate immunity and different host cells. To test whether BCoV-p95
could adapt to the environment with innate immune, poly IC-treated HRT-18 cells were respectively
infected with wt BCoV and BCoV-p95. The virus (defined as virus passage 0, VP0) was collected at 48
hpi and then passaged in fresh HRT-18 cells (VP1) in the presence of poly IC. At VP10, both viral RNA
and proteins were collected and subjected to analyses by Northern blotting (Figure 5A), RT-qPCR
(Figure 5B), and Western blotting (Figure 5C). Both viral RNA (Figure 5A, lane 2 and Figure 5B) and
proteins (Figure 5C, left panel, lane 4 and right panel) collected from poly IC-treated wt BCoV-infected
HRT-18 cells can be detected. In contrast, both viral RNA (Figure 5A, lane 3 and Figure 5B) and
proteins (Figure 5C, left panel, lane 5 and right panel) collected from poly IC-treated BCoV-p95-infected
HRT-18 cells were not detectable, suggesting that the replication of BCoV-p95 was blocked by the
treatment of poly IC-induced innate immunity and thus BCoV-p95 had no adaptation capability in
face of the challenges of poly IC-induced innate immunity. To further determine which stage of the
BCoV-p95 replication was blocked by the treatment of poly IC-induced innate immunity, a plaque
assay and RT-qPCR were performed. As shown in Supplementary Figure S4 and S5, viral replication
was almost blocked at VP0 and cannot be detected from VP1 to VP10 based on the results of virus
titer (Supplementary Figure S4) and RT-qPCR (Supplementary Figure S5), further suggesting that
BCoV-p95 had no adaptation capability in face of the challenges of poly IC-induced innate immunity.

Although BCoV-p95 can adapt well back to regular host HRT-18 cells in the absence of selection
pressure (Figure 4), it remains unknown, in addition to the effect on attenuation of gene expression,
whether the altered genome structure in BCoV-p95 affects its fitness when facing the challenges of
environmental pressures such as innate immunity and different host cells. To test whether BCoV-p95
could adapt to the environment with innate immune, poly IC-treated HRT-18 cells were respectively
infected with wt BCoV and BCoV-p95. The virus (defined as virus passage 0, VP0) was collected at 48
hpi and then passaged in fresh HRT-18 cells (VP1) in the presence of poly IC. At VP10, both viral RNA
and proteins were collected and subjected to analyses by Northern blotting (Figure 5A), RT-qPCR
(Figure 5B), and Western blotting (Figure 5C). Both viral RNA (Figure 5A, lane 2 and Figure 5B) and
proteins (Figure 5C, left panel, lane 4 and right panel) collected from poly IC-treated wt BCoV-infected
HRT-18 cells can be detected. In contrast, both viral RNA (Figure 5A, lane 3 and Figure 5B) and
proteins (Figure 5C, left panel, lane 5 and right panel) collected from poly IC-treated BCoV-p95-infected
HRT-18 cells were not detectable, suggesting that the replication of BCoV-p95 was blocked by the
treatment of poly IC-induced innate immunity and thus BCoV-p95 had no adaptation capability in
face of the challenges of poly IC-induced innate immunity. To further determine which stage of the
BCoV-p95 replication was blocked by the treatment of poly IC-induced innate immunity, a plaque
assay and RT-qPCR were performed. As shown in Supplementary Figure S4 and S5, viral replication
was almost blocked at VP0 and cannot be detected from VP1 to VP10 based on the results of virus
titer (Supplementary Figure S4) and RT-qPCR (Supplementary Figure S5), further suggesting that
BCoV-p95 had no adaptation capability in face of the challenges of poly IC-induced innate immunity.

To determine whether the alterations in genome structure of BCoV-p95 impaired its ability to adapt
to other host cells with different tissue origins, mouse L (ML) cells (13), a mouse cell line established
from subcutaneous connective tissue, was used. ML cells were respectively infected with wt BCoV
and BCoV-p95, and after 24 h of infection, RNA was extracted, and virus was collected to infect fresh
ML cells (VP1). The virus passage step was repeated until VP10, and Northern blot analysis was
performed to detect the synthesis of viral RNA. For the adaptation of wt BCoV in ML cells, as shown
in Figure 5D, viral RNA collected from wt BCoV-infected ML cells was detected, and the amounts of
viral RNA in VP2 (lane 3) were less than those in VP10 (lane 4). In addition, the overall amounts of
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viral RNA at VP2 and VP10 in HRT-18 cells (lanes 1 and 2) were greater than those in ML cells (lanes 3
and 4). However, the amounts of the genome at VP10 in wt-BCoV-infected ML cells were very low
in comparison with those of in wt-BCoV-infected HRT-18 cells as detected by RT-qPCR (Figure 5E).
Similar results were also observed for synthesis of nsp1 (representing genome translation) at VP10
between wt BCoV-infected HRT-18 cells (Figure 5F, lane 4) and ML cells (Figure 5F, lane 5) in which
the signal of nsp1 from wt-BCoV-infected ML cells was relatively low. Although the efficiency of
gene expression was low, the results suggest that wt BCoV had been gradually adapting to ML cells.
For adaptation of BCoV-p95 in ML cells, in contrast, no detectable viral RNA at VP2 (Figure 5D, lane 9)
and VP10 (Figure 5D, lane 10) was found for BCoV-p95 in ML cells by Northern blotting (Figure 5D).
Thus, to further determine whether the viral RNA, which was not detectable by Northern blot analysis,
were synthesized, RT-qPCR was performed. Although viral RNA for BCoV-p95 in ML cells could be
detected by more sensitive RT-qPCR analyses, the amounts of viral RNA of BCoV-p95 were relatively
low in comparison with those of wt BCoV in ML cells (~0.7%, ~0.8%, and ~0.2% vs. 100% for genome,
S subgenome and N subgenome, respectively). Note that because these values are relatively low,
they cannot be shown clearly in Figure 5E. The nsp1 and N protein were not detectable by Western
blotting (Figure 5F, lane 8). In addition, although the virus titer can be detected during VP0-VP10 for
BCoV-p95 and wt BCoV (Supplementary Figure S6), the virus titer of BCoV-p95 was lower than that of
wt BCoV at VP10 (102.8 pfu/mL for BCoV-p95 and 105.9 pfu/mL for wt BCoV, Supplementary Figure S6).
When the RT-PCR products were subjected to sequencing, sequence analysis revealed that the majority
of aa mutations occurred in the S1 subunit of S protein for both wt BCoV (Wt10-ML in Figure 5G) and
BCoV-p95 (p9510-ML in Figure 5G) in ML cells at VP10. The results suggest BCoV-p95 can adapt to
ML cells, but the adaptation capability is lower in comparison with that of wt BCoV in ML cells.

Together, the results suggest that BCoV-p95 with altered genome structures cannot adapt to the
environment with poly IC-induced innate immunity. In addition, although BCoV-p95 can adapt to new
host cells (ML cells), the adaptation capability is lower in comparison with that of wt BCoV in ML cells.
The results suggest that BCoV-p95 has altered its characteristics even though it can replicate efficiently
in regular HRT-18 cells. Since coronavirus nsp16 can lead to reduced recognition of viral RNA by
sensor molecules of cell innate immunity [38] and S protein is a main determinant of the cell tropism
for coronaviruses [33], we speculated that the main factors leading to the results may be attributed to
the altered genome structures of nsp16 and S protein in BCoV-p95 during persistence (Figure 1K,L).
In this sense, BCoV-p95 is genetically less robust than wt BCoV.
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Figure 5. Evaluation of the adaptation capability of BCoV-p95 in poly IC-treated HRT-18 cells and ML
cells. (A) Determination of BCoV RNA synthesis from fresh HRT-18 cells infected with Wt or p95 in the
presence of poly IC at VP10 by Northern blotting. (B) The relative amounts of genome and sgmRNAs
(represented by sgmRNAs S and 12.7) between Wt and p95 from fresh HRT-18 cells infected with Wt or
p95 in the presence of poly IC at VP10 as measured by RT-qPCR. (C) Left panel: Coronavirus protein
synthesis from the genome (represented by nsp1) and subgenome (represented by N protein) from
fresh HRT-18 cells infected with Wt or p95 in the presence or absence of poly IC at VP0 and VP10 by
Western blotting. Right panel: Relative amounts of nsp1 and N protein between Wt and p95 based
on the results shown in the left panel. (D) Left panel: Determination of BCoV RNA synthesis from
fresh HRT-18 or ML cells infected with Wt or p95 at VP2 or VP10 by Northern blotting. Right panel:
Relative amounts of Wt and p95 BCoV RNA based on the results shown in the left panel. (E) The
relative amounts of genome and sgmRNAs (represented by sgmRNAs S and 12.7) from fresh ML cells
infected with Wt or p95 at VP10 as measured by RT-qPCR. (F) Left panel: Coronavirus protein synthesis
from the genome (represented by nsp1) and subgenome (represented by N protein) from fresh HRT-18
or ML cells infected with Wt or p95 at VP10 by Western blotting. Middle and right panel: Relative
amounts of nsp1 and N protein, respectively, between Wt and p95 based on the results shown in the
left panel. The asterisk in lane 5 indicates the relatively weak signal of nsp1. The black dot indicates
the background signal of mock-infected HRT-18 cells. (G) Linear schematic of BCoV S protein showing
the comparison of the aa sequences identified from HRT-18 cells infected with Wt (Wt-HRT), ML cells
infected with Wt at VP10 (Wt10-ML), HRT-18 cells persistently infected with p95 (p95-HRT) at 95 d and
ML cells infected with p95 at VP10 (p9510-ML). The values in (B–F) represent the mean ± standard
deviation (SD) of three individual experiments. Statistical significance was evaluated using a t-test:
* p < 0.05, ** p < 0.01, *** p < 0.001. VP: virus passage, HRT: HRT-18 cells, ML cells: mouse L cells, Inf.:
infection, FP: fusion peptide, HR1: heptad repeat 1, HR2: heptad repeat 2.



Cells 2020, 9, 2322 15 of 19

4. Discussion

We in this study employed BCoV, which is in the same genus (betacoronavirus) as SARS-COV-2,
as a model to understand how coronavirus responded to the selection pressure of persistence by
analyzing the alterations of whole genome structure and subsequent virus fitness. The results may have
implications for coronavirus gene expression, pathogenicity, and evolution with medical importance
and are discussed below.

The high mutation rate of RNA viruses and subsequent alterations of genome structures may be one
of the strategies for viruses to rapidly adapt to the new environment in face of selection pressures [39–41].
In this study, we have demonstrated that during BCoV persistence the changes in the cis-acting elements
located in the 5′ and 3′ termini of the genome are at least part of factors leading to the attenuation of gene
expression. Specifically, based on the results shown in Figures 2 and 3, it is suggested that the altered 5′

terminal sequences may reduce gene expression efficiency through replication and transcription, but not
translation. The reduced poly(A) tail length, on the other hand, may be responsible for the decreased
efficiency of replication and translation [28,37]. In addition, the mutation at nt 73 is mainly involved in
the sgm RNA synthesis (transcription) but not replication and translation (Figure 3C,E–G). The results fit
the general criteria of virus persistence in which viruses adapt to pressure with reduced gene expression
to maintain cell physiology for survival.

The striking observation herein was that the amounts of sgmRNAs 12.7, S, 32K and HE, but not N,
M and E, in HRT-18 cells during persistence were extremely low in comparison to those in HRT-18
cells at 48 hpi during acute infection (Figure 2B). This gene expression pattern has not been previously
identified in coronavirus infection. Based on subsequent analyses (Figures 3 and 4), we argue that
the differences between cellular and viral factors in cells during acute and persistent infection are
responsible for the outcome because the synthesis of sgmRNAs S, 32K and HE, with the exception
of sgmRNA 12.7, was restored in fresh HRT-18 cells infected with BCoV-p95. For sgmRNA 12.7,
it has remained puzzling in BCoV why TRS2, which has less sequence complementarity (between
the cTRS-L and TRS2-B) than TRS1, is frequently employed as a template switching site for sgmRNA
12.7 synthesis [11,12]. Based on the results shown in Figure 3F,G, it becomes clearly that, in addition
to cellular and viral factors in the persistent environment, the mutation at nt 73 within the leader
TRS and possibly the secondary structure (SL III) where the leader TRS resides (Figure 1G) are main
factors determining the choice of TRS for sgmRNA 12.7 synthesis. These unexpected findings solve
the previous unanswered question regarding TRS selection for 12.7 sgmRNA synthesis and thus
further extend our knowledge regarding the factors affecting template switching during coronavirus
transcription. In addition, the function of 12.7 kDa protein of BCoV has been indicated in counteracting
cell innate immune responses in the context of MHV genome [42]. Therefore, concerning why the
mutation at nt 73 is selected, it is speculated that the function of 12.7 kDa protein in the cell innate
immune response is not required during persistence, and therefore the mutation at nt 73 and TRS1 are
selected, resulting in extremely low amounts of sgmRNA 12.7 synthesis. Moreover, this direct evidence
also demonstrates that sgmRNA 12.7 is not essential for replication but for virus fitness in the context
of BCoV because BCoV-p95 can replicate to a high titer during both persistent and acute infection
(Figures 2A and 4A, respectively). Together, this study examining the alterations of genome structure
during BCoV persistence unexpectedly solves the previously unanswered questions regarding (i) the
coronavirus transcription mechanism of why TRS2 is selected for synthesis of sgmRNA 12.7 during
acute wt BCoV infection and (ii) the function of the accessory protein 12.7 kDa, and thus also extends
our understanding on the mechanism and factors involving in coronavirus sgmRNA synthesis.

RNA virus has a feature of high mutation rates during RNA replication due to the lack of
proofreading capability in its RNA polymerase, resulting in a diverse population of viruses or
quasispecies [39,43]. Thus, the genetic structure of RNA virus populations may consist of a network of
variants organized in sequence space around a single master sequence [40,44]. Accordingly, regarding
how the genome structures of BCoV variants are altered under the environmental challenges such as
persistence, immune responses and new hosts in the current study, it is speculated that the mutations



Cells 2020, 9, 2322 16 of 19

in the gene structure of BCoV quasispecies may act as stepping stones toward the synthesis of a
new genotype to adapt to a new environment, leading to the alterations of genome structure [41].
Accordingly, we speculate that the observed changes in the viral population occur due to a shift in
the quasispecies population. Because the conventional Sanger sequencing was used, the sequences
we showed in the passaging experiments of the current study represented the genome structure of
the main virus population but not quasispecies. In addition, it has been suggested that populations
with mutations of beneficial effect tend to fix early under a sudden environmental change [45]; thus,
during the first passage of the infected HRT-18 cells in the persistent infection experiment, whether the
survival cells become a source of the persistent cells (founder effect) remains to be determined.

In addition to the discovery of the functional structures of the genome associated with gene
expression during persistence, nonsynonymous mutations were also identified and mostly occurred in
nsp16 and S protein genes (Figure 1). The aa mutations in S protein occurred mostly in the S1 subunit,
the main domain responsible for binding to the cell receptor. For nsp16, in addition to mutations, a 69-aa
deletion was consistently identified in persistent infection experiments. Although these mutations
were not detrimental for BCoV-p95 replication in regular host HRT-18 cells, the mutations carried
fitness costs since the titer for BCoV-p95 was lower by 5-fold compared with that of wt BCoV in regular
host HRT-18 cells (Figure 4A). Therefore, the selected BCoV-p95 through persistence with fitness cost
does not have increased pathogenicity in regular host HRT-18 cells and thus extend our knowledge on
coronavirus infection. Since the selected variant may not increase its pathogenicity, the results may
contribute to the disease control of coronavirus. Whether the co-infection of BCoV-p95 and wt BCoV in
HRT-18 cells leads to increased pathogenicity and whether wt BCoV in HRT-18 can outcompete with
BCoV-p95 are also important questions required to be further determined.

However, the ability of wt BCoV and BCoV-p95 to replicate efficiently in fresh HRT-18 cells
raises the question of why wt BCoV but not BCoV-p95 can withstand the selection pressure of innate
immunity (in poly IC-treated HRT-18 cells, Figure 5A–C) and rapidly adapt to new host cells (ML
cells) (Figure 5D–F). Since coronavirus nsp16 can lead to reduced recognition of viral RNA by sensor
molecules of cell innate immunity [38], we speculated that the main factors leading to inability in
adapting to the environment with innate immunity may be attributed to the altered genome structures
in nsp16 of BCoV-p95 during persistence. Regarding the question of the capability in adapting different
host cells between wt BCoV and BCoV-p95, we reason this as follows. It has been suggested that RNA
viruses with genetic robustness allow the viral population to explore an extensive region of sequence
space, leading to numerous individuals that can rapidly withstand the environmental changes [46].
We therefore reason that the populations in wt BCoV can develop variants with extensive sequence
space and then rapidly synthesize new genotypes for adaptation to new environments. However,
the variants developed by BCoV-p95 may occupy less sequence space and thus may take a longer
time to acquire the new genotype for adaptation. This argument in turn suggests that wt BCoV is
genetically more robust than BCoV-p95 and is consistent with the finding that wt poliovirus occupies a
sequence space that enables it to rapidly adapt to environmental pressure [47].

5. Conclusions

In conclusion, the selection pressure of BCoV persistence leads to alterations of genome structure,
attenuation of gene expression and the synthesis of subgenomic mRNA (sgmRNA) with a previously
unidentified pattern in persistently infected HRT-18 cells. The altered genome structures are associated
with the attenuation of gene expression during persistence. In addition, the genome structure at
the 5′ terminus and cellular environment are responsible for the sgmRNA synthesis, solving the
previously unanswered question regarding the selection of TRS for synthesis of BCoV sgmRNA 12.7
and thus further extending our knowledge of the coronavirus transcription mechanism. Although
the resultant BCoV (BVoC-p95) still replicates with high efficiency in regular host HRT-18 cells, it still
displays reduced gene expression and pathogenicity in comparison with those of wt BCoV. In addition,
when compared with wt BCoV, the BCoV-p95 cannot rapidly adapt to the environment with innate
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immune and to other host cells with different tissue origins, suggesting that the selected BCoV-p95
has altered its characteristics. Although different selection pressures may lead to different outcomes,
these previously unidentified features may provide important information contributing to disease
control and clinical treatments against coronavirus infection including SARS-CoV-2.
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The virus titer of wt BCoV (Wt) and BCoV-p95 (p95) in fresh HRT-18 cells at VP0-VP10 as determined by the plaque
assay. Figure S4. The virus titer of wt BCoV (Wt) and BCoV-p95 (p95) in fresh HRT-18 cells infected with Wt or
p95 in the presence of poly IC at VP0-VP10 and at VP10 as determined by the plaque assay. Figure S5. The relative
amounts of genome between Wt and p95 from fresh HRT-18 cells infected with Wt or p95 in the presence of poly
IC at VP0-VP10 as measured by RT-qPCR. Figure S6. The virus titer of wt BCoV (Wt) and BCoV-p95 (p95) in fresh
ML cells infected with Wt or p95 at VP0-VP10 and at VP10 as determined by the plaque assay.

Author Contributions: All authors have contributed to the manuscript. Conceptualization, C.-H.L., C.-Y.Y., M.W.
and H.-Y.W.; Methodology, C.-H.L., C.-Y.Y., M.W., S.-C.O., C.-Y.L., T.-L.T. and H.-Y.W.; Software, C.-H.L., C.-Y.Y.,
M.W. and H.-Y.W.; Validation, C.-H.L., C.-Y.Y., M.W. and H.-Y.W.; Formal Analysis, C.-H.L., C.-Y.Y., M.W., S.-C.O.
and H.-Y.W.; Investigation, C.-H.L., C.-Y.Y., M.W., S.-C.O., C.-Y.L., T.-L.T. and H.-Y.W.; Resources, C.-Y.Y., M.W.
and H.-Y.W.; Data Curation, H.-Y.W.; Writing-Original Draft Preparation, C.-H.L., C.-Y.Y. and H.-Y.W.; Supervision,
H.-Y.W.; Project Administration, H.-Y.W.; Funding Acquisition, H.-Y.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by grants 106-2313-B-005-046-MY3 and 109-2313-B-005-013-MY3 from the
Ministry of Science and Technology (MOST), R.O.C. (https://www.most.gov.tw/?l=ch). The funders had no role in
study design, data collection and analysis, decision to publish, or preparation of the manuscript. Funding for
open access charge: Ministry of Science and Technology (MOST), R.O.C.

Acknowledgments: We thank David A. Brian (1941–2014), University of Tennessee, for the cell lines and viruses.
We also would like to dedicate the work to him for his contribution to the field of coronavirus research.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to
publish the result.

References

1. King, A.M.Q. International Committee on Taxonomy of Viruses. In Virus Taxonomy: Classification and
Nomenclature of Viruses: Ninth Report of the International Committee on Taxonomy of Viruses; Academic Press:
London, UK; Waltham, MA, USA, 2012; p. x. 1327p.

2. Brian, D.A.; Baric, R.S. Coronavirus genome structure and replication. Curr. Top. Microbiol. Immunol. 2005,
287, 1–30.

3. Lee, S.; Lee, C. Complete Genome Characterization of Korean Porcine Deltacoronavirus Strain KOR/KNU14-04/2014.
Genome Announc. 2014, 2, 6. [CrossRef]

4. Masters, P.S. The molecular biology of coronaviruses. Adv. Virus Res. 2006, 66, 193–292.
5. Masters, P.S. Coronavirus genomic RNA packaging. Virology 2019, 537, 198–207. [CrossRef]
6. Pasternak, A.O.; Spaan, W.J.; Snijder, E.J. Nidovirus transcription: How to make sense...? J. Gen. Virol. 2006,

87 Pt 6, 1403–1421. [CrossRef]
7. Wu, H.Y.; Brian, D.A. 5′-proximal hot spot for an inducible positive-to-negative-strand template switch by

coronavirus RNA-dependent RNA polymerase. J. Virol. 2007, 81, 3206–3215. [CrossRef]
8. Wu, H.Y.; Brian, D.A. Subgenomic messenger RNA amplification in coronaviruses. Proc. Natl. Acad. Sci. USA

2010, 107, 12257–12262. [CrossRef]
9. Wu, H.Y.; Ozdarendeli, A.; Brian, D.A. Bovine coronavirus 5′-proximal genomic acceptor hotspot for

discontinuous transcription is 65 nucleotides wide. J. Virol. 2006, 80, 2183–2193. [CrossRef]
10. Coronaviridae Study Group of the International Committee on Taxonomy of Viruses. The species Severe acute

respiratory syndrome-related coronavirus: Classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol.
2020, 5, 536–544. [CrossRef]

11. Hofmann, M.A.; Chang, R.Y.; Ku, S.; Brian, D.A. Leader-mRNA junction sequences are unique for each
subgenomic mRNA species in the bovine coronavirus and remain so throughout persistent infection. Virology
1993, 196, 163–171. [CrossRef]

http://www.mdpi.com/2073-4409/9/10/2322/s1
https://www.most.gov.tw/?l=ch
http://dx.doi.org/10.1128/genomeA.01191-14
http://dx.doi.org/10.1016/j.virol.2019.08.031
http://dx.doi.org/10.1099/vir.0.81611-0
http://dx.doi.org/10.1128/JVI.01817-06
http://dx.doi.org/10.1073/pnas.1000378107
http://dx.doi.org/10.1128/JVI.80.5.2183-2193.2006
http://dx.doi.org/10.1038/s41564-020-0695-z
http://dx.doi.org/10.1006/viro.1993.1464


Cells 2020, 9, 2322 18 of 19

12. Ozdarendeli, A.; Ku, S.; Rochat, S.; Williams, G.D.; Senanayake, S.D.; Brian, D.A. Downstream sequences
influence the choice between a naturally occurring noncanonical and closely positioned upstream canonical
heptameric fusion motif during bovine coronavirus subgenomic mRNA synthesis. J. Virol. 2001, 75, 7362–7374.
[CrossRef]

13. Knobler, R.L.; Lampert, P.W.; Oldstone, M.B. Virus persistence and recurring demyelination produced by a
temperature-sensitive mutant of MHV-4. Nature 1982, 298, 279–280. [CrossRef]

14. Burks, J.S.; DeVald, B.L.; Jankovsky, L.D.; Gerdes, J.C. Two coronaviruses isolated from central nervous
system tissue of two multiple sclerosis patients. Science 1980, 209, 933–934. [CrossRef]

15. Perlman, S.; Jacobsen, G.; Olson, A.L.; Afifi, A. Identification of the Spinal-Cord as a Major Site of Persistence
during Chronic Infection with a Murine Coronavirus. Virology 1990, 175, 418–426. [CrossRef]

16. Wang, X.R.; Zhou, Y.Y.; Jiang, N.C.; Zhou, Q.; Ma, W.L. Persistence of intestinal SARS-CoV-2 infection in
patients with COVID-19 leads to re-admission after pneumonia resolved. Int. J. Infect. Dis. 2020, 95, 433–435.
[CrossRef]

17. Zhang, L.; Li, C.; Zhou, Y.; Wang, B.; Zhang, J. Persistent viral shedding lasting over 60 days in a mild
COVID-19 patient with ongoing positive SARS-CoV-2. Quant. Imaging Med. Surg. 2020, 10, 1141–1144.
[CrossRef]

18. Chen, W.; Baric, R.S. Function of a 5′-end genomic RNA mutation that evolves during persistent mouse
hepatitis virus infection in vitro. J. Virol. 1995, 69, 7529–7540. [CrossRef]

19. de la Torre, J.C.; Martinez-Salas, E.; Diez, J.; Villaverde, A.; Gebauer, F.; Rocha, E.; Davila, M.; Domingo, E.
Coevolution of cells and viruses in a persistent infection of foot-and-mouth disease virus in cell culture.
J. Virol. 1988, 62, 2050–2058. [CrossRef]

20. Ahmed, R.; Canning, W.M.; Kauffman, R.S.; Sharpe, A.H.; Hallum, J.V.; Fields, B.N. Role of the host cell
in persistent viral infection: Coevolution of L cells and reovoirus during persistent infection. Cell 1981, 25,
325–332. [CrossRef]

21. Ahmed, R.; Fields, B.N. Role of the S4-Gene in the Establishment of Persistent Reovirus Infection in L-Cells.
Cell 1982, 28, 605–612. [CrossRef]

22. Martin-Hernandez, A.M.; Carrillo, E.C.; Sevilla, N.; Domingo, E. Rapid Cell Variation Can Determine the
Establishment of a Persistent Viral-Infection. Proc. Natl. Acad. Sci. USA 1994, 91, 3705–3709. [CrossRef]

23. Hofmann, M.A.; Senanayake, S.D.; Brian, D.A. A translation-attenuating intraleader open reading frame is
selected on coronavirus mRNAs during persistent infection. Proc. Natl. Acad. Sci. USA 1993, 90, 11733–11737.
[CrossRef]

24. Ke, T.Y.; Liao, W.Y.; Wu, H.Y. A Leaderless Genome Identified during Persistent Bovine Coronavirus Infection
Is Associated with Attenuation of Gene Expression. PLoS ONE 2013, 8, e82176. [CrossRef]

25. King, B.; Brian, D.A. Bovine coronavirus structural proteins. J. Virol. 1982, 42, 700–707. [CrossRef]
26. Lapps, W.; Hogue, B.G.; Brian, D.A. Sequence analysis of the bovine coronavirus nucleocapsid and matrix

protein genes. Virology 1987, 157, 47–57. [CrossRef]
27. Tompkins, W.A.; Watrach, A.M.; Schmale, J.D.; Schultz, R.M.; Harris, J.A. Cultural and antigenic properties

of newly established cell strains derived from adenocarcinomas of the human colon and rectum. J. Natl.
Cancer Inst. 1974, 52, 1101–1110. [CrossRef]

28. Wu, H.Y.; Ke, T.Y.; Liao, W.Y.; Chang, N.Y. Regulation of Coronaviral Poly(A) Tail Length during Infection.
PLoS ONE 2013, 8, e70548. [CrossRef]

29. Zuker, M. Prediction of RNA secondary structure by energy minimization. Methods Mol. Biol. 1994, 25,
267–294.

30. Yeh, P.Y.; Wu, H.Y. Identification of cis-acting elements on positive-strand subgenomic mRNA required for
the synthesis of negative-strand counterpart in bovine coronavirus. Viruses 2014, 6, 2938–2959. [CrossRef]

31. Tsai, T.-L.; Lin, C.-H.; Lin, C.-N.; Lo, C.-Y.; Wu, H.-Y. Interplay between the poly(A) tail, poly(A)-binding
protein and coronavirus nucleocapsid protein regulates gene expression of the coronavirus and host cell.
J. Virol. 2018, 92. [CrossRef]

32. Vautherot, J.F. Plaque-Assay for Titration of Bovine Enteric Coronavirus. J. Gen. Virol. 1981, 56, 451–454.
[CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.75.16.7362-7374.2001
http://dx.doi.org/10.1038/298279a0
http://dx.doi.org/10.1126/science.7403860
http://dx.doi.org/10.1016/0042-6822(90)90426-R
http://dx.doi.org/10.1016/j.ijid.2020.04.063
http://dx.doi.org/10.21037/qims.2020.04.08
http://dx.doi.org/10.1128/JVI.69.12.7529-7540.1995
http://dx.doi.org/10.1128/JVI.62.6.2050-2058.1988
http://dx.doi.org/10.1016/0092-8674(81)90050-7
http://dx.doi.org/10.1016/0092-8674(82)90215-X
http://dx.doi.org/10.1073/pnas.91.9.3705
http://dx.doi.org/10.1073/pnas.90.24.11733
http://dx.doi.org/10.1371/journal.pone.0082176
http://dx.doi.org/10.1128/JVI.42.2.700-707.1982
http://dx.doi.org/10.1016/0042-6822(87)90312-6
http://dx.doi.org/10.1093/jnci/52.4.1101
http://dx.doi.org/10.1371/journal.pone.0070548
http://dx.doi.org/10.3390/v6082938
http://dx.doi.org/10.1128/JVI.01162-18
http://dx.doi.org/10.1099/0022-1317-56-2-451
http://www.ncbi.nlm.nih.gov/pubmed/7310384


Cells 2020, 9, 2322 19 of 19

33. Hulswit, R.J.G.; Lang, Y.F.; Bakkers, M.J.G.; Li, W.T.; Li, Z.S.; Schouten, A.; Ophorst, B.; van Kuppeveld, F.J.M.;
Boons, G.J.; Bosch, B.J.; et al. Human coronaviruses OC43 and HKU1 bind to 9-O-acetylated sialic acids via a
conserved receptor-binding site in spike protein domain A. Proc. Natl. Acad. Sci. USA 2019, 116, 2681–2690.
[CrossRef] [PubMed]

34. Chang, R.Y.; Hofmann, M.A.; Sethna, P.B.; Brian, D.A. A cis-acting function for the coronavirus leader in
defective interfering RNA replication. J. Virol. 1994, 68, 8223–8231. [CrossRef] [PubMed]

35. Lo, C.Y.; Tsai, T.L.; Lin, C.N.; Lin, C.H.; Wu, H.Y. Interaction of coronavirus nucleocapsid protein with the
5’- and 3’-ends of the coronavirus genome is involved in genome circularization and negative-strand RNA
synthesis. FEBS J. 2019, 286, 3222–3239. [CrossRef]

36. Wu, H.Y.; Guy, J.S.; Yoo, D.; Vlasak, R.; Urbach, E.; Brian, D.A. Common RNA replication signals exist
among group 2 coronaviruses: Evidence for in vivo recombination between animal and human coronavius
molecules. Virology 2003, 315, 174–183. [CrossRef]

37. Spagnolo, J.F.; Hogue, B.G. Host protein interactions with the 3’ end of bovine coronavirus RNA and the
requirement of the poly(A) tail for coronavirus defective genome replication. J. Virol. 2000, 74, 5053–5065.
[CrossRef]

38. Wang, Y.; Sun, Y.; Wu, A.D.; Xu, S.; Pan, R.G.; Zeng, C.; Jin, X.; Ge, X.Y.; Shi, Z.L.; Ahola, T.; et al. Coronavirus
nsp10/nsp16 Methyltransferase Can Be Targeted by nsp10-Derived Peptide In Vitro and In Vivo To Reduce
Replication and Pathogenesis. J. Virol. 2015, 89, 8416–8427. [CrossRef]

39. Drake, J.W.; Holland, J.J. Mutation rates among RNA viruses. Proc. Natl. Acad. Sci. USA 1999, 96, 13910–13913.
[CrossRef] [PubMed]

40. Eigen, M. Viral quasispecies. Sci. Am. 1993, 269, 42–49. [CrossRef]
41. Draghi, J.A.; Parsons, T.L.; Wagner, G.P.; Plotkin, J.B. Mutational robustness can facilitate adaptation. Nature

2010, 463, 353–355. [CrossRef]
42. Koetzner, C.A.; Kuo, L.L.; Goebel, S.J.; Dean, A.B.; Parker, M.M.; Masters, P.S. Accessory Protein 5a Is a Major

Antagonist of the Antiviral Action of Interferon against Murine Coronavirus. J. Virol. 2010, 84, 8262–8274.
[CrossRef] [PubMed]

43. Domingo, E. Quasispecies theory in virology. J. Virol. 2002, 76, 463–465. [CrossRef]
44. Domingo, E.; Sabo, D.; Taniguchi, T.; Weissmann, C. Nucleotide-Sequence Heterogeneity of an Rna Phage

Population. Cell 1978, 13, 735–744. [CrossRef]
45. Morley, V.J.; Turner, P.E. Dynamics of molecular evolution in RNA virus populations depend on sudden

versus gradual environmental change. Evolution 2017, 71, 872–883. [CrossRef]
46. Montville, R.; Froissart, R.; Remold, S.K.; Tenaillon, O.; Turner, P.E. Evolution of mutational robustness in an

RNA virus. PLoS Biol. 2005, 3, 1939–1945. [CrossRef]
47. Lauring, A.S.; Acevedo, A.; Cooper, S.B.; Andino, R. Codon Usage Determines the Mutational Robustness,

Evolutionary Capacity, and Virulence of an RNA Virus. Cell Host Microbe 2012, 12, 623–632. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.1809667116
http://www.ncbi.nlm.nih.gov/pubmed/30679277
http://dx.doi.org/10.1128/JVI.68.12.8223-8231.1994
http://www.ncbi.nlm.nih.gov/pubmed/7966615
http://dx.doi.org/10.1111/febs.14863
http://dx.doi.org/10.1016/S0042-6822(03)00511-7
http://dx.doi.org/10.1128/JVI.74.11.5053-5065.2000
http://dx.doi.org/10.1128/JVI.00948-15
http://dx.doi.org/10.1073/pnas.96.24.13910
http://www.ncbi.nlm.nih.gov/pubmed/10570172
http://dx.doi.org/10.1038/scientificamerican0793-42
http://dx.doi.org/10.1038/nature08694
http://dx.doi.org/10.1128/JVI.00385-10
http://www.ncbi.nlm.nih.gov/pubmed/20519394
http://dx.doi.org/10.1128/JVI.76.1.463-465.2002
http://dx.doi.org/10.1016/0092-8674(78)90223-4
http://dx.doi.org/10.1111/evo.13193
http://dx.doi.org/10.1371/journal.pbio.0030381
http://dx.doi.org/10.1016/j.chom.2012.10.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Viruses and Cells 
	Establishment of Persistence and Adaptation 
	Identification of Genome Structure 
	Construction of Plasmid and in vitro Transcription 
	Determination of Virus Titer 
	Northern Blot Assay 
	Western Blot Assay 
	RT-qPCR 
	Statistical Analysis 

	Results 
	Alterations of Genome Structure in BCoV during Persistence 
	The Gene Expression of BCoV was Attenuated during Persistence 
	Alterations in the Genome Structure are Associated with Attenuation of Gene Expression during Persistence 
	The BCoV-p95 Derived from Persistence Replicates Efficiently in Regular Host HRT-18 Cells 
	Evaluation of the Adaptation Capability of BCoV-p95 in Alternate Environments in Comparison to wt BCoV 

	Discussion 
	Conclusions 
	References

