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Abstract
Virulent systemic feline calicivirus (VS-FCV) is a newly emerging pathogen associated with severe and acute virulent
systemic disease, characterized with jaundice, oedema and high mortality (approximately 70%) in cat population.
Currently, VS-FCV has a worldwide spread, but de�cient in effective vaccines or therapeutic options to combat
infection. As a result, VS-FCV is posing a serious threat to the health of felines. So far, the genomic characteristics
and function of VS-FCV are poorly understood, and the underlying mechanism for its increased pathogenicity is also
enigmatic. Reverse genetic system is proven to be a powerful tool to study the molecular biology of RNA viruses, but
the reverse genetic system of VS-FCV has not been reported. In this study, we pioneered simple and fast construction
of a plasmid-based VS-FCV reverse genetics system that e�ciently produced infectious progeny virus in CRFK cells.
Using this system, we next investigated the role of 3' untranslated region (UTR) and poly (A) tail on determining
infectivity and replication of VS-FCV. The results showed that 3' UTR was a key element for maintaining the infection
and replication capacity of VS-FCV. In addition, we found that the poly (A) tail was important for maintaining the
infectivity of VS-FCV. In detail, if the infectious clone of VS-FCV lacks the poly (A) tail, or its poly (A) tail length is less
than 28 bases, it failed to rescue any infectious progeny virus. In conclusion, we successfully established a rapid and
e�cient VS-FCV reverse genetic system, which provides a good platform for future research on the gene function and
pathogenesis of VS-FCV. The effects of 3' UTR and poly (A) tail on VS-FCV infectivity and replication also provided
new clues to the pathogenesis of VS-FCV.

Introduction
Feline caliciviruses, members of the family Caliciviridae, are important etiological agents of oral ulcers and/or mild
upper respiratory disease in felines [1, 2]. Classical feline calicivirus infection is not lethal to cats, but its infectivity
and morbidity are very high. Moreover, both infected animals and recovered animals can continue to detoxify the
body for a long time, resulting in the widespread spread of FCV, making FCV infection one of the most common
infectious diseases in cats.

In 2000, Pedersen et al reported for the �rst time a virulent systems FCV strain (VS-FCV) that caused systemic
multisystem disease [3]. VS-FCV can cause persistent high fever, anorexia, depression, facial and limb edema, facial,
nasal tip and foot ulcers or hair loss, pulmonary edema, coagulation abnormalities, pancreatitis and liver necrosis in
cats [4, 5, 6]. More than 70% of cats infected with VS-FCV die after the onset of these symptoms. It is worth noting
that almost all cats with VS-FCV infection have been vaccinated with classic FCV vaccines, suggesting that current
FCV vaccines may not protect against VS-FCV infection [6]. At present, VS-FCV has been prevalent worldwide, and the
�rst case of cat infection caused by VS-FCV was also reported in China in 2014 [7], which shows that VS-FCV
infection has posed a serious threat to the health of pet cats.

The cat calicivirus genome is a single-stranded, positive RNA molecule with a genome approximately 7.7 kb in length.
The genome has a polyadenylated poly (A) tail at the 3' end and is covalently bound by a virus-encoded Vpg protein
at the 5' end. The FCV genome encodes three open reading frames (ORFs), in which ORF1 encodes non-structural
proteins including viral proteases and RNA-dependent RNA polymerases (RdRp). ORF2 encodes viral capsid protein
(VP1), which is divided into six regions A-F. Regions B, D and F were relatively conserved among isolates, while
regions C and E were variable. Variable region E is known to contain major B cell epitopes [8, 9, 10, 11]. ORF3 encodes
a minor structural protein, VP2, which is closely involved in replication of FCV and packaging of virus particles [11, 12,
13, 14]. There are short untranslated regions (5' UTR and 3' UTR) on both sides of the FCV genome. The nucleotide
sequence of 5' UTR is highly conserved, while the sequence of 3' UTR is not only less conserved but also inconsistent
in length. At present, the structure and function of FCV 3' UTR are not well understood. It has been shown that the
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RdRp of FCV interacts with nucleolin (NCL) and 3' UTR, resulting in the formation of viral replication and translation
complexes [15, 16, 17], suggesting that 3' UTR may be involved in the replication of FCV. However, direct evidence is
lacking, especially in relation to the infectivity of FCV.

More and more evidences indicate that reverse genetic technology is a power tool to study the gene structure and
function, replication mechanism and pathogenesis of RNA viruses. Infectious clones based on classical FCV have
been successfully established and applied [18, 19]. However, infectious cloning of VS-FCV has not been reported. In
this study, an infectious clone based on the genome sequence of VS-FCV SH/14 strain was successfully constructed
by using hEF-1α promoter and infectious progeny viruses were effectively rescued in host cells by directly transfecting
plasmid. On this basis, the relationship between 3' UTR (including Poly (A) tail) and the replication and infectivity of
VS-FCV was studied and analyzed using reverse genetic manipulation techniques.

Materials And Methods
Viruses, Cell Lines and Plasmids

VS-FCV SH/14 strain (GenBank, KT000003.1) was isolated and characterized by our laboratory in Shanghai, China in
2014 [7]. Cat kidney cell line (CRFK cell, ATCC CCL-94, RPMI 1640 medium) was preserved by Shanghai Veterinary
Research Institute, Chinese Academy of Agricultural Sciences. The plasmid pKS-EF/HDrz carrying the hEF-1α
promoter and the hepatitis D ribozyme core sequence was constructed by our laboratory.

Construction of revers genetics system of VS-FCV

First, total RNA was extracted from cell cultures infected with VS-FCV SH/14 strain using uniQ-10 column total RNA
extraction kit (Shanghai Bioengineering Co., LTD., China) according to the instructions. Then, HM87-21KS primer
(5'GAGATGCCATGCCGACCCT283') was used as reverse transcription primer, and M-MLV reverse transcription kit
(Promega, USA) was used to synthesize the �rst strand of cDNA. Then, using the cDNA as template, 3 pairs of
primers, namely SHINF1/SHINF2, SHINF3/SHINF4 and SHINF5/HM87-21KS (Table 1) were used to amplify the full-
length genome of VS-FCV SH/14 strain by Phanta® Max Super-Fidelity DNA polymerase (Nanjing Vazyme
Biotechnology Co., LTD., China). The resultant PCR products were clari�ed, sequenced and designated as SHI, SHII
and SHIII, respectively. Meanwhile, pKS-EF/HDrz was used as template, and a pair of primers KS-HM1192 and
KS1171 (Table 1) were used to amplify the vector sequence by PCR. The product, designated as KS-HM fragment
have length of 5028bp consistent with the expected length. Finally, the puri�ed PCR products (SHI, SHII, SHIII and KS-
HM fragment) were joined by ClonExpress® MultiS One Step Cloning Kit (Nanjing Vazyme Biotechnology Co., LTD.,
China) using DNA seamless linking technique, and the DNA fragments ligand was transformed into E. coli competent
cells (DH5α). After ampli�cation, plasmid DNA was extracted. The recombinant plasmid containing the full-length
genome of VS-FCV SH/14 strain was obtained and named as pKS-SH14 (Fig.1A). To analyze the effect of the length
of poly (A) tail on rescue viral infectivity, primers (HM87-21K) containing different numbers of T bases were used to
construct several infectious clones with a poly (A) tail containing 24 A, 27 A, 29 A, 30 A and 38 A respectively. These
infectious clones are named as pKS-SH14A24, pKS-SH14A27, pKS-SH14A29, pKS-SH14A30, and pKS-SH14A38,
respectively. All the recombinant plasmids were identi�ed by DNA sequencing.

 Table 1

 Primers used in this study. 
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Fragments Primers Primer Sequences (5'-3') Product
length
(bp)

SH I SH-INF1 TTCCATTTCAGGTGTCGTGAGTAAAAGAAATTTGAGACAATGTCTCAA 2499

SH-INF2 AGCCCAGGCCAAATCAAACACCGAATTAACGG

SH II SH-INF3 TGTTTGATTTGGCCTGGGCTCTTCGCCGT 2884

SH-INF4 TTTAAGCACGTTAGCGCAGGTTGAGC

SH III inf SH-INF5 CCTGCGCTAACGTGCTTAAATATTATGATTGGGATCCCC 2406

SH-INF6 TGGAGATGCCATGCCGACCCTGGAGATGCCATGCCGAC

  HM87-21KS TGGAGATGCCATGCCGACCCTTTTTTTTTTTTTTTTTTTTTTTTTTT RT
primer

KS-HM KS-HM1192 GGGTCGGCATGGCATCTC 5028

KS1171 TCACGACACCTGAAATGGAAGA

FCV-VP1 FCV-JD1 ACTACATTGTTGGTGAGGTGG 798

FCV-JD2 CTTGAAACACAAAGGGTCGAA

KSHLC KSH LC1 GATGAGGCTGGAAAGATTTTCCA 12745

KSH LC2 CCAATGCATTGGTGGCACTA

MCHLC mCherry LC1 TAGTGCCACCAATGCATTGGATGGTGAGCAAGGGCGAGG 826

mCherry LC2 AAAATCTTTCCAGCCTCATCTCTAGATCCGGTGGATCCCG

MCJD mCherry1 ACTTCCTGAATTCGGGACTGT 885

mCherry2 TCGACTGCAGAATTCGAAGCT

SHd3UTR SHd3UTR1 GGGTCGGCATGGCATCTCCACCT 1099

SHd3UTR2 GACCGAGTACAAGCCCACGGTGC

SHd3UTRinf SHd3UTRinf1 GCAATTCGGCTATCATATAGGAATTTGTTTAAAATTTGAAAAAAAAAAA 1194

SHd3UTRinf2 ACAAGGAGACGACCTTCCATGACCGAGTACAAGCCCACGG

KSHd3UTR KSHd3UTR1 ATGGAAGGTCGTCTCCTTGTGA ≥11547

KSHd3UTR2 CTATATGATAGCCGAATTGCATTTAA

The part in italics in primer sequence is homologous arm.

Construction of infectious clone carrying mCherry gene

To easily relate the effect of gene deletion or recombination on rescuing viruses, the mCherry gene was inserted into
the LC coding region of FCV genome using the following strategy. Firstly, using pKS-SH14 as template, a pair of
primers (KSH LC1 and KSH LC2) (Table 1) were used to amplify the KSHLC fragment by PCR and the expected PCR
product length was 12745bp; Using pmCherry-C1 plasmid as template, a pair of primers (mCherry LC1 and mCherry
LC2) (Table 1) were used to amplify MCHLC fragment by PCR, and the expected length of PCR product was 826bp.
Then, the puri�ed KSHLC and MCHLC fragments were joined by ClonExpress®II One Step Cloning Kit (Nanjing Vazyme
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Biotechnology Co., LTD., China) using DNA seamless linking technique. After being transformed into E. coli competent
cells (DH5α), a new recombinant plasmid named pKS-SH14mCherry was obtained (Fig.1B).

Construction of VS-FCV SH/14 mutant with deletion of 3' UTR

To investigate the relationship between 3' UTR and replication or infectivity of VS-FCV, VS-FCV SH/14 mutant with 3'
UTR deletion was constructed. Speci�c methods are as follows: Firstly, pKS-SH14LC-Mcherry as template, PCR
method was adopted to ampli�cation KSHd3UTR fragment with primer KSHd3UTR1 and KSHd3UTR2 (Table 1).
Using pKS-SH14 as template, SHd3UTR fragment were ampli�ed by PCR with primer SHd3UTR1 and SHd3UTR2
(Table 1). Then, the fragment SHd3UTR as template, SHd3NCRinf fragment was ampli�ed by PCR with primer
SHd3UTRinf1 and SH d3UTRinf2 (Table 1). Since KSHd3UTR and SHd3UTRinf fragments have the same
homologous arm, the DNA seamless connection technology can be applied. They were joined by ClonExpress®II One
Step Cloning Kit (Nanjing Vazyme Biotechnology Co., LTD., China) by DNA seamless linking technique. After being
transformed into E.coli competent cells (DH5α), a new recombinant plasmid named pKS-SH14mCherrydel3UTR with
3' UTR deletion was obtained (Fig.1B).

Rescue of progeny virus in CRFK cells by directly transfecting infectious clone

When CRFK reached a con�uency of approximately 70%, the cells were transfected with 2~5 μg recombinant plasmid
using Lipofectamine 2000 (Invitrogen). After 4 h, cells were replenished with fresh growth medium. The cells were
then placed in an incubator containing 5% CO2 and continued to be cultured at 37 ℃ and observed.

Identi�cation and characterization of rescued progeny virus by RT-PCR

The total RNA of the rescue recombinant viruses was extracted and puri�ed using a RNeasy extraction kit (Qiagen).
The �rst strand of cDNA was then synthesized using FCV-JD2 (Table 1) as a reverse transcription primer. Then
primers FCV-JD1 and FCV-JD2 were used to amplify the partial sequence of VS-FCV VP1 by PCR. To identify the
rescue rVS-FCV SH/14mCherry, primer mCherry1 and mCherry2 (Table 1) were used to amplify the partial mCherry
gene from the cells infected with rescue virus by RT-PCR. Finally, the PCR products were analyzed and sequenced on
1.5% agarose gel.

Immuno�uorescence Assay (IFA)

Cells pre-infected with recombinant virus were �xed in 3.7% paraformaldehyde in PBS (pH 7.5) at room temperature
for 30 min and were subsequently permeabilized by incubation in methanol at -20 °C for 30 min. The �xed cells were
blocked with 5% (w/v) nonfat milk in PBST buffer for 3 h at 4 °C and were then stained with a primary mAb speci�c of
VS-FCV VP1 (1:500 dilution) for 2 h at 37 °C. After washed for three times for 10 min each, the cells were incubated
with a secondary antibody against IgG conjugated to �uorescein isothiocyanate (FITC) (No. F0382, Sigma-Aldrich) in
PBST buffer for 1 h at room temperature. Finally, after washed for three times for 10 min each, the samples were
observed under a �uorescence microscope equipped with a video documentation system (ZEISS, Germany).

Electron microscopy detection of rescue viruses.

CRFK cell cultures were collected after infection with rVS-FCV SH/14 and rVS-FCV SH/14mCherry for 8 hours. Then
the viruses were puri�ed by differential centrifugation, resuspension and precipitation with PBS, conventional
negative staining was performed, and the virions were observed under JEM-1200EX electron microscope and
photographed.
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Plaque assay

According to the method described in the references [20], plaque assay was carried out to determine the
morphological biology of the parental and recombinant viruses. Firstly, a total of 1× 105 CRFK cells were seeded in 6-
well plates for 12 h until about 90% con�uent growth. Secondly, the medium was removed and washed three times
with PBS. The virus suspension was inoculated onto the CRFK cells and incubated at 37 °C for 1 h. Thirdly, the cells
were overlayed with 2 mL of 0.9% methylcellulose (Sigma M0512) in RPMI-1640 containing 2% FBS and 100 U/mL
streptomycin/penicillin, and then incubated at 37°C for 2~3 days. Fourth, the methylcellulose was removed and the
cells were �xed with 4% paraformaldehyde overnight at room temperature and stained with 0.2% Crystal Violet
dissolved in 10% of ethanol and 90% of PBS. Finally, the crystal violet was washed off with water and dried naturally.
The formation of the plaque was observed and photographed.

One-step growth curve

To compare the difference in replication capacity between the rescue virus and the parental virus, and to analyze the
effect of 3' UTR deletion on VS-FCV replication, we measured the one-step growth curves of different viruses. In short,
CRFK cells (1 × 106) were infected with VS-FCV SH/14, rVS-FCV SH/14 and rVS-FCV SH/14mCherry at a multiplicity of
infection (MOI) of 5 TCID50 units. Cells were incubated with viruses at 37 °C for 1 h, then washed three times with 2
mL PBS to remove unbound viral particles. Extra 2 mL of fresh RPMI-1640 medium containing 2% FBS were added to
each well. Supernatants were collected at 1h, 2h, 4h, 6h, 8h, 10h, 12h and 14h post infection (p.i.). The virus titers
were titrated by TCID50 assay in triplicates and the one-step growth curves were formulated using GraphPad Prism
7.00 software.

Results
The recombinant viruses are capable of producing typical cytopathogenic effects (CPE) in CRFK cells

The cell culture transfected with pKS-SH14 plasmid was collected, and after freeze-thaw for three times, the
supernatant was re-seeded into CRFK monolayers. By using an inverted microscopy, following 8 h culture, the CRFK
cells shrinked and became round, moreover some cells clustered together to form grape clusters or reticular nodules.
Some cells detached from the surface of the plate. With the extension of incubation time, the morphology of cells
were heavily disrupted. (Fig. 2b). Compared to the mock-infected cells, recombinant virus was capable of causing
serious CPE, with the degree of CPE indistinguishable from that caused by parental virus. (Fig. 2c) (Fig. 2a).

In order to analyze the effect of poly (A) tail length on viral infectivity, we constructed pKS-SH14A24, pKS-SH14A27,
pKS-SH14A29, pKS-SH14A30 and PKS-SH14A38, respectively. Their poly (A) tails composed of 24 A, 27 A, 29 A, 30 A
and 38 A, respectively. Transfected with these plasmids, it was found that pKS-SH14A24 or pKS-SH14A27 cells did not
produce CPE, and VP1 gene of FCV could not be detected by RT-PCR. Typical CPE was found in the cells transfected
with pKS-SH14A29, pKS-SH14A30 and pKS-SH14A38 respectively, and the VP1 gene of FCV could be detected by RT-
PCR. These results indicate that the length of the poly (A) tail is very important for FCV infectivity, and less than 27 A
will not rescue the infectious virus.

Results of IFA detection of rescue virus

FCV protein expression was detected by IFA in the CRFK cells transfected with rVS-FCV SH/14, the cells infected with
parental virus and the negative control cells, and the results showed that speci�c �uorescence was observed under
immuno�uorescence microscope in CRFK cells both infected with the rescued virus (rVS-FCV SH/14) or the parental
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virus (VS-FCV SH/14) (Fig. 3), but not in negative control cells (Fig. 3), demonstrating the expression of FCV protein in
CRFK cells and further demonstrating the successful production of infectious progeny virus by infectious cDNA clone.

Identi�cation of rescued virus by RT-PCR

The culture of CRFK cells infected with the 5th generation of rVS-FCV SH/14 and rVS-FCV SH/14mCherry were
collected and total RNA of the virus was extracted. Partial sequence of VS-FCV VP1 and mCherry gene were ampli�ed
by RT-PCR. PCR products were analyzed by agarose gel electrophoresis and the results showed that partial VP1 gene
and mCherry gene of FCV were successfully ampli�ed, with sizes of 798 bp and 885 bp respectively, consistent with
the expected sizes (Fig. 4). Finally, the PCR product was sequenced, and the sequence alignment results showed that
it was 100% identical to the parental virus.

Results of electron microscope identi�cation of rescue virus

The CRFK cell cultures infected with rVS-FCV SH/14 and rVS-FCV SH/14mCherry for 8 h were puri�ed by differential
centrifugation, and conventional negative staining was performed. Results showed that typical calicivirus particles
with a diameter of about 30 nm could be observed under JEM-1200EX electron microscope (Fig. 5a). In addition,
electron microscope identi�cation results also showed that although mCherry gene was inserted into the LC coding
region of FCV, it did not affect the normal packaging of the rescue virus, and the virus particles formed by rVS-FCV
SH/14mCherry demonstrated same morphology compared to the parental virus (Fig. 5b).

Plaque assay

In order to compare the difference and characteristics of plaque formation between the rescue virus and its parental
virus, the 5th generation rVS-FCV SH/14 and VS-FCV SH/14 were used for plaque formation assay. After staining with
crystal violet solution, it was clear that both of them could form good plaque, and their morphology and size were
basically the same. However, the number of plaque formed by rVS-FCV SH/14 was slightly less than that of VS-FCV
SH/14, suggesting that the proliferation capacity of rescue virus in cells was slightly lower than that of its parental
virus (Fig. 6). The titer (TCID50) of VS-FCV SH/14 and rVS-FCV SH/14 was 10-8/mL and 10-7.5/mL, respectively, which
further con�rmed the results of the plaque formation assay.

One-step growth curve

In order to understand the dynamic characteristics of the proliferation of the rescued virus and its parent virus in
CRFK cells, the one-step growth curve of the virus was plotted by measuring the titer of the virus collected at different
proliferation time points. As shown in Fig. 7, VS-FCV SH/14, rVS-FCV SH/14 and rVS-FCV SH/14mChrry showed
similar proliferation patterns in CRFK cells in one-step growth curves. As can be seen from the �gure, the virus begins
to replicate as early as 4 h post infection, increased over time and reach a plateau at 10 h post infection. However, the
peak titers of rVS-FCV SH/14 and rVS-FCV SH/14mCherry were slightly lower. By comparing and analyzing the
characteristics of one-step growth curves, these experimental data are strong indications that the rescue virus can
effectively and productively replicate in the cell culture.

Effect of 3' UTR on replication and infectivity of FCV

In order to investigate the effect of 3' UTR on replication or infectivity of VS-FCV, infectious clone with 3' UTR deletion
was constructed and transfected into CRFK cells together with infectious clone plasmids containing a complete 3'
UTR. After 72 hours of culture, cell cultures were harvested and sub-cultured in CRFK cells. The results showed that all
infectious clone plasmids successfully rescued the viruses after transfection (Fig. 8), but the infectious clone with 3'
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UTR deletion rescued the virus less e�ciently than the infectious clone with complete 3' UTR (Fig. 8C). It is worth
noting that when rVS-FCV SH/14mCherryDel3NCR was cultured in CRFK cells to the third generation, the CPE began
to weaken gradually (Fig. 8D-F), and when the cells were propagated to the 7th generation, no CPE was observed. This
phenomenon can also be intuitively con�rmed by observing changes in the intensity of red �uorescence produced by
rVS-FCV SH/14mCherryDel3UTR in infected cells (Fig. 8D-F). These results indicate that the loss of 3' UTR does not
affect the rescue of the virus, but the rescue e�ciency of the virus and the proliferation or replication of the virus in
cells are signi�cantly affected, suggesting that 3' UTR may not be involved in the process of virus packaging and
release, but is important for virus infection and/or replication.

Discussion
FCV is an infectious pathogen that can infect all feline animals. Before 2000, FCV mainly caused oral ulcers and
upper respiratory tract infections in infected cats, most of which were self-healing and could only cause death co-
infection with other pathogens [21]. In 2000, an FCV was reported in the United States for the �rst time, causing severe
toxicity and systemic disease in cats, with morbidity and mortality rates much higher than those of classical FCV,
even in adult cats immunized with FCV vaccine. This type of FCV is called VS-FCV and it is now spreading worldwide
[3, 4, 7, 22, 23, 24]. Currently, the virulence variation and pathogenesis of VS-FCV are still unknown [25, 26, 27].
Therefore, it is necessary to strengthen the molecular biology and pathogenesis of VS-FCV. Many studies have proved
that reverse genetic technology is a powerful tool for studying RNA viruses. Infectious cloning of FCV has been
successfully established in some domestic or foreign laboratories [18, 19, 28], and has been applied to identifying the
gene function of virus [14], expressing foreign protein [29] and studying pathogenic mechanism [10, 30]. It should be
noted that most of the infectious cloning of FCV reported was done by in vitro transcription method, in which the full-
length genomic RNA of FCV was obtained extracellular and then transfected into sensitive cell lines to rescue the
recombinant virus. Some vaccinia viruses expressing T7 RNA polymerase were �rst used to infect target cells and
then transfected with FCV infected clones carrying T7 promoters to achieve viral rescue. Other strategies use CMV or
hEF1α promoters to rescue recombinant viruses by direct DNA transfection [29, 31]. At present, infectious cloning of
VS-FCV isolates has not been reported. In this paper, we reported a rapid and e�cient strategy to rescue VS-FCV
SH/14 strain by directly transfecting plasmid DNA. Our strategy for constructing infectious VS-FCV clones has the
following characteristics: (1) Rapid construction of infectious clone of VS-FCV SH/14 strain by using seamless DNA
connection technology and multi-fragment DNA rapid connection kit. Compared with traditional DNA enzyme
digestion and ligating techniques, this strategy is not only simple, but also fast and e�cient. (2) Our infectious clone
uses hEF1α promoter, which has good stability and high transcriptional activity compared with T7 promoter, SV40
promoter and CMV promoter, and can e�ciently initiate transcription of foreign genes in most cells. This makes the
infectious clones very e�cient at rescuing virus [32]. (3) During the construction of infectious clone of VS-FCV SH/14
strain, the full-length cDNA of VS-FCV SH/14 strain was inserted directly between the second exon hEF1α (exon2) and
the core sequence of hepatitis D virus ribozyme using a seamless DNA linkage technique. In the process of
intracellular transcription, the recombinant plasmid DNA will not be inserted into the end of the FCV genome RNA, so
that the e�ciency of rescuing the virus is higher and the recombinant virus obtained is closer to the parental virus. (4)
The infectious clone we constructed carries the mCherry marker gene, which allows us to quickly identify and analyze
the rescue virus by directly observing the expression of �uorescent protein under the microscope. At the same time,
our results also con�rmed that the insertion of the marker gene not only does not affect the infectivity and normal
replication of the rescued virus, but also provides a good research platform for studying the gene function and
pathogenesis of the virus.
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In the process of rescuing VS-FCV SH/14 strain, we constructed infectious clones containing poly (A) of different
lengths to analyze the effect of the length of poly (A) on the e�ciency of rescuing the virus. Our results demonstrate
that an infectious clone that successfully rescues VS-FCV must have at least a poly (A) tail containing 28 A. These
results suggest that poly (A) tail play an important role in maintaining pathogenicity and replication of FCV. Similar
conclusions have been proved in other viruses [33, 34, 35].

It has been reported that the LC coding region of FCV can allow the insertion of foreign genes and can stably express
heterologous proteins in target cells [29], indicating that FCV is a good viral vector. In this study, mCherry gene was
also inserted between the 88th and 89th amino acids in the LC coding region of VS-FCV SH/14 strain. The
recombinant virus (rVS-FCV SH/14mCherry) that stably expressed mCherry protein was successfully rescued in CRFK
cells by transfection of the chimeric infectious clone. The titer, plaque formation capacity and one-step growth curve
of the chimeric virus were similar to those of the parental virus. Because mCherry protein can emit strong red
�uorescence under the �uorescence microscope, it can be quickly and value to identify and analyze the rescue virus
by observing the �uorescence intensity of mCherry protein. This study provides a good technical platform for us to
apply reverse genetic technology to study the gene function and pathogenesis of VS-FCV.

Compared with viruses from other families, the Caliciviridae (including FCV and RHDV) genome has a short non-
coding region (5'/3' UTR) on either side of the coding region of the genome. These two UTRs, although very short,
may play an important role in Caliciviridae translation and replication. As for the function of 5' UTR, it has been
proved that it plays an important role in the translation initiation of viral proteins [36, 37, 38], but the speci�c function
of 3' UTR is not very clear. Studies have demonstrated that 3' UTR may be involved in the formation of FCV replication
and translation complex [15, 16, 17]. In order to provide further clues on the structure and function of 3' UTR, we
constructed an infectious clone with 3' UTR deletion and transfected the infectious clone into CRFK cells. By
observing the intensity of red �uorescence produced by rVS-FCV SH/14mCherryDel3UTR in infected cells, we found
that the loss of 3' UTR did not affect viral rescue, but the viral rescue e�ciency was much lower than that of
infectious clones containing full 3' UTR. In addition, when the rescued virus mutants were continued to be cultured on
CRFK cells, we also found that the ability of the virus to infect cells was signi�cantly affected. When the virus was
passed in host cells and cultured to the 7th generation, no proliferation of the virus was observed. These results
suggest that 3' UTR may not be involved in viral packaging and release, but it is important for viral infection and
replication.
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Figure 1

The construction strategy of infectious clones and mutants of VS-FCV SH /14 strain used in this study.

A. Schematic diagram of infectious clone structure of VS-FCV SH/14 strains; B. Schematic diagram of the genomic
structure of infectious clones and mutants of VS-FCV SH/14 strain.

Figure 2

Rescue viruses can produce typical cytopathogenic effects (CPE) in CRFK cells.

 a. Negative control cells; b. CRFK cells infected with rVS-FCV SH/14; c. CRFK cells infected with VS-FCV SH/14.
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Figure 3

IFA detection results of antigen expression of rescued virus and parent virus in cells.
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Figure 4

RT-PCR results of rescued virus rVS-FCV SH/14 (lane B) and rVS-FCV SH/14mCherry (lane A).

Figure 5

Electron microscope of rVS-FCV SH/14 (a) and rVS-FCV SH/14mCherry (b).

Figure 6

Plaque assay of rescued virus(c) and parent virus in cells (b). 
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Figure 7

One-step growth curve of VS-FCV SH/14, rVS-FCV SH14 and rVS-FCV SH/14mCherry.

Figure 8

Effect of 3' UTR on replication and infectivity of VS-FCV.

A. Negative control cells; B. Fluorescent image of rVS-FCV SH/14mCherry in infected cells; C. Fluorescent image of
rVS-FCV SH/14mCherryDel3UTR in infected cells; D. Fluorescent image of the 3rd rVS-FCV SH/14mCherryDel3UTR in
infected cells; E. Fluorescent image of the 5th rVS-FCV SH/14mCherryDel3UTR in infected CRFK cells; F. Fluorescent
image of the 7th rVS-FCV SH/14mCherryDel3UTR in infected cells.


