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A B S T R A C T

Getah virus (GETV) is a mosquito-borne virus of the genus Alphavirus in the family Togaviridae and, in recent
years, it has caused several outbreaks in animals. The molecular basis for GETV pathogenicity is not well un-
derstood. Therefore, a reverse genetic system of GETV is needed to produce genetically modified viruses for the
study of the viral replication and its pathogenic mechanism. Here, we generated a CMV-driven infectious cDNA
clone based on a previously isolated GETV strain, GX201808 (pGETV-GX). Transfection of pGETV-GX into BHK-
21 cells resulted in the recovery of a recombinant virus (rGETV-GX) which showed similar growth characteristics
to its parental virus. Then three-day-old mice were experimentally infected with either the parental or recom-
binant virus. The recombinant virus showed milder pathogenicity than the parental virus in the mice. Based on
the established CMV-driven cDNA clone, subgenomic promoter and two restriction enzyme sites (BamHI and
EcoRI) were introduced into the region between E1 protein and 30UTR. Then the green fluorescent protein (GFP),
red fluorescent protein (RFP) and improved light-oxygen-voltage (iLOV) genes were inserted into the restriction
enzyme sites. Transfection of the constructs carrying the reporter genes into BHK-21 cells proved the rescue of the
recombinant reporter viruses. Taken together, the establishment of a reverse genetic system for GETV provides a
valuable tool for the study of the virus life cycle, and to aid the development of genetically engineered GETVs as
vectors for foreign gene expression.
1. Introduction

Getah virus (GETV) was first isolated from Culex mosquitoes in
Malaysia in 1955 (Porterfield, 1975), and it has been found in a variety of
mosquito and animal species (Bannai et al., 2016; Bryant et al., 2005;
Chang et al., 2006; Kamada et al., 1980; Ksiazek et al., 1981; Li et al.,
2017b; Nemoto et al., 2015; Sugiyama et al., 2009; Weaver, 2005). GETV
can cause clinical symptoms such as transient fever, rash and swollen legs
in horses (Brown and Timoney, 1998; Kamada et al., 1980; Sentsui and
Kono, 1985) and it has also been known to cause reproductive disorders
in pregnant sows as well as fever, loss of appetite, diarrhea and other
symptoms including death in piglets (Kumanomido et al., 1988; Shibata
et al., 1991; Yago et al., 1987; Yang et al., 2018). Recent reports indicate
that it can also cause fever in cattle (Liu et al., 2019) and lethal infections
in blue foxes (Shi et al., 2019). In China, GETV was first identified from
mosquitos in Hainan in 1964 (Li et al., 1992), since then
mosquito-bearing GETVs have been detected in many provinces (Li et al.,
i).
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2017b). Serological surveys have shown that infections have occurred in
multiple vertebrate species, including pigs (Ren et al., 2020; Xing et al.,
2020; Yang et al., 2018), horses (Lu et al., 2019), cattles (Liu et al., 2019),
blue foxes (Shi et al., 2019) and poultry (Li et al., 2019).

GETV belongs to the genus Alphavirus in the family Togaviridae
(Fukunaga et al., 2000). Its genome is a single-stranded, positive-sense
RNA of approximately 11.7 kb in length with the genome organization of
an alphavirus from 50 to 3': 50 untranslated region (UTR), open reading
frame (ORF) 1, 26 subgenomic promoter (SGP), ORF2, and 30UTR (Zhai
et al., 2008). TheORF1, situatedwithin two-thirds of the 50 of the genome,
encodes four nonstructural proteins (nsp1–4) that comprise the viral
transcriptase-replicase complex. The ORF2, which is in frame the
one-third of the 30 end of the genome, encodes the viral structural proteins
(C–6K-E2-E3-E1) under the control of the 26SGP, and these are translated
from sub-genomic (26S) RNA (Gould et al., 2010; Pfeffer et al., 1998).

At present, the knowledge regarding GETV tropism and pathogenesis
is limited. Little progress has beenmade toward the development of rapid
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Fig. 1. The diagram of recombinant plasmids construction. A Strategy for the construction of a full-length CMV-launched infectious clone based on the GETV isolate,
GX201808. Four fragments covering the whole genome of GETV GX201808 strain were amplified and then were assembled successively into the pBR322 vector by
using the unique restriction enzymes indicated for each fragment. A CMV promoter was placed at the 50 end of the viral genome and BGH signal sequences were placed
at the 30 end of the genome. B Strategy for the construction of GETV full-length infectious reporter clones. The sub-genomic promoter (SGP) and the restriction enzyme
sites (BamHI and EcoRI) were introduced between E1 protein and the 30UTR of pGETV-GX. The reporter genes (GFP, RFP or iLOV) were amplified and then were
assembled successively into the pBR322 vector by using unique restriction enzymes. The two introduced unique restriction enzyme sites, BamHI and EcoRI, are
underlined. The introduction of SGP is indicated by bold italic text.
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and quantitative tools to study the various aspects of the virus life cycle
and viral determinants of GETV pathogenesis. Reverse genetics is a
powerful tool that has been used to decipher the biological properties of
viruses and infectious full-length cDNA clones have been established for
several alphaviruses, such as Venezuelan equine encephalitis virus, Ross
River virus, Semliki Forest virus, Sindbis virus, Chikungunya virus and
Rubella virus (Anishchenko et al., 2004; Davis et al., 1989; Kuhn et al.,
1991; Liljestrom et al., 1991; McKnight et al., 1996; Rice et al., 1987;
Schoepp et al., 2002; Simpson et al., 1996; Vanlandingham et al., 2005;
Wang et al., 1994).

In a previous study, we were able to isolate a swine-originated GETV
strain (GX201808) from pregnant sows exhibiting reproductive disorders
in 2018 (Ren et al., 2020). Here, we report the establishment of a
full-length infectious cDNA clone based on the previously isolated GETV,
GX201808. Using the established CMV-driven cDNA clone, a reporter
expression cassette containing a sub-genomic promoter (26SGP) and
GFP, RFP or iLOV was inserted to the region between E1 protein and the
30UTR. The establishment of a reverse genetic system of GETV provides a
new mean for further study of this virus and also can be used as a vector
for the expression of heterologous genes.

2. Materials and Methods

2.1. Cell, virus, plasmids and antibodies

PK-15 and BHK-21 cells were cultured in Dulbecco's Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) as described
in our previous study (Wang et al., 2020). BHK-21 cells were used for the
initial transfection with DNA plasmids for recovery of recombinant vi-
ruses and virus passages. PK-15 cells were used for plaque assays. The
GETV isolate, GX201808 (GenBank no. MT269657), was isolated from
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the sera of pregnant sows exhibiting reproductive disorders in 2018 in
Guangxi Province, China (Ren et al., 2020). Polyclonal antibodies against
E2 (anti-GETV-E2 PcAb) were generated as described previously (Ren
et al., 2020).

2.2. Construction of GETV full-length infectious cDNA clone

Viral RNA of plaque purified GX201808 was extracted using the Viral
DNA/RNA Mini Prep kit (Axygen AXY) according to instructions pro-
vided by the manufacturer and this was used for synthesis of cDNA with
random hexamers. Four fragments (S1, S2, S3 and S4) covering the whole
genome of the virus were amplified by RT-PCR with PrimeSTAR®DNA
Polymerase (Takara Bio, Inc., Dalian, China). The infectious cDNA clone
was established using the four pairs of primers listed in Supplementary
Table S1.

In order to introduce two additional enzyme digestion sites (PacI and
MluI) into the pBR322 vector, a fragment was amplified by PCR using
vector pBR322 as a template with primers PBR322PacI-381F and
PBR332MluI-978R. The fragment was then digested with BamHI and
NruI and ligated into similarly digested pBR322, resulting a modified
pBR322-BM vector. The fragment containing a CMV promoter flanked
with a PacI site at the 50 end and two sites (XbaI and NruI) at the 30 end
were amplified by PCR with primers CMV-F and CMV-X-NR (Supple-
mentary Table S1). The fragment containing bovine growth hormone
polyadenylation signal (BGH) sequence and two enzymes digestion sites
(MluI and NruI) was amplified by PCR with primers BGH-MluI-F and
BGH-NruI-R.

The procedure used for the construction of a full-length cDNA clone of
GX201808 is shown in Fig. 1A. Briefly, the CMV fragment was digested
with PacI and NruI and then ligated into a similarly digested pBR322-BM
using T4 DNA ligase, generating a pBR322-CMV plasmid. Using the same
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strategy, the remaining PCR fragments were digested with the appro-
priate restriction enzymes (XbaI and NruI for S1, NruI for S2, BglII and
MluI for S3, SrfI and MluI for S4 and MluI and NruI for BGH) and then
ligated into a similarly digested recombinant plasmids obtained in the
previous steps. The nucleotide at the 1001th position in the E1 gene was
mutated fromG to C by PCRwith the designed primers TY-BstbI-TB-F and
TY-MluI-R to create a restriction enzyme site (BstBI), which was subse-
quently used as a genetic marker to distinguish the cloned virus from the
parental one. The CMV-launched infectious clone of GETV strain
GX201808 produced was named pGETV-GX. The entire nucleotide
sequence of the infectious clone pGETV-GX was determined in order to
confirm its integrity by using primers as described in our previous study
(Ren et al., 2020).

The construction strategy for reporter genes expression based on
pGETV-GX is shown in Fig. 1B. To construct recombinant viruses
expressing reporter genes, the sub-genomic promoter and the restriction
enzyme sites (BamHI and EcoRI) were inserted to the region between E1
protein and the 30UTR of pGETV-GX. Briefly, the fragment PCR1 was
amplified by PCR using pGETV-GX as a template with primers TY-BstbI-F
and 44 sgp 30UTR-R. The fragment PCR2 was amplified by PCR using
pGETV-GX as template with 44 sgp 30UTR-F and TY-MluI-R. The second
round of fusion PCR3 was performed using PCR1 and PCR2 fragments as
the templates with primers TY-BstbI-F and TY-MluI-R. The resulting
fusion PCR products containing a sub-genomic promoter and two re-
striction enzyme sites (BamHI and EcoRI) were cloned into a simple
PMD19-T vector, creating a shuttle plasmid p19T-44sgp.

Different reporter genes (iLOV, GFP and RFP) were then cloned into
the p19T-44sgp plasmid by using restriction enzyme sites BamHI and
EcoRI, which generated shuttle plasmids p19T-44-iLOV, p19T-44-GFP
and p19T-44-RFP, respectively. The expression cassettes within p19T-44-
iLOV, p19T-44-GFP or p19T-44-RFP containing the sub-genomic pro-
moter and reporter genes were released by BstBI and MluI and then
cloned into the pGETV-GX vector, creating pGEE3iLOV, pGEE3GFP and
pGEE3RFP recombinant plasmids.
2.3. DNA transfection and virus passage

The recombinant plasmids were purified with the Endo-free Plasmid
Mini Kit II (Omega, Japan) according to the manufacturer's instructions.
BHK-21 cells were transfected with 2 μg recombinant plasmids using
Lipofectamine 2000 (Thermo Fisher, Waltham, MA, USA) according to
instructions provided by themanufacturer. For virus rescue, 300 μL of the
BHK-21 cell culture supernatants were harvested at 48 h post transfection
(hpt) and served as the passage 0 (P0) of the rescued virus. The P0 virus
was then inoculated into fresh BHK-21 cells. When 80% cytopathic ef-
fects (CPE) were observed, the supernatants were harvested from the cell
cultures and designated as passage 1 (P1). Using the same protocol, 10
subsequent passages were produced and designated P1 to P10.
2.4. Indirect immunofluorescence assay

BHK-21 cell monolayers were used for assessing GETV E2 protein
expression as described previously (Ren et al., 2020). BHK-21 cells were
inoculated with either parental or rescued viruses at 0.1 multiplicity of
infection (MOI). At 24 hpi, the infected cells were washed twice with
PBS, followed by fixation in cold methanol, and then blocked with 1%
BSA (bovine serum albumin fraction V; Roche, Mannheim, Germany) at
room temperature. The BHK-21 cells were incubated with anti-GETV-E2
PcAb (1:100) at 37 �C for 2 h. After washing with PBS five times, the cells
were treated with either goat anti-rabbit IgG H&L (Alexa Fluor® 488,
green) or goat anti-rabbit IgG H&L (Alexa Fluor® 594, red) for 1 h at 37
�C and then washed five more times with PBS. The cell nuclei were
counterstained with DAPI (Beijing Solarbio Science & Technology Co.
Ltd.). Finally, images were captured using an Olympus inverted fluo-
rescence microscope equipped with a camera.
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2.5. Plaque assay

Viral plaque assays were performed using PK-15 cells grown to 100%
confluency in six-well plates as described previously (Ren et al., 2020).
Briefly, serial 10-fold dilutions were made with mixtures of 100 μL of
viral samples and 900 μL of EMEM. PK-15 cells were inoculated with 300
μL of each dilution. After 1 h inoculation, the cell monolayers were
overlaid with a 3 mL mixture of EMEM, containing 2% FBS and 1% low
melting agarose (Cambrex, Rockland, ME, USA). The cells were incu-
bated for 2 days at 37 �C in 5% CO2. After careful removal of the media,
the cells then were fixed with 4% paraformaldehyde for 6 h, and then
stained for 15 min with 3 mL of staining solution containing 25%
formaldehyde and 0.5% crystal violet. Visible plaques were observed
after washing the plates with tap water.

2.6. Multi-step growth curve

BHK-21 cell monolayers in 6-well plates were infected with the
rescued (P3) and parental viruses (P3) at an MOI of 0.1. After 1 h incu-
bation at 37 �C, the BHK-21 cells were washed three times with PBS and
then cultured in DMEM containing 2% FBS (Gibco, USA). At 6, 12, 18, 24,
36 and 48 hpi, 300 μL of cell supernatants were collected. The virus titers
at indicated time points were determined by calculating the TCID50 in
BHK-21 cells using the Reed-Muench method. Each experiment was
repeated independently three times and the SD was calculated.

2.7. Genetic stability of recombinant viruses

To test the stability of reporter genes in the recombinant viruses,
these viruses were passaged serially in BHK-21 cells at anMOI of 0.1 from
the first (P1) to the tenth passage (P10). The viral RNA samples obtained
were extracted and then reverse transcribed into cDNA using the Viral
DNA/RNA Mini Prep kit (Axygen AXY) according to the manufacturer's
instructions. Genetic stability of exogenous reporter genes from the
passaged recombinant viruses were verified by RT-PCR with the primers
TY-BstbI-F andMluI-4R. The PCR products were subsequently cloned and
sequenced.

2.8. Experimental infection of mice

The animal experiments were carried out in accordance with the
guidelines issued by Animal Care & Welfare Committee of Guangxi
University (GXU2019-043). Thirty three-day-old suckling Kunming mice
(Charles River, Beijing) were randomly divided into three groups of ten.
Two groups of mice were inoculated with 30 μL 106 PFU/mL of parental
and cloned viruses by the intracerebral (IC) route, respectively. Mice in
the control group were inoculated intra-cerebrally with 30 μL DMEM.
The suckling mice were housed under optimal conditions. Each group of
mice was observed daily from 0 dpi to 7 dpi for determination of
morbidity (body weight and behavioral changes) and mortality
(survival).

2.9. Viral detection, virus titration and histopathological examination

Brain tissues from mice were collected for viral detection, virus
titration and histopathological examination. The brain samples were
processed in PBS (0.1 g/300 μL, weight/volume). 200 μL of each sample
was used for extraction of RNA using the Prep Body Fluid Viral DNA/
RNA Mini Prep kit (Axygen AXY). RT-PCR was then performed to detect
GETV using primers as described in a previous study (Li et al., 2017a).
Virus titrations of brain tissues suspensions were performed by endpoint
limiting dilution. Each sample was subjected to ten-fold serial dilutions in
DMEM media containing 2% FBS and then these were inoculated into
monolayers of BHK-21 cells cultured in 96-well plates. The virus titers
were determined by calculating the TCID50 in BHK-21 cells using the
Reed-Muench method. For histopathology examination, tissues of brain



Table 1
Summary of the nucleotide and amino acid differences between the infectious
cDNA clone, pGETV-GX (P1), and the parental virus GX201808

Nucleotide position within
the GETV genome

GX201808 pGETV-
GX

Amino acid
change

Gene
position

3735 T C I→I NSP2
6827 C T P→L NSP4
7120 G A E→K NSP4
8406 C T H→Y E3
10777 G A G→E E1
10780 G A S→N E1
10972 G C W→S E1
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sections were fixed in 4% paraformaldehyde, rimmed, processed and
embedded in paraffin. Then 4–6 μm sections were cut and fixed on mi-
croscope slides, stained with hematoxylin and eosin (H&E).

2.10. Statistical analysis

The mean virus titers, survival rates and body weight of mice in each
group infected with cloned and parental viruses were analyzed for sig-
nificant differences between groups by one-way analysis of variance
(ANOVA) (Statistical Analysis System; SAS 9.1 for windows; SAS Institute
Inc., Cary, NC, USA). A P-value of less than 0.05 was considered statis-
tically significant.

3. Results

3.1. Construction of a full-length infectious cDNA clone of Getah virus

Four fragments covering the whole genome of the GETV strain,
GX201808, were cloned into the pBR322 vector as described in the
Methods and are shown in Fig. 1A. The full-length cDNA clone contains a
Fig. 2. Recovery and characterization of recombinant virus derived from the Getah vi
cloned virus rGETV-GX for 36 hpi. B IFA analysis of the E2 protein expression in BHK
anti-GETV-E2 PcAb and goat anti-rabbit IgG H&L (Alexa Fluor® 488, green). Scale ba
fragment containing the genetic marker, BstBI, was amplified using RT-PCR from RNA
The BstBI restriction site sequence is underlined. D Growth curves of the cloned and p
an MOI of 0.1. The viral titers were determined as TCID50 and the values obtained w
GX201808 and cloned viruses. Monolayers of PK-15 cells in six-well plates were infec
agarose and stained with crystal violet at 48 hpi.
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CMV promoter at the 50 end of the viral genome, the 11691 nt full-length
genome of GETV GX201808, a 15 nt poly (A) tail at the 30 end of the
genome, followed by BGH signal sequences. The resulting infectious
clone of the recombinant GETV GX201808 strain was named pGETV-GX.
Sequence comparison between the DNA sequences of pGETV-GX (P1)
and the full-length sequences of the parental GETV GX201808 strain
showed seven nucleotide differences (Table 1). A nucleotide G at position
10972 in the E1 gene was mutated artificially into a C to create a BstBI
restriction enzyme site that could be used as a genetic marker. There
were also a T3735 to C3735 mutation in the NSP2 gene, C6827 to T6827
and G7120 to A7120 mutations in the NSP4 gene, a C8406 changed to
T8406 in the E3 gene as well as G10777 to A10777 and G10780 to
A10780 mutations in the E1 gene. The changes of the amino acids caused
by these nt mutations are shown in Table 1.
3.2. Generation and characterization of recombinant virus derived from
the Getah virus full-length cDNA clone

The full-length infectious cDNA clone, pGETV-GX, was directly used
for DNA plasmid transfection into BHK-21 cells. The supernatants of the
transfected cells were harvested at 48 hpt and served as the passage
0 (P0) virus which was then used to inoculate fresh BHK-21 cells for
serial passages. Typical CPE were observed in BHK-21 cells at 24 hpi
(Fig. 2A). IFA was performed to detect the expression of E2 protein in the
rescued virus. As shown in Fig. 2B, there was positive intracellular
expression of E2 protein in the rGETV-GX-infected cells but not in mock-
infected BHK-21 cells. To exclude the possibility that the recovered virus
was due to contamination by the parental virus, the introduced genetic
marker in E1 of the cloned virus (P3) was amplified and sequenced. The
results showed the genetic marker at position 10972 nucleotide in the E1
gene of the cloned virus was retained (Fig. 2C), confirming that the
cloned virus is capable of replication. The growth kinetics of the cloned
rus full-length cDNA clone. A Cytopathic effects in BHK-21 cells infected with the
-21 cells. BHK-21 cells infected with rGETV-GX were fixed and stained using an
r ¼ 100 μm. C Identification of the genetic marker in the rescued virus. The PCR
extracted from the recombinant virus. The PCR products were then sequenced.

arental viruses. BHK-21 cells were infected with recovered or parental viruses at
ere the means of three independent experiments. E Plaque morphology of GETV
ted with cloned or parental viruses. The cell monolayers were overlaid with 1%



Fig. 3. Pathogenicity of the parental and cloned Getah viruses in mice. Two
groups of mice (n ¼ 10 in each group) were inoculated intracerebrally with 30
μL 106 PFU/mL of parental and cloned viruses, respectively. Mice in the control
group were inoculated intracerebrally with 30 μL DMEM. A The morbidity of the
parental and cloned Getah viruses infected mice (Clinical Score: 0-healthy, 1-
Depression, lethargy, respiratory distress, 2-limb paralysis and diarrhea, 3-Mori-
bund or death). B Comparison of the average body weights among different
groups of mice. C Survival curves of 3-day old mice after inoculation of the
parental or rescued viruses. All ten mice in the control group remained alive and
in healthy condition.
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(P3) and parental viruses were compared. BHK-21 cells were infected
with each of the virus types at an MOI of 0.1 and harvested at 6, 12, 18,
24, 36 and 48 hpi. The results showed that the cloned virus possessed
growth kinetics similar to that of the parental virus, as shown in Fig. 2D.
Plaque morphology of these viruses was further determined. As shown in
Fig. 2E, the plaque size produced by the cloned virus was slightly smaller
than that of the parental virus. These results indicate that the cloned virus
possesses in vitro growth properties similar to those of the parental virus.
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In order to determine the genetic stability of the genomes of the
cloned viruses, these were serially passaged five times (P1 through P5) in
BHK-21 cells. The full-length genome of P5 recovered virus was
sequenced. Sequence comparison between pGETV-GX and the P5
recovered virus showed 3 nucleotide differences. There was a G3469 to
A3469 mutation in the NSP2 gene. In addition, G10637 to A10637 and
C11039 to T11039 mutations were found in the E1 gene. The changes of
the resultant amino acids caused by these nucleotide mutations are
shown in Supplementary Table S2.

3.3. Pathogenicity of the parental and cloned Getah viruses in mice

Thirty three-day-old suckling mice were randomly divided into three
groups and infected with either parental GX201808 virus (n ¼ 10; group
1), cloned rGETV-GX virus (n ¼ 10; group 2) or DMEM as a negative
control (n ¼ 10; group 3). All mice in groups 1 and 2 developed clinical
symptoms, including respiratory distress, lethargy, diarrhea, hind limb
weakness and difficulties in movement (Fig. 3A). Slow weight gain fol-
lowed by weight loss was also observed in these mice (Fig. 3B). None of
the mice in group 3 inoculated with DMEM showed any clinical symp-
toms or weight loss. Suckling mice in the parental virus group started to
die at 2 dpi and all the mice died by 5 dpi. Suckling mice in the cloned
virus group started to die at 4 dpi and all the mice died by 7 dpi (Fig. 3C).

Total RNA from the brain samples of mice infected with both parental
and recombinant viruses were determined by RT-PCR. As shown in
Fig. 4A, the expected bands were detected in all mice from Groups 1 and
2. The infectious GETV particles in the brain samples of all the mice were
quantified by TCID50. As showed in Fig. 4B, the infectious viruses were
detected in parental GX201808 virus (group 1) infected and rGETV-GX
(group 2) infected mice brains. The levels of viral titer in the brains of
mice from group 1 (average level, 8.21 � 104 TCID50/0.1 g) was slightly
higher than those from group 2 (6.88 � 104 TCID50/0.1 g). But the dif-
ference between the two groups was not significant (P > 0.05). A path-
ological examination of brain samples was carried out in mice from
Groups 1 and 2, as well as in the control group. Histopathological results
showed that cerebellar nerve cells of mice in group 1 and 2 were
observed varying degrees of degeneration or necrosis, uneven or dense
cytoplasmic, nucleus condense or dissolution, and sparse or vacuolar
degeneration of nerve fibers (Fig. 4C). But these histopathological
Fig. 4. Detection of parent and cloned Getah viruses
in mice. A Agarose gel pictures showing the specific
DNA fragment generated by RT-PCR using the RNA
extracted from brain tissues of mice infected with
parental and cloned viruses. M, DNA ladder. Numbers
1 to 10 represent brain tissues of different mice. B
Infectious virus titers were quantified by a TCID50

assay. Parental virus and cloned viruses were extrac-
ted from brain samples of mice. C Histopathological
analysis (hematoxylin and eosin staining) of brain
tissues from mice infected with parental virus and
cloned viruses, as well as control group. Scale bar ¼
100 μm.



Fig. 5. Recovery and expression of GETV with insertion of a reporter gene in E1 and 30UTR. A Cytopathic effects in BHK-21 cells infected with the reporter viruses and
recombinant virus, rGETV-GX. B Expression of reporter auto-fluorescence. BHK-21 cells were seeded in six-well plates and infected with reporter viruses. At 18 hpi,
live cells were imaged with a fluorescence microscope. C IFA of BHK-21 cells infected with the reporter viruses and cloned virus, rGETV-GX. The IFA analysis was
performed at 24 h after infection using an anti-GETV-E2 PcAb as primary antibody and goat anti-rabbit H&L IgG as secondary antibody. To avoid fluorescence
interference, IFA analysis of rGEE3iLOV and rGEE3GFP used goat anti-rabbit IgG H&L (Alexa Fluor® 594, red) as secondary antibody. IFA analysis of rGEE3RFP used
goat anti-rabbit IgG H&L (Alexa Fluor® 488, green) as secondary antibody. rGETV-GX used two secondary antibodies as controls. Scale bar ¼ 100 μm.
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changes were not observed in the control group (Fig. 4C). These results
indicated that both parental and cloned viruses could infect and replicate
in mice, while cloned virus displayed a milder form of pathogenicity
compared to the parental virus in this mouse model.
3.4. The Getah virus infectious clone as a vector for expressing reporter
genes

BamHI and EcoRI sites were inserted between E1 and 30UTR of the
infectious clone, pGETV-GX, in order to be able to insert heterogenous
genes conveniently into the genome. A synthetic SGP sequence was
inserted immediately before the BamHI site for the transcription of the
introduced foreign genes. The resulting clone was designated pGEE3BE
(Fig. 1B). Subsequently, different reporter genes (iLOV, GFP and RFP)
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were inserted into the pGEE3BE plasmid by using the introduced BamHI
and EcoRI sites, creating recombinant plasmids pGEE3GFP, pGEE3RFP
and pGEE3iLOV. BHK-21 cells were then transfected with the recombi-
nant plasmids. After the supernatants collected from transfected cells
were inoculated into fresh BHK-21 cells, CPE were observed at 24 hpi as
shown in Fig. 5A. The live GFP, RFP and iLOV-expressing cells were
visible in cells inoculated with rGEE3GFP, rGEE3RFP and rGEE3iLOV,
but not in rGETV-GX, rGEE3BE andmock-infected BHK-21 cells (Fig. 5B).

In order to confirm the expression of E2 proteins, cells infected with
recombinant viruses were incubated with anti-GETV-E2 PcAb and then
stained with green or red secondary antibodies of goat anti-rabbit IgG
H&L. As shown in Fig. 5C, the E2 proteins could be detected in BHK-21
cells infected by rGETV-GX, rGEE3BE, rGEE3GFP, rGEE3RFP and
rGEE3iLOV but not in mock-infected BHK-21 cells. To determine the



Fig. 6. Growth kinetics and plaque morphology of
recombinant GETVs with insertion of a reporter gene
in E1 and 30UTR. A Multi-step growth kinetics of re-
porter viruses in BHK-21 cells. Cells in six-well plates
were infected with reporter viruses or cloned virus,
rGETV-GX, at an MOI of 0.1, and the virus titers of the
culture supernatants collected at the indicated time
points after infection were determined by TCID50.
Average titers with standard deviations (error bars)
from three independent experiments are shown. B
Comparison of viral plaque morphology among
different recombinant viruses. BHK-21 cells in six-well
plates were infected with ten-fold serially diluted re-
combinant viruses, cultured in EMEM containing 1%
agarose overlay, fixed at 2 d.p.i., and stained with 1%
crystal violet.
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replication characteristics of reporter viruses, multi-step growth kinetics
and plaques of the recombinant viruses were analyzed. The multiple-step
growth curves displayed similarities of the growth behavior between the
cloned and parental virus. However, the time points for appearance of the
peak titers of the reporter viruses delayed compared to the parental virus
(Fig. 6A). The recombinant viruses showed plaque phenotypes which
were similar to those of the parental virus in PK-15 cells (Fig. 6B).
3.5. The reporter GETVs are genetically unstable

In order to determine the genetic stability of reporter genes in the
genomes of the recombinant viruses, the viruses were serially passaged
ten times (P1 through P10) in BHK-21 cells. The P1, P3, P6 and P10 of
each reporter virus was used to infect BHK-21 cells, and live cells were
imaged at 24 hpi to evaluate the expression of reporter proteins. As
shown in Fig. 7A, green fluorescence was detected in most of the BHK-21
cells inoculated with P1, P3 and P6 rGEE3GFP reporter virus. And the
number of cells showing green fluorescence markedly decreased in BHK-
21 cells cultures infected with P10 rGEE3GFP virus. Similarly, red fluo-
rescence was also detected in the BHK-21 cells infected with P1, P3 and
P6 rGEE3RFP reporter virus but decreased dramatically with P10 virus.

All of the BHK-21 cells infected by P1, P3, P6 and P10 rGEE3iLOV
reporter virus showed strong green fluorescence signals. To further
confirm the stability of these reporter viruses, the genomic region con-
taining the reporter gene insertions of P1–P10 reporter viruses and the
parental virus were amplified by RT-PCR and then sequenced. As shown
in Fig. 7B, an expected 0.72 kb band was detected from the RT-PCR
products of GX201808 parental virus. A 1.49 kb PCR product was ob-
tained using P1–P7 rGEE3GFP virus or pGEE3GFP plasmid as a template
and a small DNA fragment of 0.72 kb was obtained for the P8–P10
rGEE3GFP virus. A smaller PCR product of 0.72 kb became apparent and
gradually stabilized in addition to the 1.55-kb DNA fragment when using
the P1–P10 RT-PCR products of rGEE3RFP virus as templates. Each of the
P1–P9 rGEE3iLOV RNAs extracted from BHK-21 cells displayed a specific
band of 1.16 kb. In addition to this band, a small DNA fragment of 0.72
kb was obtained using P10 rGEE3iLOV RT-PCR products as the template.
These results indicate that the reporter viruses are not stable during
passaging in BHK-21 cells.

The smaller sized PCR products generated from the passaged reporter
viruses (rGEE3GFP, rGEE3RFP and rGEE3iLOV) were cloned into a
pMD18-T vector and then sequenced. The sequences of the smaller sized
PCR products were aligned to the respective parental reporter virus
sequence. The results showed that the three different rGEE3GFP,
rGEE3RFP and rGEE3iLOV reporter viruses produced nucleotides de-
letions of different lengths. The reporter virus genomes contained
different patterns of nucleotide deletions that included not only the
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entire reporter genes, but also the introduced SGP and restriction sites
and up to 238 nucleotides in the 30UTR region (Fig. 7C).

4. Discussion

In the present study, we successfully developed a reverse genetic
system for the GETV strain, GX201808. The established CMV-driven
cDNA clone (pGETV-GX) was both replication competent and infec-
tious. The full-length infectious cDNA system for GETV is under the
control of a CMV promoter. Viral genomic RNA transcripts could be
produced after transfection of the full-length GETV DNA plasmid into
permissive cells. BGH added at the end of GETV genome can maintain the
integrity of the 30 terminal of GETV genome. It increases the rescue ef-
ficiency of the GETV infectious clone and also reduces labor and exper-
imental costs of the process (Aubry et al., 2015; Perrotta and Been, 1991).
Compared with parental virus, the GETV cDNA clone contains 7 nucle-
otide mutations located in NSP2, NSP4, E3 and E1 genes, which resulted
in six amino acids changes to the protein sequence. These mutations may
have been introduced during the process of the amplification and cloning
of GETV RNA genome or due to the appearance of RNA quasispecies of
the parental virus.

In infected cells, the growth kinetics of the cloned rGETV-GX virus
was found to be similar to parental virus. Mice infected with either
cloned or parental viruses showed similar clinical symptoms, mortality,
and histopathologic features in brain samples. However, the time of
death for mice in the cloned virus group was delayed compared to the
parental virus group. Previous studies have shown that mutations in key
sites can indeed affect the replication ability and virulence of alphavi-
ruses (Davis et al., 1986, 1991; Ferguson et al., 2015; Kinney et al.,
1993). Whether the in vivo pathological differences were caused by the 6
nt mutations in the cloned virus genome needs further study.

Reverse genetic systems are valuable tools to study the various as-
pects of the virus life cycle and can also be developed as vectors in order
to express heterogenous genes. Several strategies have been adopted to
express exogenous genes in alphaviruses (Sun et al., 2014). The most
common strategy is the double-sub-genomic promoter (DSP) design
(Caley et al., 1999; Pugachev et al., 1995). In this strategy, a novel
sub-genomic promoter is inserted either between E1 protein and 30UTR
or immediately after the nonstructural proteins in the genome sequence.
The foreign gene of interest would be placed under the control of the
introduced sub-genomic promoter, allowing the synthesis of
sub-genomic (sg) mRNA for expression of the foreign protein. In this
study, we placed an additional sub-genomic promoter and different re-
porter genes (GFP, RFP and iLOV) in the region between the E1 protein
and 30UTR of GETV genome based on the established GETV infectious
clone. The GFP, RFP and iLOV-tagged GETV were found to be both



Fig. 7. The reporter GETVs are genetically unstable. A Analysis of the stability of reporter genes in the genomes of recombinant viruses in cells. Expression of reporter
auto-fluorescence during serial passages of reporter viruses. BHK-21 cells were seeded in 6-well plates and infected with P1, P3, P6 and P10 viruses. At 24 hpi, live
cells were imaged with a fluorescence microscope. B Agarose gel pictures showing the DNA fragment covering the reporter gene insertion region as generated by RT-
PCR using the RNA extracted from cells infected with P1–P10 reporter viruses. C Diagram of nucleotide deletions detected in the genomes of passaged reporter viruses.
Internal deletions found in the genomes of rGEE3GFP, rGEE3RFP and rGEE3iLOV after these viruses were passaged in cells. The E1, reporter genes and 30UTR se-
quences are indicated by white boxes. The introduced SGP, BamHI restriction site and EcoRI restriction site are indicated by the black, green and blue boxes,
respectively. The numbers above the boxes indicate the nucleotide boundaries of the inserts, 30UTR and internal deletions. The deleted regions are indicated by the
dotted lines.
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replicative competent and infectious. The insertion of the reporter gene
impaired viral replication in cells slightly, which may lead to the delayed
appearance of the peak virus titers.

The stability of foreign gene expression in DSP-based expression
vectors should be monitored carefully, as stable expression of these genes
is important during cell culture and vaccine applications. In this study,
the reporter genes in the GETV genome were found to be genetically
unstable after successive passages in cultured cells. The number of cells
showing green and red fluorescence decreased markedly in BHK-21 cell
cultures infected with either P10 rGEE3GFP or P10 rGEE3RFP virus.
However, all of the BHK-21 cells infected with P10 rGEE3iLOV reporter
virus which carried a smaller size of reporter gene (iLOV; 336 nucleo-
tides) showed strong green fluorescence signals. The reason for this may
be that the length and structure of the different reporter genes within
alphaviruses produce different expression levels of the different reporter
genes (Thomas et al., 2003).

Mutants with deletions in the reporter genes emerged in all three
reporter viruses. Recombinant viruses expressing the RFP gene were
more likely to produce deletion mutants in this gene compared to the
reporter genes. Deletions in the RFP gene were detected in the P1–P10
RFP reporter virus RNA samples. Nucleotide deletions in the GFP gene in
GFP reporter virus occurred at P1 and became dominant by P8–P10.
GETV mutants with deletions in the iLOV genes emerged at P10. In a
previous study, firefly luciferase (fLuc; 1650 nucleotides) and nanoLuc
(nLuc; 513 nucleotides) were inserted between the E1 protein and 30UTR
of four different alphaviruses. The results showed that nLuc expression
was substantially more stable than fLuc expression during repeated
rounds of infection in vitro regardless of the type of virus used (Sun et al.,
2014). The phenomenon of instability for double sub-genomic viruses
has also been described in several alphaviruses species (Brault et al.,
2004; Higgs et al., 1995, 1999; Pierro et al., 2003; Pugachev et al., 1995;
Vanlandingham et al., 2005). The duplicated 26S promoter involving
recombination events may account for instability of some DSP-based
alphavirus vectors (Pugachev et al., 2000).

The reporter virus genomes contained different patterns of nucleotide
deletions, including partial or entire nucleotides deletions of the reporter
genes as well as the introduced SGP and restriction sites. Interestingly, a
large fragment deletion of up to 238 nucleotides was detected in genomes
of the 30UTR of passaged reporter viruses. Numerous studies have shown
that natural or engineered nucleotide deletions in the 30UTR of several
alphaviruses may contribute to the adaptive potential and transmission
by mosquito vectors (Chen et al., 2013; Filomatori et al., 2021; Garcia--
Moreno et al., 2016; Hawman et al., 2017; Hyde et al., 2015; Kuhn et al.,
1990). The biological properties of nucleotide deletions in 30UTR of
passaged reporter viruses need to be further studied. Although these
reporter genes exhibit instability during multiple passages in cell culture,
VP7 protein of bluetongue virus inserted at the same position in the
Sindbis virus could induce a similar level of VP7-specifific antibodies in
vaccinated mice, compared with fusion into structural proteins which
have higher expression stability. Similar results were also displayed by
another study in Sindbis virus (Pugachev et al., 1995). It shows stabilities
of exogenous genes might not be able to influence the immune responses
to the expressed proteins in vivo (Thomas et al., 2003). Therefore, it ap-
pears that the stability of the recombinant viruses is not necessarily a
critical factor for the induction of immunity in cell culture.

5. Conclusions

We successfully developed a reverse genetic system for an emerging
GETV and determined the growth and pathogenic properties of the
parental and cloned viruses. Furthermore, we inserted three reporter
genes between the E1 protein and the 30UTR in the genome of GETV
based on the established infectious cDNA clone. We believe that the
establishment of a reverse genetic system for GETV will provide a useful
tool for further study of this virus as well as to aid the development of a
new alphavirus vector.
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