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Abstract Porcine viral diarrhea is an acute and highly
contagious enteric disease of pigs that causes huge
economic losses worldwide. Porcine epidemic diarrhea
virus (PEDV) and transmissible gastroenteritis virus
(TGEV) are the main pathogens responsible for piglet
viral diarrhea. However, currently there is no specific drug
available for the effective treatment of viral diarrhea.
Therefore, it is necessary to seek an effective method to
diminish PEDV and TGEV infection rates. RNA inter-
ference has been applied successfully to inhibit the virus
replication. It provides a potential strategy for breeding
resistant pigs. In this study, four promoters and four short
hairpin RNA (shRNA) vectors with LoxP sites at each end
of the selectable marker genes were constructed to target
PEDVand TGEV. These vectors were then transfected into
porcine fetal fibroblasts, G418 resistant transfectants were
confirmed by PCR and transgenic SCNT porcine blas-
tocysts were obtained. These results have paved the way
for future production of marker-free transgenic resistant to
PEDV and TEGV pigs by SCNT.
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1 Introduction

Porcine epidemic diarrhea virus (PEDV) is an acute and
highly contagious enteric disease characterized by severe
enteritis, vomiting and watery diarrhea, and constitutes a

major problem for the swine industry. PEDV was first
reported in Belgium, UK in 1971[1] and PEDV infections
are a continuing problem worldwide in the swine industry.
Since December 2010, large-scale outbreaks of diarrhea
with 80%–100% morbidity and 50%–90% mortality in
suckling piglets have occurred in most Chinese provinces,
affecting even vaccinated pigs[2,3]. Investigations indicated
that these large-scale outbreaks of diarrhea were caused by
a variant of PEDV[4,5]. In 2013, new PEDVoutbreaks also
occurred in Republic of Korea, Thailand, Vietnam and the
USA.
Transmissible gastroenteritis virus (TGEV) is also

identified as one of the most important pathogenic agents
in swine. TGEV causes acute enteritis in swine of all ages,
especially in neonatal piglets, for which the mortality rate
is close to 100%[6,7], leading to severe annual economic
loss in swine-producing areas. Despite years of intensive
vaccine research, TGEV infections remain a severe
problem in the swine industry worldwide, resulting in
huge economic losses and public health concerns. Hence, it
is crucial to breed a new pig lines that are resistant to
PEDV and TGEV.
RNA interference (RNAi) is a powerful new method for

intracellular immunization against viral infection. The
introduction of small interfering RNA (siRNA) into
mammalian cells can activate RNAi, resulting in
sequence-specific degradation of the invasive RNA. It
has been applied successfully to inhibit the replication of
animal viruses[8–17], providing a potential strategy for farm
animal breeding applications. Recent advances involving
the use of RNAi-based technologies present alternative
approaches for inhibition of PEDV and TGEV replication
in vitro[18–20]. However, one problem is that siRNA cannot
entirely inhibit virus replication. It has been suggested that
siRNA activity loss of effectiveness might be caused by
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point and deletion mutation of the siRNA target site[21,22].
An RNAi vector expressing multiple shRNAs is consid-
ered to be a valuable tool for highly effective gene
suppression of single and multiple-genes targets, and can
be used to prevent the viral escape by sequence mutation.
Pigs are important economic domestic animals, there-

fore breeding new lines that resistant to PEDV and TGEV
would provide substantial benefits for pig producers.
However, there have been no attempts to use RNAi-based
technologies in pigs. In this paper, we developed a multiple
shRNA technology that targets PEDV and TGEV, and
produced transgenic pig embryos using somatic cell
nuclear transfer (SCNT).

2 Materials and methods

2.1 Sequence analysis of PEDV S gene in reference strains

The full-length nucleotide sequences of PEDV spike (S)
gene of 15 reference strains were characterized by
sequence alignment and the conserved regions of the
PEDV S gene were identified to enable shRNA design.
The multiple sequence alignments and nucleotide
sequence divergences were analyzed by DNAMAN 6.0
(Lynnon LLC, San Ramon, USA), which was also used to
constructed an homology tree from the aligned nucleotide
sequences.

2.2 Construction of multiple shRNA expression vectors

Two shRNAs were designed for PEDV. One shRNA,
previously described byWang et al.[18], is located in PEDV
ORF3. The other shRNA is located in the conserved region
of the PEDV S gene. Two shRNAs for TGEVare described
in Zhou et al.[19,20]. These shRNAs are designated as
shRNA1, shRNA2, shRNA3 and shRNA4 (Table 1). The
same single loop sequence was chosen for all the shRNAs.
The basic structure is MluI-LoxP-hU6-shRNA1-shRNA2-
mU6-7SK-shRNA3-shRNA4-hH1-LoxP-SalI, which con-
tains Eco31I+ sense+ loop+ antisense+ TTTTTT+
SacI+ Eco31I, consisting of promoter, sense target, loop,

complementary target and termination signal sequences in
that order. The basic cassette was synthesized and inserted
into the MluI/SalI sites of pGenesil-FUT1, as described in
a previous study[23], and the new construct was designated
as pLoxP-TGEV-PEDV (Fig. 1).

2.3 Cell culture and production of transgenic cells

Porcine fibroblast cells were isolated from 30 to 40 d old
fetuses and were grown in culture medium (DMEM with
15% FBS) for two passages. Twenty-four hours before
transfection, cells were seeded in each well of a six-well
plate and cultured in growth medium without antibiotics to
achieve greater than 80%–90% confluence. For transfec-
tion, the expression vector was digested by PacI and
concentrated by NaAc, with 2 mg of linear construct used
per well. FuGENE® 6 transfection reagent (Promega
Corporation, Madison, WI, USA) was used according to
the manufacturer’s instructions. When the cells had
reached confluence, the transfected cells were digested
with 0.25% trypsin-EDTA, and the digested cells were

Fig. 1 Vector expressing four shRNAs targeting PEDV and
TGEV driven by four different promoters (hU6, mU6, h7SK and
hH1)

Table 1 shRNA sequences selected to design shRNA sequences for targeting PEDV and TGEV

shRNA name Oligo nucleotide sequence (5′–3′) Gene location

shRNA1 5'-CACCTGCAGTGATGTTTCTTGGATTCAAGACGTCCAAGAAACATCACTGCA TTTTTTG-3'

5'-AGCTC AAAAAATGCAGTGATGTTTCTTGGACGTCTTGAATCCAAGAAACATCACTGCA-3'

Spike

shRNA 2 5'-TTTGCCGAGTTGAGACATATATC TTCAAGACGGATATATGTCTCAACTCGG TTTTTTG-3'

5'-AGCTC AAAAAACCGAGTTGAGACATATATCCGTCTTGAAGATATATGTCTCAACTCGG-3'

ORF3

shRNA 3 5'-CCTCGTACTGGGATCGCACATATTTCAAGACGATATGTGCGATCCCAGTAC TTTTTTG-3'

5'- AGCTCAAAAAAGTACTGGGATCGCACATATCGTCTTGAAATATGTGCGATCCCAGTAC-3'

Pol

shRNA 4 5'-TCCCGGCAAGAGCTCGTACAGTATTCAAGACGTACTGTACGAGCTCTTGCC TTTTTTG-3'

5'-AGCTC AAAAAAGGCAAGAGCTCGTACAGTACGTCTTGAATACTGTACGAGCTCTTGCC-3'

Pol
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transferred into 10-cm plates. To produce transgenic cells,
800 mg$mL–1 G418 was added at 48 h to the medium for
16 d, after which the complete fresh medium was added to
the cells. The transgenic cell clones were allowed to reach
confluence, following which they were collected for
extraction of DNA to confirm shRNA integration, and
then frozen in liquid nitrogen for somatic cell nuclear
transfer.

2.4 PCR of genomic DNA

The transgenic cell DNA was extracted from the
amplified clones, and the DNA was used as a PCR
template. The following sequences were used as
primers: 5′-GAGGGCCTATTTCCCATGAT-3′ (sense);
5′-ATTTCCGGCTGTTTTGACAC-3′ (antisense). These
sequences are located in the promoter region and silencing
target region of the shRNAs. The expected size of the
target fragment was 778 bp. The PCR amplification
conditions were 95°C for 4 min, followed by 35 cycles
of 94°C for 30 s, 55°C for 30 s and 72°C for 30 s, followed
by a final extension at 72°C for 7 min. The PCR products
were identified by agarose gel electrophoresis detection
and then confirmed by sequencing.

2.5 Production of transgenic SCNT porcine embryos

For ovary collection and oocyte in vitro maturation (IVM),
pig ovaries were collected from a local abattoir, and taken
back to the laboratory in a thermos falsk containing saline
at 37°C. In the laboratory, ovarian follicles around 3–6 mm
in diameter were aspirated using a 10 mL syringe
connected to an 18 gauge needle. The aspirated follicular
fluid was put into 15 mL centrifuge tubes to obtain
cumulus-oocyte complexes (COCs). Only COCs with
uniform ooplasm and investment of 2–3 layers of cumulus
cells were selected for IVM in medium: TCM-199
supplemented with 5% FBS, 10% porcine follicular fluid,
10 IU$mL–1 of equine chorionic gonadotrophin, 5 IU$mL–1

of human chorionic gonadotrophin, 0.8 mmol$L–1 of
L-glutamine, and 0.05 mg$mL–1 of gentamicin, and
incubated at 38.5°C and 5% CO2 in air of maximum
humidity. After IMV for 42h, the COCs were treated with
1 mg$mL–1 hyaluronidase to denude the invested cumulus
cells. Oocytes with clear perivitelline spaces, intact cell
membranes, and extruded first polar body were selected for
nuclear transfer.
For donor cells preparation, the frozen transgenic cells

were thawed and washed in T2 (TCM-199 supplemented
with 2% FBS), and only those cells showing round
morphology and smooth surface and strongly refractivity
under the microscope were used for nuclear transfer.
For the construction of somatic cell nuclear transfer

embryos, nuclear donor transgenic cells and matured
oocytes were placed in a drop of micromanipulation
solution (T2 plus 5% cytochalsin B), incubated at 100%

RH for 10–15 min. Subsequently, one matured oocyte was
fixed with a holding pipette, and the first polar body was
removed with an injection pipette. Then, a transgenic
somatic cell was injected into the perivitelline space
through the same slot. For fusion and activation, the
reconstructed couplets, after recovering for 30 min in T2,
were transferred in batches to a fusion chamber and
activated by two direct current pulses of 1.65 kV$cm–1

with a 1-s interval. Finally after electrical activation, the
couplets were washed in embryo culture media, transferred
to chemically assisted activation medium: Porcine zygote
medium 3 (PZM-3) with 10 µg$mL–1 cycloheximide and
10 µg$mL–1 cytochalasin B and incubated for 4 h. Fusion
was determined by examination under a stereomicroscope.

2.6 PCR of embryos genomic DNA

To confirm that the target shRNAs were inserted into the
genome of the transgenic blastocysts, the blastocysts
were boiled in water for 10 min, then the products were
used as a PCR template for amplification. The primers
were 5′-GAGGGCCTATTTCCCATGAT-3′ (sense) and
5′-ACTGCAGGTGTTTCGTCCTT-3′ (antisense). The
expected size of the target fragment of the vector was
255 bp. The PCR amplification conditions were 95°C for
4 min, followed by 45 cycles of 94°C for 30 s, 55°C for
30 s and 72°C for 30 s, followed by a final extension at
72°C for 7 min. The PCR products were identified by
agarose gel electrophoresis, and sequenced to confirm the
target fragments were inserted into the genome of the
blastocysts.

3 Results

3.1 S gene nucleotide sequence analysis and homology tree

The full-length nucleotide sequences of PEDV S genes of
15 field strains were determined to investigate their genetic
diversity (Fig. 2). The sequences showed that the S genes
of the 16 strains had 4146–4170 nucleotides (Table 2).
These differences were related to the presence or absence
of a number amino acids in the N terminus of different S
proteins[24].

3.2 Generation of transgenic porcine fibroblast cells

After sixteen days selection, transgenic porcine fibroblasts
cells were obtained and fresh complete medium was added
to the cells. The transgenic cell clones were allowed to
reach confluence, following which they were collected to
extract DNA to confirm shRNA integration and then
frozen in liquid nitrogen for somatic cell nuclear transfer.
Most of the cells aged, lost their ability to grow, became
grossly distorted and died after G418 selection. However,
some colonies grew well and were transferred to 60-mm
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Fig. 2 S gene of 15 PEDV strains homology tree analysis

Table 2 S gene of 15 PEDV strains analysis

PEDV Field strains Abbreviations S gene/nt S protein (aa) Accession number

CH-BJSY-2011-S BJSY 4149 1382 JQ638921.1

CH-FJND-1-2011-S FJND-1 4149 1382 JN543367

CH-FJND-2-2011-S FJND-2 4146 1381 JN315706.1

CH-FJND-3-2011-S FJND-3 4161 1386 JQ282909.1

CH-HBBD-2011-S HBBD 4170 1389 JQ638918

CH-HBQHD-2011-S HBQHD 4161 1386 JQ638922

HBMC-2012-S HBMC 4161 1386 JX163294.1

CH-JL-2011-S JL 4149 1382 JQ638924

CH-JLCC-2011-S JLCC 4161 1386 JQ638920

CH-JLGZL-2011-S JLGZL 4152 1383 JQ638923

CH-SDLY-2011-S SDLY 4161 1386 JQ638917

CH-SDQD-2011-S SDQD 4161 1386 JQ638919

HuN-S HuN 4161 1386 JQ517274.1

CV777-S CV777 4149 1382 JN599150.1

KH-S KH 4164 1387 AB548622.1
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dishes to facilitate expansion. Expression of the enhanced
reporter gene (EGFP) was checked by fluorescence
(Fig. 3). Next, we detected the transgenic cells to further
confirm the gene of interest. The results showed that the
size of the target fragment was 778 bp (Fig. 4), confirming
that the shRNAs had stably integrated into the genome of
the transgenic porcine cells. Therefore, we inferred that
these transgenic cells could be used for somatic cell
nuclear transfer.

3.3 Development of SCNT embryos in vitro

As shown in Fig. 5, after 6 days the transgenic zygotes that
expressed the EGFP had developed into blastocysts. Next,
we tested the transgenic blastocysts to confirm the gene of
interest was present. The result showed that the size of the

target fragment was 255 bp, indicating that the shRNAs
had stably integrated into the genome of the porcine
blastocysts (Fig. 6) and this was confirmed by the PCR
product sequencing (data not shown).

4 Discussion

For the development of an effective RNAi-based gene
silencing system against PEDV and TGEV, a simple
strategy would be to express multiple shRNA from
multiple promoters in one vector[25,26]. There are four

Fig. 3 The transgenic porcine fibroblast clones

Fig. 4 Identification of transgenic porcine fibroblast clones by
PCR. Lane 1, marker; Lane 2, transgenic porcine fibroblast; Lane
3, non-transgenic porcine fibroblast.

Fig. 5 Transgenic cloned embryos can be seen under a
fluorescence microscope

Fig. 6 Identification of transgenic porcine blastocyst by PCR.
Lane 1, marker; lane 2, transgenic porcine embryo; lane 3, non-
transgenic porcine embryo.
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reasons for this. (1) Expression of multiple shRNAs
inhibits gene expression and virus replication much more
effectively than a single shRNA[26,27]. (2) Given the
transfection efficiency, one vector more effectively
expresses multiple shRNAs than can be achieved by co-
transfection with multiple shRNAs vectors. (3) Multiple
shRNAs can prevent viral escape because that would
require acquisition of mutations in all shRNA-target
sites[21,22,28]. (4) Previous studies involving the expression
of multiple shRNAs employing an expression strategy in
which three or four shRNAs were expressed from the same
promoters found that this caused frequent recombination at
repeat sequences of the expression cassette, resulting in
deletion of one or two of the cassettes[2]. To prevent such
recombination, we selected four different promoters (hU6,
mU6, h7SK and hH1) that lack sequence similarity and
have well defined transcription start and termination sites
for a multiple shRNAs expression strategy.
Pol and N genes in different virus strains are highly

conserved, but the S gene is considered as the most useful
for revealing the genetic diversity of coronavirus iso-
lates[29,30]. The PEDV S protein plays a critical role by
interacting with the cellular receptor to mediate viral entry
and inducing neutralizing antibodies in the natural
host[31,32]. However, mutations resulting in viral escape
are a big problem because shRNA loses its ability to inhibit
virus replication[21,22]. Based on this principle, shRNA
encoding multiple sequence variants that target sequences
in a conserved region of the viral genome could usefully
inhibit viral escape. In this study, shRNA1 previously
described inWang et al.[18], is located in PEDVORF3. The
virus genome copies were reduced 4-fold compared to the
control. The shRNA2 targeted the S genes of 15 PEDV
strains. Two shRNAs designed to target TGEV, as
described in previous studies, reduced the pre-transfected
amounts of viral RNAs in cell cultures by 95.2%–
100%[19,20]. All the shRNAs were inserted into conserved
regions of the main PEDV and TGEV strains to inhibit
viral escape.
SCNT is one of the most effective strategies for

transgenic production of large animals. In addition, this
approach is very useful for studying issues associated with
reproduction. The efficiency of transgene integration is
extremely low, however, and selectable marker genes
(SMG) are highly effective for increasing the transgenic
cell identification rate. However, because SMGs are
integrated into genome of transgenic animals, there are
suggestions they may cause hazards to ecosystems and
when products are consumed as food[33–37], therefore the
public is concerned about the biosafety of transgenic farm
animals. It is imperative, therefore, to develop a technol-
ogy that allows the production of transgenic farm animals
without SMGs. The SMG-free technology has been
universally applied in producing transgenic plants, but
rarely in farm animals. In this study, to produce safe and
healthy transgenic pigs, we have generated a modified a

vector-based Cre-LoxP system, in which all SMGs
(neomycin, kanamycin and EGFP) are flanked by LoxP
sites. In other words, with use of Cre recombination, it will
be possible to precisely eliminate all the SMGs from
transgenic cloned pigs, which would shorten time needed
to the evaluate biosafety and could be more readily
accepted by consumers.

5 Conclusions

This is the first study targeting multiple sites in PEDVand
TGEV simultaneously. We constructed a vector-based Cre-
LoxP systems, containing four shRNAs which used four
III promoters (hU6, mU6, h7SK and hH1), to generate
transgenic SCNT porcine blastocysts. In the future, we will
be generated transgenic pigs and assessed their resistance
to PEDV and TGEV in vitro and in vivo.
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