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To  gain  a better  understanding  of  the replication,  proliferation  and  infection  characteristics  of  porcine
transmissible  gastroenteritis  virus  (TGEV)  in  porcine  intestinal  epithelial  cells  (IECs),  this  study  estab-
lished  a cell  model  of  IECs  infected  with  the  Chongqing  (CQ)  strain  of TGEV.  The  morphogenesis  and
proliferative  rule  of  TGEV  in  porcine  IECs  were  investigated  using  transmission  electron  microscopy,
indirect  immunofluorescence  assays  and  real-time  fluorescence  quantitative  PCR.  Observations  under
the TEM  indicated  that  the  enveloped  viral  particles  were  roughly  spherical,  with  diameters  of between
80  and 120 nm.  The  virions  entered  porcine  IECs  by  membrane  fusion  and  the  mature  viruses  in  the  vac-
uoles  were  transported  to the  cell  membrane  before  release.  The  results  also  showed  that  from  0  to  12  h
orphogenesis
orcine intestinal epithelial cells

after TGEV  infection  of  porcine  IECs,  the  intracellular  viral  RNA  content  did  not  change  significantly.  Log-
arithmic  growth  occurred  from  12  to 36  h,  after  which  it gradually  decreased.  Moreover,  the  extracellular
RNA  content  began  to rise  at 24  h after  inoculation  and  then  reduced  gradually  at  approximately  48  h.
This  study  provided  a theoretical  foundation  for further  study  on the infection  characteristics  of TGEV  in
target  cells.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Transmissible gastroenteritis virus (TGEV), a member of the
oronaviridae, is the etiological agent of transmissible gastroen-
eritis (TGE), which is characterized by severe diarrhea, vomiting
nd dehydration in approximately 2-week-old suckling piglets
Goodwin and Jennings, 1985; Mullan et al., 1994). TGE results
n serious economic losses in swine-producing areas worldwide.
GEV has a large, 28.5 kb single-stranded positive sense RNA
enome, which comprises four structural proteins encoded by the
pike (S), membrane (M), envelope (E), and nucleoprotein (N) genes
Lai and Cavanagh, 1997; Eleouet et al., 1995). Many cell types
re susceptible to TGEV, including pig thyroid cells, swine testis
ells (ST), pig kidney cells (PK-15, IBRS-2) and salivary gland cells
Nguyen et al., 1987; Haelterman and Hutchings, 1956). IBRS-

, PK-15 and ST cell lines are used commonly to culture TGEV

n the laboratory (Chen et al., 1993). In vivo, TGEV replicates in
ntestinal epithelial cells of susceptible animals, causing cellu-
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lar degeneration, villus shortening, malabsorption and diarrhea
(Haelterman,1972; Schwegmaan-wessels and Herrler, 2006).

Most studies concerning TGEV pathogenesis in swine have
been performed in animal infection models. Only rarely have
in vitro studies been used with cell lines originating from porcine
intestines. Cell lines IPEC-1, IPEC-J2 and IPI-2I have been used in
in vitro model systems (Fangning et al., 2010; Valentina et al., 2009;
Peter et al., 2006). However, data concerning these cell lines, and
the morphogenesis and proliferation of the virus in the target cells,
are scarce. Thus, we  developed an in vitro model based on porcine
intestinal epithelial cells (IEC) infected with TGEV, and used trans-
mission electron microscopy (TEM), indirect immunofluorescence
assay (IFA) and real-time fluorescence quantitative PCR (FQ-PCR)
to investigate the infection mechanism of TGEV. TGEV N genes are
highly homologous and are essential for replication. The N gene
encodes the nucleocapsid protein, which is a highly basic protein
with a molecular mass ranging from 40 to 63 kDa, depending on
the species and strain (Escors et al., 2001). The N protein’s func-
tion involves cessation of cell division and extension of the cell
cycle to provide more suitable conditions for virus assembly (Liu

et al., 2001Motokawa et al., 1996; Kapke and Brian, 1986). This
is especially significant when the viral life cycle is longer than
that of the host cell cycle (Wurm et al., 2001). Therefore, to ana-
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Fig. 1. The replication of TGEV in porcine IECs (1000×).

Fig. 2. Fluorescence microscopy showing ST cells infected with TGEV (1000×).
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Fig. 3. Immunofluorescent s

yze the TGEV proliferation in target cells, a one-step growth curve
as constructed according to the FQ-PCR data for the transcription
ynamics of the N gene.

. Materials and methods

.1. Sources of cells and virus strains

Porcine intestinal epithelial cells (IECs) were developed in our
nstitute, and were isolated from the jejunum of a newborn piglet
unpublished data). TGEV Chongqing (CQ) strain was isolated from
ick piglets with symptoms of diarrhea (Song et al., 2015).
.2. Reagents

An anti-TGEV-NP mouse monoclonal antibody was  produced in
ur laboratory. Anti-Rabbit IgG/Cy3, Anti-mouse IgG/FITC and 4′,6′-
g of apoptotic cells (200×).

diamidino-2-phenylindole (DAPI) were purchased from Sigma
(USA). Porcine IECs were grown in Dulbecco’s modified eagle’s
medium (DMEM)/F-12 medium (GIBCO) with 10% fetal bovine
serum (FBS, GIBCO BRL) and maintained in maintenance medium
(DMEM/F-12 supplemented with 2% FBS) in a 5% CO2 incubator.

2.3. Immunofluorescence assay (IFA)

Porcine IECs were seeded on cover slips and grown to 80% con-
fluence. TGEV (2 × 106 TCID50) was  then inoculated into the cells.
After culture for 3, 6, 12, 24 and 48 h, respectively, cells were fixed
with 3% paraformaldehyde for 20 min, the cover slips were washed
three times with phosphate buffered saline (PBS), and then per-

meabilized using 0.1% Triton X-100 for 5 min  at room temperature
(RT). The primary antibodies, diluted in 1% bovine serum albumin,
were incubated with the coverslips for 1 h at RT in a humid chamber,
followed by washing three times with PBS. The secondary anti-
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Fig. 4. Morphogenesis of TGEV in exp

odies were then incubated with coverslips for 45 min  at RT. After
he last incubation step, the cover slips were washed three times
ith PBS and twice with distilled water to remove precipitates. The

overslips were embedded in 10% polyvinyl-alcohol (Mowiol) and
tored at 4 ◦C until examination under a fluorescence microscope.

To detect whether TGEV propagated in porcine IECs cells could
nfect ST cells, ST cells were infected by the supernatant of IECs
nfected with TGEV for 24 h. A monoclonal antibody against the
GEV nucleoprotein (NP), at a 1:200 dilution, was used to detect
nfected cells. The secondary antibody comprised FITC-labeled anti-

ouse IgG at a 1:200 dilution. An IFA was then performed using the
ethod mentioned above.
To demonstrate apoptosis, IECs were infected with TGEV for 3,

, 12, 24 and 48 h, and an apoptosis was detected using an anti-
aspase-3 antibody. The rabbit anti-caspase-3 antibody was used
t a 1:300 dilution, followed by incubation with a Cy3-labeled anti
abbit IgG as the secondary antibody at a dilution of 1:300. Cell
uclei were stained by incubation with DAPI for 20 min  37 ◦C. An

FA was then performed using the method mentioned above.

.4. Cell preparation for TEM

At 3, 12, and 24 h post-infection, infected and mock-infected
ells were harvested and washed with PBS (0.15 mol  L−1, pH 7.2)

wice, and fixed with 25 g L−1 glutaraldehyde at 4 ◦C for 2 h. The cells
ere scraped from the glass surface and centrifuged at 3000 × g for

0 min. The supernatant was then discarded, and the cell pellet
as resuspended in 20 g L−1 low melting agarose at 37 ◦C and cen-
tally infected porcine IECs (80000×).

trifuged at 5000 × g for 10 min. Samples were post-fixed in 10 g L−1

aqueous OsO4. After stepwise dehydration in acetone, the samples
were embedded in epoxy resin 618 and polymerized at 80 ◦C for
3 days. The embedded cells were cut into 50-nm slices and stained
with uranyl acetate and lead citrate for subsequent examination
using TEM (Hitachi H7500; Hitachi, Tokyo, Japan).

2.5. Proliferation characteristics of TGEV in vitro

2.5.1. Oligonucleotide primers
A pair of primers to amplify the N gene of TGEV was

designed according to the published sequences obtained from
GenBank at the National Center for Biotechnology Informa-
tion (NCBI) website. The primer sequences were: sense primer:
5′-TTCAACCCCATAACCCTCCAACAA-3′, and antisense primer: 5′-
GGCCCTTCACCATGCGATAGC-3′. Sangon Biotech (Shanghai, China)
Co., Ltd synthesized the primers.

2.5.2. Amplification of the N gene
Total RNA was isolated from infected porcine IECs using the TRI-

ZOL regent (Takara Biotechnology (Dalian) Co., Ltd.), according to
the manufacturer’s protocol. The following reaction mixture was
used to generate cDNAs: MgCl2 2 �L, 10 × RT Buffer 1 �L, RNase
Free dH2O 4.75 �L, dNTP Mixture 1 �L, RNase Inhibitor 0.25 �L,

AMV  Reverse Transcriptase 0.5 �L, Random 9-mer 0.5 �L, antisense
primer 0.5 �L and RNA 1 �L. The reaction conditions were: 30 ◦C
for 10 min, 42 ◦C for 30 min, 95 ◦C for 5 min, 5 ◦C for 5 min. The PCR
amplification reaction comprised forward primer 1.0 �L, reverse
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Fig. 5. The one step growth curve of TGEV in porcine IECs.
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mically, after which its proliferation slowed down. From 0h–24 h
post-infection, the extracellular TGEV RNA content did not change
rimer 1.0 �L, Ex Taq HS 0.5 �L, 5 × PCR buffer 10 �L, cDNA tem-
late 0.5 �L and 37 �L of distilled water for a total volume of 50 �L.
he PCR conditions were: 94 ◦C for 2 min, followed by 30 cycles of
NA amplification (30 s at 94 ◦C, 30 s at 55 ◦C, and 1 min  at 72 ◦C)
nd a 10 min  incubation at 72 ◦C. The PCR products were cloned into
he pMD18-T vector (Takara Biotechnology) and sequenced using
he classical Sanger dideoxy sequencing method (Takara Biotech-
ology).

.5.3. Preparation of a standard sample
The concentration of the recombinant plasmid was  determined

sing a micro-spectrophotometer. The copy number of the plasmid
as calculated and the plasmid was then subjected to a 10-fold

erial dilution (from 10−1 to 10−7 copies/�L) for use as the standard
emplate in real-time PCR method.

.5.4. Real-time PCR amplification and establishment of a
tandard curve

The standard samples were amplified using real-time PCR using
he following reaction mixture: ddH2O 8 �L, SYBR Premix Ex Taq
I 10 �L, specific primers 0.5 �L and DNA 1 �L. The reaction condi-
ions were: 39 cycles of 95 ◦C for 30s, 95 ◦C for 5 s and 54 ◦C 30s.
ne high-concentration and one low-concentration plasmid tem-
late were selected for three repeats. The average value was then
alculated, which permitted the construction of the kinetic curve
nd the standard curve.

.5.5. The one-step growth curve of TGEV
Porcine IECs were infected with TGEV CQ strain, and the super-

atant and cells were collected separately at different time points
0, 2, 4, 6, 8, 12, 24, 36, 48 and 72 h). The total RNA in the different
amples was extracted and used to produce cDNA as a template for
uantitative PCR. The PCR reaction comprised: ddH2O 8 �L, SYBR
remix Ex Taq II 10 �L, specific upstream primer 0.5 �L, specific
ownstream primer 0.5 �L and cDNA template 1 �L. The reaction
onditions were: 39 cycles of 95 ◦C for 30 s, 95 ◦C for 5 s and 54 ◦C for
0 s. The reaction for each sample was repeated three times and a
egative control was included. The copy numbers of the gene were

btained from the test sample and used to construct a one-step
rowth curve for TGEV.
l Methods 238 (2016) 6–12

3. Results

3.1. Detection of TGEV replication in porcine IECs

An indirect immunofluorescence technique was  used to observe
the distribution of TGEV in porcine IECs at different time points.
Cell nuclei stained by DAPI appeared blue, and the cytoplasm of
the control group did not generate specific fluorescence compared
with the treated cells (Fig. 1A). After 3 h, 6 h and 12 h of infection,
some green fluorescence was  observed (Fig. 1B, 1C, 1D). At 24 h after
treatment, a large amount of green fluorescence was  noted close to
the DAPI-stained cell nuclei (Fig. 1E). At 48 h, the green fluorescence
had decreased, although the nuclear fluorescence remained clearly
visible (Fig. 1F).

To determine whether ST cells could be infected by TGEV propa-
gated in IECs, the growth of TGEV in ST cells infected by the culture
supernatant of IECs was determined. The IFA results showed that
ST cells were susceptible to infection by TGEV propagated in IECs
(Fig. 2).

In addition, the apoptotic effect of TGEV from IECs was  assessed
using an anti-caspase-3 antibody. As time increased, more caspase-
3-positive cells were observed (Fig. 3), indicating that TGEV induced
apoptosis in IECs.

3.2. Morphogenesis of the TGEV virion

To confirm TGEV infection of the target cells, the morphogenesis
of the TGEV virions was observed under TEM. At 3 h after infection,
virions with high electron density were observed attached to the
membrane surface (Fig. 4B); however, very few viruses appeared
in the cytoplasm or vacuoles (Fig. 4C). At 12 h after inoculation,
the cytoplasm was filled with vacuoles containing TGEV particles
(Fig. 4D, E). Fig. 4F shows that the viral envelope was  obtained by
budding into vacuoles. Virions in vacuoles were transported to the
cell membrane (Fig. 4G), with which they fused and then released
into the extracellular space via exocytosis (Fig. 4H). At the later
stage (24 h post-infection), the Golgi complex became disaggre-
gated (Fig. 4I).

A. Uninfected porcine IECs B. Virions attached to the cytoplas-
mic  membrane (3 h post-infection); C. A few progeny virions were
observed in the vacuole (3 h post-infection); D,  E. Most of viruses
had entered the vacuole (12 h post-infection); F. Progeny viri-
ons budding into the cytoplasmic vacuole (24 h post-infection);
G. Progeny mature virions preparing to be released from porcine
IECs by exocytosis (24 h post-infection); H. Mature virions released
into the extracellular space (24 h post-infection); I. The Golgi
complex was disaggregated because of the virus infection (24 h
post-infection).

3.3. The proliferative rule of TGEV in porcine IECs

TGEV CQ strain was  used to infect porcine IECs, and the super-
natant and cells were collected at different time points for FQ-PCR.
The one-step growth curve of TGEV was plotted based on amount of
RNA for the TGEV N gene in different samples. The resulting growth
curve (Fig. 5) showed that the amount of intracellular TGEV RNA did
not change substantially during the first 12 h post-infection. From
12 h–36 h after infection, intracellular viral RNA increased logarith-
significantly. Thereafter, the viral RNA level exhibited logarithmic
growth, reaching a maximum at 36 h.
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. Discussion

TGEV can proliferate in many kinds cultured cells, especially in
T cells and PK-15 cells (Ren et al., 2008). After infection by TGEV for
6 h, ST cells showed a typical cytopathic effect, characterized by
hrinkage and rounding, and a gradual weakening of their adher-
nce ability: ultimately, the majority of the cells were floating in the
edium (Yin et al., 2004). Sirinarumitr et al. (1998) found that TGEV

ould induce apoptosis during infection of ST cells. Nuclear chro-
atin condensation and fragmentation, as well as cell shrinkage

nd cytoplasmic vacuolation, were observed in PK-15 cells infected
y TGEV.

This study showed that TGEV’s infection of porcine IECs has
 partial cytopathic phase, characterized by cells changing to a
usiform shape, pyknosis, refraction and activation of caspase 3.
owever, the cytopathic effect in IECs was not as obvious as that in
T or PK15 cells. TGEV could induce porcine IECs to undergo apo-
tosis, which is consistent with the results of Tong et al. (2011).
GEV-induced apoptosis of porcine IECs might function via block-
ng cell-cycle transfer from G1 to S phase; however, its specific

echanism requires further exploration.
Indirect IFA extends the application range of an antibody and

urther improves the detection sensitivity by labeling the specific
econdary antibodies with fluorescein for signal amplification. In
his study, both infected and uninfected cell cultures were detected
y IFA using TGEV antiserum. The results revealed the distribu-
ion of TGEV in porcine IECs clearly. At 6 h post-infection, many
GEV particles bound to goat anti-rabbit IgG-FITC showed green
uorescence when exposed to laser light and were located in the
ytoplasm. At 24 h, the fluorescence transferred to the perinuclear
rea, before decreasing gradually at 48 h. Porcine aminopeptidase

 (pAPN), a cellular receptor for TGEV, is abundantly expressed in
he membrane of porcine IECs (data not shown), which suggested
hat pAPN plays a role in mediating TGEV infection. In addition,
e demonstrated that ST cells could be infected with the culture

upernatant of IECs infected TGEV at 24 h. Taken together, these
ata indicated that IECs, which are derived from a target tissue for
orcine coronaviruses, could be infected by TGEV successfully, and
hat TGEV propagated in IECs remains infectious for ST cells.

The TGEV S protein is involved in the viral invasion process
Trincone and Schwegmaan-wessels, 2015). Combined with pAPN,
he S protein mediates the fusion of TGEV and the cell membrane,
uch that nuclear capsid is released into the cell (Gelhaus et al.,
014). A previous report also suggested that viral genome and
tructural proteins were assembled into virus particles in the area
etween the endoplasmic reticulum and the Golgi, and that the par-
icles were transported to the extracellular space through budding
f vesicles (Corse and Machamer, 2000; Lili and Masters, 2010).
ntil now, the morphology of TGEV in target cells had not explored

n detail. In this study, TGEV particles in porcine epithelial cells were
bserved to have a diameter ranging from 80 to 120 nm,  which was
onsistent with previous reports. The infectious virions entered the
arget cells by membrane fusion and mature viruses budded into
acuoles, which were gradually transported to the cell membrane
efore being released.

FQ-PCR was used to quantify TGEV inside porcine IECs in com-
arison with the SC-TGEV virus inside PK-15 cells (Dai et al., 2012).
he one-step growth curve of TGEV in porcine IECs showed that
he amount of viral RNA did not change significantly from 0 to 12 h
ost-infection, whereas Dai et al. showed that in PK-15 cells, the
NA increased rapidly from 2 to 8 h. The viral RNA displayed a log-
rithmic increase in porcine IECs from 12 to 36 h, while Dai et al.

howed that the viral RNA was maintained at high level and entered
nto stationary phase gradually. Extracellular TGEV RNA levels were
nchanged at 0 to 24 h post-infection of porcine IECs, and increased

ogarithmically until reaching maximum at 36 h, before decreasing
l Methods 238 (2016) 6–12 11

gradually. In PK-15 cells, Dai et al. demonstrated that extracellular
TGEV RNA levels increased logarithmically at 6–28 h post-infection,
and maintained relatively stable and high level at 28–32 h. The dif-
ferences between the curves indicated that differences in virulence
and cell types might lead to changes in virus replication. The one-
step growth curve of TGEV revealed the rule of virus proliferation,
and thus will provide further guidance for clarifying the infection
mechanism of TGEV.

In conclusion, this is the first study to report the proliferative
rule and morphogenesis of TGEV in porcine IECs. These results lay
the foundation for further study of the infection characteristics
between TGEV and its target cells.
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