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1. Introduction

Group A rotaviruses (RVAs) are one of the 8 rotavirus
species recognized in the Reoviridae family (Matthijnssens
et al., 2012), and are responsible for severe gastroenteritis,
primarily in children <5 years of age as well as the young of
many mammalian species (Estes and Kapikian, 2007;
Gentsch et al., 2005). In humans, RVA infections result in
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A B S T R A C T

G9 group A rotaviruses (RVAs) are considered important pathogens in pigs and humans,

and pigs are hypothesized to be a potential host reservoir for human. However, intestinal

and extra-intestinal pathogenicity and viremia of porcine G9 RVAs has remained largely

unreported. In this study, colostrum-deprived piglets were orally infected with a porcine

G9P[23] or G9P[7] strain. Histopathologically, both strains induced characteristic small

intestinal lesions. Degeneration and necrosis of parenchymal cells were observed in the

extra-intestinal tissues, but most predominantly in the mesenteric lymph nodes (MLNs).

RVA antigen was continuously detected in the small intestinal mucosa and MLNs, but only

transiently in cells of the liver, lung, and choroid plexus. Viral RNA levels were much higher

in the feces and the MLNs compared to other tissues. The onset of viremia occurred at day

post infection (DPI) 1 with the amount of viral RNA reaching its peak at DPI 3 or 5, before

decreasing significantly at DPI 7 and remaining detectable until DPI 14. Our data suggest

that porcine G9 RVAs have a strong small intestinal tropism, are highly virulent for piglets,

have the ability to escape the small intestine, spread systemically via viremia, and

replicate in extra-intestinal tissues. In addition, MLNs might act as a secondary site for

viral amplification and the portal of systemic entry. These results add to our understanding

of the pathogenesis of human G9 RVAs, and the validity of the pig model for use with both

human and pig G9 RVAs in further studies.
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the death of 453,000 infants and young children each year,
mostly in developing countries (Tate et al., 2012). The
genome of RVA consists of 11 segments of double-stranded
RNA enclosed in a triple layered particle (Estes and
Kapikian, 2007). Most segments encode a single polypep-
tide, allowing the virus to express six structural (VP1-VP4,
VP6, and VP7) and five or six nonstructural proteins (NSP1-
NSP6) (Estes and Kapikian, 2007). Recently, a classification
system encompassing all 11 genome segments was
developed using nucleotide cut-off values and phyloge-
netic analyses. The notation Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-
Tx-Ex-Hx is used for the VP7-VP4-VP6-VP1-VP2-VP3-
NSP1-NSP2-NSP3-NSP4-NSP5/6 encoding gene segments,
respectively (Matthijnssens et al., 2008a,b). This system
offers international standardization to analyze RVA inter-
species evolutionary relationships, gene reassortment
events, functional gene linkage in reassortant progeny,
emergence of new RVA strains, RVA host range restriction,
and virulence (Matthijnssens et al., 2008a,b).

Porcine RVA strains are highly divergent, and multiple G-
genotypes (G1-G6, G8-G12, G26) and P-genotypes (P[1],
P[5]-P[7], P[11], P[13], P[19], P[23], P[26], P[27], P[32]) have
been described in pigs (Collins et al., 2010; Martella et al.,
2010). Complete genome analyses have revealed that
several virus gene segments typically found in pig RVA
strains and Wa-like human RVA strains have a common
ancestor (Matthijnssens et al., 2008a). Porcine RVAs are
considered important pathogens due to their economic
impact on the pig industry and are a significant reservoir for
human RVAs (Kim et al., 2010; Matthijnssens et al., 2008a,
2010b; Zeller et al., 2012). G9 RVA strains have so far been
detected only in pigs and humans, and pigs are hypothesized
to be a potential reservoir for human G9 RVAs (Mascarenhas
et al., 2007; Matthijnssens et al., 2010a). Since G9 RVAs were
first detected in diarrhoeal samples of children in Córdoba,
Argentina, and in Washington State during 1980, G9 RVA
strains belonging to lineage 3 have now spread throughout
the world and are now recognized as the fifth most globally
important human genotype (Barril et al., 2006; Cao et al.,
2008; Matthijnssens et al., 2010a; Phan et al., 2007; Santos
and Hoshino, 2005). These lineage 3 human G9 RVA strains
have been shown to be both phylogenetically and anti-
genically related to one the first described porcine G9 RVA
strains A2 (Hoshino et al., 2005). In South Korean pigs, the G9
genotype in combination with the P[7] and P[23] genotypes
has been isolated and identified as the third most important
genotype after G5P[7] and G8P[7] (Kim et al., 2010). Most
recently, full-length genomic analysis of porcine G9P[23]
and G9P[7] RVAs revealed that these porcine G9 RVAs
possess typical porcine genotype constellations: G9–P[23]/
P[7]–I5–R1–C1–M1–A8–N1–T1–E1–H1 (Kim et al., 2012a).
This report provided basic genetic information of G9 RVA
strains, which are increasing in prevalence and are
important in both humans and pigs.

RVA infection has been thought to be restricted to the
gastrointestinal tract, typically the small intestine. How-
ever, accumulating evidence suggests that RVA escapes the
gastrointestinal tract and spreads to the extra-intestinal
organs in both human and animals. For example, RVA
antigen and viral RNA have been detected in serum

antigenemia and possibly viremia could occur during RVA
infection (Blutt et al., 2003; Chiappini et al., 2005; Fischer
et al., 2005). In children who died during RVA infection,
RVA antigens and viral RNA were detected in the extra-
intestinal organs and tissues including the central nervous
system, liver, lung, spleen, heart, kidney, testis, and bladder
(Blutt and Conner, 2007; Lynch et al., 2001; Pager et al.,
2000; Ramig, 2004; Riepenhoff-Talty et al., 1996; Zheng
et al., 1991). It has been clearly demonstrated that RVAs
cause not only gastrointestinal but also systemic infections
in experimental animal models (Ciarlet et al., 2002;
Crawford et al., 2006; Fenaux et al., 2006; Kim et al.,
2011, 2012b; Petersen et al., 1998).

Although RVAs are believed to cause intestinal and
extra-intestinal pathology in humans and animals, the
pathogenicity of G9 bearing RVA strains has to date
remained largely unreported. Therefore, this prompted us
to investigate the ability of porcine G9 RVA strains to cause
intestinal and extra-intestinal lesions and viremia. To
explain in detail how G9 RVAs replicate, spread and cause
disease in pigs, in the present study we investigated
intestinal and extra-intestinal virus spread and viremia, as
well as the pathology of intestinal organs, extra-intestinal
organs and tissues in colostrum-deprived piglets orally
inoculated with a porcine G9P[7] or G9P[23] RVA strain.

2. Materials and methods

2.1. Virus inoculum

The porcine G9 RVA strains (RVA/Pig-tc/KOR/PRG942/
2006/G9P[23] and RVA/Pig-tc/KOR/PRG9121/2006/
G9P[7]) were isolated from diarrheic fecal samples
collected from piglets in South Korea during 2006 (Kim
et al., 2012a). These strains were passaged eight times in
TF-104 cells (a cloned derivative of MA-104 monkey
kidney cells), including isolation, adaptation, and triple
plaque purification (Kim et al., 2012a). The genome
constellations of the Korean porcine G9 RVA strains
(RVA/Pig-tc/KOR/PRG942/2006/G9P[23] and RVA/Pig-tc/
KOR/PRG9121/2006/G9P[7]) were determined as G9–
P[23]/P[7]–I5–R1–C1–M1–A8–N1–T1–E1–H1, being only
different in the VP4 genotype (P[23] for PRG942 and P[7]
for PRG9121) (Kim et al., 2012a). Virus titers were
expressed as fluorescent focus units (FFU) per milliliter.
The virus titers of each strain were determined to
1.3 � 107 FFU/ml for PRG942 (G9P[23]) and
1.0 � 107 FFU/ml for PRG9121 (G9P[7]) by a cell culture
immunofluorescence assay (IFA) (Kim et al., 2011). The
supernatant from mock-infected TF-104 cell cultures was
prepared for colostrum-deprived piglets as mock-inocu-
lated controls. In addition, PRG942 (G9P[23]) and PRG9121
(G9P[7]) strains were inactivated by a chloroform treat-
ment, and used to inoculate colostrum-deprived piglets to
exclude detection of residual RVA antigen or RNA from the
inocula after inoculation (Kim et al., 2011).

2.2. Animals and experimental design

A total of twenty colostrum-deprived piglets obtained

from sows by hysterectomy were used to evaluate the
samples from children with RVA diarrhea, indicating that
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hogenicity of the porcine G9 RVA strains PRG942
P[23]) and PRG9121 (G9P[7]). Two groups of seven 3-
-old piglets were orally inoculated with 4 ml of the cell

ture supernatant containing a virus titer of
 � 107 FFU/ml (G9P[23] PRG942) and 1.0 � 107 FFU/ml
P[7] PRG9121). Two piglets were inoculated orally with
l of mock-infected TF-104 tissue culture supernatant.
oroform-inactivated PRG942 (G9P[23]) and PRG9121
P[7]) strains were orally inoculated into two piglets
h. Animals were fed autoclaved commercial piglet

ula during the course of the study.
The virus-inoculated piglets were euthanized at day
t-inoculation (DPI) 1, 3, 5, 7, and 14 (Tables 1 and 2).

 mock-inoculated and inactivated virus-inoculated
lets were euthanized at DPI 2 and 3, respectively. All
dies were approved by the University Animal Care

mittee (CNU IACUC-YB-R-2009-15).

 Sample collection and processing

Fecal and nasal samples were collected daily from each
let before and after inoculation, whereas blood samples
re collected at euthanasia. At sacrifice, the intestinal
ts were removed from the abdominal cavities and the

all and large intestinal contents were collected.
The intestinal segment, mesenteric lymph node (MLN),
al turbinate, trachea, lung, liver, spleen, kidney, heart,
in, and choroid plexus were excised from each piglet,

 each tissue was immediately placed in 10% buffered
alin for histological examination. Formalin-fixed and

paraffin-embedded sections from each organ and tissue
were stained with Mayer’s hematoxylin and eosin (Kim
et al., 2011). To detect RVA antigens by IFA, each intestinal
and extra-intestinal organ was sampled from virus-
inoculated and mock-inoculated piglets, embedded in
optimal cutting temperature (OCT) compound, immedi-
ately snap-frozen in liquid nitrogen, and stored at �80 8C.
For RT-PCR and real-time RT-PCR, all samples collected
from experimental piglets were immediately snap-frozen
in liquid nitrogen, and stored at �80 8C until use.

2.4. Evaluation of histopathology

Histopathological findings were evaluated in small
intestinal sections of piglets of both infected groups
(sacrificed at DPI 1, 3, 5, 7 and 14), mock-inoculated
piglets, and the inactivated virus-inoculated piglets.
Stained sections were visualized by light microscopy
and villi atrophy of the small intestine was examined in
histological sections of the duodenum, jejunum, and ileum.
The histological evaluation was performed in a blinded
fashion on coded samples and mean lesion changes were
determined by examining 10 randomly selected villi and
crypts of histological sections as described previously (Kim
et al., 2011; Park et al., 2007). The histopathological
findings of the small intestine were graded according to
the average villi/crypt (V/C) ratio plus the grade of
epithelial cell desquamation. The grade was measured as
follows: V/C ratio, 0 = normal; (V/C 3 6:1), 1 = mild; (V/
C = 5.0–5.9:1), 2 = moderate; (V/C = 4.0–4.9:1), 3 = marked;

le 1

rhea incidence, virus shedding, and viremia in piglets inoculated with PRG942 (G9P[23]) strain.

glet no. Inoculum DPI at

euthanasia

Diarrhea onset

DPI (duration)

Feces Nasal swab Serum

RT-PCR onset

DPI (duration)

Nested PCR onset

DPI (duration)

RT-PCR onset

DPI (duration)

Nested PCR onset

DPI (duration)

RT-PCR Nested

PCR

2 PRG942 1 1 (1) 1 (1) 1 (1) None None � +

4 PRG942 3 1 (3) 1 (3) 1 (3) 2 (2) 2 (2) + +

PRG942 5 1 (5) 1 (5) 1 (5) 3 (3) 2 (4) + +

PRG942 7 1 (7) 1 (7) 1 (7) 3 (3) 2 (4) � �
PRG942 14 1 (8) 1 (8) 1 (10) 3 (4) 2 (5) � �
Mocka 2 None None None None None None None

Inactivated

PRG942b

3 None None None None None None None

Mock inoculation with supernatant from mock-infected TF-104 cell cultures.

Inoculation with chloroform-inactivated PRG942 strain.

le 2

rhea incidence, virus shedding and viremia in piglets inoculated with PRG9121 (G9P[7]) strain.

glet no. Inoculum DPI at

euthanasia

Diarrhea onset

DPI (duration)

Feces Nasal swab Serum

RT-PCR onset

DPI (duration)

Nested PCR onset

DPI (duration)

RT-PCR onset

DPI (duration)

Nested PCR onset

DPI (duration)

RT-PCR Nested

PCR

2 PRG9121 1 1 (1) 1 (1) 1 (1) None None � �
4 PRG9121 3 1 (3) 1 (3) 1 (3) 2 (2) 2 (2) + +

PRG9121 5 1 (5) 1 (5) 1 (5) 3 (3) 2 (3) + +

PRG9121 7 1 (7) 1 (7) 1 (7) 3 (3) 2 (4) � �
PRG9121 14 1 (8) 1 (8) 1 (10) 3 (3) 3 (3) � �
Mocka 2 None None None None None None None

Inactivated

PRG9121b

3 None None None None None None None

Mock inoculation with supernatant from mock-infected TF-104 cell cultures.

Inoculation with chloroform-inactivated PRG9121 strain.
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(V/C = 3.0–3.9:1), 4 = severe; (V/C 2 3.0:1), and desquama-
tion grade, 0 = normal (no desquamation), 1 = mild (a few
desquamated cells of tip villous epithelium), 2 = moderate
(desquamation of upper villous epithelium), 3 = marked
(desquamation of lower villous epithelium), 4 = severe
(desquamation of crypt epithelium) (Kim et al., 2011; Park
et al., 2007).

2.5. Detection of rotavirus antigen by IFA

IFA was performed in each tissue and organ sampled
from sacrificed piglets for the detection of RVA antigen as
described previously (Ciarlet et al., 2002; Kim et al., 2011).
Cut frozen sections were fixed in 100% cold acetone for
10 min and allowed to completely air dry. Slides were
rinsed twice with phosphate buffered saline (PBS, pH 7.2),
and incubated for 2 h at room temperature (RT) with a
1:100 dilution of monoclonal antibodies against the VP6
protein of the porcine RVA strain OSU in PBS (pH 7.2).
Slides were rinsed twice with PBS (pH 7.2) and incubated
with a 1:100 dilution of goat anti-mouse Ig conjugated to
fluorescein isothiocyanate (Jackson ImmunoResearch Labs,
Baltimore, MD, USA) in PBS (pH 7.2) for 1 h at room
temperature (RT). Following incubation, the slides were
rinsed twice with PBS (pH 7.2). Slides were incubated with
500 mM solution of propidium iodide diluted with PBS (pH
7.2) for 10 min at RT as a nucleic acid stain. Slides were
rinsed twice with PBS (pH 8.0) and covered with 60%
glycerin in PBS (pH 8.0) with glass cover slips. Fluorescence
was examined under ultraviolet (UV) light illumination
with a Leica microscope (Leica Microsystems, Wetzlar,
Germany). To calculate the number of antigen-positive
cells in the tissues or organs, 10 fields per section were
analyzed using a 40� objective and a 10� eyepiece,
yielding a final magnification of 400�. The antigen
distribution in the each tissue and organ was evaluated
based on the number of antigen-positive, and was
measured as follows: 0 = no positive cells, 1 = one to two
positive cells, 2 = three to five positive cells scattered in
tissue, 3 = many positive cells in tissue, 4 = positive in most
tissue.

2.6. Detection of viral RNA by RT-PCR and nested PCR

To detect viral RNA in the feces, nasal swabs, and serum
specimens sampled from virus-infected piglets and mock-
inoculated animals, RT-PCR and nested PCR was employed
with a primer pair specific to the VP6 gene of RVAs as
described previously (Kim et al., 2011).

2.7. Quantification of viral RNA by real time RT-PCR

A one-step real-time RT-PCR assay was performed with
a primer pair specific to the VP6 gene of RVAs to quantify
the RNA of RVA in the samples from each piglet as
described previously (Kim et al., 2011). Each sample from
the feces, serum, MLN, liver, lung, choroid plexus, and nasal
swab was individually weighed prior to processing. All
tissue samples from piglets were homogenized or vortexed
at a 1:10 dilution in PBS (pH 7.2) and centrifuged (tissues

The supernatants of centrifuged samples were collected
and stored at �80 8C prior to analysis. Total RNA was
extracted in the supernatants.

The one-step real-time RT-PCR was performed using a
Rotor-Gene Real-Time Amplification system (Corbett
Research, Mortlake, Australia) and SensiMix one-step
RT-PCR kit with SYBR Green (Quantace, London, UK) as
described previously (Kim et al., 2011). Each real-time RT-
PCR reaction was prepared in a final volume of 25 ml
containing 5 ml of RNA template, 12.5 ml SensiMix one-
step mixture, 1 ml each of 0.5 mM forward and reverse
primers (final concentration of each primer: 20 nM), 0.5 ml
of 50� SYBR Green solution (final concentration: 1�),
0.5 ml of RNase inhibitor (final concentration: 10 units),
0.5 ml of MgCl2 (final concentration: 4.0 mM), and 4 ml of
RNase free water. Reverse transcription was carried out at
50 8C for 30 min, followed by the activation of the hot-start
DNA polymerase at 95 8C for 15 min and 40 cycles of three-
step at 95 8C for 15 s, 51 8C for 30 s, and 72 8C for 1 min.

Rotorgene 20001 software was used for the calculation
of the amount of RVA RNA in the samples. Quantitation of
viral RNA was carried out using a standard curve derived
from serial 10-fold dilutions of complementary RNA
(cRNA) generated by reverse transcription of in vitro
transcribed control RNA. The threshold was automatically
defined in the initial exponential phase, reflecting the
highest amplification rate. A direct relationship between
the cycle number and the log concentration of RNA
molecules initially present in the RT-PCR reaction was
evident regarding the crossing points resulting from the
amplification curves and this threshold. Rotorgene 20001

software was used to allow the determination of the
concentration of RNA present in the samples by linear
regression analysis (Kim et al., 2011).

3. Results

3.1. Clinical signs, fecal and nasal virus shedding, and viremia

caused by porcine G9 RVA strains in piglets

Both strains caused diarrhea in all inoculated piglets at
DPI 1, which persisted until DPI 8 (Tables 1 and 2). Neither
the chloroform-inactivated virus nor the mock-inoculum
induced diarrhea in the piglets (Tables 1 and 2). The virus-
inoculated piglets did not show any other clinical signs in
addition to diarrhea. These results indicated that both G9
RVA strains are able to induce diarrhea in piglets.

By RT-PCR and nested PCR, fecal virus shedding from
piglets inoculated with each strain was detected at DPI 1
and persisted to DPI 8 and DPI 10 (Tables 1 and 2). Nasal
shedding of both strains was detected at DPI 2 or 3 by RT-
PCR, whereas nested PCR enabled detection at DPI 2
(G9P[23] PRG942 strain) and DPI 2 or 3 (G9P[7] PRG9121
strain). The duration of nasal virus shedding was 2–4 days
by RT-PCR, and 2–5 days (G9P[23] PRG942) or 2–4 days
(G9P[7] PRG9121) by nested PCR (Tables 1 and 2). Serum
specimens were sampled from sequentially euthanized
piglets. RVA RNA was detected in the sera from piglets
inoculated with each strain at DPI 3 and 5 by RT-PCR
(Tables 1 and 2). By nested PCR, viral RNA of strain PRG942

(G9P[23]) was present in the sera at DPI 1 and persisted to
13,000 � g for 3 min; fecal samples 5000 � g for 10 min).
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 5, whereas viral RNA of strain PRG9121 (G9P[7]) was
ected in the sera at DPI 3 and 5 (Tables 1 and 2). Fecal

 nasal virus shedding, and viremia were not detected in
 inactivated G9 RVAs- and mock-inoculated piglets by
PCR and nested PCR (Tables 1 and 2). These results
ly that both strains can induce virus shedding through
s and nostrils, as well as causing viremia in piglets.

 Intestinal histopathology caused by porcine G9 RVA

ins in piglets

To determine the sequential histopathological changes
the small intestines of piglets orally inoculated with

942 (G9P[23]) or PRG9121 (G9P[7]) and euthanatized
PI 1, 3, 5, 7, and 14, each small intestinal fragment was
pled, and multiple cross sections of each fragment

re histopathologically evaluated.
Sequential histopathological lesion changes in the
all intestines of piglets inoculated with either PRG942
P[23]) or PRG9121 (G9P[7]) are summarized in Tables 3

 4. Both strains induced histopathological changes in

the small intestinal mucosa at DPI 1, including villous
atrophy and crypt hyperplasia (Figs. 1 and 2). Over time,
these mucosal changes gradually increased in all parts of
the small intestine until DPI 7 and then decreased at DPI
14. Although the villous length was restored at DPI 14, a
marked crypt hyperplasia was sustained, resulting in the
high histopathological lesion score at DPI 14. As time
elapsed, villous epithelial desquamation caused by the
degeneration or necrosis of the villi lining the epithelium,
and infiltration of lymphoid cells in the lamina propria of
the villi tended to increase. No lesions were observed in
duodenum, jejunum and ileum of small intestines sampled
from either inactivated virus- or mock-inoculated piglets
(Figs. 1 and 2, Tables 3 and 4).

3.3. Antigen localization of porcine G9 RVA strains in small

intestines of piglets

IFA was performed on samples from the duodenum,
jejunum, and ileum of piglets inoculated with either the
PRG942 (G9P[23]) or PRG9121 (G9P[7]) RVA strain to assess

le 3

opathological findings in the small intestine of piglets inoculated with PRG942 (G9P[23]) strain.

glet No. Inoculum DPI at

euthanasia

Duodenum Jejunum Ileum

Lesion

scorea

RVA Ag

distributionb

Lesion

scorea

RVA Ag

distributionb

Lesion

scorea

RVA Ag

distributionb

PRG942 1 1.1 2.6 0.8 2.0 1.0 1.4

PRG942 1 1.3 2.8 1.0 1.5 0.9 1.8

PRG942 3 2.9 3.2 2.5 2.8 2.4 2.8

PRG942 3 3.0 3.0 3.2 3.0 2.6 2.8

PRG942 5 3.1 2.4 3.2 1.8 2.6 2.0

PRG942 7 3.4 2.5 3.3 2.0 3.2 1.6

PRG942 14 3.0 0.6 2.7 0.4 2.8 0.4

Mock 2 0 0 0 0 0 0

Inactivated PRG942 3 0 0 0 0 0 0

The small intestinal changes were scored according to the average villi/crypt (V/C) ratio plus the grade of epithelial cell desquamation, which was

sured as follows: V/C ratio, 0 = normal (V/C 3 6:1), 1 = mild (V/C = 5.0–5.9:1), 2 = moderate (V/C = 4.0–4.9:1), 3 = marked (V/C = 3.0–3.9:1), 4 = severe (V/

 3.0:1) and desquamation grade, 0 = normal (no desquamation), 1 = mild (cuboidal attenuation of tip villous epithelium), 2 = moderate (desquamation of

er villous epithelium), 3 = marked (desquamation of lower villous epithelium), 4 = severe (desquamation of crypt epithelium).

The antigen distribution in the small intestine was evaluated based on the number of antigen-positive cells in the villi, and was measured as follows:

o positive cells, 1 = one to two positive cells in the villi, 2 = three to five positive cells scattered in the villi, 3 = many positive cells in the villi, 4 = positive

lmost all epithelial cells in the tip and upper part of the villi.

le 4

opathological findings in the small intestine of piglets inoculated with PRG9121 (G9P[7]) strain.

glet No. Inoculum DPI at

euthanasia

Duodenum Jejunum Ileum

Lesion

scorea

RVA Ag

distributionb

Lesion

scorea

RVA Ag

distributionb

Lesion

scorea

RVA Ag

distributionb

PRG9121 1 1.9 2.4 1.9 2.2 1.6 2.2

PRG9121 1 2.0 2.8 1.8 2 1.7 2.6

PRG9121 3 2.8 3.2 3.2 2.8 2.4 3.2

PRG9121 3 3.3 3.6 3.1 3.2 2.9 3.0

PRG9121 5 3.5 2.6 3.2 2.8 3.1 2.2

PRG9121 7 3.4 2.0 3.3 2.0 3.2 1.8

PRG9121 14 3.2 1.0 3.1 0.8 2.9 1.0

Mock 2 0 0 0 0 0 0

Inactivated PRG9121 3 0 0 0 0 0 0

The small intestinal changes were scored according to the average villi/crypt (V/C) ratio plus the grade of epithelial cell desquamation, which was

sured as follows: V/C ratio, 0 = normal (V/C 3 6:1), 1 = mild (V/C = 5.0–5.9:1), 2 = moderate (V/C = 4.0–4.9:1), 3 = marked (V/C = 3.0–3.9:1), 4 = severe (V/

 3.0:1) and desquamation grade, 0 = normal (no desquamation), 1 = mild (cuboidal attenuation of tip villous epithelium), 2 = moderate (desquamation of

er villous epithelium), 3 = marked (desquamation of lower villous epithelium), 4 = severe (desquamation of crypt epithelium).

The antigen distribution in the small intestine was evaluated based on the number of antigen-positive cells in the villi, and was measured as follows:
o positive cells, 1 = one to two positive cells in the villi, 2 = three to five positive cells scattered in the villi, 3 = many positive cells in the villi, 4 = positive

lmost all epithelial cells in the tip and upper part of the villi.
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the RVA antigen distribution in intestines. Sequential
changes of antigen distribution in the small intestines of
piglets are summarized in Tables 3 and 4. Antigen-positive
cells were detected in the villous epithelium and lymphoid
cells in the lamina propria at DPI 1, and the number of
positive-cells increased at DPI 3 but subsequently decreased
from DPI 5 (Fig. 3, Tables 3 and 4). During the initial infection
period from DPI 1 to DPI 3, antigen positive cells were
detected equally in the villi epithelium and lymphoid
cells in the lamina propria. As time elapsed, antigen
positive cells were preferentially detected in the lymphoid
cells due to increased desquamation of villi epithelium. No

antigen-positive cells were observed in the small intestines
sampled from either inactivated virus- or mock-inoculated
piglets (Fig. 3, Tables 3 and 4).

3.4. Histological changes and RVA antigen localization in

extra-intestinal organs and tissues

To evaluate the sequential changes of histopathological
and antigen distribution in the extra-intestinal organs and
tissues, samples were taken from piglets inoculated with
PRG942 (G9P[23]) or PRG9121 (G9P[7]) at various times
post inoculation. Sequential changes of antigen-positive

Fig. 1. Histopathological changes in the small intestine of piglets inoculated with PRG942 (G9P[23]) strain. Duodenum (A), jejunum (B), and ileum (C) from a

mock-inoculated piglet had normal structure of mucosal membrane. Duodenum (D), jejunum (E), and ileum (F) sampled from a piglet inoculated with

PRG942 (G9P[23]) strain at DPI 1 showed mild to moderate mucosal changes. Duodenum (G), jejunum (H), and ileum (I) sampled from a piglet inoculated

with PRG942 (G9P[23]) strain at DPI 3 showed marked mucosal changes including the widespread villous atrophy (up-down arrow) and fusion (arrows),

and increased crypt depth (up-wards arrow). Duodenum (J), jejunum (K), and ileum (L) sampled from a piglet inoculated with PRG942 (G9P[23]) strain at

DPI 7 had marked mucosal changes. Samples were stained with hematoxylin and eosin stain. Bars A–L = 200 mm.
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s in the MLN, liver, lung and choroid plexus are
marized in Tables 5 and 6.

No histopathological changes and antigen-positive cells
re observed in MLNs sampled from either inactivated
s- or mock-inoculated piglets (Figs. 4A and 5A). MLNs
pled from piglets inoculated with PRG942 (G9P[23]) or
9121(G9P[7]) showed lymphoid cell depletions and

ltration of macrophages and neutrophils in the cortex at
 3 (Figs. 4B and 5B). RVA-positive lymphoid cells were

 detected in the MLNs at DPI 1, and their frequency
reased to DPI 3 before gradually decreasing from DPI 5
s. 4C and 5C, Tables 5 and 6).

Normal thin alveolar walls were observed in lungs
sampled from inactivated virus- or mock-inoculated
piglets (Figs. 4D and 5D). In contrast, the lung tissues
sampled at DPI 3 displayed multiple interstitial thicken-
ings due to hyperplasia of type II pneumocytes and
infiltration of macrophages and lymphocytes with some
neutrophils into the alveolar interstitium (Figs. 4E and 5E).
RVA antigen was detected in a few pneumocytes and
lymphoid cells in the lungs from piglets inoculated with
PRG942 (G9P[23]) or PRG9121 (G9P[7]) strains from DPI 3
to DPI 7, but not from either inactivated virus- or mock-
inoculated piglets (Figs. 4F and 5F, Tables 5 and 6).

2. Histopathological changes in the small intestine of piglets inoculated with PRG9121 (G9P[7]) strain. Duodenum (A), jejunum (B), and ileum (C) from a

k-infected piglet had normal structure of mucosal membrane. Duodenum (D), jejunum (E), and ileum (F) sampled from a piglet infected by PRG9121

[7]) strain at DPI 1 showed mild to moderate mucosal changes. Duodenum (G), jejunum (H), and ileum (I) sampled from a piglet inoculated with

9121 (G9P[7]) strain at DPI 3 showed marked mucosal changes including the widespread villous atrophy (up-down arrow) and fusion (arrows), and

eased crypt depth (up-wards arrow). Duodenum (J), jejunum (K), and ileum (L) sampled from a piglet inoculated with PRG9121 (G9P[7]) strain at DPI 7

 marked mucosal changes. Samples were stained with hematoxylin and eosin stain. Bars A–L = 200 mm.
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Normal liver sampled from inactivated virus- or mock-
inoculated piglets showed intact hepatocytes (Figs. 4G and
5G), whereas degenerative or necrotic hepatocytes were
observed in the livers sampled from virus-infected piglets

(Figs. 4H and 5H). Some inflammatory cells including
macrophages and lymphocytes were also observed in the
livers sampled from virus-inoculated piglets. RVA antigen
was detected in a few hepatocytes from DPI 3 to DPI 7 in

Fig. 3. Distribution of RVA-positive cells of PRG942 (G9P[23]) and PRG9121 (G9P[7]) strains in the duodenum. Piglets inoculated with either chloroform-

inactivated PRG942 (G9P[23]) strain (A) or PRG9121 (G9P[7]) strain (B) contained no RVA-positive cells in the villi of each duodenum. RVA-positive cells

(arrows) were scattered in the villi of duodenum sampled from piglets inoculated with PRG942 (G9P[23]) strain (C) or PRG9121 (G9P[7]) strain (D) at DPI 3.

Indirect immunofluorescence assay was performed with monoclonal antibody against the VP6 protein of strain OSU. Bars A–D = 100 mm.

Table 5

The antigen distribution in the extra-intestinal organs of piglets inoculated with PRG942 (G9P[23]) strain.

Piglet No. Inoculum DPI at euthanasia Distribution of RVA antigen in extra-intestinal organsa

Mesenteric lymph node Liver Lung Choroid plexus

1 PRG942 1 2.6 0 0 0

2 PRG942 1 2.2 0 0 0

3 PRG942 3 3.2 1.2 0.4 0.4

4 PRG942 3 3.4 1.6 0.6 0.6

5 PRG942 5 2.4 1.6 0.4 0.2

6 PRG942 7 1.6 1 0.2 0.2

7 PRG942 14 1.2 0 0 0

8 Mock 2 0 0 0 0

9 Inactivated PRG942 3 0 0 0 0
a The antigen distribution in the extra-intestinal organs was evaluated based on the number of antigen-positive, and was measured as follows: 0 = no

positive cells, 1 = one to two positive cells, 2 = three to five positive cells scattered in tissue, 3 = many positive cells in tissues, 4 = positive in most tissue.

Table 6

The antigen distribution in the extra-intestinal organs of piglets inoculated with PRG9121 (G9P[7]) strain.

Piglet No. Inoculum DPI at euthanasia Distribution of RVA antigen in extra-intestinal organsa

Mesenteric lymph node Liver Lung Choroid plexus

1 PRG9121 1 2 0 0 0

2 PRG9121 1 1.8 0 0 0

3 PRG9121 3 3.6 1 0.6 0.2

4 PRG9121 3 3.4 1.4 0.6 0.4

5 PRG9121 5 2 1 0.2 0.4

6 PRG9121 7 1 0.2 0.2 0.4

7 PRG9121 14 0.4 0 0 0

8 Mock 2 0 0 0 0

9 Inactivated PRG9121 3 0 0 0 0
a The antigen distribution in the extra-intestinal organs was evaluated based on the number of antigen-positive, and was measured as follows: 0 = no
positive cells, 1 = one to two positive cells, 2 = three to five positive cells scattered in tissue, 3 = many positive cells in tissues, 4 = positive in most tissue.
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 livers from piglets inoculated with each strain, but not
 either inactivated virus- or mock-inoculated piglets

s. 4I and 5I, Tables 5 and 6).
An intact epithelium was observed in the choroid plexus
pled from inactivated virus- or mock-inoculated piglets
s. 4J and 5J). In contrast, choroid plexus sampled from

lets inoculated with PRG942 (G9P[23]) or PRG9121

(G9P[7]) displayed epithelial degeneration and necrosis. In
addition, some lymphocytes were observed infiltrating into
the tela choroidea (Figs. 4K and 5K). RVA antigen was
detected in a few epithelial cells and lymphoid cells from DPI
3 to DPI 7 in the choroid plexus from piglets inoculated with
both strains, but not from either inactivated virus- or mock-
inoculated piglets (Figs. 4L and 5L, Tables 5 and 6).

4. Histopathological findings and antigen distribution in the extra-intestinal organs of piglets inoculated with PRG942 (G9P[23]) strain. (A) Normal

enteric lymph node (MLN) sampled from a mock-inoculated piglet showed intact cortex with densely concentrated lymphocytes (asterisk). (B) MLN

pled from a piglet inoculated with PRG942 (G9P[23]) strain at DPI 3 showed lymphoid cell depletion in the cortex (asterisk). (C) RVA-positive lymphoid

 (arrows) were scattered in the MLN from a piglet inoculated with PRG942 (G9P[23]) strain at DPI 3. (D) Normal lung tissue sampled from a mock-

ulated piglet had thin alveolar walls (arrows). (E) Lung tissue sampled from a piglet inoculated with PRG942 (G9P[23]) strain at DPI 3 showed

rstitial pneumonia (arrows). (F) RVA antigens were detected in a pneumocyte (arrowhead) and lymphoid cell (arrow) in the lung from a piglet

ulated with PRG942 (G9P[23]) strain at DPI 3. (G) Normal liver sampled from a mock-inoculated piglet showed fat-stored hepatocytes (arrow). (H)

tiple necrotic hepatocytes scattered in the liver sampled from a piglet inoculated with PRG942 (G9P[23]) strain at DPI 3 showed pyknosis of nucleus and

eased eosinophilia of cytoplasm (arrows). (I) RVA antigens were detected in a hepatocyte (arrow) in the liver from a piglet inoculated with PRG942

[23]) strain at DPI 3. (J) Intact epithelium (arrowheads) was observed in the choroid plexus sampled from a mock-inoculated piglet. (K) Choroid plexus

pled from a piglet inoculated with PRG942 (G9P[23]) strain at DPI 3 showed epithelial degeneration (arrowheads), necrosis (arrows), and lymphocyte

tration (double arrows). (L) RVA antigens were detected in the epithelial cells (arrow) of the choroid plexus from a piglet inoculated with PRG942

[23]) strain at DPI 3. Bars A–L = 100 mm.
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3.5. Quantification of RVA RNA in the feces, nasal swabs,

blood, and extra-intestinal organs and tissues

SYBR Green real-time RT-PCR assays were performed to
evaluate the viral RNA copy numbers in the feces, blood,
MLN, liver, lung, choroid plexus, and nasal swab sampled
from G9 RVA-inoculated piglets. As expected, viral RNA

was not detected in these specimens sampled from either
inactivated virus- or mock-inoculated piglets.

High viral loads of 6.3 � 104/mg and 5.0 � 104/mg feces
were detected in fecal samples at DPI 1 before reaching a
peak at DPI 3 (7.3 � 106/mg and 9.8 � 105/mg feces), and
then gradually decreased from DPI 5 to 14 in the G9P[23]
PRG942-inoculated or G9P[7] PRG9121-inoculated piglets,

Fig. 5. Histopathological findings and antigen distribution in the extra-intestinal organs of piglets inoculated with PRG9121 (G9P[7]) strain. (A) Normal

mesenteric lymph node (MLN) sampled from a mock-inoculated piglet showed intact cortex with densely concentrated lymphocytes (asterisk). (B) MLN

sampled from a piglet inoculated with PRG9121 (G9P[7]) strain at DPI 3 showed marked lymphoid cell depletion in the cortex (asterisk). (C) RVA-positive

lymphoid cells (arrows) were scattered in the MLN from a piglet inoculated with PRG9121 (G9P[7]) strain at DPI 3. (D) Normal lung tissues sampled from a

mock-inoculated piglet had thin alveolar walls (arrows). (E) Lung tissues sampled from a piglet inoculated with PRG9121 (G9P[7]) strain at DPI 3 showed

interstitial pneumonia (arrows). (F) RVA antigen was detected in a pneumocyte (arrow) in the lung from a piglet inoculated with PRG9121 (G9P[7]) strain at

DPI 3. (G) Normal liver sampled from a mock-inoculated piglet showed fat-stored hepatocytes (arrows). (H) Multiple necrotic hepatocytes scattered in the

liver sampled from a piglet inoculated with PRG942 (G9P[23]) strain at DPI 3 showed pyknosis of nucleus and increased eosinophilia of cytoplasm (arrows).

(I) RVA antigens were detected in a few hepatocytes (arrows) in the liver from a piglet inoculated with PRG9121 (G9P[7]) strain at DPI 3. (J) Intact epithelium

(arrowheads) was observed in the choroid plexus sampled from a mock-inoculated piglet. (K) Choroid plexus sampled from a piglet inoculated with

PRG9121 (G9P[7]) strain at DPI 3 showed epithelial degeneration (arrowheads), necrosis (arrows), and lymphocyte infiltration (double arrows). (L) RVA

antigen was detected in a lymphoid cell (arrow) in the choroid plexus from a piglet inoculated with PRG9121 (G9P[7]) strain. Bars A–L = 100 mm.
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pectively (Fig. 6A and B). In blood samples, viral RNAs
re detected at DPI 1 (5.2 � 103/mg and 6.3 � 102/mg
um), reached a peak at DPI 3 (3.2 � 104/mg and
 � 104/mg serum), and then rapidly declined after DPI

 the G9P[23] PRG942-inoculated or G9P[7] PRG9121-
culated piglets, respectively (Fig. 6A and B).
Among the extra-intestinal organs and tissues sampled,

 highest viral RNA copy numbers were observed in the
N from piglets inoculated with PRG942 (G9P[23]) or
9121 (G9P[7]). Viral RNA was detected in the MLNs at

 1 (5.7 � 104/mg and 3.5 � 104/mg tissue, same
pective order), reaching a peak at DPI 3 (2.9 � 105/mg

 1.9 � 105/mg tissue, same respective order), and
idly decreasing after DPI 3 (Fig. 6A and B).
Viral RNA was detected at DPI 1 (1.6 � 103/mg tissue) in

 liver of piglet infected with G9P[23] PRG942 strain,
ching a peak at DPI 3 (3.1 � 104/mg tissue) before
tinuously decreasing to 1.3 � 101/mg tissue at DPI 14
. 6A). In contrast, viral RNA was detected at DPI 1

 � 103/mg tissue) in the liver from piglets infected with

G9P[7] PRG9121 strain, also reaching a peak at DPI 3
(1.9 � 104/mg tissue) and further persisting around 3.5–
5.3 � 103/mg tissue from DPI 5 to 14 (Fig. 6B).

In the lung samples, viral RNA was detected at DPI 1
(2.7 � 103/mg tissue) from piglets infected with PRG942
(G9P[23]) strain, reaching a peak at DPI 3 (3.4 � 104/mg
tissue) and gradually decreasing until DPI 14 (Fig. 6A). In
contrast, viral RNA was detected at DPI 1 (2.1 � 103/mg
tissue) in the lung from piglets infected with PRG9121
(G9P[7]) strain, reaching a peak at DPI 5 (6.4 � 104/mg
tissue), after which the copy number rapidly decreased
(Fig. 6B).

In the choroid plexus, viral RNAs were also detected at
DPI 1 (2.9 � 103/mg and 8.7 � 102/mg tissue), reaching a
peak at DPI 3 (1.1 � 104/mg and 6.5 � 103/mg tissue) and
then decreasing gradually after DPI 3 in piglets inoculated
with either the PRG942 (G9P[23]) or PRG9121 (G9P[7])
strain (Fig. 6A and B).

Viral RNA in the nasal swab from piglet inoculated with
PRG942 (G9P[23]) strain was detected at DPI 1 (3.8 � 102/

6. Quantification of RVA RNA by SYBR Green real-time RT-PCR. Real-time RT-PCR was performed with the feces, serum, mesenteric lymph node (MLN),

, lung, choroid plexus, and nasal swab sampled from piglets inoculated with porcine G9 RVA strain PRG942 (G9P[23]) (A) and PRG9121 (G9P[7]) (B). The

etric means of viral RNA copy number per mg of tissue are displayed.
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mg fluid), reaching a peak at DPI 5 (2.5 � 104/mg fluid) and
gradually decreased after DPI 5 (Fig. 6A). In contrast, viral
RNA from piglet inoculated with PRG9121 (G9P[7]) strain
was detected at DPI 1 (2.9 � 102/mg fluid), peaked at DPI 3
(3.8 � 104/mg fluid), then gradually decreased until DPI 14
(Fig. 6B).

4. Discussion

RVA can infect and cause clinical disease in humans and
a wide range of animal species (Estes and Kapikian, 2007).
As a common disease in humans and animals, transmission
of RVA from one species to another may occur and leads to
public health concerns, particularly in developing coun-
tries, where humans and animals often live in close
proximity and mixed infections are rather common (Jain
et al., 2001; Leite et al., 1996; Timenetsky et al., 1994;
Unicomb et al., 1999). To date, the G9 RVA strains have
only been detected in humans and pigs, and pigs are
hypothesized to be a potential reservoir for human G9
RVAs (Collins et al., 2010; Mascarenhas et al., 2007;
Matthijnssens et al., 2010a). G9 RVAs can be classified
phylogenetically into I-VI lineages, with lineage I-II
consisting of strains isolated in the 1980s, and III-VI
composing of strains isolated from the mid-1990s (Phan
et al., 2007). Of these, lineages III and VI were found in both
humans and pigs (Phan et al., 2007). Interestingly, human
lineage 3 G9 RVA strains were previously shown to be both
phylogentically and antigenically related to the first
described porcine G9 RVA strain A2 (Hoshino et al.,
2005). Both porcine G9 RVA strains used in this study
clustered in lineage VI of known porcine and human G9
RVAs. Moreover, these strains possessed the following
porcine/human Wa-like genotypes: R1–C1–M1–N1–T1–
E1–H1 plus porcine specific genotypes P[7]/P[23]-I5-A8
(Kim et al., 2012a). However, these porcine specific
genotypes have been detected in humans and other
species as well, most likely as a result of interspecies
transmission (Ghosh et al., 2012; Varghese et al., 2004;
Zeller et al., 2012). In addition, the human reference strain
Wa replicates in experimental pigs, resulting in diarrhea
and intestinal pathology (Azevedo et al., 2005). These
findings may indicate that G9 RVAs with a (partially) Wa-
like genotype constellation are capable to cause successful
interspecies transmissions at least between humans and
pigs. Therefore, it is important to determine whether G9
bearing RVAs can induce typical RVA-associated disease in
animal models. In the present study, we have demon-
strated that both porcine G9 RVA strains induced typical
RVA-associated disease, including diarrhea, histopatholo-
gical changes in intestinal and extra-intestinal organs or
tissues, and viremia in experimentally infected piglets. Our
results provide a new perspective on the pathogenesis of
G9 RVAs in a pig model, confirming that like other human
and animal RVAs, intestinal and extra-intestinal tropisms
and viremia can be induced in an animal RVA disease
model. To our knowledge, this study is the first to describe
the intestinal and extra-intestinal pathogenicity of G9
bearing RVAs in an experimental pig model. Our data will
also contribute to increased understanding of infection,
pathology, disease, immunity, and testing of prospective

vaccines and drugs against both human and animal G9
RVAs.

The degree of diarrhea and intestinal pathological
changes by RVA infection vary among animal species
(Boshuizen et al., 2003; Lundgren and Svensson, 2001;
Ramig, 2004; Shepherd et al., 1979; Snodgrass et al., 1979).
In the present study, both porcine G9P[23]/P[7] strains
induced diarrhea at DPI 1 in colostrum-deprived piglets,
which lasted to DPI 8. Moreover, these strains induced
almost similar histopathological small intestinal lesion
changes; mild villous atrophy and crypt hyperplasia at DPI
1 became marked from DPI 5 and persisted to DPI 14.
Replication of both G9 strains occurred most efficiently in
the intestine because the viral RNA copy numbers in the
fecal samples were �25-fold greater than that seen in the
next most prominent site, the MLN, and �660-fold greater
than that found in other organs at DPI 3. It has also been
shown that the number of antigen positive cells was the
highest in the small intestinal villi. In addition, the high
intestinal lesion scores at DPI 14 (after the disappearance
of diarrhea) were due to sustained strong crypt hyperpla-
sia, resulting in low villi versus crypt ratios. It is important
to note that, since the intestinal samples were taken from
only one or two experimental piglets sacrificed on any
given day, further studies will be needed to increase the
number of experimental piglets to obtain more robust
statistical data. However, overall these combined data
indicate that both G9P[23]/P[7] strains display a strong
intestinal tropism and virulence in piglets.

Previous findings suggested that rotaviral antigenemia
is common in humans and animals, and can occur during
both homologous and heterologous RVA infections (Blutt
et al., 2003; Chiappini et al., 2005; Fenaux et al., 2006;
Fischer et al., 2005; Li and Wang, 2003; Mossel and Ramig,
2003; Zhao et al., 2005). Moreover, some studies revealed
the presence of RVA RNA in the sera of infants, primates,
and swine during acute infection (Azevedo et al., 2005;
Blutt et al., 2003; Chiappini et al., 2005; Fenaux et al., 2006;
Fischer et al., 2005; Kim et al., 2011, 2012b; Li and Wang,
2003; Zhao et al., 2005). It has been suggested that
denudation of villi due to acute and severe destruction of
overlaying enterocytes could be the major route for cell-
free virus entrance to the blood circulation and subsequent
spread to extra-intestinal organs and tissues (Azevedo
et al., 2005; Fenaux et al., 2006; Kim et al., 2011, 2012b).
This hypothesis is consistent with the present results as
viral RNA loads were detected by real-time RT-PCR in the
cell-free sera at DPI 1, reaching a peak at DPI 3 or 5, and
then gradually decreasing but persisting up to DPI 14.

Another possible route for RVA entrance to the blood-
stream is cell-associated viremia transmission (Brown and
Offit, 1998; Dharakul et al., 1988). The ability of RVA to
infect certain lymphocyte subsets or to be taken by
antigen-presenting cells in the gut-associated lymphoid
tissue could indicate a potential route of viral spread from
the intestine to other organs (Fenaux et al., 2006). In the
present study, antigen-positive lymphoid cells were
detected in the lamina propria of the villi in the piglets
infected with either G9P[23] or G9P[7], supporting the role
of cell-associated viremia. Moreover, MLNs were shown to
be the second most susceptible tissues with high antigen



and
infe
His
and
it c
and
net
200
rep
vire
spr
how
wh
due
sim
pro
cau
gica
por
be 

sm
now
lesi
hum
200
me
cau
exp
ext
wh
the
be 

stra
tho
loa
to 3
the
can
inte
cho
stu
to 

inte
Cra
In a
stra
org
in t
inte

the
ser
dise
infl
syn
por
pat
ple
the
pat

H.-H. Kim et al. / Veterinary Microbiology 166 (2013) 123–137 135
 viral RNA loads in the lymphoid cells of animals
cted with both strains throughout the experiment.

topathologically, MLNs showed lymphoid cell necrosis
 deficiency, resulting from RVA replication. Therefore,

ould be argued that MLNs act as a secondary amplifier
 a portal of systemic entry through either the lymphatic
work or the blood (Brown and Offit, 1998; Fenaux et al.,
6; Mossel and Ramig, 2003). In addition, it was
orted that cell-free viremia rather than cell-associated
mia via the bloodstream seems to be major path of viral

ead in a mouse model (Fenaux et al., 2006). At this stage
ever, it is important to note that we cannot determine

ether RVA antigens detected in the lymphoid cells were
 to authentic RVA replication in the lymphoid cells or
ply represent antigen taken up by the B lymphocytes to
cess the antigen. As an additional minor point of
tion, it should be noted that the pathological, virolo-
l, and immunological events of RVA infections in the

cine and mouse models may be different and could also
distinct from what occurs in humans.
Initially, RVA infections were thought to be restricted to
all intestine (Blutt and Conner, 2007). However, there is

 growing evidence that extra-intestinal replication and
ons associated with RVA infections can occur in

ans and animals (Blutt et al., 2003: Ciarlet et al.,
2; Crawford et al., 2006; Fenaux et al., 2006). As

ntioned above, both G9P[23] and G9P[7] RVA strains
sed small intestinal pathology and viremia in the
erimental piglets, which can mediate RVA spread to
ra-intestinal organs or tissues. Therefore, we assessed
ere and when RVA antigen and RNA was present outside

 small intestine and how many viral RNA copies could
found at various sites. Antigen-positive cells of both
ins were detected in many more cells of the MLN than
se of the liver, lung, and choroid plexus. The viral RNA
ds also reached a peak during this period, which was 0

 logs lower than the viral load in MLN and feces. From
se findings, it could be concluded that porcine G9 RVA

 replicate, albeit to a limited extent, in the extra-
stinal organs including the MLN, liver, lung, and
roid plexus. These results are consistent with other
dies that indicate the ability of G9 RVA virions to spread
the blood and to substantially extend to the extra-
stinal organs (Blutt et al., 2003; Ciarlet et al., 2002;

wford et al., 2006; Fenaux et al., 2006; Kim et al., 2011).
ddition, our results indicated that although porcine G9
ins infected and replicated in the extra-intestinal
ans or tissues, the severity of RVA-associated lesions
hese organs and tissues was lesser than that of small
stine and MLN.

It should be noted that these RVA-associated lesions in
se extra-intestinal organs and tissues can induce more
ious diseases when complicated with other pathogens or
ases. For example, many viral pathogens such as

uenza virus, porcine reproductive and respiratory
drome virus, porcine respiratory coronavirus and
cine circovirus type 2 play crucial role as a primary
hogen for developing porcine respiratory disease com-
x (PRDC), which is one of the most important diseases in

 pig industry (Brockmeier et al., 2002). These viral

the respiratory tract, cause damage to the function of
pulmonary macrophages, and alter immunomodulatory
effects. The suppressed defense mechanisms of the respira-
tory tract facilitate secondary bacterial infection with
Mycoplasma hyopneumoniae, Actinobacillus pleuropneumo-

niae, and Pasteurella mutocida, resulting in PRDC. In this
study, both RVA strains injured alveolar epithelium,
resulting in interstitial pneumonia. Thus, it can be
speculated that RVA can act as a primary pathogen to alter
the defense mechanisms of the respiratory tract, to facilitate
the secondary bacterial infection and finally to evoke PRDC.
Further study should address whether RVA infection can
induce PRDC when complicated with secondary bacterial
infection.

In conclusion, the porcine G9 bearing RVA strains
display a strong tropism for the small intestine and are
virulent in experimentally infected piglets. Both porcine
G9 RVA strains share the ability to escape the small
intestine, spread systemically via viremia, and replicate
in extra-intestinal organs and tissues. Our data indicate
that MLNs may play a critical role in RVA escape from
the small intestine by providing a site for substantial and
prolonged secondary viral replication before extending
to extra-intestinal organs and tissues. A detailed under-
standing of the mechanisms that determine intestinal
and extra-intestinal pathogenicity, combined with the
availability of effective preventive and therapeutic
measures, is critical for the control of RVA infection.
However, to date, animal models to understand patho-
genesis of porcine and human G9 RVAs have not
established. Therefore, we expect that the present
results could contribute to our understanding of the
pathogenesis of human G9 RVAs, and pig model with
porcine G9 strains could be suitable for evaluating not
only the efficacy of vaccines but also anti-viral drug
candidates of both these important pathogens.
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