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to assess the influence of maternal immunity
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Abstract

Rotavirus C (RVC) has been detected increasingly in humans and swine in different countries, including the US. It

is associated with significant economic losses due to diarrheal disease in nursing piglets. In this study we aimed:

(1) to determine the prevalence of RVC in healthy and diarrheic suckling piglets on US farms; and (2) to evaluate if
maternal antibody (Ab) levels were associated with protection of newborn suckling piglets against RVC. There was a
significantly higher prevalence (p=0.0002) of litters with diarrhea born to gilts compared with those born to multipa-
rous sows. Of 113 nursing piglet fecal samples tested, 76.1% were RVC RNA positive. Fecal RVC RNA was detected in
significantly (p=0.0419) higher quantities and more frequently in piglets with diarrhea compared with healthy ones
(82.5 vs.69.9%). With the exception of the historic strain Cowden (G1 genotype), field RVC strains do not replicate in
cell culture, which is a major impediment for studying RVC pathogenesis and immunity. To circumvent this, we gener-
ated RVC virus-like particles (VLPs) for Cowden (G1), RV0104 (G3) and RV0143 (G6) and used them as antigens in ELISA
to detect swine RVC Abs in serum and milk from the sows. Using RVC-VLP Ab ELISA we demonstrated that sows with
diarrheic litters had significantly lower RVC IgA and IgG Ab titers in milk compared to those with healthy litters. Thus,
our data suggest that insufficient lactogenic protection provided by gilts plays a key role in the development of and

the increased prevalence of clinical RVC disease.

Introduction

Rotavirus is one of the most important etiological agents
of severe diarrhea in humans, animals and birds world-
wide [1]. The name rotavirus is derived from the Latin
word “Rota” (wheel) because of their wheel-like appear-
ance under the electron microscope (EM) [2]. RVs are
associated with more than 100 million infections in
humans, and 2 million hospitalizations and 210 000
deaths annually in children<5 years old [3]. In animals,
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RV infections result in slow growth, lethargy and mortal-
ity, causing significant losses to farmers [4, 5].

RVs are triple-layered, icosahedral, non-enveloped
viruses that belong to the family Reoviridae. Their
genome consists of 11 segments of double-stranded
RNA (dsRNA) encoding six structural proteins namely:
VP1, VP2, VP3, VP4, VP6 and VP7 and six nonstructural
proteins (NSP): NSP1, NSP2, NSP3, NSP4 and NSP5 or
NSP6 depending on the translated open reading frame
[6, 7]. Within the RV genus, ten genogroups/serogroups
(A-J) have been identified to date based on the molecu-
lar and antigenic characteristics of VP6, the inner capsid
protein. RVAs, RVBs and RVCs infect humans and a wide
range of mammals, RVDs infect chickens and turkeys,
RVEs infect pigs only, RVFs and RVGs infect chickens,
and RVHs infect both humans and pigs [8, 9]. RVIs and
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RV]Js were recently detected in dogs in Hungary and in
bats in Serbia, respectively [10, 11].

Five of the ten RV genogroups have been detected in
swine. These genogroups are RVA, RVB, RVC, RVE and
RVH [12, 13]. Porcine RVC is common in contaminated
environments and normally is spread by acutely or sub-
clinically infected animals shedding the virus via feces.
RVC replicates in mature enterocytes near the tips of the
villi, causing diarrhea [14]. Previously known as pararo-
tavirus, porcine RVC was first detected in a 27-day-old
piglet with diarrhea from a herd in Ohio in 1980 [12].
RVC was initially thought to cause only sporadic diarrhea
outbreaks in swine, but recent studies have shown that
its prevalence is much higher than previously estimated,
especially among nursing, 1- to 10-day-old piglets, caus-
ing significant economic loses to farmers and the pork
industry [15, 16]. Currently, RVC is a major cause of gas-
troenteritis in neonatal (<1 week of age) piglets. Addi-
tionally, recent studies utilizing molecular diagnostic
techniques revealed an increase in the prevalence of por-
cine RVC in pigs of different ages, with or without diar-
rhea in the US, Canada, Brazil and Europe [15-20].

Similar to RVAs, a complete genome classification sys-
tem based on nucleotide sequences was established for
RVCs [21]. The introduced system allocates a specific gen-
otype to each of the 11 RV genome segments according to
established 85% nucleotide cut-off where VP7-VP4-VP6-
VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 genes of
RV strains are classified as Gx-Px-Ix-Rx-Cx-Mx-Ax-Nx-
Tx-Ex-Hx where x is an integer starting from 1 onward.

Piglets are born immunocompetent and their mucosal
immune system is equipped with innate immune defense
mechanisms, which provide the first line of defense
against pathogens [22]. However, they are agammaglob-
ulinemic at birth and their adaptive immune system is
immature. Thus, they cannot rapidly mount protective
immune responses against infections including RV [23,
24] and rely on protection by colostrum and milk-derived
Abs during early life [25]. Immunoglobulin G (IgG) is the
most prevalent isotype in colostrum and protects against
systemic infections, while secretory IgA (sIgA) is preva-
lent in milk and is associated with the local (mucosal)
defense system [26—28]. Isotype switching from IgM to
IgA occurs mainly in the germinal centers in the gut-
associated-lymphoid tissue (GALT). The transfer of IgA
plasmablasts from the gut to the mammary gland and
the eventual release of sIgA into milk in swine is docu-
mented but not well understood [29-31]. Although some
knowledge of lactogenic immunity against RVA and
enteric coronaviruses was generated using porcine and
rodent animal models [32-37], lactogenic protection of
piglets against RVC has not been evaluated. In contrast
to RVA, RVC pathogenesis is poorly understood and the

Page 2 of 12

role of maternal passive immunity in alleviating the clini-
cal disease not been studied. Intriguingly, although RVA
diarrhea is rare in suckling piglets and becomes more
prevalent after weaning, suckling status does not seem to
mitigate RVC diarrhea in piglets. However, whether it is
associated with insufficient levels of maternal RVC Abs
or with low minimum RVC infectious dose (compared
with other swine enteric viruses) is not known [15, 18—
20, 38, 39].

In this study, we evaluated RVC prevalence and/or
quantities in healthy and diarrheic farm piglets. Further,
to understand the role of lactogenic immunity in protec-
tion against clinical RVC disease, we evaluated the asso-
ciation between parity, RVC maternal Ab titers and the
prevalence of RVC diarrhea in piglets [40].

Materials and methods

Prevalence of porcine RVC

Sample collection and processing

Milk and blood samples were obtained randomly from 30
farm gilts/sows (n=15 with diarrheic piglets and n=15
with healthy piglets) (Additional file 1) from Cooper Farms
(Fort Recovery, Ohio, USA). The farm is a commercial facil-
ity with multiple swine farms. Samples were collected from
one farm with 5000 gilts/sows and with all-in-all-out bios-
ecurity measures and requiring 3 days without other pig
contact for admission. Diarrhea determination was as fol-
lows: Solid or pasty feces =healthy, while liquid and watery
feces=diarrheic. Milk and serum were collected once from
sows ranging from day 2 to day 11 after farrowing (Addi-
tional file 1). Blood was centrifuged at 2095 x g for 10 min
to obtain serum and stored at —20 °C until use. Milk sam-
ples were filtered through a 70 pm pore filter and centri-
fuged at 1800 x g for 30 min at 4 °C to separate fat, skim
milk and cell pellet portions. Fat was removed utilizing
sterile plain-tipped applicators (Fisher Scientific, Hampton,
NH). Skim milk was collected, centrifuged at 28 000 x g
for 1 h at 4 °C to separate the whey that was then stored at
—20 °C until tested. Rectal swabs from piglets (2—11 days,
n=4/L) were collected once by inserting Dacron swab
3-5 cm into the rectum and rotating it against the rec-
tal wall several times. In total, 113 piglets’ rectal swabs,
30 sows’ milk and 30 sows’ blood samples were obtained.
Annual outbreaks of viral diarrhea in suckling piglets were
reported, including during the sampling period.

RNA extraction from rectal swabs and RT-qPCR

Rectal swabs (n=273) were processed by submerg-
ing the swabs into 2 mL of Minimum Essential Medium
(MEM) and 1% antibiotic—antimycotic (Anti—Anti) (Life
Technologies, Grand Island, NY, USA). Centrifugation
was performed at 2095 x g for 20 min at 4 °C. Genomic
RNA was extracted from rectal swab supernatants
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(50 pL) using the MagM AX total RNA isolation kit (Life
Technologies), according to the manufacturer’s proto-
col. RT-qPCR was performed using One-step RT-PCR
Kit (Qiagen, Germantown, MD, USA) using the prim-
ers and probe indicated (Table 1). RT-qPCR conditions
were as follows: reverse transcription at 50 °C for 30 min,
initial PCR activation at 95 °C for 15 min, 40 amplifica-
tion cycles with denaturation at 94 °C for 1 min, anneal-
ing at 55 °C for 1 min, extension at 72 °C for 1 min and
final extension at 72 °C for 10 min. RVC RNA levels in
fecal samples were converted to logl0 genomic equiva-
lence (GE) using a standard curve developed using RVC
VP6 gene amplicon target and RVC diagnostic primers
(Table 1). RNA extraction from a validated RVC-positive
sample was used as a positive control, while RNA-free
water was used as a negative control.

RNA isolated as above was also tested for porcine RVA
and porcine RVB using RT-PCR and specific primers as
described by Amimo et al. [15]. Porcine epidemic diar-
rhea virus (PEDV) and porcine deltacoronaviruses were
analyzed using conventional PCR as described in Jung
et al. [41], Vlasova et al. [42] and Hu et al. [43].

Development of RVC VLP based antibody ELISA

RNA extraction and amplification of porcine RVC structural
genes by conventional RT-PCR

Intestinal contents of gnotobiotic (Gn) piglets inoculated
with porcine RVC RV0104 G3 and RV0143 G6 genotypes
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[15] were diluted (1:10) in MEM media containing 1%
antibiotic—antimycotic 100 Mm and centrifuged at
2095 x g, 4 °C for 20 min. Genomic RNA was extracted
from Cowden G1 cell culture, RV0104 G3 and RV0143
G6 supernatants (50 pL) using the MagMAX total RNA
isolation kit (Life Technologies) according to manufac-
turer’s protocol. The RNA obtained was converted into
cDNA using SuperScript” III Reverse Transcriptase
and random hexamers as primers (Thermofisher Sci-
entific, Waltham, MA, USA). cDNA synthesis was per-
formed in the following condition: 50 °C for 50 min, 85 °C
for 5 min. RNase H was added and incubated at 37 °C
for 20 min to remove RNA. To amplify RVC structural
genes, Takara PrimeSTAR GXL Polymerase kit (Takara-
Bio, Mountain View, CA, USA) and primers (Table 1)
were used to amplify RVC structural genes. The reagents
used were as follows; 5 puL of 5x PrimeSTAR GXL Buffer,
2 puL 1x dANTP Mixture (2.5 mM each), 2 pL of reverse
and forward primers (Integrated DNA Technologies, Inc.
Skokie, Illinois, USA), 1 uL of RNAsin (Promega, Mad-
ison, WI, USA), 11 pL of RNAse free H,0 and 2 pL of
¢DNA. Thermocycler conditions were set as follows; 40
cycles of 98 °C for 10 s, 55 °C or 60 °C (if primer anneal-
ing temperature is below 55 °C, it was set at 55 °C and if
primer annealing temperature was above 55 °C, the tem-
perature was set at 60 °C) for 1 min, and 68 °C for 1 min
per kb extension time. Results were analyzed using 1%
agarose gel.

Table 1 Diagnostic primers for porcine RVC, RVA and RVB and cloning primers for porcine RVC full length structural

genes, VP7,VP6, VP4 and VP2

Target or function Sequence Region (nt) Reference/source
Detection
RVA Forward: 5-ACCATCTACACATGACCCTC-3/ 963-982 [62]
Reverse: 5'-GGTCACATAACGCCCC-3/
RVB Forward: 5-GGTTTAAATAGCCCAACCGACGC-3’ 1-94 [19]
Reverse: 5’GTRTTYAAATTSGTRTTTGGCGCT-3/
RVC Forward: 5/-ATGTAGCATGATTCACGAATGGG-3/ [19]
Reverse: 5-ACATTTCATCCTCCTGGGGAT-3/
Probe: 5/-VIC-GCG TAG GGG CAA ATG CGC ATG A-TAMRA-3/
RVC amplification
VP7 G1 and G3 forward: 5/-ATG GTTTGT ACR ACATTG TRC 3/ 1-1054 This study
G1 and G3 reverse: 5'-GCC ACATGATCT TGT TTA CGC GTAT-3’
G6 forward: 5-ATG GTTTGT ACA ACT TTGTAC AC AGT TT-3/
G6 reverse: 5'-GCC ACATGATCT TGT TTA CGC GTATC-3/
VP6 G1 and G3 G6 forward: 5/-ATG GAT GTACTTTTTTCY ATY GCG-3/ 1-1294 This study
G1,G3 and G6 reverse: 5'-TTC GCC CTT AGC CAC ATA GTT CAC ATT TC-3/
VP4 G1, G3 and G6 forward: 5'-GGA TCA ATG GCG TCC TC-3/ 1-2232 This study
G1,G3 and G6 reverse: 5'-AGC CAC ACA ATC AGT CGATCT CCT CAC-3/
VP2 G1 and G3 forward: 5/-ATG ATA AGC AGG AAY AGA C-3/ 1-2737 This study

G1 and G3 reverse: 5'-CAG AAT TTG AGG TCRTCA CAA GAT-3’

G6 forward: 5-ATG ATA AGC AGG AAT AGA-3’

G6 reverse: 5-GAATTT GAG GTC ATC ACA AGATG-3/
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Sequencing

Amplified structural genes (VP7, VP4, VP2 and VP6)
were purified by QIAGEN Gel Extraction Kit (Qiagen,
Hilden, Germany) as described by the manufacturer.
Expected sizes of DNA fragments were excised from the
1% agarose gel and dissolved using buffer QG (3x of gel
weight) at 50 °C. Once the gel dissolved, 1 gel volume of
isopropanol was added and the solution was transferred
into the spin column. Columns were centrifuged for
1 min at 10 000 x g, flow through discarded, 500 pL of
buffer QG was added, centrifuged again at 10 000 x g at
1 min and flow through was discarded. 750 pL of buffer
PE was added to columns, centrifuged at 10 000 x g for
1 min and flow through was discarded. The spin column
was transferred to a clean 1.5 mL micro centrifuge tube
and the DNA bound to the column was eluted using
50 pL of elution buffer by centrifugation at 10 000 x g
for 1 min. PCR products along with corresponding for-
ward and reverse primers (Table 1) were submitted to the
molecular and cellular imaging center (MCIC), OARDC,
Wooster, Ohio for sanger sequencing. The sequences
obtained were analyzed using BLAST software from
PubMed [44]. After amplification of VP4 structural
genes from RVC VP7 genotypes Cowden G1, RV0104
G3 and RV0143 G6, the amplicons were sequenced, and
the sequences were aligned and analyzed using MEGA
7.0 software. Phylogenetic analysis was performed using
MEGA 7.0 software and Bootstrap method (1000).

Cloning

Amplification primers (Table 1) were designed with the
additional sequence (CACC) on the 5’ end to enable direc-
tional cloning into pENTR/D/TOPO (Life Technologies).
Amplification products of the structural genes (1 pL) were
combined with One Shot® Chemically Competent E. coli
(Life Technologies) and heat shocked for 30 s at 42 °C with-
out shaking. Super optimal broth medium (250 pL) (Life
Technologies) was added and incubated in a 37 °C water
bath for 1 h with shaking. The bacterial culture was plated
on a pre-warmed 40 ng/mL kanamycin selective plate and
incubated overnight at 37 °C. Colonies were selected and
grown in Luria—Bertani (LB) media with 40 ng/mL kana-
mycin and incubated overnight at 37 °C with shaking.
Purification of plasmids was performed using PureLink
96 HQ Plasmid DNA Purification Kit (Life Technologies)
following the manufactures’ instructions.

Generation of recombinant baculovirus DNA

To transfer genes of interest from pENTR/D/TOPO®
gateway entry vector, BaculoDirectTM C-Term linear
DNA (Life Technologies) and recombinant pENTR/D/
TOPO® gateway plasmids were recombined according
to the manufacturer’s instructions. The transfer of the
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genes was confirmed using RT-PCR with Polyhedrin for-
ward primer (5-AAATGATAACCATCTCGC-3') and V5
Reverse Primer (5-ACCGAGGAGAGGGTTAGGGAT-
3/). RT-PCR products were screened using 1% agarose gel.

Spodoptera frugiperda 9 (5f9) cells growth and maintenance
Sf9 cells were obtained from Invitrogen and maintained
in Gibco® S$£-900™ II serum free media (Life Technolo-
gies, supplemented with 10% heat-inactivated fetal
bovine serum (Atlanta Biologicals, Flowery Branch, GA,
USA) and 1% Penicillin Streptomycin mixtures contain
5000 units of penicillin (base) and 5000 pg of strepto-
mycin (base)/mL utilizing penicillin G (sodium salt) and
streptomycin sulfate in 0.85% saline (Life Technologies).
The cells were grown in spinner flasks in a 27 °C incu-
bator and cell concentrations were maintained between
0.7 x 10° cells/mL and 2 x 10° cells/mL.

Transfection of insect cells and expression of recombinant
protein

Sf9 cells were seeded into a 6-well tissue culture plates at
8 x 10° cells/well with 2 mL of non-supplemented Grace’s
insect Medium (Life Technologies) without antibiot-
ics and serum and then incubated for 30 min at 27 °C to
allow the cells to fully attach to the bottom of the plate.
Recombinant baculovirus DNAs containing the RVC
genes were transfected into Sf9 cells using Cellfection®
II Reagent (Life Technologies). The cells were incubated
at 27 °C for ~72 h until they exhibited cytopathic effects
(CPE). Then, the supernatant medium was collected from
each well and centrifuged to remove cells and large debris
and designated as the P1 viral stock.

To express recombinant protein, Sf9 cells were seeded
in 6-well tissue culture plates at 2 x 10° cells/well with
2 mL of Gibco complete growth medium (Life Technolo-
gies) and incubated at 27 °C for 30 min to allow the cells
to fully attach to the bottom of the plate. P1 stock (20 uL)
was used to infect Sf9 cells to generate a higher protein
expression and designated as P2 stock that was used to
generate the P3 stock following manufacturer’s protocol
(Life Technologies). Cell lysates were monitored for RVC
protein expression by Western blot. Cowden G1 hyper-
immune serum obtained from a Gn pig was used as pri-
mary Ab and anti-swine IgG HRP conjugate was used as
secondary Ab (Bio-Rad, Berkeley, CA, USA).

VLP expression, purification and visualization

Six combinations of RVC core and outer capsid proteins
were produced (Table 2). The combinations of core and
outer capsids of P3 viral stock were used to co-infect
Sf9 cells at MOI 5 and incubated at 27 °C. Infected Sf9
cells were harvested at day 7 by centrifuging at 4 °C,
2095 x g for 20 min to remove cell debris. Supernatants
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were further semi-purified using ultracentrifuge at
106 979 x g through 35% (w/v) sucrose cushion for 2 h.
The pellets were recovered and resuspended in cold TNC
buffer (10 mM Tris—HCI [pH 7.4], 140 mM NaCl, 10 mM
CaCl,) and stored at 4 °C. For VLP visualization by elec-
tron microscopy (EM), 1.3 pg of semi-purified RVC
VLPS was added to 11 mL of deionized filtered H,O and
ultracentrifuged at 209 678 x g for 30 min. The recovered
pellet was resuspended in 20 uL of deionized H,O. 10 puL
of VLPs was added to carbon coated grid for 2 min and
excess removed using filter paper. 10 pL of 2% Uranyl
acetate was added to the grid for 1 min in dark. The grid
was left to dry for 30 min and observed under electron
microscope Hitachi H-7500. EM image of the semi-puri-
fied RVC VLP was taken under magnification 50 K using
Hibachi H7500 EM.

Development of RVC virus-like-particle antigen ELISA

to quantitate RVC antibodies

Immune serum was obtained from RVC Cowden G,
RV0104 G3 or RV0143 G6 inoculated Gn piglets.
Cowden GI1 serum was collected 21 days post-inocu-
lation. RV0104 G3 and RV0143 G6 sera were collected
10 days post-inoculation. VLP combinations (100 ng)
diluted in ELISA coating buffer (0.05 M carbonate—bicar-
bonate, pH 9.6) as described in Table 2 were added to
immunoassay plates (Life Technologies) and incubated
overnight at 4 °C. Plates were washed 3x using washing
buffer (50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH
8.0). Serum (Cowden G1, RV0104 G3 and RV0143 G6)
was diluted with PBS (1:100, 1:400, 1:1600 and 1:6400)
and added (100 pL) to the duplicate wells of washed
immunoassay plates. The plates were incubated at 37 °C
for 1 h and washed 3x using wash buffer. Anti-swine
IgG conjugated to horseradish peroxidase (1:250 in
PBS, 100 uL) (Bio-Rad, California, USA) was added and
incubated at 37 °C for 1 h, then plates were washed 3x

Table 2 Expressed and assembled porcine RVC VLPs

Number 2/4/6/7 RVC structural genes
combinations to form VLP
1 VP4 G3,VP7 G3,VP6 G6, VP2 G6
2 VP4 G6, VP7 G6, VP6 G6, VP2 G6
3 VP4 G1,VP7 G1,VP6 G1,VP2 G1
4 VP4 G3,VP7 G3,VP6 G1,VP2 G1
(VP6 G3,VP2 G3)

5 VP4 G1,VP7 G1,VP6 G6, VP2 G6
6 VP4 G6, VP7 G6, VP6 G1,VPG G1
7 Cocktail mixture of VLPs # 1-6

PCR was used to determine the presence of RVC VP7, VP4, VP6 and VP2 in
recombinant baculovirus DNA Combinations of different genotypes (G1, G3 and
G6) (1-6) shown in the table were used to co-infect Sf9 cells. After harvest and
semi-purification, combinations 1-6 were used to make the cocktail of RVC VLPs
#7.
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with washing buffer and 3,3’,5,5'-tetramethylbenzidine
substrate (Life Technologies) (100 uL) was added. The
reaction was stopped with 1 M hydrochloric acid after
15 min. The plates were read using an ELISA microplate
reader (Molecular Devices SPECTRAMAX 340 PC 384,
Sunnyvale, California, USA) at 450 nm. The ELISA Ab
titer was expressed as the reciprocal of the highest dilu-
tion that had a corrected A450 value (sample absorbance
in the RVC positive control serum samples (serum col-
lected from Gn piglets infected with RVC) wells minus
sample absorbance in RVC negative serum (serum col-
lected from Gn piglets with no virus) greater than the
cut-off mean corrected A450 value of negative controls
plus 3 standard deviations).

Screening serum and milk of sows/gilts for RVC IgA and IgG
antibodies using the VLP ELISA and genotype specific VLP
ELISA

VLP antigens (100 ng of cocktail mixture or 100 ng of
Cowden G1 VLP #3, RV0104 G3 VLP #4 or RV0143
G6 VLP #2 for genotype specific assay as indicated in
Table 2) diluted in ELISA coating buffer (0.05 M Car-
bonate-Bicarbonate, pH 9.6) were used to coat immu-
noassay plates and incubated overnight at 4 °C. Plates
were washed 3x using washing buffer (50 mM Tris,
0.14 M NaCl, 0.05% Tween 20, pH 8.0). Gilt/sow serum
and milk were serially diluted fourfold in PBS (1:25,
1:100, 1:400 and 1:1600 for cocktail mix and 1:400,
1:1600, 1:6400 and 1:25 600 for genotype specific) and
added (100 pL) to the duplicate wells of washed immu-
noassay plates. The plates were incubated at 37 °C for
1 h and washed 3x using wash buffer. Anti-swine IgG
or IgA conjugated to horseradish peroxidase (1:250 in
PBS, 100 pL) were added and incubated at 37 °C for 1 h
then washed 3x with washing buffer. 3,3/,5,5'-tetra-
methylbenzidine substrate (100 pL) (Life Technologies)
was added and reaction was stopped with 1 m hydro-
chloric acid (100 pL) after 15 min. The plates were read
using an ELISA microplate reader (Molecular Devices
SPECTRAMAX 340 PC 384, Sunnyvale, California) at
450 nm. The ELISA Ab titer was expressed as the recip-
rocal of the highest dilution that had a corrected A450
value (sample absorbance in the serum/milk samples
wells minus sample absorbance in RVC negative serum
(serum collected from Gn piglets with no virus) greater
than the cut-off mean corrected A450 value of negative
controls plus 3 standard deviations).

Statistical analysis

Spearman’s rank correlation analysis was conducted
to evaluate the relationship between the parity num-
bers and diarrhea prevalence in their piglets. The Chi-
square test was used to evaluate the prevalence of RVC
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shedding in diarrheic and healthy piglets. Statistical
analysis of virus shedding prevalence and titers and
IgA/IgG Ab titers in gilt/sow milk and serum sam-
ples were done using t-test. Statistical significance was
assessed at p <0.05 for all comparisons. All statistical
analyses were performed using GraphPad Prism 7.0c
(GraphPad Software Inc. CA, USA).

Results

Parity number was significantly negatively correlated

with prevalence of diarrheic litters

The Spearman rank correlation analysis demonstrated
that there was a significant negative correlation between
the parity (Sr=-0.6219, p=0.0002) and the diarrhea
prevalence in piglets, with a majority of diarrheic litters
(73%) born to gilts (Additional file 1, Figure 1A).

Prevalence of porcine group C rotavirus in suckling piglets
Of 113 farm piglets’ fecal samples tested from healthy
and diarrheic piglets, 76.1% were RVC RNA positive
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(Figure 1B). Further, RVC RNA was detected with higher
frequency (not significant, p=0.11) among the samples
from diarrheic (82.5%) compared with healthy piglets
(69.9%) (Figure 1B). However, RVC RNA shedding titers
were significantly higher in diarrheic vs. healthy piglets
(p=0.0419) (Figure 1C). No PEDV, PDCoV or RVB RNA
was present in these samples, while RVA were present in
6.2% of these samples.

VLP expression and purification

VP2, VP4, VP6 and VP7 were amplified by conventional
RT-PCR using the primer sets shown in Table 1. The sizes
of the amplicons were 2724 bp, 2232 bp, 1293 bp and
1054 bp size fragments respectively, as identified on 1%
agarose gel electrophoresis (Figure 2A).

Phylogenetic analysis of VP4 gene sequences of
Cowden G1, RV014 G3 and RV0143 G6 strains revealed
three different p-types of P1, P18 and P5 respectively
(data not shown). Based on these results, we decided that
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(p=0.0002) associated with having diarrheic piglets. B RT-gPCR was used to test rectal swab samples obtained from diarrheic and healthy piglets
for RVC RNA. C CT values from RT-PCR were converted to log10 GE/mL using a standard curve. Diarrheic piglets had significantly higher (p =0.0419)
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VP4 genes originated from all three strains have to be
used to generate VLDPs.

The RVC recombinant Baculovirus DNAs were
screened by RT-PCR using the primer set polyhedrin
forward primer, V5 Reverse primer and with amplicons
of 2967 bp, 2472 bp, 1533 bp and 1294 bp for VP2, VP4,
VP6 and VP7 respectively (data not shown). The posi-
tive recombinant bacmid DNAs were transfected into
Sf9 cells and cytopathic effects (CPE) were observed
(Figure 2B). Expression of RVC structural proteins
in RVC recombinant baculovirus stock was analyzed
by Western blot. VP6 of Cowden G1/RV0104 G3 and
RV0143 G6 were clearly visualized at~ 48 kDa using
hyperimmune antiserum to RVC Cowden GI1 strain
(Figure 2C).

Sf9 cells co-infected with different combinations of
RVC recombinant baculoviruses shown in Table 2 were
harvested and purified. SDS PAGE of each semi-purified
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VLP combination showed structural proteins VP2,
VP4, VP6 and VP7 at ~99 kDa, ~80 kDa, ~48 kDa and
~38 kDa respectively (Figure 3A). EM has confirmed the
presence of fully assembled triple-shelled RVC VLPs of
G6 genotype (Figure 3B).

Antigenicity of expressed RVC VLPs in ELISA to detect RVC
antibodies

Individual purified VLP combinations or a mixture of
all VLPs (cocktail) (Table 2) were used as antigen in an
indirect ELISA. Using, convalescent (Cowden G1) and
acute stage (RV0104 G3 and RV0143 G6) serum samples
obtained from RVC inoculated Gn piglets, we tested the
antigenicity of the obtained VLPs with the various RVC
antisera. Regardless of VLP combination used as antigen,
we observed higher RVC Ab absorbance in Cowden G1
immune serum collected 21 days post-inoculation fol-
lowed by RV0104 G3 and RV0143 G6 immune serum

A

bp

4000
3000

2000

100t

RVC structural genes amplification and verification on 1% agarose gel

G1 G3 G6 G1 G3 G6 G1

VP7 VP&

B
Sf9 cells transfection with
recombinant RVC baculovirus DNA
kDa
75

50

Sf9 bacmid (+)
37

25

Sf9 bacmid (-)

using 3,3’,5,5-tetramethylbenzidine (TMB) substrate.

Figure 2 Porcine RVC structural protein expression. A Amplification of porcine RVC G1, G3 and G6 structural genes; VP7, VP6, VP4 and VP2
using specific primers. Amplicons were analyzed using 1% agarose gel. Expected sizes were 1054 bp for VP7, 1293 bp for VP6, 2432 bp for VP4 and
2724 bp for VP2 structural genes. B Sf9 cells were transfected with RVC recombinant baculovirus DNA containing individual porcine RVC structural
genes (VP2, VP4, VP6, and VP7) from three strains G1, G3 and G6 at day 6 showing CPE. C Western blot of VP7, VP6, VP4 and VP2 protein expression
using hyper immune antiserum for G1 as the primary antibody and anti-swine IgG HRP conjugated secondary antibody. The blot was developed

G3 G6 G1 G3 G6
J L ﬁ(—l
Y
VP4 VP2

Western blot of RVC structural proteins

Gl G3 G6 G1/3G6G1G3G6  nc G1/3G6
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A
SDS PAGE of semi-purified RVC VLPs
kDa

100

85

55

35

1 2 3 4 5 6

—*> VP2-~99kDa

— > VP4 -~80KDa

— > VP6-~48kDa
— > VP7-~38kDa

B
EM picture of RVC VLP

Figure 3 Virus-like particles generation. A Sf9 cells were co-infected with six different genotype (G1, G3 and G6) combinations recombinant
baculovirus expressing RVC core and outer capsid protein genes shown in Table 2. At day 7 the VLPs were harvested and semi-purified through
sucrose were gradient. Analysis of semi-purified VLPs was done using a 12% precast protein gel. Lanes were loaded as follows: (1) VP7 G3, VP4 G3,
VP6 G6, VP2 G6. (2) VP7 G6, VP4 G6, VPE G6, VP2 G6. (3) VP7 G1,VP4 G1,VP6 G1,VP2 G1. (4) VP7 G3, VP4 G3,VP6 G1,VP2 G1. (5) VP7 G1,VP4 G1,VP6
G6, VP2 G6 and (6) VP7 G6, VP4 G6, VP6 G1,VP2 G1. B EM image of porcine RVC VLP G6 genotype produced by infecting Sf 9 cells with recombinant
baculoviruses containing ORFs coding for porcine RVC VP2, VP4, VP6 and VP7. Scale bar 100 nm.

collected 10 days post-inoculation using VLP cocktail
(Figure 4A). However, VLP combination #7 (cocktail mix-
ture of all VLPs) gave the highest difference in absorb-
ance at 450 nm between the Ab positive samples and the
Ab negative samples and that combination was the most
sensitive for all sera from Cowden G1, RV0104 G3 and
RV0143 G6 RVC genotypes.

Multiparous sows farrowed healthy litters corresponding
to higher RVCIgG and IgA Ab titers in milk

In the indirect RVC VLP-based Ab ELISA, RVC milk IgA
and IgG AD titers were significantly higher (p=0.0286
and p=0.0251 respectively) in gilts/sows with healthy
piglets compared with gilt/sows whose piglets were diar-
rheic (Figures 4B and C) There were no significant differ-
ences in the titers of serum IgA and IgG Abs between the
two groups (Figures 4B and C). Additionally, sows’ milk
IgA and IgG Abs were significantly higher (p=0.0231
and p=0.0184 respectively) when compared with gilts’
milk IgA and IgG Abs (Figures 4D and E).

Levels of antibodies against the historic RVC Cowden strain
were lower in milk but higher in serum

Genotype specific indirect RVC VLP-based ELISA dem-
onstrated that in serum samples Cowden-specific IgG
and IgA Ab titers were higher compared with RV0143 G6
(numerically) and RV0104 G3 (significantly p =0.0323)
specific Ab titers. In contrast, in milk samples RV0104

G3-specific Ab titers were significantly higher com-
pared with Cowden G1 (p=0.0059) and RV0143 G6
(p=0.0258) specific Ab titers (Figures 5A and B). Addi-
tionally, similar to total RVC Ab levels, there was a
trend for higher genotype specific RVC Ab titers in milk
and serum of sows with non-diarrheic litters (data not
shown).

Discussion

Traditionally, RVA was thought to be the major group
of RVs causing diarrhea in nursing piglets. For decades,
RVA epidemiology, pathogenesis and immunity were
studied extensively [45—-47]. However, recent studies have
shown that RVC is endemic in swine worldwide and its
economic importance can no longer be neglected [15,
18-20, 48, 49]. Continuous screening of RVC infections
in swine is necessary to estimate RVC prevalence and
to understand the protective potential of maternal RVC
Abs to develop better preventive and control measures.
Recent studies have shown that porcine RVC prevalence
in nursing pigs is high and we hypothesized that higher
prevalence would be observed in diarrheic piglets when
compared with healthy piglets. Our results show that
overall RVC prevalence in nursing piglets was 76.1%, in
agreement with recent studies that demonstrated high
RVC prevalence in nursing piglets [15, 19]. The increased
RVC shedding in diarrheic piglets (82.5%) when com-
pared with healthy piglets (69.9%) coincided with
increased diarrhea prevalence suggesting its pathogenic
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Figure 4 Analysis of antigenicity of purified VLPs using RVC immune Gn piglet sera Ab ELISA and antibody titers in gilts/sows milk and
serum samples. A Antigenicity of purified RVC VLPs was tested using serum from Gn piglets inoculated with G1, G3 or G6 porcine RVC strains in a
VLP-based indirect Ab ELISA. Cowden serum was collected at PID 21 while G3 and G6 serum were collected at PID 10. Negative control serum was
collected prior to virus inoculation. B, C Cocktail mixture of VLPs (Table 2) was used as antigens in an RVC VLP-based indirect Ab ELISA. Milk and
serum from sows/gilts with diarrheic or healthy piglets (fourfold serial dilutions 1:25, 1:400, 1:1600 and 1:6400) were tested for RVC IgA (B) and IgG
(C) Ab titers. D Comparative analysis of milk IgA antibody titers in all sows and gilts. E Comparative analysis of milk IgG antibody titers in all sows and
gilts.
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Figure 5 Antibodies to the historic RVC Cowden strain are transferred less efficiently across gut-mammary axis. Genotype specific VLPs
(Cowden G1,RV0104 G3 and RV0143 G6 were used to coat immunoplates. Serum (A) and milk (B) from sows/gilts in Table 1 supplemental (fourfold
serial dilutions 1:400, 1:1600, 1:6400 and 1:25 600) were tested for RVC IgA Ab titers.
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role. Although, our results suggest that not only nurs-
ing piglets with clinical signs shed RVC RNA, but also
asymptomatic nursing piglets, we observed significantly
higher (p=0.0419) shedding titers in fecal samples of
diarrheic piglets when compared with healthy RVC posi-
tive piglets. Our finding that RVC prevalence was much
higher in these samples when compared with porcine
RVA and RVB is in agreement with previous data by
Marthaler et al. [19] showing that porcine RVB is more
often detected in older pigs whereas RVC is more fre-
quently detected in very young piglets. Because RVA-
associated diarrhea is more prevalent in older, suckling
and weaned piglets, it was suggested that maternal Abs
confer sufficient early protection to nursing piglets [50—
53]. In contrast, RVC diarrhea prevalence was highest
and increasing in nursing piglets, suggesting that RVC
lactogenic protection and pathogenesis of RVC might
be distinct from that of RVA and needs to be evaluated
further.

To evaluate the influence of lactogenic immunity on
the development of clinical RVC disease, accurate tools
for serodiagnosis are required. Due to the lack of a cell
culture system permissive to various RVC strains (except
Cowden G1 strain) and insufficient information on
pathogenesis, diversity and immunity for porcine RVC,
commercial porcine RVC Ab detection ELISA assays
have not been developed [54]. RVC G3 (RV0104) and G6
(RV0143) genotypes were recently identified as dominant
in Ohio swine farms [15]. Additionally, Marthaler et al.
[16] has recently demonstrated that G6 was the main
G-genotype currently circulating in the US (70% of all
RVC strains tested) G6 (70%), followed by G5 (17%), G1
(12%), and G9 (1%). In this study, we confirmed that these
new circulating RVC strains (RV0104 G3 and RV0143
G6), and the historic Cowden G1 possess distinct P-types
of P18, P5 and P1 respectively, suggesting that VP4 pro-
teins from all three strains also need to be included in
VLP preparations used for Ab ELISA. To our knowledge,
this is the first RVC VLP-based antigen ELISA for Ab
detection against the three major G-type genotype [G1
(Cowden), G3 (RV0104), G6 (RV0143)] of RVCs circulat-
ing in the US. This ELISA was further used to evaluate
whether insufficient levels of maternal RVC Abs are asso-
ciated with clinical disease in nursing piglets.

Because there is no transplacental transfer of immu-
noglobulins in swine, piglets are born agammaglobu-
linemic which makes availability of colostral/milk Abs
critical for their survival, growth and protection against
invading pathogens [24]. Because RVC is an intestinal
pathogen, the presence of maternal Abs (mainly IgA) in
sufficient quantities in the gut is of utmost importance.
Our results show that gilts had significantly (p=0.0002)
higher numbers of diarrheic litters when compared with
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sows (multiple parity), supporting previous findings
showing that piglets born to gilts’ had increased mortal-
ity rates following PEDV infection and that mortality rates
declined with increased sow parity number [55]. Also,
previous studies demonstrated that IgG and IgA Ab levels
in serum, colostrum and milk of multiparous sows, as well
as in serum of their piglets, were higher than those of first
parity gilts and their piglets, respectively [56—58]. Studies
of porcine RVA have shown that maternally derived Abs
play a significant role in mitigating clinical disease follow-
ing RV infection in neonatal swine and that the protec-
tion afforded by these antibodies is titer dependent [59].
We observed that milk IgA and IgG Ab titers were signifi-
cantly higher (»=0.0251 and p=0.0286, respectively) in
sows with healthy piglets when compared with gilt/sows
with diarrheic piglets. Although some studies showed that
serum IgG and IgA Abs levels were higher in sows than in
gilts [56, 57], we observed no differences in RVC serum
IgG and IgA Ab levels between sows with heathy piglets
and sows/gilts with diarrheic piglets. Thus, as noted in
studies of immunity to TGEV and PEDV [60, 61], our cur-
rent results suggest that the local secretion of RVC Abs in
milk, and not the levels of systemic RVC Abs contribute
to piglet protection against clinical RVC disease. Lastly,
we observed significantly higher IgA (p=0.0231) and IgG
(p=0.0184) Ab titers in milk of multiparous swine when
compared with gilts, suggesting that local secretion of IgA
in milk or trafficking of IgA plasmablasts from the gut
to the mammary glands might be influenced by the par-
ity number [61]. Interestingly, in Cowden genotype spe-
cific ELISA, we observed higher IgA and IgG Ab titers
in serum, but lower levels in milk when compared with
the RV0104 G3 genotype suggesting that currently cir-
culating RVC strains may stimulate anamnestic immune
responses and gut-mammary trafficking of the infecting
RVC genotype more efficiently. More studies are needed
to determine the mechanisms involved in the maternal Ab
transfer in milk via the gut-mammary axis.

In summary, we report that porcine RVC infections are
endemic and widespread in both healthy and diarrheic
neonatal piglets with higher RVC prevalence observed in
diarrheic piglets. In addition, we have developed the first
RVC multi-genotype VLP-based Ab ELISA for quantita-
tion of RVC Ab. Further, we used this ELISA to measure
the levels of RVC IgA and IgG Abs in sow/gilt milk and
serum samples and established that lower levels of milk
IgA/IgG Abs were strongly associated with the develop-
ment of clinical disease and the increased RVC shedding
in piglets. Finally, our results suggest that piglets born to
gilts vs. multiparous sows are at higher risk of diarrheal
disease induced by RVC and possibly other pathogens.
Thus, our findings provide new knowledge relevant to the
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management of infectious diarrhea in piglets to reduce
its impact on the swine industry.

Supplementary information

Supplementary information accompanies this paper at https://doi.
org/10.1186/513567-019-0705-4.

Additional file 1. Summary of farm swine herd sample collection
data.

Acknowledgements

We thank the Attending Veterinarian, Dr Donald L. Davidson and his team at
Cooper Farms, OH for collecting and providing swine samples (milk, serum
and rectal swabs) from their farm. We also thank Rosario Candelero-Rueda and
Marcia Lee for laboratory technical assistance.

Authors’ contributions

ANV designed research; LJS aided with the research design; JC, AD and FCP
conducted experiments; JC and ANV analyzed and interpreted data; JC wrote
the paper; ANV and LJS revised the manuscript. ANV has primary responsibility
for final content. All authors read and approved the final manuscript.

Funding

This work was supported by a grant from the National Pork Board (Grant #17-
073) and federal funds appropriated to the Ohio Agricultural Research and
Development Center (OARDC) of The Ohio State University.

Availability of data and materials
The datasets during and/or analysed during the current study available from
the corresponding author on reasonable request.

Competing interests
The authors declare that they have no competing interests.

Author details

! Food Animal Health Research Program, Ohio Agricultural Research

and Development Center, College of Food, Agricultural and Environmental
Sciences, Department of Veterinary Preventive Medicine, The Ohio State
University, Wooster, OH, USA. ? Present Address: College of Food, Agricultural
and Environmental Sciences, The Ohio State University, Agricultural Adminis-
tration Building, Columbus, OH 43210, USA.

Received: 9 July 2019 Accepted: 24 September 2019
Published online: 22 October 2019

References

1. Estes MK, Kapikian AZ (2007) Rotaviruses. In: Lamb RA, Martin MA, Roiz-
man B, Straus EE, Knipe DM, Howley PM, Griffin DE (eds) Fields virology.
Wolters Kluwer, Philadelphia

2. Flewett TH, Bryden AS, Davies H, Woode GN, Bridger JC, Derrick JM (1974)
Relation between viruses from acute gastroenteritis of children and
newborn calves. Lancet 2:61-63

3. Parashar UD, Hummelman EG, Bresee JS, Miller MA, Glass RI (2003) Global
iliness and deaths caused by rotavirus disease in children. Emerg Infect
Dis 9:565-572

4. House JA (1978) Economic-impact of rotavirus and other neonatal
disease agents of animals. J Am Vet Med Assoc 173:573-576

5. Dhama K, Chauhan RS, Mahendran M, Malik SV (2009) Rotavirus diarrhea
in bovines and other domestic animals. Vet Res Commun 33:1-23

6. Estes MK, Cohen J (1989) Rotavirus gene structure and function. Micro-
biol Rev 53:410-449

7. Paul PS, Lyoo YS (1993) Immunogens of rotaviruses. Vet Microbiol
37:299-317

8. Matthijnssens J, Ciarlet M, McDonald SM, Attoui H, Banyai K, Brister JR,
Buesa J, Esona MD, Estes MK, Gentsch JR, Iturriza-Gomara M, Johne R,

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 11 of 12

Kirkwood CD, Martella V, Mertens PPC, Nakagomi O, Parreno V, Rahman
M, Ruggeri FM, Saif LJ, Santos N, Steyer A, Taniguchi K, Patton JT, Des-
selberger U, Van Ranst M (2011) Uniformity of rotavirus strain nomencla-
ture proposed by the Rotavirus Classification Working Group (RCWG).
Arch Virol 156:1397-1413

Matthijnssens J, Otto PH, Ciarlet M, Desselberger U, Van Ranst M, Johne R
(2012) VP6-sequence-based cutoff values as a criterion for rotavirus spe-
cies demarcation. Arch Virol 157:1177-1182

Mihalov-Kovacs E, Gellert A, Marton S, Farkas SL, Feher E, Oldal M, Jakab F,
Martella V, Banyai K (2015) Candidate new rotavirus species in sheltered
dogs, Hungary. Emerg Infect Dis 21:660-663

. Banyai K, Kemenesi G, Budinski |, Foldes F, Zana B, Marton S, Varga-Kugler

R, Oldal M, Kurucz K, Jakab F (2017) Candidate new rotavirus species in
Schreiber’s bats, Serbia. Infect Genet Evol 48:19-26

Saif LJ, Bohl EH, Theil KW, Cross RF, House JA (1980) Rotavirus-like,
calicivirus-like, and 23-nm virus-like particles associated with diarrhea in
young pigs. J Clin Microbiol 12:105-111

Wakuda M, Ide T, Sasaki J, Komoto S, Ishii J, Sanekata T, Taniguchi K (2011)
Porcine rotavirus closely related to novel group of human rotaviruses.
Emerg Infect Dis 17:1491-1493

Leung AK, Kellner JD, Davies HD (2005) Rotavirus gastroenteritis. Adv Ther
22:476-487

Amimo JO, Vlasova AN, Saif LJ (2013) Prevalence and genetic heterogene-
ity of porcine group C rotaviruses in nursing and weaned piglets in Ohio,
USA and identification of a potential new VP4 genotype. Vet Microbiol
164:27-38

Marthaler D, Rossow K, Culhane M, Collins J, Goyal S, Ciarlet M, Matthijns-
sens J (2013) Identification, phylogenetic analysis and classification of
porcine group C rotavirus VP7 sequences from the United States and
Canada. Virology 446:189-198

Morin M, Robinson'Y (1992) Causes of mystery swine disease. Can Vet J
336

Martella V, Banyai K, Lorusso E, Bellacicco AL, Decaro N, Camero M, Bozzo
G, Moschidou P, Arista S, Pezzotti G, Lavazza A, Buonavoglia C (2007)
Prevalence of group C rotaviruses in weaning and post-weaning pigs
with enteritis. Vet Microbiol 123:26-33

Marthaler D, Homwong N, Rossow K, Culhane M, Goyal S, Collins J,
Matthijnssens J, Ciarlet M (2014) Rapid detection and high occurrence
of porcine rotavirus A, B, and C by RT-Qpcr in diagnostic samples. J Virol
Methods 209:30-34

Moutelikova R, Prodelalova J, Dufkova L (2014) Prevalence study and
phylogenetic analysis of group C porcine rotavirus in the Czech Republic
revealed a high level of VP6 gene heterogeneity within porcine cluster 1.
Arch Virol 159:1163-1167

SuzukiT, Hesebe A (2017) A provisional complete genome-based geno-
typing system for rotavirus species C from terrestrial mammals. J Gen
Virol 98:2647-2662

Kiyono H, Fukuyama S (2004) Nalt- versus Peyer's-patch-mediated
mucosal immunity. Nat Rev Immunol 4:699-710

Bianchi AT, Scholten JW, Moonen Leusen BH, Boersma WJ (1999) Devel-
opment of the natural response of immunoglobulin secreting cells in
the pig as a function of organ, age and housing. Dev Comp Immunol
23:511-520

Hammerberg C, Schurig GG, Ochs DL (1989) Immunodeficiency in
young-pigs. Am J Vet Res 50:868-874

Saif LJ, Jackwood DJ (1990) Non-group A rotaviruses. In: Theil KW (ed)
Viral diarrhea of man and animals. CRC Press, Boca Raton, p 313
Macpherson AJ, Mccoy KD, Johansen FE, Brandtzaeg P (2008) The
immune geography of IgA induction and function. Mucosal Immunol
1:11-22

Klobasa F, Werhahn E, Butler JE (1987) Composition of sow milk during
lactation. J Anim Sci 64:1458-1466

Mantis NJ, Rol N, Corthesy B (2011) Secretory IgA’'s complex roles in
immunity and mucosal homeostasis in the gut. Mucosal Immunol
4:603-611

Saif LJ (1999) Enteric viral infections of pigs and strategies for induction of
mucosal immunity. Adv Vet Med 41:429-446

Bourges D, Meurens F, Berri M, Chevaleyre C, Zanello G, Levast B, Melo

S, Gerdts V, Salmon H (2008) New insights into the dual recruitment

of IgA(+) B cells in the developing mammary gland. Mol Immunol
45:3354-3362


https://doi.org/10.1186/s13567-019-0705-4
https://doi.org/10.1186/s13567-019-0705-4

Chepngeno et al. Vet Res

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2019) 50:84

Chabaudie N, Lejan C, Olivier M, Salmon H (1993) Lymphocyte subsets in
the mammary-gland of sows. Res Vet Sci 55:351-355

Bohl EH, Saif LJ, Olquin MVF, Gupta RKP (1972) Antibody-responses in
serum, colostrum, and milk of swine after infection or vaccination with
transmissible gastroenteritis virus. Infect Immun 6:289-301

Bohl EH, Saif LJ (1975) Passive-immunity in transmissible gastroenteritis
of swine: immunoglobulin characteristics of antibodies in milk after
inoculating virus by different routes. Infect Immun 11:23-32

Lanza |, Shoup DI, Saif LJ (1995) Lactogenic immunity and milk antibody
isotypes to transmissible gastroenteritis virus in sows exposed to porcine
respiratory coronavirus during pregnancy. Am J Vet Res 56:739-748
Rothkotter HJ (2009) Anatomical particularities of the porcine immune
system—a physician’s view. Dev Comp Immunol 33:267-272

Saif LJ, Bohl EH (1983) Passive-immunity to transmissible gastroen-

teritis virus: intramammary viral inoculation of sows. Ann N'Y Acad Sci
409:708-723

Saif LJ, Bohl EH, Gupta RKP (1972) Isolation of porcine immunoglobulins
and determination of immunoglobulin classes of transmissible gastroen-
teritis viral antibodies. Infect Immun 6:600-609

Morin M, Magar R, Robinson Y (1990) Porcine group-C rotavirus as a cause
of neonatal diarrhea in a Quebec swine herd. Can J Vet Res 54:385-389
Tuanthap S, Phupolphan C, Luengyosluechakul S, Duang-in A, Theam-
boonlers A, Wattanaphansak S, Vongpunsawad S, Amonsin A, Poo-
vorawan Y (2018) Porcine rotavirus C in pigs with gastroenteritis on Thai
swine farms, 2011-2016. Peerj 6:e4724

Bohl EH, Saif LJ, Theil KW, Agnes AG, Cross RF (1982) Porcine pararotavirus:
detection, differentiation from rotavirus, and pathogenesis in gnotobiotic
pigs. J Clin Microbiol 15:312-319

Jung K, Wang QH, Scheuer KA, Lu ZY, Zhang Y, Saif LJ (2014) Pathology
of US porcine epidemic diarrhea virus strain PC21A in gnotobiotic pigs.
Emerg Infect Dis 20:662-665

Vlasova AN, Halpin R, Wang SL, Ghedin E, Spiro DJ, Saif LJ (2011) Molecu-
lar characterization of a new species in the genus Alphacoronavirus
associated with mink epizootic catarrhal gastroenteritis. J Gen Virol
92:1369-1379

Hu H, Jung K, Wang QH, Saif LJ, Vlasova AN (2018) Development of a
one-step RT-PCR assay for detection of pancoronaviruses (alpha-, beta-,
gamma- and delta-coronaviruses) using newly designed degener-

ate primers for porcine and avian “fecal samples. J Virol Methods
256:116-122

National Center for Biotechnology Information (NCBI) Bethesda (MD):
National Library of Medicine (US), National Center for Biotechnology
Information (1988) https://www.ncbi.nlm.nih.gov/. Accessed 16 Aug
2018

Lecce JG, King MW (1978) Role of Rotavirus (reo-like) in weanling diarrhea
of pigs. J Clin Microbiol 8:454-458

Will LA, Paul PS, Proescholdt TA, Aktar SN, Flaming KP, Janke BH, Sacks J,
Lyoo YS, Hill HT, Hoffman LJ, Wu LL (1994) Evaluation of rotavirus infection
and diarrhea in iowa commercial pigs based on an epidemiologic study
of a population represented by diagnostic laboratory cases. J Vet Diagn
Invest 6:416-422

Saif LJ, Rosen B, Parwani A (1994) Animal rotaviruses. In: Kapikian A (ed)
Viral infections of the gastrointestinal tract. Marcel Dekker, Inc, New York,
pp 279-367

Amimo JO, Machuka EM, Okoth E (2017) First detection of rotavirus group
Cin asymptomatic pigs of smallholder farms in East Africa. Pathogens
6:E37

Amimo JO, Junga JO, Ogara WO, Vlasova AN, Njahira MN, Maina S, Okoth
EA, Bishop RP, Saif LJ, Djikeng A (2015) Detection and genetic charac-
terization of porcine group A rotaviruses in asymptomatic pigs in small-
holder farms in East Africa: predominance of P[8] genotype resembling
human strains. Vet Microbiol 175:195-210

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 12 of 12

Dewey C, Carman S, Pasma T, Josephson G, McEwen B (2003) Relation-
ship between group A porcine rotavirus and management practices in
swine herds in Ontario. Can Vet J 44.649-653

Chattha K, Vlasova A, Esseili M, Kandasamy S, Siegismund C, Rajashekara
G, Saif L (2012) Probiotics and lactogenic immune factors affect neonatal
B cell responses to rotavirus vaccine. J Immunol 188:1916-1923
Wigdorovitz A, Mozgovoj M, Santos MJD, Parreno V, Gomez C, Perez-
Filgueira DM, Trono KG, Rios RD, Franzone PM, Fernandez F, Carillo C,
Babiuk LA, Escribano JM, Borca MV (2004) Protective lactogenic immunity
conferred by an edible peptide vaccine to bovine rotavirus produced in
transgenic plants. J Gen Virol 85:1825-1832

Besser TE, Mcguire TC, Gay CC, Pritchett LC (1988) Transfer of functional
immunoglobulin-G (Igg) antibody into the gastrointestinal-tract accounts
for igg clearance in calves. J Virol 62:2234-2237

Saif LJ, Terrett LA, Miller KL, Cross RF (1988) Serial propagation of porcine
group C rotavirus (pararotavirus) in a continuous cell-line and characteri-
zation of the passaged virus. J Clin Microbiol 26:1277-1282

Ackerman M (2015) A PEDV re-break. In: AASV annual meeting, New
Orleans 2015. Proceedings of the 2015 AASV annual meeting, p 421
Cabrera RA, Lin X, Campbell JM, Moeser AJ, Odle J (2012) Influence of
birth order, birth weight, colostrum and serum immunoglobulin G on
neonatal piglet survival. J Anim Sci Biotechnol 3:42

Klobasa F, Butler JE, Werhahn E, Habe F (1986) Maternal neonatal immu-
noregulation in swine. Il. Influence of multiparity on de novo immuno-
globulin-synthesis by piglets. Vet Immunol Immunopathol 11:149-159
van de Ligt JL, Lindemann MD, Harmon RJ, Monegue HJ, Cromwell GL
(2002) Effect of chromium tripicolinate supplementation on porcine
immune response during the periparturient and neonatal period. J Anim
Sci 80:456-466

Ward LA, Rich ED, Besser TE (1996) Role of maternally derived circulat-
ing antibodies in protection of neonatal swine against porcine group A
rotavirus. J Infect Dis 174:276-282

Saif LJ, van Cott JL, Brim TA (1994) Immunity to transmissible gastroen-
teritis virus and porcine respiratory coronavirus infections in swine. Vet
Immunol Immunopathol 43:89-97

Langel SN, Paim FC, Lager KM, Vlasova AN, Saif LJ (2016) Lactogenic
immunity and vaccines for porcine epidemic diarrhea virus (PEDV):
historical and current concepts. Virus Res 226:93-107

Pang XL, Lee B, Boroumand N, Leblanc B, Preiksaitis JK, Yu Ip CC (2004)
Increased detection of rotavirus using a real time reverse transcription-
polymerase chain reaction (RT-PCR) assay in stool specimens from
children with diarrhea. J Med Virol 72:496-501

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.ncbi.nlm.nih.gov/

	Rotavirus C: prevalence in suckling piglets and development of virus-like particles to assess the influence of maternal immunity on the disease development
	Abstract 
	Introduction
	Materials and methods
	Prevalence of porcine RVC
	Sample collection and processing

	RNA extraction from rectal swabs and RT-qPCR
	Development of RVC VLP based antibody ELISA
	RNA extraction and amplification of porcine RVC structural genes by conventional RT-PCR
	Sequencing
	Cloning
	Generation of recombinant baculovirus DNA
	Spodoptera frugiperda 9 (Sf9) cells growth and maintenance
	Transfection of insect cells and expression of recombinant protein
	VLP expression, purification and visualization

	Development of RVC virus-like-particle antigen ELISA to quantitate RVC antibodies
	Screening serum and milk of sowsgilts for RVC IgA and IgG antibodies using the VLP ELISA and genotype specific VLP ELISA
	Statistical analysis

	Results
	Parity number was significantly negatively correlated with prevalence of diarrheic litters
	Prevalence of porcine group C rotavirus in suckling piglets
	VLP expression and purification
	Antigenicity of expressed RVC VLPs in ELISA to detect RVC antibodies
	Multiparous sows farrowed healthy litters corresponding to higher RVC IgG and IgA Ab titers in milk
	Levels of antibodies against the historic RVC Cowden strain were lower in milk but higher in serum

	Discussion
	Acknowledgements
	References




