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 Introduction

Spray-dried porcine plasma (SDPP) is used widely in
ets for weanling pigs to improve their growth rate and
ed intake, and to reduce diarrhea (Peace et al., 2011;

Pettigrew, 2006; Van Dijk et al., 2001; Zhao et al., 2007).
The plasma utilized for production of SDPP is collected at
veterinary-inspected abattoirs from animals designated as
fit for human consumption. Specifically, blood is collected
into containers with anticoagulant and the erythrocytes
are removed by centrifugation. The plasma obtained is
subsequently spray-dried and used for the production of
food, feed and for industrial applications. It has been
shown that specific spray-drying conditions substantially
reduce the number of viable microorganisms (Ananta et al.,
2005; Polo et al., 2005; Pujols et al., 2007). The blood is
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A B S T R A C T

Porcine epidemic diarrhea virus (PEDV) is considered an emergent pathogen associated

with high economic losses in many pig rearing areas. Recently it has been suggested that

PEDV could be transmitted to naı̈ve pig populations through inclusion of spray-dried

porcine plasma (SDPP) into the nursery diet which led to a ban of SDPP in several areas in

North America and Europe. To determine the effect of spray-drying on PEDV infectivity,

3-week-old pigs were intragastrically inoculated with (1) raw porcine plasma spiked with

PEDV (RAW-PEDV-CONTROL), (2) porcine plasma spiked with PEDV and then spray dried

(SD-PEDV-CONTROL), (3) raw plasma from PEDV infected pigs (RAW-SICK), (4) spray-

dried plasma from PEDV infected pigs (SD-SICK), or (5) spray-dried plasma from PEDV

negative pigs (SD-NEG-CONTROL). For the spray-drying process, a tabletop spray-dryer

with industry-like settings for inlet and outlet temperatures was used. In the RAW-PEDV-

CONTROL group, PEDV RNA was present in feces at day post infection (dpi) 3 and the pigs

seroconverted by dpi 14. In contrast, PEDV RNA in feces was not detected in any of the pigs

in the other groups including the SD-PEDV-CONTROL group and none of the pigs had

seroconverted by termination of the project at dpi 28. This work provides direct evidence

that the experimental spray-drying process used in this study was effective in inactivating

infectious PEDV in the plasma. Additionally, plasma collected from PEDV infected pigs at

peak disease did not contain infectious PEDV. These findings suggest that the risk for PEDV

transmission through commercially produced SDPP is minimal.
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ooled from 6000 to 10,000 animals slaughtered on the
ame day, resulting in a mixture of antibodies against
arious pathogens that have a neutralizing effect on
otential pathogens present in the plasma and can be
onsidered as an effective biosafety step in the
anufacturing process of SDPP (Polo et al., 2013).

Porcine epidemic diarrhea virus (PEDV), an enveloped
ingle-stranded, positive-sense RNA virus which belongs

 the family Coronaviridae, was first reported in feeder and
ttening pigs in the UK in 1971 (Wood, 1977). PEDV

auses an acute, highly contagious diarrhea in pigs of all
ges with up to 90–95% mortality in suckling pigs in naı̈ve
reeding herds (Stevenson et al., 2013; Sun et al., 2012;
emeeyasen et al., 2013; Wang et al., 2013). Outbreaks of
EDV have occurred in all pig producing areas in Europe
Song and Park, 2012) followed by introduction into Asia

 the early 1990s (Kusanagi et al., 1992). More recently,
EDV was introduced to North America and rapidly
pread across farms and states causing large-scale out-
reaks with high rates of morbidity and mortality (Huang
t al., 2013; Mole, 2013; Stevenson et al., 2013). Thus far,
here is no effective vaccine or specific treatment
vailable, and the only measures to control the disease
re those directed at preventing the introduction of the
irus to farms (Park et al., 2011; Song and Park, 2012;
emeeyasen et al., 2013).

The source of introduction and routes of transmission
f PEDV in North America are being investigated.
otential routes of PEDV transmission include direct
nd indirect contact with feces of infected animals (Jung
t al., 2014; Saif et al., 2012), contaminated transport
ehicles (Lowe et al., 2014), and milk from infected sows
Sun et al., 2012). Recently, SDPP products were

plicated to transmit PEDV in the USA and Canada
Anonymous, 2014). Analytical results released by the
ntario Ministry of Agriculture and Food indicated the
resence of PEDV RNA in commercial SDPP; bioassay
ests confirmed infectious PEDV in the SDPP but not in
he associated feed in which it was used as an ingredient
Pasick et al., 2014).

To investigate the potential of plasma obtained from
EDV infected pigs to contain infectious PEDV and to
vestigate the infectivity of PEDV after the spray-drying

rocess, plasma samples derived from PEDV positive
iglets or plasma samples spiked with cell culture
ropagated PEDV were tested in a swine bioassay, either
ntreated (raw) or after spray-drying. The objectives of
is study were to (1) evaluate whether plasma from PEDV
fected pigs at the peak of disease contains infectious

EDV and (2) if the spray-drying process is efficient to
activate PEDV.

. Material and methods

.1. Ethical statement

The experimental protocol in this study was approved
y the Iowa State University Institutional Animal Care and
se Committee (Approval no. 2-14-7742-S; approved on
-Mar-14).

2.2. Animals and housing

Colostrum-fed, crossbred, specific-pathogen-free,
2-week-old pigs were purchased from a PEDV-free herd.
Sixteen pigs obtained from six litters were transported to
biosafety level 2 research facilities at Iowa State University,
Ames, IA, USA. Upon arrival, the pigs were ear-tagged,
randomly divided into groups of two-to-four pigs and
housed in five separate rooms. Each room had 18 m2 of
solid concrete floor space, separate ventilation systems,
and one nipple drinker. All groups were fed ad libitum a
balanced, pelleted, complete feed ration free of animal
proteins (Heartland Coop, Prairie City, IA, USA).

2.3. Experimental design and treatments

The experimental design is summarized in
Table 1. Treatments included spray-dried plasma from
PEDV negative pigs (SD-NEG-CONTROL), spray-dried
plasma from pigs experimentally infected with PEDV
(SD-SICK), PEDV negative plasma spiked with PEDV and
then spray dried (SD-PEDV-CONTROL), liquid (raw) PEDV
negative plasma spiked with PEDV (RAW-PEDV-CON-
TROL), and liquid (raw) plasma from pigs experimentally
infected with PEDV (RAW-SICK). Experimental inoculation
was done after a one week acclimation period when the
pigs were 3 weeks old. Fecal swabs were collected using
polyester swabs two days prior to inoculation, and at days
post-inoculation (dpi) 3, 5, 7, 11, 14, 21 and 28 and stored
in 5 ml plastic tubes containing 1 ml of sterile saline
solution (Fisher Scientific, Inc.). Blood samples were
collected at dpi 2, and at dpi 7, 14, 21 and 28. The blood
was collected in 8.5 ml serum separator tubes (Fisher
Scientific, Inc.), immediately centrifuged at 3000 � g for
10 min at 4 8C, separated, and stored at �80 8C until use.
Following challenge, the pigs were individually monitored
daily. Pigs were weighed at dpi 0 and 28.

2.4. Plasma sources and processing

Plasma was obtained by collecting blood from pigs
euthanized with an overdose of pentobarbital (Fatal Plus,
Vortech Pharmaceutical, Dearborn, MI, USA) in jars
containing 12,000 USP heparin units (Hospira Inc., Lake
Forest, IL, USA) per liter of blood. The plasma was
immediately centrifuged at 2000 � g for 10 min at 4 8C
in 50 ml centrifuge tubes and stored at 4 8C until use.

2.4.1. PEDV-negative plasma

PEDV RNA and antibody negative plasma was obtained
from five 15-week-old crossbred PEDV naı̈ve pigs as part of
another study (T. Opriessnig, unpublished data). One liter
of the PEDV-negative plasma was spray-dried two hours
after plasma collection and served as sham-inoculum for
the NEG-CONTROL group.

2.4.2. PEDV-spiked plasma

Ten milliliter of the PEDV-negative plasma described
under ‘‘PEDV-negative plasma’’ was spiked with a cell
culture propagated PEDV strain ISU13-19338E (Chen et al.,
2014) to a final concentration of 5 � 102 50% tissue culture
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fectious dose (TCID50) per ml (total dose of 5 � 103

ID50) and served as inoculum for the RAW-PEDV-
NTROL group. In addition, 1 l of the PEDV-negative

asma was spiked with PEDV to a final concentration of
 � 104 TCID50 per ml, stored at 4 8C, and subsequently

ray-dried 5 h after plasma collection, and served as
oculum for the SD-PEDV-CONTROL group.

.3. Plasma from PEDV sick pigs

Plasma was obtained from three 3-week-old crossbred
gs from another study where they were orally infected
ith 5 � 103 TCID50 of PEDV ISU13-19338E and euthanized

 dpi 3 when the pigs had developed diarrhea (Opriessnig
 al., 2014). Specifically, PEDV RNA was demonstrated in
rum samples by RT-PCR in two of three individual pigs
m the PEDV control group ranging from 2.2 to 3.2 log10

nomic equivalent copies per ml (Opriessnig et al., 2014).
wever, PEDV RNA was not detected in the pooled

asma by real-time RT-PCR. Assessment of the in vitro

fectivity of the pooled plasma was not performed. A total
 15 ml of the plasma were used in its liquid form and
rved as inoculum for the RAW-SICK group and 110 ml of
e plasma were spray-dried and served as inoculum for
e SD-SICK group.

. Spray-drying process

To ensure that the spray dryer was not contaminated
ith PEDV, it was disinfected with an oxidizing disinfec-
nt (Virkon1 S, DuPont) according to the manufacturers’
commendations and subsequently subjected to UV light
r 30 min from all sides before the initiation of each run.
ven swabs were then taken from various components of
e apparatus, placed in sterile saline, and confirmed to be
DV-negative by real-time RT-PCR.
The collected plasma was spray-dried using a bench-

p spray-dryer (Yamato Model ADL310, Yamato Scientific
. Ltd., Tokyo, Japan) as previously described (Patterson

 al., 2010). Briefly, a 0.4-mm nozzle was used with the
llowing parameters: inlet air temperature of 166 8C,
piration rate of 0.6 m3/min, outlet temperature of

 8C, and an 820 ml/h sample flow rate under 0.1 MPa of
essure. The resulting spray-dried plasma powder was
ored at 4 8C for seven days, at which time it was
constituted in sterile saline to a concentration of
18 g/ml.

2.6. Inoculation

Inoculation was done by intragastric administration of
5 ml of each of the final treatments as outlined in Table 1
using a stomach tube. Pigs in the SD-NEG-CONTROL, SD-
PEDV-CONTROL and SD-SICK groups were inoculated with
the respective reconstituted spray-dried plasma. Pigs in
the RAW-PEDV-CONTROL and the RAW-SICK groups were
inoculated intragastrically with the liquid plasma samples.

2.7. Anti-PEDV-IgG antibodies

Serum samples were tested by a spike (S) 1-based PEDV
IgG ELISA described elsewhere (Gerber et al., 2014) and an
indirect immunofluorescence assay (IFA) according to
routinely performed standard protocols at the Veterinary
Diagnostic Laboratory at Iowa State University (VDL-ISU).
Briefly, an immunogenic fragment spanning amino acids
1 through 718 of the S1 domain of the PEDV IA1 strain
(Huang et al., 2013) expressed in an eukaryotic expression
vector was used as antigen for the S1-ELISA. Microtiter
plates were coated with the S1 polypeptide diluted in
carbonate coating buffer and incubated overnight at 4 8C.
Plates were then blocked with 1% bovine serum albumin
for 2 h at 22 8C and incubated with samples diluted 1:100
in PBS containing 10% goat serum for 30 min at 37 8C. After
a washing step, a 1:20,000 diluted peroxidase-conjugated
goat anti-swine IgG (Jackson ImmunoResearch) was added
and incubated at 37 8C for 30 min. The peroxidase reaction
was visualized by using tetramethylbenzidine-hydrogen
peroxide solution as the substrate for 10 min at room
temperature and stopped by adding 50 ml of 2.5 M sulfuric
acid to each well. Optical densities (OD) were measured at
450 nm using an ELISA plate reader and were considered
positive if the OD value was 0.3 or greater.

2.8. PEDV RNA detection and quantification

Total nucleic acids was extracted from the fecal swab
suspensions, serum, raw plasma samples and spray-dried
plasma samples using the MagMaxTM viral isolation kit
(Applied Biosystems, Life Technologies, Carlsbad, CA, USA)
on the KingFisher Flex System (ThermoFisher Scientific,
Pittsburgh, PA, USA). Spray-dried plasma was diluted 1:20
in saline prior to extraction. The extracts were tested for
presence and quantity of PEDV genomic equivalent copy

ble 1

perimental design.

roup designation n PEDV status of

the pig utilized

as plasma source

Plasma treatment Inoculation

dose per pig

Log10 PEDV genomic

equivalent copies/mlb
PEDV spiking (PEDV titer) Spray-drying

D-NEG-CONTROL 4 Negative No Yes 5 ml 0

D-SICK 4 Positivea No Yes 0.9 g 0

D-PEDV-CONTROL 4 Negative Yes (1.8 � 104 TCID50/ml) Yes 0.9 g 3.56

AW-PEDV-CONTROL 2 Negative Yes (5.0 � 102 TCID50/ml) No 5 ml 4.28

AW-SICK 2 Positivea No No 5 ml 0

Experimentally infected with PEDV 3 days previously.

Final product used for inoculation of the pigs (raw plasma or reconstituted spray-dried plasma powder).
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umbers by a real-time RT-PCR targeting the conserved
RF1b gene as described (Kim et al., 2007).

.9. Sequencing

A PEDV real-time RT-PCR positive fecal sample collect-
d at dpi 7 from a pig in the RAW-PEDV-CONTROL group
as sequenced and compared with the sequence of the

EDV strain used for inoculation. In brief, a RT-PCR was
sed to amplify the S1 and nucleocapsid genes as described
hen et al., 2014). The PCR products were purified using
e QIAquick1 PCR Purification Kit (Qiagen) according to
e manufacturers’ directions and sequenced at the Iowa

tate University DNA facility. The sequences were aligned
ith published data using BLAST at the National Center for

iotechnology Information (NCBI) (http://www.ncbi.nlm.-
ih.gov/) and compiled using Lasergene software and the
lustal W alignment algorithm (DNAStar, Madison, WI,
SA).

.10. Necropsy, histopathology and immunohistochemistry

All pigs were necropsied at dpi 28. Severity of
acroscopic lesions in the small and large intestines were

stimated by a pathologist blinded to the treatment status.
ix sections of small intestines, three sections of large
testines, and one section of lung were collected at

ecropsy, fixed in 10% neutral-buffered formalin, and
outinely processed for histological examination. Micro-
copic lesions were evaluated by a pathologist blinded to
eatment groups as described (Stevenson et al., 2013).
etection of PEDV-specific antigen in selected formalin-
xed and paraffin-embedded intestinal sections was
erformed by using immunohistochemistry and a mono-
lonal antibody specific for PEDV (BioNote, Hwaseong-si,
yeonggi-do, Korea) as described (Kim et al., 1999;
tevenson et al., 2013).

.11. Statistical analysis

For data analysis, JMP1 Pro software version 10.0.0 (SAS
stitute, Cary, NC, USA) was used. Statistical analysis of
e data was performed by one-way analysis of variance
NOVA) for the average daily weight gain. A p-value of
ss than 0.05 was set as the significant level.

. Results

.1. Clinical presentation, average daily weight gain, gross

nd microscopic lesions

The pigs in the RAW-PEDV group developed semisolid-
-fluid diarrhea around dpi 3 which lasted until dpi 7–10.

linical disease was not observed in any of other groups for
e duration of the study. From the time of challenge to the
rmination of the study, there was no difference in the

verage daily weight gain (p = 0.58) among groups (data
ot shown). At dpi 28, macroscopic or microscopic lesions
ere not observed and PEDV antigen was not detected by
munohistochemistry in any of the pigs.

3.2. Anti-PEDV-IgG antibody detection

There was no difference between the detection rates
using the S1-ELISA and IFA and only S1-ELISA results are
presented in Fig. 1. Pigs in the SD-NEG-CONTROL, SD-
PEDV-CONTROL, RAW-SICK and SD-SICK groups remained
seronegative throughout the duration of the study. In the
RAW-PEDV-CONTROL group, pigs seroconverted by dpi 14
(Fig. 1).

3.3. PEDV RNA detection, quantification and sequencing

Log10 transformed mean group PEDV genomic equiva-
lent copy numbers per fecal swab (�SEM) are presented in
Fig. 2. Pigs within the SD-NEG-CONTROL, SD-PEDV-CON-
TROL, SD-SICK, and RAW-SICK groups remained PEDV
negative throughout the duration of the trial. In the RAW-
PEDV-CONTROL group, PEDV RNA in fecal swabs was
detected from dpi 3 until termination of the study at dpi
28 (Fig. 2). PEDV RNA was not detected in serum samples at
any collection point. Sequence analysis of the PEDV recovered
from the RAW-PEDV-CONTROL revealed 100% similarity at
the nucleotide level with the PEDV strain used for inoculation
(data not shown).

4. Discussion

After initial identification of PEDV in the U.S., the virus
spread rapidly across all major swine production regions
resulting in high mortality and great economic losses
(Mole, 2013; Stevenson et al., 2013). It has been suggested
that secondary contamination of transport vehicles at
collection points (Lowe et al., 2014) and SDPP products fed
to young piglets (Anonymous, 2014) played a role in the
PEDV dissemination in North America. Detection of PEDV
RNA positive spray-dried plasma lots further raised
awareness among pork producers leading to ban of SDPP
in certain areas (Anonymous, 2014).

As a member of the Coronavirus family PEDV is an
enveloped RNA virus and as such is sensitive to heat
inactivation (Hofmann and Wyler, 1989). It has been
confirmed that PEDV can be rapidly inactivated when
heated at 60 8C for 30 min (Hofmann and Wyler, 1989).
Other enveloped viruses with similar heat resistance such
as porcine reproductive and respiratory syndrome virus
and pseudorabies virus, and even more stable non-
enveloped RNA viruses such as swine vesicular disease
virus (Turner and Williams, 1999) have been successfully
inactivated by spray-drying (Polo et al., 2005; Pujols et al.,
2007). In contrast, porcine circovirus type 2, a non-
enveloped DNA virus, is considered a model for heat
resistant viruses (Martin et al., 2008; O’Dea et al., 2008)
and the spray drying process using laboratory spray dryer
models is not fully capable of inactivation (Patterson et al.,
2010).

The present study was designed to test the degree of
inactivation of PEDV during the spray-drying process. To
make sure that an appropriate positive control was
utilized, plasma was spiked with a known amount of
infectious PEDV. In addition, the plasma was free of PEDV
antibodies to avoid potential virus neutralization prior to

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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ray drying. When administered directly in untreated
uid form, as expected, infectious PEDV-spiked into

asma retained its infectivity and was capable of infecting
e PEDV naı̈ve pigs in the RAW-PEDV-CONTROL group as
termined by viral shedding in feces and seroconversion to
DV. To further test if PEDV is capable of surviving the

spray-drying process, plasma containing infectious PEDV
(SD-PEDV-CONTROL) was spray-dried using a laboratory
bench spray-dryer. Although PEDV RNA could be detected in
the plasma powder after spray drying, none of the SD-PEDV-
CONTROL pigs became PEDV infected, as evidenced by the
lack of PEDV RNA in feces and no evidence of seroconversion.

. 1. Group mean anti-PEDV-IgG optical density (OD) values. Group means (�SEM) were calculated using serum samples from all animals in each group at

h time point. Any OD value equal or greater than 0.3 was considered positive.

. 2. Group mean PEDV RNA levels in fecal samples over time. Group means (�SEM) were calculated using the log10 PEDV genomic equivalent copy number

r fecal swab from all pigs in each treatment group at each time point.
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The PEDV-spiked spray-dried plasma powder used in
his study was stored at 4 8C for seven days. A recent
eport on the biosafety of spray-dried plasma (Biosafety
f spray dried plasma relative to porcine epidemic
iarrhea virus; http://www.functionalproteins.com/
ocuments/news/21.pdf; Accessed on May 1, 2014)
as shown that PEDV survived up to 14 days in
ontaminated spray-dried bovine plasma stored at 4 8C
sing an in-vitro model. Therefore, the storage condi-
ions used in the present study were not detrimental to
he virus viability indicating that the viral inactivation in
he present study was due to the spray-drying process
self. It is worth noting that the concentration of PEDV in

he plasma that was spray-dried and used for the SD-
EDV-CONTROL group was higher than the concentra-
ion in the liquid plasma used in the RAW-PEDV-
ONTROL group. Together with the data obtained in
he RAW-PEDV-CONTROL group, this indicates that the
pray drying process inactivated the virus.

The design and configuration of the particular spray-
ryer utilized and the specific spray-drying process have
een shown to affect the efficacy of virus inactivation.
herefore, it has been suggested that it may not be
ppropriate to fully extrapolate data obtained through use
f the bench-top laboratory spray dryer to the commer-
ial spray drying processes (Thybo et al., 2008). In
eneral, laboratory spray dryers have less capability of
iral inactivation compared with commercial spray-
riers (Shen et al., 2011). Therefore the results from the
resent study are encouraging as they indicate complete
activation of infectious PEDV even under less stringent

onditions supporting an overall low risk that infectious
EDV, if present, may survive the commercial spray-
rying process. In the present study, the outlet temper-
ture used was the same as suggested for spray-dried
lasma production under commercial processes, as this
arameter has been shown to have the single major
ffect on microorganism viability (Ananta et al., 2005).
sage of different spray-drying conditions or lapses in

he consistency of the processes could potentially lead to
n incomplete viral inactivation  and further work needs
o be done to understand and perhaps improve the
uality assurance of the processes utilized by the SDPP
dustry. Alternatively, contamination of PEDV in SDPP

nd by-products may occur post-processing as sug-
ested by recovery of infectious PEDV from feed without
clusion of animal by-products (Dee et al., 2014).

dditionally, PEDV has been demonstrated to become
erosolized and transported up to 10 miles from infected
ites (Alonso et al., 2014) thereby showing a great
otential for wide spread and environmental contami-
ation.

Although it was initially thought that enteric cor-
naviruses including PEDV are not associated with
iremia (Saif and Heckert, 1990), viral loads of 4.0–7.6
g10 PEDV genome equivalent copy numbers per ml of

erum have been described recently in experimentally
nd naturally PEDV-infected pigs (Jung et al., 2014). In
ontrast, the outcomes of another study using an
xperimental PEDV model in young pigs suggest that

at low levels (Opriessnig et al., 2014). Similarly, no PEDV
RNA could be detected in serum samples of the RAW-
PEDV-CONTROL pigs in the present study. Differences in
the ability of the PEDV to reach the vascular system may
be associated with the viral strain (Park and Shin, 2014).
Sporadic detection of viral RNA of another enteric
coronavirus, feline enteric coronavirus (FECV), in blood
seems to be associated with mononuclear cells that
engulf the virus in the gut and subsequently gain access
to the vascular system (Vogel et al., 2010). The
susceptibility of mononuclear cells to FECV is however
poor and viral spread is inefficient (Rottier et al., 2005).
Rather than direct PEDV viremia, secondary contamina-
tion of blood and blood products with PEDV RNA at the
slaughterhouse level, for example with fecal material,
seems to be a more likely source for the observed PEDV
contaminations of pooled plasma samples. This should
be further investigated to improve the overall produc-
tion and manufacturing processes.

Similar to the FECV infection in cats, PEDV infection in
pigs appears to be restricted to intestinal cells (Jung et al.,
2014; Kim et al., 1999; Stevenson et al., 2013). PEDV
antigen has also been demonstrated in macrophages
infiltrating the gut lamina propria (between 18 and 110 h
post inoculation) (Lee et al., 2000) and more recently, in
alveolar macrophages (Park and Shin, 2014). Transient
detection of PEDV RNA in serum samples could be
partially explained by association of PEDV with macro-
phages in acutely infected pigs. In the present study,
there was no evidence of active PEDV infection when
plasma obtained from previously PEDV infected pigs was
given to the RAW-SICK group. Plasma PEDV RNA level in
the pooled samples utilized for the present study was
below real-time RT-PCR detection limit. Further studies
are necessary to fully understand the extent and
significance of PEDV RNA detection in serum of infected
animals and whether the virus in the blood stream
retains infectivity.

In summary, the data from this study indicate that the
spray-drying process was highly effective in PEDV
inactivation as determined by using plasma spiked with
infectious PEDV. Therefore it can be concluded that
commercial SDPP does not represent a significant risk
factor for the transmission of PEDV infection in commercial
swine production. PEDV viremia levels in pigs experimen-
tally infected with PEDV are low to undetectable and
consumption of plasma obtained from PEDV-infected
piglets did not result in transmission of PEDV under the
conditions of this study.

Competing interests

The authors declare they have no competing interests.

Acknowledgments

The authors thank Rachel Brooks and Brett Burke for
assistance with the animal work. This study received no
xternal funding.
etection of PEDV RNA in blood occurs sporadically and e

http://www.functionalproteins.com/documents/news/21.pdf;
http://www.functionalproteins.com/documents/news/21.pdf;


Re

Alo

An

An

Ch

De

Ge

Ho

Hu

Jun

Kim

Kim

Ku

Lee

Lo

Ma

Mo
O’D

Op

Pa

Pa

Pa

Pa

P.F. Gerber et al. / Veterinary Microbiology 174 (2014) 86–9292
ferences

nso, C., Goede, D.P., Morrison, R.B., Davies, P.R., Rovira, A., Marthaler,
D.G., Torremorell, M., 2014. Evidence of infectivity of airborne porcine
epidemic diarrhea virus and detection of airborne viral RNA at long
distances from infected herds. Vet. Res. 45, 73.

anta, E., Volkert, M., Knorr, D., 2005. Cellular injuries and storage stability of
spray-dried Lactobacillus rhamnosus GG. Int. Dairy J. 15, 399–409.

onymous, 2014. Pig producers warned to be wary when using spray-
dried porcine plasma. Vet. Rec. 174, 291.

en, Q., Li, G., Stasko, J., Thomas, J.T., Stensland, W.R., Pillatzki, A.E.,
Gauger, P.C., Schwartz, K.J., Madson, D., Yoon, K.J., Stevenson, G.W.,
Burrough, E.R., Harmon, K.M., Main, R.G., Zhang, J., 2014. Isolation and
characterization of porcine epidemic diarrhea viruses associated with
the 2013 disease outbreak among swine in the United States. J. Clin.
Microbiol. 52, 234–243.

e, S., Clement, T., Schelkopf, A., Nerem, J., Knudsen, D., Christopher-
Hennings, J., Nelson, E., 2014. An evaluation of contaminated com-
plete feed as a vehicle for porcine epidemic diarrhea virus infection of
naive pigs following consumption via natural feeding behavior: proof
of concept. BMC Vet. Res. 10, 176.

rber, P.F., Gong, Q., Huang, Y.W., Wang, C., Holtkamp, D., Opriessnig, T.,
2014. Detection of antibodies against porcine epidemic diarrhea virus
in serum and colostrum by indirect ELISA. Vet. J., http://dx.doi.org/
10.1016/j.tvjl.2014.07.018.

fmann, M., Wyler, R., 1989. Quantitation, biological and physicochem-
ical properties of cell culture-adapted porcine epidemic diarrhea
coronavirus (PEDV). Vet. Microbiol. 20, 131–142.

ang, Y.W., Dickerman, A.W., Pineyro, P., Li, L., Fang, L., Kiehne, R.,
Opriessnig, T., Meng, X.J., 2013. Origin, evolution, and genotyping
of emergent porcine epidemic diarrhea virus strains in the United
States. MBio 4,, e00737-13.

g, K., Wang, Q., Scheuer, K.A., Lu, Z., Zhang, Y., Saif, L.J., 2014. Pathology
of US porcine epidemic diarrhea virus strain PC21A in gnotobiotic
pigs. Emerg. Infect. Dis. 20, 662–665.
, O., Chae, C., Kweon, C.H., 1999. Monoclonal antibody-based immu-
nohistochemical detection of porcine epidemic diarrhea virus antigen
in formalin-fixed, paraffin-embedded intestinal tissues. J. Vet. Diagn.
Invest. 11, 458–462.
, S.H., Kim, I.J., Pyo, H.M., Tark, D.S., Song, J.Y., Hyun, B.H., 2007.
Multiplex real-time RT-PCR for the simultaneous detection and quan-
tification of transmissible gastroenteritis virus and porcine epidemic
diarrhea virus. J. Virol. Methods 146, 172–177.

sanagi, K., Kuwahara, H., Katoh, T., Nunoya, T., Ishikawa, Y., Samejima,
T., Tajima, M., 1992. Isolation and serial propagation of porcine
epidemic diarrhea virus in cell cultures and partial characterization
of the isolate. J. Vet. Med. Sci. 54, 313–318.

, H.M., Lee, B.J., Tae, J.H., Kweon, C.H., Lee, Y.S., Park, J.H., 2000.
Detection of porcine epidemic diarrhea virus by immunohistochem-
istry with recombinant antibody produced in phages. J. Vet. Med. Sci.
62, 333–337.

we, J., Gauger, P., Harmon, K., Zhang, J., Connor, J., Yeske, P., Loula, T.,
Levis, I., Dufresne, L., Main, R., 2014. Role of transportation in spread of
porcine epidemic diarrhea virus infection, United States. Emerg.
Infect. Dis. 20, 872–874.

rtin, H., Le Potier, M.F., Maris, P., 2008. Virucidal efficacy of nine
commercial disinfectants against porcine circovirus type 2. Vet. J
177, 388–393.

le, B., 2013. Deadly pig virus slips through US borders. Nature 499, 388.
ea, M.A., Hughes, A.P., Davies, L.J., Muhling, J., Buddle, R., Wilcox, G.E.,
2008. Thermal stability of porcine circovirus type 2 in cell culture. J.
Virol. Methods 147, 61–66.

riessnig, T., Xiao, C.T., Gerber, P.F., Zhang, J., Halbur, P.G., 2014. Porcine
epidemic diarrhea virus RNA present in commercial spray-dried
porcine plasma is not infectious to naive pigs. PLoS One 9, e104766.

rk, J.E., Shin, H.J., 2014. Porcine epidemic diarrhea virus infects and
replicates in porcine alveolar macrophages. Virus Res. 191C, 143–152.

rk, S.J., Kim, H.K., Song, D.S., Moon, H.J., Park, B.K., 2011. Molecular
characterization and phylogenetic analysis of porcine epidemic diar-
rhea virus (PEDV) field isolates in Korea. Arch. Virol. 156, 577–585.

sick, J., Berhane, Y., Ojkic, D., Maxie, G., Embury-Hyatt, C., Swekla, K.,
Handel, K., Fairles, J., Alexandersen, S., 2014. Investigation into the
role of potentially contaminated feed as a source of the first-detected
outbreaks of porcine epidemic diarrhea in Canada. Transbound.
Emerg. Dis. 61, 397–410.

tterson, A.R., Madson, D.M., Opriessnig, T., 2010. Efficacy of experimen-
tally-produced spray-dried plasma on infectivity of porcine circovirus
type 2 (PCV2). J. Anim. Sci. 88, 4078–4085.

Peace, R.M., Campbell, J., Polo, J., Crenshaw, J., Russell, L., Moeser, A., 2011.
Spray-dried porcine plasma influences intestinal barrier function,
inflammation, and diarrhea in weaned pigs. J. Nutr. 141, 1312–1317.

Pettigrew, J.E., 2006. Reduced use of antibiotic growth promoters in
diets fed to weanling pigs: dietary tools, part 1. Anim. Biotechnol.
17, 207–215.

Polo, J., Opriessnig, T., O’Neill, K.C., Rodriguez, C., Russell, L.E., Campbell,
J.M., Crenshaw, J., Segales, J., Pujols, J., 2013. Neutralizing antibodies
against porcine circovirus type 2 in liquid pooled plasma contribute to
the biosafety of commercially manufactured spray-dried porcine
plasma. J. Anim. Sci. 91, 2192–2198.

Polo, J., Quigley, J.D., Russell, L.E., Campbell, J.M., Pujols, J., Lukert, P.D.,
2005. Efficacy of spray-drying to reduce infectivity of pseudorabies
and porcine reproductive and respiratory syndrome (PRRS) viruses
and seroconversion in pigs fed diets containing spray-dried animal
plasma. J. Anim. Sci. 83, 1933–1938.

Pujols, J., Rosell, R., Russell, L., Campbell, J., Crenshaw, J., Weaver, E.,
Rodriquez, C., Rodenas, J., Polo, J., 2007. Inactivation of swine vesicular
disease virus in porcine plasma by spray-drying. Proc. Annu. Meet.
Am. Assoc. Swine Vet. 38, 281–283.

Rottier, P.J., Nakamura, K., Schellen, P., Volders, H., Haijema, B.J., 2005.
Acquisition of macrophage tropism during the pathogenesis of feline
infectious peritonitis is determined by mutations in the feline coro-
navirus spike protein. J. Virol. 79, 14122–14130.

Saif, L.J., Heckert, R., 1990. Enteric coronaviruses. In: Saif, L.J., Theil, K.W.
(Eds.), Viral Diarrheas of Man and Animals. CRC Press, Boca Raton, FL,
pp. 185–252.

Saif, L.J., Pensaert, M., Sestak, K., Yeo, S.G., Jung, K., 2012. Coronaviruses.
In: Zimmerman, J.J., Karriker, L., Ramirez, A., Schwartz, K.J., Steven-
son, G.W. (Eds.), Diseases of Swine. Wiley-Blackwell, Ames, IA, pp.
501–524.

Shen, H.G., Schalk, S., Halbur, P.G., Campbell, J.M., Russell, L.E., Opriessnig,
T., 2011. Commercially produced spray-dried porcine plasma con-
tains increased concentrations of porcine circovirus type 2 DNA but
does not transmit porcine circovirus type 2 when fed to naive pigs. J.
Anim. Sci. 89, 1930–1938.

Song, D., Park, B., 2012. Porcine epidemic diarrhoea virus: a comprehen-
sive review of molecular epidemiology, diagnosis, and vaccines. Virus
Genes 44, 167–175.

Stevenson, G.W., Hoang, H., Schwartz, K.J., Burrough, E.R., Sun, D., Madson,
D., Cooper, V.L., Pillatzki, A., Gauger, P., Schmitt, B.J., Koster, L.G.,
Killian, M.L., Yoon, K.J., 2013. Emergence of Porcine epidemic diarrhea
virus in the United States: clinical signs, lesions, and viral genomic
sequences. J. Vet. Diagn. Invest. 25, 649–654.

Sun, R.Q., Cai, R.J., Chen, Y.Q., Liang, P.S., Chen, D.K., Song, C.X., 2012.
Outbreak of porcine epidemic diarrhea in suckling piglets, China.
Emerg. Infect. Dis. 18, 161–163.

Temeeyasen, G., Srijangwad, A., Tripipat, T., Tipsombatboon, P.,
Piriyapongsa, J., Phoolcharoen, W., Chuanasa, T., Tantituvanont,
A., Nilubol, D., 2013. Genetic diversity of ORF3 and spike genes of
porcine epidemic diarrhea virus in Thailand. Infect Genet. Evol.
21C, 205–213.

Thybo, P., Hovgaard, L., Lindelov, J.S., Brask, A., Andersen, S.K., 2008.
Scaling up the spray drying process from pilot to production
scale using an atomized droplet size criterion. Pharm. Res. 25,
1610–1620.

Turner, C., Williams, S.M., 1999. Laboratory-scale inactivation of African
swine fever virus and swine vesicular disease virus in pig slurry. J.
Appl. Microbiol. 87, 148–157.

Van Dijk, A., Everts, H., Nabuurs, M., Margry, R.C.J.F., Beynen, A.C., 2001.
Growth performance of weanling pigs fed spray-dried animal plasma:
a review. Livest. Prod. Sci. 68, 263–274.

Vogel, L., Van der Lubben, M., te Lintelo, E.G., Bekker, C.P., Geerts, T.,
Schuijff, L.S., Grinwis, G.C., Egberink, H.F., Rottier, P.J., 2010. Patho-
genic characteristics of persistent feline enteric coronavirus infection
in cats. Vet. Res. 41, 71.

Wang, J., Zhao, P., Guo, L., Liu, Y., Du, Y., Ren, S., Li, J., Zhang, Y., Fan, Y.,
Huang, B., Liu, S., Wu, J., 2013. Porcine epidemic diarrhea virus
variants with high pathogenicity, China. Emerg. Infect. Dis. 19,
2048–2049.

Wood, E.N., 1977. An apparently new syndrome of porcine epidemic
diarrhoea. Vet. Rec. 100, 243–244.

Zhao, J., Harper, A.F., Estienne, M.J., Webb Jr., K.E., McElroy, A.P., Den-
bow, D.M., 2007. Growth performance and intestinal morphology
responses in early weaned pigs to supplementation of antibiotic-
free diets with an organic copper complex and spray-dried plasma
protein in sanitary and nonsanitary environments. J. Anim. Sci. 85,
1302–1310.

http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0005
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0005
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0005
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0010
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0010
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0015
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0015
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0020
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0020
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0020
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0020
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0025
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0025
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0025
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0025
http://dx.doi.org/10.1016/j.tvjl.2014.07.018
http://dx.doi.org/10.1016/j.tvjl.2014.07.018
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0035
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0035
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0035
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0040
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0040
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0040
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0045
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0045
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0045
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0050
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0050
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0050
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0050
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0055
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0055
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0055
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0060
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0060
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0060
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0065
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0065
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0065
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0070
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0070
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0070
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0075
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0075
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0075
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0080
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0085
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0085
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0090
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0090
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0090
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0095
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0095
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0100
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0100
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0100
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0105
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0105
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0105
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0105
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0110
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0110
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0110
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0115
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0115
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0120
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0120
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0120
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0125
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0125
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0125
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0125
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0130
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0130
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0130
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0130
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0135
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0135
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0135
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0140
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0140
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0140
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0145
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0145
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0145
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0150
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0150
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0150
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0150
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0155
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0155
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0155
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0155
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0160
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0160
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0160
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0165
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0165
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0165
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0170
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0170
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0175
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0175
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0175
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0180
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0180
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0180
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0185
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0185
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0185
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0190
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0190
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0195
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0195
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0195
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0200
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0200
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0200
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0205
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0205
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0210
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0210
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0210
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0210
http://refhub.elsevier.com/S0378-1135(14)00431-3/sbref0210

