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Abstract

this risk.

than samples from the positive control group.

PEDV infection of naive piglets.

Background: Since its initial detection in May 2013, porcine epidemic diarrhea virus (PEDV) has spread rapidly
throughout the US swine industry. Recently, contaminated feed was confirmed as a vehicle for PEDV infection of
naive piglets. This research provides in vivo data supporting the ability of a liquid antimicrobial product to reduce

Results: Sal CURB® (Kemin Industries, Des Moines, IA, USA) is a FDA-approved liquid antimicrobial used to control
Salmonella contamination in poultry and swine diets. To test its effect against PEDV, Sal CURB®-treated feed was
spiked with a stock isolate of PEDV (Ct = 25.22), which PEDV-naive piglets were allowed to ingest via natural feeding
behavior (ad libitum) for a 14-day period. For the purpose of a positive control, a separate group of piglets was
allowed to ingest non-treated (Sal CURB®-free) feed also spiked with stock PEDV (Ct = 25.22). A negative control
group received PEDV-free feed. Clinical signs of PEDV infection (vomiting and diarrhea) and viral shedding in feces
were observed in the positive control group 2-3 days post-consumption of non-treated feed. In contrast, no
evidence of infection was observed in pigs fed Sal CURB®-treated feed or in the negative controls throughout the
14-day study period. In addition, the Sal CURB®-treated feed samples had higher (p < 0.0001) mean PEDV Ct values

Conclusions: These data provide proof of concept that feed treated with Sal CURB® can serve as a means to
reduce the risk of PEDV infection through contaminated feed. Furthermore, the results from the positive control
group provide additional proof of concept regarding the ability of contaminated feed to serve as a risk factor for
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Background

Porcine epidemic diarrhea virus (PEDV) is an enveloped
single-stranded positive sense RNA virus belonging to
the Order Nidovirales, the family Coronaviridae and the
genus Alphacoronavirus [1]. Following detection in the
US swine population during May, 2013, the virus spread
rapidly across the country with 6659 cases of Porcine
Epidemic Diarrhea (PED) confirmed across 30 states as
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of May 17, 2014 [2,3]. Recently, proof of concept that
contaminated feedstuffs can serve as a route of PEDV
transmission to naive pigs was reported [4]. This study
evaluated the risk of PEDV-contaminated complete feed
through a novel on-farm sampling method for detection
of virus in feed along with an in vivo experiment (swine
bioassay) using at-risk feed material and normal feeding
behavior [4]. As this new information confirmed feed as
a risk factor, it became imperative to seek solutions.
Therefore, a follow up study was conducted to evaluate
whether a liquid antimicrobial product containing for-
maldehyde and organic acid could mitigate said risk.
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The rationale for this approach was based on previous
publications indicating that products containing for-
maldehyde and organic acids have a positive effect on
Salmonella reduction in feed [5-7]. Furthermore, add-
itional studies have demonstrated that formaldehyde treat-
ment of organ inoculums containing Turkey Coronavirus
(TCoV) rendered this material non-pathogenic, whereas
other treatments failed to ameliorate its negative effects
[8,9]. As PEDV and TCoV are both Coronaviruses, it
was hypothesized that formaldehyde treatment of PEDV-
contaminated feed may induce an anti-viral effect and pre-
vent infection of susceptible pigs.

Methods

Swine bioassay facilities and source of animals

This study was conducted in Biosafety Level 2+ rooms
at the Animal Resource Wing (ARW) at South Dakota
State University (SDSU). All procedures involving ani-
mals throughout the study were performed under the
guidance and approval of the SDSU Institutional Animal
Care and Use Committee. Animals (n = 12, six-week old
piglets) were sourced from a PEDV-naive herd and were
tested on arrival to the ARW via blood sampling and
collection of rectal swabs from each pig. Prior to animal
arrival, all rooms (walls, ceilings, floors and drains) were
monitored for the presence of PEDV by PCR using sam-
pling procedures previously described [10].

Experimental design

Using a validated swine bioassay method [4], the 12 piglets
were divided into 3 groups and each group was housed in
an individual room as follows:

Treatment group: Five piglets consumed feed treated
with Sal CURB® and spiked with stock PEDV [11].
Positive control group: Five piglets consumed
saline-treated feed spiked with stock PEDV.

Negative control group: Two piglets consumed

feed + saline without PEDV.

Processing of feed

Feed was sourced from a PEDV-naive farm and screened
by PCR prior to use. For the purpose of the study, a
45.5 kg allotment of feed was treated with 147.42 mL of
Sal CURB®, (Kemin Industries, Des Moines, IA USA),
based on an inclusion rate (per label) of 3 kg/ton of
complete feed. Sal CURB® is a premix of aqueous for-
maldehyde solution 37% (for maintenance of complete
animal feeds or feed ingredients Salmonella-negative for
up to 21 days) and propionic acid (as a chemical preser-
vative for control of mold in feed or feed ingredients).
While Sal CURB® provides effective Salmonella control
for up to 21 days, it is not approved for use by the U.S.
Food & Drug Administration or the U.S. Department of
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Agriculture as a treatment for PEDV. The liquid anti-
microbial was added to the feed using a syringe, inject-
ing approximately 30 mL in 5 different locations within
the 45.5 kg of feed. To promote proper mixing, the feed
was stirred manually for 10 minutes using wooden
spoons and strainers. Upon completion of the 10 minute
mixing period, treated feed was spiked with 100 mL of a
stock isolate of PEDV at a cycle threshold (Ct) value of
25.22. Twenty mL aliquots of virus were injected into 5
different locations within the feed. This level of PEDV
contamination was selected based on data from actual
field cases of PEDV-contaminated feed as well as levels
of challenge used in the proof of concept study [4]. For
the purpose of a positive control, a 45.5 kg quantity of
feed was also spiked with 100 mL of stock PEDV (Ct =
25.22) along with 147.42 mL of sterile saline. Finally,
feed for the negative control group was treated with
147.42 mL of sterile saline (no PEDV and no Sal
CURB?®). The total time required for preparation of feed
batches was 60 minutes, followed by placement into the
feeders of the respective rooms, allowing immediate ad-
libitum access to feed for a 14-day period [4]. Separate
mixing instruments were used to prepare the feed for all
3 groups of pigs.

Piglet testing

Following access to treated feed, the PEDV status of all 3
groups was monitored. On a daily basis, ARW personnel
inspected animals for clinical signs of PED and collected
rectal swabs (Dacron swabs, Fisher Scientific, Franklin
Lakes, NJ, USA) from each pig. Personnel moved from
the negative control group, to the treatment group and
then to the positive control group every day. Showers
were taken between rooms and room-specific coveralls,
footwear, hairnets, gloves and P95 masks (3 M, St. Paul,
MN USA) were worn. In addition, each room was venti-
lated individually and HEPA filtration for both incoming
and outgoing air was employed per room. If clinically af-
fected animals were observed, swabs of diarrhea and/or
vomiting, in conjunction with the daily rectal swab, were
collected. Swabs were submitted to the SDSU ADRDL
and tested by PCR. On day 15 of the study, animals were
humanely euthanized with intravenous sodium pento-
barbital and small intestinal tracts submitted for PCR
and immunohistochemistry (IHC) testing and micro-
scopic evaluation.

Feed sampling

On 9 designated days during the study period, (days O, 1,
3,5, 7,9 11, 13 and 15), feed samples were collected
from the 3 respective groups. The purpose of sampling
was to document the presence of PEDV in feed and to
determine whether a change in viral load occurred over
time. Samples were collected from the material hopper
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from the feeder in each room. As these hoppers were
rectangular in shape (91.44 cm deep x 61 cm long x
30.5 cm wide), protocols used to sample feed from flat-
bottom trucks were referenced per the USDA Grain In-
spection, Packers and Stockyards Administration [12]. For
collecting feed samples, a model of a grain probe was con-
structed [12]. This model consisted of 2 PVC tubes (Heri-
tage Plastics Inc., Carrolton, OH, USA), one placed inside
the other per standard probe design. The outer tube was
64 cm in length with a diameter of 4.45 cm and the inner
tube was 73 cm in length with a diameter of 3.18 cm. To
facilitate feed entry into the lumen of the probe, seven
1.91 cm slots were drilled into each tube. Rotation of the
outer tube aligned the slots across both tubes, resulting in
the entry of feed into the probe via gravity flow. Once
sampling was complete, the outer tube was rotated in the
opposite direction, thereby closing the slots. To maintain
feed in the probe lumen during sampling, as well as fa-
cilitate sample removal post-collection, both ends of the
model were covered by a 3.18 cm plastic cap. Three
models were constructed, one for each room.

Using the flat-bottom truck protocol, 5 samples of feed
were taken from each hopper, one from each corner (n =4)
and one from the center. The goal was to collect approxi-
mately 50 grams of feed per sampling time. At each point,
the probe was inserted at an angle of 0° to a depth of
50 cm into the hopper, thereby “burying” the probe. Dur-
ing placement, the outer tube was rotated clockwise to
close the slots and prevent feed entry. For sample collec-
tion, the outer tube was rotated counter-clockwise; open-
ing the slots in both tubes and the model was moved in
an up-and-down manner 2 times [12]. The outer tube was
rotated to close the slots and the probe was removed. One
end cap was removed and the sample was deposited into a
50 gram plastic specimen container. Once approximately
50 grams of feed were collected, a 10 mL aliquot of sterile
saline was added to the specimen container. A sterile
Dacron swab was inserted into sample and rotated 5
times clockwise and 5 times counter-clockwise to con-
tact any PEDV present. The swab was removed, placed
into a 3 mL plastic tube (Falcon, Franklin Lakes, NJ,
USA) containing 2 mL of sterile saline and submitted
for testing.

Diagnostic procedures

All diagnostic testing was conducted using protocols devel-
oped and validated by the South Dakota State University
Animal Disease Research and Diagnostic Laboratory.

Extraction of RNA

The MagMAX™ 96 Viral Isolation Kit (Life Technologies,
Waltham MA, USA) was used to obtain viral RNA from
the samples, as described in the instructions provided
(1836 M Revision F). A 175-ul volume of sample was used
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for the extraction. The magnetic bead extractions were
completed on a Kingfisher96 instrument (Thermo Scientific,
Waltham MA, USA).

Real-time PCR

A commercially available real-time, single tube RT-PCR
multiplex assay for the detection of PEDV and transmis-
sible gastroenteritis virus (TGEV) was used in this study
per kit instruction (Tetracore, Rockville, MD, USA).
Briefly, 7 ul of the extracted RNA was added to 18 pl of
the master mix. The one-step real-time RT-PCR amplifica-
tion conditions started with 15 minutes at 48°C, followed
by 2 minutes at 95°C. The final cycles consisted of 5 sec-
onds at 95°C and then 40 seconds at 60°C (data collection
step). The program was run for 40 cycles (Cycle time) and
the FAM detector was used for PEDV and the TAMRA
detector was used for TGEV. Positive and negative
controls were included on each run. All amplification
was completed on the ABI7500 instrumentation (Austin,
TX, USA).

PEDV stock virus propagation

For PEDV propagation, Vero 76 cells (ATCC CRL-1587)
were maintained in MEM plus 10% fetal bovine serum
and antibiotics. Three-day old confluent monolayers of
Vero 76 cells in 150 cm® flasks were washed 3 times
with serum free minimum essential media (MEM) prior
to inoculation. Monolayers were infected at ~0.1 moi of
PEDV in MEM containing 2.5ug/ml TPCK-treated tryp-
sin, incubated at 37°C for approximately 48 hours until
obvious CPE was apparent. Flasks were frozen at —-80°C
until needed.

Immunohistochemistry

Immunohistochemistry slides of porcine GI tracts were
prepared using the standard SDSU ADRDL IHC pro-
cedure, with the following modification being the use
of PEDV monoclonal antibody SD-6-29, of mouse asci-
tes origin, courtesy of Steve Lawson, SDSU, at a 1:1000
dilution.

Results

Swine bioassay

The in vivo phase of the study was conducted from
March 20 to April 5, 2014 (Table 1). Prior to initiation
of the bioassay, all samples from incoming piglets, ARW
facilities and feed were PCR negative. Throughout the
14 day study period, PEDV RNA in rectal swabs and
clinical signs of PED were not observed in the treatment
group or the negative control group. In addition, small
intestinal tract samples from all 5 pigs in the treatment
group and the 2 pigs in the negative control group were
negative by PCR and IHC and no evidence of micro-
scopic lesions of PED was observed. In contrast, in the
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Table 1 Summary of clinical signs and diagnostic data across the 3 groups of piglets from the swine bioassay

Treatment group

(+) control group

(-) control group

Days on test PCR Clinical signs PCR Clinical signs PCR Clinical signs
0 Neg Neg Neg Neg Neg Neg

1 Neg Neg Neg Neg Neg Neg

2 Neg Neg 19.98 Neg Neg Neg

3 Neg Neg 16.32/18.84 Diarrhea Neg Neg

4 Neg Neg 17.10 Diarrhea Neg Neg

5 Neg Neg 16.07/15.70/16.58 V&D Neg Neg

6 Neg Neg 22.13 V&D Neg Neg

7 Neg Neg 21.20 Diarrhea Neg Neg

8 Neg Neg 27.07 Neg Neg Neg

9 Neg Neg 2048 Neg Neg Neg

10 Neg Neg 2144 Neg Neg Neg

11 Neg Neg 2048 Neg Neg Neg

12 Neg Neg 3342 Neg Neg Neg

13 Neg Neg Neg Neg Neg Neg

14 Neg Neg 30.06 Neg Neg Neg
Necropsy Gl Negative No lesions Gl positive 5/5 pigs Lesions 5/5 pigs Gl Negative No lesions

Treatment group: Pigs fed PEDV positive/liquid antimicrobial treated feed.
(+) control group: Pigs fed PEDV positive/saline treated feed.

(-) control group: Pigs fed PEDV negative/saline treated feed.

Gl Negative: Small intestinal tracts negative by PCR & IHC.

Gl positive: Small intestinal tracts positive by PCR & IHC.

Lesions: Histopathologic evidence of PEDV infection.

DPI: Days post-ingestion of feed.

V & D: vomiting & diarrhea.

positive control group PEDV RNA was detected in a rectal
swab from the index piglet on day 2 post-ingestion
(Table 1). On day 3, clinical signs of diarrhea were ob-
served in the index piglet and another piglet was PCR
positive on rectal swab. From day 4-7 post-ingestion,
PEDV RNA was detected in diarrhea and rectal swabs
from 3 piglets, with lethargy, vomiting and diarrhea
noted. For the remainder of the 14 day study period,
sporadic shedding of PEDV in feces was detected with
poor condition in piglets. Small intestinal tract samples
from all 5 pigs were positive by PCR and IHC. In addition,
microscopic evaluation of small intestinal tissues indicated
lesions indicative of PED, including re-epithelialization
with diffuse villous blunting and fusion.

Feed testing

The results of the feed sampling are summarized in Figure 1
with raw data provided in Table 2. All 9 feed samples from
the positive control group were positive for the presence
of PEDV RNA by PCR with a mean Ct of 25.15 (range =
24.15-26.74). In contrast, the mean Ct value of the feed
from the treatment group was 35.79 (range 25.89-40).
When analyzed by t-test, the difference in the mean Ct
levels between the treatment group and the positive

control group was significant at p < 0.0001. All samples
were PCR-negative from the negative control group.

Discussion

Based on the results of the bioassay, Sal CURB® treated
feed prevented infection and clinical disease in naive
piglets. In contrast, pigs allowed to ingest non-treated
feed spiked with PEDV became infected. While both the
treatment and the positive control feed contained a simi-
lar level of PEDV immediately post-processing (day 0),
there was a significant difference in mean Ct at the end
of the sampling period (day 15) across the 2 groups. While
Ct values in treated feed changed over time, values de-
tected in the positive control feed samples remained rela-
tively constant. One interpretation of this observation, in
conjunction with the swine bioassay data, is that the Sal
CURB’ product had an adverse effect of viral load and via-
bility, while in the absence of Sal CURB® the quantity of
PEDV remained constant and that virus survived over
time. An acknowledged limitation was that the results are
based on very small populations of pigs housed under ex-
perimental conditions and cannot be extrapolated to to-
day’s large-scale commercial farm conditions until further
testing can be conducted. In addition, the study was not
designed to answer questions which still remain regarding
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Figure 1 Change in PEDV Ct levels in feed samples collected across the 3 groups over time. This graph depicts the change over time in Ct
values in the feed samples collected from each group of piglets. Note that the initial Ct levels detected in feed samples from both the treatment
group and the positive control group were similar in magnitude on day 1; however, while Ct levels in feed fed to positive control piglets remained
constant (red line), the levels in feed treated with the liquid antimicrobial product (blue line) demonstrate an increase over the 14 day study period.
These data suggest that while viral load remained constant in non-treated feed, it decreased significantly in treated feed. Ct values from the negative
control feed (green line) remained PCR negative throughout the study.

the liquid antimicrobial product, such as the duration of
activity against PEDV, its effects on other viral pathogens,
its effect on dietary nutrients and the logistics of applica-
tion and daily use.

In closing, this is the first publication providing evi-
dence that a means to “biosecure” feed against a globally
significant virus may be possible. Future studies should

Table 2 Summary of PEDV Ct data from individual feed
samples collected across the 3 groups over the 14 day
study period

Sampling Treatment Positive control Negative control X R oo . L.
day feed Ct feed Ct feed Ct investigate whether application of the liquid antimicro-
0 2589 2674 40 bial product may have broader application at the inter-
] 5914 5473 0 national level and could possibly reduce the risk of the
introduction of emerging and re-emerging pathogens
3 3843 2417 40 through feed and feed ingredients that cross borders. Fi-
5 36.25 2415 40 nally, as “feed biosecurity” is a new paradigm for the
7 40 26.11 40 swine industry, veterinarians, producers and representa-
9 36.79 2487 40 tives from the feed industry will need to work together
» 3567 2401 40 and pursue novel means to implement such a strategy.
13 40 24.96 40 .
Conclusions
15 40 274 40 The results of this study provide initial proof of concept
Mean Ct  35.79" 25.15% 40 that the application of a liquid antimicrobial product
Treatment group: Pigs fed PEDV positive/liquid antimicrobial treated feed. (Sal CURB®) reduced the risk of PEDV infection through

(+) control group: Pigs fed PEDV positive/saline treated feed. . e
(=) control group: Pigs fed PEDV negative/saline treated feed. contaminated feed. Furthermore’ data from the posmve

* values significantly different at p < 0.0001. control group once again provide proof of concept
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regarding the ability of contaminated feed to serve as a
risk factor for PEDV infection of naive piglets.

Availability of supporting data
The data set(s) supporting the results of this article is
included within the article.
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