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Abstract
Animal feed can be contaminated with fomites carrying swine viruses and subse‐
quently be a vehicle for viral transmission. This contamination may not be evenly dis‐
tributed, and there is no validated sampling method for detection of viruses in animal 
feed or ingredients. The purpose of this experiment was to evaluate the sensitivity 
of ingredient sampling methods for detection of porcine epidemic diarrhoea virus 
(PEDV). No animals were used in this experiment, so approval from an animal ethics 
committee was not necessary. Thirteen kg soybean meal was used in a 2 × 2 factorial 
plus a control, with 2 doses of PEDV (Low: 103 TCID50/g versus High: 10

5 TCID50/g) 
and two sample types (individual probes versus composite sample). Soybean meal 
was confirmed PEDV negative, then loaded into individual, 1‐kg polyethylene tote 
bags with PEDV introduced after loading the first 100 g. There were six replicates 
per PEDV dose plus a control. Ten individual probes or one composite sample per bag 
were created and analysed for PEDV via qRT‐PCR. The interaction, dose and sample 
type were significant for both PEDV presence and quantity. No control samples had 
detectable PEDV. At the low dose, no PEDV RNA was detected in individual probes 
or composite samples, but was confirmed in 100% (32.4 Ct) of the inoculant samples. 
This is likely due to loss of sensitivity during the analysis process, which has been 
previously reported to cause a loss up to 10 Ct when detecting PEDV in feed or ingre‐
dients. At the high dose, only 37% (37.7 Ct) of the probes had detectable PEDV RNA. 
Composite samples were more sensitive (p < .05), with PEDV RNA detected in 100% 
of samples (35.7 Ct). In summary, sampling bulk ingredients for PEDV should include 
compositing at least 10 individual samples. Future research is needed to identify al‐
ternative methods that have a similar sensitivity, but require less time and effort to 
collect such a sample.
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1  | INTRODUC TION

Controlled research has demonstrated the ability for many do‐
mestic and emerging transboundary swine viruses to survive in 
ingredients when exposed to conditions mimicking those of trans‐
boundary shipment (Dee et al., 2018, 2016). Furthermore, both 
porcine epidemic diarrhoea virus (PEDV; Schumacher et al., 2016) 
and African swine fever virus (ASFV; Niederwerder et al., 2019) 
contamination in feed has been demonstrated to cause animal 
illness in research settings. Epidemiological evidence also points 
to the animal feed supply chain being the most likely source of 
PEDV entry into the United States (USDA‐APHIS, 2015) and a 
source of subsequent transmission throughout North America 
(Aubry, Thompson, Pasma, Furness, & Tataryn, 2017; Dee et al., 
2014; Pasick et al., 2014). Sampling feed or ingredients for viral 
contamination would be a valuable screening tool to either limit 
domestic virus spread or prevent entry of a foreign animal disease. 
However, there is no validated method for sampling viral contam‐
ination in bulk animal feed or ingredients. This limits the confi‐
dence pork producers and feed manufacturers have in ingredients, 
testing PCR‐negative for domestic viruses, and is a key justifica‐
tion for the inability to conduct foreign animal disease surveillance 
in imported ingredients (USDA‐APHIS, 2019).

The appropriate method for sample collection varies with the 
type and distribution of a substance. For example, most United 
States feed mills collect a single grab sample from a 23,500‐kg 
semitrailer or 1‐metric ton polyethylene tote bag. This is typically 
sufficient, because the purpose of the sample generally to anal‐
yse nutrient characteristics, which vary little throughout a sin‐
gle lot of ingredient. However, some contaminants are known to 
occur in ‘hot spots’ instead of being evenly distributed. This is the 
case with aflatoxin, where conditions in a particular portion of a 
field may contribute to high concentrations of the contaminant in 
some grain kernels, with no contamination in others. When the 
FDA action limit for aflatoxin in some species, such as lactating 
dairy cows, is as small as 20 ppb (FDA‐CVM, 2019), more sensi‐
tive sampling is necessary to detect the miniscule quantity in a 
large volume of bulk material. The Association of American Feed 
Control Officials (AAFCO) Feed Inspector's Manual, which is used 
by federal and state FDA investigators when collecting samples, 
suggests collecting ten probes of the bulk ingredient through two 
‘x’ patterns (AAFCO, 2014), as shown in the example in Figure 1. 
The ten probe samples are then mixed together to create a sin‐
gle composite sample, which has a greater probability of detect‐
ing contamination that may not be evenly distributed. It is more 
time consuming and extensive than a single grab sample, but this 
method is hypothesized to be appropriately sensitive for detect‐
ing swine viruses, which may also be located in ‘hot spots’ where 
faeces or other fomites are comingled with the feed or ingredi‐
ent. However, it has never been validated for detection of viruses. 
Therefore, the objective of this experiment was to evaluate the 
sensitivity of ingredient sampling methods for detection of por‐
cine epidemic diarrhoea virus (PEDV).

2  | MATERIAL S AND METHODS

Neither humans nor animals were used as research subjects in this 
experiment, so relevant approvals were not applicable.

2.1 | General

This experiment was conducted in a biosafety level‐2 hood at the 
Kansas State University Veterinary Diagnostic Laboratory as a 2 × 2 
factorial plus a control, with 2 doses of PEDV (Low: 103 TCID50/g 
vs. High: 105 TCID50/g) and two sample types (individual probes vs. 
composite sample). Thirteen kg of soybean meal (48% crude protein) 
was secured from a United States source, confirmed to not contain 
detectable PEDV RNA and allocated into 1‐kg lots. A new polyethyl‐
ene tote bag capable of holding 1 metric ton (Uline, Pleasant Prairie, 
WI) was used to construct 13 individual tote bags capable of holding 
1 kg. One bag was filled with 1 kg soybean meal as the control.

2.2 | Inoculation and Sampling

Three g of soybean meal was removed from each of the remain‐
ing 12 lots of soybean meal and inoculated with either a low (103 
TCID50/g) or high (10

5 TCID50/g) level of PEDV. The viral inoculum 
was derived in cell culture USA/IN/2013/19338, passage 8. From 
this, a 0.5 g subsample was reserved for subsequent analysis, while 
the remaining 2.5 g served as the contaminant. The remaining 997 g 
of soybean meal in each lot was added to the individual, 1‐kg poly‐
ethylene tote bags, with approximately 100  g added to each bag, 

F I G U R E  1  Bulk ingredient sampling locations. Example, bulk 
ingredient sampling locations for detection of contaminants that 
may not be evenly distributed. Each number represents a location 
of a probe at varying depths, with samples combined to create a 
single composite sample
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followed by the 2.5 g of inoculant, followed by the remaining 887 g 
of soybean meal. There were six replicates per PEDV dose plus a 
control. Product within bags was then probed in ten different loca‐
tions of varying depth as depicted in Figure 1, with individual sam‐
pling probes that collected approximately 1 g of sample per probe. 
Each probe sample was divided, with approximately 0.5 g being re‐
served for subsequent analysis and the remaining 0.5 g reserved for 
the composite sample. Composite samples were created by combin‐
ing the ten 0.5‐g reserved samples from each lot and handshaking 
in a sealed container for thorough mixing. Loading and sample col‐
lection was initially completed for the control sample, followed by 
the replicates with a low dose of PEDV, and finally replicates with 
a high dose of PEDV. The contaminant, individual probe and com‐
posite samples were then submitted to the Kansas State University 
Veterinary Diagnostic Laboratory for PEDV analysis as described by 
Gebhardt et al. (2016) via qRT‐PCR, with a level of detection at 40 
cycle threshold (Ct).

2.3 | Statistical analysis

A level of 40 was used when there was no detectable PEDV RNA. 
Data were analysed using the GLIMMIX procedure of SAS Institute, 
Inc, with the main effects of PEDV dose and sample type, as well 
as their interaction. Data were considered significant if p  <  .05. 
Degrees of freedom were approximated using Kenward–Roger, and 
the LSMEANS procedures and LINES option were used to separate 
means that differed at p < .05.

3  | RESULTS AND DISCUSSION

Feed, ingredients, and their delivery were partially responsible for 
the rapid and widespread of PEDV throughout North America in 
2013–2014 [6, 7 8]. As African swine fever virus, classical swine 
fever virus, and foot and mouth disease virus continue to spread 
among our global trade partners, it is vital their entry into the United 
States is prevented. Feed and ingredients are considered risks for 
foreign animal disease entry into non‐endemic regions because 

their contamination would likely lead to multiple exposures to do‐
mestic animals. As described recently in Niederwerder et al. (2019), 
the ASFV infection risk with contaminated feed is relatively low 
for a single exposure (104 TCID50/g for one meal of 100 g of feed). 
However, it is likely that contaminated feed would instead be fed 
to multiple pigs housed in the same environment and consuming 
multiple contaminated meals, which substantially lowers the dose 
of ASFV needed to result in a similar probability of infection (100 
TCID50/g for 30 meals of 100 g of feed). Routine surveillance of im‐
ported ingredients is necessary to better understand risk of various 
ingredient types from other countries. However, this type of surveil‐
lance is currently neither performed nor allowed by our regulatory 
agencies because there is no validated sampling, extraction and de‐
tection method available at this time. This study used PEDV, a bi‐
osafety level‐2 pathogen as a model for viral contamination within 
an ingredient as PEDV, and the aforementioned foreign animal dis‐
eases are most likely to contaminate ingredients through faecal con‐
tamination. A ‘hot spot’ contaminant model was selected within the 
bulk ingredient because faecal contamination is most likely to occur 
within a single location prior to processing, as opposed to being 
evenly distributed throughout a batch or lot of product. Soybean 
meal was selected as the represented ingredient due to its likelihood 
of import from countries with circulating foreign animal disease, as 
well as the demonstrated ability for the same viruses to have a rela‐
tively high stability in soybean meal compared to other ingredients 
(Dee et al., 2018, 2016).

Individual probes and the composite sample from the control 
were confirmed to not contain detectable PEDV RNA. Sample type, 
PEDV dose and their interaction all significantly impacted (p < .05) 
the prevalence and mean quantity of detected PEDV. The contam‐
inant used to introduce a low or high dose of PEDV into soybean 
meal was confirmed to contain PEDV in all 6 replicates within each 
dose, with an average qRT‐PCR cycle threshold (Ct) of 32.4 for the 
low dose, which was greater (p < .05) than the 22.3 for the high dose 
(Table 1). These Ct are similar to those reported by Schumacher et 
al. (2016) for a low PEDV contamination in feed (33.2 Ct for 10

3 
TCID50/g) and by Cochrane, Dritz, Woodworth, and Jones (2015) for 
a high level of PEDV contamination in feed (22.9 for 103 TCID50/g).

PEDV Dose Contaminant Individual probes Composite sample SEM

Prevalence of samples containing PEDV, %

Control – 0 (0/10) 0 (0/1) –

Low (103 
TCID50/g)

100a (6/6) 0c (0/60) 0c (0/6) 12.7

High (105 
TCID50/g)

100a (6/6) 37b (22/60) 100a (6/6) 12.7

Mean quantity of PEDV, Ct

Control >40 >40 >40 –

Low (103 
TCID50/g)

32.4d >40a >40a 0.85

High (105 
TCID50/g)

22.3e 37.7b 35.7c 0.85

Superscript letters means within response criteria in the table that do not share a common super‐
script differ p < .05.

TA B L E  1   Impact of sample type on 
sensitivity of detecting porcine epidemic 
diarrhoea virus (PEDV) prevalence 
and mean quantity in soybean meal as 
determined by qRT‐PCR.
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At the low dose, neither the individual probes nor the com‐
posite samples had detectable PEDV RNA. This is potentially 
due to the challenges of recovery and stability of viral nucleic 
acids in ingredients. It has been well established that 10 to 13 
Ct in sensitivity are lost when moving from an inoculant into a 
dry feed matrix (Schumacher et al., 2016, Gebhardt et al., 2016, 
Cochrane et al., 2015, and Cochrane et al., 2017). Of particular 
concern is that the 32.4 Ct in the contaminant is below the min‐
imum infectious dose for PEDV (Schumacher et al., 2016). This 
suggests that a poor viral nucleic acid extraction recovery may 
lead to a false negative in a qRT‐PCR analysis of an ingredient, 
but that the consumption of the ingredient may actually lead to 
animal illness. Schumacher et al. (2019) reported this occurrence, 
where a PCR‐negative sample of feed led to PEDV infectivity in 
a swine bioassay (Schumacher et al., 2019). As described by the 
United States Department of Agriculture, the extraction process 
of viral nucleic acids from feed and ingredients is urgently needed 
to improve the ability to detect low levels of virus (USDA‐APHIS, 
2019) and thereby prevent false negative results that may lead to 
inadvertent animal disease entry.

When a high dose of PEDV was used to contaminate soybean 
meal, only 37% of the individual probes contained PEDV (22 of 
60 total samples), with an average Ct of 37.7. Comparatively, the 
composite sample had greater (p  <  .05) sensitivity as 100% (6 of 
6 total samples) were positive for PEDV RNA, with an average 
Ct of 35.7. These results are supported by previous research, 
which report sampling methods that are capable of detecting un‐
evenly distributed contaminants in bulk ingredients. In particular, 
both Salmonella spp. (Jones & Richardson, 2004) and aflatoxin 
(Johansson, Whitaker, Giesbrecht, Hagler, & Young, 2000) con‐
tamination in bulk ingredients are reported with high prevalence 
when using a sampling method similar to that used herein. While 
the creation of a composite sample from 10 sub‐samples is clearly 
a more sensitive method for viral detection in a bulk ingredient, it 
also takes more than 10 times longer and more effort to generate 
than a single sample.

A limitation of this experiment is that the research was con‐
ducted at laboratory scale in 1‐kg totes instead of 1‐metric ton totes, 
bulk trucks, rail cars or vessels. However, scale was reduced to be 
consistent in all manners. For example, the size of each individual 
probe and resultant composite sample was based on the collection 
of 0.05% of the total sample for analysis. This is the same percentage 
generated when FDA investigators sample large scale bulk feeds and 
ingredients (AAFCO, 2014).

In conclusion, analysing a single sample of a bulk ingredient is not 
a reliable or sensitive method for detecting swine viruses. However, 
swine viruses can be accurately detected in bulk ingredients by col‐
lecting at least 10 evenly distributed samples representing 0.05% 
of the volume of the bulk ingredient and subsequently creating a 
single composite sample for analysis. Unfortunately, this requires 
substantial time and effort. Additional research is needed to identify 
alternative sampling methods that have a similar sensitivity, but with 
greater efficiency. A key component to this is to validate the sample 

preparation, extraction and detection of nucleic acids in feeds and 
ingredients. In the interim, it is crucial to expend the necessary ef‐
fort to collect a representative product sample so accurate decisions 
can be determined about an ingredient's potential safety or risk.

ORCID

Cassandra Jones   https://orcid.org/0000-0002-0671-8879 

R E FE R E N C E S

Association of American Feed Control Officials (2014). Feed Inspector’s 
Manual. Retrieved from https​://www.aafco.org/Porta​ls/0/SiteC​
onten​t/Publi​catio​ns/AAFCO_Feed_Inspe​ctors_Manual_5th_ed.pdf

Aubry, P., Thompson, J. L., Pasma, T., Furness, M. C., & Tataryn, J. (2017). 
Weight of the evidence linking feed to an outbreak of porcine epi‐
demic diarrhea in Canadian swine herds. Journal of Swine Health and 
Production, 25(2), 69–72.

Cochrane, R., Dritz, S. S., Woodworth, J. C., & Jones, C. K. (2015). 
Evaluating chemical mitigation of PEDv in swine feed and ingredi‐
ents. Journal of Animal Science, 92(E‐Suppl. 2), 090.

Cochrane, R. A., Schumacher, L. L., Dritz, S. S., Woodworth, J. C., Huss, 
A. R., Stark, C. R., … Jones, C. K. (2017). Effect of pelleting on sur‐
vival of porcine epidemic diarrhea virus–contaminated feed. Journal 
of Animal Science, 95(3), 1170–1178. https​://doi.org/10.2527/jas20​
16.0961

Dee, S. A., Bauermann, F. V., Niederwerder, M. C., Singrey, A., Clement, 
T., de Lima, M., … Diel, D. G. (2018). Survival of viral pathogens 
in animal feed ingredients under transboundary shipping mod‐
els. PLoS ONE, 13(3), e0194509. https​://doi.org/10.1371/journ​
al.pone.0194509

Dee, S., Clement, T., Schelkopf, A., Nerem, J., Knudsen, D., Christopher‐
Hennings, J., & Nelson, E. (2014). An evaluation of contaminated 
complete feed as a vehicle for porcine epidemic diarrhea virus infec‐
tion of naive pigs following consumption via natural feeding behav‐
ior: Proof of concept. BMC Veterinary Research, 10(1), 176.

Dee, S., Neill, C., Singrey, A., Clement, T., Cochrane, R., Jones, C., … Nelson, 
E. (2016). Modeling the transboundary risk of feed ingredients contam‐
inated with porcine epidemic diarrhea virus. BMC Veterinary Research, 
12(1), 51. https​://doi.org/10.1186/s12917-016-0674-z

Food and Drug Administration Center for Veterinary Medicine (2019). 
Sec. 683.100 Action levels for aflatoxins in animal food. Compliance 
policy guide. Guidance for FDA Staff. Retrieved from https​://www.
fda.gov/media/​12120​2/download

Gebhardt, J. T., Woodworth, J. C., Jones, C. K., Gauger, P. C., Tokach, M. 
D., DeRouchey, J. M., … Dritz, S. S. (2016). Evaluation of the effects of 
flushing feed manufacturing equipment with chemically‐treated rice 
hulls on porcine epidemic diarrhea virus cross contamination during 
feed manufacturing. Kansas Agricultural Experiment Station Research 
Reports, 2(8), 5. https​://doi.org/10.4148/2378-5977.1282

Johansson, A. S., Whitaker, T. B., Giesbrecht, F. G., Hagler, W. M., & 
Young, J. H. (2000). Testing shelled corn for aflatoxin, part III: 
Evaluating the performance of aflatoxin sampling plans. Journal of 
AOAC International, 83(5), 1279–1284.

Jones, F. T., & Richardson, K. E. (2004). Salmonella in commercially 
manufactured feeds. Poultry Science, 83(3), 384–391. https​://doi.
org/10.1093/ps/83.3.384

Niederwerder, M. C., Stoian, A. M. M., Rowland, R. R. R., Dritz, S. S., 
Petrovan, V., Constance, L. A., … Hefley, T. J. (2019). Infectious 
dose of African swine fever virus when consumed naturally in liq‐
uid or feed. Emerging Infectious Diseases, 25(5), 891. https​://doi.
org/10.3201/eid25​05.181495

https://orcid.org/0000-0002-0671-8879
https://orcid.org/0000-0002-0671-8879
https://www.aafco.org/Portals/0/SiteContent/Publications/AAFCO_Feed_Inspectors_Manual_5th_ed.pdf
https://www.aafco.org/Portals/0/SiteContent/Publications/AAFCO_Feed_Inspectors_Manual_5th_ed.pdf
https://doi.org/10.2527/jas2016.0961
https://doi.org/10.2527/jas2016.0961
https://doi.org/10.1371/journal.pone.0194509
https://doi.org/10.1371/journal.pone.0194509
https://doi.org/10.1186/s12917-016-0674-z
https://www.fda.gov/media/121202/download
https://www.fda.gov/media/121202/download
https://doi.org/10.4148/2378-5977.1282
https://doi.org/10.1093/ps/83.3.384
https://doi.org/10.1093/ps/83.3.384
https://doi.org/10.3201/eid2505.181495
https://doi.org/10.3201/eid2505.181495


     |  5JONES et al.

Pasick, J., Berhane, Y., Ojkic, D., Maxie, G., Embury‐Hyatt, C., Swekla, 
K., … Alexandersen, S. (2014). Investigation into the role of poten‐
tially contaminated feed as a source of the first‐detected outbreaks 
of porcine epidemic diarrhea in Canada. Transboundary and Emerging 
Diseases, 61(5), 397–410. https​://doi.org/10.1111/tbed.12269​

Schumacher, L. L., Cochrane, R. A., Huss, A. R., Gebhardt, J. T., Woodworth, J. 
C., Stark, C. R., … Dritz, S. S. (2019). Feed batch sequencing to decrease the 
risk of porcine epidemic diarrhea virus (PEDV) cross‐contamination during 
feed manufacturing. Journal of Animal Science, 96(11), 14562–14570.

Schumacher, L. L., Woodworth, J. C., Jones, C. K., Chen, Q. I., Zhang, 
J., Gauger, P. C., … Dritz, S. S. (2016). Evaluation of the minimum in‐
fectious dose of porcine epidemic diarrhea virus in virus‐inoculated 
feed. American Journal of Veterinary Research, 77(10), 1108–1113. 
https​://doi.org/10.2460/ajvr.77.10.1108

United States Department of Agriculture Animal and Plant Health 
Inspection Service Veterinary Services (2015). Swine enteric corona‐
virus introduction to the United States: Root cause investigation report. 

Retrieved from https​://www.aphis.usda.gov/animal_healt​h/animal_
dis_spec/swine/​downl​oads/secd_final_report.pdf

United States Department of Agriculture Animal and Plant Health 
Inspection Service Veterinary Services (2019). Literature review: Non‐
animal origin feed ingredients and the transmission of vial pathogens of 
swine. Retrieved from https​://www.aphis.usda.gov/animal_healt​h/
downl​oads/animal_disea​ses/swine/​non-animal-origin-feed-ingre​di‐
ents-trans​missi​on-of-viral-patho​gens.pdf

How to cite this article: Jones C, Stewart S, Woodworth J, 
Dritz S, Paulk C. Validation of sampling methods in bulk feed 
ingredients for detection of swine viruses. Transbound Emerg 
Dis. 2020;67:1–5. https​://doi.org/10.1111/tbed.13326​

https://doi.org/10.1111/tbed.12269
https://doi.org/10.2460/ajvr.77.10.1108
https://www.aphis.usda.gov/animal_health/animal_dis_spec/swine/downloads/secd_final_report.pdf
https://www.aphis.usda.gov/animal_health/animal_dis_spec/swine/downloads/secd_final_report.pdf
https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/swine/non-animal-origin-feed-ingredients-transmission-of-viral-pathogens.pdf
https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/swine/non-animal-origin-feed-ingredients-transmission-of-viral-pathogens.pdf
https://www.aphis.usda.gov/animal_health/downloads/animal_diseases/swine/non-animal-origin-feed-ingredients-transmission-of-viral-pathogens.pdf
https://doi.org/10.1111/tbed.13326

