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1  | INTRODUC TION

African swine fever (ASF) is an infectious disease of domestic pigs 
and wild boar that causes a haemorrhagic fever-like illness with 

exceptionally high lethality (Penrith & Vosloo, 2009). The caus-
ative agent is a large enveloped DNA virus of the Asfarviridae 
family, genus Asfivirus. Its large genome, with a size between 
170 and 190 kbp—depending on the strain, encodes more than 
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Abstract
African swine fever (ASF) is an infectious disease of pigs and represents a massive 
threat to animal health and the pig industry worldwide. The ASF virus (ASFV) is effi-
ciently transmitted via blood and meat from infected animals and can be highly stable 
in the environment. There is therefore great concern about the potential role of con-
taminated raw materials used for feed or bedding in the spread of ASFV. Especially 
crops and derived products originating from areas with ASF in wild boar and thus 
with high environmental ASFV contamination may be a risk for virus introduction 
into domestic pig herds. However, little is known about the stability of ASFV on con-
taminated crops and possible inactivation methods. In this study, we tested the ef-
fect of drying and heat treatment on the inactivation of ASFV on six different types 
of field crops, namely wheat, barley, rye, triticale, corn, and peas, contaminated with 
infectious blood. Samples were analysed for the presence of viral DNA and infec-
tious virus after 2 hr drying at room temperature or after drying and 1 hr exposure to 
moderate heat at a specific temperature between 40°C and 75°C. ASFV genome was 
detected in all samples by real-time polymerase chain reaction (PCR), including sam-
ples that had been dried for 2 hr and incubated for 1 hr at 75°C. On the other hand, 
no infectious virus could be detected after 2 hr drying using virus isolation in porcine 
macrophages in combination with the detection of ASFV by the haemadsorption test 
(HAT). We therefore conclude that the risk of ASFV transmission via contaminated 
crops is most likely low, if they are incubated for at least 2 hr minimum at room tem-
perature. Nonetheless, to minimize the risk of transmission as much as possible crops 
from ASF-affected zones should not be used for pig feed.
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150 open reading frames (reviewed by Rodriguez & Salas, 2013). 
Since 2014, ASF virus (ASFV) is spreading in the European Union 
(Chenais et al., 2019; Guinat et al., 2016; Schulz, Staubach, & 
Blome, 2017). In Commission Implementing Decision of 9 October 
2014 (2014/709/EU), different regions of the European Union 
were defined considering the epidemiological situation and the 
occurrence of the disease only in wild boar (Part II), in both domes-
tic pigs and wild boar (Part III), or an increased risk due to the pres-
ence of the infection in neighbouring areas (Part I; Anonymous, 
2014a). Currently, ASF is considered as a major threat to animal 
health and as an economic disaster for farmers and the pork indus-
try worldwide (Guinat et al., 2016). In the absence of a vaccine or a 
treatment, control measures rely on veterinary hygiene including 
strict biosecurity, early detection, movement restrictions and cull-
ing to prevent further spread in domestic pigs (Schulz et al., 2017; 
Stoian et al., 2019).

One of the reasons for the continuous and expanding spread 
and the difficulties in controlling the disease is that ASFV is highly 
resilient to environmental challenges, particularly at low tempera-
tures. It can persist at 4°C for more than a year in blood (Plowright 
& Parker, 1967) and several weeks in pork products (Kolbasov, 
Tsybanov, Malogolovkin, Gazaev, & Mikolaychuk, 2011; Mebus 
et al., 1997; Petrini et al., 2019). Hence, carcasses of animals that 
succumbed to disease have to be considered as a pathogen reservoir 
leading to the hypothesis that ASF is a habitat-borne disease (Depner 
et al., 2016). In regions, where wild boar are affected by ASF, mead-
ows and crop fields may be highly contaminated with ASFV through 
excretions, blood or carcasses of infected animals. Since Regulation 
(EC) No 183/2005 (Anonymous, 2005) establishes that the respon-
sibility for feed safety lies with the feed industry, business operators 
could therefore be held liable if ASF virus contamination leads to an 
entry into a free herd. Thus, the risk of ASFV transmission through 
contaminated crops is a major concern not only for farmers but for 
other stakeholders as well.

In a scientific opinion on ASF issued in 2014, the European 
Food Safety Authority (EFSA) concluded that the risk of spreading 
ASFV into neighbouring regions ranged from very high for frozen 
meat to very low for crops and feed (Anonymous, 2014b). However, 
Niederwerder et al. (2019) demonstrated that ASFV infection can be 
transmitted by natural consumption of ASFV contaminated plant-
based feed or liquids. Furthermore, they mention an increased risk 
due to frequent exposure. In a field report from Latvia, feeding of 
contaminated fresh grass or crops was mentioned as an important 
risk factor for ASFV infection (Olsevskis et al., 2016). It is therefore 
conceivable that an undiscovered wild boar carcass lying in a field 
and hit by a harvester can contaminate crop plants with ASFV during 
grain reaping. The working document launched by the European 
Commission for the management of ASF recommends that fresh 
grass or grains should be stored for at least 30 days before feeding, 
and straw should be stored for at least 90 days before it is used for 
bedding, if a contamination risk cannot be ruled out (Anonymous, 
2015). Further biosecurity recommendations for feed manufactur-
ers are provided by the European Feed Manufacturers' Federation 

(FEFAC; Anonymous, 2019). However, reliable data to quantify the 
risk and deduce mitigation strategies are scarce. In this study, we 
investigated the ability of ASFV to persist on six different types of 
crops, namely wheat (Triticum aestivum), barley (Hordeum vulgare), 
rye (Secale cereale), triticale (hybrid cross of wheat and rye), corn (Zea 
mays) and peas (Pisum sativum) after short drying at room tempera-
ture or defined heat treatment for 1 hr.

2  | MATERIAL AND METHODS

2.1 | Sample preparation

Field crops were obtained from conventional farms in Germany 
(ForFarmers, Beelitz, Germany) and blood from a wild boar experi-
mentally infected with an ASFV strain isolated in 2008 in Armenia 
(‘Armenia08’) as part of an approved animal trial. Infectious blood 
had a titre of 106 HAD50/ml. For the study, we prepared 12 sam-
ple sets. Sample set 1 consisted of nine duplicate samples of 900 µl 
infectious blood each: a positive control without any treatment 
(blood PC) and eight blood samples that were incubated 1 hr at dif-
ferent temperatures between 40 and 75°C (increasing in 5°C steps, 
Table 1). Sample sets 2–12 consisted of duplicate samples of 20 g 
wheat, barley, rye, triticale, corn and peas (humidity 11.5%–14.2%) 
contaminated with 900 µl of infectious blood each. Sample set 2 was 
not further treated (application-control, T0). Sample set 3 (drying-
control, T2h) was incubated for 2 hr at room temperature, mimick-
ing a transport process. Sample set 4 was not contaminated with 
infectious blood (crops-only negative control, NC). Sample sets 5–12 
were first dried for 2 hr and then incubated for 1 hr at different tem-
peratures between 40°C and 75°C (Table 1). The temperature was 
monitored with a testo 635-2 instrument (Testo). After the respec-
tive treatment, crop samples were washed thoroughly with 5 ml of 
cell culture medium (RPMI-1640) by manual shaking and vortexing. 
The resulting washing solutions were removed by pipetting and 
stored at −80°C until tested by real-time polymerase chain reaction 
(PCR) and the haemadsorption test (HAT). Figure 1 depicts the study 
design and workflow.

2.2 | Nucleic acid extraction and real-time PCR

Prior to real-time PCR analysis, viral nucleic acids from blood or 
washing solution were extracted using the NucleoMag VET kit 
(Macherey-Nagel) on the automated KingFisher 96 flex platform 
(Thermo Fisher Scientific) according to the manufacturer's recom-
mendations. Subsequently, nucleic acids were analysed by real-
time PCR (King et al., 2003) in combination with an internal control 
based on EGFP detection system (Hoffmann, Depner, Schirrmeier, & 
Beer, 2006) on a Bio-Rad CFX real-time cycler (Bio-Rad Laboratories). 
Real-time PCR results were recorded as quantification cycle (Cq) val-
ues as determined by the Bio-Rad CFX software. A cut-off > 42 was 
defined for negative results.
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2.3 | Haemadsorption test with porcine 
macrophages

For the haemadsorption test (HAT), peripheral blood mono-
nuclear cell (PBMC)-derived macrophages were isolated from 

TA B L E  1   Summary of real-time PCR and haemadsorption test 
(HAT) results

Samplea 

Real-time PCRc,d  Haemadsorptiond 

Cq 1 Cq 2 HAT 1
HAT 
2

Blood PC 23.7 23.5 Pos. Pos.

Blood 40°C 23.5 23.5 Pos. Pos.

Blood 45°C 23.4 23.2 Pos. Pos.

Blood 50°C 23.8 23.9 Pos. Pos.

Blood 55°C 23.5 23.4 Neg. Neg.

Blood 60°C 23.3 23.2 Neg. Neg.

Blood 65°C 24.3 23.9 Neg. Neg.

Blood 70°Cb  32.6 32.9 Neg. Neg.

Blood 75°Cb  32.8 32.3 Neg. Neg.

Wheat T0 29.9 29.9 Pos. Neg.

Barley T0 30.1 29.8 Pos. Neg.

Rye T0 31.1 31.7 Pos. Neg.

Triticale T0 31.1 31.5 Pos. Neg.

Corn T0 31.0 28.3 Neg. Pos.

Peas T0 30.4 33.0 Neg. Pos.

Wheat T2h 29.9 31.5 Neg. Neg.

Barley T2h 31.6 33.3 Neg. Neg.

Rye T2h 30.9 33.9 Neg. Neg.

Triticale T2h 31.3 33.4 Neg. Neg.

Corn T2h 31.4 32.4 Neg. Neg.

Peas T2h 31.2 33.3 Neg. Neg.

Wheat NC Neg. Neg. Neg. Neg.

Barley NC Neg. Neg. Neg. Neg.

Rye NC Neg. Neg. Neg. Neg.

Triticale NC Neg. Neg. Neg. Neg.

Corn NC Neg. Neg. Neg. Neg.

Peas NC Neg. Neg. Neg. Neg.

Wheat 40°C 33.5 33.2 Neg. Neg.

Barley 40°C 32.7 33.1 Neg. Neg.

Rye 40°C 32.7 35.4 Neg. Neg.

Triticale 40°C 33.4 34.2 Neg. Neg.

Corn 40°C 35.7 34.7 Neg. Neg.

Peas 40°C 33.0 33.1 Neg. Neg.

Wheat 45°C 32.4 33.4 Neg. Neg.

Barley 45°C 33.6 34.6 Neg. Neg.

Rye 45°C 32.9 32.7 Neg. Neg.

Triticale 45°C 32.7 35.1 Neg. Neg.

Corn 45°C 36.6 35.6 Neg. Neg.

Peas 45°C 33.0 33.3 Neg. Neg.

Wheat 50°C 33.4 34.1 Neg. Neg.

Barley 50°C 34.6 33.6 Neg. Neg.

Rye 50°C 33.5 34.6 Neg. Neg.

(Continues)

Samplea 

Real-time PCRc,d  Haemadsorptiond 

Cq 1 Cq 2 HAT 1
HAT 
2

Triticale 50°C 33.4 34.3 Neg. Neg.

Corn 50°C 36.1 36.1 Neg. Neg.

Peas 50°C 31.7 31.6 Neg. Neg.

Wheat 55°C 35.0 34.1 Neg. Neg.

Barley 55°C 35.3 34.4 Neg. Neg.

Rye 55°C 35.6 35.9 Neg. Neg.

Triticale 55°C 34.4 33.6 Neg. Neg.

Corn 55°C 32.3 33.1 Neg. Neg.

Peas 55°C 32.7 31.0 Neg. Neg.

Wheat 60°C 35.8 37.3 Neg. Neg.

Barley 60°C 33.9 34.5 Neg. Neg.

Rye 60°C 35.0 34.4 Neg. Neg.

Triticale 60°C 36.4 35.5 Neg. Neg.

Corn 60°C 34.6 34.9 Neg. Neg.

Peas 60°C 32.6 33.1 Neg. Neg.

Wheat 65°C 35.5 34.5 Neg. Neg.

Barley 65°C 33.3 33.6 Neg. Neg.

Rye 65°C 35.4 34.6 Neg. Neg.

Triticale 65°C 36.2 34.7 Neg. Neg.

Corn 65°C 32.5 32.3 Neg. Neg.

Peas 65°C 33.7 31.8 Neg. Neg.

Wheat 70°C 33.6 32.9 Neg. Neg.

Barley 70°C 32.9 32.9 Neg. Neg.

Rye 70°C 34.0 33.5 Neg. Neg.

Triticale 70°C 33.9 34.2 Neg. Neg.

Corn 70°C 33.7 32.5 Neg. Neg.

Peas 70°C 32.4 32.0 Neg. Neg.

Wheat 75°C 34.3 36.2 Neg. Neg.

Barley 75°C 35.8 34.9 Neg. Neg.

Rye 75°C 34.2 34.7 Neg. Neg.

Triticale 75°C 35.9 34.2 Neg. Neg.

Corn 75°C 35.8 34.3 Neg. Neg.

Peas 75°C 33.9 34.1 Neg. Neg.

aAbbreviations: PC: positive control; NC: negative control; T0: 
application control—blood applied to crops and immediately washed 
off; T2h: drying control—blood washed off after 2 hr drying. 
bAgglutinated blood was re-suspended with 700 µl cell culture medium 
before processing. 
cReal-time PCR results as quantification cycle (Cq) values of duplicates. 
dPos.: positive result; Neg.: negative result. 

TA B L E  1   (Continued)
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EDTA-anticoagulated blood obtained from healthy domestic pigs 
according to published methods (Nurmoja et al., 2017; Pietschmann 
et al., 2015) with slight modifications. Briefly, EDTA blood was lay-
ered on Pancoll animal density gradient medium (PAN Biotech) at 
a ratio of 3:1. The leucocyte fraction was separated by centrifuga-
tion for 40 min at 650 g. Subsequently, the leucocyte band was 
removed from the gradient by pipetting and afterwards the ob-
tained leucocytes were washed twice with phosphate-buffered 
saline (PBS).

Peripheral blood mononuclear cells were seeded into 96-well mi-
croplates with a density of 5 × 106 cells/ml in RPMI-1640 cell culture 
medium (Roswell Park Memorial Institute medium) with 10% foetal 
calf serum (FCS), 0.01% 2-mercaptoethanol (Merck) as well as 1% 
penicillin, streptomycin and amphotericin B mix (Gibco Antibiotic-
Antimycotic 100×; Thermo Fisher Scientific). Cells were cultured 
at 37°C in a humidified atmosphere containing 5% CO2 for 24 hr. 
Subsequently, medium was changed (removal of non-adherent cells) 
and replenished with medium supplied with 2% antibiotic-antimycotic 
mix and 10 ng/ml GM-CSF (granulocyte macrophage colony-stimu-
lating factor; Biomol, Hamburg, Germany) to facilitate maturation of 
macrophages. PBMCs were incubated for 24 hr as described above.

To determine the amount of infectious virus, 100 µl sample 
volume was used to inoculate each of the 4 wells of a 96-well plate 
to obtain quadruplicate values (cytotoxic samples were prediluted 
10-fold in medium). The inoculum was removed and replaced by 
fresh medium without GM-CSF after a 2-hr adsorption period. 
After 24 hr of incubation, 20 µl of a 1% homologous erythrocyte 
suspension in PBS were added to each well. For read-out, cultures 
were analysed for haemadsorption (formation of rosettes) over a 
period of 4 days.

3  | RESULTS AND DISCUSSION

Assessing the risk of ASFV transmission by feeding pigs on con-
taminated crops and identifying mitigation strategies that may allow 
virus inactivation are highly relevant questions. In this study, we con-
taminated different field crops with ASFV-positive blood, subjected 
them to drying and heat treatment, and analysed them by real-time 
PCR and HAT. The results are presented in Table 1.

3.1 | Detection of ASFV genome by real-time PCR

Real-time PCR was performed to proof successful inoculation of all 
samples via viral nucleic acid detection. ASFV genome was detected 
in all contaminated field crop samples as well as in the blood, appli-
cation (T0) and drying (T2h) controls (Table 1). Negative crop controls 
(field crops without addition of infectious blood) were free of viral 
genome. Blood controls (pure blood) after incubation at 40–65°C 
yielded similar quantification cycle (Cq) values as the untreated 
blood positive control (blood PC). Blood incubated at 70°C and 75°C 
was agglutinated and had to be re-suspended with medium; thus, 
the obtained higher Cq values were expected. These findings sug-
gest a remarkable stability of ASFV DNA (fragments) even after heat 
treatment. The high stability of ASFV DNA in tissue and faeces has 
previously been reported (de Carvalho Ferreira, Weesendorp, Quak, 
Stegeman, & Loeffen, 2014).

In the application and drying controls, a similar range of Cq val-
ues (28.3–33.9) was observed. This indicates a uniform efficacy 
of the washing procedure regardless of the crop type. After heat 
treatment for 1 hr between 40°C and 75°C, the applied infectious 
blood had completely dried on the surface of the field crops. Slightly 
higher Cq values between 31 and 36.6 lead to the assumption that 
the performance of the washing procedure was marginally reduced 
after heat treatment. However, ASFV genome was detectable in all 
heat-treated field crop samples. Nevertheless, PCR-positive samples 
do not necessarily indicate the presence of infectious virus and even 
DNA fragments of the respective genome region would be enough 
for a positive PCR-signal.

3.2 | Detection of infectious virus via 
haemadsorption test

Regarding the pure blood controls, infectious virus was recovered 
after incubation at up to 50°C for 1 hr (Table 1). However, no vi-
able virus was detected after heat treatment at 55°C. This finding 
is in line with previous serum inoculation studies performed by 
Montgomery (1921). Results of the application controls (T0) re-
vealed that even a short contact with crops led to a markedly de-
creased recovery of infectious virus, as only one of two replicates 
was positive in the haemadsorption test (with virus titres between 
101.75 and 102.5 HAD50/ml). Moreover, no viable virus could be re-
covered after drying for 2 hr at room temperature (drying-control, 

F I G U R E  1   Workflow of crop sample preparation and analysis. 
Process steps are arranged from top to bottom as contamination, 
drying step, heat treatment, washing procedure and analysis
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T2h) and after heat treatment at any temperature. Additional tests 
with protein-stabilized virus and an intensified washing procedure 
verified these results (data not shown). The observed ASFV inactiva-
tion might have occurred due to a hygroscopic effect of field crops. 
After drying on wood carriers, Krug, Larson, Eslami, and Rodriguez 
(2012) reported an ASFV titre reduction by 102.5. After simulating 
trans-Atlantic transport conditions, Dee et al. (2018) were able to 
recover viable ASFV after 30 days from different feed ingredients 
(e.g. complete feed), but not from plant-based feed pellets. Thus, 
virus survival seems to depend strongly on the feed matrix or type 
(Dee et al., 2018). In contrast to the approach of Dee and coworkers 
(2018), we did not investigate processed feed ingredients, but con-
taminated source material.

4  | CONCLUSIONS AND LIMITATIONS

Since stakeholders request urgent advice concerning the risk of 
ASFV introduction in pig holdings through feeding crops originating 
from regions where ASF occurs in wild boar, we designed the study 
as a proof of principle, that is on small scale and under controlled 
laboratory conditions, which do not necessarily reflect field condi-
tions. In the field, contamination may not be as homogeneous and 
carry a lower viral load (Dee et al., 2018). Moreover, during harvest, 
field crops might be protected by a spike, cop, legume or shell, and 
weather condition may wash off the contaminant at least in part. In 
addition, the raw material is probably transported several times (har-
vest, rail, truck, etc.) before it reaches a feed mill for processing into 
animal feed. All these factors may reduce the amount of infectious 
ASFV on the product.

Regarding the applied virus detection system, the HAT has 
a lower sensitivity than a bioassay, that is inoculation of pigs 
(Heuschele, 1967). However, test sensitivity should not be a critical 
issue in this scenario, because the minimum infectious dose of ASFV 
in plant-based feed was determined at 104 TCID50 (Niederwerder 
et al., 2019), which is in line with other studies that suggest the same 
amount for oral infection (McVicar, 1984). However, also a lower 
minimum infectious dose for oral inoculation was demonstrated by 
Pietschmann et al. (2015).

Besides, a large number of animals would be necessary for 
such a bioassay. Due to the mentioned limitations, the results of 
our research provide only a risk estimate of contaminated feed 
carrying infectious virus under the tested conditions. These con-
ditions could be seen as a ‘worst case scenario’, since high viral 
titres and different temperatures and time schedules were tested. 
Nevertheless, the results provide further scientific data for eval-
uating the risk of ASFV transmission by the consumption of con-
taminated field crops. It has to be highlighted that drying seems 
to contribute to ASFV decay. Therefore, we conclude that the 
probability of ASFV transmission is low, if the crops are stored in 
a dry place at minimum room temperature for a period of at least 
one day before they are fed to pigs. However, if the risk is to be 
reduced to zero, crops originating from regions with a high risk 

of high environmental contamination (Parts II and III according to 
Commission Implementing Decision 2014/709/EU; Anonymous, 
2014a) should not be fed to pigs if no further treatment guaran-
tees complete inactivation, for example using a high temperature 
treatment for longer times.
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