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Introduction: African swine fever virus (ASFV) is extremely stable in the
environment, and previous laboratory experiments and simulations have also
shown it to be highly stable in animal feed ingredients. However, ASFV cannot be
studied in real world demonstrations because it is a highly contagious virus.
African swine fever virus is a member of the nucleocytoplasmic large DNA viruses
(NCLDVs), and similar to Emiliania huxleyi virus (EhV), which has a restricted host
range limited to a species of marine algae called Emiliania huxleyi. This algal
NCLDV has many similar morphological and physical characteristics to ASFV,
thereby making it a safe surrogate for generating experimental results that are
applicable to ASFV and representative of real-world conditions.

Methods: We inoculated whole soybeans with EhV strain 86 (EhV-86) at a
concentration of 1.80 x 10% virus/mL, which were then processed at a pilot
solvent extraction facility to produce soybean hulls and meal. After processing,
samples were evaluated for virus presence and viability using a previously
validated viability gPCR (V-gPCR) method.

Results: No detection of EhV-86 occurred on environmental surfaces, air, and
dust samples pre- or post-processing. Viable EnV-86 was detected in
conditioned soybeans, dehulled soybeans, soybean hulls, soybean flakes, air-
dried solvent extracted soybean flakes, post-desolventizer toaster soybean
flakes, and soybean meal after reaching steady state during solvent
extraction processing.

Discussion: It is important to note that 95% of viable virus was recovered (2.43 X
10° virus/g in replicate A and 2.61 x 10° virus/g in replicate B) in soybean meal,
suggesting that longer retention times or application of chemical mitigants may
be needed for more complete inactivation. The high concentration of viable
viruses remaining on the soybean hulls after processing (1.98 x 107 virus/g in
replicate A and 2.12 x 107 virus/g in replicate B) is a major concern for potential
virus transmission in animal feed. These results demonstrate for the first time that
ASFV-like NCLDVs can retain viability in soybean hulls, flakes, and meal during
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solvent extraction processing in a pilot facility and remain a hazard for virus
transmission. Future risk assessments focused on the role of contaminated feed
ingredients in transmission of viruses to swine farms must consider the ingredient
composition of complete feeds delivered to farms and the initial concentration of

viable viruses.
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1 Introduction

Foreign Animal Diseases, particularly African swine fever virus
(ASFV), remain significant threats to livestock production in the
United States and globally. These diseases are estimated to cause
significant revenue losses to pork producers and to corn and soybean
farmers (Carriquiry et al., 2020). The risk of disease introduction in
the U.S. is increasing due to the expansion of ASFV outbreaks into
large pork producing countries (i.e., China and Vietnam) and regions
(i.e., Eastern Europe). These concerns have led to several risk
assessments to identify the factors that can decrease the likelihood
of ASFV introduction into the U.S (Schambow et al., 2022; USDA,
2023). and European Union (EFSA Panel on Animal Health and
Welfare (AHAW) et al,, 2021). These investigations suggest that feed
ingredients and complete feed are potentially significant and
overlooked routes of disease transmission. However, there is no
surveillance or monitoring system to determine the prevalence and
concentrations of swine virus contamination in global feed supply
chains (Shurson et al., 2023). Soybean meal and other soybean
products have been identified as potential feed vectors because
research studies have shown that when swine viruses are
experimentally inoculated in soybean meal, they survive for a
longer period of time than in other plant-based feed ingredients
(Trudeau et al, 2017; Niederwerder et al,, 2022). Although several
mitigation strategies, including extended storage time, some types of
feed additives, and thermal and irradiation processing have been
shown to provide partial inactivation of swine viruses, development
and implementation of strict biosecurity protocols are essential to
prevent virus contamination (Shurson et al., 2023).

The likelihood of ASFV contamination occurring in soybeans
and soybean co-products is unknown. However, evidence from
studies evaluating Salmonella spp. contamination in feed suggests
that if a pathogen is prevalent in a country or region, feed
ingredients produced in those countries or regions are likely to
contain detectable levels of the pathogen (Wierup and Higgblom,
2010; Wierup and Widell, 2014). Soybean processing conditions,
such as solvent extraction or extrusion which involve exposure to
temperatures exceeding 100°C for over 20 min, are likely to
inactivate ASFV, as has been demonstrated with Salmonella spp
(Wierup and Widell, 2014). However, examination of the
processing conditions along with the inherent variability (start-up
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time, applied temperatures, and residence times) and potential
recontamination of soybean products after processing is needed
to validate that these conditions can be effective for inactivating
ASFV as shown for Salmonella spp (Morita et al., 2006). The Risk-
Free in situ Non-Animal (RISNA) assay utilizes the Emiliania
huxleyi (EhV) algal virus as a safe and effective surrogate for
ASFV because it has similar structural and functional properties
and does not infect humans, animals, or plants (Balestreri et al.,
2024). Both ASFV and EhV are giant double-stranded DNA viruses
and members of the nucleocytoplasmic large DNA viruses
(NCLDVs) which have similar infection mechanisms. Recently,
Balestreri et al. (2024) found that both ASFV and EhV can
survive at temperatures up to 100°C for 20 min and follow
similar inactivation kinetics when exposed to high temperatures.
We hypothesize that the mechanical manipulation, exposure time at
extremely high temperatures, and exposure to various solvents used
during the processing of soybeans to make soybean meal will
inactivate temperature-stable NCLDVs such as ASFV and EhV.
The objectives of this study were to 1) determine the extent of ASFV
inactivation under commercially representative pilot-scale solvent
extraction procedures to produce soybean meal using the RISNA
assay with the EhV surrogate and 2) determine the simulated
environmental spread of ASFV in a solvent extraction pilot
facility using the EhV surrogate.

2 Materials and methods

2.1 Cell culture and EhV-86 stock

A culture of Emiliania huxleyi CCMP374, courtesy of the Dr.
Martinez-Martinez laboratory (Bigelow — Laboratory for Ocean
Sciences, Maine) was grown in Alga—Gro® Seawater Medium
(Carolina Biological Supplement Company, NC) at 15°C with
18h/6h light/dark cycle (ca. 2400 lux) until the concentration of
2 x 10° cells/mL was reached. Isolate EhV-86, also courtesy of the
Dr. Martinez-Martinez laboratory, that was originally sourced from
the Marine Biological Association of the United Kingdom, was added
to E. huxleyi at a multiplicity of infection of 1 and grown in a 15°C
incubator until lysis was observed, which usually occurs after 4 d
(Schroeder et al., 2002). The lysate was filtered through a 0.45 pm
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filter (NalgeneTM Rapid—FlowTM Bottle Top Filters, ThermoFisher
Scientific, MA) to remove cell debris. This filtration and infection
procedure was repeated several times. The filtered lysate was divided
into aliquots and kept in the dark at 4°C until use.

2.2 Concentration of EhV-86

Approximately 60 L of 0.2 um-filtered virus lysate was
concentrated 10-fold to 6 L by tangential flow ultrafiltration using
a 50,000 kDa molecular mass size cut-off (Vivaflow 50R, Sartorius,
Germany) (Mackinder et al., 2009). Briefly, virus lysate was pumped
through the system at a recirculation rate of ~200-400 mL/min at a
pressure of ~2.5 bar, until the desired concentrate volume was
achieved. Final virus concentration was calculated using analytical
flow cytometry with SYBR Green 1 following the methods of
Jacquet et al (Jacquet et al., 2002).

2.3 Solvent extraction of EnV-86
inoculated soybeans and
processing measurements

Raw soybeans were purchased and delivered to Crown Iron
Works pilot facility (Blaine, MN) and subjected to a solvent
extraction process to produce soybean meal. To ensure proper
inoculation of EhV-86 to raw soybeans, a peristaltic pump was
utilized to experimentally inoculate 907 kg of soybeans with
approximately 2 L of EhV-86 (1.80 x 10° EhV/mL) at a rate of
27.5 mL/min after steady state had been reached. This was
accomplished by setting the pump through the discharge screw of
the feed hopper prior to the vertical seed conditioner.

10.3389/fanim.2025.1521492

Soybeans inoculated with EhV-86 flowed through a typical solvent
extraction pilot facility design as outlined in Figure 1. Temperature,
pressure, and flow rate of soy products were measured at various
timepoints throughout the process, following pilot facility standard
operating procedures as outlined by Crown Iron Works (2021). The
temperature of the whole bean discharge from the vertical seed
conditioner was recorded hourly for the first hour, and then every
20 min thereafter for a total time of 2 hours. Discharge temperatures
of the soybean meal and soybean hulls were recorded every 20 min
during each one-hour aspiration run for a total time of two hours.
The conditioner and flaker discharge temperatures were recorded
every 20 min for the first hour, and then hourly until the end of the
run for a total of four hours. The extractor stage temperatures were
recorded every hour for five hours.

2.4 Sample collection

A total of 12 soy samples which included (1) whole soybeans
without virus, (2) whole soybeans inoculated with virus, (3)
conditioned soybeans prior to dehulling with virus, (4) dehulled
soybeans with virus, (5) soybean hulls with virus, (6) soybean hulls
without virus, (7) soybean flakes with virus, (8) air-dried solvent
extracted flakes with virus, (9) post-desolventizer-toaster soy flakes
with virus, (10) dehulled soybean meal with virus, (11) dehulled
soybean meal without virus, and (12) soybean oil with virus were
collected, in triplicate at 20 min (A) and 40 min (B) after steady
state of processing was reached to provide two replicates or
processing runs (Figure 1). Virus-free samples were kept in a
separate sealed box until analysis to avoid cross-contamination.
Technicians wore disposable gloves which were changed in between
handling virus-free samples and inoculated samples.
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Process flow diagram. EhV-86 was added to whole soybeans at the beginning of the solvent extraction process. Experimentally inoculated soybeans
flowed through the system as indicated with arrows to end points of soybean meal, soybean hulls, and soybean oil. Sample collection points shown
as blue squares represent feed samples, green squares represent environmental samples, and orange squares represent air samples. Numbers

correlate to locations listed in Tables 1, 2.
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Ten locations were identified prior to conducting the processing
runs for environmental sampling that included collecting surface,
air, and dust samples (Figure 1). These areas were classified as zone
A (direct feed contact), zone B (surfaces immediately away from
direct contact), and zone C (surfaces with non-feed contact) based
on areas of open equipment and potential virus spread throughout
the facility (Tables 1, 2).

Environmental samples were collected in triplicate for each
location before and after processing of the experimentally
inoculated soybeans by pre-wetting polyester tipped swabs with
1x phosphate buffered saline (1x PBS, ThermoFisher Scientific, MA)
and swabbing over the specified surface. Swabs were then placed
into sterile 15mL Falcon tubes (CorningTM Falcon 15mL Conical
Centrifuge Tubes, ThermoFisher Scientific, MA) that were filled

TABLE 1 Location of environmental swabs collected by zone, with
numbers corresponding to the locations shown in Figure 1.

Zone Zone Type Location
A Direct feed contact (1) conveyor belt from feeder
to VSC
(2) vertical seed conditioner
(6) flaker
B Immediately away (3) floor after cracker
from direct contact
(4) wall closest to cracker/aspirator
(5) floor between press and flaker
C Non-feed contact (7) floor leading to

extraction building

(8) pallets/storage bins in
material storage

(9) floor by material storage

(10) wall by material storage

TABLE 2 Location of air and dust samples collected by zone, with
numbers corresponding to the locations shown in Figure 1.

Zone Zone Type Location

A Direct feed contact (1) underneath conveyor belt from

feeder to VSC

(2) between VSC and cracker

(3) between cracker and aspirator

(5) between aspirator and cooker
(6) between cooker and press

(7) between press and flaker

(8) after flaker

B Immediately away
from direct contact

(4) near wall by cooker, between
cracker and aspirator

C Non-direct
feed contact

(9) Near door to
extraction building

(10) Far wall by material storage
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with 10 mL of Alga-Gr0® Seawater Medium (Carolina Biological
Supplement Company, NC) for virus elution from the swabs. Care
was taken to keep pre-processing and post-processing samples
separate during storage and prior to analysis by placing samples
in separate sealed boxes and ensuring technician gloves were
changed in between sample handling. One air or dust sample was
collected at each location after the virus was added to the soybeans
at 20 min, 40 min, and 24 hours by placing three open 15 mL Falcon
tubes (CorningTM Falcon 15mL Conical Centrifuge Tubes,
ThermoFisher Scientific, MA) that were filled with 10 mL of Alga-
Gro® Seawater Medium (Carolina Biological Supplement Company,
NC) in the specified location, closing the cap, and removing the tube
after each timepoint. Samples were stored at -20°C until analysis.

2.5 Standard gPCR and viability
qPCR assays

All environmental and air samples were analyzed via standard
DNA extraction and standard gPCR (S-qPCR). One hundred pL of
each environmental surface, air, and dust sample was removed and
used for DNA extraction (QIAamp® MinElute® Virus Spin, Qiagen,
CA). The final elution volumes were 30 L, and samples were stored at
4°C until gPCR analysis was conducted.

Standard and viability qPCR (V-qPCR) analyses were
conducted for all environmental surface, air, dust, and soy
samples using the methods optimized by Balesteri et al (Balestreri
et al, 2024). All the soy samples were analyzed using V-qPCR. The
viability (V) set of treatments consisted of one set of 100 pL virus
eluants that contained PMAxx dye (Biotium Inc, CA, 25 uM final
concentration) which was added by following methods optimized
by Balestreri et al (Balestreri et al., 2024). An untreated duplicate set
(i.e., no addition of PMAxx dye) of samples served as an untreated
control template for S-qPCR. All samples were incubated in the
dark at room temperature for 10 min on a rocker for optimal
mixing. The treated V samples were then exposed to light for 30
min using a PMA-Lite device (Biotium Inc, CA) to cross-link
PMAxx dye to the DNA (free or within broken viruses). The
duplicate untreated control samples were kept in the dark at
room temperature for the same length of time. All samples were
then used for DNA extraction (QIAamp® MinElute® Virus Spin,
Qiagen, CA). The final 30 pL elution volumes of samples were
stored at 4°C until qPCR analysis was conducted.

2.6 Statistical analysis

Visualization of data was performed using the ggplot2 package
of RStudio environment (Version 1.1.456, RStudio, Inc., Boston,
MA) using R programming language [Version 4.0.5 (2021-03-31), R
Core Team, R Foundation for Statistical Computing, Vienna,
Austria]. Virus quantity averages (virus/g) were normally
distributed and compared using a one-way ANOVA in RStudio.
A Tukey multiple comparison adjustment was utilized in RStudio
when appropriate. Results were considered significant at P < 0.05
and trends between P > 0.05 and P < 0.10.
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TABLE 3 Processing conditions of solvent extraction pilot plant for the minimum, maximum, and average temperatures (°C) of exposure for
experimentally inoculated soybeans from the beginning (top of table) to the end of processing (bottom of table).

Iltem Temp Minimum (°C) Temp Maximum (°C) Temp Average (°C)
Vertical Seed Conditioner 54 60 56
Aspirator (1** Aspiration) 33 43 37
(2™ Aspiration) 31 33 32
Horizontal Conditioner 61 73 67
Flaking Mill 57 65 60
Hexane Extraction Stage 1 47 48 48
Stage 2 48 50 48
Stage 3 43 46 45
Stage 4 48 50 49
Stage 5 43 48 46
Lift pump 46 50 48
Stage 6 44 48 46
Stage 7 54 57 55
Stage 8 54 55 54
Stage 9 43 48 46
Desolventizer Toaster Dome 71 79 74
Tray 1 54 87 70
Tray 2 55 115 81
Tray 3 101 103 102
Tray 4 97 101 100

3 Results and discussion

3.1 Summary of solvent extraction
processing conditions

The pilot solvent extraction equipment was operated under normal
conditions with minimum, maximum, and average temperatures
falling within the values described for the solvent extraction process
(Table 3). Briefly, differences between this pilot facility and larger,
commercial scale soybean processing facilities were that the pilot
process involved recycling the soybean meats through the cracking
and aspiration steps, and a longer residence time of 90 min was used
compared to extractor residence times of 30 to 60 min in a commercial
facility (Crown Iron Works, 2021). The equipment used in this process
was operated until steady state was reached before the EhV-86 was
added to the whole soybeans at the beginning of the process.

3.2 Virus DNA detection from
environmental surfaces, air, and
dust samples

Prior to adding the virus to whole soybeans, the processing facility
was swabbed in ten different locations in triplicate to verify that no
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initial EhV-86 was present on the equipment and in the facility
(Tables 1, 2). The same locations were swabbed in triplicate the
following morning after the experimentally inoculated soybeans were
subjected to the first half of the solvent extraction process. Analysis of
all the pre-processing and post-processing swabs and air samples
resulted in negative PCR amplicons demonstrating that no virus was
inadvertently contaminated or spread through the facility. These results
contradict the findings of Elijah et al. (2021) indicating that
environmental samples collected immediately after processing a
batch of feed that was contaminated with ASFV contained high
concentrations of ASFV, but processing subsequent batches of feed
resulted in significantly lower concentrations of ASFV in the
environment. A possible explanation for these conflicting results may
be due to differences in the types of equipment, processes, and cleaning
protocols used in commercial feed mills compared with those used in a
soybean processing facility. For example, components of soybean
processing equipment are enclosed, which leads to minimal dust in
the environment, whereas a feed mill has various types of equipment
such as hammermills, roller mills, and mixers that create dust leading
to environmental surface and air contamination. These results suggest
that although the potential for cross-contamination of ASFV may be
reduced in a solvent extraction soybean processing facility compared
with a commercial feed mill, biosecurity protocols should include
practices that minimize the potential spread of virus by air and dust.
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3.3 Virus DNA detection and reduction in
concentrations of soy samples throughout
solvent extraction process

In this study, the survival and viability of the giant algal virus
EhV-86, a surrogate for ASFV, were evaluated in whole soybeans
that underwent solvent extraction processing in a pilot facility.
Overall, viral concentration (viruses/g) in samples was
successfully quantified using both the S-qPCR and a novel V-
qPCR assay. The virus was added to whole soybeans at a constant
rate from the feeder to the vertical seed conditioner. When whole
soybeans were experimentally inoculated with the virus at the
beginning of the solvent extraction process, viable EhV-86 was
detected via V-qPCR analysis in both replicates. Previous research
has shown EhV-86 to be stable up to 100°C and that feed matrices,
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particularly soybeans, provide viral protection from heat
(Balestreri et al., 2024).

In virus-inoculated feed samples from the first phase of
processing (whole soybeans, conditioned soybeans, dehulled
soybeans, soybean hulls and soybean flakes), an average range of
2.32 x 107 EhV/g to 9.27 x 10’ EhV/g was observed by using S-
gPCR in replicate A, and an average range of 3.26 x 10" EhV/g to
1.19 x 10” EhV/g was observed in replicate B (Figure 2, Table 4).
This represents a 0.37-log increase in recovery in replicate A and a
0.26-log increase in replicate B. During this time the soy samples
were exposed to temperatures that ranged from 31 to 73°C. Using
V-qPCR, an average range of 1.98 x 10” EhV/g to 8.07 x 10’ EhV/g
of viable virus was observed in replicate A and an average range of
2.12 x 107 EhV/g to 8.07 x 107 EhV/g of viable virus was determined
in replicate B (Figure 2, Table 4). The amount of viable virus
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Boxplot showing the interquartile range of EhV-86 quantity (virus/g) in various soy samples throughout the solvent extraction process determined by
S-gPCR (A) and V-gPCR (B). The light-colored boxes represent replicate A while the adjacent darker colored boxes represent replicate (B) The line
extending from the top and the bottom of the boxes are the upper (maximum) and lower (minimum) limits, respectively. The middle line in the box
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TABLE 4 Average virus quantity (virus/g) for both standard and viable qPCR analysis for all collected samples. .

10.3389/fanim.2025.1521492

Standard gPCR Virus/g Viable gPCR Virus/g
Whole Soybeans A 3.52 % 107 Whole Soybeans A 3.07 x 107
Conditioned Soybeans A 3.79 x 107 Conditioned Soybeans A 3.79 x 107
Dehulled Soybeans A 2.32 x 107 Dehulled Soybeans A 3.51 x 107
Soybean Hulls A 9.27 x 107 Soybean Hulls A 1.98 x 107
Soybean Flakes A 6.18 x 107 Soybean Flakes A 8.07 x 107
Air-dried Solvent Extracted Flakes A 7.17 x 10° Air-dried Solvent Extracted Flakes A 9.01 x 10°
Post Dryer-Toaster A 2.40 x 10° Post Dryer-Toaster A 1.83 x 10°
Soybean Meal A 4.74 x 10° Soybean Meal A 2.43 x 10°
Soybean Oil A 0.00 x 10° Soybean Oil A 0.00 x 10°
Whole Soybeans B 4.14 x 107 Whole Soybeans B 3.87 x 10°
Conditioned Soybeans B 4.83 x 107 Conditioned Soybeans B 3.84 x 107
Dehulled Soybeans B 3.26 x 107 Dehulled Soybeans B 3.53 x 107
Soybean Hulls B 1.19 x 10° Soybean Hulls B 212 x 107
Soybean Flakes B 6.18 x 107 Soybean Flakes B 8.07 x 107
Air-dried Solvent Extracted Flakes B 5.19 x 10° Air-dried Solvent Extracted Flakes B 1.54 x 10°
Post Dryer-Toaster B 2.99 x 10° Post Dryer-Toaster B 2.45 x 10°
Soybean Meal B 3.66 x 10° Soybean Meal B 2,61 x 10°
Soybean Oil B 0.00 x 10° Soybean Oil B 0.00 x 10°

Air Sample 1 A

Air Sample 2 A

Not detected

Not detected

Air Sample 1 A

Air Sample 2 A

Not detected

Not detected

Air Sample 3 A

Not detected

Air Sample 3 A

Not detected

Air Sample 4 A

Not detected

Air Sample 4 A

Not detected

Air Sample 5 A

Not detected

Air Sample 5 A

Not detected

Air Sample 6 A
Air Sample 7 A

Air Sample 8 A

Not detected

Not detected

Not detected

Air Sample 6 A
Air Sample 7 A

Air Sample 8 A

Not detected
Not detected

Not detected

Air Sample 9 A

Not detected

Air Sample 9 A

Not detected

Air Sample 10 A

Not detected

Air Sample 10 A

Not detected

Air Sample 1 B
Air Sample 2 B

Air Sample 3 B

Not detected

Not detected

Not detected

Air Sample 1 B
Air Sample 2 B

Air Sample 3 B

Not detected

Not detected

Not detected

Air Sample 4 B

Not detected

Air Sample 4 B

Not detected

Air Sample 5 B

Not detected

Air Sample 5 B

Not detected

Air Sample 6 B

Not detected

Air Sample 6 B

Not detected

Air Sample 7 B
Air Sample 8 B

Air Sample 9 B

Not detected

Not detected

Not detected

Air Sample 7 B
Air Sample 8 B

Air Sample 9 B

Not detected
Not detected

Not detected

Air Sample 10 B

Not detected

Air Sample 10 B

Not detected
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TABLE 4 Continued

Standard qPCR Virus/g

Environmental Pre-processing 1 Not detected
Environmental Pre-processing 2 Not detected
Environmental Pre-processing 3 Not detected
Environmental Pre-processing 4 Not detected

Environmental Pre-processing 5 Not detected

10.3389/fanim.2025.1521492

Viable qPCR Virus/g

Environmental Pre-processing 1 Not detected
Environmental Pre-processing 2 Not detected
Environmental Pre-processing 3 Not detected
Environmental Pre-processing 4 Not detected

Environmental Pre-processing 5 Not detected

Environmental Pre-processing 6 Not detected

Environmental Pre-processing 7 Not detected
Environmental Pre-processing 8 Not detected
Environmental Pre-processing 9 Not detected

Environmental Pre-processing 10 Not detected

Environmental Pre-processing 6 Not detected

Environmental Pre-processing 7 Not detected
Environmental Pre-processing 8 Not detected
Environmental Pre-processing 9 Not detected

Environmental Pre-processing 10 Not detected

Environmental Post-processing 1 Not detected

Environmental Post-processing 1 Not detected

Environmental Post-processing 2 Not detected

Environmental Post-processing 3 Not detected
Environmental Post-processing 4 Not detected
Environmental Post-processing 5 Not detected

Environmental Post-processing 6 Not detected

Environmental Post-processing 2 Not detected

Environmental Post-processing 3 Not detected
Environmental Post-processing 4 Not detected
Environmental Post-processing 5 Not detected

Environmental Post-processing 6 Not detected

Environmental Post-processing 7 Not detected

Environmental Post-processing 7 Not detected

Environmental Post-processing 8 Not detected

Environmental Post-processing 9 Not detected

Environmental Post-processing 10 Not detected

recovered during the preparation phases of processing represented a
1.42 log increase in recovery (replicate A), and a 1.27 log increase in
recovery (replicate B) in viable virus quantity from whole soybeans
to soybean flakes. Replicates A and B tended to have greater (P =
0.07) average viable virus quantity for soybean flakes than whole
soybeans. This may be a result of increasing virus release from the
soy material throughout the process resulting in more virus being
detected in samples downstream.

Samples inoculated during the preparation phase of processing
had minimal differences between the amount of viral DNA detected
using standard and viable gPCR methods. This indicates that mega
viruses, such as EhV and potentially ASFV, remain viable after
exposure to temperatures up to 73°C in a real-world demonstration,
confirming the laboratory-based data reported by Balesteri et al
(Balestreri et al., 2024). These findings contribute to the speculation
that feed matrices may have viral protective properties because in
this study, stock viruses had similar quantities of viable virus
compared with the quantity of viruses eluted off soy samples after
exposure to temperatures up to 60°C during soybean processing.

The solvent extraction steps during the last half of processing,
which included samples of air-dried solvent extracted soy flakes,
post-desolventizer-toaster soy flakes, and dehulled soybean meal,
resulted in S-qPCR values ranging from 2.40 x 10° EhV/g to 7.17 x
10° EhV/g in replicate A, and an average range of 2.99 x 10° EhV/g
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Environmental Post-processing 8 Not detected

Environmental Post-processing 9 Not detected

Environmental Post-processing 10 Not detected

to0 5.19 x 10° EhV/g in replicate B (Figure 2, Table 4). Viable viruses
during the solvent extraction phase, as detected by V-qPCR, ranged
from an average of 9.01 x 10° EhV/g to 2.43 x 10° EhV/g viable
virus in replicate A, and an average range of 1.54 x 10° EhV/g to
2.61 x 10° EhV/g viable virus in replicate B. In the second half of
processing, the average virus quantity for dehulled soybeans tended
to be greater (P = 0.10) than post-desolventizer-toaster flakes and
dehulled soybean meal in both replicates A and B. In both
replicates, the average viable viral quantity recovered from
soybean flakes tended to be greater (P = 0.06) than average viable
viral quantity recovered from air-dried solvent extracted soy flakes,
post-desolventizer-toaster soy flakes, and dehulled soybean meal.

The recovery in quantity of EhV was determined from the
concentration in inoculated soybean flakes, representing the end of
the preparation phase, and the concentration in the air-dried
solvent extracted flakes at the beginning of the solvent extraction
phase, which resulted in a 3.19-log reduction in replicate A and a
3.17-log reduction in replicate B in average virus quantity, and a
1.90-log reduction in viable viruses for replicate A and a 1.77-log
reduction in viruses in replicate B. During this phase of processing
the virus-inoculated soy was exposed to a temperature range of
31°C to 73°C and was also exposed to hexane.

When comparing the EhV from air-dried solvent extracted flakes
to the final product of soybean meal, there was a 3.32-log reduction in
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average virus quantity observed in replicate A and 1.41-log reduction in
average virus quantity in replicate B, and a 1.49-log reduction in viable
viruses in replicate A and a 1.74-log reduction in viable viruses in
replicate B. These reductions in recovered viral quantity in the final
product of soybean meal likely occurred as a result of exposure to a
wide temperature range of 31-115°C during an estimated total time of
160 minutes (Schambow et al., 2022).

During the second half of the process, air-dried solvent extracted
flakes with EhV were exposed to a maximum temperature of 115°C.
Data from a previous study showed viral degradation occurs at this
high temperature (Balestreri et al., 2024). In addition, virus-inoculated
soy samples were exposed to hexane during this processing phase,
which resulted in the observed 3.32-log reduction in total viral DNA
and a 1.49-log reduction in viable viruses in replicate A, and 1.41-log
reduction in total viral DNA and a 1.74-log reduction in viable viruses
in replicate B. This implies that the hexane and the extreme heat
exposure during the drying and toasting process led to the observed log
reductions of 1.41 and 1.74 of viable viruses. A 1-log reduction is only
90% inactivation, which means that in this study about 90%
inactivation of EhV-86 occurred in soybean meal, yet we were still
able to recover viable virus. Because these soy samples were not
evaluated in a bioassay, it is unknown if the viable viruses recovered
would be capable of infecting a host when consuming these ingredients
as part of a complete feed.

Additionally, no viral DNA was detected in soybean oil in both
replicates, which is a common by-product in solvent extraction
soybean processing, resulting in a log reduction of 7.76 (S-qPCR,
replicate A and B) and 7.83 (V-qPCR, replicate A and B), which
exceeds the current industry standard for complete activation,
which is a 4-log reduction in viral concentration. However, DNA
extraction methodologies from soybean oil may need to be further
evaluated and optimized because vegetable oils, due to refinement
and processing methods, pose difficulties in obtaining amplifiable
DNA (Gryson et al., 2002; Costa et al., 2012; Muzzalupo et al., 2015;
Bojang et al,, 2021). Consequently, additional experimentation is
required to confirm the absence of viable viruses in soybean oil.
Nonetheless, if we assume our results are valid, soybean oil may not
be a by-product of concern for viral contamination. According to
the results of this study, soybean meal, as the primary protein source
in swine diets, could pose a risk depending on the initial level of
virus contamination.

Soybean hulls, another common by-product of solvent
extraction soybean processing, also remain a great concern
because hulls are not exposed to temperatures greater than 60°C,
nor are they exposed to hexane or any type of solvent. Consistently
high virus quantities were observed in the soybean hulls in this
study, which is important to note because soybean hulls are
routinely used as animal feed ingredients, typically in ruminant
feeds, but can also be included in sow gestation diets as a fiber
source. Therefore, these data indicate that because soybean hulls do
not undergo full processing, soybean hulls represent a potentially
high-risk feed ingredient for virus transmission if they are
contaminated with ASFV.

All of this information shows that while results from previous
studies have shown that EhV-86 and ASFV can be partially inactivated
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at high temperatures in a laboratory setting, the complexity and
physiochemical properties of feed matrices, such as soybean
products, may contribute to virus survival during solvent extraction
processing even though a 1.49 and 1.74-log reduction in viable virus
concentration in soybean meal was observed after exposure to hexane
and the high temperatures reached in the desolventizer and toaster.
The results of this study demonstrate that EhV-86 can remain viable
during solvent extraction processing at steady state even though greater
than 90% inactivation in soybean meal does occur. These results
support the hypothesis that solvent extraction processing of soybeans
may partially inactivate ASFV. Because EhV-86 can be used as a
surrogate for ASFV, enabling the ability to make direct comparisons,
we also conclude that ASFV would survive and be potentially viable in
soybean meal depending on the level of initial contamination.

4 Conclusions

In conclusion, the NCLDV EhV-86, when used as a surrogate for
ASFV, can be detected in viable form when collected from
experimentally inoculated whole soybeans that are then exposed to
high temperatures throughout solvent extraction processing with an
overall 1.47-log reduction in viable virus quantity present in the final
product of soybean meal. It is important to note that only an
estimated 96.61% of viable viruses were inactivated, suggesting that
longer retention times or application of chemical mitigants may be
needed. A major concern remains the amount of viable virus on the
soybean hulls after processing. Soybean hulls are never exposed to
solvent or temperatures greater than 60°C, which poses a potential
virus transmission threat because they are marketed separately and
can be added back into sow gestation diets. Although stable and viable
virus was detected in soy samples, it remains unknown if this amount
of viable virus is still infectious. A bioassay will need to be conducted
in future studies to determine infectivity. Furthermore, sampling
sensitivity may explain some of the variation seen between the
various soy samples and different biological replicates. Overall,
environmental and air and dust sampling did not result in positive
samples by PCR analysis. These results demonstrate for the first time
that NCLDVs, such as EhV-86 and likely ASFV, can survive and
remain viable in soybean hulls and soybean meal after exposure to
high temperatures during the solvent extraction process, suggesting
that these feed ingredients may remain a hazard for viral
transmission. However, the risk of contaminated soybean meal
causing infection depends on the initial concentration of virus
contamination. Therefore, the feed industry still needs to use
caution when processing feed ingredients that may be
contaminated with ASFV and evaluate the effectiveness of other
mitigation strategies to further inactivate ASFV if it is present.
Likewise, the soy crushing industry should evaluate the effectiveness
of using longer retention times during the solvent extraction process
for inactivating ASFV. The feed and swine industries also need to be
aware that buying soybean hulls or soybean meal from ASFV-positive
countries still poses a hazard, and biosecurity protocols and effective
mitigation strategies at the US borders need to be implemented. Given
the similarities of EhV-86 to ASFV, especially in the presence of feed
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matrices, the EhV-86 surrogate can be used to validate and test
potential ASFV inactivation strategies (Schroeder et al., 2002;
Palowski et al., 2022; Balestreri et al., 2024).
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