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Abstract

Background: The ongoing African swine fever virus (ASFv) epidemic has had a major impact on pig production
globally and biosecurity efforts to curb ASFv infectivity and transmission are a high priority. It has been recently
identified that feed and feed ingredients, along with drinking water, can serve as transmission vehicles and might
facilitate transboundary spread of ASFv. Thus, it is important to test the antiviral activity of regulatory compatible,
antiviral feed additives that might inhibit ASFv infectivity in feed. One promising group of feed additive candidates
includes medium-chain fatty acids (MCFA) and monoglyceride derivatives, which are known to disrupt the lipid
membrane surrounding certain enveloped viruses and bacteria.

Results: The antiviral activities of selected MCFA, namely caprylic, capric, and lauric acids, and a related
monoglyceride, glycerol monolaurate (GML), to inhibit ASFv in liquid and feed conditions were investigated and
suitable compounds and inclusion rates were identified that might be useful for mitigating ASFv in feed
environments. Antiviral assays showed that all tested MCFA and GML inhibit ASFv. GML was more potent than
MCFA because it worked at a lower concentration and inhibited ASFv due to direct virucidal activity along with one
or more other antiviral mechanisms. Dose-dependent feed experiments further showed that sufficiently high GML
doses can significantly reduce ASFv infectivity in feed in a linear manner in periods as short as 30 min, as
determined by infectious viral titer measurements. Enzyme-linked immunosorbent assay (ELISA) experiments
revealed that GML treatment also hinders antibody recognition of the membrane-associated ASFv p72 structural
protein, which likely relates to protein conformational changes arising from viral membrane disruption.

Conclusion: Together, the findings in this study indicate that MCFA and GML inhibit ASFv in liquid conditions and
that GML is also able to reduce ASFv infectivity in feed, which may help to curb disease transmission.
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Introduction
The African swine fever virus (ASFv) causes lethal dis-
ease in pigs with mortality rates that can approach 100%
in naïve pig populations [1, 2]. Over the past few years,
the spread of ASFv has reached epidemic levels, and a
large fraction of the pig population in many nations, es-
pecially in East Asia, has died from the disease or been
culled to ward off disease spread [3, 4]. Accordingly, the
ongoing ASFv epidemic is having severe economic con-
sequences for global food and feed markets [5, 6]. Cur-
rently, there are no approved vaccines or therapeutics
for ASFv [7], and thus there is an urgent need for in-
creased biosecurity efforts to curb ASFv infectivity and
transmission.
Among factors contributing to disease spread, there

is growing attention to the role of feed and feed in-
gredients, which are regarded as a moderate-risk
transmission vehicle for ASFv and other swine viral
pathogens [8–12]. Niederwerder et al. showed that
ASFv can be transmitted orally in liquids and in
plant-based feed [13], which fits with epidemiological
findings linking feed transmission to a past ASFv out-
break in Latvia [14]. Such findings motivate the devel-
opment of mitigation strategies to reduce the
infectivity of virus-contaminated feed and thus de-
crease feed-mediated infection probability, i.e., sup-
press growth of virus particle and infected cell
populations in pigs [15]. One of the first swine vi-
ruses associated with feed transmission was porcine
epidemic diarrhea virus (PEDv) [16–18] and a
formaldehyde-based additive has been demonstrated
to reduce PEDv infectivity in feed [19, 20]. While for-
maldehyde is approved as a swine feed additive in the
United States, it is banned as a feed additive in some
jurisdictions such as the European Union [Regulation
(EU) 2018/183], which has led to the exploration of
other regulatory acceptable feed additives with poten-
tial antiviral properties. In this regard, one promising
class of feed additives consists of medium-chain fatty
acids (MCFA), which are 6–12 carbon long saturated
fatty acids. MCFA are receiving attention because
they can inhibit a wide range of membrane-enveloped
viruses and bacteria through membrane-disruptive ef-
fects and have also been shown to support growth
performance in pig production [21, 22]. The main
MCFA are 6-carbon caproic, 8-carbon caprylic, 10-
carbon capric, and 12-carbon lauric acids.
Early work demonstrated that an MCFA blend (1:1:1

ratio of caproic, caprylic, and capric acids) was as effect-
ive as formaldehyde at inhibiting PEDv in feed [23], and
similar performance results were also obtained with Sal-
monella Typhimurium in feed [24]. More systematic
studies [25, 26] aimed at defining inclusion rate and
MCFA composition have been performed and

demonstrated that caproic, caprylic, and capric acids in-
dividually mitigated PEDv in feed to similar extents as
formaldehyde. Within this scope, there has also been
limited exploration of glycerol monolaurate (GML),
which is the monoglyceride derivative of lauric acid
that is often regarded as more biologically potent
than MCFA in vitro [27], as a component within a
commercial feed additive product [26] and as part of
a blend comprising MCFA, GML, and lactic acid [28].
To date, the main focus of exploring MCFA and
GML as potential antiviral feed additives to inhibit
swine viral pathogens has been PEDv mitigation. Not-
ably, those past studies relied on indirect readouts of
antiviral effects, including polymerase chain reaction
(PCR) testing to detect viral nucleic acids and an
in vivo pig bioassay to evaluate viral transmissibility.
There remains an outstanding need to investigate the
extent to which different MCFA and GML might in-
hibit ASFv, and to quantitatively measure how much
these feed additive candidates affect viral infectivity
based on direct virological readouts.
Herein, the antiviral activities of selected MCFA,

namely caprylic, capric, and lauric acids, along with
GML to inhibit ASFv in liquid and feed conditions were
investigated, and suitable compounds and inclusion rates
were identified that might be useful for mitigating ASFv
in feed environments. Antiviral experiments in liquid
conditions screened the extent of virucidal activity
among the test compounds along with more detailed
evaluation of selected compounds. Dose-dependent feed
experiments were also conducted to measure how feed
additive candidates, a blended MCFA mixture or GML,
affected ASFv infectivity in feed, as determined by infec-
tious viral titer measurements. Additional PCR and
enzyme-linked immunosorbent assay (ELISA) experi-
ments provided mechanistic insight into ASFv inhibition
in feed.

Methods
Reagents
Caprylic acid (PHR1202-1G), capric acid (C1875-100G),
lauric acid (W261408-1KG-K), and glycerol monolaurate
(M1765-100MG) were obtained from Sigma-Aldrich
(Schnelldorf, Germany) and used for antiviral testing in
solution. For the feed experiments, two dry feed additive
candidates, (1) an MCFA blend containing caprylic, cap-
ric, and lauric acids (51:29:7 ratio) plus silica carrier and
(2) GML, were provided by Natural Biologics Inc. (New
York, USA). The MCFA-based feed additive is a
laboratory-scale prototype mixture that contains 65%
total MCFA and 35% silica. The MCFA blend is liquid at
room temperature and was applied to the silica carrier
at room temperature, followed by mixing until the sam-
ple was uniform, dry, and free flowing.
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Virus and cell culture
The ASFv BA71V strain was used for all experiments
and is adapted to grow in Vero cells of African green
monkey kidney origin [29]. Virus titration was per-
formed by a cytopathic effect (CPE) assay in Vero cells
in a 10-fold serial dilution format, as previously de-
scribed [30]. The viral titer was measured by the
Spearman-Kärber endpoint method and reported as log
50% tissue culture infective dose (TCID50) per mL (log
TCID50/mL). Vero cells were used for all experiments,
and were maintained and propagated at 37 °C in Eagle’s
minimum essential medium (EMEM) (Lonza, Belgium)
that was supplemented with 10% fetal bovine serum
(FBS), 2 mmol/L L-glutamine, 100 international-units/
mL penicillin, and 100 μg/mL streptomycin (Sigma-Al-
drich, Germany), as previously described [30].

Virucidal assay in solution
A virus suspension containing 1.6 × 105 TCID50 ASFv
particles per well was incubated with test compounds
for 1 h at room temperature. Then, the treated virus sus-
pension was diluted 20-fold before adding the diluted
suspension to infect 2 × 104 Vero cells in a 96-well cell
culture plate. After 1-h incubation at 37 °C, the cells
were extensively washed with phosphate-buffered saline
(PBS) and then EMEM supplemented with 3% FBS was
added. Cell infection was allowed to proceed until
complete CPE was developed in virus-only control wells
(usually 3–4 d post-infection). Then, the cell superna-
tants were collected and viral titers in the supernatants
were determined by a CPE-based titration assay. Serial
dilutions of the supernatants were prepared and inocu-
lated onto Vero cells in a 96-well cell culture plate (6
wells per dilution). The number of wells that were in-
fected was then determined for each virus dilution, and
the viral titer was measured by the Spearman-Kärber
method.

Antiviral assay in solution
A virus suspension (multiplicity of infection: 0.2 TCID50

per cell) was incubated with test compounds for 1 h at
room temperature. Then, the virus-compound mixtures
were added to Vero cells seeded at 2 × 105 cells per well
in a 24-well culture plate (4 wells per sample). Cell in-
fection was allowed to proceed until complete CPE was
developed in virus-only control wells (usually 3–4 d
post-infection). Then, the cell supernatants were col-
lected and viral titers in the supernatants were deter-
mined by a CPE-based titration assay as described
above.

Feed sample preparation
A powdered mixture of MCFA or GML was used as the
active ingredient and suspended in EMEM. Two grams

of commercial swine feed (Aktifeed Grow 20%, Mustang
Nutrition Technology, Moscow, Russia) were mixed with
the active ingredient by vortexing at inclusion rates of
0.25%, 0.50%, 1.0%, or 2.0% (wt/wt). Then, each feed
sample was incubated with 100 μL of EMEM containing
ASFv at 106 TCID50 dosage for 30 min or 24 h at room
temperature. After incubation, 20 mL of fresh EMEM
was added to each feed sample and centrifuged at
3600×g for 40 min (4 °C). The supernatant was collected,
and aliquots were analyzed in virus recovery, PCR, and
ELISA tests. Positive control (virus-only) samples were
incubated with the same amount of virus without active
ingredients.

Virus recovery assay of feed samples
90% confluent Vero cells in a 96-well culture plate were
inoculated with the supernatant diluted in a 10-fold
series (6 wells per dilution). After 96 h, viral titers were
determined as described above.

PCR analysis of feed samples
Total DNA was extracted using the DNeasy Blood &
Tissue kit (Qiagen, Germany). The real-time PCR
method and primers for detecting the ASFv p72 gene
were used in accordance with the recommendations of
the World Organization for Animal Health [31, 32].
Positive amplification controls consisted of DNA ex-
tracted from ASFv virus stock and DNA extracted from
virus-only feed samples. Negative amplification controls
consisted of DNA extracted from mock-infected Vero
cells. The cycle threshold (Ct) of each sample was
measured.

ELISA analysis of feed samples
The ASFv p72 protein level was measured by using a
commercially available ELISA kit (INgezim PPA DAS,
3465RD, Ingenasa, Madrid, Spain) and a colorimetric
reader, as previously described [33]. The optical density
(OD) of each sample was measured at 405 nm
wavelength.

Statistical analysis
All statistical tests were evaluated by using the Graph-
Pad Prism software package (California, USA). One-way
analysis of variance (ANOVA) with Dunnett’s multiple
comparisons test (versus virus-only positive control; un-
less otherwise specified), the unpaired Student’s t-test
(versus virus-only positive control), or linear regression
analysis (dose-dependent effects) was used depending on
the experiment. Statistical significance was computed in
terms of standard or multiplicity-adjusted P values, and
P < 0.05, P < 0.01, and P < 0.001 indicate the levels of
statistical significance (*, **, ***).
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Results and discussion
Antiviral activity in aqueous solution
ASFv is genetically distinct from other swine viral patho-
gens and is the only member of the Asfarviridae family
[34]. A particularly unique feature of ASFv particles is
that they have a complex structure that includes two dis-
tinct layers of lipid bilayer coating [35] as opposed to the
more conventional one layer in most other membrane-
enveloped viruses such as PEDv [36, 37]. Thus, while
MCFA and GML are known to inhibit a wide range of
membrane-enveloped viruses, focused testing against
ASFv and its more complex, double-membrane structure
is warranted to evaluate possible antiviral activity and
rank potency among different MCFA and GML candi-
dates. Therefore, we first measured the in vitro neutral-
izing activity of the test compounds to abrogate ASFv
infectivity in a solution-phase virucidal assay based on
direct interaction of the test compounds with
membrane-enveloped ASFv particles (Fig. 1a). Virus sus-
pensions in PBS were incubated with one of the test
compounds at 5 mmol/L concentration for 1 h at 37 °C,
and then the viral titer of each suspension was
determined.
The virus-only control had a mean viral titer of 6.03

log TCID50/mL while marked reductions in viral infect-
ivity were observed upon treatment with the test com-
pounds. Treatment with caprylic acid or capric acid

caused significant decreases in mean viral titer down to
4.92 and 4.42 log TCID50/mL, respectively. These
changes correspond to greater than 92 and 97% reduc-
tions in viral infectivity. Likewise, treatment with lauric
acid or GML caused significant decreases in mean viral
titer down to 5.14 and 4.32 log TCID50/mL, respectively.
These changes correspond to greater than 87 and 98%
reductions in viral infectivity. Thus, all tested MCFA
and GML at 5 mmol/L compound concentrations exhib-
ited virucidal activity and significantly reduced ASFv in-
fectivity compared to the virus-only control.
Based on the high antiviral activity of GML and

greater reported in vitro potency than MCFA against
other enveloped viruses [38, 39], we further examined
the virucidal activity of GML to inhibit ASFv at
250 μmol/L concentration and this lower concentration
of GML still caused significant drops in viral infectivity
(Fig. 1b). In this case, the mean viral titer of the GML-
treated group decreased to 4.31 log TCID50/mL, which
also corresponds to greater than 98% reduction in viral
infectivity. The effect of 250 μmol/L GML treatment on
ASFv infectivity and replication was also tested in an
antiviral assay (Fig. 1c). In this assay, the virus suspen-
sion in PBS was incubated with 250 μmol/L GML for 1 h
at 37 °C before the virus-GML mixture was directly
added to infect Vero cells, followed by viral titer mea-
surements. Notably, the mean viral titer significantly

Fig. 1 Evaluation of MCFA and GML to inhibit ASFv infectivity in aqueous solution. a Virucidal screening assay to determine inhibitory effect on
extracellular ASFv particles. The compound concentration was 5 mmol/L. Infectious viral titers were measured by CPE-based assay (n = 6 in virus-
only control and n = 3 in other groups). b Virucidal assay results for 250 μmol/L GML treatment (n = 6 in virus-only control and n = 3 in GML-
treated group). Same method as panel (a). c Antiviral assay results for 250 μmol/L GML treatment (n = 3 per group). Viral titers were determined
by CPE-based assay. In panels (a)-(c), data are reported as mean ± standard deviation. The markers ** and *** indicate P < 0.01 and P < 0.001,
respectively, versus the virus-only control

Jackman et al. Journal of Animal Science and Biotechnology          (2020) 11:114 Page 4 of 10



decreased from 5.48 log TCID50/mL in the virus-only
control to 2.71 log TCID50/mL in the 250 μmol/L GML-
treated group, which corresponds to a greater than
99.8% reduction in viral infectivity.
Additional antiviral assay experiments at lower GML

concentrations showed concentration-dependent inhibi-
tory activity across the range from 250 to 63 μmol/L
GML (P < 0.001) (Additional file 1: Fig. S1). Treatment
with 125 or 63 μmol/L GML caused the mean viral titer
to significantly decrease to 3.70 and 4.69 log TCID50/
mL, respectively. These changes correspond to greater
than 98% and 83% reductions in viral infectivity. On the
other hand, 31 μmol/L GML and lower concentrations
were inactive. Taking into account that the critical mi-
celle concentration – the lowest concentration at which
nanostructured assemblies called micelles form – of
GML is 60 μmol/L [40, 41], these results support that
GML is mainly active in the micellar state as opposed to
the monomeric state, which agrees well with membrane
biophysics literature reports [42]. Moreover, the GML-
induced decreases in viral infectivity in the antiviral
assay were appreciably larger than those in the virucidal
assay, which further supports that GML not only directly
inhibits ASFv particle infectivity but also exhibits add-
itional mechanisms of antiviral activity. For example, it
has been reported that GML treatment can stabilize
mammalian cell membranes in order to protect against
infectious pathogens [43] as well as to regulate cell sig-
naling pathways [44]. Sola et al. have also reported that
two longer-chain, unsaturated monoglycerides – monoo-
lein and monolinolein – inhibit ASFv by at least two
antiviral mechanisms as well [45]. We also tested the

three MCFA at 250 μmol/L in the antiviral activity assay
and they were all inactive, indicating that GML exhibits
antiviral activity at a lower concentration than the three
MCFA (P < 0.001) (Additional file 1: Fig. S2). Collect-
ively, our findings demonstrate that GML potently in-
hibits ASFv in aqueous liquid conditions and can
significantly reduce viral infectivity due to virucidal ac-
tivity and other antiviral mechanisms.

Antiviral activity in feed
We proceeded to test the effects of MCFA and GML as
feed additives to reduce the infectivity of ASFv-
contaminated feed. Two types of feed additives were
tested: (1) a blended MCFA mixture of caprylic, capric,
and lauric acids (51:29:7 ratio plus silica carrier); and (2)
GML. The additives were incorporated into the feed at
inclusion rates of 0.25%, 0.50%, 1.0%, and 2.0% and then
the feed samples were spiked with ASFv inoculums. The
viral titer in the feed was measured after a 30-min or 24-
h incubation period.
After 30-min incubation, the virus-only control had a

mean viral titer of 4.17 log TCID50/mL, while the viral
titers of all MCFA-treated feed samples were similar, in-
dicating that the MCFA blend did not reduce viral in-
fectivity (Fig. 2a). In marked contrast, the GML-treated
feed samples exhibited dose-dependent reductions in
viral infectivity at 1.0% and higher inclusion rates (P <
0.01). The mean viral titers of 0.25% and 0.50% GML-
treated feed samples were similar to the virus-only con-
trol, while the mean viral titer of the 1.0% GML-treated
feed sample tended to decrease to 3.67 log TCID50/mL,
which corresponds to a greater than 68% reduction in

Fig. 2 Effect of MCFA mixture and GML additives on ASFv infectivity in feed. 0–2.0% (wt/wt) feed additives were included in the feed and the
effects on ASFv infectivity were measured (a) 30 min and (b) 24 h post-incubation. Viral titers were measured by CPE-based assay. Data are
reported as mean ± standard deviation from three independent experiments (n = 3 per group). The markers ** and *** indicate P < 0.01 and P <
0.001, respectively, versus the virus-only control

Jackman et al. Journal of Animal Science and Biotechnology          (2020) 11:114 Page 5 of 10



viral infectivity. A significant decrease in viral infectivity
occurred in the 2.0% GML-treated feed sample and the
mean viral titer dropped to 3.23 log TCID50/mL, which
corresponds to a greater than 88% reduction in viral in-
fectivity. These data show that GML can quickly reduce
viral infectivity in ASFv-contaminated feed whereas the
MCFA blend was inactive.
We also measured the effect of the two feed additives

on viral infectivity after a 24-h incubation period
(Fig. 2b). In this case, the mean viral titer of the virus-
only control had decreased to 3.30 log TCID50/mL,
which corresponds to a greater than a 86% drop in viral
infectivity compared to the 30-min virus-only control
and is consistent with the reported half-lives of around
1.3 to 2.2 d for ASFv in feed matrices [46]. The mean
viral titers of the MCFA-treated feed samples were simi-
lar to the 24-h virus-only control at all tested doses,
while GML exhibited dose-dependent inhibitory effects
at 1.0% and higher inclusion rates (P < 0.01). The 0.25
and 0.50% GML doses were inactive, whereas the 1.0%
GML dose tended to reduce the mean viral titer to 2.93
log TCID50/mL, which corresponds to a 57% reduction
in viral infectivity compared to the 24-h virus-only con-
trol. Moreover, the 2.0% GML dose significantly reduced
the mean viral titer to 2.47 log TCID50/mL, which corre-
sponds to an 85% reduction in viral infectivity compared
to the 24-h virus-only control.
Together, these data show that the GML additive re-

duces viral infectivity in ASFv-contaminated feed sam-
ples. Importantly, the inclusion of 2.0% GML in the feed
not only accelerated the inhibition of viral infectivity in
the contaminated feed as noted by significant decreases

after only 30 min but also led to more pronounced drops
in viral infectivity overall. Compared to the 30-min virus
control, the 2.0% GML additive reduced viral infectivity
by 98% within 24 h, which translates into a much lower
infection probability for animals such as pigs that might
consume virus-contaminated feed [13].

Effect on virus genetic material
In addition, quantitative PCR measurements were con-
ducted on the ASFv-contaminated feed samples in order
to determine if the MCFA or GML additives affect virus
genetic material, which is mainly present within the
ASFv particles. The experiments were conducted be-
cause virus genetic material is often used as a diagnostic
marker for virus contamination in feed and we measured
the cycle threshold (Ct) value, which is inversely propor-
tional to the amount of intact viral DNA present within
a feed sample. A higher Ct value indicates less intact
genetic material and vice versa.
After 30-min incubation, the virus-only control and all

MCFA-treated feed samples had Ct values in the range
of 22 to 23 (Fig. 3a). This result indicated that the
MCFA treatments did not affect virus genetic material.
Likewise, the 0.25%, 0.50%, and 1.0% GML-treated feed
samples had Ct values around 22 as well. On the other
hand, the 2.0% GML-treated feed sample tended to have
a larger Ct value around 23, which indicates a slight de-
crease in the amount of intact genetic material. On the
other hand, the Ct values of the virus-only control and
all MCFA- and GML-treated feed samples had increased
to around 27 after 24-h incubation (Fig. 3b). This finding
indicates that the virus genetic material modestly

Fig. 3 Effect of MCFA mixture and GML additives on ASFv genetic material in feed. 0–2.0% (wt/wt) feed additives were included in the feed and
the effects on ASFv genetic material were measured (a) 30 min and (b) 24 h post-incubation. The amount of intact virus genetic material was
determined by quantitative PCR assay. Data are reported as mean ± standard deviation from three independent experiments (n = 3 per group)

Jackman et al. Journal of Animal Science and Biotechnology          (2020) 11:114 Page 6 of 10



degraded in all test groups due to the storage conditions,
while the MCFA and GML additives did not further
affect the integrity of virus genetic material. Together
with the viral titer measurements, these data support
that GML abrogates ASFv infectivity in feed through a
virucidal mechanism that impairs virus particle structure
but does not directly damage virus genetic material.

Effect on antibody recognition of viral antigens
While GML is a membrane-disruptive compound that is
known to damage the lipid membrane surrounding
enveloped viruses, we also sought to determine if GML
treatment affected virus antigenicity in the feed samples.
In general, ASFv particles have a five-layer structure that
consists of an inner nucleoid containing virus genetic
material, a core shell consisting of proteins, an inner
lipid membrane coating, an icosahedral protein capsid,
and an outer lipid membrane coating (“envelope”) [47].
The p72 protein is the major structural component of
the viral capsid and also one of the key viral antigens
[48, 49]. Therefore, we also conducted ELISA experi-
ments on the ASFv-contaminated feed samples to deter-
mine if GML treatment affects antibody recognition of
the antigenic p72 protein. A larger optical absorbance
density (OD) signal indicates the presence of more
structurally intact p72 protein and vice versa.
After 30-min incubation, the virus-only control had a

mean OD value of 1.42 while sufficiently high doses of
GML additive caused dose-dependent decreases in the
signal intensity (P < 0.001) (Fig. 4a). There was no
change in the 0.25% GML-treated feed sample, while the
0.50%, 1.0%, and 2.0% GML-treated feed samples had

significantly decreased p72 protein levels, as indicated by
mean OD values of 1.05, 0.79, and 0.37, respectively.
Similar results were observed after 24-h incubation, in
which case the virus-only control had an OD value of
1.17% and 0.25% GML treatment did not change p72
protein levels (Fig. 4b). On the other hand, the OD
values of the 0.50%, 1.0%, and 2.0% GML-treated feed
samples were significantly decreased to 0.92, 0.66, and
0.28, respectively, indicating a dose-dependent response
(P < 0.001). While the duration of feed storage had a
modest effect on p72 protein levels, the dominant factor
was the presence of GML additive and 0.50% and higher
GML doses caused significant reductions at both time
points.
These data support that GML treatment caused de-

creases in the amount of structurally intact p72 protein,
which is possibly related to conformational changes in
the structure of the epitope site detected in the ELISA
measurements. Indeed, two recent cryogenic transmis-
sion electron microscopy studies [35, 50] have reported
how p72 proteins interact with the inner lipid membrane
in order to stabilize the capsid network. Conversely,
GML-mediated membrane disruption likely affects the
outer and/or inner lipid membranes of ASFv particles,
and such effects would in turn destabilize the capsid net-
work, including inducing conformational changes in p72
protein structure. This finding is supported by recent
findings that showed cholesterol depletion of human im-
munodeficiency type 1 (HIV-1) virus particles – another
form of viral membrane disruption – decreases the con-
formational stability of membrane-associated viral pro-
teins [51]. Notably, the 0.50% and 1.0% GML treatments

Fig. 4 Effect of MCFA mixture and GML additives on ASFv antigen levels in feed. 0–2.0 (wt/wt) feed additives were included in the feed and the
effects on ASFv antigen levels were measured (a) 30 min and (b) 24 h post-incubation. The relative amount of structurally intact p72 protein
antigen was measured by ELISA. Data are reported as mean ± standard deviation from three independent experiments (n = 3 per group). The
markers ** and *** indicate P < 0.01 and P < 0.001, respectively, versus the virus-only control
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also caused significant drops in p72 protein levels even
though those levels did not significantly affect ASFv in-
fectivity levels as described above. This finding suggests
that GML-mediated changes in virus particle structure
precede drops in virus infectivity and a critical degree of
structural changes is needed to abrogate infectivity.
Taken together, our results demonstrate that GML in-
clusion helps to inhibit ASFv infectivity in feed by up to
98% within 24 h and GML-mediated membrane disrup-
tion likely affects not only the lipid bilayer membranes
of ASFv particles but also related structural proteins that
rely on those membranes for stabilizing support.

Conclusions
In this study, the antiviral activities of selected MCFA
and GML to inhibit ASFv in vitro were investigated and
feed additive candidates were discovered that can signifi-
cantly reduce ASFv infectivity in feed environments as
well. Solution-phase virucidal assay experiments identi-
fied that all tested MCFA and GML inhibited ASFv at 5
mmol/L compound concentrations while more detailed
investigations showed that only GML maintained a simi-
lar level of virucidal activity at 250 μmol/L compound
concentration. Additional antiviral assay experiments
showed that GML also inhibited ASFv via one or more
other inhibitory mechanisms as well. Based on these re-
sults, an MCFA mixture and GML were tested as two
feed additive candidates to inhibit ASFv infectivity in
feed, as measured by infectious viral titer measurements.
While the MCFA mixture did not significantly inhibit
ASFv in feed, the GML additive exhibited dose-
dependent inhibitory effects at 1.0% and higher GML in-
clusion rates and the 2.0% GML dose significantly re-
duced the amount of infectious virus in feed samples at
both the 30min and 24 h time points. Mechanistic stud-
ies further revealed that the antiviral activity of GML in
feed caused conformational changes in viral membrane-
associated ASFv p72 structural protein but did not affect
viral genetic material, which is consistent with the
known membrane-disruptive effects of GML. Looking
forward, the findings support that MCFA and GML can
inhibit ASFv in vitro and that GML is more potent than
MCFA to inhibit ASFv in liquid conditions on account
of exhibiting antiviral activity at a lower compound con-
centration. Importantly, the data also support that GML
as a feed additive can reduce ASFv infectivity in feed en-
vironments. Further exploration of additional MCFA
mixtures alone or together with GML and other mono-
glycerides is warranted, especially since recent findings
show that another carrier-free MCFA mixture can in-
hibit ASFv in feed [52] and that MCFA and GML blends
can exhibit synergistic phospholipid membrane-
disruptive activities [53]. Continued development of suit-
able formulations to maximize the antiviral performance

and industrial utility of MCFA and GML for water and
feed delivery [54] could help these additives become im-
portant tools in combating the infection and spread of
swine viral pathogens, including ASFv.

Supplementary information
The online version contains supplementary material available at https://doi.
org/10.1186/s40104-020-00517-3.

Additional file 1. Figure S1. Dose-dependent evaluation of GML to in-
hibit ASFv infectivity in antiviral assay. Figure S2. Evaluation of different
MCFA and GML to inhibit ASFv infectivity in antiviral assay at 250 μmol/L
compound concentrations. (DOCX 23 kb)

Abbreviations
ASFv: African swine fever virus; CPE: Cytopathic effect; EMEM: Eagle’s
minimum essential medium; ELISA: Enzyme-linked immunosorbent assay;
FBS: Fetal bovine serum; GML: Glycerol monolaurate; MCFA: Medium-chain
fatty acids; PBS: Phosphate-buffered saline; PCR: Polymerase chain reaction;
TCID50: 50% tissue culture infective dose

Acknowledgements
The authors acknowledge the contribution of Dr. R. Dean Boyd for providing
helpful suggestions regarding project direction and Dr. Bo Kyeong Yoon for
useful discussions on data interpretation.

Authors’ contributions
JAJ, HZ, and CCE designed the experiments. AH and HZ conducted
experiments. JAJ, HZ, and CCE analyzed experimental data. JAJ wrote the
initial draft of the manuscript. JAJ, HZ, and CCE provided intellectual
oversight, suggestions, multiple critiques, and editing. All authors read and
approved the final manuscript.

Funding
Natural Biologics Inc. provided funding to conduct the experiments in this
study. J.A.J. acknowledges additional funding support from the National
Research Foundation of Korea (NRF) grant funded by the Korean
government (MSIT) (No. 2020R1C1C1004385).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding authors on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
CCE is an employee and shareholder of Natural Biologics Inc., which
develops natural feed additives for animal health applications. The other
authors declare that they have no competing interests.

Author details
1School of Chemical Engineering, Sungkyunkwan University, Suwon 16419,
Republic of Korea. 2Group of Antiviral Defense Mechanisms, Institute of
Molecular Biology of NAS, Yerevan, Armenia. 3Natural Biologics Inc., Newfield,
NY 14867, USA. 4Department of Animal Science, Cornell University, Ithaca, NY
14853, USA.

Received: 7 June 2020 Accepted: 8 October 2020

References
1. Dixon LK, Sun H, Roberts H. African swine fever. Antivir Res. 2019;165:34–41.
2. Zakaryan H, Revilla Y. African swine fever virus: current state and future

perspectives in vaccine and antiviral research. Vet Microbiol. 2016;185:15–9.

Jackman et al. Journal of Animal Science and Biotechnology          (2020) 11:114 Page 8 of 10

https://doi.org/10.1186/s40104-020-00517-3
https://doi.org/10.1186/s40104-020-00517-3


3. Zhou L, Evan Y, Wang S, Sun C. African swine fever epidemic in China. Vet
Rec. 2019;184:713.

4. Van Phan Le DGJ, Yoon S-W, Kwon H-M, Trinh TBN, Nguyen TL, Bui TTN,
et al. Outbreak of African swine fever, Vietnam, 2019. Emerg Infect Dis. 2019;
25:1433–5.

5. Sánchez-Cordón PJ, Montoya M, Reis AL, Dixon LK. African swine fever: a re-
emerging viral disease threatening the global pig industry. Vet J. 2018;233:
41–8.

6. Mason-D’Croz D, Bogard JR, Herrero M, Robinson S, Sulser TB, Wiebe K, et al.
Modelling the global economic consequences of a major African swine
fever outbreak in China. Nat Food. 2020;1:221–8.

7. Arabyan E, Kotsynyan A, Hakobyan A, Zakaryan H. Antiviral agents against
African swine fever virus. Virus Res. 2019;270:197669.

8. Gordon RK, Kotowski IK, Coulson KF, Link D, MacKenzie A, Bowling-
Heyward J. The role of non-animal origin feed ingredients in
transmission of viral pathogens of swine: a review of scientific literature.
Front Vet Sci. 2019;6:273.

9. Jones CK, Woodworth J, Dritz SS, Paulk CB. Reviewing the risk of feed as a
vehicle for swine pathogen transmission. Vet Med Sci. 2019. https://doi.org/
10.1002/vms3.227.

10. Olesen AS, Belsham GJ, Bruun Rasmussen T, Lohse L, Bødker R, Halasa T,
et al. Potential routes for indirect transmission of African swine fever virus
into domestic pig herds. Transbound Emerg Dis. 2020. https://doi.org/10.
1111/tbed.13538.

11. Dee SA, Niederwerder MC, Patterson G, Cochrane R, Jones C, Diel D,
et al. The risk of viral transmission in feed: what do we know, what
do we do? Transbound Emerg Dis. 2020. https://doi.org/10.1111/
tbed.13606.

12. U.S. Department of Agriculture. The foreign animal disease preparedness
and response plan (FAD PReP)-African swine fever pesponse plan: The red
book. Maryland: Department of Agriculture; 2020.

13. Niederwerder MC, Stoian AM, Rowland RR, Dritz SS, Petrovan V, Constance
LA, et al. Infectious dose of African swine fever virus when consumed
naturally in liquid or feed. Emerg Infect Dis. 2019;25:891–7.

14. Oļševskis E, Guberti V, Seržants M, Westergaard J, Gallardo C, Rodze I, et al.
African swine fever virus introduction into the EU in 2014: experience of
Latvia. Res Vet Sci. 2016;105:28–30.

15. Zhdanov VP, Jackman JA. Analysis of the initiation of viral infection under
flow conditions with applications to transmission in feed. BioSystems. 2020;
196:104184.

16. Pasick J, Berhane Y, Ojkic D, Maxie G, Embury-Hyatt C, Swekla K, et al.
Investigation into the role of potentially contaminated feed as a source of
the first-detected outbreaks of porcine epidemic diarrhea in Canada.
Transbound Emerg Dis. 2014;61:397–410.

17. Dee S, Clement T, Schelkopf A, Nerem J, Knudsen D, Christopher-Hennings
J, et al. An evaluation of contaminated complete feed as a vehicle for
porcine epidemic diarrhea virus infection of naïve pigs following
consumption via natural feeding behavior: proof of concept. BMC Vet Res.
2014;10:176.

18. Russell LE, Polo J, Meeker D. The Canadian 2014 porcine epidemic diarrhoea
virus outbreak: important risk factors that were not considered in the
epidemiological investigation could change the conclusions. Transbound
Emerg Dis. 2020;67:1101–12.

19. Dee S, Neill C, Clement T, Christopher-Hennings J, Nelson E. An evaluation
of a liquid antimicrobial (Sal CURB®) for reducing the risk of porcine
epidemic diarrhea virus infection of naïve pigs during consumption of
contaminated feed. BMC Vet Res. 2014;10:220.

20. Dee S, Neill C, Clement T, Singrey A, Christopher-Hennings J, Nelson E. An
evaluation of porcine epidemic diarrhea virus survival in individual feed
ingredients in the presence or absence of a liquid antimicrobial. Porc Health
Manag. 2015;1:9.

21. Jackman JA, Boyd RD, Elrod CC. Medium-chain fatty acids and
monoglycerides as feed additives for pig production: towards gut health
improvement and feed pathogen mitigation. J Anim Sci Biotechnol. 2020;
11:1–15.

22. Yoon BK, Jackman JA, Valle-González ER, Cho N-J. Antibacterial free fatty
acids and monoglycerides: biological activities, experimental testing, and
therapeutic applications. Int J Mol Sci. 2018;19:1114.

23. Dee S, Neill C, Singrey A, Clement T, Cochrane R, Jones C, et al. Modeling
the transboundary risk of feed ingredients contaminated with porcine
epidemic diarrhea virus. BMC Vet Res. 2016;12:51.

24. Cochrane RA, Huss AR, Aldrich GC, Stark CR, Jones CK. Evaluating chemical
mitigation of Salmonella Typhimurium ATCC 14028 in animal feed
ingredients. J Food Prot. 2016;79:672–6.

25. Gebhardt JT, Thomson KA, Woodworth JC, Dritz SS, Tokach MD, DeRouchey
JM, et al. Effect of dietary medium-chain fatty acids on nursery pig growth
performance, fecal microbial composition, and mitigation properties against
porcine epidemic diarrhea virus following storage. J Anim Sci. 2019;98:
skz358.

26. Cochrane RA, Dritz SS, Woodworth JC, Stark CR, Saensukjaroenphon M,
Gebhardt JT, et al. Assessing the effects of medium-chain fatty acids and fat
sources on PEDV infectivity. Transl Anim Sci. 2019;4:txz179.

27. Kabara JJ, Swieczkowski DM, Conley AJ, Truant JP. Fatty acids and
derivatives as antimicrobial agents. Antimicrob Agents Chemother. 1972;2:
23–8.

28. Thomas LL, Woodworth JC, Tokach MD, Dritz SS, JM DeRouchey, Goodband
RD, et al. Evaluation of different blends of medium-chain fatty acids, lactic
acid, and monolaurin on nursery pig growth performance. Transl Anim Sci.
2020;4:txaa024.

29. Rodríguez JM, Moreno LT, Alejo A, Lacasta A, Rodríguez F, Salas ML.
Genome sequence of African swine fever virus BA71, the virulent parental
strain of the nonpathogenic and tissue-culture adapted BA71V. PLoS One.
2015;10:e0142889.

30. Arabyan E, Hakobyan A, Kotsinyan A, Karalyan Z, Arakelov V, Arakelov G,
et al. Genistein inhibits African swine fever virus replication in vitro by
disrupting viral DNA synthesis. Antivir Res. 2018;156:128–37.

31. King DP, Reid SM, Hutchings GH, Grierson SS, Wilkinson PJ, Dixon LK, et al.
Development of a TaqMan® PCR assay with internal amplification control for
the detection of African swine fever virus. J Virol Methods. 2003;107:53–61.

32. OIE. African Swine Fever. In: Manual of Diagnostic Tests and Vaccines for
Terrestrial Animals 2019, OIE. Paris: World Health Organization for Animal
Health; 2019.

33. Hakobyan A, Arabyan E, Kotsinyan A, Karalyan Z, Sahakyan H, Arakelov V,
et al. Inhibition of African swine fever virus infection by genkwanin. Antivir
Res. 2019;167:78–82.

34. Galindo I, Alonso C. African swine fever virus: a review. Viruses. 2017;9:103.
35. Wang N, Zhao D, Wang J, Zhang Y, Wang M, Gao Y, et al. Architecture of

African swine fever virus and implications for viral assembly. Science. 2019;
366:640–4.

36. Lee C. Porcine epidemic diarrhea virus: an emerging and re-emerging
epizootic swine virus. Virol J. 2015;12:193.

37. Yuan L, Zhang S, Peng J, Li Y, Yang Q. Synthetic surfactin analogues have
improved anti-PEDV properties. PLoS One. 2019;14:e0215227.

38. Thormar H, Isaacs CE, Brown HR, Barshatzky MR, Pessolano T. Inactivation of
enveloped viruses and killing of cells by fatty acids and monoglycerides.
Antimicrob Agents Chemother. 1987;31:27–31.

39. Welch JL, Xiang J, Okeoma CM, Schlievert PM, Stapleton JT. Glycerol
monolaurate, an analogue to a factor secreted by Lactobacillus, is virucidal
against enveloped viruses, including HIV-1. mBio. 2020;11:e00686–20.

40. Valle-González ER, Jackman JA, Yoon BK, Park S, Sut TN, Cho N-J.
Characterizing how acidic pH conditions affect the membrane-disruptive
activities of lauric acid and glycerol monolaurate. Langmuir. 2018;34:13745–53.

41. Yoon BK, Jackman JA, Park S, Mokrzecka N, Cho N-J. Characterizing the
membrane-disruptive behavior of dodecylglycerol using supported lipid
bilayers. Langmuir. 2019;35:3568–75.

42. Yoon BK, Jackman JA, Kim MC, Cho N-J. Spectrum of membrane
morphological responses to antibacterial fatty acids and related surfactants.
Langmuir. 2015;31:10223–32.

43. Peterson ML, Schlievert PM. Glycerol monolaurate inhibits the effects of
Gram-positive select agents on eukaryotic cells. Biochemistry. 2006;45:
2387–97.

44. Li Q, Estes JD, Schlievert PM, Duan L, Brosnahan AJ, Southern PJ, et al.
Glycerol monolaurate prevents mucosal SIV transmission. Nature. 2009;458:
1034–8.

45. Sola A, Rodríguez S, Gancedo AG, Vilas P, Gil-Fernández C. Inactivation and
inhibition of African swine fever virus by monoolein, monolinolein, and γ-
linolenyl alcohol. Arch Virol. 1986;88:285–92.

46. Dee SA, Bauermann FV, Niederwerder MC, Singrey A, Clement T, de Lima M,
et al. Survival of viral pathogens in animal feed ingredients under
transboundary shipping models. PLoS One. 2018;13:e0194509.

47. Salas ML, Andrés G. African swine fever virus morphogenesis. Virus Res.
2013;173:29–41.

Jackman et al. Journal of Animal Science and Biotechnology          (2020) 11:114 Page 9 of 10

https://doi.org/10.1002/vms3.227
https://doi.org/10.1002/vms3.227
https://doi.org/10.1111/tbed.13538
https://doi.org/10.1111/tbed.13538
https://doi.org/10.1111/tbed.13606
https://doi.org/10.1111/tbed.13606


48. Zsak L, Onisk D, Afonso C, Rock DL. Virulent African swine fever virus
isolates are neutralized by swine immune serum and by monoclonal
antibodies recognizing a 72-kDa viral protein. Virology. 1993;196:596–602.

49. Gomez-Puertas P, Rodriguez F, Oviedo JM, Ramiro-Ibanez F, Ruiz-Gonzalvo
F, Alonso C, et al. Neutralizing antibodies to different proteins of African
swine fever virus inhibit both virus attachment and internalization. J Virol.
1996;70:5689–94.

50. Liu S, Luo Y, Wang Y, Li S, Zhao Z, Bi Y, et al. Cryo-EM structure of the
African swine fever virus. Cell Host Microbe. 2019;26:836–43.

51. Salimi H, Johnson J, Flores MG, Zhang MS, O'Malley Y, Houtman JC, et al.
The lipid membrane of HIV-1 stabilizes the viral envelope glycoproteins and
modulates their sensitivity to antibody neutralization. J Biol Chem. 2020;295:
348–62.

52. Niederwerder MC, Dee S, Diel DG, Stoian AMM, Constance LA, Olcha M,
et al. Mitigating the risk of African swine fever virus in feed with anti-viral
chemical additives. Transbound Emerg Dis. 2020. https://doi.org/10.1111/
tbed.13699.

53. Yoon BK, Park S, Ma GJ, Kolahdouzan K, Zhdanov VP, Jackman JA, et al.
Competing interactions of fatty acids and monoglycerides trigger
synergistic phospholipid membrane remodeling. J Phys Chem Lett. 2020;11:
4951–7.

54. Jackman JA, Yoon BK, Li D, Cho N-J. Nanotechnology formulations for
antibacterial free fatty acids and monoglycerides. Molecules. 2016;21:305.

Jackman et al. Journal of Animal Science and Biotechnology          (2020) 11:114 Page 10 of 10

https://doi.org/10.1111/tbed.13699
https://doi.org/10.1111/tbed.13699

	Abstract
	Background
	Results
	Conclusion

	Introduction
	Methods
	Reagents
	Virus and cell culture
	Virucidal assay in solution
	Antiviral assay in solution
	Feed sample preparation
	Virus recovery assay of feed samples
	PCR analysis of feed samples
	ELISA analysis of feed samples
	Statistical analysis

	Results and discussion
	Antiviral activity in aqueous solution
	Antiviral activity in feed
	Effect on virus genetic material
	Effect on antibody recognition of viral antigens

	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

