
Evaluation of the Deletion of MGF110-5L-6L on Swine Virulence
from the Pandemic Strain of African Swine Fever Virus and Use
as a DIVA Marker in Vaccine Candidate ASFV-G-DI177L

Elizabeth Ramirez-Medina,a Elizabeth Vuono,a,b Ediane Silva,a Ayushi Rai,a,c Alyssa Valladares,a,c Sarah Pruitt,a Nallely Espinoza,a

Lauro Velazquez-Salinas,a Manuel V. Borca,a Douglas P. Gladuea

aPlum Island Animal Disease Center, ARS, USDA, Greenport, New York, USA
bDepartment of Pathobiology and Population Medicine, Mississippi State University, Mississippi State, Mississippi, USA
cOak Ridge Institute for Science and Education (ORISE), Oak Ridge, Tennessee, USA

Elizabeth Ramirez-Medina and Elizabeth Vuono contributed equally to this article. Author order was determined by flipping a coin.

ABSTRACT African swine fever virus (ASFV) is responsible for an ongoing pandemic
that is affecting central Europe, Asia, and recently the Dominican Republic, the first report
of the disease in the Western Hemisphere in over 40 years. ASFV is a large, complex virus
with a double-stranded DNA (dsDNA) genome that carries more than 150 genes, most of
which have not been studied. Here, we assessed the role of the MGF110-5L-6L gene dur-
ing virus replication in cell cultures and experimental infection in swine. A recombinant
virus with MGF110-5L-6L deleted (ASFV-G-DMGF110-5L-6L) was developed using the
highly virulent ASFV Georgia (ASFV-G) isolate as a template. ASFV-G-DMGF110-5L-6L repli-
cates in swine macrophage cultures as efficiently as the parental virus ASFV-G, indicating
that the MGF110-5L-6L gene is nonessential for virus replication. Similarly, domestic pigs
inoculated with ASFV-G-DMGF110-5L-6L presented with a clinical disease undistinguish-
able from that caused by the parental ASFV-G, confirming that the MGF110-5L-6L gene
is not involved in producing disease in swine. Sera from animals inoculated with an effi-
cacious vaccine candidate, ASFV-G-DMGF, strongly recognized the protein encoded by
the MGF110-5L-6L gene as a potential target for the development of an antigenic marker
differentiation of infected from vaccinated animals (DIVA) vaccine. To test this hypothesis,
the MGF110-5L-6L gene was deleted from the highly efficacious ASFV vaccine candidate
ASFV-G-DI177L, generating the recombinant ASFV-G-DI177L/DMGF110-5L-6L. Animals ino-
culated with ASFV-G-DI177L/DMGF110-5L-6L developed an ASFV-specific antibody
response detected by enzyme-linked immunosorbent assay (ELISA). The sera strongly rec-
ognized ASFV p30 expressed in eukaryotic cells but did not recognize ASFV MGF110-5L-
6L protein, demonstrating that deletion of the MGF110-5L-6L gene can enable DIVA
capabilities in preexisting vaccine candidates.

IMPORTANCE Currently, there are no African swine fever (ASF) commercial vaccines
that can be used to prevent or control the spread of ASF. The only effective experi-
mental vaccines against ASF are live-attenuated vaccines. However, these experimen-
tal vaccines, which rely on a deletion of a specific gene of the current circulating
strain of ASF, make it hard to tell the difference between a vaccinated and an
infected animal. In our search for a serological marker, we identified that the virus
protein encoded by the MGF110-5L-6L gene induced an immune response, making
a virus lacking this gene a vaccine candidate that allows the differentiation of infected
from vaccinated animals (DIVA). Here, we show that deletion of MGF110-5L-6L does
not affect virulence or virus replication. However, when the deletion of MGF110-5L-6L
was added to vaccine candidate ASFV-G-DI177L, a reduction in the effectiveness of
the vaccine occurred.
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African swine fever virus (ASFV) is the etiological agent of African swine fever (ASF), a
disease of swine that is currently producing a pandemic affecting the swine produc-

tion industry across Eurasia. Recently, the Dominican Republic and Haiti reported out-
breaks of the disease after an absence of more than 40 years in the Western Hemisphere
(1). Disease control is limited to culling all infected animals and strict measures to avoid
the spread of the disease. No commercial vaccines are currently available.

ASFV is a complex virus with a large double-stranded DNA (dsDNA) genome carrying
more than 150 genes, of which most have not been experimentally characterized (2, 3).
Understanding the function of virus genes in the processes of replication and virulence is
critical for the development of experimental vaccines and novel countermeasures (4–9).
Deletion of specific genes from the genome of ASFV has been an efficacious tool to
understand gene function. Recombinant viruses lacking specific genes permit the evalua-
tion of gene function in important processes like virus replication and virulence in the
natural host. This methodology had allowed for the rational development of ASFV experi-
mental live-attenuated vaccine candidates by identifying specific virus genes involved in
virulence. These attenuated viruses are effective in inducing protection against challenge
with virulent strains (4–7, 9).

However, to date for all live-attenuated ASF vaccines, there is the inability to sero-
logically differentiate between infected and vaccinated animals (DIVA concept).
Introduction of a DIVA into an effective live-attenuated vaccine is critical for controlling
ASF, particularly in areas that want to vaccinate for ASF but be declared free of ASF
outbreaks. In the field of ASFV, there is very little information on viral proteins able to
induce a strong immune response after administration of a live-attenuated vaccine.
Those proteins would be candidates to be deleted to be used as serological DIVA
markers. We have recently reported the identification of the first DIVA capable
genomic deletion in ASF, deletion of a gene E184L (10). On its own, deletion of E184L
partially attenuated ASF; however, when E184L was deleted in a candidate vaccine
strain of ASF, the vaccine lost its efficacy (10). This result indicated that addition of a
serological marker to current ASF vaccine candidates would have to be carefully
selected and tested to not decrease vaccine efficacy. Based on the results from the
inclusion of the E184L deletion, we hypothesized that including an additional deletion
in preexisting ASF vaccine strains that by itself had a reduction in virulence when
deleted could cause this decreased vaccine efficacy. Therefore, the better option for
the inclusion of an additional deletion in current vaccine strains to be used as a DIVA
candidate may be a deletion that does not adversely affect ASFV virulence.

Currently in the ASFV field, it is impossible to predict how deleting genes from the
ASFV genome will affect virus virulence or, in the case of live-attenuated vaccines, the
effect on vaccine efficacy. This is partially because there is a large gap in the knowl-
edge on the molecular function of individual proteins in ASFV. As an example, ASFV
protein CD2 has been successfully deleted in some vaccine platforms, increasing their
safety and eliminating their residual virulence (9, 11), while in other vaccine platforms
CD2 deletion completely abolished vaccine efficacy (12). To further complicate this sce-
nario, deletion of CD2 in some ASFV isolates attenuates the virus (13, 14) and in other
isolates has no effect on virus virulence (15). Due to the inability to predict the out-
comes of gene deletions in ASFV, any new recombinant ASFV has to be tested for viru-
lence, or in the case of incorporating additional gene deletions to vaccine strains, their
protective efficacy needs to be assessed.

The ASFV genome contains several distinct multigene families (MGF), originally
characterized as genes present in repetitive sequences in terminal genomic regions
and named to reflect the average lengths of the predicted gene product (16–19).
Several reports have demonstrated the involvement of members of the MGFs in dis-
ease production in domestic pigs; deletion of full or partial MGFs can lead to the
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development of attenuated strains of ASFV (6, 9, 20–22) or have no effect on virus viru-
lence (23–25). This suggests that some of the single MGF family members could be a
target for a potential DIVA marker and not adversely affect ASFV virulence.

This report assessed the role of a previously uncharacterized gene, MGF110-5L-6L, dur-
ing virus replication in swine macrophage cultures (the natural cell target during infection
in animals) and during experimental infection of domestic pigs. It is shown that a
recombinant ASFV with a deletion of the MGF110-5L-6L gene (ASFV-G-DMGF110-5L-6L)
has a replicative ability in primary swine macrophage cell cultures similar to that of paren-
tal virus ASFV-G and produces a disease similar to that of the parental virus during the
infection of domestic pigs. It was also shown that the protein encoded by MGF110-5L-6L
was highly immunogenic, supported by animals developing a strong antibody response
during infection, making it a potential target for the development of an antigenic marker
DIVA (differentiate infected from vaccinated animals) live vaccine. Deletion of the
MGF110-5L-6L gene from the genome of the vaccine candidate ASFV-G-DI177L (7) gener-
ated a recombinant virus, ASFV-G-DI177L/DMGF110-5L-6L, that when inoculated into
pigs induces a significant antibody response against major ASFV antigens but not to the
MGF110-5L-6L protein. This demonstrates that deletion of the MGF110-5L-6L gene can
potentially be used as a DIVA marker in preexisting vaccine candidates, providing them
with DIVA capabilities.

RESULTS
Comparison of MGF110-5L-6L gene conservation across different ASFV isolates.

To assess the genetic identity between the gene MGF110-5L-6L present in the viral ASFV
isolate Georgia 2007/1 and other ASFV isolates reported at the GenBank database, com-
parisons were carried out using the program BLAST. Interestingly, the results indicate
that MGF110-5L-6L appears as a hallmark of all viral isolates associated with the pan-
demic Eurasia lineage (genotype II). Conversely, in the rest of the ASFV isolates, the
genes MGF110-5L and MGF110-6L are present as individual genes. Overall, the nucleo-
tide and amino acid identities among different isolates related with genotype II varied
between 99.67% to 99.83% and 99.02% to 99.51%, respectively, indicating the high con-
servation of this gene during the evolution of this genotype. Single point mutations at
amino acids G22R and H179Q were detected in the Chinese isolates HuB20 and Pig/
Heilongjiang/HRB1/2020, respectively, while a deletion was found at residue 160 in the
African isolates MAL/19/Karonga and Tanzania/Rukwa/2017/1 (Fig. 1).

Furthermore, the BLAST analysis also revealed that 100% of the nucleotides compris-
ing MGF110-5L-6L (618 nucleotides [nt]) are present exclusively at different sections in
the genome of the ASFV isolates Tengani 62 and Mkuzi 1979. In this context, nucleotides
1 to 290 (associated with MGF110-6L), 291 to 411 (associated with MGF110-4L), and 319
to 618 (associated with MGF110-5L) were found at nucleotide positions 9097 to 9386,
8100 to 8221, 8447 to 8746 (Tengani 62), and 10624 to 10913, 8919 to 9040, and 9978 to
10272 (Mkuzi 1979), respectively. In this sense, overall amino acid identity of concaten-
ated sections of the proteins MGF110-6L, MGF110-4L, and MGF110-5L of Tengani 62 and
Mkuzi 1979 was calculated at 89.26% and 88.29%, respectively (Fig. 1).

Lastly, when we mapped different amino acid residues associated with MGF110-6L,
MGF110-4L, and MGF110-5L genes, we found that truncated versions of these proteins
were present in MGF110-5L-6L. In the case of MGF110-6L, we found that 22 amino
acids at the N terminus of the native protein of other ASFV isolates are missing in
MGF110-5L-6L, while in MGF110-5L we found 22 and 2 missing amino acids at the N
and C terminus, respectively. Just a small section of MGF110-4L was found in MGF110-
5L-6L protein.

In the light of these results, we may suggest that MGF110-5L-6L was the result of
evolution of the ASFV genome originating from individual MGF110-4L, -5L, and -6L
genes and not just the combining of the individual 5L and 6L genes found in other
isolates.

Detection of MGF110-5L-6L transcription. To determine the transcriptional kinetics
of the MGF110-5L-6L gene during virus replication, a time course experiment was
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performed in primary swine macrophages infected with ASFV strain Georgia. Swine
macrophage cultures were infected (MOI = 1) with ASFV-G, and samples were taken at
4, 6, 8, and 24 h postinfection (hpi). Presence of MGF110-5L-6L RNA was detected by
two-step real-time PCR (RT-PCR) as described in Materials and Methods. Transcription
of MGF110-5L-6L was detected at 4 hpi and remained stable until 24 hpi (Fig. 2). As a
control of transcription, expression of the ASFV early protein p30 gene (CP204L) and
the late protein p72 gene (B646L) was used as a reference for early and late transcrip-
tion profiles, respectively. Expression of the MGF110-5L-6L gene is detected early
throughout the tested time points, practically overlapping that of the CP204L gene
that encodes the early ASFV p30 protein (Fig. 2).

Development of the ASFV-G-DMGF110-5L-6L deletion mutant. To evaluate
MGF110-5L-6L function during the process of ASFV replication in swine macrophage
cell cultures and during the experimental infection in animals, a recombinant deletion
mutant of the highly virulent ASFV Georgia 2007 strain (ASFV-G) lacking the MGF110-
5L-6L gene was developed (ASFV-G-DMGF110-5L-6L). The MGF110-5L-6L gene was
deleted by swapping 205 amino acid residues in the MGF110-5L-6L ORF with the
p72mCherry cassette by homologous recombination (5). A region spanning 618 bp
(between nucleotide positions 9490 and 10107) was deleted from the ASFV-G genome
to delete the MGF110-5L-6L gene (see Materials and Methods) (Fig. 3). The recombi-
nant ASFV-G-DMGF110-5L-6L stock was purified by limiting dilution using primary
swine macrophage cell cultures.

FIG 1 Representation of MGF110-5L-6L protein among field isolates. The alignment showing the 205 amino acid residues of MGF110-5L-6L protein was
conducted in the software Jalview 2.11.1.6 and shows the diversity among isolates associated with genotype II (Georgia 2007/1, Pig/Heilongjiang/HRB1/
2020, MAL/19/Karonga, Tanzania/Rukwa/2017/1, and HuB20). To set the limits of amino acids in MGF110-6L, MGF110-4L, and MGF110-5L present in
MGF110-5L-6L protein, we included concatenated versions of these proteins present in Tengani 62 and Mkuzi 1979 isolates.
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The accuracy of the genetic modifications introduced into the ASFV-G-DMGF110-
5L-6L genome and the integrity of the remaining virus genome were assessed by ana-
lyzing the full genome sequence using next-generation sequencing (NGS) on an Illumina
NextSeq 500. The comparative analysis of ASFV-G-DMGF110-5L-6L and ASFV-G full-length
genomes confirmed a deletion of 618 nucleotides, coinciding with the introduced genomic
modifications. In addition, the ASFV-G-DMGF110-5L-6L genome possesses an insertion of
1,226 nucleotides corresponding with the insertion of the p72-mCherry cassette sequence.
No additional genomic differences were detected between ASFV-G-DMGF110-5L-6L and
ASFV-G, confirming that no undesired changes were introduced during the process of pro-
duction and purification of ASFV-G-DMGF110-5L-6L. The NGS data also indicated the absence
of parental ASFV-G genome as a potential contaminant in the ASFV-G-DMGF110-5L-6L stock.

Replication of ASFV-G-DMGF110-5L-6L in primary swine macrophages. To assess
the potential function of the MGF110-5L-6L gene during virus replication, the kinetics
of ASFV-G-DMGF110-5L-6L replication was compared to that of the parental ASFV-G. A
multistep growth curve using swine macrophage cultures was performed. Swine mac-
rophages were infected at a multiplicity of infection (MOI) of 0.01 with either recombi-
nant ASFV-G-DMGF110-5L-6L or parental ASFV-G. Virus yields were evaluated at 2, 24,
48, 72, and 96 hpi. Results demonstrated that ASFV-G-DMGF110-5L-6L has a growth ki-
netic that practically overlaps that of the parental ASFV-G. No significant virus yield dif-
ferences were detected at any of the evaluated times postinfection (p.i.) (Fig. 4).
Therefore, deletion of the MGF110-5L-6L gene from the ASFV-G genome does not
affect the ability of ASFV-G-DMGF110-5L-6L to replicate in swine macrophages.

FIG 3 Schematic for the development of ASFV-G-DMGF110-5L-6L. The transfer vector contains the p72 promoter and a mCherry cassette; the gene positions
are indicated. The homologous arms were designed to have flanking ends to both sides of the deletion/insertion cassette. The nucleotide positions of the
area that was deleted in the ASFV-G genome are indicated by the dashed lines. The resulting ASFV-G-DMGF110-5L-6L virus with the cassette inserted is
shown on the bottom.

FIG 2 Expression profile of MGF110-5L-6L gene of ASFV during in vitro infection of porcine macrophages.
Reverse transcription followed by qPCR was used to evaluate the expression profile of the MGF110-5L-6L
gene during in vitro infection at different time points, up to 24 h. As a reference for this analysis, we use
qPCR to specifically detect the expression of genes encoding ASFV proteins p30 (early expression) and
p72 (late expression). Additionally, b-actin gene was used as a control to evaluate the quality and
quantity of RNA throughout the infection. CT, threshold cycle.
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Assessment of ASFV-G-DMGF110-5L-6L virulence in swine. To evaluate the role
of the MGF110-5L-6L gene in the virulence of ASFV-G, a group of five domestic pigs
were inoculated intramuscularly (i.m.) with 102 HAD50. As a control, a similar group of
animals was inoculated i.m. with 102 50% hemadsorption dose (HAD50) of ASFV-G. All
animals inoculated with parental virulent ASFV-G presented with a rise in body tem-
perature (.40°C) around day 6 p.i., quickly evolving to full clinical disease (depression,
anorexia, staggering gait, diarrhea, and purple skin discoloration) (Table 1 and Fig. 5),
with all animals being euthanized in extremis by day 7 p.i.

All animals inoculated with ASFV-G-DMGF110-5L-6L developed a clinical disease practi-
cally indistinguishable from that of animals inoculated with parental ASFV-G. Appearance
of clinical signs as well as their severity were very similar to those observed in the animals
inoculated with ASFV-G. Therefore, deletion of the MGF110-5L-6L gene from the genome
of ASFV-G does not alter the parental virus virulence during experimental infection in
domestic swine.

The level of virus replication in the infected animals was assessed by quantifying
titers of viremia after the experimental infection. Animals infected i.m. with parental
ASFV-G presented titer values ranging between 103 to 108 HAD50/mL on day 4 p.i.,
increasing to titers of 107.5 to 108.5 HAD50/mL by day 7 p.i., when all animals were eu-
thanized. All animals inoculated with 102 HAD50 of ASFV-G-DMGF110-5L-6L presented
viremia values very similar to those of animals inoculated with the parental virus both
at days 4 and 7 p.i. (Fig. 6). No statistical differences were found in the average of vire-
mia titers at 4 days postinfection (dpi) and at 7 dpi between animals inoculated with ei-
ther virus.

These results suggested that deletion of MGF110-5L-6L from the genome of ASFV-G
does not significantly affect virus replication or virulence in domestic swine.

FIG 4 In vitro growth kinetics in primary swine macrophage cell cultures for ASFV-G-DMGF110-5L-6L
and parental ASFV-G (MOI = 0.01). Samples were taken from three independent experiments at the
indicated time points and titrated. Data represent means and standard deviations of three replicates.
Sensitivity using this methodology for detecting virus is $log10 1.8 HAD50/mL. No significant differences in
viral yields were observed at any time point tested determined using the Holm-Sidak method (a = 0.05),
without assuming a consistent standard deviation. All calculations were conducted using the software
GraphPad Prism version 8.

TABLE 1 Swine survival and fever response following infection with ASFV-G-DMGF110-5L-6L and parental ASFV-G

Virus (102 HAD50) No. of survivors/total
Mean time to death,
days (±SD)a

Fever characteristics

No. of days to
onset (±SD)a

Duration no. of
days (±SD)a

Maximum daily temp,
°C (±SD)a

ASFV-G-DMGF110-5L-6L 0/5 7.2 (1.34) 5.4 (0.89) 1.8 (1.67) 40.54 (0.92)
ASFV-G 0/5 7 (0) 6.2 (2.28) 2.6 (1.67) 41 (0.47)
aSD, standard deviation.
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Development of an ASFV vaccine candidate with the deletion of MGF110-5L-6L
gene as a potential DIVA marker. To test the DIVA functionality of the MGF110-5L-6L
gene, a novel recombinant vaccine strain was developed by deleting MGF110-5L-6L gene
from the vaccine candidate ASFV-G-DI177L (7). The deletion of the MGF110-5L-6L gene was
produced in the genome of ASFV-G-DI177L using a p30GFP reporter gene cassette with the
same strategy and methodology used to develop ASFV-G-DMGF110-5L-6L. The resulting
recombinant virus, ASFV-G-DI177L/DMGF110-5L-6L, has the MGF110-5L-6L gene replaced
by the p30mGFP cassette, producing the same modifications in the ASFV-G-DI177L/
DMGF110-5L-6L genome as those described in ASFV-G-DMGF110-5L-6L (Fig. 3).

The effect of the deletion of the MGF110-5L-6L gene on the ability of ASFV-G-
DI177L/DMGF110-5L-6L to replicate was assessed by analyzing the growth kinetics in

FIG 5 Evolution of mortality (top panel) and body temperature (bottom panel) in animals (5 animals/
group) i.m. infected with 102 HAD50 of either ASFV-G-DMGF110-5L-6L or parental ASFV-G. No significant
differences were found in the survival course between groups of pigs using the logrank test (Mantel-
Cox test). No statistical differences were found in body temperatures between pigs in both groups
when evaluated by the Holm-Sidak method (a = 0.05). All calculations were conducted using the
software GraphPad Prism version 8.
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primary swine macrophage cultures and compared with that of ASFV-G in multistep
growth curves (Fig. 7). ASFV-G-DI177L/DMGF110-5L-6L showed a decreased replication
ability (approximately 100- to 10,000-fold, depending on the time point considered).
These replication kinetics of ASFV-G-DI177L/DMGF110-5L-6L resemble those of ASFV-
G-DI177L (7).

The use of ASFV-G-DI177L/DMGF110-5L-6L as a potential DIVA marker experimental
vaccine was assessed in domestic pigs. A group of five 80- to 90-pounds pigs were ino-
culated i.m. with 106 HAD50 of ASFV-G-DI177L/DMGF110-5L-6L. Inoculated animals
were observed for 28 days without developing any clinical sign attributable to ASF. No
viremia titers were detected in any of the ASFV-G-DI177L/DMGF110-5L-6L-inoculated
animals during the first 28 days p.i. (Fig. 8).

FIG 6 Viremia titers detected in pigs i.m. inoculated with 102 HAD50 of either ASFV-G-DMGF110-5L-6L
or ASFV-G. Each symbol represents the average of animal titers in each of the groups. Sensitivity of
virus detection: . log10 1.8 50% tissue culture infective dose (TCID50)/mL. No significant differences in
viremia values between both groups of pigs were found during the course of the experiment using
the Holm-Sidak method (a = 0.05). All calculations were conducted on the software GraphPad Prism
version 8.

FIG 7 In vitro growth kinetics in primary swine macrophage cell cultures for ASFV-G-DI177L/DMGF110-
5L-6L, ASFV-G-DI177L, and parental ASFV-G (MOI = 0.01). Samples were taken from three independent
experiments at the indicated time points and titrated. Data represent means and standard deviations of
three replicas. Sensitivity using this methodology for detecting virus is .log10 1.8 HAD50/mL.
Significant differences in viral yields at specific time points between recombinant viruses are denoted
by black asterisks, while red asterisks denote differences between recombinant viruses and ASFV-G.
Analyses were conducted using the unpaired t test considering the two-stage step-up (Benjamini,
Krieger, and Yekutieli) method. The significance of these discoveries was evaluated using the false-
discovery rate method (FDR), with q values of ,0.05 considered significant. All calculations were
conducted using the software GraphPad Prism version 9.2.0.
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ASFV-specific antibody titers evaluated by ELISA were detected in ASFV-G-DI177L/
DMGF110-5L-6L-infected animals started at day 14 p.i., remaining at similar titers until
the day of challenge, at 28 day p.i. (Fig. 9). Interestingly, while one of the animals (no.
55) did not produce any detectable antibodies during the experimental period, the
other four developed a detectable virus-specific antibody response.

The specific reactivity of sera from these animals with the protein encoded by the
MGF110-5L-6L gene was assessed by immunocytochemistry in Plum Island porcine epi-
thelial (PIPEC) cells transfected with the MGF110-5L-6L gene. PIPEC cells were also
transfected with the CP204L gene, encoding the well-characterized ASFV protein p30.
While all four sera showed a clear antibody response against ASFV p30, none of the
animals elicited antibodies recognizing the protein encoded by the MGF110-5L-6L
gene. As control of expression and immunogenicity of the tested proteins, a pool of
sera was used from animals immunized by vaccine candidates ASFV-G-DMGF (6), ASFV-
G-D9GL/DUK (5), and ASFV-G-DI177L (7); all three of these vaccines contain the gene

FIG 8 Viremia titers detected in pigs i.m. inoculated with 106 HAD50 of ASFV-G-DI177L/DMGF110-5L-6L
and challenged 28 days later with 102 HAD50 of ASFV-G. A group of naive pigs was also challenged
with 102 HAD50 of ASFV-G. Each symbol represents the average of animal titers in each of the groups.
Sensitivity of virus detection: .log10 1.8 TCID50/mL.

FIG 9 ASFV-specific antibody titers detected by ELISA, as described in Materials and Methods, in animals
inoculated with 106 HAD50 of ASFV-G-DI177L/DMGF110-5L-6L. Antibody titers are presented as reciprocal
of the highest dilution of serum that at least duplicates optical density (OD) reading of the preimmune
serum. Each bar represents the titer of individual animals at different times p.i.
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MGF110-5L-6L. All these pools of sera clearly recognized the expression of both pro-
teins, p30 and MGF110-5L-6L, indicating that both proteins were efficiently expressed
in the transfected cells and confirming the immunogenicity of both proteins (Fig. 10).
These results showed that the MGF110-5L-6L gene can be a useful target gene to be
deleted in a live-attenuated vaccine and can be used as the molecular basis for a DIVA
antigenic marker. However, further studies will be required using large numbers of
individual animal samples to determine the specificity and sensitivity of MGF110-5L-6L
antibodies produced in individual animals.

ASFV-G-DI177L/DMGF110-5L-6L animals were challenged at 28 dpi with virulent
ASFV-G along with 5 naive pigs used as the control group. As expected, animals in the
control group developed a typical clinical disease with a rise in body temperature by 4
days postchallenge (dpc) with a rapid progression in severity until all animals were eu-
thanized by 7 dpc (Fig. 11). Conversely, after the challenge, animals infected with
ASFV-G-DI177L/DMGF110-5L-6L presented a heterogeneous behavior. The animal that
did not develop ASFV-specific antibodies quickly developed the clinical disease and
was euthanized by day 5 postchallenge (p.c.). (Fig. 9 and 11). Two other animals devel-
oped a protracted form of the clinical disease and were euthanized on 10 and 14 dpc,
respectively. The remaining two animals remained clinically normal during the 21-dpc
observational period. Therefore, protective efficacy against challenge with virulent
ASFV-G induced by ASFV-G-DI177L/DMGF110-5L-6L appears drastically reduced com-
pared with that induced by its parental virus ASFV-G-DI177L. This result indicates that
deletion of MGF110-5L-6L gene greatly affects ASFV-G-DI177L protective efficacy.

The profiles of viremia coincided with the clinical presentation of the disease (Fig. 8).
As usual, animals in the control group developed high viremia titers (106 to 108 HAD50)
by day 4 p.c., maintaining those values until they were euthanized at 7 dpc. All ASFV-G-
DI177L/DMGF110-5L-6L-infected animals developed viremia as heterogenous as their
clinical behavior. The animal euthanized at day 5 p.c. developed a viremia similar to that
of the control animals. Animals euthanized at days 10 and 14 p.c. presented extended vi-
remia lasting until they were euthanized. The two animals surviving the challenge also

FIG 10 MGF110-5L-6L and CP204L antibody response in sera from animals inoculated with 106 HAD50 of
ASFV-G-DI177L/DMGF110-5L-6L detected by immunocytochemistry. PIPEC cells transiently expressing either
MGF110-5L-6L or p30 were used to test reactivity of individual serum from ASFV-G-DI177L/DMGF110-5L-6L
animals. As a control, the reactivity of sera from animals infected with live-attenuated ASFV strains ASFV-G-
DMGF, ASFV-G-D9GL/DUK, and ASFV-G-DI177L is shown.
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presented extended viremia with medium to low values until the end of the experimen-
tal period.

DISCUSSION

Currently, the development of an effective ASF vaccine has been based on the use of
live-attenuated strains. These attenuated virus strains have used different approaches for
their development. Some attempts have used natural attenuated field isolates (26). Others
have adapted virulent field isolates to growth in cell cultures, resulting in virus attenuation
(27, 28). The other methodology has been by genetic manipulation, deleting viral genes
associated with virulence (4–9, 11, 20, 29–33). The latter appears to be the most effective
and appears to offer a methodology safer than the use of naturally attenuated isolates.

FIG 11 Evolution of mortality (top panel) and body temperature (bottom panel) in animals (5 animals/group) i.m. infected with 106 HAD50 of
ASFV-G-DI177L/DMGF110-5L-6L and challenged with 102 HAD50 of parental ASFV-G. A group of naive animals (ASFV-G) was included as the
control group.
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The referenced examples with deletions of single genes or a group of genes produced
attenuated virus strains that induce protection against the virulent parental virus.

The inclusion of additional genetic mutations to these vaccine candidates, either to
decrease residual attenuation or to increase the safety profile, has resulted in mixed
success. Additions to the vaccine candidate ASFV-G-D9GL, which had residual virulence
at high doses, resulted in a safe and effective vaccine when the deletion of UK was
added (5). However, adding the MGF, EP153R or CD2 deletion caused the 9Gl vaccine
to be ineffective, likely due to decreased replication in swine (12, 34). Interestingly,
CD2 and the MGF deletion or the UK deletion could be combined using a derivative of
ASFV-G isolated in China (9, 11). In another genotype vaccine candidate, ASFV-BA71DCD2
(8), additional deletions of either UK or EP153R decreased vaccine efficacy (35). The addi-
tion of gene deletions to existing vaccine platforms, while maintaining the original charac-
teristics of the parental vaccine, appears to be partially unpredictable.

However, to date, for all live-attenuated ASF vaccines, there is the inability to sero-
logically differentiate between infected and vaccinated animals (DIVA concept), as
none of the genes deleted in the vaccine candidates have been shown to have any sero-
logical response that could be used as a DIVA marker. Introduction of a DIVA marker is
critical for controlling ASF in determining which animals or farms are infected, and need
to be culled, and which have the serological response because they were vaccinated. A
DIVA-based vaccine is particularly of need in areas that want to vaccinate for ASF due to
high risk of ASF introduction but want to be declared free of ASF outbreaks. We have
previously reported the identification of the first DIVA-capable genomic deletion in ASF,
deletion of a gene E184L (10). On its own, deletion of E184L partially attenuated ASF;
however, when E184L was deleted in a vaccine strain of ASF, the vaccine lost its efficacy
(10). This suggested that the addition of a virulence factor, as in the case of E184L, may
cause problems in current vaccine platforms and perhaps the addition of a DIVA marker
would have to be a deletion of a gene that was not a virulence factor.

In this study, we determined that the deletion of MGF110-5L-6L is a nonessential
gene, since its deletion from the ASFV-G genome does not significantly alter virus repli-
cation in swine macrophage cultures or during in vivo infection and, importantly, is not
critical for ASFV virulence in swine. We also showed that MGF110-5L-6L can be used as
a target for the development of a DIVA marker vaccine if deleted in a live-attenuated
vaccine candidate. It was expected that unlike E184L, which when deleted on its own
affected virulence of ASFV-G, deletion of the MGF110-5L-6L gene had no observed
effects on virus virulence, so it was assumed that it could have been deleted from vac-
cine candidate ASFV-G-DI177L without changing the vaccine efficacy. However, as
reported here, deletion of MGF110-5L-6L affected the protective efficacy of the vaccine
candidate ASFV-G-DI177L. A similar situation resulted by deleting another potential
DIVA candidate gene, E184L, in the context of the vaccine candidate ASFV-G-DMGF (6). Our
previous experience including additional deletions to vaccine candidates demonstrated
that it is impossible to predict which combinations of gene deletions are compatible with
maintaining vaccine efficacy. Here, we show that MGF110-5L-6L could perform as a DIVA
marker for a live-attenuated ASFV vaccine; however, it was not compatible with the ASFV-
G-DI177L vaccine platform. The discovery of MGF110-5L-6L as a DIVA marker could be use-
ful in other live-attenuated ASFV vaccine platforms where adding this deletion could have
an outcome different from that described here for ASFV-G-DI177L; however, to be a com-
mercially viable DIVA marker, large trials of animals would be needed to determine the sen-
sitivity and reliability of MGF110-5L-6L as a DIVA marker.

It appears that the deleterious effect on protective efficacy caused by additional
deletions of potential DIVA target genes to current live-attenuated vaccine platforms
could be a problem in the development of effective live-attenuated DIVA-compatible
ASFV vaccine. The results presented here deleting MGF110-5L-6L along with our previ-
ous results in deletion of E184L suggest that with our current knowledge of ASFV, and
particularly in the function of individual ASFV genes, it is hard to predict which serolog-
ical markers could be deleted in current vaccine platforms, and the only way to
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determine the addition of a gene deletion to serve as a serological marker will be
through testing of vaccine efficacy.

MATERIALS ANDMETHODS
Cell culture and viruses. Primary cultures of blood-derived swine macrophages were performed

using peripheral mononuclear adherent cells obtained by density gradients and adhesion to Primaria
T25 6- or 96-well dishes at a density of 5 � 106 cells per mL, as described previously (7). ASFV Georgia
(ASFV-G) is a field isolate obtained in 2010 in the Republic of Georgia (27). Growth curves between
ASFV-G-DMGF110-5L-6L or ASFV-G-DI177L/DMGF110-5L-6L and ASFV-G were performed in primary
swine macrophage cell cultures at an MOI of 0.01 HAD50 as described previously (36).

Detection of MGF110-5L-6L transcription. The transcriptional profile of the MGF110-5L-6L gene
during the infection of ASFV-G in cultures of porcine macrophages was assessed as described previously,
using real-time quantitative PCR (RT-qPCR) (37). As an internal control of transcription, the early CP204L
(p30) and late B646L (p72) expressed genes of ASFV were used as references. Porcine macrophages
were infected (MOI of 1) with ASFV-G followed by RNA extractions performed at different times postin-
fection (p.i.) using an RNeasy kit (Qiagen). Extracted material was treated with 2 units of DNase I
(BioLabs) and then purified using the Monarch RNA cleanup kit (New England BioLabs, Inc.). One micro-
gram of RNA was used to produce cDNA using qScript cDNA SuperMix (Quanta bio) that was used for
the qPCR. Primers and probe for detection of the MGF110-5L-6L gene were designed using the ASFV
Georgia 2007/1 strain (GenBank database NC_044959.2): forward, 59-TCCGTTGGATGAAGTTGTCC-39, reverse,
59-TCATGTCTGGTTTCCCGTTG-39, and probe, 59-FAM/AGCCCTAAGACCTGGTTGCAATTCA/MGBNFQ-39. Primers
and probes for the detection of p72, p30, and b-actin genes were described previously (38). All qPCRs were
conducted using the TaqMan universal PCR master mix (Applied Biosystems) using amplification conditions
described elsewhere (38).

Construction of the ASFV MGF110-5L-6L deletion mutant. ASFV lacking the MGF110.5L-6L gene
(ASFV-G-DMGF110-5L-6L) was developed by homologous recombination between the genome of the
parental ASFV-G and a recombination transfer vector as described elsewhere (5). The recombinant trans-
fer vector (p72mCherryDMGF110-5L-6L) harbors flanking genomic regions of the MGF110-5L-6L gene:
the left and right arms are located between genomic positions 8489 to 9489 and 10108 to 11108,
respectively. ASFV-G has the same sequence as GenBank accession number NC_044959.2. The recombi-
nant transfer vector also harbors a reporter gene cassette containing the mCherry fluorescent protein
(mCherry) gene under the control of the ASFV p72 late gene promoter (39). The recombinant transfer
vector was obtained by DNA synthesis (Epoch Life Sciences, Sugar Land, TX, USA). As designed, this con-
struction created a 618-nucleotide deletion between nucleotide positions 9490 to 10107, partially delet-
ing the MGF110-5L-6L ORF sequence (Fig. 3). Recombinant mutant ASFV-G-DMGF110-5L-6L was purified
to homogeneity by successive rounds of limiting dilution purification based on mCherry activity detec-
tion and was completely sequenced using next-generation sequencing (NGS).

Recombinant virus ASFV-G-DI177L/DMGF110-5L-6L was obtained by deleting MGF110-5L-6L gene
from the vaccine candidate ASFV-G-DI177L (7) following the same procedure as that described above
using green fluorescent protein (GFP) instead of mCherry as the selection marker.

Next-generation sequencing of ASFV. ASFV DNA was extracted from the cytoplasm of infected mac-
rophages as described previously (10). NGS of the extracted DNA was performed using the Nextera XT kit
and the NextSeq platform (Illumina, San Diego, CA) following the manufacturer’s protocol. Sequence anal-
ysis was performed using CLC Genomics Workbench software (CLCBio, Aarthus, Denmark).

Animal experiments. Virulence of ASFV-G-DMGF110-5L-6L was evaluated using 35 to 40 kg commercial
breed swine. A group of five pigs was intramuscularly (i.m.) inoculated with 102 HAD50 of ASFV-G-DMGF110-
5L-6L and compared with a group of five pigs inoculated with 102 HAD50 of ASFV-G. Clinical signs and body
temperature were recorded daily throughout the experiment. Animal experiments were performed under bio-
safety level 3 conditions in the animal facilities at Plum Island Animal Disease Center, following a strict protocol
approved by the Institutional Animal Care and Use Committee (225.01-16-R_090716). In protection experi-
ments, animals inoculated with ASFV-G-DI177L/DMGF110-5L-6L were i.m. challenged 28 days later with 102

HAD50 of parental ASFV-G. Presence of clinical signs associated with the disease was recorded as described
above (6).

Detection of ASFV-specific antibody response. ASFV-specific antibody detection used an in-house
ELISA performed as described previously in detail (40) using as the antigen a cell extract of ASFV-
infected Vero cells. Each swine serum was tested at multiple dilutions against both infected and unin-
fected cell antigens. Serum titers were expressed as the log10 of the highest dilution where the optical
density reading of the tested sera at least duplicates the reading of the mock-infected sera.

Presence of MGF110-5L-6-L or p30-specific antibodies was also detected by immunocytochemistry.
Plum Island porcine epithelial (PIPEC) cells (29) transfected with overexpression plasmids corresponding
to the desired ASFV gene under the control of the CMV promoter were used expressing the coding
sequence from the ASFV-G genome for the MGF110-5L-6L or CP240L (p30) with the nucleotides opti-
mized for expression in mammalian cells. Presence of MGF110-5L-6L or CP240L antibodies in pig sera
was detected by a peroxidase-labeled anti-swine IgG reagent (Vector Laboratories, Burlingame, CA).

Data availability. The next-generation sequencing of the recombinant ASFV viruses produced in
this study was aligned to GenBank accession number NC_044959.2. The raw sequencing reads are avail-
able upon request.
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