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Abstract

The attenuated live virus vaccine that is used in South Africa to protect against African horse sickness infection was devel-
oped more than 50 years ago. With the selection of the vaccine strains by cell culture passage, a correlation between the
size of plaques formed in monolayer Vero cultures and attenuation of virus virulence in horses was found. The large plaque
phenotype was used as an indication of cell culture adaptation and strongly correlated with attenuation of virulence in horses.
There was never any investigation into the genetic causes of either the variation in plaque size, or the loss of virulence. An
understanding of the underlying mechanisms of attenuation would benefit the production of a safer AHSV vaccine. To this
end, the genomes of different strains of two African horse sickness isolates, producing varying plaque sizes, were compared
and the differences between them identified. This comparison suggested that proteins VP2, VP3, VP5 and NS3 were most
likely involved in the determination of the plaque phenotype. Comparison between genome sequences (obtained from Gen-
Bank) of low and high passage strains from two additional serotypes indicated that VP2 was the only protein with amino
acid substitutions in all four serotypes. The amino acid substitutions all occurred within the same hydrophilic area, resulting
in increased hydrophilicity of VP2 in the large plaque strains.
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Introduction proteins of the virus core are VP3 and VP7, with VP3 form-

ing a scaffold around the dsRNA genome and enclosing the

African horse sickness virus (AHSV) is an orbivirus of the
family Reoviridae [1]. The AHSV genome consists of ten
double-stranded RNA (dsRNA) segments, which are envel-
oped in two concentric protein layers [2-5]. The AHSV
genome codes for seven structural virus proteins (VP1-7)
and four non-structural proteins (NS1-4) [6-8]. The outer
capsid consists of VP2 and VPS5, where the former is respon-
sible for the determination of the virus serotype as well as
virus entry into the host cell [9, 10], while the latter has
a membrane permeabilizing activity [11-13]. The major
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minor proteins VP1, VP4 and VP6 [14]. The minor pro-
teins form a transcriptional complex, where VP1 functions
as a RNA-dependent RNA polymerase [15-18]; VP4 stabi-
lises transcripts through capping and methylation [19-21],
and VP6 is an ATP-dependent helicase which unwinds the
dsRNA genome prior to transcription [22—-25]. The non-
structural proteins are not part of the virus capsid, but are
produced during the infection cycle. NS1 plays a role in
the upregulation of viral gene translation as well regula-
tion of virus release [26, 27]; NS2 is responsible for the
formation of virus inclusion bodies (VIB) in the cell cytosol
[28]; NS3 is involved in viral egress [29—31], and NS4 binds
dsDNA and is an interferon antagonist, thus inhibiting the
host immune reaction [7, 8, 32].

AHSYV infection causes African horse sickness (AHS)
which is an economically important disease that affects all
equids [33], with particularly serious clinical consequences
in immunologically naive horses. It is estimated to have a
mortality rate of 90-95% in unprotected horses. The virus is
transmitted during blood-feeding by several Culicoides sp.
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midges [34-37] and is endemic to most sub-Saharan coun-
tries [38—41] where live attenuated viruses are used as a
polyvalent vaccine [42].

During the development of the cell culture adapted, live
attenuated viruses, it was observed that a correlation exists
between plaque phenotype and the attenuation of the virus
virulence in horses. Strains with a small plaque phenotype
in Vero monolayers produced severe clinical signs in horses,
while large plaque strains caused a mild febrile reaction, if
any [42, 43]. The large plaque phenotype is rarely observed
when infecting cell cultures with low passage field isolates,
and selected isolates were thus serially passaged on BHK-21
before stable large plaque variants were selected. Candidate
vaccine viruses selected based on large plaque morphology
were non-pathogenic in horses. It was thus concluded that
plaque size can be used as a marker for cell culture adapta-
tion and attenuation [42].

In this study, the complete genomes of two AHSV
field isolates and their cell culture-adapted passages were
sequenced and compared to identify the potential genetic
causes of the change in plaque morphology and compared
to the known sequences of virulent and attenuated strains of
two more AHSV isolates [44-46].

Materials and methods
Mammalian cell culture and AHSV strains

Baby hamster kidney (BHK-21;) and BSR cell monolayers
[47, 48] were cultured in 75 cm? flasks using BioWhittaker
Dulbecco’s Modified Eagle’s Medium (DMEM) (Lonza),
supplemented with 5% (v/v) foetal bovine serum (FBS)
(HyClone), 1% (v/v) L-glutamine [200 mM in a 0.85% (w/v)
NaCl solution, Lonza] and 1% (v/v) PSA (10,000 U/ml of
penicillin, 10,000 pg/ml of streptomycin and 25 pg/ml of
amphotericin B; HyClone). The flasks were incubated at
37 °C, with 5% CO,, in a humidified incubator.

Table 1 List of viruses propagated in this study

Cell culture inoculations were prepared by resuspend-
ing lyophilized preparations of different strains (Table 1) in
Hanks balanced salt solution (Lonza) and infecting BHK-
21 monolayers at a confluency of 70-80% with the virus.
Monolayers were incubated for 3—4 days, or until cytopathic
effects were observed. Infected cell monolayers were used
for infections and RNA extraction.

Plaque assays

Plaque assays were performed using a modified protocol of
Oellerman [49]. BSR monolayers, at a confluency of 90% in
6-well cell culture plates, were infected with tenfold serial
dilutions of each virus. The inoculum was removed 2 h post
infection and an agarose overlay [2% (v/v) FBS and 0.8%
(v/v) agarose (SeaPlaque® agarose, Lonza) in Eagle’s Mini-
mum Medium (Gibco)] applied. Plates were incubated for
6 days before staining with MTT [(3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide] to a final concentra-
tion of 0.25 mg/ml. Cultures were then incubated overnight
and the plaques visualised. Plaques were photographed,
and their sizes determined with ImageJ 1.49v software [50]
using the plate well diameter (33.9 mm) as reference. The
diameters of 100 plaques were determined for each of the
virus strains listed in Table 1.

Statistical analysis

Plaque diameter data were used in two-sample comparisons
to determine whether there was a statistically significant dif-
ference between the plaque sizes produced by the AHSV
strains. The Mann—Whitney U test [51] was performed using
a two-tailed hypothesis and a significance level of 0.05.

Preparation and sequencing of AHSV genomic cDNA

Double-stranded RNA was isolated from infected BHK-21
cell culture monolayers and cDNA prepared and amplified

Virus name In text reference Isolate no.? Serotype Passage history

29/62 3S AHSV-1 3S 29/62 1 3 suckling mouse brain

29/62 Vero AHSV-1 Vero 29/62 1 3 suckling mouse brain, 1 Vero (22/05/98)

29/62 SJ AHSV-1 SJ 29/62 1 3 suckling mouse brain, 1 Vero (09/01/98)

29/62 MP AHSV-1 MP 29/62 1 3 mouse brain, 10 BHK-21, 4 medium plaque picks, 3 Vero, 1 BHK-21
29/62 LP(A) AHSV-1 LP(A) 29/62 1 3 suckling mouse brain, 10 BHK-21, 3 large plaque picks (A), 4 Vero
29/62 LP(B) AHSV-1 LP(B) 29/62 1 3 suckling mouse brain, 10 BHK-21, 3 large plaque picks (B), 4 Vero
82/61 3S AHSV-2 3S 82/61 2 3 suckling mouse brain

82/61 LP AHSV-2 LP 82/61 2 3 suckling mouse brain, 10 BHK-21, 3 large plaque picks, 5 Vero

The first number in the isolate no. is the diagnostic sample number, while the second number is the year in which the diagnostic sample was
received, e.g. 29/62 is the 29th diagnostic sample received in the year 1962
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as previously described [52]. The amplicons were sequenced
using the MiSeq (Illumina) next generation sequencing
(NGS) platform.

Genome assembly and analysis

The sequence data were analysed in CLC Genomics Work-
bench version 8.5 (Qiagen; https://www.qiagenbioinform
atics.com/). Adaptor sequences were removed and the trim
reads de novo assembled as well as mapped to the refer-
ence AHSV-129/62 1A1V (unpublished) or AHSV-2 82/61
3S [46]. A consensus sequence was generated from contigs
constructed through both de novo assembly and reference
mapping. The data were used to determine the genetic com-
position within the virus populations by detecting variations
at a frequency higher than 5% and with a quality score of
more than 30. The complete genome sequences of all the
viruses determined in this study were submitted GenBank
[53] under accession numbers KY471465-KY471544. Both
nucleotide and amino acid sequences between the strains of
a single isolate were compared.

Comparison of AHSV sequences from other
serotypes

Full genome sequences of serotype 4 (AHSV-4 32/62
1S) and serotype 6 (AHSV-6 02/75 4S), as well as their
respective live attenuated viruses were obtained from
Genbank (AHSV-Labstr/ZAF/1998/OBP-116 serotype 4
[Vac4] and AHSV-6/Labstr/ZAF /1998/OBP-252.1 [Vac6])
[44-46]. Differences between the nucleotide and amino
acid sequences between the strains of each serotype were
determined and compared to those previously determined
for AHSV-1 29/62 and AHSV-2 82/61.

Hydropathy and antigenicity plots
The amino acid sequence of VP2 protein from each virus
was submitted to the EXPASy server [54] to predict both the

hydropathy and the antigenicity of the proteins. Hydropathy
was predicted using the Kyte-Doolittle algorithm [55], while

Table 2 Average plaque size of the AHSV-1 and AHSV-2 strains

antigenicity was predicted using the method of Welling et al.
[56]. In both cases, a window size of nine was used.

Results
Plaque sizes fall into three categories

To correlate genome sequences to a phenotype, the diam-
eters of 100 pfu from each virus were determined (Table 1).
These were compared between the viruses with different
passage history within a serotype, to determine whether
plaques could be categorised as small or large. The average
plaque size for each of the virus strains is summarised in
Table 2.

AHSV-1 29/62 strains (AHSV-1; Fig. 1) fell into small
(avg. diameter below 0.5 mm), intermediate (avg. diame-
ter between 0.5 and 1 mm) and large (avg. diameter above
1 mm) plaque phenotypes. These size categories were deter-
mined to be statistically significantly different from each
other. Viruses in the large plaque category [AHSV-1 LP(A)
and LP(B)] did not differ from each other; however, both are
statistically different from the viruses in the intermediate
(AHSV-1 MP, SJ and Vero) and small (AHSV-1 3S) plaque
categories, with a p value of less than 0.05. Similarly, the
medium plaque viruses did not differ from each other, but
there was a statistically significant difference between these
viruses and the small plaque virus (p value <0.05).

The results of the plaque size analysis of strains AHSV-2
3S and LP indicated that the former had a small plaque
phenotype, while the latter had a large plaque phenotype
(AHSV-2; Fig. 1). The Mann—Whitney U test indicated that
these two populations were significantly different from each
other (p value <0.05).

Sequence analysis

There were 47 single-nucleotide polymorphisms (SNPs)
detected between the six AHSV-1 29/62 strains, while 15
SNPs were detected between the two strains of AHSV-2
82/61. Comparisons between the genome sequences of

AHSV-1 AHSV-1 AHSV-1 AHSV-1 AHSV-1 AHSV-1 AHSV-2 AHSV-2 82/61
29/62 3S 29/62 SJ 29/62 Vero 29/62 MP 29/62 LP(A) 29/62 LP(B) 82/61 3S LP
Avg. diameter 0.417 0.615 0.606 0.681 2.285 1.955 0.389 1.462
(mm)
Size distribu-  0.227-0.721 0.42-1.411 0.421-0.995 0.488-1.186  1.098-3.212  0.98-3.036 0.274-0.524  0.752-2.59
tion (mm)
Standard 0.069 0.128 0.1 0.115 0.458 0.489 0.049 0.421
deviation
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Fig. 1 Plaque diameters of the

AHSV-1 and AHSV-2 virus 35
strains. Average plaque size for

each strain has been indicated

with a stippled line

-
w

Plaque diameter (mm)

0,5

reference strain and live attenuated viruses from serotype 4
and 6 had 27 and 46 SNPs, respectively.

The amino acid sequences inferred from the genome
sequences were also compared to determine the effect of
each SNPs. The AHSV-1 strains had 13 amino acid substi-
tutions between them, none of which occurred in proteins
VP6, VP7, NS2 or NS4 (Fig. 2a). There were 10 amino
acid residue substitutions between AHSV-2 3S and LP,
with no substitutions occurring in VP1, VP4, VP7 and NS|1
(Fig. 2b). All other proteins contained at least one amino
acid substitution, including NS4, which was truncated due
to a premature stop codon. Nine non-synonymous substitu-
tions were observed in serotype 4 and eight in serotype 6
(Fig. 2c, d). No amino acid substitutions were observed on
VP3, VP5, NS2, VP7 or NS3 of serotype 4, while VP3, VP4,
NS1, VP5 and VP7 were free of amino acid substitutions in
serotype 6 (Fig. 2c, d).

The AHSV-1 and AHSV-2 viruses showed amino acid
substitutions in proteins VP2, VP3, VP5 and NS3 between
the different plaque sizes. Furthermore, variation analysis
showed that the substitutions seen in VP2, VP3 and VP5
were unique to the large plaque viruses, whereas the sub-
stitution seen in NS3 existed in the small plaque viruses
as a minor sub-population (5.302 and 5.3%, respectively).
Though the amino acid substitution in NS3 did not occur in
all four AHSV serotypes, it should be noted that once again
the substitutions in AHSV-1, -2 and -6 were all located in the
C-terminal of the protein and that the types of substitutions
were similar in that non-polar amino acids were replaced
with polar amino acids in the high passage strain (Fig. 3a).

A single amino acid substitution, located between amino
acids 340 and 360 of VP2 was observed in all four serotypes
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(Fig. 3b). In all four serotypes, these substitutions resulted
in the replacement of either a hydrophobic residue (M in
AHSV-1 3S and T in AHSV-6 4S), a polar uncharged resi-
due (N in AHSV-2 3S) or a neutral G in AHSV-4 1S with a
positively changed residue, K or R. Each NS3 also had one
amino acid substitution in the large plaque variants of each
isolate at the conserved C-terminal of the protein (Fig. 3a).
As with VP2, a hydrophobic residue (M in AHSV-1 3S and
Y in AHSV-2 3S) was replaced with a positively charged
residue in the large plaque strains (K and H, respectively). In
contrast, VP3 and VPS5 had substitutions in the large plaque
strains of both isolates; they are not located in the same
regions of the proteins nor were any observed in serotype
4 or 6.

Hydropathic and antigenic properties of VP2

VP2 is the serotype-specific antigenic protein in orbiviruses,
as well as being essential for virus entry into the host cell [9,
10]. The predicted influence of each amino acid substitutions
on the antigenicity of the protein was determined in relation
to its location on the surface of the protein.

The amino acid substitutions were located in an area
that was calculated to have a negative antigenicity value
[56]. The effect of the change in amino acid in the large
plaque strains of each isolate was to increase the predicted
antigenicity of that region when compared to the small
plaque strains (Fig. 4). Compared to their respective parent
isolates, the increase in antigenicity value of that region
of VP2 was on average 0.030 (48%) in AHSV-1 LP(A),
0.065 (344%) in AHSV-2 LP, 0.033 (205%-fold) in Vac4
and 0.01 (18%) in Vac6. Despite these predicted increases
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Fig.2 Amino acid differences

1114, Nto S, LP(A)

between the strains of a AHSV- VP1 1 VP1
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386, Nto D, 3S and SJ
by a black bar, and the type of VP4 . VP4
change annotated 163, Gto S, MP
\| 199, Rto G, 3S and Vero
NS1 o NS1
364, Ito T, 3S and Vero
253, Kto R, 3S and Vero 315, Ttol, LP
VP5 VP5 1
427, Vto A, LP(B)
432, Sto N, LP(A) and LP(B) 187, Ttol, LP
VP86 VP6 1
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150, G to E, MP
129, Q to Stop, LP
NS4 NS4 ==n
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C 1063, K to R, Vac4 d 1116. E/G to E, Vac6
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VP2 1 VP2 1
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NS1 1 NS1
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VPG 1 1 VP6 1
13, 1to M, Vacd 239, Nto K, Vacé
NS2 NS2 1
306, N to D, Vac6
VP7 VP7
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NS3 NS3 1
109, V to M, Vacd 147, Nto D, Vacé
NS4 1] NS4 Il NS4 is truncated in both serotype 6 strains
85, Pto R, Vac4 112, G/E to E, Vac6é
in the antigenicity of this region of VP2, the average anti- Discussion

genicity values remained negative.

The hydrophobicity of each protein was determined, to
estimate the change that the amino acid substitutions were
to have on the surface of VP2. The amino acid substitution
for VP2 was predicted to occur in an area with a nega-
tive hydropathic index, and the effect of the substitution
in the large plaque strains reduced the hydropathic index
further (Fig. 5). The change in predicted hydrophobicity
is small when comparing AHSV-1 3S and LP(A) where
the average hydropathic index is 0.044 points (5%) lower
in AHSV-1 LP(A). The change in hydropathicity is larger
for the other isolates, where the index is on average 0.644
points lower in AHSV-2 LP (47% lower), 0.2 lower in
Vac4 (37% lower), and 0.422 lower in Vac6 (56%).

The aim of this work was to determine if any consistent
genetic variations could be observed between the genomes
of related AHSYV strains, expressing varying phenotypic
characters in plaque morphology. As plaque size has pre-
viously been correlated to virulence [42, 43], it is con-
ceivable that the genetic differences involved in plaque
phenotype could be linked to the attenuation of the virus.
Once identified, the effect of the genetic variations could
be verified and incorporated into synthetic vaccine viruses
using a reverse genetics system [57-59].

The genomes of eight AHSV strains, six of AHSV-1
and two of AHSV-2 were sequenced, and their respective
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Fig.3 Amino acid alignments a
showing substitutions between
the strains of AHSV-1 and
AHSV-2 in a VP2 and b NS3.
The location of the amino acid
substitutions between strains of
each isolate is indicated with
either a black (AHSV-1), red
(AHSV-2), blue (AHSV-4)

or green (AHSV-6) asterisks.
(Color figure online)

b

AHSV-1 29/62 LP(A) VP2
AHSV-1 29/62 LP(B) VP2
AHSV-1 29/62 MP VP2
AHSV-1 29/62 SJ VP2
AHSV-1 29/62 Vero VP2
AHSV-1 29/62 3S VP2
AHSV-2 82/61 LP VP2
AHSV-2 82/62 3S VP2
AHSV-4 Vac4 VP2
AHSV-4 32/62 1S VP2
AHSV-6 Vact VP2
AHSV-6 02/75 4S VP2

plaque phenotypes determined. The six strains of AHSV-1
were categorised into small, intermediate and large plaque
phenotypes. The nucleotide substitutions between these
strains could be used to determine which proteins were
most likely to be involved in the manifestation of the large
plaque phenotype. Changes unique to the intermediate and
large plaque phenotypes could not be responsible for the
large plaque phenotype. Based on complete genome analy-
sis, VP4 and NS2 were omitted as possible contributors
to the prescribed phenotype. Additionally, segment 9 was
altered in only one of the intermediate plaque strains, and
thus VP6 and NS4 could both be eliminated as causes of
the large plaque phenotype in this isolate. Substitutions
that were unique to the large plaque phenotype occurred
in VP2, VP3, VP5 and NS3 and were selected as puta-
tive candidates to be involved in the manifestation of the
large plaque phenotype. The same proteins had amino
acid substitution between the strains of AHSV-2, while
only VP2 contained non-synonymous SNPs when four
serotypes were investigated. A subpopulation of the small
plaque strains contain the same substitution in segment 10
as what is observed in the large plaque strains. As there is
no corresponding large plaque morphology within these
strains, it is unlikely that the NS3 protein is responsible
for the shift in plaque phenotype. Similarly, the substitu-
tions reported in AHSV-1 and AHSV-2 were not present
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between the variants of AHSV-4 and AHSV-6, and were
thus not required for the formation of large plaques.

It was thus determined that VP2 was the only protein
that was uniformly mutated between small and large
plaque expressing strains of all four AHSV serotypes used
in this study. The amino acid substitutions which occurred
between the strains of AHSV-4 and -6 were located in the
same region as those found in AHSV-1 and -2. In each
case, an uncharged amino acid was replaced by a positively
charged amino acid in the high passage strain of each iso-
late. The similarity of the changes observed suggests that
in all four serotypes the shift in plaque size is caused by
the same mechanism.

Computational predictions indicated that the affected
region had no influence on the antigenicity of the protein
regardless of the amino acid substitution, which correlates
well with a recent study on the B-cell epitopes [60]. The
region in which the VP2 amino acid substitutions occurred
were predicted to be hydrophilic in nature, and is thus likely
to appear on the surface of VP2 [55]. This hydrophilic area
was conserved in VP2 of each of the four serotypes used in
this study, and in each serotype, the effect of the substitu-
tion was to increase the hydrophilicity of that region. Since
no function has been assigned to this region of VP2, it is
difficult to speculate what the effect of this modification on
the protein is.
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Change in antigenicity: AHSV-1 3S and AHSV-1 LP(A) VP2
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Fig.4 Prediction of the antigenic properties of the VP2 proteins of
the small and large plaque strains of each of the four AHSV isolates.
In each case, the amino acid substitution in the large plaque strain

The prediction that the mutation of AHSV VP2 causes the
manifestation of the large plaque phenotype agrees with a
previous study on bluetongue virus (BTV), where the inser-
tion of a large plaque segment 2 into a small plaque virus
resulted in a shift from small plaques to large plaques phe-
notype [61]. This study also found that while the mutation
of VP2 greatly reduced the virulence of BTV, it alone was
not sufficient for complete attenuation [61]. A second protein
mutation that greatly contributed to a reduction in virulence
was NS3, though this change alone also did not result in the
complete attenuation of BTV [61]. Complete attenuation
was achieved through the mutation of VP2 in combination
with the mutation of either VP1, VP5 or NS3 [61].

While all the tested vaccine viruses showed a mutation in
VP2, it did not consistently reveal mutation in other proteins.

This can be seen in the fact that the NS3 protein of the large
plaque variants of three of the isolates has mutations in the
C-terminal region (in each case a non-polar amino acid is

Change in antigenicity: AHSV-2 3S and AHSV-2 LP VP2
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causes an increase in the predicted antigenicity value in that region of
the protein, though the average antigenicity value remained negative

replaced with a polar one), with Vac4 being the only large
plaque virus in which the NS3 protein remained unchanged.
The AHSV serotype 1 vaccine (Vacl) is derived from AHSV
isolate 29/62 (AHSV-1), and the amino acid substitution
seen in the large plaque strain NS3 proteins also occurs in
the vaccine virus [45].

In conclusion, the results showed that in the case of
AHSYV, there were consistent non-synonymous variations in
the gene that codes for VP2 between large and small plaque
phenotype strains of four isolates, while amino acid substitu-
tions were reported in the C-terminus of the NS3 proteins of
three of the AHSV serotypes. The protein changes reported
here could have implications for the design of synthetic
attenuated viruses once their individual effects have been
verified in an animal model.
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Fig.5 Prediction of the hydropathic properties of VP2 region from 330 to 390 amino acid. This is the region where the amino acid substitution

between small and large plaque strains of each isolate occurred
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