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The NH/P68 non-haemadsorbing (non-HAD) African swine fever virus (ASFV) isolate contains frameshift
mutations in the EP402R and adjacent EP153R genes. These encode, respectively, the protein (CD2v) that is
required for the haemadsorption (HAD) of swine erythrocytes to ASFV-infected cells and a C-type lectin
protein. Two recombinant HAD viruses were constructed in this parental strain. In one of these the intact
EP153R gene sequence was restored. Although restoration of the HAD phenotype did not increase virus
virulence in pigs, a significant increase was observed in the number of pigs which developed viraemia. These
HAD recombinant viruses replicated to titres approximately 1000-fold higher than the parental non-HAD
isolate when membrane fed to Ornithodoros erraticus ticks. Inoculation of the non-HAD isolate across the gut
wall increased viral replication to levels comparable to that of the HAD recombinant viruses. These results
demonstrate a novel role for the CD2v protein in virus replication in ticks.

© 2009 Elsevier Inc. All rights reserved.
Introduction

African swine fever (ASF) is a severe haemorrhagic fever of
domestic pigs, which is caused by a large, cytoplasmic, enveloped,
double-stranded DNA virus called African swine fever virus (ASFV).
ASFV is the only member the Asfarviridae (Dixon et al., 2000). Virulent
isolates of ASFV can cause up to 100%mortality in domestic swine (Sus
scrofa) and result in major economic losses. In Africa, ASF is
maintained in a transmission cycle between its natural hosts:
warthogs (Phacochoerus spp.), bushpigs (Potomochorus porcus) and
soft ticks of the species Ornithodoros, which act as a virus reservoir
(Plowright et al., 1969). The virus is highly adapted to these hosts and
causes a subclinical persistent infection. The tick vector is thought to
play an essential role for virus transmission between warthogs,
although direct transmission can occur between domestic pigs
without a tick vector (Wilkinson, 1989). ASFV is therefore a risk to
pig populations, even in countries that do not contain the arthropod
vector (Wilkinson et al., 1988).

Following ingestion of an infectious blood meal, ASFV replicates
within the tick midgut epithelium (Kleiboeker et al., 1999) and gains
entry into thehaemocoel,where it candisseminate to the salivary glands
. Rowlands),
), fboinas@fmv.utl.pt
, linda.dixon@bbsrc.ac.uk

ll rights reserved.
and remaining organs. ASFV infection of Ornithodoros ticks is char-
acterised by the establishment of long term, persistent infections. This
involves replication in several tissues and is associated with minimal
cytopathology (Greig, 1972; Hess et al., 1989; Kleiboeker et al., 1998;
Kleiboeker and Scoles, 2001; Kleiboeker et al., 1999; Plowright et al.,
1970; Rennie et al., 2000). In Ornithodoros moubata, the vector for ASFV
in the sylvatic cycle in East andSouth Africa, transovarial, transtadial and
transsexual transmission of virus occurs, demonstrating that the virus is
very well adapted to replicate in this tick vector. It is therefore expected
that the virus should encode genes which facilitate virus replication in
the arthropod host. Given the importance of the tick vector in
maintaining a virus reservoir and in transmission, there should be a
strong selection for these genes. As yet few studies have been directed
to identify these. One study demonstrated a role for members of
multigene family (MGF) 360 in increasing ASFV replication in ticks
(Burrage et al., 2004). ASFV also replicates in other Ornithodoros
species and Ornithodoros erraticus acted as a virus reservoir in
southern Spain and Portugal. In Ornithodoros erraticus, sexual trans-
mission (Boinas, 1994; Endris and Hess, 1994) and transstadial
transmission (Endris and Hess, 1992) have been demonstrated, but
transovarial transmission has not (Endris and Hess, 1994) suggesting
the virus may be less well adapted to replicate in this species.
Experimental ASFV infection and transmission have also been demon-
strated for O. savigni (Mellor and Wilkinson, 1985), Ornithodoros
coriaceus and Ornithodoros turicata (Groocock et al., 1980; Hess et al.,
1987), ticks indigenous to America and Ornithodoros puertoricensis,
indigenous to the Caribbean (Endris et al., 1991; Hess et al., 1987).

https://core.ac.uk/display/82310415?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:rebecca.rowlands@bbsrc.ac.uk
mailto:margarida.duarte@lniv.min-agricultura.pt
mailto:fboinas@fmv.utl.pt
mailto:geoff.hutchings@bbsrc.ac.uk
mailto:linda.dixon@bbsrc.ac.uk
http://dx.doi.org/10.1016/j.virol.2009.07.040
http://www.sciencedirect.com/science/journal/00426822


320 R.J. Rowlands et al. / Virology 393 (2009) 319–328
The majority of ASFV isolates cause the haemadsorption (HAD) of
red blood cells to infected cells and extracellular virus particles. Less
frequently, non-HAD isolates have been described (Pini andWagenaar,
1974; Thomson et al., 1979). A viral transmembrane protein, which
resembles the host CD2 protein, is required for HAD (Borca et al., 1994;
Rodriguez et al., 1993). In pigs infected with HAD isolates of ASFV
viraemia is primarily erythrocyte associated (Borca et al., 1998;
Quintero et al., 1986). The CD2-like protein, designated CD2v (Kay-
Jackson et al., 2004), is encoded by the open reading frame (ORF)
EP402R.Deletion of this gene fromvirulent isolates did not reduce virus
replication in cells and did not reduce the mortality rate in pigs (Borca
et al., 1998). However, the progress of infection differed since the onset
of viraemia anddisseminationof virus to tissueswasdelayed compared
to infectionwith thewild-type virus (Borca et al., 1998; Rodriguez et al.,
1993; Thomson et al., 1979).

The similarity in structure and function of the extracellular domain
of CD2v to the T-cell adhesion molecule CD2 and the observation that
CD2v expression is required to suppress the proliferation of
lymphocytes in response to mitogens in vitro suggest that CD2v
plays an important role in evading the immune system of the host
(Borca et al., 1998).

The interaction between CD2v and its ligand on red blood cells
may be stabilised by expression of an ASFV member of the C-type
lectin family of adhesion proteins encoded by the ORF EP153R
(Galindo et al., 2000; Haynes et al., 1989; Neilan et al., 1999), since
deletion of the EP153R gene has been reported to reduce HAD around
ASFV-infected cells (Galindo et al., 2000). EP153R protein has also
been shown to inhibit apoptosis (Hurtado et al., 2004).

In this report, we demonstrate that the EP153R and EP402R genes
are disrupted in the genome of a natural non-HAD, low virulence ASFV
isolate, NH/P68 (Leitao et al., 2001).We demonstrate that the NH/P68
isolate is less efficient in establishing a persistent infection in O.
erraticus ticks than two recombinant viruses with the HAD phenotype
restored by reinsertion of the extracellular domain of the EP402R gene.
In one of these HAD recombinants the intact EP153R gene is restored
(Rec 4) but not in the other (Rec 34). Furthermore, inoculation of the
non-HAD NH/P68 virus across the tick gut wall directly into the
haemocoel was shown to increase the titres to which this virus
replicates to levels comparable to those observed with the recombi-
nant HAD viruses. These results demonstrate that expression of the
CD2v protein significantly increases virus replication in the tick vector
at the step of virus uptake or replication in the tick gut. Pigs infected
with this recombinant HAD virus did not show any increase in clinical
scores compared to those inoculated with the parental NH/P68 virus,
although the number of pigs which developed low viraemia was
significantly higher. This is one of the first studies to have identified an
ASFV protein which has an important role in replication in ticks.

Results

Sequence analysis of the EP153R and EP402R ORFs from the non-HAD
NH/P68 isolate

The EP153R and EP402R ORFs are adjacent to each other in the
centre of the ASFV genome (positions 56166–55705 and 56242–
57450, respectively, on the BA71V genome, accession number
U18466). The nucleotide sequence of the fragment of the NH/P68
genome encoding these ORFs was determined and compared with the
sequence in HAD isolates to establish the basis of the non-HAD
phenotype of NH/P68. This showed that in the NH/P68 isolate
genome both of these ORFs were interrupted by frameshift mutations.
A single base pair (bp) deletion at position 49 downstream from the
ATG codon of the NH/P68 EP153R ORF brings in frame a stop codon at
position 58 downstream from the ATG. A second ATG, located 120 bp
downstream from the first, is in frame with the remainder of the
EP153R ORF and terminates at the same position (Fig. 1). The
polypeptide encoded is 113-amino acid long and is truncated at the
amino terminus compared to other EP153R predicted proteins. This
ORF is unlikely to be efficiently translated as it is downstream of the
short ORF that terminates at position 58. In the EP402R ORF of the NH/
P68 isolate a single bp deletion at position 85 downstream from the
first ATG causes a frameshift shortening this ORF to 90 bp (Fig. 1A). An
ATG codon, located 25 bp upstream from this nucleotide deletion, is in
frame with the remainder of the coding region of the EP402R protein.
This ORF is truncated by 59 bp at the 5′ end compared to the ORFs in
the BA71 V and Lisbon 60 isolates. Another two single-bp deletions,
located 798 and 963 bp downstream from the first ATG codon, cause
frame shifts. The latter deletion brings a stop codon in frame 13 bp
downstream. This ORF encodes a polypeptide of 304 amino acids,
which lacks the N-terminal signal sequence, has an altered sequence
of 55 amino acids within the cytoplasmic domain and is also truncated
by 67 amino acids at the C-terminus (Fig. 1A and B). The reason for the
loss of HAD phenotype of the NH/P68 parent is most likely because
just a short truncated polypeptide is expressed from the first ATG
codon of the EP402R gene. The downstream larger ORF is unlikely to
be translated into protein efficiently due to the upstream ATG codon
and would lack the signal sequences.

Construction of recombinant HAD viruses

Recombinant ASF viruses were generated to examine the effect of
restoring theHADphenotype to theNH/P68 virus on replication in ticks
and pathogenesis in pigs. Plasmids containing the full-length intact
EP153RandEP402Rgenes andflanking regions containedon theEcoRI E
′ fragmentof theHADviruses Lisbon60 andBa71Vwere transfected into
swinemacrophages that had been infectedwith the NH/P68 virus. DNA
fragments from these viruses were selected because they are closely
related to the NH/P68 sequences and therefore homologous recombi-
nation between the transfected plasmids and genome of the NH/P68
virus would be facilitated. Two recombinant viruses were identified by
the restorationof their ability to induceHADandwerepurifiedby10–12
rounds of limiting dilution. Red blood cell rosettes formed in swine
macrophages infectedwithbothpurified recombinants Rec34andRec 4
were indistinguishable from those formed following infection with the
wild-type HAD viruses (data not shown).

Comparison of the nucleotide sequences of EP153R and EP402R ORFs of
recombinant HAD viruses Rec 4 and Rec 34

The genome regions containing the EP153R and EP402R genes
from Rec 34 and Rec 4 viruses were amplified by PCR and cloned, and
the nucleotide sequences were determined (Rec 34: accession
number AY463915; Rec 4: accession number AY463916). As shown
in Fig. 1, one of the recombinants, Rec 34, had the same N-terminal
mutation observed in the EP153R gene of NH/P68 isolate, whereas the
other recombinant, Rec 4, had an intact EP153R gene restored (Fig. 1).
Thus, the recombination event at the 5′ end of the inserted sequences
must have occurred downstream from the EP153R frameshift
mutation in Rec 34 virus but upstream from this in Rec 4 virus. The
EP402R genes in both recombinant viruses encoded CD2v proteins
with the same N-terminal signal peptide, extracellular domain and
transmembrane domain as the parental HAD sequences. However, the
cytoplasmic domain encoded by both Rec 34 and Rec 4 viruseswas the
same as in the parental NH/P68 virus and was thus truncated and
differing in sequence compared to the proteins encoded by the
parental HAD proteins (Fig. 1B). Thus in both Rec 34 and Rec 4 viruses
the recombination event at the 3′ end of the inserted sequence must
have occurred upstream from the frameshift mutation in the
cytoplasmic domain in the NH/P68 EP402R gene. It is not possible
to determine the precise site of recombination due to the very close
similarity of the sequences in the parental NH/P68 virus and the
sequences in the plasmids used to generate recombinants.



Fig. 1. Comparison of EP153R and EP402R open reading frames from BA71V, NH/P68, Rec 34 and Rec 4 viruses. (A) Predicted open reading frames (ORFs) from the genome
region encoding EP153R and EP402R. (A)–(D) show these from the BA71V, NH/P68, Rec 34 and Rec 4 viruses, respectively. Boxes indicate ORFs. White boxes represent
signal peptides and transmembrane coding domains. The start and stop positions of ORFs relative to those in the parental HAD BA71V isolate are numbered above the ORFs.
The position of nucleotide deletions is indicated below ORFs. Black boxes in the ORFs of NH/P68, Rec 34 and Rec 4 illustrate the regions from which the deduced amino
acid sequences have no homology with those encoded by BA71V isolate. (B) The deduced amino acid sequence of the EP402R proteins from BA71V, Rec 34 and Rec 4
viruses.
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Membrane feeding of O. erraticus with the non-HAD virus NH/P68 and
HAD recombinant viruses Rec 4 and Rec 34

O. erraticus ticks were fed the parental non-HAD isolate NH/P68
and recombinant HAD viruses Rec 34 and Rec 4, diluted in
heparanized pig blood, across an artificial membrane. Based on
the average volume of blood meal ingested by O. erraticus ticks, the
average titre of virus ingested was estimated to be 4.3 log10 TCID50

tick−1 (log10 50% tissue culture infectious dose per tick) for
females and 3.4 log10 TCID50 tick−1 for male and N5 stage nymphs
when the blood meal contained 6 log10 TCID50 ml−1 of virus.
Despite differences in the volume of blood meal ingested by males,
females and N5 stage nymphs, no difference was observed in the
likelihood of a tick becoming infected (Basto et al., 2006; Boinas,
1994). The data for male, female and N5 nymph ticks were
therefore grouped together.

Ticks were fed in groups of 20 with virus at a titre 6 log10 TCID50

ml−1. At 2, 8, 13 and 15 weeks post-ingestion (WPI) ticks were
homogenised and the virus titre present in individual whole tick
extracts was measured (Fig. 2A). Mean titres of virus isolated from
ticks fed the non-HAD NH/P68 varied between 2.05 and 3.10 log10
TCID50 tick−1 and no significant differences were observed at the
different time points.

At 2 WPI, mean virus titres of 5.13 log10 HAD50 tick−1 were
recovered from ticks fedwith the Rec 34 virus. The virus present at this
early stage would include virus remaining in the blood meal and virus
which had entered ticks cells and initiated replication (Plowright et al.,
1970). At 8 WPI, virus recovery decreased to 3.72 log10 HAD50 tick−1,
probably reflecting the disappearance of the bloodmeal. Persistence of
the bloodmeal in the tick gutwas observed for 3–4weeks post-feeding
as has been reported previously (Plowright et al., 1970; Encinas-
Grandes, personal communication). Significant increases in virus
recovered were observed from 8 to 13 and 15 WPI as estimated by
one-way ANOVA followed by Tukey's multiple comparison post-test
analysis. At these timesmeanviral titres of 6.83 and 6.01HAD50 tick−1,
respectively, were recovered.

Virus titres recovered from ticks fed the recombinant Rec 4 HAD
virus also increased significantly from 3.72 HAD50 tick−1 at 8 WPI to
5.14–5.18 HAD50 tick−1 at 13 and 15 WPI. No significant differences
were observed by one-way ANOVA followed by Tukey's multiple
comparison post-test analysis in virus titres recovered from ticks fed
with the HAD recombinant viruses, Rec 34 or Rec 4, at each time point.
However, virus titres recovered from ticks fed the HAD recombinant
viruseswere found to be significantly higher, by between 2 and 3 log10
HAD50 tick−1, than those recovered from ticks fed the non-HAD NH/
P68 parental virus at 13 and 15 WPI. This data suggests that the
restoration of the HAD phenotype is responsible for increased virus
replication in the ticks. Confirmation of this result, using two
independently-obtained recombinant HAD viruses, shows that a
secondary mutation, introduced during selection of the recombinant
viruses elsewhere within the viral genome, was very unlikely to be
responsible for these observations. No significant difference was
observed in the replication in ticks of the Rec 4 virus, which encodes
an intact EP153R gene, compared to the Rec 34 virus, which contains a
frameshift mutation in EP153R gene. This demonstrates that restora-
tion of the intact EP153R gene does not significantly increase virus
replication in ticks. High infection rates of between 71% and 100% of
ticks were generally observed with all viruses.
Fig. 2. Viral titres recovered from tick homogenates following infection with NH/P68, Rec
viruses Rec 34, Rec 4 or non-HAD NH/P68 virus diluted in whole blood. Virus was dilute
8, 13 and 15 weeks post-ingestion are shown. (B) Viral titres recovered from ticks inocu
per inoculum of virus and titres recovered from whole tick homogenates were determin
membrane fed Rec 34 or NH/P68 viruses diluted in sonicated pig blood. Virus was dilute
8, 13 and 15 weeks post-ingestion. Error bars represent the standard error of the mean
at each time point are shown.
Inoculation of non-HAD NH/P68 and HAD recombinant Rec 34 viruses
into the haemocel of O. erraticus ticks

To investigate whether bypassing the gut wall increases the
ability of NH/P68 to replicate within O. erraticus, virus was
inoculated across the gut wall into the haemocoel of O. erraticus
ticks. Ticks were inoculated in groups of 20 with 3.55 log10 TCID50 per
tick of either Rec 34 or NH/P68 viruses and the virus in individual
tick homogenates, harvested at 2, 8, 13 and 15 weeks post-
inoculation, was measured. This titre was selected as it was similar
to the minimum amount of virus estimated to be taken into the gut
by a male or N5 nymph along with the blood ingested during a blood
meal of titre 6 log10 TCID50 ml−1. The infection rates of all groups of
ticks inoculated with Rec 34 virus were 100% up to 15 WPI, and three
of the four groups of the NH/P68 inoculated ticks also had an
infection rate of 100%. At 2, 8, 13 and 15 weeks post-inoculation,
mean titres of virus recovered from ticks inoculated with both
viruses varied between ∼6 and 7 log10 TCID50 tick−1 (Fig. 2B).

At these times a significant difference was observed between virus
titres recovered from ticks that had been membrane fed with NH/P68
virus and ticks that had been inoculated with the same isolate. Mean
virus titres within the range ∼2–3 log10 TCID50 tick−1 were recovered
from the ticks membrane fed NH/P68 virus (Fig. 2A).

No statistically significant differences were found in virus recovery
from ticks that had been inoculated with either NH/P68 or Rec 34 at
any of the time points. Thus, the non-HAD NH/P68 virus is able to
replicate equally well in ticks as the recombinant HAD virus Rec 34
when inoculated directly into the haemocoel.

Determination if intact red blood cells are required for enhanced virus
replication by membrane feeding of HAD virus

The previous results show that the reduced replication of the non-
HAD NH/P68 virus in ticks, compared to HAD Rec 34 virus, is due to
enhanced uptake of the HAD virus across the tick gut, rather than
more inefficient replication within the tick. This observation suggests
either that virus uptake is enhanced by binding of extracellular virus
particles to red blood cells in the tick gut, or that the CD2v protein
enhances virus uptake by binding directly to cells within the tick gut.

To determine if the presence of red blood cells was required to
enhance virus replication in ticks, whole pig blood was sonicated to
disrupt cells and the membrane fraction was removed by centrifuga-
tion. Virus was then mixed with this soluble blood fraction and used
to feed ticks across a membrane. The volume of sonicated blood
ingested by ticks did not differ significantly from the volume of whole
blood ingested (Table 1). For female ticks the average titre of virus
ingested would be 4.10 log10 TCID50 tick−1 for those fed on a
sonicated blood meal containing 6 log10 TCID50 ml−1 of virus and for
male and N5 ticks these values would be 3.10 log10 TCID50 tick−1 and
3.50 log10 TCID50 tick−1. Ticks were membrane-fed in groups of 20
with either the Rec 34 or NH/P68 isolates diluted in sonicated pig
blood at a titre of 6 log10 TCID50 ml−1. At 2, 8, 13, 15 WPI ticks were
homogenised and the virus titre present in individual whole tick
extracts was estimated (Fig. 2C).

The infection rates of ticks membrane fed NH/P68 diluted in
sonicated blood were lower than those of the ticks fed Rec 34 virus at
all time points tested. The infection rate of the NH/P68 fed ticks was
14% at 2WPI, increasing to 38% at 8WPI before decreasing to 10% at 15
4 and Rec 34 viruses. (A) Viral titres recovered from ticks membrane-fed the HAD
d to 6 log10 TCID50/ml and titres recovered from whole tick homogenates ticks at 2,
lated with Rec 34 or NH/P68 viruses. Ticks were inoculated with 3.55 log10 TCID50

ed at 2, 8, 13 and 15 weeks post-inoculation. (C) Viral titres recovered from ticks
d to 6 log10 TCID50/ml and viral titres recovered from whole tick homogenates at 2,
. The number of ticks positive by virus titration and the overall percentage infected



Table 1
Measurement of blood ingested during a blood meal by the developmental stages of
Ornithodoros erraticus.

Tick
developmental
stage

Mean volume of
sonicated blood
ingested (μl)

SEM Log10 TCID50 units ingested
per virus+sonicated blood meal
(6 log10 TCID50 ml−1)

Adult male 1.56 0.23 3.10
Adult female 15.39 2.17 4.10
Nymph N5 1.89 0.37 3.50

Mean log10 HAD50

units ingested per
sonicated blood meal

3.75

Ticks were fed in groups of 20 of the same sex or developmental stage. Ticks were
marked such that they were individually distinguishable and were weighed
individually before and after feeding through an artificial membrane. Twenty 50-μl
aliquots of sonicated blood and virus mixtures were weighed. The average volume of
blood ingested and the standard error of the mean (SEM) are indicated. The titres of
virus ingested for two different virus concentrations were also calculated.
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WPI. In contrast, the infection rate of ticks fed Rec 34 virus was higher,
rising to 90% at 2 WPI before decreasing to 75% at 8 WPI, then 63% at
13 and 15 WPI (Fig. 2C).

Titres of virus recovered from the ticks membrane fedwith virus in
sonicated blood extracts varied between 1.75 and 2.66 log10 TCID50

tick−1 between 2 and 15 WPI for the NH/P68 virus and between 2.30
and 3.87 log10 TCID50 tick−1 for the Rec 34 virus. A statistically
significant decrease in viral titre was observed between titres
recovered from ticks that had been membrane fed Rec 34 diluted in
whole blood compared to Rec 34 diluted in sonicated blood at both 2
and 15 WPI. In contrast, no statistically significant differences in virus
titres recovered from ticks that had been membrane fed NH/P68
diluted in sonicated blood compared to whole blood were observed at
any time point tested.

To confirm that virus ingested during feeding with the different
blood/virus meals was maintained within the tick, coxal fluid was
collected from ticks fed either NH/P68 or Rec 34 isolates diluted in
either sonicated or whole blood. Virus was not detected in any of the
pooled coxal fluid samples, showing that virus was not excreted into
the coxal fluid following the ingestion of the infectious blood meal.

Our data suggests that the presence of intact red blood cells is
required in the blood meal to enhance replication of the HAD Rec 34
virus in ticks. This supports the hypothesis that binding of virus
particles to red blood cells is important for efficient replication.

Comparison of pathogenesis in pigs following infection with NH/P68
or Rec 4 viruses

The effect of restoring the HAD phenotype of the NH/P68 isolate,
by reinserting the EP402R gene, on virus replication and pathogenesis
in pigs was tested. Groups of ten pigs were infected with either the
non-HAD, nonpathogenic NH/P68 virus or HAD Rec 4 recombinant.
Temperatures of pigs and viraemia were monitored daily. As expected
from previous experiments (Leitao et al., 2001), pigs infected with the
NH/P68 isolate showed no clinical signs and only low, sporadic
viraemia was detected (∼102.5 TCID 50/ml). None of the pigs showed
Table 2
Detection of viraemia in pigs infected with NH/P68 and Rec 4 viruses at different days pos

A Virus B Days to onset
of viraemia

C No. of pigs
showing viraemia

D Maximum
titre

E Positive samples/
total samples

NH/P68 4 3/10c N3.00b 13/75
Rec 4 3 9/10c 2.25c 32/75

Column A shows the virus isolate used to infect pigs, column B shows the number of da
developed viraemia compared to the total number infected. aThe maximum titre observ
(N3.00 log10 TCID50) was observed at day 4 post-infection. cThe higher titre (2.25 log1
number of positive samples compared to the total analysed. Column F shows the numbe
only monitored until day 5 post-infection.
any of the characteristic clinical signs of acute ASF infection (high
fever, loss of appetite, the appearance of reddened or cyanotic areas
and bloody diarrhoea). However, there was a significant difference
between the numbers of pigs infected with the NH/P68 or Rec 4
viruses that developed a viraemia during the study period (Table 2).

Only three of the NH/P68 infected pigs developed viraemia
compared to nine of the Rec 4-infected pigs (Chi Square test 2=
5.05, p=0.025, assuming that pigs which had not developed viraemia
by day 5 would not develop viraemia by day 10). Two of the pigs
infected with the Rec 4 virus developed viraemia at day 3 after
infection, whereas 4 days post-infection was the earliest day viraemia
was observed in pigs infected with the NH/P68 isolate.

After 5 or 10 days, five pigs from each group were killed and a
number of tissues collected and the amount of virus present titrated
(Table 3). The most obvious differences between the NH/P68 and Rec
4-infected pigs were in the titres of virus from tissues collected at 5
days post-infection. From spleens collected at 5 days post-infection,
all the pigs infectedwith Rec 4 had virus with titres varying between 4
log10 and 5.75 log10 HAD50/g of tissue. In contrast, only three of the
NH/P68 infected pigs had detectable virus in the spleen at 5 days
post-infection, and the titre varied from 2 to 3 TCID50/g of tissue. The
gastrohepatatic lymph node and lungs from all five of the Rec 4
infected pigs sacrificed at day 5 post-infection also contained virus.
Titres of between 1.75 log10 to 4 log10 HAD50/g were detected in the
gastrohepatatic lymph node. Of the pigs infected with the NH/P68
virus and sacrificed at 5 days post-infection, three had detectable virus
of 2 log10 to 4.25 log10 TCID50/g in the gastrohepatatic lymph node.
These results are similar to previous studies on the pathogenesis of
the NH/P68 isolate (Leitao et al., 2001). In contrast, in pigs infected
with highly virulent ASFV isolates very high levels of viraemia and
titres of virus in tissues are observed (7–8 log10 HAD50 ml−1; Villeda
et al., 1993).

Discussion

The aim of this study was to investigate the role of the ASFV CD2v
protein, encoded by the EP402R gene, in experimental infection of
ticks and pigs. The tick vector plays an essential role in ASFV
transmission in the sylvatic cycle involving ticks and warthogs. The
virus is well adapted to replicate in the tick vector and infection can
persist over periods of years. It is therefore expected that ASFV should
encode genes which can enhance virus replication in the tick vector,
either by evading the arthropods defence systems or by increasing
virus replication and dissemination by othermechanisms. However as
yet little is known about such virus genes. In the current study we
have definitively shown that the CD2v protein enhances virus
replication in the tick vector. This virus protein resembles the host
CD2 protein in its extracellular domain and is required for the HAD of
red blood cells to ASFV infected cells and extracellular virus particles.
For this study, recombinant HAD viruses were generated from a
parental non-HAD isolate NH/P68, which has frameshift mutations in
the EP153R and EP402R genes encoding a C-type lectin protein and
the CD2v protein, respectively. Two HAD recombinant viruses, Rec 4
and Rec 34, were isolated and characterised. Both of these encoded an
t infection.

F Number of animals showing viraemia at each day post-infectiond

1 DPI 2 DPI 3 DPI 4 DPI 5 DPI 6 DPI 7 DPI 8 DPI 9 DPI 10 DPI

0/10 0/10 0/10 2/10 0/10 2/5 2/5 2/5 3/5 2/5
0/10 0/10 2/10 7/10 7/10 3/5 3/5 3/5 4/5 3/5

ys until viraemia was first detected and column C shows the number of pigs which
ed in each group. Column D shows the maximum titre observed. bThe higher titre
0 HAD50) was observed at days 4, 5, 6 and 9 post-infection. Column E shows the
r of animals with viraemia at each day post-infection. dFive of the 10 animals were
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intact extracellular domain of CD2v but had a frameshift mutation
which truncated the cytoplasmic domain. The recombinants differed
since the Rec 34 isolate had the same frameshift mutation in the
EP153R gene as the parental NH/P68 virus, which would result in a
nonfunctional EP153R protein, whereas the Rec 4 virus had the intact
EP153R gene restored. Although it has previously been reported that
HAD is reduced in cells infected with ASFV from which the EP153R
gene has been deleted (Galindo et al., 2000), we did not observe any
difference in the relative efficiency of HAD in cells infected with either
Rec 4 or Rec 34 compared to the parental HAD viruses Lisbon 60 or
BA71V.

Pigs infected with NH/P68 and with Rec 4 viruses were observed
over 10 days for clinical signs, fever, viraemia, and dissemination of
virus to tissues. As expected no significant increase in clinical signs
was observed in pigs infected with Rec 4 virus, confirming that rescue
of the HAD phenotype in Rec 4 does not increase the virulence of the
NH/P68 virus. One difference observed was that a greater percentage
of pigs developed viraemia when infected with Rec 4 compared to
NH/P68. In addition, higher virus titres were recovered from some
tissues, including spleen and gastrohepatatic lymph nodes, from pigs
infected with the Rec 4 virus compared to the NH/P68 virus. Previous
data has shown that in pigs infected with HAD virus between 90% and
99% of virus is associated with the red blood cell fraction in contrast to
pigs infected with non-HAD virus (Borca et al., 1998; Wardley and
Wilkinson, 1977). Also deletion of the EP402R gene from a pathogenic
ASFV isolate was shown not to reduce mortality in pigs, although a
delay in virus dissemination to tissueswas observed (Borca et al., 1998).
Our studies compliment this earlier report and suggest that restoration
of the HAD phenotypemay enhance dissemination of the Rec 4 virus to
tissues. Our data also confirm that, as predicted, factors other than loss
of expression of the CD2v protein are responsible for the low virulence
of the NH/P68 isolate. Sequencing of a region close to the left hand end
of the NH/P68 genome showed that it has a large deletion of 8 kbp
(kilobase pairs) including the same six multigene family 360 and two
multigene family 530 genes that are deleted from the very closely
related OURT88/3 nonpathogenic isolate (Chapman et al., 2008).

When membrane fed to O. erraticus ticks, Rec 34 and Rec 4 viruses
were able to establish persistent infections up to at least 15 WPI and
viral titres in excess of 6 log10 TCID50 tick−1 were recovered. In
contrast, significantly lower mean titres of virus (2–3 log10 TCID50

tick−1) were recovered from ticks membrane fed the non-HAD
parental isolate NH/P68. These results suggested that the restoration
of the HAD phenotype to NH/P68 virus increased the efficiency of
viral replication within O. erraticus. No significant difference was
observed in the replication of Rec 4 or Rec 34 viruses in ticks,
demonstrating that restoration of the intact EP153R gene was not
important for enhancing replication in the ticks.

Following inoculation of virus through the gut wall directly into
the haemocoel, the efficiency of replication of the NH/P68 isolate in
ticks was increased to the same level as observed with the HAD
recombinant viruses. Inoculation of NH/P68 virus resulted in recovery
of mean titres of virus up to 4 log10 TCID50 tick−1 greater at each time
point compared to those ticks that were membrane fed this isolate.
This demonstrated that replication of the non-HAD NH/P68 virus was
limited at the stage of uptake or replication in the tick gut. The
inoculation of other viral isolates into the haemocel has also been
shown to increase their efficiency of replication within the tick
(Boinas, 1994; Kleiboeker et al., 1999), suggesting that the replication
of ASFV in midgut epithelial cells is critical for establishing a
generalised infection and that replication of some ASFV isolates is
restricted at this step. Replication may be restricted at the stages of
virus entry, replication or release from these cells, resulting in
restricted spread to the secondary sites of replication.

Deletion of threemultigene (MGF) 360 genes from the virulent Pr4
isolate genome reduced viral replication in infected ticks 100-fold to
1000-fold compared to infection with the parental isolate (Burrage et
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al., 2004). These genes are also deleted from the NH/P68 isolate and
possibly higher levels of replication may be observed if these genes
were also reinserted into the NH/P68 genome.

The mechanism by which restoration of the HAD phenotype
increases virus uptake is not clear. One possibility is suggested by
previous observations showing, within 24 h of feeding ticks, ASFV
virions adsorbed to intact erythrocytes within phagolysosomes of the
midgut epithelial cells and the midgut lumen of O. moubata ticks. This
suggested that onemechanism of initial virus entry to themidgutmay
be via erythrocyte phagocytosis (Kleiboeker et al., 1999). Our
preliminary data suggests that uptake of virions associated with red
blood cells may be one mechanism, which accounts for increased
replication of the HAD recombinant viruses compared to non-HAD
NH/P68 virus. We carried out experiments to compare infections in
the presence and absence of red blood cells. In these experiments
blood was sonicated and centrifuged to remove red blood cell
membranes and ticks were infected by membrane feeding of virus
mixed with this soluble blood fraction compared with whole blood.
Replication of the Rec 34 HAD virus was significantly reduced when
membrane fed to ticks in sonicated blood compared to whole blood
whereas no significant difference was observed in replication in ticks
when the non-HAD NH/P68 virus was mixed with sonicated blood
compared to whole blood. However further experiments are required
to verify these results and establish the mechanism by which the
CD2v protein enhances virus replication in ticks.

Ticks that were membrane-fed the non-HAD isolate NH/P68
diluted in whole blood contained mean viral titres exceeding the
amount of virus initially ingested at all time points tested. This
indicates that some viral replication had occurred in these ticks.
Furthermore, isolation of non-HAD isolates from ticks collected in
warthog burrows (Thomson et al., 1983) and pig farms (Boinas, 1994;
Boinas et al., 2004) suggests that non-HAD isolates can enter and
replicate in ticks. This suggests that virus can also enter ticks by an
alternativemechanism than by phagocytosis of virus particles adhered
to red blood cells. Possibly, virus particles could attach to specific
receptor sites on the luminal surface of the gut cells before entry and
uncoating. The identity of receptor sites for the attachment of ASFV to
arthropod cells has not been established, although their existence is
partly supported by the fact that ASFV has only been shown to
replicate within ticks of the species Ornithodoros. Virus could also pass
directly into the haemocoel from the gut lumen through lesions or
pores between the gut cells formed during the first phase of digestion
andwithout entering the gut cells (Sonenshine, 1993), a phenomenon
known as the leaky gut. The contents of the gut have been shown to
occasionally leak into the haemocoel during or shortly after feeding
(Kleiboeker et al., 1999). The leakage of midgut contents into the
haemocoel following feeding is also known to occur in mosquitoes
(Hardy et al., 1983). The identification of CD2v's involvement in virus
uptake across the tick gut wall is the first example of an ASFV-encoded
protein with a direct role in infection of Ornithodoros spp.. Direct
transmission of ASFV between warthogs occurs infrequently, if at all,
and the tick vector plays an essential role in this process. Thus virus
genes, such as that encoding the CD2v protein, which increase virus
replication in the tick vectormust be under strong positive selection in
this transmission cycle. The adherence of virus particles to red blood
cellsmay be amorewidespreadmechanismenabling increaseduptake
and replication of virus in arthropod vectors.

Methods

Construction of recombinant viruses

ASFV viruses were generated by homologous recombination
between NH/P68 parental virus and two plasmids, p1A7 and pRE′,
containing the EcoRI E′ fragments of the Lisbon 60 and BA71V ASFV
isolates (Ley et al., 1984) These contain the EP153R and EP402R genes
and flanking regions. The fragments from these isolates were selected
because they are from HAD parental strains which are closely related
in sequence to the NH/P68 virus and belong to the same genotype I.
Following infection, the primary swine macrophages were trans-
fected, using the FuGene reagent (Roche). Rec 34 and Rec 4 are
independent recombinant isolates that were generated by homolo-
gous recombination of genome fragments encompassing the EP153R
and/or EP402R genes from either ASFV Lisbon 60 or BA71v isolates in
macrophages infected with the NH/P68 isolate. The recombinant
viruses were identified by rescue of the HAD phenotype and purified
from macrophage cell cultures by 10–12 rounds of limiting dilution.

DNA sequencing

DNA sequences were obtained by the dideoxy chain termination
method using the universal reverse and M13 primers or internal
specific primers. Reactions were run on an automatic sequencer (ABI
prisma). The sequences, were assembled and analysed using the FAS
programs of the Wisconsin Genetics Computer Group.

Accession numbers

The sequences were deposited in the Genbank and have the
following accession numbers: AY463913, AY463914, AY463915,
AY463916, AF481875 and AF481876.

Tick collection and colony maintenance

O. erraticus individuals used were collected from five farms in
Alentejo, Portugal, which had been unaffected by ASF outbreaks and
no ASFV-infected ticks detected. Ticks were kept in screw-capped
plastic containers (Sterilin) with a fine nylon cloth (16mesh cm−1) as
a cover to allow equilibrium with the 85% relative humidity
environment of the incubator of 27–28 °C. Up to 30 ticks were kept
in each container with strips of filter paper (Whatman No. 5) folded
multiple times. Adult and nymphal stage 5 (N5) ticks were infected by
feeding on pig blood containing diluted virus by using sterile tick
feeders. The method for artificial feeding of O. moubata (Osborne and
Mellor, 1985) was adapted by replacing the silicone membrane with a
Parafilm membrane (‘M’; American National Can Company). The
feeder had a water jacket connected to a temperature-controlled
water pump to maintain the temperature of the virus suspensions in
the inner compartment at 37 °C.

Measurement of blood meal ingestion by O. erraticus

Ticks were anaesthetised with CO2 gas and 20 individual ticks of
each developmental stage were weighed using a precision balance
before membrane feeding and again after engorgement but before the
excretion of coxal fluid. Fifty-microliter mixtures of blood were
weighed and the average taken to calculate the volume of 1 μl of blood
so the volume of blood meal ingested could be determined.

Tick inoculation

Prior to inoculation, ticks were anaesthetised with CO2 gas and
transferred to a turntable under a dissecting microscope with a
constant stream of CO2 to maintain anaesthesia. The apparatus used
for inoculation of the ticks was described by Boorman (1975). Briefly,
glass capillary tunes were moulded into needles by heating and
attached to 25-gauge hyperdermic needles. The virus suspension was
drawn into the glass capillary needle which was then connected to a
source of compressed air at a pressure of three to four pounds per
square inch allowing inoculation of the virus into the tick. The inoculum
was injected through a cuticular membrane above the base of the IV
coxaeof the tick. Tickswere inoculatedwith approximately 1 μl of virus.
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Preparation of whole tick homogenates

Ticks were surface sterilised using a 10% sodium hypochlorite
solution and followed by two washes in deionised water. Ticks were
classified and separated according to the stage of development: large
nymphs (nymphal stage 5) and adults (males and females).
Individual whole specimens were homogenised in 500 μl RMPI
media supplemented with 20% fetal calf serum and 100 μg ml−1

each of penicillin and streptomycin and 2.5 μg ml−1 of fungizone.
Homogenates were flash frozen in liquid nitrogen prior to storage at
−70 °C.

Virus titration

Virus titration from ticks fed HAD isolates were performed by
haemadsorption assay as previously described (Malmquist and Hay,
1960). Virus titration from ticks fed non-HAD isolate were performed
by direct immunofluoresence using an anti-viral p30 mouse mono-
clonal antibody (a gift of Prof. Jose Escribano, IMA, Madrid) and an
Alexa Fluor 488 conjugated goat anti-mouse secondary antibody
(Molecular Probes, Oregon).

Tick homogenate titrations were performed by inoculating
limiting dilutions of experimentally infected tick homogenates on
porcine alveolar macrophages in 96-well tissue culture grade
microtitre plates (Sigma). Samples from pig tissue or blood were
used to infect porcine bone marrow cells and titrations performed
by haemadsorption assay as previously described (Malmquist and
Hay, 1960) or cytopathic effect. Titres were estimated using the
method of (Reed and Muench, 1938) and expressed as 50% HAD
doses (HAD50) or tissue culture infectious doses (TCID50) tick−1 or
ml−1. Tests were carried out to determine whether the presence of
sonicated blood affected the titration assays. No difference was
observed in the virus titre obtained in the presence and absence of
sonicated blood (data not shown).

Statistical analysis

Differences between individual tick log10 virus titres obtained at
each time point following experimental infection with virus were
analysed by one-way ANOVA followed by Tukey's multiple comparison
post-test using the Minitab Statistical Package, Version 15.0 (Coventry,
UK). Analysis of the different datasets by ANOVA followed by Tukey's
multiple comparison test was carried out to identify statistically
significantdifferences. Resultswithpb0.05were considered statistically
different. No significant difference was considered to occur in groups
with pN0.05. The same test was used to compare mean titres obtained
from ticks membrane-fed with different amounts of virus.

Infection of pigs

Cross-bred Large White/Landrace pigs of 20–30 kg live weight
were inoculated intramuscularly with 2 ml of suspension with virus
titres of log HAD50/ml or TCID50/ml of 4. Clinical examination and
rectal temperatures were recorded each day. Viraemia was measured
in blood samples collected each day. Blood was collected from the
anterior vena cava for whole blood in EDTA. The tissues collected for
analysis were weighed and ground up in phosphate buffered saline
with sterile sand in a pestle and mortar. Supernatants were collected
and stored at −70 °C.
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