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Bluetongue (BT), caused by Bluetongue virus (BTV), is an economically important disease affecting sheep,
deer, cattle, and goats. Since 1998, a series of BT outbreaks have spread across much of southern and central
Europe. To study why the epidemiology of the virus happens to change, it is important to fully know the
mechanisms resulting in its genetic diversity. Gene mutation and segment reassortment have been considered
as the key forces driving the evolution of BTV. However, it is still unknown whether intragenic recombination
can occur and contribute to the process in the virus. We present here several BTV groups containing mosaic
genes to reveal that intragenic recombination can take place between the virus strains and play a potential role

in bringing novel BTV lineages.

Bluetongue (BT) is an economically significant disease that
seriously threatens sheep, some species of deer, and to a lesser
extent cattle and goats. As a vector-borne viral disease of rumi-
nants, BT is endemic in tropical and subtropical countries (46).
However, a series of BT outbreaks have spread across much of
southern and central Europe since 1998 (29). Thus, it is of great
importance to fully understand the molecular basis driving the
change of its epidemiology so as to prevent or limit future BT
pandemics.

Bluetongue virus (BTV), the pathogen of BT, belongs to the
Orbivirus genus of the Reoviridae family (46). The virus has a
segmented double-stranded RNA (dsRNA) genome that is
packaged in a nonenveloped, icosahedral particle (46). Its 10
dsRNA segments encode 11 proteins, VP1 to VP7 (encoded by
segments 1, 2, 3, 4, 6, 9, and 7, respectively), NS1 to SN3
(encoded by segments 5, 8, and 10, respectively), and NS3A
(encoded by segment 10) (46). Two structural proteins, VP2
and VPS5, form the outer layer of the virion particle and are
responsible for cell attachment and virus entry (18, 31, 32),
neutralizing epitope (14, 21), and virus virulence (36). Both of
them are highly variable and generate 24 serotypes of the virus
(44). The inner layers contain VP1, VP3, VP4, VP6, and VP7,
and form the “core” of the BTV capsid. VP1 and VP6 are
involved in RNA replication as the RNA-dependent RNA
polymerase (54) and helicase/NTPase, respectively (49). VP7
forms the surface of the core and functions during the entry of
the core into insect cells (44) and also can react with “core
neutralizing” antibodies as a major serogroup-specific antigen
(32, 44). These core proteins and two nonstructural proteins,
NS1 and NS2, are thought to be relatively conservative, so that
antigenic cross-reaction can take place between different BTV

* Corresponding author. Mailing address: School of Biological Sci-
ence and Technology, Central South University, Hunan Province
410013, China. Phone and fax: 86-731-265-0230. E-mail: nzding
(@yahoo.com.cn.

Y Published ahead of print on 11 August 2010.

strains and serotypes, whereas NS3/N3a is more variable than
the other nonstructural or core proteins (46).

The genetic diversity and variation in sequences of different
BTV genome segments were initially identified by RNA oligo-
nucleotide fingerprint analysis of BTV field samples (47). Until
now, reassortment and dynamic gene mutation, regarded as
the key factors responsible for the genetic diversity of BTV,
have been studied in details (46). The two mechanisms can
result in both genetic drift and genetic shift and contribute to
BTV evolution (47). It has been revealed that high-frequency
genome segment reassortment occurs readily between differ-
ent BTV serotypes (16). Thus, segment reassortment is an
important factor in generation of genetic diversity in orbivirus
populations in nature (45). In addition, it has been shown that
homologous recombination can also play a role in the genetic
diversity and evolution of some RNA viruses (24, 33) and bring
on virulent variants of these viruses at last (8, 56). Although
homologous recombination has been observed in rotavirus, a
member of the Reoviridae (39, 40), it is still unknown whether
the intragenic recombination can occur and play a role in the
generation of genetic diversity in orbivirus populations.

To determine whether homologous recombination shaped the
evolution of BTV and to provide some insights into the recom-
bination itself in the virus, we analyzed roughly 690 complete
segments of BTV deposited in GenBank to see whether some of
them underwent intragenic recombination event. Several BTV
groups isolated at different time points and in different countries
were found containing the same (or similar) mosaic segments,
demonstrating that intragenic recombination had occurred in the
field and that these viruses with mosaic segments had become
prevailing strains. That is, intragenic recombination can play a
potential role in generating genetic diversity of BTV and exert its
influence on the change of BTV epidemiology.

MATERIALS AND METHODS

All 692 complete segments (Seg)—15 Seg-1, 160 Seg-2, 58 Seg-3, 17 Seg-4, 48
Seg-5, 123 Seg-6, 88 Seg-7, 33 Seg-8, 47 Seg-9, and 103 Seg-10—were respectively
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TABLE 1. BTV strains with evidence for potential recombination
GenBank Mosaic virus strain Source or Gene Putative parent lineage(s)* Bre'fil_qpomt CO”’?“.Y of
no. reference position(s) origin

AM498051 BTVS/NT 29 vpl BTV17/USA/L20447; BTV2/USA/L20508 1623 Netherlands
FJ183374 BTVS/NT 40a vpl BTV17/USA/L20447; BTV2/USA/L20508 1623 Netherlands
AY154458 BTV2/Frances (Corsican) Unpublished vpl BTV17/USA/L20447; BTV2/USA/L20508 1623 France
AF481096 BTV2/SA/vaccine Unpublished vp2 BTV2/France/AF356601; BTV2/Spain/AM773697 165 South Africa
AY839948 BTV4/vaccine 10a vp2 BTV4/Greece/AY839946; BTV4/Italy/DQ191276 2503 South Africa
AY839945 BTV4/France 10a vp2 BTV4/Greece/DQ191277; BTV4/Italy/DQ191276 2540 France
L19967 BTV2/USA 22b vp3 BTV2/SA/DQ186793; BTV17/USA/L19968 743, 906, 1203 United States
L08637 BTV2/USA/2M1 20a vp4 BTV11/USA/L08638; BTVS/NT/AM498054 444, 622 United States
AY606206 BTV18/India/Bangalore 26 vp7 BTV23/India/AY643511; BTV1/Aus/M63417 460, 623 India
AM261976 India/Avikanagar Unpublished vp7 BTV23/India/AY643511; BTV1/Aus/M63417 460, 623 India
M97680 BTV2/USA 22a nsl BTV2/Italy/AM773690; BTV13/USA/M97762 179 United States
L08675 BTV10/USA 56a ns2 BTV11/USA/L08674; BTV2/USA/AY855287 485 United States
AMO900372 BTV4/Greece/00 29 ns2  BTV4/Turkey/DQ825673; BTV4/Greece/AY857500 566 Greece
AY775161 BTVY/Italy/AY775161 32a ns3  BTV9/Turkey/EF554850; BTV21/Aus/AF529054 158, 259 Italy
EF554845  BTV9/Turkey/EF554845 37 ns3  BTVY/Turkey/EF554850; BTV21/Aus/AF529054 158, 259 Turkey
EF554844 BTV9/Turkey/EF554844 37 ns3  BTV9/Turkey/EF554850; BTV21/Aus/AF529054 158, 259 Turkey
EF554849  BTV9/Turkey/EF554849 37 ns3  BTVY/Turkey/EF554850; BTV21/Aus/AF529054 158, 259 Turkey
EF554847 BTV9/Turkey/EF554847 37 ns3  BTV9/Turkey/EF554850; BTV21/Aus/AF529054 158, 259 Turkey
EF554846  BTV9/Turkey/EF554846 37 ns3  BTVY/Turkey/EF554850; BTV21/Aus/AF529054 158, 259 Turkey
EF554839 BTV9/Turkey/EF554839 37 ns3  BTV9/Turkey/EF554850; BTV21/Aus/AF529054 158, 259 Turkey
EF554853  BTV9/Turkey/EF554853 37 ns3  BTVY/Turkey/EF554850; BTV21/Aus/AF529054 158, 259 Turkey
EF554851 BTV9/Turkey/EF554851 37 ns3  BTV9/Turkey/EF554850; BTV21/Aus/AF529054 158, 259 Turkey

“ Abbreviations: Aus, Australia; NT, Netherlands; SA, South Africa.

retrieved from GenBank. These sequences were aligned with CLUSTAL W (52).
Phylogenetic neighbor-joining (NJ) trees were built by MEGA4 (51), using the
maximum-composite-likelihood model. Maximum-likelihood (ML) trees were
constructed by using Phyml with HKY85 nucleotide substitution model and
estimated Ts/Tv (17) and are displayed as graphics by using MEGA4 to deter-
mine the topology of each NJ tree. Bootstrapping was used to assess the robust-
ness of a tree with 1,000 replicates. Branches supported by an >70% bootstrap
value are shown in each tree. The Shimodaira-Hasegawa test was used to prove
whether phylogenetic trees estimated from different regions were significantly
different (http://aix1.uottawa.ca/~sarisbroy/).

The aligned sequences were analyzed with the help of the RDP software
package (v3.34) to seek potential recombination events (30). SimPlot software
(28) was used to determine each recombinant as described in a previous study
(19). Similarity plot analysis, bootscanning plot analysis, and the Findsite sub-
program were performed to identify the potential recombination events. For
each mosaic, the window sizes were differently set to avoid the overlook of small
recombinant region due to large step size and the confused recombination
information. Recombination breakpoints were analyzed by maximization of x>
(3), using SimPlot combined with genetic algorithms using GARD (http://www
.datamonkey.org/GARDY/) (25). Using SplitTrees (v4.9) (22), we analyzed infor-
mative sites by phi test to differentiate recombination from convergent evolution
through mutation. The structure of RNA sequence around breakpoint was an-
alyzed using the RNAstructure 5.03 program (42).

RESULTS

Using different segment alignments, we performed analysis
of available BTV gene sequences to find evidence of recombi-
nation between BTVs. Mosaics were found in almost all BTV
genomic segments except for segments 5 and 6, including three
vpl (3/15), three vp2 (3/160), one vp3 (1/58), one vp4 (1/17),
two vp7 (2/88), one nsl (1/48), two ns2 (2/33), and nine ns3
(9/103) mosaic genes (Table 1). Furthermore, the data also
indicated that some mosaic RNAs represented single-cross-
over events (Fig. 1), while others represented double-crossover
events (Fig. 2 and 3) or multirecombination events (Fig. 4D).

In particular, nine BTV strains isolated from Turkey and
Italy were observed to contain the same mosaic ns3/ns3a gene,
and three strains isolated from the Netherlands and France

were also found to have the similar mosaic vpI gene. These
findings suggested that homologous recombination could drive
BTV evolution as a molecular mechanism of genetic diversity
and might result in the potential change of its biologic char-
acter.

One segment 1 mosaic group was found. As the largest
protein in BTV, it has been known that VP1 is encoded by
segment 1 and plays a role as RADP (54). According to the
available vpI complete sequences, three vpl mosaic isolates
constituted a separate sublineage in lineage I of four BTV
lineages (data not shown). One mosaic was isolated from Cor-
sican of France in 2000 and 2001 (10). The other two were
isolated from the Netherlands in 2006 (29) and had nearly
100% sequence identity (Fig. 1A). The three mosaics shared
similar recombination events (Fig. 1). According to the time
frame of virus isolation, the segment 1 of the two Netherlands
mosaics might be descended from the France mosaic sublin-
eage, which is supported by the phylogenetic relationship of
the three mosaics (Fig. 1D and E).

According to the results from RDP, two U.S. strains, BTV2/
USA/L20508 and BTV17/USA/L20447, might act as the puta-
tive parent lineages of the mosaics. Therefore, they were used
to compare with the Netherlands mosaic BTV8/NT/AM498051
(BTV-8NT) for recombination analysis. By using the Findsites
subprogram of Simplot, we located a potential breakpoint in a
parsimonious region with the maximization of x?, from posi-
tions 1560 to 1657 (xmax? = 20.1). Using GARD, a breakpoint
(position 1623) was also found falling into this region. Com-
bining the results from the two methods, we located the most
probable breakpoint at position 1623. A similarity plot (Fig.
1B), constructed by using all sites, revealed that the Seg-1
sequence of BTV-8NT exhibited greater affinity with the lin-
eage of BTV2/USA/L20508 before the breakpoint. On the
contrary, the mosaic shared higher sequence similarity with
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FIG. 1. Evidence for recombination in segment 1 of three BTVs isolated from the Netherlands and France. (A) Comparison of segment 1 from
three BTV isolates: BTVS/NT/AM498051, BTV8/NT/FJ183374, and BTV2/France/AY154468. BTVS/NT/AM498051 was used as the query strain.
The y axis gives the percentage of identity within a sliding window 600 bp wide centered on the position plotted, with a step size between plots of
20 bp. (B) Comparison of segment 1 from BTV8/NT/AM498051 and its putative parents. (C) Bootscanning of the mosaic BTVS8/NT/AM498051
and its parent sequences. The y axis gives the percentage of permutated trees using a sliding window. Two BTV isolates BTV4/Nigeria/AM 745007
and KM/Taiwan/AY493686 are used as an outgroup. The vertical line shows the recombination breakpoint. The rest is the same as panels A and
B. (D and E) Phylogenic trees of the segment in different regions from positions 500 to 1623 and positions 1623 to 3912, respectively. Mosaic

isolates are marked with a “A”.

BTV17/USA/L20477 after the breakpoint. Similar results were
observed in bootscanning analysis (Fig. 1C). The recombina-
tion event was also supported by statistical evaluations from
the RDP software (SIScan gave a Z-score of 5.69 with P =
2.16E-12, and 3SEQ gave a P value of 4.002E-9). The phi test
gave significantly statistical evidence of recombination as well
(P < 0.05). The most compelling phylogenetic evidence for
recombination was the occurrence of incongruent phylogenetic
trees (34). When phylogenetic trees inferred from nucleotide
sequences of different regions were constructed (Fig. 1D and
E), all of the three mosaics were clustered into the sublineage
of BTV2/USA/L20508 before the breakpoint (with a 75%
bootstrap value) but fell into the same sublineage with BTV17/
USA/L20477 after the breakpoint (with 95% bootstrap value)
(Fig. 1D and E). Moreover, a statistically significant discrep-
ancy between the topologies of the two phylogenetic trees (Fig.

1D and E) also provided a powerful evidence for recombina-
tion (Shimodaira-Hasegawa test, P < 0.05).

Similar results can be found when vp! of BTV-2/Corsican/
AY154458 and BTV-8/FJ183374 were considered as queries in
recombination analysis (data not shown).

Two similar segment 7 intragenic recombinants were iden-
tified. VP7 is encoded by Seg-7 and plays some key roles in
virus replication, such as forming the surface of the core and
being responsible for core entry into insect cells (46). As the
outer core protein, VP7 is the major serogroup-specific antigen
and shows variations that are considered to be associated with
the insect populations that act as vectors for different virus
strains in different geographic areas (9, 55). All available 88
VP7 sequences constituted five lineages (data not shown).
Moreover, two India isolates (BTV18/India/Bangalore/
AY606206 and India/Avikanagar/AM261976) of lineage III
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FIG. 2. Evidence for recombination in segment 7 of two BTV strains isolated from India: BTV18/India/Bangalore/AY 606206 and India/
Avikanagar/AM261976. (A) Comparison of segment 7 of BTV18/India/Bangalore/AY606206 and its putative parent lineages. BTV18/India/
Bangalore/AY606206 was used as the query. The y axis gives the percentage of identity within a sliding window 120 bp wide centered on the position
plotted, with a step size between plots of 20 bp. (B) Bootscanning of BTV18/India/Bangalore/AY 606206 mosaic gene and its parent sequences. The
y axis gives the percentage of permutated trees using a sliding window. Two BTV isolates BTV8/NT/06/AM498057 and BTV4/China/V442/
AF172828 are used as outgroups. The width of the sliding window is 120 bp, with a step size of 20 bp. The vertical line shows the recombination
breakpoint. The rest is the same as panel A. (C to E) Phylogenic trees of the segment in different regions from positions 1 to 460, positions 461
to 623, and positions 624 to 1060, respectively. Mosaic isolates are marked with a “A”.

were isolated in Bangalore and Avikanagar, respectively (26).
They had similar mosaic vp7 genes.

When vp7 of BTV18/India/Bangalore/AY606206 was used
as a query in bootscanning analysis, two breakpoints were
located at positions 460 and 623 (Fig. 2A and B). A similarity
plot revealed that its sequence exhibited greater affinity with
the BTV1/Australian/M63417 sublineage in the region be-
tween the two breakpoints (Fig. 2A). In contrast, it shared
higher sequence similarity with BTV23/India/Rahuri/
AY643511 before position 460 and after position 623. In the

three phylogenetic trees inferred from different regions, the
two mosaics were clustered into different parent lineages with
high bootstrap values (>70%) (Fig. 2C to E). When vp7 se-
quences of the mosaic, its putative parents, and an outgroup
BTVS8/NT/06/AM498057 were submitted to conduct the phi
test, statistically significant evidence for recombination was
found (P < 0.001). Running 3SEQ and SIScan subprogram in
the RDP software, the P value of delta distributions and Z-
score was 4.5E-9 (P << 0.001) and 6.36 (with P = 6.36E-12),
respectively, which likewise strongly supported the recombina-



VoL. 84, 2010

tion event. In addition, India/Avikanagar/AM261976 was also
identified as a recombinant sharing similar mosaic vp7 gene
with BTV18/India/Bangalore/AY 606206 (Fig. 2C to E).

BTVs containing mosaic segment 10 could become prevail-
ing strains. To clarify whether intragenic recombination could
exert its influence on the BTV evolutionary process, it would
be important to find a group sharing similar recombination
events. A good case in point was a BTV lineage isolated from
1999 to 2001 in Turkey and Italy which had the same mosaic
Seg-10. According to Seg-10, BTV could be divided into four
groups: Western 1 and 2 and Eastern 1 and 2 (29). Two sub-
groups of Eastern 1 were found in the global BTV phylogenetic
tree (data not shown). BTVs of subgroup 1 were mainly iso-
lated from Australia, and BTVs of subgroup 2 were mainly
isolated from several Asian and European countries. It was the
nine BTV isolates (eight from Turkey and one from Italy) of
subgroup 1 that had the same mosaic segment 10.

We compared the potential mosaics and found that they
shared more than 99% sequence similarity (Fig. 3A). For re-
combination analysis, BTV9/Turkey/EF554851 was used as a
representative strain. Two isolates, BTV9/Turkey/EF554850
and BTV21/Aus/AF529054, could be supposed as putative par-
ents of the mosaics since they shared more than 99.8% identity
with the mosaic in different regions delimited by the break-
points (Fig. 3B). Combined with the results of the maximiza-
tion of x> and GARD, two breakpoints were located at the
positions 158 and 259 with maximum x? (5.8 and 14.3, respec-
tively). We compared Seg-10 of BTV9/Turkey/EF554851 with
its potential parent lineages (Fig. 3B). Between the two break-
points, BTV9/Turkey/EF554851 shared 100% homology with
the putative parent strain BTV21/Australasia/AF529054 (ver-
sus 92.8%, 93/101 with BTV9/Turkey/EF554850). However,
before and after the two breakpoints, the mosaic only shared
90.5 and 87.3% sequence similarity, respectively, with BTV21/
Australasia/AF529054 (versus 100 and 99.8%, respectively,
with BTV9/Turkey/EF554850). The bootscanning result also
supported the hypothesis that the mosaic was descended from
lineages BTV21/Australasia/AF529054 and BTV9/Turkey/
EF554850 lineages (Fig. 3C). Phylogenetics analysis showed
that the mosaic fell into the Australia group between the two
breakpoints but was clustered into the BTV9/Turkey/
EF554850 lineage before and after the breakpoints (Fig. 3D to
F). Moreover, the statistical tests did find significant evidence
for recombination (P < 0.05 [phi test], P < 0.0005 [Siscan], and
P < 0.0001 [3SEQ]).

As well, other eight Seg-10 mosaics had the same recombi-
nation events. These mosaics were isolated from different
countries but shared the same recombination events, suggest-
ing that they might be descended from the same mosaic an-
cestor, which could become prevailing strain with good adapt-
ability.

DISCUSSION

In the study, 22 mosaic genes composed up to 3.2% (22/692)
of the analyzed sequences. Given that similar mosaics might be
descended from the same mosaic ancestor, there are only 11
unique recombinants among these mosaics; that is, only ca.
1.6% (11/681) of the BTV genes have undergone recombina-
tion events. Interestingly, it seems that vp! has a higher recom-
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bination rate (20%, 3/15). However, considering that the three
vpl mosaics are inherited from the same mosaic ancestor, the
recombination rate should be corrected to 8.3% (1/12). More-
over, the recombination rate of vpl might also be overesti-
mated because there are only small sample sequences available
in the public database. Therefore, intragenic recombination
might not be a usual event but may have selective advantage,
leading to gene persistence in the population.

In our analysis, three vpI mosaics—BTV2/France/AY 154458,
BTVE8/NT/FJ183374, and BTV8/NT/AM498051—were found to
share the similar recombination event (Fig. 1). However, they
were isolated from different countries by different research
groups. Similar observations were also obtained with vp7 in two
India isolates (Fig. 2) and with ns3/ns34 from a mosaic group
from Turkey and Italy (Fig. 3). The fact that different isolates,
originating from the same mosaic ancestor, could be found in
different locations and at different time points provides robust
evidence that intragenic recombination lineages results in novel
BTV strains. Moreover, these mosaic viruses can circulate in the
field. Therefore, intragenic recombination does act as an evolu-
tionary force and plays an important role in shaping the genetic
diversity of BTV.

In addition, we also found some single mosaic segments
(listed in Table 1 and Fig. 4). For these mosaics, we also
considered the possibility that the detected recombinants had
resulted from laboratory artifacts. With the exception of two
mosaics, BTV4/Greece/00/AM900372 and BTV4/vaccine/
AY839948, the presence of unique nucleotide substitutions in
the recombinant regions compared to the comparable region
of the predicted parental strains suggested that these regions
did not arise due to contamination with BTV strains deposited
in the sequence database. For the mosaics BTV4/Greece/00/
AM900372 and BTV4/vaccine/AY839948, resequencing might
still be necessary to objectively determine the two recombina-
tion events, although the mosaics and their putative parents
were isolated by different laboratories in different countries.

In an insect vector, BTV coinfection has been considered to
be more universal, since greater frequency reassortment often
takes place (48), which also provides the basis for intragenic
recombination. Hence, it is not surprising that intragenic re-
combination can occur between BT Vs in insect host. Similar to
reassortment, recombination processes will allow some viruses
to acquire many of the key adaptive mutations in a single step
and thus make a major leap in fitness, which might result in a
change in host tropism (27, 50). Therefore, it should be nec-
essary to pay attention to the potential influence of intragenic
recombination on its biology and epidemiology. Among the
viral proteins, NS3 is proposed to be associated with the trans-
mission of the virus in different insect populations and species
(4,5, 35), and VP7 is also thought to be related to the infection
of insect populations (9, 55). In the present study, stable and
genetic vp7 and ns3 mosaics were found, suggesting that insects
might be more permissive for the events leading to intragenic
recombination as well, making insects an important diversity-
generating host.

Interestingly, there was no amino acid difference between
the putative parents of the Seg-10 mosaics in the exchanged
region, although recombination was found to bring about
amino acid changes in other mosaic segments (e.g., 2 in the vp7
mosaics and 13 in the vpl mosaics). Also, the Seg-10 mosaics
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permutated trees using a sliding window. The vertical line shows the recombination breakpoints. (A) Segment 2 of BTV2/SA/vaccine/AF481096;
(B) segment 2 of BTV4/vaccine/AY839948; (C) segment 2 of BTV4/France/03AY839945; (D) segment 3 of BTV2/USA/L19967; (E) segment 4 of
BTV2/USA/2M1-L08637; (F) segment 5 of BTV2/USA/M97680; (G) segment 8 of BTV10/USA/L08675; (H) segment 8 of BTV4/Greece/00/
AM900372.

constituted the biggest mosaic group in the study. An expla-
nation might be that intragenic recombination can occur
readily between some BTV strains because it has little or no
effect on the protein encoded by the viral gene. Thus, there

would be no selective pressure against recombination which
results in a stable mosaic gene. On the other hand, the rapid
change of functional proteins, such as VP1, due to recombina-
tion might play a potential role in the rapid evolution of BTV.

FIG. 3. Evidence for recombination in segment 10 of a BTV group from Turkey and Italy. (A) Comparison of segment 10 from BTV isolates:
BTVY/Turkey/EF554845, BTV9/Turkey/EF554844, BTV9/Italy/AY775161, BTV9/Turkey/EF554849, BTV9/Turkey/EF554847, BTVY9/Turkey/
EF554846, BTV9/Turkey/EF554851, and BTV9/Turkey/EF554853. BTVY/Italy/AY775161 was used as the query. The y axis gives the percentage
of identity within a sliding window 80 bp wide centered on the position plotted, with a step size between plots of 20 bp. (B) Comparison of segment
1 from BTV9/Italy/AY775161 and its putative parents. (C) Bootscanning of the mosaic BTV9/Italy/AY775161 and its parent sequences. The y axis
gives the percentage of permutated trees using a sliding window. A BTV isolate BTV21/Aus/AF529054 was used as an outgroup. The vertical line
shows the recombination breakpoint. The rest is the same as panels A and). (D to F) Phylogenic trees of the segment in different regions from
positions 1 to 158, positions 159 to 259, and positions 260 to 690, respectively. Mosaic isolates are marked with a “A”. Greece and Australia are
abbreviated as GR and Aus, respectively.
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Homologous recombination is important process driving ge-
notype diversity for some RNA viruses (11, 20, 38). Recombi-
nation, especially between different serotypes, may speed up
the evolution of BTV and result in a rapid change in its epi-
demiology. In the two quickly evolving genes vp2 and vp5, only
intragenic vp2 recombinants are found within the same sero-
type. It is possible that selection disfavors interserotype recom-
binants, partly due to incompatibilities between interacting
viral proteins or between viral proteins and their cis-acting
sequences. After all, they have the highest variability among all
genes of the virus and show great differences between sero-
types. For relatively conservative genes, such as vp7 and ns3,
intragenic recombination can occur between different sero-
types (Fig. 2 and 3).

Recently, attenuated vaccine strains of BTV developed in
South Africa (Onderstepoort Biological Products, Onder-
stepoort, South Africa) have been used in animal populations.
In the early stages of the recent outbreaks in the eastern
Mediterranean region, these live attenuated vaccine strains of
BTV-2, BTV-4, and BTV-9 (western topotype) and BTV-16
(eastern topotype) were used in the Iberian peninsula, eastern
Mediterranean islands, and Italy to reduce the circulation of
BTV (7). There is clear evidence showing that the vaccine
strains of BTV-2 and BTV-16 have been transmitted in the
field (1, 6, 10). The release of BTV vaccine strains into the field
has added further genetic diversity to the pool of field strains
circulating in the field, generating an unprecedented mix of
viruses that includes several eastern and western viruses, as
well as both field and vaccine strains (7). Therefore, BTV
vaccine strains cannot avoid exchanging their genetic materials
with the field strains through reassortment or intragenic re-
combination. In fact, it has been found that a European field
BTV strain derived from two parental vaccine strains by ge-
nome segment reassortment is circulating in the field (7). In
the present study, two BTV2 vaccine strains were also found to
bear mosaic VP2 partly descended (about 170 and 360 bp,
respectively) from European field BTV lineages (Fig. 4A and
B). This highlighted existing concerns over the use and trans-
mission of BTV vaccine strains in the field. It also suggested
that a live avirulent vaccine could play a role in speeding up the
evolution of BTV via intragenic recombination. Indeed, polio
epidemics in Hispaniola that arose from similar recombinants
involving vaccine virus and other endogenous enteroviruses
have been threatening the entire World Health Organization
polio eradication program (23). Therefore, it might be neces-
sary to evaluate the effect of recombination associated with
attenuated vaccine on BTV epidemiology. From an environ-
mental perspective, inactivated BTV vaccine should be safer.

Accumulated data have shown that homologous recombina-
tion can occur between double- or negative-stranded RNA
viruses that undergo “caged replication” (12, 13, 15, 19, 41, 57).
However, the mechanism resulting in homologous recombina-
tion in these viruses is still unknown. The recombination rate
of BTV is found to be much lower than that of the positive-
sense RNA viruses, such as the foot-and-mouth disease virus,
in which 10 to 20% of the viral genomes undergo recombina-
tion during a single replication cycle (2). In poliovirus, recom-
bination occurred in RNA regions where RNA could poten-
tially form a secondary structure and play a role in
recombination as an activator (33). This allows two parental

J. VIROL.

RNAs of different origins to form a complex and thereby forces
recombination to occur (43, 53). Therefore, analyzing the char-
acteristics of breakpoints could also provide clues to under-
stand the recombination mechanism in BTVs. When the
sequences around the breakpoints of recombinants were ana-
lyzed, potential secondary structures were also found in all
mosaics (data not shown), which could offer a molecular basis
for recombination to occur.

In conclusion, we provide here evidence demonstrating that
recombination can occur in BTVs and plays a potential role in
the evolution and genetic diversity of the virus. Studies will
need to evaluate its influence on virulence and host tropism
and to study the mechanisms underlying BTV recombination.
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