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Abstract. A comparison of 25 hepatitis B virus (HBV) 
isolates for which complete genome sequences are avail- 
able revealed two that occupied different positions in 
phylogenetic trees reconstructed from different open 
reading frames. Further analysis indicated that this in- 
congruence was the result of recombination between vi- 
ruses of different genomic and antigenic types. Both pu- 
tative recombinants originated from geographic regions 
where multiple genotypes are known to cocircutate. A 
search of the sequence databases showed evidence of 
similar intergenotypic recombinants. These observations 
indicate that recombination between divergent strains 
may represent an important source of genetic variation in 
HBV. 
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Introduction 

Hepatitis B virus (HBV) is a partially double-stranded 
DNA virus of the hepadnavirus family with a genome of 
only 3.2 kb, although there is translation in more than 
one reading frame of its circular genome. The virus 
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causes considerable mortality and morbidity in many ar- 
eas of the world, particularly tropical Africa and the Far 
East, where it has been estimated that between 10 and 
15% of the population are chronic HBV carriers (Sher- 
lock 1993). 

Phylogenetic analyses of HBV sequences has led to 
the classification of the virus into six "genomic groups" 
or genotypes (denoted A-F), often with distinct geo- 
graphic associations (Okamoto et al. 1988; Norder et al. 
1992, 1993, 1994). In contrast, nine different antigenic 
subtypes have been previously distinguished using sero- 
logical criteria (Bancroft et al. 1972; Le Bouvier 1971), 
so some antigenic subtypes span several genomic groups, 
although there is generally a good association between 
the genetic and antigenic classifications (Norder et al. 
1993). Recombination between diverse viruses, in addi- 
tion to point mutations, may represent one means by 
which the association between an antigenic subtype and 
genotype could change. Although recombination has al- 
ready been documented in HBV (Georgi-Geisberger et 
al. 1992; Hino et al. 1991), exchange of sequences be- 
tween viruses belonging to different subtypes or geno- 
types has not been reported to date and evidence for 
coinfection with divergent HBV strains is rare (Carman 
et al. 1993a). Furthermore, questions remain regarding 
the precise mechanism by which recombination takes 
place as well as its frequency and potential implications. 
Here we investigate, through phylogenetic analysis, 
whether recombination has been a factor in the genera- 
tion of genetic diversity in 25 complete HBV genomes 
available on the molecular sequence databases. 
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Table 1, HBV sequences used in this study 

GenBank ID GenBank accession Genotype Antigenic subtype" Reference 

HBVADW V00866, J02201 A adw2 
HPBADWZCG M57663 A adw2 
HBVADW2 X02763 A adw2 
HVHEPB X51970 A adw 
HPBADWl D00329 B adw 
HPBADW2 D00330 B adw 
HPBADW3 D00331 B NA 
HPBADWZ M54923 B adw 
HBVADR4 X01587 C adr 
HBVADR1CG M38454 C adr 
HBVADRM X14193 C adr 
HEHBVAYR X04615 C ayr 
HPBADRA M 12906 C adr 
HPBADRC D00630 C adr 
HPBCG D 12980 C adr 
HPBCGADR M38636 C adr 
HPBETNC L08805, L08806 C NA 
HBVAYWMCG X59795 D ayw 
HBVDNA X68292 D ayw 
HPBHBVAA M32138 D NA 
HPBMUT L27106 D NA 
XXHEPA V01460, J02203 D ayw 
XXHEPAV X02496 D ayw 
HBVADW4A X69798 F adw4 

Ono et al. (1983) 
Estacio et al. (1988) 
Valenzuela et al. (1980) 
Koechel (1990) 
Okamoto et al. (1988) 
Okamoto et al. (1988) 
Okamoto et al. (1988) 
Satrosoewignjo et al. (1987) 
Fujiyama et al. (1983) 
Renbao et al. (1987) 
Rho et al. (1989) 
Okamoto et al. (1986) 
Kobayashi et al. (1984) 
Ono et al. (1983) 
Mukaide et al. (1992) 
Kim et al. (1988) 
Ogata et al. (t993) 
Lai et al. (1991) 
Lai et al. (1992) 
Tong et al. (1990) 
Hasegawa et al. (1994) 
Galibert et al. (1979) 
Bichko et al. (1985) 
Nanmann et al. (1993) 

NA: antigenic subtype not available 

Methods 

One simple instance in which recombination can be detected is when 
different genes, or different intergenic regions from a single genome, 
generate incongruent phylogenetic trees (Robertson et al. 1995a, 
1995b). Because HBV has a circular genome it is sometimes difficult 
to determine the direction of the recombination event. In the analysis 
presented here putative recombinants were defined as those sequences 
falling into different viral genotypes in phylogenetic trees reconstructed 
for the ~bur open reading frames (ORFs) from 25 complete genomes of 
HBV (Table 1). 

All sequences were obtained from the GenBank/EMBL/DDBJ da- 
tabases and aligned with the ClustalV program (Higgins et al. 1992). 
Phylogenetic trees were constructed using the maximum likelihood 
method implemented in the PHYLIP package (program DNAML; 
Felsenstein 1993). In order to assess the robustness of the groupings 
obtained a bootstrap neighbor-joining analysis with a 1,000 replications 
was also performed (progrm~as SEQBOOT, DNADIST, NEIGHBOR, 
and CONSENSE). To localize the crossover points of the recombina- 
tion events a method was used which identifies the sequence position 
which maximizes the chi-square of the differences in variable sites for 
which the recombined sequence shares a state with either of two pro- 
posed "parental" sequences (Maynard Smith 1992). A randomization 
test then estimates the probability that this could have occurred by 
chance. To find both ends of a recombination event the circular genome 
was cut into two sections through the center of the hypothesized re- 
combined section (identified roughly by sight). The test was then per- 
formed on these two sections independently. All sequences are num- 
bered according to scheme of Galibert et al. (1979). 

Results and Discussion 

Phylogenet ic  trees were  constructed on each of  the four  

O R F s  o f  H B V  separately.  There  were  two viruses, H B -  

V D N A  and H P B A D W 1 ,  which  clustered with different  

genotypes  in different  ORFs,  indicat ive o f  recombina-  

tion. H B V D N A  is a subtype ayw virus taken f rom an 

H B s A g  (surface antigen) negat ive  chronic  l iver  disease 

patient in Italy (Lai et al. 1992). Phylogenet ic  analysis o f  

the 25 comple te  genomic  sequences  shows that this virus 

is a m e m b e r  of  genotype  D (Fig. 1A), whereas  its re- 

combinant  region mapped  with the sequences  o f  geno-  

mic  group A (Fig. 1B). Of  all the genotypes,  A and D 

have  the widest  geographica l  distributions and are found 

on most  continents (Norder  et al. 1993). H P B A D W l  is a 

virus of  subtype adw and was taken f rom an asymptom-  

atic carrier  o f  H B s A g  in Japan (Okamoto  et al. 1988). A 

phylogeny  reconstructed for the entire genome  places  

this virus within genotype  B (Fig, 1A), a genotype  that is 

apparently restr icted to Southeast  Asia  (Norder  et al. 

1993). The  putat ive recombinan t  region clusters within 

genotype  A, al though the trees reconstructed in this case 

show less resolut ion because  of  the short length o f  se- 

quence  analyzed (Fig. 1C). 
In the case o f  H B V D N A  the region of  recombina t ion  

covered  approximate ly  half  the genome  (positions 7 3 5 -  

2370) wi th  the c rossover  points  occurr ing in an over lap-  

ping area o f  the P and S genes and in the C gene  (Fig. 2, 

Table  2). The  P gene encodes  a primase,  reverse  tran- 

scriptase, and a R N A a s e  H which can c leave  R N A  in 

R N A / D N A  hybrids;  the S gene produces  the viral  sur- 

face ant igen (HBsAg)  whi le  the C gene encodes  the core  

protein. The  region of  recombina t ion  in H P B A D W 1  is 

much smaller,  encompass ing  a 189-bp segment  within 
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Fig. 1. A Maximum likelihood tree of the 25 complete ge- 
homes of HBV. B Maximum Iikelihood tree for the recom- 
binant region in sequence HBVDNA (positions 735-2365). C 
Maximum likelihood tree for the recombinant region in 
HPBADWl (positions 2014-2203). In all cases the putative 
recombinants are indicated with boxes. The numbers of boot- 
strap replications supporting each genotype are indicated. 
For ease of interpretation, uees are rooted on the longest 
branch which separates the single genotype F sequence, 
HBVADW4A, from the remaining sequences. Horizontal 
branch lengths are drawn to scale. 

the C gene without overlapping reading frames (posi- 
tions 2014-2203; Fig. 2, Table 2). A BLAST search and 
subsequent phylogenetic analysis detected additional se- 
quences which had mosaic patterns (parental genotypes 
and recombination sites) and phylogenetic relationships 

identical to those in HPBADWl (GenBank identifiers 
HPBHBCAGA, HPBHBCAGB, HPBHBCAGC; data 
not shown). These sequences are also from Japanese pa- 
tients, which indicates that superinfection and recombi- 
nation are not uncommon in localities where a number of 
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Fig, 2, Genotypic relationships of different regions of the putative recombinant HBV sequences. The circular genomes were split for ease of 
representation. The locations of the crossover points of the recombination events are indicated as are the positions of P, C, X, and S open reading 
frames. 

Table 2. Localization of recombination events in HBV sequences a 

Informative 
sites 

Parental lineage Crossover 
Isolate virus Genotype points P Region 1 2 

HBVDNA XXHEPA D 728 <0.001 
2365 <0,00I 

HPBADW1 

HUMPRECX b A 735 <0.001 
2365 <0.001 

HPBADW2 B 1988 0.005 
2203 <0.001 

HPBADWZCG A 2014 0.004 
2203 <0.001 

2365-735 27 208 
735-2365 96 41 

2203-2014 98 284 
2014-2203 28 10 

Localization of crossover points was determined using the suspected 
recombinant and the two parental sequences which came closest in a 
BLAST search of GenBank. Discrepancies in the crossover points 
given could arise by mutations subsequent to recombination or by the 
exact point of recombination occurring within an area conserved be- 
tween the viruses in question, Column 1 denotes the number of  infor- 
mative sites grouping the recombinant and the sequence most closely 
matching the recombinant region, while column 2 denotes the number 

of informative sites grouping the recombinant and the sequence most 
closely related to its ancestrally derived region. Position 2014 was 
designated as a crossover point for HPBADW1 due to its greater sta- 
tistical support while position 735 was chosen arbitrarily for isolate 
HBVDNA. Probability P was found using a randomization test with 
1,000 trials. 
b Meisel et al. (1993); GenBank accession number L13994 
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different genomic groups cocirculate and that these re- 

combinants are viable and capable of  generating new 
l ineages,  even though most  cases of  recombina t ion  
would be expected to be fatal in a virus with multiple 

reading frames and such a small genome. 
Recombination in 2 of the 25 viruses in our sample 

indicates that superinfection of  individuals must occur 
with a noticeable frequency. Although there is little pre- 
vious evidence for superinfection of  HBV it is notewor- 
thy that viruses with rare antigenic specificities, adwr 
and adyr, do appear, and these are thought to be caused 
by mixed infections (Carman et al. 1993b). Furthermore, 
incongruence between trees reconstructed from different 

ORFs of  HBV had been documented elsewhere (Norder 
et al. 1994), although the possibil i ty that this was caused 
by recombination was not discussed. Mixed infections 
could occur through either simultaneous transmission or 
sequential infection. The probabil i ty of the former must 
be low but there is a clear situation in which the latter can 
occur. An individual who has resolved an HBV infection 
will have antibody to the viral surface antigen and this 
wilt induce cross-protection to all antigenic subtypes (al- 

though some neutralizing antibodies may also be subtype 
specific). In contrast, in chronically infected patients, an- 
t ibody is complexed to the viral surface antigen so that 
protection from reinfection is reduced. The mechanisms 
by which mosaic viruses are generated within a mult iply 
infected host are also unclear, as there appears to be little 
opportunity" for recombination in HBV. All  replication 
steps are particle associated and a single RNA genome 
equivalent is taken up within the particle to be converted 
to the pa r t i a l ly  doub le - s t r anded  D N A  H B V  virus,  
thereby reducing the probabil i ty of template switching 
(Georg i -Ge i sbe rge r  et al. 1992). Fur thermore ,  it  is 
thought that integrated HBV cannot serve as a template 
for virus replication as there is no evidence of  integration 
of  complete genomes, even with multiple integration 
events (Buendia et al. 1993). 

The recombination events described here are signifi- 
cant because they represent a previously unrecognized 
source of  variation in HBV, potentially both within in- 
dividuals and populations at large. It is particularly im- 
portant to determine whether the crossover po in ts  of  re- 
combination occur throughout the genome and whether 
recombinant viruses have altered biological  properties, 
perhaps generating vaccine escape mutations (Harrison 
et al. 1991; Wal lace  et al. 1994; Yamamoto et al. 1994) 
or fulminant hepatitis (Carman et al. 1991; Kosaka et al. 
1991; Omata et al. 1991), although to date these pheno- 
types have only been associated with point mutations and 
insertion/deletion events. Another possible outcome of  
recombination, the mixing of  antigenic determinants and 
ep i tope  types,  might  also lead to immune  evas ion  
through the generation of new and unfamiliar  antigenic 
configurations. 
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