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Long-term mutation rates in the hepatitis B virus genome
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Mutations in the hepatitis B virus (HBV) genome have so far been investigated in cross-sectional
or short-term longitudinal studies. Information about long-term changes is lacking due to the
difficulty of sampling over long observation periods. In this study, a retrospective approach was
used that allowed the analysis of changes in the viral genome from transmission to late stages of
infection without the requirement for sampling early during this period. The entire viral genome
was sequenced from serum samples of three mothers and their 10 adult children, who presumably
had been infected vertically. The emergence of mutations between birth and sampling (mean 26±5
years) was assessed by comparing the individual sequences with the sequence of the strain
assumed to have been transmitted. The mean differences from this sequence were 0±02 and 0±28%
in seven asymptomatic and one symptomatic hepatitis B e antigen (HBeAg)-positive carriers,
respectively, and 0±62 % in five HBeAg-negative carriers. Mutations occurred throughout the
genome and 88% of the mutations caused amino acid substitutions spread over all genes. In
HBeAg-negative carriers, the number of nucleotide and amino acid changes was independent of
the severity of liver disease and, except the 1762AGG1764 !TGA changes, no specific mutation was
associated with liver disease. In conclusion, by using a novel method it was found that the entire
HBV genome is extremely stable over long periods of time during the HBeAg-positive phase if the
immune response (inflammation) is weak, whereas an average of 20 mutations emerged after
development of hepatitis and/or loss of HBeAg without association with clinical outcome.

Introduction
Chronic hepatitis B is an infection of major importance,

with more than 300 million carriers worldwide, some of whom
will develop progressive liver damage. It is generally accepted
that liver damage is caused not by hepatitis B virus (HBV)
itself, but by the immune response evoked by the virus.
Mutations emerge frequently in the viral genome, perhaps
selected under pressure from the immune response. Mutations
in certain regions, in particular the core promoter (Okamoto et
al., 1994 ; Takahashi et al., 1995 ; Lindh et al., 1999), the pre-
core (Carman et al., 1989 ; Lok et al., 1994 ; Lindh et al., 1996)
and core (Akarca & Lok, 1995 ; Carman et al., 1997 ; Karasawa
et al., 1997) regions, have been thoroughly studied. It is,
however, not clear to what extent and in what manner these
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mutations interfere with the course of infection and liver injury
i.e. whether they are of pathogenetic importance or merely
passive markers of these events.

Mutations in other regions of the HBV genome, in
particular the polymerase ORF, have been insufficiently
studied. Because studies of mutations in the entire genome are
rare, the frequency and importance of mutations in these
coding regions are not known. Moreover, long-term longi-
tudinal studies are largely lacking, due to the difficulty of
sampling over long periods of time and, thus, the mutation
rates in the different stages of HBV infection are not yet well
established. So far, mutations have mainly been assessed in
cross-sectional studies by comparison with a consensus
sequence representing the serotype or genotype of the strain
analysed, but it is not known to what extent this strategy
reflects changes taking place during infection in a patient.

In the present study, we have examined the entire viral
genome obtained from serum samples from three mothers with
chronic HBV infection and their 10 adult children, who
presumably were infected vertically and are now in different
stages of chronic infection. By using these sequences, we have
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traced the likely ‘original ’ sequence that was probably
transmitted at birth. Comparison of this sequence with the
sequences now present in the mothers and children allowed a
retrospective longitudinal analysis of rates and distribution of
mutations that have emerged in the entire viral genome over
periods of up to 35 years.

Methods
+ Patients. Serum samples were analysed from 13 chronic HBV
carriers originating from Vietnam and Turkey. As described in Table 1,
the patients were three mothers (Mo) and their adult children (Ch ; three,
three and four children), who probably contracted the HBV infection
vertically. This assumption was based on the fact that the majority of all
of the children of these mothers (6}6, 5}5 and 5}6 children) were chronic
HBV carriers. The liver damage of all the 13 patients was well
characterized, including histological assessment by Knodell scoring in 10
of them. All patients had given informed consent to a liver biopsy, four
of which were done on clinical indication and six in a clinical study
approved by the local ethics committee. None of the patients had
received interferon or antiviral treatment for hepatitis B.

+ Genotyping and quantitative PCR. Genotyping was done by
phylogenetic comparison of full-length genomes with published
sequences of all genotypes (A–F) and by RFLP analysis of S region
amplicons (Lindh et al., 1997).

HBV DNA levels in serum were analysed by Amplicor HBV Monitor
(Roche Diagnostic Systems) according to the manufacturer’s instructions.

Table 1. Clinical data and number of mutations in 13 HBV carriers from three families

HAI
infl

is the sum of inflammatory scores for interface (piecemeal) inflammation, intralobular inflammation and portal inflammation ; HAI
fibr

is the
score for fibrosis ; ALT}URV, ALT}upper reference value ratio, given as the median and maximum values of the last five to ten values. , Not
available.

Year of Year of

Observed
period of
divergence

HBV DNA
(log10

ALT/URV Number of nt
differences*

Patient Sex birth sample (years) Genotype HBeAg copies/ml) HAIinfl HAIfibr Median Max. (%)

Fam1
Mo F 1948 1993 16† D ® 8±2 9 4 1±2 6±2 19 (0±60)
Ch1 F 1963 1994 31 D ­ 9±6 2 0 1±2 1±5 0 (0)
Ch2 M 1973 1995 22 D ­ 9±5 3 1 1±2 1±4 1 (0±03)
Ch3 M 1977 1998 21 D ­ 9±6 8 1 1±4 21 9 (0±28)

Fam2
Mo F 1938 1995 20† B ­ 8±5   0±44 0±5 0 (0)
Ch1 M 1970 1993 23 B ­ 8±8 1 0 0±36 0±75 2 (0±04)
Ch2 M 1972 1992 20 B ­ 9±5 3 1 0±66 1±0 0 (0)
Ch3 F 1975 1998 23 B ­ 9±0 3 0 1±6 2±2 1 (0±02)

Fam3
Mo F 1937 1994 27† B ® 5±5 9 4 0±5 1±1 27 (0±84)
Ch1 M 1962 1994 32 B ® 4±0 2 1 0±95 1±2 15 (0±47)
Ch2 F 1963 1998 35 B ­ 9±3 2 0 0±39 0±53 0 (0)
Ch3 F 1964 1997 33 B ® 4±2   1±2 2±3 19 (0±59)
Ch4 F 1967 1997 30 B ® 4±6   0±56 0±77 20 (0±62)

* Versus deduced original sequence of each family.
† From birth of the youngest child.

Samples with HBV DNA above the upper detection level (10(±
!

copies}ml) were reanalysed after dilution by 1 :10000 in HBV-negative
serum.

+ Histopathology and alanine aminotransferase (ALT) ac-
tivity. Liver damage was assessed by histology activity index (HAI)
scoring in a blinded fashion (Knodell et al., 1981). ALT activities from an
observation period of 1–10 years prior to liver biopsy were recorded.

+ Sequencing. Overlapping segments covering the entire HBV
genome were amplified by PCR with the primers described in Table 2.
After gel-purification of PCR bands by using Qiaex (Qiagen), direct
sequencing was carried out with the same primers as used for PCR. Each
amplicon was analysed in both the sense and antisense directions after
cycle sequencing reactions with fluorescent dye (Rhodamine ; Applied
Biosystems) terminators (ddNTPs). The sequence was read in an ABI
Prism 310 automated capillary sequence reader (Applied Biosystems) and
processed by using the Sequence Navigator software (Applied Bio-
systems).

+ Phylogenetic analysis and assessment of mutations. The
complete DNA sequences of all virus strains were subjected to
phylogenetic comparison including sequences obtained from the NCBI
database (National Center for Biotechnology Information, Bethesda,
MD, USA) of the same genotype (genotype B : D00329, D00330,
D00331, D23678, D23679, D50522 ; and genotype D: J02203,
M32138, X02496, Z35716 and X68292) and an outgroup sequence
representing genotype A (L13994) with software (DNAdist and
Neighbor) included in the PHYLIP package (Felsenstein, 1993 ;
http :}}evolution.genetics.washington.edu}phylip.html).
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Table 2. Primers used for amplification and sequencing of the entire HBV genome

Primer
Sense primer(s) Antisense primer(s)

set Position* Sequence Position* Sequence

1 2823–2845 TCACCATATTCTTGGGAACAAGA 476–458 GACAAACGGGCAACATACC
3199–3216† CATCCTCAGGCCATGCAG

2 256–278 GTGGTGGACTTCTCTCAATTTTC 986–970 ACTTTCCAATCAATAGG
796–776† CGGTA(A}T)AAAGGGACTCA(A}C)GAT

3 635–654 TTCCTATGGGAGTGGGCCTC 1353–1333 GGAGAGCACGACAGAATTGTC
1285–1267† CTAGGAGTTCCGCAGTATG

4 1164–1190 GCCAGGTCTGTGCCAAGTGTTTGCTGA 1888–1866 CCCAAGGCACAGCTTGGAGGCTT
1798–1779† ACCAATTTATGCCTACAGCC

5 1603–1625 GTTGCATGGAGACCACCGTGAAC 2058–2039 GTATGGTGAGGTGAACAATG
1680–1699† ATGTCGACAACCGACCTTGA

6 1865–1895 CAAGCCTCCAAGCTGTGCCTTGGGTGGCCTT 2488–2469 CCAGTAAAGTTCCCCACCTT
2467–2448† TGAGTCCAAGGAATACTAAC

7 2381–2400 AACTCCCTCGCCTCGCAGAC 80–61 TTCCTGAACTGGAGCCACCA
3098–3079† ATGCCCTGAGCCTGAGGGCT

8 2823–2845 TCACCATATTCTTGGGAACAAGA 80–61 TTCCTGAACTGGAGCCACCA
74–54† AACTGGAGCCACCAGCAGGAA

* Relative to the unique EcoRI site.
† Used as the inner primer in semi-nested PCR when required.

The approach for longitudinal sequence analysis was based on three
conditions : (i) that transmission took place perinatally, (ii) that the
children were infected by the ‘original ’ strain and (iii) that there were no
sequence changes during transmission, as indicated by nearly all previous
transmission studies (see Gu$ nther et al., 1999, pp. 36 and 50). To identify
mutations that had emerged since transmission, the virus sequence now
observed in each patient was compared with the probable sequence of the
‘original ’ strain of that family. This sequence is a consensus sequence of
all sequences of a family and was deduced as follows. If three sequences
were identical and one different in a specific position, the original
sequence was based on that of the three sequences and the aberrant
sequence was thus interpreted as a mutant at this position. If more than
one sequence differed from the others at a specific nucleotide position, as
was the case for three nucleotide positions in family 1 (Fam1) and for five
nucleotide positions in Fam3, deduction of the original sequence was
aided by hepatitis B e antigen (HBeAg) status and published sequence
data : the nucleotides present in HBeAg-positive carriers were used in the
deduced original sequence if present in at least 50% of published
sequences, otherwise this position in the original sequencewas considered
uncertain.

The DNA sequence from each patient was also compared with a
consensus sequence representing genotypes B (Fam2 and Fam3) or D
(Fam1), as deduced from database sequences obtained from NCBI with
the accession numbers D00329, D00330, D00331, D23678, D23679,
D50521, D50522, M54923, X97850, X97851 and X98077 (genotype B)
and J02203, L27106, M32138, U95551, X02496, Z35716, X85254 and
X80925 (genotype D).

Results
Clinical and virological data are presented in Table 1. Eight

patients (including one mother) were HBeAg-positive with
high virus loads. Seven of these had signs of only minimal or

mild liver inflammation and one had severe inflammation with
high ALT. Five patients were HBeAg-negative, with HBV
DNA levels ranging from 10%±

! to 10)±
# copies}ml. Two of

these had severe liver damage (cirrhosis) while two had
minimal liver damage.

The genetic difference between sequences within each
family ranged from 0 to 0±84% of the whole genome. All three
families clustered distinctly in phylogenetic tree analysis, as
shown in Fig. 1.

Family 1

The mother, 45 years old and HBeAg-negative, showed a
high level of virus replication and severe liver damage, and in
all 19 mutations within the virus genome. All but one of these
caused amino acid substitutions, as described in Table 3.
Mutations in the core promoter were seen at nt 1752, 1753,
1762 and 1764. A pre-core TAG stop mutation was present at
nt 1896.

All three children were HBeAg-positive with high virus
loads. Two of them had minimal inflammation, indicating
immunological hyporeactivity or tolerance, and presented 0
and 1 mutations, respectively. The youngest son (Fam1 Ch3)
was sampled 4 months after the onset of his first recognized
flare of hepatitis, represented by high ALT and histologically
chronic active hepatitis (inflammation HAI score¯ 8). His
HBV genome contained nine mutations, including a pre-core
TAG stop. Of these nine mutations, three, including the pre-
core TAG mutation, were also seen in the mother (Fam1 Mo).
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Fig. 1. Rooted phylogenetic tree based on distance matrix analysis using
the DNAdist and Neighbor programs of the PHYLIP package. The entire
HBV genome from four subjects of one family infected with genotype D
(Fam1) and nine subjects from two families infected with genotype B
strains (Fam2 and Fam3) were compared with database sequences
representing genotypes A (outgroup; L13994), B and D. Relevant
bootstrap values are shown (based on 100 replicates created by
Seqboot).

Analysis of additional serum samples drawn just before and
earlier during the flare (5 and 2±5 months before the sample that
was sequenced) showed a pre-core wild-type strain only and
mixed (50 :50) wild-type}mutant infection, respectively (not
shown), indicating that the pre-core TAG mutant had not been
transmitted from the mother but had emerged de novo in this
patient. This recent presence of a pre-core wild-type strain
probably explains why this patient was HBeAg-positive at the
time of biopsy despite the fact that only a mutant strain was
detectable by sequencing.

The deletion in the pre-S region of nt 2854–2886,
characteristic for genotype D, was present in all four cases.

Family 2

The mother (Fam2 Mo), aged 57, and all three children
were HBeAg-positive with high virus loads and all had
minimal or mild liver disease. The genomes in the mother and
one child (Fam2 Ch2) showed no mutations, one child (Fam2
Ch1) had two mutations and one child (Fam2 Ch3) had one
mutation (0–0±06%). Comparison with the genotype B con-
sensus sequence indicated 59–61 mutations in the entire

genome (about 1±8%), a significant overestimate of the
mutations that had emerged during infection.

Family 3

At the time of sampling, the mother (Fam3 Mo) was
HBeAg-negative and had severe liver damage with active
cirrhosis. Four years later, at the age of 61, she developed
hepatocellular carcinoma and died. One of the children was a
highly viraemic (HBeAg-positive), asymptomatic carrier, one
had a relatively mild HBeAg-negative hepatitis with a low
level of virus replication and two were low-viraemic, healthy
carriers.

In five positions, the virus genome from more than one
subject in family 3 had a nucleotide that diverged from the
other sequences, and therefore the original sequence was not
apparent. In these five positions, sequences from Fam3 Ch2
and Fam3 Ch3 were identical, as were sequences from Fam3
Mo, Fam3 Ch1 and Fam3 Ch4. The probable original sequence
in four of these positions was deduced from the sequence in the
HBeAg-positive carrier (Fam3 Ch2), in agreement with most
published genotype B sequences (92% agreement at nt 167,
2304 and 2525, 100% at nt 1128), and was considered
uncertain in one position (33% agreement at nt 2712).

Mutations were not detected in the HBeAg-positive subject
(Fam3 Ch2), but were detected in all four HBeAg-negative
subjects, with a total number of mutations ranging from 15 to
27, and a similar frequency in the various genomic regions
(Table 1 ; Figs 2 and 3).

The mother had five silent and 22 missense mutations,
including an AGG!TGA mutation at nt 1762–1764 and a G
!A mutation at nt 1899 in the last pre-core codon, but did
not present the pre-core TAG stop mutation (A")*'). Three
HBeAg-negative children (Fam3 Ch1, Fam3 Ch3 and Fam3
Ch4) had a stop mutation at nt 1896 (in the pre-core region),
in one child (Fam3 Ch1) as a mixture (approximately 50 :50)
with a wild-type strain.

Mutations in relation to clinical stage and disease

The distribution of mutations in the genome is indicated in
Fig. 2 and the resulting amino acid substitutions are described
in Fig. 3 and Table 3. The eight HBeAg-positive carriers, with
a mean observation period of 24±4 years, showed a mean of 1±6
mutations (0±05 %) in the whole genome, compared to a mean
of 20 mutations (0±62%) in five HBeAg-negative carriers with
a mean observation period of 27±6 years (P! 0±0001 ; Fisher’s
exact test). Silent mutations were rare and the majority (88%)
of the mutations resulted in amino acid substitutions in at least
one and in some cases (13%) in two (i.e. overlapping) ORFs.

The individual sequences were also compared with the
consensus sequences representing the corresponding geno-
types (as obtained from NCBI database sequences), giving
nucleotide differences ranging from 1±6 to 2±4%. A large
proportion of these differences, especially in HBeAg-positive
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Table 3. Amino acid substitutions deduced from sequencing of the entire viral genome from 13 HBV carriers

HAI
sum

is the sum of HAI scores for inflammation and fibrosis. , Not available.

Amino acid substitutions

Clinical stage Patient HAIsum

Pre-S
(174/163 aa*)

HBsAg
(226 aa)

X protein
(154 aa)

Pre-core
(29 aa) Core (183 aa)

Polymerase
(845/834 aa†)

Conservative
mutations (nt)

Asymptomatic or mild
inflammation, HBeAg+

Fam1 Ch1 2

Fam1 Ch2 4 I"&'!V
Fam2 Mo 

Fam2 Ch1 1 M#"$! I V"#(! I A&')!T
Fam2 Ch2 4
Fam2 Ch3 3 I$(!V
Fam3 Ch2 2

Chronic active hepatitis,
HBeAg+

Fam1 Ch3 9 T#(!K,
S#!%!R

W#)! Stop T"%(!C L"#!V, H$(!!Q,
S&%)!T, L(!*!R

1655, 1757, 2299

Active cirrhosis,
HBeAg−

Fam1 Mo 13 P"'!! L C('!Y R#'!C,
I"#(!N,
K"$!!M,
V"$"! I

W#)! Stop I)!!T,
P"$&!T,
T"%(!C,
V"%*! I

L"#!V, R#!)! S,
S#)&! P, L%#'! I,
Y&*#! F, M'%%!K,
L(!*!R

2017

Fam3 Mo 13 D&%!N,
S"!*!T

A&! S,
N%!! S,
T"#'!T}A,
A"&*!A}V

I%%! L,
H)'! P,
G)(!R,
K"$!!M,
V"$"! I

G#*!D T""%!V,
P"$&!Q

K($!N, Y"$'!H,
T"&!! I, G#$%! E,
P#&"!T, V#)*!D,
F$!(!V, R$&*! L,
N%)!!G, K'(*!N

1020, 1032, 1120,
2221, 2233

Low-active healthy
carrier, HBeAg−

Fam3 Ch1 3 Q"#"!K A&! S,
T"#'!A,
L"(&! S

V"#(!V}F W#)! Stop P"$&!Q,
Q")#!K

K"!!R, K($!N,
Y"$'!H, A$!"! E,
R$&*! L, L%$(! I,
N%)!! S, K'(*!N

1032, 2188

Fam3 Ch3  D$*!N,
L%&! F,
K"')!T

G(!R,
I""!! L

V"#(! I W#)! Stop P&!T,
Y$)!H,
L'!!V,
Q"((!K

K($!Q, K*$! E,
N"")!K, R#"*!K,
P##&! L, E$%(!D,
R$'"!K, N%'%!T,
N%)!!D, K'(*!Q

2233, 2534

Fam3 Ch4  S"(!A,
N*)! S,
I"'%!T

A&! S,
G%%!Q,
P'#! L,
Y"!!!C,
Y"'"! F,
Y#!'!C

G)(!W,
V"#(! F

W#)! Stop P"$&!Q,
S")"! P

K($!N, K*$!Q,
Y"$'!H, F"*(!C,
R$&*! L, G$*)!A,
K'(*!N

1120

* Deletion of aa 0–11 of pre-S in genotype D.
† Deletion of aa 183–193 of polymerase in genotype D.
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Fig. 2. Distribution of mutations found in the HBV genomes from 13 chronic carriers. The ORFs and some important genomic
regions are indicated. HAIsum, Sum of HAI scores for inflammation and fibrosis ; NA, not available. S-loop, predicted double
loop of HBsAg containing the ‘a ’ determinant ; En1, enhancer 1; En2, enhancer 2; CURS, core promoter upstream regulatory
sequence; BCP, basal core promoter ; RB, putative receptor binding region in pre-S part of large S protein ; ε, encapsidation
signal ; *, direct repeats 1 and 2; preC, pre-core.

Fig. 3. Amino acid substitutions in the HBV proteins predicted from sequencing of the entire viral genome from all 13 study
subjects.

carriers, appeared not to represent mutations that had emerged
in the patient during the course of infection.

The total number of mutations (n¯ 9) was higher in the
HBeAg-positive patient with chronic active hepatitis compared
with the seven HBeAg-positive carriers with mild or minimal
inflammation (0–2 mutations, mean¯ 0±63). In the five
HBeAg-negative patients, the total number of mutations was
not significantly higher in the two patients with severe liver
damage (19 and 27 mutations) compared with the three
patients with mild liver disease (15, 19 and 20 mutations).
Moreover, the distribution of mutations between the different

genomic regions and ORFs seemed not to be associated with
the degree of liver damage.

Four of the five HBeAg-negative patients had a G!A
mutation at nt 1896, creating a premature stop codon. Only
one of these, Fam1 Mo, had severe liver damage. She also had
a high level of viraemia (10)±

# copies}ml). One further HBeAg-
negative patient (Fam3 Mo) had severe liver damage, but
showed a pre-core wild-type sequence and moderate viraemia
(10&±

& copies}ml).
In the pre-S region, no mutations were found in any of the

eight HBeAg-positive carriers, while each of the five HBeAg-
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negative had at least three mutations. One patient with mild
liver damage (Fam3 Ch3) showed two mutations (D$*!N,
L%&! F) within the putative receptor-binding region (aa
21–47 ; Neurath et al., 1986).

In the S region, the four HBeAg-negative patients in family
3 showed mutations at sites linked to w}r seroreactivity
(Okamoto et al., 1986) ; in two of them within (T"#'!A), and
in two outside (I""!! L and Y"'"! F), the a-determinant loop.
Fam3 Mo showed an N! S mutation at aa 40, which was
recently reported as being frequent in patients with hepato-
cellular carcinoma and adw subtype infection (Tai et al., 1997).

In the X region, missense mutations were found at positions
previously described as mutation sites (Uchida et al., 1997),
including the K"$!!M}V"$"! I double mutation. This AGG
!TGA mutation at nt 1762–1764 in the part of the X ORF
that contains the core promoter was observed in both of the
HBeAg-negative patients with severe liver damage (active
cirrhosis) but in none of the other patients.

There was no apparent association between mutations in
the core region and clinical status. The two HBeAg-negative
patients with active cirrhosis had six and five mutations, while
the three with mild liver damage had six, four and two
mutations. A tendency towards clustering in the region from
aa 135 to 149 was seen, including four patients with mutations
at aa 135. Mutations were relatively more frequent in the
putative CTL epitope at aa 141–151 (P¯ 0±04, Fisher’s exact
test) and tended to be more frequent in the B-cell epitope at aa
120–140 (P¯ 0±06) than elsewhere in the core. T"%(!C
within the CTL epitope was seen only in the two mothers with
active cirrhosis.

Mutations were found in all parts of the pol ORF, but were
rarer carboxy-terminal of aa 490. Substitutions were seen in
three or four of five subjects in family 3 at aa 73, 136, 359, 480
and 679.

Discussion
The findings of the present study indicate that the HBV

genome is extremely stable unless exposed to host immune
responses, as exemplified by the completely conserved nucleo-
tide sequences over a 20–35 year period in HBeAg-positive
asymptomatic carriers with very high levels of virus rep-
lication. In contrast, mutations were seen in all HBeAg-
negative carriers (mean of 20 mutations, 0±62%) and were
distributed over all regions of the viral genome.

The stage-dependent mutation rate in chronic hepatitis B,
with few mutations in the HBeAg-positive tolerance phase, has
been demonstrated in several previous cross-sectional studies
(Akarca & Lok, 1995 ; Karasawa et al., 1997). Longitudinal
analyses of the entire genome are lacking, probably because
long observation periods are rare. The retrospective approach
of the present study provides observation periods equal to the
age of the offspring and should be a useful complement for
studies of long-term mutation rates in chronic hepatitis B. A

similar intrafamilial comparison of the genome has been used in
one previous study of mutations in the core region (Bozkaya et
al., 1997).

In cross-sectional studies, mutations are sometimes iden-
tified by comparing the observed sequence to database
sequences of the same genotype. The present study describes
the degree of overestimation if this method is used for
assessing mutations in individual patients. For example, in four
HBeAg-positive carriers with completely unchanged genomes
over 20–35 years, a database comparison would indicate
50–59 mutations. Still, comparison with carefully selected
reference sequences in cross-sectional studies appears to
identify the same mutation hot-spot positions as longitudinal
studies, at least in the core region, as was shown in a recent
analysis of compiled data (Gu$ nther et al., 1999). This indicates
that mutations are localized primarily to positions where they
are not harmful, not necessarily reflecting the major target
antigens or epitopes. This is supported indirectly by the recent
observation that the majority of single point mutations,
introduced randomly into the HBV genome by PCR, render
the virus replication-incompetent (Gu$ nther et al., 1998 c).

In the present study, clustering of mutations could not be
analysed adequately due to the relatively small number of
patients. However, the observation that mutations were
distributed over the entire genome without an apparent
concentration to certain regions suggests that the various
proteins may be of similar importance as immune targets. In
the second half of the Pol region, where the intergenotypic
variability is low and where the active sites for reverse
transcriptase}polymerase and RNase functions probably reside
(Radziwill et al., 1990), the mutation frequency was lower, but
this may simply reflect the fact that mutations in this region are
likely to be deleterious to the virus and this observation cannot
be interpreted as meaning that this region is less immuno-
logically important.

Analysing the pathogenic importance of individual mu-
tations was not the major topic of this work. However, the
double mutation at nt 1762–1764 (AGG!TGA) was only
seen in the two patients (Fam1 Mo and Fam3 Mo) with active
cirrhosis, in agreement with previous reports associating this
mutation with more severe liver damage (Takahashi et al.,
1995 ; Lindh et al., 1999). The emergence of this mutation may
be due to its location in the core promoter and its effects on
transcription of pre-core}core mRNA and}or virus replication
(Moriyama et al., 1996 ; Buckwold et al., 1997 ; Gu$ nther et al.,
1998b), but also to the K"$!!M and V"$"! I substitutions in
the X protein (Li et al., 1999).

Mutations were also seen in other parts of the X region at
mutation sites described previously (Uchida et al., 1997). These
included mutations at nt 1630 and 1632 in the negative
regulatory element, at nt 1655 in enhancer 2 and at nt 1752,
1753 and 1757 in the basal core promoter. More knowledge of
the function of the X protein and the regulatory sequences is
required in order to interpret these mutations.
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A TAG stop mutation at codon 28 in the pre-core region
was seen in three patients (Fam3 Ch1, Ch3 and Ch4) with low
levels of viraemia and minimal or mild inflammation and in two
patients (Fam1 Mo and Ch3) with high virus loads and severe
inflammation of the liver. This agrees with the view that the
severe liver damage seen in some patients with pre-core
mutant infection is not due to the mutation per se, but to the
high virus load that may occur despite the absence of the
general marker for active infection, HBeAg, in the serum. One
further HBeAg-negative patient (Fam3Mo) had active cirrhosis
but had a much lower level of viraemia ; she had no pre-core
mutation preventing HBeAg synthesis. In the core region, the
number of mutations did not differ between HBeAg-negative
patients with mild or severe liver disease, in agreement with
previous reports (Akarca & Lok, 1995 ; Karasawa et al., 1997).
Mutations were relatively more frequent in the putative CTL
epitope at aa 141–151 and in the B-cell epitope at aa 120–140.
Mutations at nt 135 and 147, which have also been observed
by others (Akarca & Lok, 1995 ; Carman et al., 1997), were
found in four and two patients, respectively (Table 3).
Mutations in the S region have mainly been studied previously
in the context of serotype characteristics (Okamoto et al.,
1987), vaccine escape (Carman et al., 1990) and HBsAg-
negative HBV infection (Zhang et al., 1996). In four of five
HBeAg-negative patients, we found mutations resulting in
substitutions of amino acids that are linked to w}r sero-
reactivity and genotype ; in the a-determinant loop in Fam3
Mo and Fam3 Ch1 (T"#'!A) and in flanking regions in Fam3
Ch3 (I""!! L) and Fam3 Ch4 (Y"'"! F). Furthermore, an N%!

! S mutation, which has been reported as frequent in Japanese
adw carriers with hepatocellular carcinoma (Tai et al., 1997),
was seen in one patient (Fam3 Mo) with active cirrhosis who
later developed hepatocellular carcinoma.

To our knowledge, no previous study has analysed natural
mutations longitudinally in the entire HBV genome. In a
basically cross-sectional study of six patients (including follow-
up samples from two patients after 5 months and after 3 years),
Horikita et al. (1994) found a similar number and distribution of
mutations in various parts of the genome in HBeAg-negative
patients as in the present study. In a longitudinal study of a
patient treated with interferon, Gu$ nther et al. (1998a) found a
predominance of mutations in the core region versus other
parts of the genome.

In summary, we present the retrospective analysis of the
genomic divergence of HBV within families as a feasible means
of studying mutations longitudinally in chronic hepatitis B and
demonstrate that the entire HBV genome is extremely stable in
the early high-replicative phase, when the immune response is
considered to be weak. We also describe the degree of
overestimation of mutation rates when assessed by comparison
with database sequences and show that mutations are dis-
tributed fairly evenly in all coding regions. Further longitudinal
study is needed to establish mutation rates and to identify
clustering in the various genomic regions and to analyse

whether natural and interferon-induced genetic variability
differ in this respect.
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