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Infection with the hepatitis B virus (HBV) leads to different
disease outcomes, which can be broadly divided into three
categories: acute mild infection, ‘fulminant’ and chronic
hepatitis (long-term persistent form of the infection). The factors
that influence the development of these different disease states
are poorly understood and may include viral polymorphisms. To
investigate this possibility, we analysed 116 published complete
HBV genomes for which we knew disease outcome and
had access to associated information on patients (age, sex
and geographic origin). Our best statistical model correctly

classified 72% of the cases and retained age and sex of the
patient, as well as 29 candidate mutations. With the exception
of one mutation in the X gene, all were located in the viral
polymerase, suggesting this gene plays a critical role in clinical
outcome. Our results highlight the importance of the genetics of
HBV strains in the evolution of the disease and demonstrate
that disease outcome can be predicted to a surprisingly large
extent with a limited number of host and viral factors.
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Introduction

Infection with the hepatitis B virus (HBV) is a global
healthcare problem with over 400 million people
chronically infected (Previsani and Lavanchy, 2002).
HBV can cause a variety of different outcomes. Some
individuals develop an ‘acute’ hepatitis that resolves, in
weeks, without secondary consequences; a small propor-
tion suffer from a very severe hepatitis (‘fulminant’
hepatitis B) that is often fatal, while other infected
individuals develop a chronic infection that causes a
slowly progressive hepatitis leading in some cases to
cirrhosis and liver cancer after many decades of
infection. The factors that determine the outcome of
infection are not yet fully understood but host and
environmental factors are known to play a major role
(Thursz, 2001). In particular, age at infection has a very
significant impact on disease outcome and children are
more likely to develop chronic infection than adults
(Edmunds et al, 1993, 1996). Host genetic factors are
important as studies in monozygotic twins show
similarity in disease outcome but factors other than the
host genotype are relevant, since some twin studies show
marked differences in the course of the disease (Lin et al,
1989; Hohler et al, 2002).

Hepatitis B is a partially double stranded DNA virus
with an unusual replication strategy involving an RNA

intermediate that is reverse transcribed to yield DNA
(Tiollais et al, 1985). This error prone replication strategy
leads to a high rate of mutation within the virus, such
that the virus constantly evolves both within an
individual and a population (Ganem, 1996; Hannoun
et al, 2000). Studies of the sequence of HBV in different
populations have led to the classification of the virus into
a number of different genotypes (labelled alphabetically
A–H) (Kramvis and Kew, 2005) and some genotypes may
be associated with different disease outcomes and
different therapeutic responses (Mayerat et al, 1999;
Kao et al, 2000; Hou et al, 2002; Kao, 2002; Kidd-
Ljunggren et al, 2002; Fung and Lok, 2004; Jazayeri
et al, 2004; Schaefer, 2005). Within individuals who are
chronically infected with the virus there is evidence of
on-going mutation, with substitution rates as high as
4.2� 10�5 nucleotide substitutions per site per year
(Fares and Holmes, 2002). Some of these mutations give
rise to phenotypic changes – for example, the loss of
hepatitis B e antigen (HBeAg) is often associated with a
single point mutation in the pre-core region of the viral
genome (G1896A) (Carman et al, 1989) – but the
significance of the other changes during the course of
an infection is unknown. It is, however, clear that the
substitution rates within an individual vary and indivi-
duals with asymptomatic disease have very low rates of
mutation (McIntosh et al, 1998), perhaps suggesting that
the host immune response, which may be responsible for
disease activity, leads to selection of preferred mutations
(Lin et al, 2001, Preikschat et al, 1999). Taken together,
these studies indicate that the outcome of infection with
the hepatitis B virus is determined by complex interac-
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tions involving the age at infection, the viral and host
genotype and the effects of the host response on viral
replication (Torre and Naoumov, 1998; Gunther, 2000;
Bartholomeusz and Locarnini, 2001; Kao et al, 2002;
Kramvis and Kew, 2005).

Studies of the effects of viral mutations on disease
phenotype are complex and are particularly difficult in
chronic infections, in which multiple factors contribute to
disease outcome – and where the virus mutates during
an infection such that the current viral sequence may
differ from the inoculating strain. To begin to address
some of the many factors that determine the outcome of
HBV infection, we have analysed the effects of multiple
variables in patients with acute, chronic and fulminant
HBV infection. Using published HBV sequences, we
applied a methodology that we developed earlier to
quantify the relative contribution of host factors and
individual viral mutations on disease outcome (Szmar-
agd et al, 2006). Our results confirm previous associations
between disease outcome and age and sex and, addi-
tionally, identify 29 candidate mutations within the HBV
genome. A third of these mutations have been previously
described and, intriguingly, all except one are found in
the polymerase gene. This result may indicate that HBV
outcome is linked to viral reproduction as well as the
host’s immune response.

Methods

The most straightforward approach to modelling clinical
outcomes of an infection is to take advantage of the
powerful and flexible statistical Generalised Linear
Model (GLM) framework (Venables and Ripley, 1999).
We consider three main outcomes acute, ‘fulminant’ and
chronic hepatitis and model them with a multinomial
distribution. The aim of the method is to identify the
candidate viral mutations involved in the outcome of an
infection. In order to decrease the number of parameters
that have to be fitted, and therefore increase the statistical
power of the analysis, we consider well-supported
phylogenetic clades as explanatory variables (Szmaragd
et al, 2006). We define each phylogenetic clade supported
by a bootstrap value above 70% as a binary predictor
coded for each sequence as ‘1’ for belonging to the clade
and ‘0’ not belonging to it. Additional information on the
host, age, sex and ethnic origin are also included in the
model. We then reduce the statistical model to include
only the factors that are informative at explaining clinical
outcome. For all phylogenetic clades retained as pre-
dictors of clinical outcome, we identify the candidate
genetic polymorphisms that support those clades (ie
polymorphisms with a consistency index 475%).

Sequence alignments and phylogenetic analyses
We used the 116 complete sequences of human HBV
available from Genbank in March 2005 for which we
could obtain information on the outcome of the infection,
as well as age, sex and geographic origin of the patient
(Supplementary Table S1). Amino–acid sequences were
aligned using MEGA3 (Kumar et al, 2004), considering
each gene separately to respect the reading frames. The
parameter values for the alignments were identical to the
one used by Szmaragd et al (2006). In addition to all
possible amino-acids, we considered stop codons and
gaps as phylogenetically informative states. The phylo-

genies were constructed separately for each gene using
PAUP* (Swofford, 2002) with maximum parsimony
criterion and assessed by 2000 bootstrap replicates. The
consensus trees based on a 50% majority-rules were
drawn and annotated with TreeDyn (Chevenet, 2006).
The phylogenetics algorithms – heuristic search with 10
replicates of random-sequence-addition for each tree-
bisection-reconnections – are identical to the ones
described in Szmaragd et al (2006). We used maximum
parsimony as this is the only phylogenetic method that
allows for direct characterisation of the association
between individual mutations and clades within a tree.
In order to assess the robustness of our phylogenetic
reconstructions, we also analysed the same data set with
neighbour joining with an underlying JTT matrix, and
gamma rate variation among sites. Both methods
recovered the same clades with an essentially identical
general topology (results not shown).

HBV is composed of four overlapping reading frames
(ORFs) commonly named polymerase, precore/core (pc/
core), envelope (preS1/S2/S genes) and the X gene. As
each of those genes might influence the outcome of the
infection, we tested whether their phylogenetic informa-
tion content was consistent, using an Incongruence
Length Difference (ILD) Test (Cunningham, 1997) in
PAUP*. The four genes were shown to be incongruent
(Po0.0001), implying that a separate phylogeny has to be
constructed for each individual gene. It has been recently
proposed that recombination might be extensive in the
HBV virus (Simmonds and Midgley, 2005), and there is
no reason to believe that all recombination breakpoints
should lie at the boundaries between genes. However,
recombination is expected to be a major issue when
estimating underlying parameters such as divergence
times. In this work, our application of phylogenetics is
far less ambitious as we only aim at defining related
clusters of strains. In such a context, recombination is not
expected to be a major problem. Similarly, we did not
split genes into parts overlapping with other ORFs
versus nonoverlapping regions. Indeed, we previously
modelled genetic diversity, substitution rate and other
parameters such as codon bias for the entire HBV
genome. While one would expect sites in overlapping
regions to be more constrained, whether a site was
situated within overlapping ORFs seems to have very
little effect. Somewhat unexpectedly, there was even a
tendency for overlapping sites to be characterised by a
slightly higher substitution rates (Szmaragd and Balloux
unpublished).

Statistical analyses
We fitted multinomial generalised linear models using
the package nnet (Venables and Ripley, 1999) within the R
environment (v2.1.0, R core development Team, 2004).
The clinical outcome of the infection was classified into
three categories: ‘fulminant’, chronic and acute hepatitis.
In multinomial models, one category is arbitrarily chosen
as a reference for the estimation of the coefficients of the
others. We always considered acute as the baseline
category, since acute hepatitis is the milder outcome of
the infection. The host-related factors considered were
age at sampling, sex and geographic origin (which was
divided into Asia, Caucasian, Americas). Asia was
chosen as a reference level for the geography variable,
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as it was the group with most individuals. We only
considered the interaction between age and sex, as the
data set was too small to investigate possible interactions
involving geography.

In a first step, we built a minimal model of clinical
outcome solely based on host-related factors (age, sex
and geographic origin of the infected patient). We then
considered the influence of the phylogenetic clades for
each gene separately. We included all clades with a
bootstrap support of at least 70%. Finally, a genome-wide
consensus model was built. In this model, we started by
including age, sex, geography and the age-sex interac-
tion, and then added all clades found to be significant in
the individual gene models, rather than inferring a
phylogenetic tree for the full-genome).

Optimal models for all GLMs, defined by the lowest
Akaike Information Criterion (AIC), were selected using
a backward stepwise approach, starting with a fully
saturated model and sequentially dropping factors that
were not informative at explaining clinical outcome. To
assess the predictive power of the optimal GLM models,
we performed a ‘remove one’ cross-validation procedure
based on a resampling method. Each observation is
removed in turn, and the parameters of the minimal
model are reset using the remaining observations. These
new parameters are then used to predict the outcome for
removed observations. This provides us with the number
of cases correctly predicted by the model within each
category. We express the proportion of correctly pre-
dicted cases by a particular model as an average over the
three classes. The proportion of well-predicted cases
(Pcorr) is given as:

Pcorr ¼ 1=3
n0

A

nA

� �
þ 1=3

n0
C

nC

� �
þ 1=3

n0
F

nF

� �

where nA, nC and nF represent the total number of
observations within the three categories acute, chronic
and fulminant and nA

0 , nC
0 and nF

0 the number of correctly

predicted cases by the cross validation process for each
category. This weighting was chosen to compensate for
the difference in size of the three outcome categories. The
same weight is, therefore, attributed to each outcome.

Results

Host factors
The best model including only host factors retained age
and geography. Sex did not have a significant effect on
the outcome. The absence of a difference between males
and females in terms of infection outcome can also be
confirmed with a simple w2 test that ignores other factors
(P¼ 0.56). This host-related factor-only model correctly
predicts 41.9% of the cases (Figure 1a; Table 1). The
model cannot predict any acute case; instead, almost all
acute cases are predicted as chronic (13 chronic and one
fulminant). In terms of statistical significance, this model
outperforms a null model (clinical outcome B1) with a
P-value of 5.62� 10�6. Adding a factor for the genotype
classification (A–H) into this model increased the
predictive power to 47%.

Individual genes
In a second step, models were fitted for each of the four
genes individually (Table 1). Gene-specific phylogenetic
trees are given in Figure 2. Age was retained as a key
factor in all four models. Interestingly, patient ethnicity
(geography), which was associated to clinical outcome in
the model based on host-related factors-only, was not
informative in any of the four models including viral
genetic information. Thus, the viral phylogenetic classi-
fication captures more information on geographic varia-
tion in clinical outcome than the patient’s ethnic
classification itself. Sex and the interaction between sex
and age were also retained in all models except for pc/
core, for which only age was retained. All models
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Figure 1 Plots of predicted versus observed number of cases of disease outcomes for the different models. The number of observed cases is
given by the height of the columns; the number of predicted cases by the color. The predicted numbers of cases were obtained through
a cross-validation procedure as described in the material and methods. (a) Host-factors-only model, (b) polymerase, (c) preS1/S2/S gene,
(d) pc/core gene, (e) X gene and (f) complete genome model.
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performed better than the host-related factor-only model.
The gain was most significant for the polymerase gene.
Out of the 30 clades with bootstrap support over 70%, 13
were statistically associated with clinical outcome.
Including those, 13 classes allows us to predict 70% of
the outcomes correctly (Figure 1b; Table 1). The second
best model involves the X gene. Using the four clades
retained by the model allows us to predict 55.8%
(Figure 1e; Table 1). Accounting for information from

the preS1/S2/S or pc/core regions leads only to marginal
gains in predictability of disease outcome, as both
models correctly classify o50% cases (Figure 1c and d;
Table 1). The poor performance of the preS1/S2/S model is
surprising as this region has been associated with a
functional protein that may modify the cellular response
(Kekule et al, 1990). This result cannot be explained by a
poor resolution of the phylogeny for this gene, since the
phylogenetic tree harbours 21 clades with high bootstrap

Table 1 Summary of the statistical models

Model Number of clades
retained/total number of

clades with bootstrap
value470%

Number of
parsimony-
informative

sites

Number of
candidates

AIC P-value Percentage of
well-predicted

cases

Host factors (age+geography) NA NA NA 158.9 5.62� 10�6 41.9
Host factors (age+sex +age:sex)+polymerase 13/30 280 33 97.9 9.54� 10�17 70.4
host factors (age+sex +age:sex)+preS1/S2/S 7/21 152 18 127.5 1.57� 10�11 48.2
Host factors (age)+pc/core 2/8 53 1 148.5 4.87� 10�8 47.8
Host factors (age+sex +age:sex)+X 4/9 55 2 137.9 1.04� 10�9 55.8
Host factors (age+sex +age:sex)+Full genome 13/26 540 29 94.6 2.50� 10�17 72.0

The first column describes the model under consideration. The second column provides the number of clades retained in the model,
expressed as a fraction of the total number of clades. The third column gives the number of parsimonious sites (i.e. sites at which there are at
least two different kinds of amino acids, with the rarest found in at least two sequences) in the corresponding portion of the genome. The
fourth column gives the number of polymorphisms identified as associated to clinical outcome. The last three columns summarise the
goodness of fit of the models: the AIC value, the P-value, and the percentage of correctly predicted cases through the cross-validation
procedure.

Figure 2 Phylogenetic trees for the four open reading frames of hepatitis B. Terminal branches of the trees are drawn in different colors
depending on clinical outcome (blue: chronic; green: acute and red: ‘fulminant’. Red circles and squares highlight clades with bootstrap
support above 70 and 90% respectively. The genotypes are indicated by symbols at the tip of each branch in the tree, genotype A is
represented by �, genotype B by ’, genotype C by J, genotype D by & and genotype G by .

HBV mutations and clinical outcome
C Szmaragd et al

392

Heredity



Table 2 List of candidate polymorphisms identified by the four gene specific models

ORF Polymorphisms Mutations or functions previously described References

X XR78C HBx 78–103 interaction with C/EBP alpha in
enhancer II pregenomic promoter

Choi et al (1999)

XN88V, XF88 M, XV88Sa (CI¼ 0.889) XI88Fb Gunther et al (1998)

Precore/ core Core E46D Core E46Qc The core region 28–47 is a HLA
class II restricted epitope

Ferrari et al (1991);
Dumpis et al (2001)

preS1/S2/S PreS1 D27G Immunogenetic epitope 27–35 and
1–47 important for infection

Kuroki et al (1990);
Gripon et al (2005)

PreS1 H48N,s1N48Ia

PreS1 A62S
PreS1 L74I L74Id Immunogenetic epitope 72–78 Kuroki et al (1990);

Gunther et al (1998)
PreS1 P89S T-cell epitope Pres1 81–95 Ferrari et al (1992)
PreS2 T6S
PreS2 A19G Immunodominant epitope 14–20 Meisel et al (1994)
PreS2 Q36P Pres2 L36Pa Gunther et al (1998)
S S53L
S Q56P
S I57T S T57Ie Weinberger et al (2000)
S S59N

S C64S
S C85F S F85Y/Cd Gunther et al (1998)
S T118M/Va S T118A/Vb,f,g Carman (1997);

Gunther et al (1998);
Torresi (2002)

S T125M S M125T Gunther et al (1998)
Weinberger et al (2000)

S A128V S A128V Gunther et al (1998)
S I226M S I226M Koseki et al (1999)

Pol tpE41D
tpN44G
tpV121L
tpT146A T144A (Xcorresponds to 146 in our alignment)h Hasegawa et al (1994)
tpK155E
tpT164S
spP/Q22Q/S (P/Q201Q/S)a (CI¼ 0.75) PreS1 V18 and P19 part of signal for

ER retention 6–19
Kuroki et al (1990)

spL28S (L207S) PreS1 N56/Q57 in S promoter NF1binding
site in S promoter

spT51Q (T230Q)a (CI¼ 0.833) S229Ghpres1V48/K49 Hasegawa et al (1994)
spP/Q60S/P (P/Q239S/P)a (CI¼ 0.75) Shaul et al (1986)
spS65I (S244I) R242K Gerner et al (1999)
spW75R (W254R) T254Nd Gunther et al (1998)
spT77A,spP77T/S (T256A,P256T/S)a

(CI¼ 0.857)
N256Hd Gerner et al (1999)

spV78F (V257F) V/F257R/Ld Gunther et al (1998);
Gerner et al (1999)

spT88I (T267I) (CI¼ 0.800)
spA92T (A271T)

spL111H (L290H) (CI¼ 0.833) preS1 P107/I108 in S promoter SP1-binding site Raney et al (1992)
spI112L/V (I291L/V)a (CI¼ 0.857) V291 Dc/Lh preS1 I108/S109 S promoter

SP1 binding site
Hasegawa et al (1994);
Hannoun et al (2000)

spS139N (S318N)
spN153S (N332S) L330Hd Gunther et al (1998)
spH164L (H343L)
spL169I (L348I) (CI¼ 0.75) PreS2 S46/A47Part of T ranslocation motif

41–52 involved in cell permeability
Oess and Hildt (2000)

rtA21S (A369S)
rtQ139P (Q478P)
rtQ215H/P (Q563H/P)a rtQ215Sg Bartholomeusz et al (2004)
rtL235V (L583V) rtL235I (D Domain), L581Vh Chayama et al (1998);

Koseki et al (1999)
rtL271Q (L619Q) (CI¼ 0.818) I617Rd Gerner et al (1999)
rtV291S (V639S)
rtQ316S (Q664S) Q662Sh Koseki et al (1999)
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support (Figure 2b), seven of them being retained by the
model.

Candidate mutations
An exhaustive list of all mutations that were found to be
statistically associated to disease outcome is provided in
Table 2. Interestingly, none of the mutations retained by
our models included insertions or deletions (indels).
Most candidate mutations are found in the polymerase, for
which 33 candidate polymorphisms have been retained
on a total of 280 possible parsimony informative sites (ie
sites at which there are at least two different amino-acids,
with the rarest found at least in two distinct sequences)
(11.8%). Among those candidates, 13 have been pre-
viously described, mainly in drug-resistance studies
(Hasegawa et al, 1994; Gunther et al, 1998; Gerner et al,
1999; Koseki et al, 1999; Hannoun et al, 2000). As a result
of the overlapping reading-frames, 15 of the 33 candidate
mutations in polymerase also correspond to changes in
other genes: one within the X gene; 13 within the preS1/
S2/S ORF (6 of them already described in the literature);
and one within the pc/core ORF.

In all 18 candidate mutations were retained in the
preS1/S2/S model out of a total of 152 parsimony
informative sites (11.8%). Among these candidates, 10
have been previously described as epitopes (Kuroki et al,
1990; Meisel et al, 1994; Gripon et al, 2005) or as
characteristic of chronic or fulminant hepatitis (Gunther
et al, 1998; Koseki et al, 1999; Weinberger et al, 2000;
Torresi, 2002). Only a single candidate mutation was
found in the pc/core gene out of 53 parsimony informative
sites. This single pc/core candidate has been previously
described as affecting the translation of the HBe antigen
in chronic hepatitis (Dumpis et al, 2001). For the X gene,
two candidates were retained out of a total of 55 sites
(3.6%). One of those corresponds to three different
substitutions occurring at the same amino acid. Muta-
tions at this position have been previously linked to
a-interferon therapy success (Gunther et al, 1998).

Complete genome
For the genome-wide model, we started with the 26
clades from all four genes and the host factors (age, sex
the interaction between age and sex, and geographic
origin). Dropping terms successively allowed us to

identify a subset of clades that are key predictors of
clinical outcome. The main characteristics of this model
are presented in the last row of Table 1. The best genome-
wide model retained all three host factors (age, sex and
their interaction) and 12 clades from the polymerase and
one from the X gene. The model is highly significant
(P¼ 2.5� 10�17) and underlines the importance of the
polymerase gene, which contributes nearly exclusively to
the model. This model correctly predicts 72% of the
outcomes, a marginally better figure than the polymerase-
based model. Adding to the model a factor representing
the classification into genotypes (A–H) does not increase
the predictive power of the model. The polymorphisms
corresponding to the complete genome model are
indicated in bold in Table 2. The clades retained are
characterised by 29 candidate polymorphisms (one
amino acid in the X gene and 28 in the polymerase gene),
corresponding to 5.3% of a total 540 parsimonious sites.
All these 28 polymerase mutations were already present in
the polymerase-based model. Nine of these mutations
have been previously described in the literature (Table 2).

Discussion

In this paper, we aimed at characterising both host
demographic factors and HBV candidate mutations
associated to disease outcome. Our best models were
remarkably successful at predicting outcome, with over
70% of cases assigned correctly. We noted that age and
sex are involved in the outcome of HBV infection, and we
identified 29 candidate mutations in the HBV genome
associated to a particular clinical outcome. All those
mutations but one were found in the polymerase gene.
Only a third of these mutations have been previously
reported. The results presented here are a direct
extension of the work presented in Szmaragd et al
(2006), where we did apply the same methodology to
sequences of the polymerase gene of 65 HBV strains. Here,
we nearly doubled the number of strains and extend the
analysis to the entire genome. The increased sample size
allows us to characterise a larger number of candidate
mutations and also provides far better support to the
statistical models.

It is well established that infection in childhood
predisposes to chronic infection (Edmunds et al, 1993,
1996; Sohn et al, 2005). However, in our study, age was

Table 2 Continued

ORF Polymorphisms Mutations or functions previously described References

rhL30S (L722S) (CI¼ 0.778)
rhS69A (S761A)
rhT119S (T811S) HLA class 1 epitope 803-811 Rehermann et al (1995)
rhS131F (S823F)

Mutations that are included in two ORF and that were retained by both gene specific models are underlined. Mutations that were retained in
the complete genome model are given in bold. The following abbreviations are used: tp¼ terminal protein domain; sp¼ spacer; rt¼ reverse
transcriptase; rh¼RNase H.
aMutations appearing in more than one clade.
ba-interferon-treated patient.
cMutations found in HbeAg – (Hepatitis B e Antigen negative) chronic active hepatitis patients.
dTreatment-related mutations.
eMutations in chronic carriers HBsAg – (Hepatitis B s Antigen negative).
fLamivudine mutant.
gAdefovir mutant.
hMutations found in patients with fulminant hepatitis.
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positively related to chronicity. This apparent contra-
diction stems from us considering the age of the patients
at which sampling took place and not the age at which
infection occurred (which is often unknown for chronic
patients). There is no such problem for the association
between age and the risk of ‘fulminant’ hepatitis B, as
this form of severe, often fatal hepatitis, develops within
a few weeks of infection. Our analysis indicates that the
relative risk of a fulminant infection decreases with age.
This is contrary to the situation with other hepatotropic
viruses, such as hepatitis A, where the risk of fulminant
hepatitis increases with age (Howard, 2002). These data
are compatible with current models suggesting that
hepatitis A is directly cytopathic (Cromeans et al, 1989)
and the severity of the infection may be reduced by a
vigorous host immune response whereas hepatitis B is
believed to be non-cytopathic and liver damage is caused
by immune-mediated cytopathic effects (Bartholomeusz
and Locarnini, 2001). Our model also predicts that male
patients are at higher risk of developing a chronic
infection than females, whereas the opposite tendency
is observed for the risk of fulminant outcomes. However,
those trends are not independent of age as documented
by the significant interaction between age and sex.

Whenever we included information on viral genetics,
the ethnicity of the patient disappeared from the models.
While this does not necessarily imply that geographic
variation in the host (both genetic and cultural) is
irrelevant to clinical outcome, it does suggest that genetic
variation in HBV genotypes is far more important than
the rough classification, we have considered for human
hosts. HBV is itself geographically highly clustered with
specific strains (genotypes) being characterised by
localised geographic distributions (Kidd-Ljunggren
et al, 2002; Kramvis and Kew, 2005). Thus, there is a
level of redundancy in the information provided by
spatial structuring of host and pathogen variation. In the
future, a finer grain classification of host’s genetic
variability (Manica et al, 2005) would provide a fairer
test to what extent the genetic makeup of human
populations plays a role in determining clinical outcome.
We also observe that adding a factor for the HBV
genotype classification (A–H) to the model does not lead
to any improvement. This suggests that the 29 candidate
mutations we detect capture the effect of HBV genetics
on disease outcome. The publicly available data we use
is obviously not a random sample. Severe cases are likely
to be highly overrepresented. This should not be a
problem, as we do not make inferences on probabilities
of specific disease outcome, but on factors that do
correlate with them.

A striking feature of the full genome model is that it
almost exclusively retained clades from the polymerase
(with the exception of only one X gene clade). While this
does not imply that mutations in preS1/S2/S and pc/core
have no influence on the clinical outcome, their
contribution is weak compared to polymerase gene. This
conclusion is supported by the relatively poor predictive
power of the models specifically considering the preS1/
S2/S and pc/core genes. Our methodology might have
marginally more power at detecting candidate mutations
in longer genes, as its power is expected to increase for
well-resolved phylogenies. The polymerase is indeed
longer than the other three genes considered as it
encompasses two thirds of the HBV genome. However,

this source of bias should be minimal for the preS1/S2/S
gene, which is characterised by a well-resolved phylo-
geny including 21 clades with a bootstrap support over
70%. One possible explanation for the increase in
‘outcome associated’ polymorphisms within the polymer-
ase gene is that patients with chronic HBV receiving
therapy were more likely to be sequenced than those
who were not receiving treatment and that such patients
are more likely to contain mutations within the poly-
merase, perhaps selected as conferring a survival advan-
tage in the presence of a therapeutic agent. Such a bias in
subject selection may have led to a high frequency of
patients on therapy (ie those with chronic infection)
being entered onto the publicly available databases. We
believe that this explanation is unlikely as studies of
drug resistance almost invariably focus exclusively on
the enzymatic regions within the polymerase gene and we
included only cases where sequence data for the entire
virus was available. Database annotations indicated that
only 10 patients were receiving therapy at the time of
sequencing. Besides, the majority of mutations within the
polymerase gene were not present in enzymatically active
domains that have been implicated in resistance to
antiviral agents. Thus, we believe that nonrandom
selection of patients receiving therapy cannot explain
our findings, although we cannot exclude the possibility
that drug induced mutations made a minor contribution
to our findings.

The polymerase plays a key role in the biological cycle
of the virus, as it is responsible for the replication process
(Tiollais et al, 1985). Thus, any mutation within this ORF
can have a direct effect on replication efficiency, impact-
ing the fitness of the virus (Torresi, 2002). Such a direct
effect on virus replication capacity might be invoked for
several of the candidate mutations we characterize in the
HBV polymerase. However, nearly half of the polymerase
mutations are located in the spacer domain, a region that
is not generally believed to be important in virus
replication. This observation could be due to three
nonexclusive factors. Firstly, those mutations might be
false positives, ‘hitch hiking’ in association with genuine
mutations that affect disease outcome. Secondly, they
might reflect important mutations in the envelope
(Torresi et al, 2002) as the spacer domain overlaps the
envelope genes and also key promoter regions. In all, 13
of the mutations within the spacer correspond to
nonsynonymous changes within the preS1/S2/S ORF,
but only three of those were retained by the preS1/S2/S
model. A number of the mutations in the spacer, while
they do not directly affect the ORF of the envelope genes,
may affect the promoters and therefore the levels of the
gene products. The balance between the three viral
proteins is very important for viral secretion and has
been shown to be affected by mutations in the promoters
(Xu and Yen, 1996). Functional analysis will be required
to determine whether some of the mutations described
here affect the promoter activity and virion secretion.
Thirdly, the spacer domain might simply be more
important for polymerase efficacy than generally accepted.

Previous studies on the mutations within HBV that
modify disease outcome have noted the strong correla-
tion between mutations in the precore region of HBV (in
particular G1896A) and the presence of HBeAg negative
disease (Carman et al, 1997; Blackberg and Kidd-
Ljunggren, 2000). In our study, we focused on the
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differences between acute, chronic and ‘fulminant’
infection and we found no association with mutations
known to modify HBeAg formation and any of these
disease states. This suggests that the presence or absence
of HBeAg may not impact upon the initial outcome of
exposure to HBV although it is clear from previous
studies that it does have a major impact on the further
development of chronic infection (Lindh et al, 1996;
Tsubota et al, 1998; Hou et al, 2002). The fact that we did
not detect G1896A as a candidate mutation should not be
interpreted as a failure of our methodology. Indeed a
simple w2 test on the frequency of A and G at position
1896 in the 116 genomes we analysed shows no
significant association with disease outcome.

Understanding the factors influencing the clinical
outcome of infectious diseases is crucial for early
diagnosis and optimised treatment. Despite widespread
recognition of the importance of the genetic composition
of infecting strains and host factors such as age or sex,
most efforts so far have focused narrowly on character-
ising disease and susceptibility genes in humans. We feel
there is great need to develop methodologies that take
into account both factors from the host and the pathogen.
Our results suggest that the genetic composition of the
infecting HBV strains is a major determinant of clinical
outcome. We could further characterise a list of 29
mutations statistically associated to disease outcome, all
but one in the polymerase gene. Many of these candidate
mutations seem unexpected given our current knowl-
edge of the molecular genetics of HBV. Thus, it remains
to be seen whether functional analyses will confirm their
role in modifying the course of infection.
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