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Abstract 

 

For phylogenetic comparison of hepatitis B virus (HBV) isolates, often a region of the HBV 

surface gene is analysed. Because the HBV surface gene completely overlaps the HBV 

polymerase gene, its evolution is constrained and it may not be the best choice for genetic 

comparison of HBV isolates. Analysing serial sample pairs of 33 chronically HBV infected, 

untreated patients, with a cumulative follow-up of 184 years, the synonymous and 

nonsynonymous substitution rates of a part of the overlapping HBV surface and polymerase 

gene were compared to those of a nonoverlapping part of the HBV core gene. The substitution 

rate of the HBV core gene was higher (8.15 x 10
-4

 versus 4.57 x 10
-4

 substitutions/site/year) 

than that of the surface gene. The difference was mainly due to a significantly lower 

synonymous substitution rate in the surface gene, with dN/dS ratios of 0.412 in the core gene 

and 0.986 in the surface gene. Contrary to the core gene, the number of substitutions in the 

surface gene was higher in low viraemic hosts, who control HBV infection by suppressing 

replication. The number of substitutions in the core gene correlated more strongly with the 

duration of follow-up. The overlapping HBV surface and polymerase gene experience strong 

negative selection, which limits the number of substitutions. Because the HBV core gene 

reflects the duration of infection more accurately, it is more suitable for the analysis of short 

term viral evolution and of hepatitis B transmission chains. 

  




Introduction 

 

Hepatitis B virus (HBV) infection is an important cause of liver disease world wide. HBV is a 

small enveloped DNA virus belonging to the Hepadnaviridae group. It replicates through an 

intermediate RNA genome that is reversely transcribed into a partially double-stranded 

circular DNA genome. The HBV encoded polymerase is error prone, enabling the virus to 

quickly evolve under selection pressure such as the adaptive immune response and antiviral 

therapy. HBV features a relatively small genome of 3.2 kb with four overlapping open 

reading frames. Because of this overlap, evolution of a viral protein is constrained by the 

protein encoded by the overlapping reading frame
1,2

. The HBV nucleotide substitution rate 

has been estimated to be between 1.5 x 10
-5

 and 1.9 x 10
-4

 substitutions per site per year
3,4,5

, 

which is higher than the substitution rate of other DNA viruses, but not as high as that of 

retroviruses
6
.  

Previously, the nucleotide substitution rate of the HBV surface gene has been determined in 

chronically infected persons in the Netherlands, at 5.1 x 10
-4

 substitutions per site per year on 

average
7
. The HBV surface gene fully overlaps with the polymerase gene. In contrast, the 

HBV core gene has only a limited overlap with other HBV genes and therefore the 

substitution rate in the core gene is expected to be higher. Indeed it was recently shown in 

acutely infected patients that the diversity in the core gene was significantly higher than in the 

surface gene, enabling improved tracing of HBV transmission chains
8
. In the present study we 

determined the substitution rate of a non-overlapping part of the HBV core gene, in serial 

samples of a cohort of 33 untreated patients spanning 184 years of cumulative follow-up, and 

compared it to the substitution rate of a part of the overlapping HBV surface and polymerase 

genes.  

 

 

Materials and methods 

Patients and samples 

Thirty-three sample pairs (serum or plasma) were retrieved from hepatitis B patients, not 

receiving antiviral medication, in the Academic Medical Center in Amsterdam. The 

characteristics of the 33 patients are shown in Table 1. The samples were drawn between 
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January 1st 1990 and January 1st 2006. The cumulative time as covered by the 33 sample 

pairs was 67031 days (184 years).  The patients included in this study were previously 

described
7
. In the previous study, the HBV surface gene was analysed in paired samples of 40 

patients. The present study is limited to 33 of the 40 patients, because despite repeated 

attempts, in 7 sample pairs the quality of the obtained HBV core sequence was poor. The 7 

excluded persons were HBeAg negative patients with low viral loads. Fifteen HBeAg 

negative patients with low viral loads remained available for analysis. The average HBV 

DNA load in the 33 sample pairs is slightly higher as compared to the original 40 sample 

pairs, but this difference is not significant. No significant differences in gender, age, ALT, 

HBeAg status and follow-up time were found between the 33 patients in the present study and 

the 40 patients in the original cohort.  

Fifteen persons tested negative for HBV e-antigen at the start and end of follow-up, with 

average HBV DNA loads of 3.4 x 10
5
 cps mL

-1
 in the first and 1.8 x 10

5
 cps mL

-1
 in the last 

sample, see Table 2. Thirteen persons tested positive for the e-antigen, with an average HBV 

DNA load in the first and last sample of 5.3 x 10
8
 and 2.2 x 10

8
 cps mL

-1
. Two persons 

experienced conversion from e-antigen positivity to negativity during follow-up, with average 

viral loads decreasing from 1.7 x 10
9
 to 1.1 x 10

5
 cps mL

-1
. In 3 patients the e-antigen 

serostatus was not available (average HBV DNA load in first and last sample: 7.4 x 10
6
 and 

7.1 x 10
5
 cps mL

-1
). 

 

Hepatitis B virus DNA load 

To determine the levels of HBV DNA two commercially available quantitative HBV DNA 

assays were used: the bDNA assay (Bayer Healthcare, Tarrytown, NY, USA) and the Cobas 

Monitor assay (Roche Molecular Systems, Pleasanton, CA, USA). Historical HBV DNA test 

results of > 1x10
8
 cps mL

-1
 arbitrarily were assigned an HBV DNA load of 1x10

9
 cps mL-1. 

If no historical HBV DNA load was available, it was determined for this study using the 

Versant HBV bDNA 3.0 assay (Bayer Healthcare, Tarrytown, NY, USA). HBV DNA levels 

expressed in IU mL-1 were converted to cps mL
-1

 assuming that 1 IU equals 5.6 copies of 

HBV DNA. 

 

DNA amplification and sequence analysis 

We amplified the last part of the X gene and the first part of the core gene, referred to as the 

“core fragment” in this paper. The polymerase overlapping surface gene fragment, consisting 

of a part of the pre-S2 gene and the major part of the S-gene of each HBV isolate, was 

amplified by a nested PCR approach, as described before
7
. Viral nucleic acids were extracted 

from 200 l serum using the MagnaPure purification technique (Roche). The isolated 

RNA/DNA was recovered in 50 l elution buffer. A PCR-reaction (50 l) contained 5 l of 

the isolated DNA-solution, 2.5 mM MgCl2, 0.2 M of forward primer, 0.2 M of reverse 

primer, 0.2 mM of each dNTP, and 5 units AmpliTaq polymerase (Applied Biosystems) in a 




final concentration of 1 x AmpliTaq buffer. For the surface gene fragment we used the 

forward primer HBC2 (CTG.CTG.GTG.GCT.CCA.GTT.C; EcoRI nucleotide position 57 in 

HBV genome) and reverse primer S3 (TTG.GTA.ACA.GCG.GTA.TAA.AGG; EcoRI 

position 807); for the core fragment we used primers CF1 (EcoR1 position 1653; 

CATAAGAGGACTCTTGGA) and CR1 (EcoR1 position 2378; 

AGGCGAGGGAGTTCTTCT). Amplification was carried out by cycling through 

temperature levels of A: 94
o
 C (1 min), B: 94

o
 C (15 sec), C: 55

o
 C (15 sec), D: 68

o
 C (1 min), 

and E: 68
o
 C (1 min). Levels B through D were carried out 35 times before proceeding to 

level E. In the nested PCR we used 5 l of the product of the first PCR and primers OS1/2 

(GCT.GGT.GGC.TCC.AGT.TCM.GGA.ACA; EcoRI position 59) and OAS3 

(TGG.TAA.CAG.CGG.TAT.AAA.GGG.ACT; EcoRI position 806) to amplify the surface 

gene fragment, and the primers CF2 (EcoR1 position 1655; TAAGAGGACTCTTGGACT) 

and CR2 (EcoR1 position 2376; GCGAGGGAGTTCTTCTTC) to amplify the core fragment. 

All other conditions in the nested PCR were identical to the first PCR, except that levels B 

through D were carried out only 25 times before proceeding to level E. PCR amplicons were 

purified (Qiaprep spincolumn). The nucleotide sequence was determined on both strands 

using the 3.1 version of the Big Dye terminator chemistry and the nested PCR primers. 

Sequences were analysed on a 3700 DNA analyser (Applied Biosystems). A consensus 

sequence for each DNA fragment was generated on basis of the plus and minus strand 

sequence using DNAstar software (SeqMan version 3.61 and MegAlign version 3.17).  Due to 

poor quality of some core fragment sequences, the core gene sequences were cropped to 

nucleotides 1770 to 2265. Within this sequence, the core and X genes overlap between 

nucleotides 1814 to 1839. Therefore these nucleotides were excluded from the analysis, 

resulting in a total nonoverlapping sequence length of 468 bp per patient for the core 

fragment. For ambivalent nucleotides, the nucleotide with strongest signal was considered the 

nucleotide present at this position. Patient 6 had an insertion at HBV EcoRI position 1872 

(TTCAAGCCTCTCAAGCTGTGC) at both time points. Patient 8 had an insertion at HBV 

EcoRI position 1901 (CTTTGGGGCAATGGACATTGA) at both time points. These bases 

were excluded from analysis. In patient 24 a deletion occurred at EcoR1 position 2124 

(CCATTCTCTGCTGGGGG-AATTAATGACTCTAG). 

For GenBank accession numbers of the overlapping HBV surface gene nucleotide sequences, 

see ref
7
. The HBV core gene sequences are available via GenBank accession numbers 

HQ875063-HQ875128. 

 

Statistics 

To test for correlation between the HBV DNA level in plasma or serum and the number and 

rate of nucleotide substitutions; and between the length of follow-up and the number of 

nucleotide substitutions, we applied linear regression analysis. To compare the substitution 

rates of different genes between patients we used the Student’s t-test. Calculations were 

performed using GraphPad Prism version 4.00 (GraphPad Software, San Diego California 
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USA). To estimate the selection pressure on the HBV core and surface gene we calculated the 

dS/dN ratio in the samples using the HIV SNAP tool of the HIV sequence database
9
. 

We considered that in our patients the last sample of each sample pair more accurately reflects 

the final balance between the patient’s immunological defense and HBVs pursuit of 

persistence by adaptation. Therefore in our statistical analysis ‘the level of viremia' refers to 

the HBV DNA level in the last sample of each sample pair. In this report we consistently use 

‘substitution rate’ for the number of nucleotide changes per site per time unit, because 

‘mutation rate’ officially refers to the number of nucleotide changes per site per replication 

cycle. 

  

Results 

Comparison of the nucleotide substitution rate in HBV genes 

The nucleotide substitution rate of a 468 bp nonoverlapping part of the HBV genome, mostly 

belonging to the core gene, was compared to the nucleotide substitution rate of a 656 bp part 

of the overlapping surface/polymerase gene, by analysing follow-up samples of 33 chronic 

hepatitis B patients, infected with HBV genotype A, B, C, D or E. In the HBV core fragment, 

a total of 70 substitutions occurred (see Table 2), of which 40 were nonsynonymous. Thirteen 

of the 33 sequence pairs did not contain any substitution, whereas a maximum of 11 

substitutions was observed in one sample pair. Considering a cumulative follow-up time of 

184 years, the average core nucleotide substitution rate was 8.15 x 10
-4

 substitutions/site/year 

with an average dN/dS ratio of 0.412, see Table 3. 

 

 

Figure 1. The number of substitutions in 

the hepatitis B virus core and 

surface/polymerase gene fragment, of 33 

chronically HBV infected patients, and the 

duration of follow-up. Correlation between 

the number of substitutions and follow-up 

duration was determined by linear 

regression. 

 

 

In the 656 bp part of the surface gene a total of 55 nucleotide substitutions were observed, of 

which 42 were nonsynonymous for the surface reading frame. Fifteen of the 33 sequence pairs 

did not contain substitutions in the surface fragment and a maximum of 7 nucleotide 

substitutions was observed in one sample pair. Considering the follow-up time of 184 years, 

the average substitution rate in the surface/polymerase gene was 4.57 x 10
-4

 




substitutions/site/year). We found an average dN/dS ratio for the surface gene fragment of 

0.986. 

As the part of the surface gene we studied fully overlaps with the polymerase reading frame, 

we could determine substitutions in this reading frame. As the fragment was cropped by two 

bases, it contained not 55 but 53 substitutions, of which 24 were nonsynonymous for this 

reading frame. The dN/dS ratio for the polymerase gene fragment was 0.262. 

 

Next we analysed whether the substitution rates in the core and surface gene were correlated 

with the duration of follow-up, viral load, level of ALT, HBeAg status or HBV genotype 

(Table 2). As in the previous study
7
, a correlation was observed between the duration of 

follow-up and the number of substitutions in the surface gene (Fig. 1). This association 

between duration of follow-up and the number of substitutions was also observed for the core 
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gene, for which it was stronger (slope = 0.325 for core versus slope = 0.212 for surface), and 

less variable (r
2
=0.19 for core versus r

2
=0.14 for surface).  

 

A strong inverse correlation was found between the viral load and the nucleotide substitution 

rate of the surface gene (slope -1.5 x 10
-4

 ± 5 x 10
-5

, r
2
=0.22, p=0.006), but not of the core 

gene (slope -3.4 x 10
-5

 ± 1.1 x 10
-4

, r
2
=0.0034, p=0.747) (Fig. 2). A negative HBeAg status 

was also significantly associated with a higher substitution rate (one-tailed T test, p=0.0034 

for the core gene and p=0.0004 for the surface gene)(Table 2), confirming a previous report
10

. 

Surprisingly, whereas the nucleotide substitution rate in the core gene was not significantly 

higher in patients with liver inflammation (ALT >50 U L
-1

 in the last sample), the substitution 

rate of the surface gene was significantly higher in patients without liver inflammation (ALT 

<50 U L
-1

 in the last sample)(two-tailed T-test p=0.0492). No significant correlation between 

the substitution rate and HBV genotype was found.  

 

Figure 2. The substitution rate in the 

hepatitis B virus core and 

surface/polymerase gene fragment, of 

33 chronically HBV infected patients, 

and the HBV load in the last sample of 

each patient. Correlation between the 

substitution rate and the viral load was 

determined by linear regression. 

 

 

Synonymous and nonsynonymous substitutions in HBV genes 

To determine the selection pressure on the different genes, we compared the total, 

synonymous and nonsynonymous substitution rates of the core, surface and polymerase genes 

of different patients. The synonymous substitution rates (dS) of the core- and polymerase 

gene were significantly higher than the dS of the surface gene (one-tailed paired T-tests, p= 

0.04 and p=0.0387, respectively) (Fig. 3a). The nonsynonymous substitution rate (dN) of the 

polymerase gene was significantly lower than those of the core- and surface genes (one-tailed 




paired T test, p=0.033 and p=0.019, respectively) (Fig. 3a). This is reflected by the dN/dS 

ratios of the different genes, which is the lowest for the polymerase gene, and highest for the 

surface gene. 

Higher levels of HBV viremia reflect less effective immune control of infection and less 

selective pressure on the virus. We investigated the relation between the dS and dN, and the 

levels of HBV DNA. An inverse correlation between viral load, and the dN of the surface 

gene (p=0.024), and the dS of the surface- and polymerase genes (p=0.0034 and p=0.016 

respectively) was observed (Fig. 3b). As expected, also when considered separately the dN 

and dS of the core gene did not show correlation with viral load (Fig. 3b). 
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2
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2
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(8.15 x 10
-4

 substitutions/site/year) was higher than in the surface/polymerase fragment (4.57 

x 10
-4

 substitutions/site/year). These findings are in line with previous studies demonstrating 

that the genetic diversity in a cross-sectional set of samples is larger in the core region than in 

the surface gene region
8,11

.  

The HBeAg status of chronic HBV patients has been associated with severity of infection. 

Clearance of the e antigen is associated with a decrease of several logs in viral load and 

improved clinical prognosis
10

, indicating increased control of viral replication by the immune 

system. We showed that a negative HBeAg status is associated with a higher substitution rate 

in both the surface/polymerase and the core regions. This suggests that the speed of HBV 

evolution is influenced by the immune response of the host. 

 The inverse correlation between the substitution rate of the HBV surface gene and the 

viral load may reflect a relatively high immune pressure on the surface gene, as it is targeted 

by the adaptive immune system. We observed a dN/dS ratio of approximately 1 for the HBV 

surface gene, which was the highest of the HBV genes investigated in this study. Although a  

dN/dS ratio of 1 in it self does not point towards positive selection, it should be kept in mind 

that the dN/dS ratio, which was developed for assessing selection in divergent species, may be 

<1 despite strong positive selection within single populations, especially for micro-

organisms
12

. Therefore, the profound increase in the non-synonymous substitution rate at low 

viral load is indicative of positive selection on the surface gene. 

In contrast, the dN/dS ratio of the overlapping polymerase gene suggests negative selection on 

this open reading frame. The dN/dS ratio of the HBV core gene is indicative of strong 

negative selection which is in agreement with a previous report
4
. The observation that the 

substitution rate in the HBV core gene is not associated with the level of HBV viremia 

suggests that HBV core is not profoundly targeted by the immune system. HBV core-specific 

CD8+ T-cell responses are associated with viral control and clearance, hence patients capable 

of such responses might be underrepresented in this study population
13

.  

 To study transmission and evolution of HBV, phylogenetic trees are often constructed 

using HBV surface gene sequences. The reliability of these trees, especially when used for 

evolutionary research, depends on the assumed presence of a constant increase in variation 

per replication cycle. As the number of replication cycles during HBV infection is unknown, 

the duration of the infection is considered to be a good surrogate. We showed that the number 

of substitutions in the surface gene correlates with both the duration of follow-up and the level 

of HBV viremia. In contrast, the number of substitutions in the HBV core gene correlates only 

with the duration of follow-up, and therefore seems a more reliable predictor for the duration 

of infection, making it more suitable for phylogenetic comparison of HBV isolates.  
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