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It has been reported that some mutations in the genome of hepatitis B virus (HBV) may predict the outcome of
the virus infection. However, evolutionary data derived from long-term longitudinal analysis of entire HBV
genomes using next generation sequencing (NGS) remain rare. In this study, serum samples were collected from
asymptomatic hepatitis B surface antigen (HBsAg) carriers from a long-term prospective cohort. The entire HBV
genome was amplified by polymerase chain reaction (PCR) and sequenced using NGS. Twenty-eight time series
serum samples from nine subjects were successfully analysed. The Shannon entropy (Sn) ranged from 0 to 0.89,
with a median value of 0.76, and the genetic diversity (D) ranged from 0 to 0.013, with a median value of 0.004.
Intrahost HBV viral evolutionary rates ranged from 2.39E-04 to 3.11E-03. Double mutations at nt1762(A — T)
and 1764(G — A) and a stop mutation at nt1896(G — A) were seen in all sequences from subject BO129 in 2007.
However, in 2019, most sequences were wild type at these positions. Deletions between nt 2920-3040 were seen
in all sequences from subject TS115 in 2007 and 2013 but these were not present in 2004 or 2019. Some se-
quences from subject CC246 had predicted escape substitutions (T123N, G145R) in the surface protein in 2004,
2013 and 2019 but none of the sequences from 2007 had these changes. In conclusion, HBV mutations may
revert to wild type in natural infection. Clinicians should be wary of predicting long-term prognoses on the basis
of the presence of mutations.

1. Introduction

Hepatitis B virus (HBV) is the prototype virus of the family hep-
adnaviridae. It has a circular, partially double-stranded DNA genome of
about 3200 nucleotides (nt) with four open reading frames (ORFs), the
precore/core, polymerase, surface and X ORFs (Tiollais et al., 1985).
This virus is characterized by a unique replication cycle that involves a
reverse transcriptase (RT) step; the virus-encoded polymerase has RT,
DNA-dependent DNA polymerase and protein priming activities. The
polymerase lacks proofreading activity, leading to frequent genomic
mutations, with the development of quasispecies in the individual host.
Several genotypes have been recognized as a consequence of the long-

term evolution of HBV (Lin and Kao, 2015; Revill et al., 2020).

HBV genomic mutations have been found in acutely and chronically
infected patients and in all four open reading frames of the virus genome
(Caligiuri et al., 2016). The most frequently occurring natural HBV
variants are those with the precore stop and the basal core promotor
(BCP) mutations. These mutations result in a reduction or abolition of
the production of hepatitis B e antigen (HBeAg) and these mutations
might be selected by the immune response of the host (Hadziyannis and
Papatheodoridis, 2006).

According to an intergroup divergence of more than 8%, based on
complete genomes, nine genotypes (designated genotypes A to I) and
one putative genotype of HBV have been identified. The genotypes have
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distinct geographic distributions (Okamoto et al., 1988; Norder et al.,
1994; Kramvis, 2014). With between approximately 4 and 8% intra-
group nucleotide differences across the complete genome and good
bootstrap support, genotypes A-D, F and I have been further categorized
into at least 49 subgenotypes (Zhang et al., 2016; Ren et al., 2019).

Accumulating evidence shows that mutations in the HBV genome are
associated with certain disease manifestations, may affect the natural
course of the infection, and confer resistance to antiviral agents (Bau-
mert et al., 2005). HBV genotypes and variants may serve as markers to
predict disease progression, as well as help physicians optimize indi-
vidualized antiviral therapy in clinical practice (Lin and Kao, 2015).

Selection of the predominant viral strain is determined by factors
such as the host immune response, viral replication fitness and exoge-
nous pressures, such as antiviral therapy (Locarnini, 2005). Comparison
of viral evolution over various periods of observation may provide more
information to understand the accumulated sequence variations in the
viral genome and the observed mutation rate over a long period, as well
as viral pathogenesis. There have been a number of studies involving
such comparisons (Osiowy et al., 2006; Betz-Stablein et al., 2016; Mina
et al, 2017; Sakamoto et al., 2020). Currently, next generation
sequencing (NGS) is likely the best approach to understand the nature of
HBV evolution, diversity and quasispecies (Rybicka et al., 2016).
However, there are few long-term longitudinal studies that compare full-
length HBV genomes using NGS. In this study, we used NGS to determine
the molecular evolution of HBV in asymptomatic HBsAg carriers from
Guangxi, China, over a 15 year period.

2. Material and methods
2.1. Study subjects and ethic statement

Nine study subjects were selected from the Long An cohort (Fang
et al., 2008). Eligible subjects were those whose serum samples were
available at all four time points (2004, 2007, 2013 and 2019).All sub-
jects were negative for human immunodeficiency virus type 1 (HIV-1)
and hepatitis C virus (HCV) (Fang et al., 2008). None of them underwent
anti-viral therapy before or during the study.

Informed consent in writing was obtained from each study subject.
The study protocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki and has been approved by the Guangxi Institu-
tional Review Board.

2.2. Serological testing

Sera were tested for markers (HBsAg, HBeAg/anti-HBe) of HBV
infection, using enzyme immunoassays (EIA, Beijing Wantai Biopham
Company Limited, Beijing, China). Alanine aminotransferase (ALT)
levels were determined using a Reitman kit (DiaSys Diagnostic Systems
(Shanghai), Shanghai, China).

2.3. Measurement of serum viral loads

Serum HBV DNA concentrations were quantified by real time PCR
(Polymerase Chain Reaction, PCR) using commercial reagents (Sansure
Biotech Inc., Hunan, China) in an ABI Prism 7500 sequence detection
system (Applied Biosystems, Foster City, CA, California, USA), with a
dynamic range of 1 x 102-5 x 10° IU/mL.

2.4. PCR for HBV genomic DNA

HBV genomic DNA was extracted from 200 pL of serum samples
using QIAamp DNA Mini kits (QIAGEN GmbH, Hilden, Germany) and
eluted in 50 pL of distilled water. The full-length HBV genome was
amplified using PCR. The amplification protocol and primers P1 and P2
have been described previously (Giinther et al., 1995). The amplification
was performed for 40 of cycles with denaturation at 94 °C for 40s,
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annealing at 60 °C for 1.5 min, and elongation at 68 °C for 3 min, with an
increment of 2 min after each 10 cycles, in a VeritiPro Thermal Cycler
(Thermo Fisher Scientific, Waltham, MA, USA). For samples which were
not amplified using P1-P2 primers, nested PCR was carried out with 5
pLof the first round P1-P2 products in a 50 pL reaction using primers
NPF1 (nt 1829-1851, 5’-ACCTCTGCCTAATCATCTCTTGT-3') and NPR2
(nt 1822-1801, 5'- GTTGCATGGTGCTGGTGCGCAG-3') and the same
amplification protocol as the first round. Products from the second
round were confirmed by electrophoresis through 1% agarose gels.

2.5. Library preparation and next-generation sequencing

PCR products from the second round PCR were sent to Delivectory
Biosciences Inc. (Beijing, China). In brief, PCR products were purified
with Agencourt AMPure XP beads (Beckman Coulter. Beverly, Massa-
chusetts) and quantified using Qubit dsDNA HS assay kits (Invitrogen,
Carlsbad, CA, USA). Libraries of PCR products from each HBV whole
genome were prepared using the Celero EZ DNA-Seq Library Prepara-
tion Kit (Tecan Genomics, Switzerland) and the sequences determined
on a Noveseq sequencer (Illumina, San Diego, CA, USA), according to
[llumina's protocol. Finally, fluorescent signals were analysed using the
Noveseq control software and transformed to paired-end reads with
2*150 bps long sequences.

2.6. NGS data preprocessing and sample genotyping

Quality control and preprocessing of each sample's raw NGS short
reads was performed by fastp v0.20.1 (Chen et al., 2018). The adapter
sequences were removed and 15 bases of each read were trimmed from
the 5’end. Any reads with an average quality score lower than 30, or
length shorter than 50 nt, were filtered further. The remaining high
quality reads from each sample were then mapped to a common refer-
ence sequence (accession no. X02763) using bowtie2 v2.3.4.1 (Lang-
mead and Salzberg, 2012). After sorting and removing the duplications
using Samtools v1.7 (Li et al., 2009), the consensus sequence was
generated using CliqueSNV v1.5.3 (Knyazev et al., 2021). Consensus
sequences of all samples were then multi-aligned with the reference
sequences from HBVdb (Hayer et al., 2013) and three additional se-
quences, including FJ023664 of genotype I, AB486012 of genotype J,
and AM117397 from Africa chimpanzees as the outgroup. A maximum-
likelihood tree was then constructed using MEGA 7 (Kumar et al., 2016)
and each sample was genotyped accordingly.

2.7. Haplotype construction and diversity analysis

The clean NGS reads from each sample were then realigned with the
genotype specific references using bowtie2's very-sensitive-local strat-
egy (Langmead and Salzberg, 2012), and deduplicated using Sambamba
(Tarasov et al., 2016). The generated SAM files were used for haplotype
reconstruction by implicating the CliqueSNV program (v1.5.3) with
default settings (Knyazev et al., 2021). All haplotypes with a minimum
abundance of 1% were used for downstream analysis, and each was
considered as the genome sequence of a specific HBV variant. Generally,
the viral quasispecies heterogeneity was evaluated by analyzing the
genetic complexity, based on the number of different sequences present
in the population. Shannon entropy and nucleotide diversity were then
calculated, and the change over time was observed. Here Shannon en-
tropy (S) was calculated by an inhouse script using the following for-
mula: S = —p;lnp;, where p; is the frequency of each haplotype in the viral
quasispecies population. The nucleotide diversity, D, was calculated as
the mean pairwise genetic distance of the haplotypes obtained from
MEGA X v10.1.8 (Kumar et al., 2018).

2.8. Estimation of the intra-host HBV evolutionary rate

For each subject, the viral longitudinal substitution process was
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parameterised using an HKY substitution model (Hasegawa et al., 1985)
as suggested by MEGA 7 (Kumar et al., 2016), and modelled among-site
rate variation using a discretised C-distribution in the ‘unconstrained’
analyses, when estimating the intrahost viral evolutionary rates. Pos-
terior estimates under the full probabilistic model were obtained using
Markov Chain Monte Carlo sampling with a chain length of 100 million
as implemented in BEAST v2.6.3 (Bouckaert et al., 2019). Convergence
and mixing properties of the chains were inspected using Tracer v1.7.1
(Rambaut et al., 2018). Maximum clade credibility trees were summa-
rized using the TreeAnnotator tool in BEAST and visualised in FigTree v
1.4.4 (Rambaut, 2009).

2.9. Statistical analysis

The data are presented as median (range). The medians were
compared between groups using the Mann-Whitney test. The correlation
analysis was carried using the Spearman test. A logarithmic trans-
formation was applied to all viral loads prior to the analysis, to achieve
an approximately normal distribution. All P-values were two-tailed and
P < 0.05 was considered to be significant. All statistical analyses were
performed using the SPSS software (ver.16.0; Chicago, IL, USA).

3. Results
3.1. General characteristics and genotypes

Nine subjects were included in this study, five males and four fe-
males. The average age in 2004 was 40.6 + 7.2 years old. The ALT levels
of these subjects were normal (6-40 U/L). Full length HBV genomes
were successfully amplified from sera of three subjects at four sampling
times, four subjects at three sampling times and two subjects at two
sampling times.

Twenty-eight time series samples from the nine subjects were ana-
lysed successfully using NGS. On average, ~800,000 reads were main-
tained for each sample after quality filtering, corresponding to a mean
coverage of 80,000 fold at each nucleotide site (Table 1). Consensus
HBV sequences were constructed for all samples. As shown in Fig. 1, a
maximum likelihood tree of these consensus sequences indicates that the
3 samples from 1 subject are of genotype B, the 4 samples from a second
subject are of genotype I, and the remaining 21 samples from the other 7
subjects are of genotype C. Further analysis indicates that five subjects
were infected with subgenotype C2. Two, one and one subjects were
infected with subgenotypes C5, B4 and I1, respectively (Table 1 and

Table 1
Hepatitis B virus viral loads and evolutionary rates for each study subject.
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Fig. 1).

3.2. Time series quasispecies and diversity

After realignment of the sequences from the samples with genotype-
specific reference sequences, a median of 19 haplotypes with an abun-
dance greater than 1% was obtained for each sample (Table S1). To
examine the diversity of intrahost viral quasispecies, the Shannon en-
tropy (Sn) and mean pairwise genetic diversity were calculated for each
sample. The Sn ranged from 0 to 0.89, with a median value of 0.76, and
the genetic diversity, D, ranged from 0 to 0.013, with a median value of
0.004. The Sn values of most of the subjects' quasispecies increased
initially and then declined (Fig. 2a, b); this change was seen for subjects
CN149, CC246, TF006, TN122 and TS115. For these subjects, predom-
inant viral strains were observed initially, then the quasispecies
diverged and, finally, another strain became predominant. In two other
subjects, BL71 and TX271, the Sn values of the quasispecies increased
throughout the observation period, indicating expansion of the quasis-
pecies. In one subject, BO129, the Sn value decreased from 2007 to
2019, indicating centralization of the quasispecies. Statistically, the Sn
value was not associated with the viral load (P = 0.561).

The mean pairwise genetic diversity D of the subjects did not change
dramatically, except for subject BO129. Statistics results also showed
that the genetic diversity D was also not associated with viral load (P =
0.630), suggesting that the difference in the sequences of quasispecies in
each subject was not significant.

3.3. Intrahost HBV viral evolutionary rates

There are three different evolutionary patterns in this study, with one
example shown in Fig. 3a-c. In the first pattern, the most recent pre-
dominant strains had evolved from the previously predominant strains
(such as in subjects TF006 and TX271). In the second pattern, all strains
evolved and formed their own branch (subjects CC246, CN216 and
TN122). In the third, the predominant strains gradually became minor
strains while various minor strains expanded and became predominant
(subjects BL71, BO129, CN149 and TS115).

The details of each subject's intrahost viral evolutionary rates are
summarized in Table 1. The median value of the substitution rate of the
subject infected with genotype B was 5.65E-4 (95% CI: 3.84E-4-7.48E-
4) substitutions per site per year. The median value of the substitution
rate of the subject infected with genotype I was 6.74E-4 (95% CI: 4.75E-
4-8.87e-4) substitution per site per year. Four of the seven subjects

Subjects Sex Age§ HBeAg Genotypes Viral Loads Raw Reads Evolutionary rates
2004 2007 2013 2019 2004 2007 2013 2019 (Median) (95% C1,
lower- upper)
BL71 F* 40 - Cc2 79,276 1.84E+06 1.80E+03 6.98E+05 1,073,452 NA NA 414,184 7.32E-04 (4.87E-
04-9.78E-04)
BO129 F 53 - C5 3.74E+04 1.38E+05 1.35E+04 3.52E+02 NA 464,655 NA 683,387 1.70E-03 (1.39E-
03-2.06E-03)
CC246 F 37 + C2 5.50E+07 1.11E+06 9.00E+05 4.40E+05 2,080,887 1,238,051 2,541,725 680,032 2.63E-04 (1.91E-
04-3.36E-04)
CN149 M# 42 + Cc2 1.50E+07 2.11E+06 1.42E+05 5.80E+04 1,008,374 775,412 NA 743,579 6.93E-04 (5.00E-
04-8.85E-04)
CN216 M 35 - Cc2 3.21E+05 1.56E+05 2.96E+05 2.00E+01 384,610 742,832 805,748 NA 1.01E-03 (7.61E-
04-1.28E-03)
TF006 M 42 - B4 24,438 7.25E+05 6.45E+05 3.70E+05 NA 428,880 1,303,502 979,415 5.65E-04 (3.84E-
04-7.48E-04)
TN122 M 50 - Cc2 13,468 2.46E+03 1.57E+04 4.93E+04 1,958,624 377,687 859,493 349,847 3.11E-03 (2.67E-
03-3.58E-03)
TS115 F 35 - 11 92,222 4.36E+04 9.00E+04 1.53E+05 2,768,401 257,362 764,086 1,292,869  6.74E-04 (4.75E-
04-8.87E-04)
TX271 M 31 + C5 1.63E+08 3.92E+07 1.39E+08 4.86E+02 1,380,425 1,236,421 1,558,516 NA 2.39E-04 (1.23E-
04-3.60E-04)

# M: male, * F: female, § The ages are those in 2004.
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Fig. 1. Maximum-likelihood phylogeny
of the consensus sequences from the
temporal series of the nine subjects. The
yellow coloured clade contains se-
quences from seven subjects infected
with genotype C, CC246, CN149, BL71,
CN216, TN122, BO129 and TX271. The
green coloured clade contains sequences
from subject TS115, infected with ge-
notype I. The blue coloured clade con-
tains sequences from subject of TF006,
infected with genotype B. (For inter-
pretation of the references to colour in
this figure legend, the reader is referred
to the web version of this article.) (For
interpretation of the references to colour
in this figure legend, the reader is
referred to the web version of this
article.)
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Fig. 2. Shannon entropy (Sn) (a) and genetic diversity (b) of the time series quasispecies from the 9 subjects.

infected with genotype C have similar intrahost viral evolutionary rates
to those of the individuals infected with genotype B and genotype I, with
the median value ranging from 2.39E-4 to 7.32e-4 substitutions per site
per year. However, the other three subjects infected with genotype C
(BO129, CN216, TN122) exhibited much higher intrahost viral evolu-
tionary rates, with median values ranging from 1.01E-3 to 3.11E-4
substitutions per site per year. The viral loads of these three subjects
were significantly lower than those of the other subjects (Z = —3.054, P
= 0.002), suggesting that a high viral evolutionary rate is associated
with a low viral load (Table 1). The difference in viral evolutionary rate
between HBeAg positive and negative subjects is not significant (Z =
—1.807, P = 0.095), suggesting that viral evolutionary rate is not asso-
ciated with HBeAg status.

3.4. Characteristic mutations in the entire HBV genome

Mutations found in this study included point mutations and deletions
detected by the Samtools mpileup algorithm and another inhouse script.
Detailed information of variants with read depth greater than 1000 and
mutation rate higher than 1.0% were shown in Table S2. Most of the
point mutations are synonymous mutations. Four subjects had deletion
mutations in the PreS1/S2/S region. Seven subjects had double muta-
tions at nt1762 (A — T) and 1764 (G — A) in the basal core promoter at
baseline (2004). In the remaining two subjects, the double mutations
were present in 2007 and 2013. The PreC stop mutation at nt1896 (G —
A) was seen in one subjects in 2004 and in four subjects during the
follow up.

It seems that double mutations at nt1762 (A — T) and 1764 (G — A)
are not associated HBeAg status. 22.2% (2/9) samples with these double
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Fig. 3. Estimation of the hepatitis B virus intra-host evolutionary pattern and substitution rate.

mutations at baseline (2004) remain positive for HBeAg. One sample
with wild type at core promoter remains positive for HBeAg, although
the sequence evolved from wild type to double mutations. It is difficult
to determine the association between PreC stop mutation (G — A at
nt1896) and HBeAg status because four of the study subjects were
negative for HBeAg before the mutation developed (Table 2).

There were some unique mutations in the HBV genomes from all
study subjects, except for subject CN149. These mutations were located
more often in the P gene and PreC/C gene than in the PreS1/52/S gene
and X gene (Fig. 4). Some are synonymous mutations, but none were
antibody escaping or drug resistant mutations (Caligiuri 2016)
(Table 3), suggesting that these unique mutations do not have clinical
significance.

3.5. Reversion of mutations in the entire HBV genome

All haplotypes from subject BO129 in 2007 had the double mutations
at nt1762(A — T) and 1764(G — A) and the stop mutation at nt1896(G
— A), with both mutation rates greater than 99.0%. However, 43.8% (7/
16) haplotypes with a total mutation rate of 30.0% were wild type at nt
1762 and 1764 while 37.5% (6/16) with a total mutation rate of 34.9%
were wild type at nt1896 in 2019.

Subject TN122 had a deletion between nt 1-39. The rate of haplo-
types was 81.5% (22/27), 89.3% (25/28), 96.2% (25/26) and 100%
(17/17) sequences in 2004, 2007, 2013 and 2019, suggesting that the
deleted viruses were becoming predominant and replacing the wild
type. One haplotypes from subject CN216 in 2004 had a deletion be-
tween nt 43-54. However, none of the sequences had this deletion in
2007. In 2013, the subject had one sequence with a deletion between
nt48-62.

Subject CC246 had point mutations (nt522C — A and nt587 G — A)
in the S gene which are common mutations and led to antibody escape
mutations (T123N, G145R) in the surface protein. The nt 522C — A
mutation could be seen in 3.3% (1/30), 24.3% (9/37) and 28% (7/25)
haplotypes in 2004, 2013 and 2019, respectively. The nt 587 G — A
mutation was seen in 3.3% (1/30), 21.1% (8/37) and 24% (6/25) se-
quences in 2004, 2013 and 2019, respectively. However, none of 18
sequences in 2007 had either nt 522 C — A or nt 587 G — A mutations.
Clearly, this subject had mutations at the beginning and end of the study
but not in the middle of follow-up.

Subject TS115 had a deletion between nt 2920-3040 in all haplo-
types in 2007 and 2013. However, none of the haplotypes from 2004
and 2019 had this deletion. A similar phenomenon was seen in subject
CN149. One haplotypes from subject CN149 had a single mutation at
nt1764 in 2007, but none of the sequences from 2004 or 2019 had this
mutation. These two subjects had mutations in the middle of follow-up
but not at the beginning or the end.

These data suggest that the appearance of HBV genomic mutations
vary with time. Reversion of mutations in the entire HBV genome was
not rare.

4. Discussion

To our knowledge, this is the first study to analyze long-term mo-
lecular evolution of full-length HBV genomes from asymptomatic car-
riers in China, using NGS. The major findings from this study are that
HBV mutations may revert to wild type during natural infection. Both
HBV genetic complexity and diversity vary with time. The HBV evolu-
tionary rate and genetic diversity were associated with viral load but the
Shannon entropy (Sn) was not. The strength of this study is that the
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Table 2
Mutations in hepatitis B virus genome may have clinical significance.
Samples 2004 2007 2013 2019
PreS1/S2/S, nt1762,1764, HBeAg PreS1/52/S, nt1762,1764, HBeAg PreS1/52/S, nt1762,1764, HBeAg PreS1/52/S, nt1762,1764, HBeAg
nt1896 nt1896 nt1896 nt1896
BL71 1762A — T,1764G — A* - 1762A - T,1764G - A - 1762A - T,1764G — A* - 1762A — T,1764G — A -
(>99%) (>99%)
BO129 1762A — T,1764G — A* - 1762A - T,1764G — A - 1762A — T,1764G — A* - 1762A — T,1764G — A —
(>99%) (70.0%)
nt1896: G —» A (>99%) nt1896: G — A (65.1%)V
CC246 1762A — T,1764G — A + 1762A - T,1764G — A - 1762A — T,1764G — A + 1762A — T,1764G — A +
(>99%) (>99%) (>99%) (>99%)
CN149 nt 41-52 deletion (5.16%)# + 1762A - T,1764G — A + 1762A — T,1764G — A* + 1762A — T,1764G - A -
1762A — T,1764G — A (98.1%) (>99%)
(94.5%)
CN216 nt 43-54 deletion (2.46%) - nt 43-54 deletion (4.25%) - nt 40-54 deletion (3.63%) - NA -
1762A — T,1764G — A 1762A — T,1764G — A 1762A — T,1764G — A
(>99%) nt1896:G — A (>99%) (>99%)
(32.1%) nt1896: G — A (21.55%) nt1896:G — A (>99%)
TF006 WT in the three position* - 1762A - T,1764G - A — 1762A - T,1764G — A - 1762A — T,1764G - A —
(>99%) nt1896: G — A (>99%) (>99%)
(>99%) ntl896: G — A (>99%) ntl896: G — A (>99%)
TN122 nt38-54 deletion (93.1%) - nt38-54 deletion (92.4%) - nt38-54 deletion (97.6%) - nt38-54 deletion (100.0%) -
1762A — T,1764G — A 1762A — T,1764G — A 1762A — T,1764G — A 1762A — T,1764G — A
(98.5%) (96.1%) (>99%) (>99%)
TS115 1762A — T,1764G — A* - nt2907-2984 deletion - nt2919-3041 deletion - 1762A — T,1764G — A -
(100.0%) (100.0%) (>99%)
1762A — T,1764G - A 1762A — T,1764G — A nt1896: G — A (65.8%)
(>99%) (>99%)
nt1896: G - A (5.0%) ntl1896: G — A (96.8%)
TX271 WT in the three position + WT in the three position + 1762A — T,1764G — A + NA —

(>99%)

*: Data from direct sequencing, #: Mutation frequency from the NGS data. \/: Five of the 6 mutations (1896: G — A) are accompanied by core promoter double

mutations (1762A — T, 1764G — A).
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Fig. 4. Shannon entropy of hepatitis B virus intra-host viral quasispecies according to the genomic location.

study subjects were selected from a long-term prospective cohort, which
allows us to analyze HBV molecular evolution over a 15-year period. The
weakness is that the sample sizes were not sufficient for stratification
analysis, such as analysis according to genotype.

The evolutionary origins of HBV and the timescale of its spread
remain uncertain. Obtaining an accurate estimate of the rate of

nucleotide substitution is the key to addressing the issue (Zhou and
Holmes, 2007). However, the nucleotide substitution rate varies ac-
cording to the region of the HBV genome. For example, the rate of
substitution in regions of the HBV genome where ORFs overlap is 40%
lower than in non-overlap regions and there is a significant difference in
entropy between these regions (McNaughton et al., 2019). It has been
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Table 3
Unique point mutations in the hepatitis B virus genome.
Subjects BL71 BO129 CC246 CN149 CN216 TF006 TN122 TS115 TX271
Nucleotide changes (nt S gene PrS2 gene P gene 0 PrS1 gene P gene PreC/C gene S gene 348G — P gene
1-3215%) 393T->C 154C - A 959 T — 3039G - A 954A - G 1977C - A A 1117C —»
(aa"254F - S)  (aal74N — K) C P gene 1257 T - G (@a55S - N) 417T->G A
P gene P gene 1230G - C 1263G - T 2063C - A P gene 1482G —
393 T — C* 154C - A (aa711G — 2462G - C (aa84 L — 1) 348G - A T
C gene (aa355H — N) A) (aa52W — 2237A - C 417T -G X gene
2170 T - C 2429C — A 2582T - C (@) (aal41 R — 1424G - C 1482G -
2234A - C 2430A - G 3039G —» A 2467A > G S) (aa778V — L) T
2235G - A 2431A - G C gene (aa55K - R)  2239A - C X gene
(aal41R - (aa42N - G) * 1970 T - C 2730C - T (aal42E — 1424G - C
Qv C gene (aal50T — A) (aal7C — S)
2237G - C 2048C > T D
(aal42*E - Q) 2404A - C
2240A - G 2049C - A
(aal43T - V) (aa50: P — Y)
2240A - G
(aal43: T - V)
2440C —» A
2441A - G
2442A - G
(aa206 Q —
R)*

All of these mutations detected as changes from the baseline (2004) samples, except sample BL71, which was from 2019. # Nucleotide (nt) was numbered from 1 to
3215. v: aa: Amino acid.*: The position of aa was numbered according to its open reading frame. %: Synonomous mutation. \/ Two nt mutations caused one aa change.

*Three nt mutations caused one aa change.

estimated from the results of Sanger sequencing over 25 years that the
mean number of nucleotide substitutions/site/year for full-length HBV
genomes in asymptomatic HBV carriers is 7.9 x 10° (Osiowy et al.,
2006). Calculation of a three year evolutionary rate, based on NGS data
of full-length HBV genome in asymptomatic HBV carriers, also suggested
arate of 4.42 x 10° substitution/site/year (Lin and Kao, 2015). Another
10 year analysis of full-length HBV genomes in asymptomatic HBV
carriers reported a molecular evolutionary rate of 4.8 x 10~ (Gauder

10

et al.,, 2019). In this study, we found that intrahost HBV viral evolu-
tionary rates are similar to that of that last analysis. Our data are based
on long-term analysis (15 years) and NGS and, therefore, should be
reliable.

It has been reported that the nucleotide substitution rate is inversely
related to HBV DNA levels (Gauder et al., 2019). In contrast, we found in
this study that a high evolutionary rate is associated with high viral
loads. This issue needs to be addressed. It was reported that evolutionary
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rates in the HBeAg-negative phase (anti-HBe-positive) are higher than in
the HBeAg-positive phase (Hannoun et al., 2000). However, our results
do not support this conclusion. This difference may be attributable to the
small sample size.

Quasispecies complexity is a clinically relevant factor in the course
HBV infection and the response to antiviral therapy (Xue et al., 2017;
Trinks et al., 2020). Analysis of quasispecies complexity pre-treatment
may be useful for managing patients with chronic hepatitis B (Homs
etal., 2014). A high quasispecies complexity may result in a reduction of
virus infectivity or lead to virus extinction in vitro (Gonzalez-Lopez
et al., 2005). Analysis of HBV quasispecies complexity in pregnant
women with high viral loads might be helpful to identify those whose
babies may be at high risk of immunoprophylaxis failure (Xiao et al.,
2020). Clearly, quasispecies complexity is important to understand the
outcome of HBV infection (Lim et al., 2007). As an index of complexity,
the Sn value may vary with the region of genome. It has been reported
that the median based on the “a” determinant region of the surface
protein was 0.0105 at the nucleotide level (Xiao et al., 2020); while that
based on S and preC/C regions of the genome in chronic infection was
0.366 (Homs et al., 2014). The median Sn value in this study was higher.
It is possible that the estimation in that study was based on a specific
region of the genome while ours is based on the whole genome. How-
ever, this difference needs to be confirmed.

HBV replicates via an RNA intermediate, but its reverse transcriptase
lacks the ability to proofread, leading to nucleotide misincorporation
during genome replication (Simmonds and Midgley, 2005). This, in
combination with a high replication rate, under the selective pressure
from the administration of antiviral agents or an antibody response,
leads to the development and selection of many variants during infec-
tion. It has been reported that antiviral therapy may result in reversion
of precore/core promoter mutants to the wild type (Lin et al., 2004;
Suzuki, 2003). In this study, we found that all sequences from subject
BO129 in 2007 had BCP double mutations (nt1762T, 1764A) and the
stop mutation (nt1896A). However, most of the sequences in 2019 were
wild type at these positions. Another subject, TS115, had a deletion in
PreS1 region of the genome in all sequences in 2007 and 2013. However,
none of sequences from 2004 and 2019 had this deletion. These subjects
were antiviral therapy-naive, suggesting that HBV mutations may have
reverted to wild type during the natural course of infection without drug
pressure. This reversion is possible because transmitted resistant HIV-1
also may revert to wild type in the absence of drug pressure, because of
the reduced replication capacity of the resistant variants (Hofstra et al.,
2013). It is also possible that the wild type strain persists at low abun-
dance within the quasispecies when the viral populations are suppressed
by immune pressure. When this suppression factor disappears, it will
replicate more efficiently and dominate the viral quasispecies quickly.
This needs to be confirmed. In this study, we do found that some wild
type or mutated alleles were with a very low frequency usually less than
1%, which then could not be seen in the major haplotypes constructed
by CliqueSNV (Data not shown).

The reversion of HBV mutations may reduce the predictive value of
some mutations, in terms of clinical outcome, which could explain in
part why some individuals with core promoter double mutations
(nt1762T, 1764A) or PreS deletion mutations do not develop liver
cancer, despite that these mutations have been suggested to be risk
factors for liver cancer (Lin and Kao, 2015). These findings may help
clinicians in considering these mutations when determining the prog-
nosis of HBV infection.

It has been reported that that core promoter double mutations
(nt1762T, 1764A) suppress, but do not abolish, the synthesis of HBeAg
(Buckwold et al., 1996; Moriyama et al., 1996; Pang et al., 2004). In this
study, it seems that the double mutations were not associated HBeAg
status. It is also difficult in this study to determine the association be-
tween PreC stop mutation (nt1896 G — A) and HBeAg status, although
the mutation could abolish the synthesis of HBeAg (Alexopoulou and
Karayiannis, 2014). These findings may be attributed to small sample
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size.

Subject CC246 had antibody escape mutations in the S gene in 2004,
2013 and 2019. However, none of 18 sequences in 2007 had these
mutations. It is not clear whether these mutants had been lost from the
quasispecies or, perhaps, formed such a small proportion of the popu-
lation that they were not detected by the deep sequencing.

In conclusion, the HBV genome evolutionary rate is high and asso-
ciated with higher viral load. Both HBV genetic complexity and diversity
vary with time. HBV mutations may revert to wild type without external
pressure in natural infection, which possibly reduces the value of using
the mutations to predict the clinical outcome.
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