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Abstract

Background. Although HBV infection is a serious health issue worldwide,

the landscape of HBV genome dynamics in the host has not yet been

clarified. This study aimed to determine the continuous genome sequence of

each HBV clone using a single-molecule real-time sequencing platform, and

clarify the dynamics of structural abnormalities during persistent HBV

infection without antiviral therapy.

Patients and Methods. Twenty-five serum specimens were collected from

10 untreated HBV-infected patients. Continuous whole-genome sequencing

of each clone was performed using a PacBio Sequel sequencer; the rela-

tionship between genomic variations and clinical information was analyzed.

The diversity and phylogeny of the viral clones with structural variations were

also analyzed.

Results. The whole-genome sequences of 797,352 HBV clones were

determined. The deletion was the most common structural abnormality and

concentrated in the preS/S and C regions. Hepatitis B e antibody (anti-HBe)-

negative samples or samples with high alanine aminotransferase levels have

significantly diverse deletions than anti-HBe-positive samples or samples

with low alanine aminotransferase levels. Phylogenetic analysis demon-

strated that various defective and full-length clones evolve independently

and form diverse viral populations.

Conclusions. Single-molecule real-time long-read sequencing revealed the

dynamics of genomic quasispecies during the natural course of chronic HBV

Abbreviations: ALT, alanine aminotransferase; CCS, circular consensus sequence; FL, full-length, NGS, next-generation sequencing; RT, reverse transcriptase; SV,
structural variation; SMRT, single-molecule real-time; SNV, single nucleotide variant; TP, terminal protein.
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infections. Defective viral clones are prone to emerge under the condition of

active hepatitis, and several types of defective variants can evolve

independently of the viral clones with the full-length genome.

INTRODUCTION

HBV is a partially double-stranded anthropotropic DNA
virus belonging to the Orthohepadnavirus genus of the
Hepadnaviridae family in the Riboviria realm.[1] HBV
has an ~3.2 kb-long open, circular genome containing
4 overlapping open reading frames. It has a unique life
history, with persistently present covalently closed
circular DNA as the genetic template, for sustained
viral replication through reverse transcription of pre-
genomic RNA in host cells.[2,3] As with other viruses in
Hepadnaviridae, HBV causes hepatotropic infections
in its natural hosts.[4] According to the World Health
Organization, ~296 million people were positive for
HBV in 2019. HBV is a major cause of severe health
problems such as acute hepatitis, chronic hepatitis,
liver cirrhosis, and HCC.[5]

Paleovirological studies have revealed the evolutionary
history of Hepadnaviridae in an estimated >80 million
years since the emergence of their ancestor.[6] Gilbert and
Feschotte[7] identified a dozen endogenous duck HBV-like
sequences in the zebra finch genome using a BLAST-
based genomic analysis. Presence/absence analyses
performed by Suh et al[9] revealed that the long-term
substitution rate of Hepadnaviridae between theMesozoic
and Miocene periods was in the order of 10–8 per site per
year, which is ~10–3 times slower than the short-time
substitution rate of human HBV in several decades.[8] Suh
et al[9] also reported that the amino-acid sequences of
extant Hepadnaviridae genomes are highly conserved in
several regions, such as the reverse transcriptase, S, C,
terminal protein (TP), and ribonuclease H (RNaseH)
regions, at a rate of 12.2%–27.1%, as compared with
the hypothetical ancestral sequence in the Mesozoic era.

In terms of genomic size, previous studies using
conventional methods such as Southern blot, PCR-
based electrophoresis, and direct sequencing have
revealed the presence of both interspecific and
intraspecific variation among Hepadnaviridae viruses.
For example, duck HBV has a smaller genome
(with a total length of 3021–3027 bases), whereas
the woodchuck hepatitis virus has a larger genome
(3308–3320 bases) than the human HBV (3182–3284
bases).[6] Conventional studies have also revealed
genomic size variants described as defective HBV
particles derived from spliced pregenomic RNA, even
in a single patient with chronic HBV infection.[10–14]

Recently, Suzuki et al[15] used short-read ultra-deep
next-generation sequencing to report that a 27-base-

long deletion in the preS2 gene was associated with
the higher serological activity of HBV and advanced
liver fibrosis. Betz-Stablein et al[16] used single-
molecule real-time (SMRT) sequencing to detect
various spliced variants of HBV with 1 kb or larger
deletions, in a case of chronic HBV infection in a
patient who underwent liver transplantation and
> 10 years of antiviral treatment. However, the evolu-
tionary dynamics of genomic structural variant-based
haplotypes, including defective HBV genomes in each
case of chronic HBV infection in natural, treatment-
free internal environments, and the relationship
between those haplotypes and intraspecific variants
of human HBV are still unclear. To clarify the
dynamics of HBV genomic quasispecies, we per-
formed SMRT sequencing-based analyses of the
HBV genome derived from cases of chronic infection
without any treatment.

PATIENTS AND METHODS

Patients and sample collection

HBV-seropositive patients who received clinical obser-
vation at Kyoto University Hospital and Osaka Red
Cross Hospital between April 2001 and March 2020
were enrolled in this study. The inclusion criteria were:
consistently seropositive for HBsAg serum HBV-DNA
titer higher than 4.23 LogIU/mL (105 copies/mL) for at
least 2 time-points; free from antiviral medications or
interferon treatment. The exclusion criteria were:
under 20 years old; coinfection with HCV, HIV, or
human T-lymphotropic virus; uncontrolled malignan-
cies; liver comorbidities such as alcohol-associated
liver disease, nonalcoholic steatohepatitis, autoim-
mune hepatitis, primary biliary cholangitis, primary
sclerosing cholangitis, immunoglobulin G4-related
sclerosing cholangitis, or Wilson disease. Two to 5
serum samples were sequentially collected during the
observation period. All samples were surpluses of sera
drawn for clinical purposes. The collected samples
were stored at −80°C.

This study conformed to the provisions of the
Declaration of Helsinki. The study protocol (R2594)
was approved by the ethics committee of Kyoto
University and the clinical samples were obtained with
written informed consent or based on an opt-out method
of consent from all participants.
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Single-molecule real-time sequencing

Viral DNA was extracted from the sera and the almost
full-length viral genomic DNA was amplified from it using
PCR. Long-read sequencing spanning 3000 contiguous
bases of HBV-DNA was performed using the SMRTseq
platform with PacBio Sequel, following the protocol from
Pacific Biosciences (Menlo Park). To improve the
accuracy of the sequenced reads, circular consensus
sequence 2 (CCS2) reads were generated; of these, ≥5-
pass CCS2 reads confirmed to have quite low error rates
were used for genetic analysis.[17,18] Single nucleotide
variants (SNVs) and structural variations (SVs) were
detected at the single-clone resolution, and these genetic
data were phylogenetically analyzed. The details are
described in the “supplementary methods” section.

Conventional short-read next-generation
sequencing

Ultra-deep sequencing with multiplexed tags was
performed using an Ion Proton Sequencer (Thermo
Fisher Scientific). The details are described in the
“supplementary methods” section.

Statistical analyses

Statistical analyses were performed using R v4.0.1 (The
R Foundation for Statistical Computing). Categorical
values were analyzed using Fisher exact test,
whereas continuous values were analyzed using the
Mann-Whitney U test. Differences were considered
statistically significant at p < 0.05.

Sequence data availability

The sequencing results of this study were submitted to
the DNA Data Bank of Japan Sequence Read Archive
(https://www.ddbj.nig.ac.jp/dra/index-e.html) under
accession number DRA014988.

PCR and library preparation, long-read sequencing
and the generation of CCS, short-read ultra-deep
sequencing, detection of genomic SVs, validation of
representative SVs, and phylogenetic analysis are
described in the “supplementary materials and methods”.

RESULTS

Sequential sera sample collection from
chronic hepatitis B patients

We collected 25 serum samples from 10 cases, 5 male
patients and 5 female patients with a median age of

39 years (range = 19–84 years), at the first time-point
of the observation period. Five cases had genotype B,
whereas the others had genotype C. The other clinical
characteristics are detailed in Supplementary Table 1
(http://links.lww.com/HC9/A107). None of the patients
were administered any anti-HBV agents, including
interferon and nucleotide analogs. Mean observational
period in the current study was 4.1 years (range =
2.0–9.3 years).

The patients were classified into 3 clinical groups
based on their immunologic status. The first group
consisted of 3 patients (cases #01, #02, and #03) who
were consistently positive for HBeAg and negative for
hepatitis B e antibody (anti-HBe) during the observation
period. Serum alanine aminotransferase (ALT) levels (IU/
mL) were within normal ranges. The HBV-DNA levels
(logIU/mL) in the serum samples from cases #01 and #03
persisted at high levels, whereas those in serum samples
from case #02 changed dynamically throughout the
observation period (Figure 1A). The second group
included 4 cases (cases #04, #05, #06, and #07), in
which the positivity of HBeAg and anti-HBe changed
during the observation period. This group showed
dynamic chronological changes in the serum HBV-DNA
and ALT levels. Cases #05 and #06 demonstrated a
severe immunologic response against the viruses. In each
case, anti-HBe seemed during the clinical course, and
cases #06 and #07 achieved seroconversion (Figure 1B).
The last group included the remaining 3 cases (cases
#08, #09, and #10) that were negative for HBeAg and
positive for anti-HBe throughout the clinical course. Serum
ALT levels were consistently suppressed during the
observation period (Figure 1C). Serum samples were
sequentially collected at 2–5 time points from each patient
and subjected to sequencing analysis.

Nearly full-length determination of
continuous HBV genome at viral clone
resolution

We performed SMRT sequencing of each sample to
examine variations in the viral genome sequence.
Figure 2 depicts the workflow for the sequencing
analysis. The HBV-DNA extracted from sequentially
collected serum samples was amplified and processed
for SMRT sequencing using the PacBio Sequel platform.
CCS2 reads were computationally generated, and ≥5-
pass CCS2 reads were selected to exclude low-quality
sequence reads from further analysis.

To determine the accuracy of ≥ 5-pass CCS2 reads
from HBV clones, we first examined the sequencing
error rate of CCS2 reads derived from HBV-containing
plasmids, which are generally regarded as monoclo-
nal. In the duplicate experiments, we confirmed
extremely low error rates of ≥ 5-pass CCS2 reads
derived from HBV-containing plasmids; 0.00% for SVs
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(Supplementary Table 2, http://links.lww.com/HC9/
A107). Based on these data, we applied well-qualified
> 5-pass CCS2 reads from clinical HBV samples for
further analysis.

In total, we determined 797,352 ≥ 5-pass CCS2
reads derived from the HBV genome from 25 samples
(median 31,894 reads per sample) (Supplementary
Table 3, http://links.lww.com/HC9/A107). Almost all

A

B

C

F IGURE 1 Clinical courses and sample collection. The clinical courses of all cases included in this study are shown. (A) Cases negative for
anti-HBe throughout the observational period (cases #01–#03). (B) Cases that experienced seroconversion; anti-HBe was negative at the first
time-point and then became positive at least one time-point during the observational period (cases #04–#07). (C) Cases positive for anti-HBe
throughout the observational period (cases #08–#10). The x-axis represents the months after the first visit to the hospital in each case. The left-
side y-axis represents the HBV-DNA level (LogIU/mL), whereas the right-side y-axis represents the serum ALT level (IU/mL). The red and blue
broken lines represent the HBV-DNA and ALT levels in the graphs, respectively. The orange and green marks at the bottom of each graph
represent a sample being positive for HBeAg and anti-HBe, respectively. The black arrows represent the time points, at which the serum samples
were collected. Abbreviation: ALT indicates alanine aminotransferase.
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reads had sequence lengths of 3168 bp, suggesting
that near full-length contiguous HBV genome sequen-
ces from each HBV clone that simultaneously infected
the host were determined using the SMRT sequencing.
From all serum samples (25 out of 25), we successfully
achieved near full-length continuous determination of
HBV genome sequences of more than 9000 independ-
ent HBV clones per serum sample, which form viral
quasispecies in each host.

Deletion is the predominant type of
structural variation

Figure 3 shows the entire genomemapping of SMRTCCS2
reads obtained from each serum sample of the
representative case (case #04). In contrast to short-read
sequencing, the sequence depth showed a uniform
distribution, because the CCS2 reads were contiguous
whole-genome sequences of HBV clones. However, the
sequence depth of specific genomic regions is shallow if
there exists a subclonal population of HBV with genomic
deletion, the so-called defective clone, among the HBV
quasispecies. Undulation of the sequence depth of

conventional next-generation sequencing hinders the
detection of these deletions, whereas the plateaued depth
of SMRT sequencing reveals the crevasses corresponding
to the deletions and their frequencies (Figure 3).

Using long-read sequencing-specific bioinformatics
tools for genome mapping and SV detection, we
detected a total of 1736 SVs among all ≥ 5-pass
CCS2 reads from the 25 samples (Supplementary
Table 4, http://links.lww.com/HC9/A107). We found that
431 SVs were with a variant frequency of >0.1%
among all sequence reads in each sample; of these,
407 SVs (94.4%) were deletions, 22/431 SVs (5.1%)
were insertions, and the remaining 2 SVs were
duplications (Figure 4A and Supplementary Table 5,
http://links.lww.com/HC9/A107). Most serum samples
contained viral clones with SVs of various lengths.

We focused on HBV clones, in which SVs were
detected at a high frequency. Among these SVs, in total
17 and in actual 13 loci of deletions were detected with a
frequency of ≥10% (Figure 4B and Supplementary
Table 6, http://links.lww.com/HC9/A107). Two large dele-
tions with a length >1 kb affecting multiple genes of the
HBV genome were detected (Δδ and Δζ), one of which
has been identified as the SP1 spliced variant in previous

F IGURE 2 Workflow of the PacBio sequencing analysis. This flow demonstrates the protocol for the experiments. Multiple serum samples
were chronologically collected throughout the observational period of more than 2 years. Nearly the whole-genome region of HBV was amplified,
ligated with hairpin adapters for PacBio sequencing, and subjected to SMRT CCS2 with the PacBio Sequel sequencer. High-quality contiguous
sequence reads (≥5-pass CCS2 reads) were generated, and bioinformatic analyses were conducted. CCS2 reads mapping was carried out using
the NGMLR algorithm, for the detection of structural variants with Sniffles software. The phylogenetic trees were constructed based on the CCS2
reads sorted according to haplotypes using MEGA X software. Abbreviation: CCS indicates circular consensus sequence; SMRT, single-molecule
real-time.
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reports (Δζ).[11,13,14,16,19–26] The remaining 11 deletions
were shorter than 200 bases, affecting 1 or 2 genes. Five
deletions affected preS1/spacer (Δη, Δη′, Δθ, Δι, and Δκ),
whereas 2 each affected preS2/spacer (Δα and Δβ), X
gene (Δγ and Δγ′), and C gene (Δε and Δε′). The
prevalence of in-frame deletions was significantly higher in
these major deletions than in SVs with frequencies <10%
(Supplementary Table 7, http://links.lww.com/HC9/A107).

To validate the deletions detected using PacBio
sequencing, we conducted short-read high-throughput
sequencing and agarose gel electrophoresis for the
representative deletions. As shown in Figure 4C and
Supplementary Figure 1 (http://links.lww.com/HC9/A102),
short-read fragments with specific breakpoints were mapped
to the case-specific reference genome sequence, thereby
confirming the existence of HBV-DNAwith specific deletions.
In addition, we validated 2 representative deletions (Δζ and
Δι) using breakpoint-specific PCR conducted on samples
03-2 and 04-3, respectively (Figure 4D).

Anti-HBV immunologic status correlated
with the frequency of structural variations
and precore hotspot mutations

We examined the association between the number of
SVs and hepatitis activity (Supplementary Table 8, http://

links.lww.com/HC9/A107). Interestingly, the total num-
bers of SVs/deletions were significantly larger in anti-
HBe-negative and HBeAg-positive samples, respectively
(Figure. 5A, B). Furthermore, there were more SVs/
deletions in the sera with higher ALT levels than in those
with lower ALT levels (Figure 5C). In contrast, there was
no significant difference between high and low HBV-DNA
titers (Supplementary Figure 2A, http://links.lww.com/
HC9/A103). Region-associated analyses of deletions
revealed that the preS1, S, C, TP, spacer, and reverse
transcriptase regions had higher numbers of deletions in
anti-HBe-negative samples than in anti-HBe-positive
samples (Figure 5D).

As mutations in the precore or core promoter region
are known to be associated with HBeAg seroconversion,
we examined the correlation between the allele frequen-
cy of hotspot mutations in precore or core promoter and
HBeAg status. As reported, the G1896A mutation in
the precore region and T1762A mutation in the core
promoter region were more frequently identified in
HBeAg-negative samples than in HBeAg-positive sam-
ples; however, the precore G1899A and core promoter
A1764G mutations were not associated with HBeAg
status (Figure 5E). In addition, the G1896A mutation
allele frequency and the HBeAg titer showed a significant
inverse correlation (Supplementary Figure 2B, http://
links.lww.com/HC9/A103).

A

B

F IGURE 3 Mapping images of the entire HBV genome sequence, with genetic deletions determined using SMRT sequencing. Schematic
images of the genetic regions of the reference sequence of the incomplete double-strand DNA of HBV are shown at the top of this panel. (A)
Comparison of the mapped reads of conventional NGS (gray) and SMRT sequencing (green) of sample 04-1. (B) The magnified image of the
mapped reads is surrounded by a dotted line. A scheme of g.2150_2305del (Δε) is shown. Abbreviation: NGS indicates next-generation
sequencing; RT, reverse transcriptase; SMRT, single-molecule real-time; TP, terminal protein.
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In contrast, genome deletion in the precore region
was not detected in any of the samples, but the
deletion in the C region was frequently found in
anti-HBe-negative samples in the current study
(Figure 5D). In case #04, a focal deletion in the C
region was identified in most viral clones at time-points
1 and 2, whereas the number of these defective clones

decreased at time-point 3 (Figure 6A). However,
HBeAg was consistently positive in all samples.

These data suggest that viral clones with SVs/
deletions are likely to seem under the condition of
active hepatitis; however, focal genome deletion,
which specifically affects seroconversion, was not
identified.

A

B

C D

F IGURE 4 Characteristics of SVs. (A) Overview of SVs with frequencies >0.001. A pie chart showing the sorting of the SVs. Identical SVs
detected in 2 or more samples were counted individually. The waterfall plot represents the distribution of the SV sizes. Positive and negative
numbers indicate insertions and deletions, respectively. Red and blue bars represent frameshift and in-frame SVs, respectively. (B) Deletions with
frequencies > 0.1 mapped on the HBV genome are shown. Samples, where each deletion was detected with a frequency > 0.1, are described on
the right of the deletion name. Red bars show the affected area of each deletion. The numbers at both ends of the bars signify the nucleotide
positions of the breakpoints. (C) A scheme of breakpoint-specific fragments generated using Ion Proton sequencing. The gray bar at the top of the
scheme represents the case-specific reference of case #06 with g.2449_488del (Δζ). The vertical bar at the middle of the scheme represents
the sequence depth at each position. The vertical bars represent a position containing SNVs with T (red) and A (green). The horizontal bars at the
bottom represent mapped reads with Δζ detected in sample 06-3. (D) Images of agarose gel electrophoresis of 2 deletion-specific amplicons
derived from deletion positive (+) and negative (−) samples. Left: Δζ. Right: Δι. Abbreviation: RT indicates reverse transcriptase; SV, structural
variation; SNV, single nucleotide variant; TP, terminal protein.
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Chronological dynamics of defective HBV
clones

To clarify whether the defective HBV clones survived for
a long time and whether they had any significance in the
clinical course, we compared the entire genome
sequences of all HBV clones detected at all time points.

In cases #04 and #06, in which active hepatitis was
observed during the clinical course, we observed
drastic changes in the frequencies of the defective
clones. In case #04, defective clones with focal
deletions in the C region occupied most of the
population at time-points 1 and 2, while almost all

defective clones were absent after the appearance of
anti-HBe (time-point 3). Instead, various defective
clones were detected at time-point 3 (Figure 6A).
Case #06 had various defective clones throughout the
clinical course, such as focal deletion of the C region at
time-point 1 and long deletions including the C, TP,
preS1/2, and S regions at time-points 3 or 4 (Δζ).
However, after seroconversion, these subpopulations
became undetectable, suggesting that only full-length
HBV clones could survive in the presence of the anti-
HBe antibody in this case (Figure 6B). Meanwhile, Δζ
was initially absent at time-point 1 in case #03
and emerged at time-point 2 after a > 4-year-long

A

D

E

B C

F IGURE 5 The association of genetic alterations in the HBV genome with clinical markers of chronic hepatitis B. Box plots showing the
numbers of total SVs and deletions according to the presence of anti-HBe (A), HBeAg (B), and serum ALT level (C). (D) Association between anti-
HBe status and the numbers of deletions per genetic region. Genome regions are listed at the bottom of the graph, such as preS1, S, and X. X-axis
represents the clinical status of each marker. Y-axis represents the number of total SVs or deletions. The cutoff value for ALT was 40 IU/L. (E) Dot
plots showing the allele frequencies of the G1896A (i), G1899A (ii), T1762A (iii), and A1764G (iv) mutations, according to the presence of HBeAg. *
indicates p value <0.05, ** p value <0.01, *** p value <0.001, and “ns” no significant difference between the two groups. Abbreviation: ALT
indicates alanine aminotransferase; SV, structural variation.
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observation (Supplementary Figure 3, http://links.lww.
com/HC9/A104).

Figure 6C shows the 3 other representative cases.
Case #01 possessed only full-length HBV clones at
both time points, whereas the other cases had defective
clones at all time points. Frequencies of viral
populations with each genomic deletion altered with
the different time-points in most cases. For example,
in case #02, defective clones with short deletions
in the preS2 region (g.11_52del; Δα) were the major
population at time-point 1, whereas the frequency of
these defective clones decreased at time-point 2.
Interestingly, defective clones with long deletions over

TP, spacer, preS1/2, S, and reverse transcriptase
regions were detected at a low frequency at time-point
2. In contrast, in case #08, which had anti-HBe antibody
throughout the observational period, defective
clones with focal deletions in the preS1 region were
continuously the major viral clones at time-points 1 and
2 (g.2861_2905del; Δη and g.2883_2958del; Δθ).

The sequence depths for the remaining 4 cases are
shown in Supplementary Figure 3, (http://links.lww.com/
HC9/A104). In case #07, 2 major defective clones with
g.1763_1770del (Δγ) or g.1766_1771del (Δγ′) were
detected at time-point 1, and none were detected at
time-point 2. No major defective clones were detected

A

C

B

F IGURE 6 Comparison of the frequency of various defective HBV clones at the different time points. Schematic images of genetic regions of
the reference sequence of the incomplete double-strand DNA of HBV are shown at the top of this panel. Under the HBV-DNA references, mapping
images of each sample generated using NGMLR are given. In each case, the mapping of the first to last time points is arranged from top to bottom
(2–5 time points per case). Black and white circles denote positive for HBeAg and anti-HBe, respectively, at each time-point. The numbers
between brackets indicate the highest numbers of mapped reads among the nucleotide positions, including both full-length and defective clones.
The red bars below the mapping images show the representative deletions detected in the sample. (A) Mapped images of SMRT sequencing at 3
time points in case #04. (B) Mapped images of 5 time points in case #06. (C) Mapped images of 6 samples from the representative cases, cases
#01, #02, and #08. Abbreviation: RT indicates reverse transcriptase; SMRT indicates single-molecule real-time; TP, terminal protein.
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throughout the observation period in cases #05, #09,
and #10.

Altogether, the frequencies of defective HBV clones
among all the HBV populations altered drastically
throughout the observational period, according to the
antiviral immunologic status in each case.

Phylogenetic landscape of quasispecies,
with coexistence of full-length and
defective HBV clones

To examine the genome-wide landscape of HBV
quasispecies consisting of full-length and defective
HBV clones, we performed phylogenetic analysis using
the contiguous whole-genome sequence information of
HBV clones in each serum sample. In this analysis, all
SNVs in every viral clone were compared at single-viral
clone resolution.

Figure 7A shows the phylogenetic tree generated
using 200 viral clones, including 100 full-length and 100
defective g.11_52del (Δα) viruses at time-point 1 of
case #02. This tree clearly shows that the coexisting
full-length and defective clones were phylogenetically
separated from each other. In case #04, where a
double-deletion haplotype with g.2150_2305del (Δε)
and g.3151_3177del (Δκ) was predominant, the
distribution of each clone showed the same tendency
(Figure 7B), suggesting that the full-length and defective
clones accumulated new nucleotide alterations and
clonally expanded independently. To examine the
differences in the genetic diversity of the full-length
clones, as compared with that of the defective clones,
genetic distances were calculated among all clones in
the population with full-length clones and compared to
those with defective clones. The mean genetic
distances, representing the degree of genetic diversity
of each population, were longer in the full-length clones
than in the defective clones, at time-point 1 in case #02,
whereas the population with defective clones had a
higher degree of diversity than the full-length clones at
time-point 2 (Figure 7C). In case #04, genetic diversity
did not significantly differ between the full-length and
defective populations at any time point (Figure 7D).
These data suggest that the diversity of viral clones is
independent of SVs.

Evolution of defective HBV clones in the
natural history

To evaluate the chronological dynamics of HBV
infection, phylogenetic trees were constructed for each
case. For the cases, in which the representative
defective clones were absent or were of a very low
frequency, most clones were separated from those at
the other time points (time-points 2 or 3) in every case

(Supplementary Figure 4, http://links.lww.com/HC9/
A105).

Next, to clarify whether defective HBV clones could
survive and spread independently of full-genome clones,
we focused on the major defective HBV clones detected
at multiple time points in each case and analyzed their
chronological dynamics in years of natural clinical
course. The phylogenetic tree described in Figure 8A
was constructed of 100 randomly selected full-length and
100 Δα-defective clones at each time-point in case #02.
In this tree, the viral cluster of full-length clones at time-
point 2 overlaps with a part of that at time-point 1, while
most Δα clones at time-point 2 are genetically close to
those at time-point 1. Similarly, double-defective clones
with both g.2150_2305del (Δε) and g.3151_3177del (Δκ)
in case #04 accumulated mutations independently from
full-length clones and finally formed independent viral
clusters that were genetically distant from full-length HBV
clones (Figure 8B). In case #08, g.2861_2905del (Δη)
and g.2883_2958del (Δθ) defective clones were
predominant, but no full-length clones were detected at
the first time-point. Background nucleotide sequences of
these defective clones are genetically different from
each other, and these 2 populations have evolved
independently at time points 1 and 2. Interestingly, full-
length clones newly seemed at time-point 2, which
formed a new cluster different from the preexisting 2
clusters of defective clones (Supplementary Figure 5A,
http://links.lww.com/HC9/A106). In these cases, both full-
length and defective clones are considered to evolve
independently during the natural clinical course.

The viral dynamics in case #04 were quite
complicated because of the presence of 4 different
clusters of defective clones. Defective clones with
g.24_56del (Δβ) alone and those with g.3020_3202del
(Δι) were detected at time-points 1 and 2 at low
frequencies. Notably, clones with double deletions (Δβ
and Δι) emerged newly at time-point 3. To simplify
their genetic relationship, we also constructed a
phylogenetic tree that consisted only of clones with
Δβ alone, Δι alone, and both together, at time-point 3
(Figure 8C). Δι clones were genetically distant from Δβ
clones, and all the newly developed defective clones
with double deletions overlapped with Δι clone cluster.
In the absence of any evidence of viral recombination
from the nucleotide sequence information, the new
double-defective clones with Δβ and Δι are estimated
to have evolved from preexisting Δι clones, which
have newly acquired the same deletions as Δβ, apart
from preexisting defective clones with Δβ alone. We
also constructed a phylogenetic tree of defective
clones with Δε alone, Δκ alone, and double deletions
(Δε and Δκ) at time-point 1. Based on the genetic
distances, Δκ clones were estimated to have ac-
quired Δε, apart from the preexisting Δε clones
(Supplementary Figure 5B, http://links.lww.com/HC9/
A106).
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In contrast, some defective clones did not survive
for long periods. In case #06, g.2449_488del (Δζ) was
detected at a certain frequency at every time-point,
except at the last time-point 5. The phylogenetic tree
demonstrated that the cluster with full-length clones at
time-point 1 overlapped with almost all defective
clones with Δζ. A similar trend was observed at time
points 3 and 4, whereas the major population evolved
genetically (Figure 8D and Supplementary Figure
5C, http://links.lww.com/HC9/A106). These observa-
tions suggested that Δζ clones were derived from
full-length clones at each time-point and gradually
disappeared.

In some cases, defective clones, which were minor
viral populations at the first time-point, became the
major clones at the last time-point. In case #04, almost
all viral populations consisted of defective clones at
time-point 1, while the major clones were replaced at
time-point 3 after the emergence of HBeAb. In case
#08, the full-length clones were undetectable at first but
emerged at the last time-point. In contrast, in case #07,
g.1763_1770del (Δγ) clones and g.1766_1771del (Δγ′)
clones were predominant at time-point 1, forming
overlapped clusters, but became undetectable at time-

point 2 (Supplementary Figure 5D, http://links.lww.com/
HC9/A106). The major HBV sequence and major
population constantly change over the years, even if
no antiviral treatments are administered in the clinical
course. The whole-genome nucleotide information of
persistently infecting HBV changes every moment, not
only at the SNV level but also at the level of SVs.

DISCUSSION

In the current study, we successfully determined
contiguous whole-genome sequences of more than
100,000 HBV clones that simultaneously infected
identical hosts. We found that genetically varied clones,
including full-length and defective HBV clones, coex-
isted simultaneously in the serum of most patients.
These varied HBV clones form heterogeneous quasis-
pecies. To date, viral quasispecies has been mainly
investigated using SNVs, including drug-resistant var-
iants or vaccine-escape mutations.[27–35] In contrast, our
current study demonstrates that HBV quasispecies is
formed not only by SNVs but also by various SVs,
mainly genome deletions. Deletions increase the

A

C D

B

F IGURE 7 Quasispecies with coexistence of full-length and defective HBV clones. (A) Phylogenetic tree using 100 randomly selected clones
each for full-length (blue circles) and defective (blue triangles) clones at time-point 1 of case #02. Defective clones with g.11_52del (Δα). (B)
Phylogenetic tree of case #04 at time-point 1. Defective clones with g.2150_2305del and g.3151_3177del (Δε+Δκ). (C and D) Box plots showing
the genetic distances among each cluster in case #02 (C) and case #04 (D). X-axis shows the cluster group. Y-axis shows the genetic distances.
Abbreviation: F indicates full-length clones; D, defective clones.
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diversity HBV genome, increasing the complexity of
HBV quasispecies.

Although short deletions in HBV genome sequences
have been reported earlier, these reports were
based on conventional short-read next-generation
sequencing data, which might have overlooked many
structural alterations, including lengthy insertions and
deletions.[15,36–42] In addition, conventional short-read
sequencing cannot determine the continuous genome
sequence of each HBV clone, which is one of the most
fatal obstacles to elucidating the landscape of HBV
quasispecies and its evolutionary process in natural
history. Previous studies have shown the presence of
lengthy deletions, so-called spliced variants, using
conventional northern blot, PCR-based electrophoresis,

and SMRT sequencing method.[10–13,16,43] However, the
real dynamics of HBV quasispecies are unclear
because a comprehensive analysis of the whole HBV
genome in cases with chronic infection at multiple time
points has not been performed. In the current study, by
applying extremely long-read deep sequencing method-
ology with the PacBio platform in combination with
multiple bioinformatics tools to HBV genome investiga-
tion, we achieved continuous whole-genome determi-
nation of HBV clones with various deletions (defective
HBV clones), along with their clonal proportion in the
total viral population, which is a breakthrough in
investigating HBV quasispecies. Although DNA frag-
ment integrated into the human genome was not
excluded from the analysis, most of the DNA sequence

A B

C D

F IGURE 8 Phylogenetic analysis of the drastically changing HBV quasispecies during a persistent infection. Phylogenetic trees based on
deletion-specific haplotyping at multiple time points (TPs) are shown. (A) Case #02. FL clones at TP1 (blue circles) and TP2 (orange circles) and
defective clones with g.11_52del (Δα) at TP1 (indigo triangles) and TP2 (brown triangles) are shown. (B) Case #04. FL (TP1: blue circles and TP3:
orange circles) and defective clones with both g.2150-2305del (Δε) and g.3151_3177del (Δκ) (TP1: black triangles and TP3: white triangles) are
included in this tree. (C) Case #04. Just specific defective clones with g.24_56del (Δβ), clones with g.3020_3202del (Δι), and those with both Δβ
and Δι at TP3 are focused on. Green triangles represent clones with only Δβ, purple squares with only Δι, and gray triangles with both Δβ and Δι.
D. TP1 and TP3 of case #06. Blue circles, FL clones at TP1; orange circles, FL clones at TP3; indigo triangles, defective clones with
g.2449_488del (Δζ) at TP1; and brown triangles, Δζ clones at TP3. Abbreviation: FL indicates full-length clones, TP, terminal protein.

12 | HEPATOLOGY COMMUNICATIONS



spanning 3000 contiguous bases determined by SMRT
sequencing was considered to be from relaxed circular
DNA of viral particles in the serum.

Using this novel methodology, we first compared
whole-genome HBV sequences of clinical cases with
immunologically different statuses. In our analysis, sera
positive for anti-HBe and negative for HBeAg, which are in
the postseroconversion status, possessed a significantly
lower frequency of SVs among the total HBV clones. As
reported, HBV quasispecies is considered to be more
diverse in HBV-infected cases with active hepatitis than in
cases in the immunotolerant phase, in terms of both
SNVs and short indels.[44–46] In cases of advanced liver
disease, such as cirrhosis and hepatocellular carcinoma,
the diversity is much higher than that in nonadvanced
chronic hepatitis B.[47] Our study showed similar results to
that observed in previous reports on HBV quasispecies
containing all-sized SVs. In general, before achieving
seroconversion, hepatitis activity is high, with elevated
serum ALT levels. Our data suggest that a highly active
immunologic response might result in a significantly
higher frequency of HBV genome deletions.

In phylogenetic analysis, we found various defective
HBV clones at most time points in many cases, the
evolutionary patterns of which differed by case. Some
defective HBV clones temporarily arose and then
disappeared before the next time-point, and are thus
considered to be “junk” fragments that cannot survive
for a long time. Other defective HBV clones survived
and evolved for years independently of full-length HBV
clones, while drastically changing their populations
according to the host-virus immunologic status. In
contrast, a well-known long deletion named SP1 spliced
variant, Δζ, has been detected for years in some
cases,[14] but it seems ephemeral because Δζ clones
were born from full-length clones at each time-point.
Even long-surviving defective clones can disappear,
and in some cases, almost all defective clones become
undetectable after seroconversion.

Interestingly, defective clones can be predominant
during the natural clinical course without intensive
antiviral therapy and can survive for years. Most of
these predominant long-surviving defective clones have
in-frame deletions (27–183 nucleotides) in viral genetic
regions such as C, preS1, and/or preS2, which encode
structural proteins. Deletions in the preS1 or preS2
regions also affect the spacer region in the polymerase-
coding open reading frame, whereas critical regions for
viral replication such as TP, reverse transcriptase, and
RNaseH are completely conserved. Although the
reason for the selection of the specific defective clones
at a certain time-point during the clinical course could
not be clarified, these novel defective clones can serve
as a novel “genotype” with a different genome size if
they are transmitted to others and established as
the major viral clones in the other host. This phenom-
enon suggests the natural occurrence of diverse HBV

genotypes worldwide, some of which possess different-
sized DNA genomes.

The current study had several limitations. First, the
number of patients analyzed in this study was limited
because HBV-positive patients not administered anti-
viral treatment are quite rare. However, using the
novel SMRT sequencing technology, we could deter-
mine ~800,000 viral clones from the patient samples
and analyze their dynamics in detail. Second, the PCR
procedure used in the library generation for SMRT
sequencing could result in noise for the metagenome
data. The current standard library preparation requires
a large amount of DNA; thus, we performed minimal
cycles of PCR for the HBV-DNA samples. In addition,
considering the random selection nature of CCS reads
from enormous numbers of HBV clones circulating in
the host serum, the noise caused by PCR could be
regarded as minimal. Owing to the rapid progress
in sequencing technologies, the limitations of
PCR-associated noise can be overcome in the near
future.

In conclusion, using novel long-read single-molecular
deep sequencing technology in the present study, we
discovered that HBV species are formed not only by
SNVs but also by various SVs, especially defective
variants. Even in clinical observations without antiviral
therapy, various defective HBV clones were found to
have been generated in natural history, especially
under the condition of active hepatitis. Interestingly,
we found that these defective viral clones evolved
independently of the full-length HBV clones in many
cases. Some of these naturally occurring defective
clones may be involved in the development of novel
genotypes of this pandemic virus. The novel analysis
platform of long-read whole-genome sequencing of
HBV quasispecies established in this study could serve
as the next-generation standard to investigate the
genetic landscape of HBV, and thus, help shed light
on the ecology of HBV.
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