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Abstract HBV phylogenetics and resistance-associated

mutations (RAMs) were surveyed by next-generation

sequencing of 21 longitudinal samples from seven patients

entering antiviral therapy. The virus populations were

dominated by a few abundant lineages that coexisted with

substantial numbers of low-frequency variants. A few low-

frequency RAMs were observed before treatment, but new

ones emerged, and their frequencies increased during

therapy. Together, these results support the idea that

chronic HBV infection is dominated by a few virus lin-

eages and that an accompanying plethora of diverse, low-

frequency variants may function as a reservoir that poten-

tially contribute to viral genetic plasticity, potentially

affecting patient outcome.

Approximately 240 million individuals worldwide are

chronically infected with hepatitis B virus (HBV) [15].

Chronic hepatitis B (CHB) can be treated with either

pegylated interferon alpha or nucleoside/nucleotide ana-

logs (NAs) with the primary goal of achieving sustained

virological suppression. Interferon-based therapy remains a

benchmark therapy for CHB, with the absence of resistance

and the possibility of immune-mediated clearance of hep-

atitis B as its main advantages over NAs. Treatments

including entecavir (ETV) and tenofovir (TDF) are rec-

ommended as first-line therapies by major international

guidelines [22]; however, these therapies have been diffi-

cult to implement in several developing countries due to

economic concerns. Therefore, the low-genetic-barrier

NAs are still used extensively in those places, especially in

countries where generic lamivudine (LMV) and adefovir

dipivoxil (ADV) are available, resulting in a high risk of

partial virological response and drug resistance [23].

HBV is a circular partially double-stranded DNA virus

containing a reverse-transcriptase enzyme. HBV replicates

via an RNA intermediate that is responsible for the gen-

eration of several related virus variants called quasispecies,

favoring the emergence of HBV drug resistance. Such

resistance to antiviral therapy can lead to HBV treatment

failure and progression of liver disease. In general, this is

gradually acquired through the selection of pre-existing

variants with resistance-conferring mutations in the poly-

merase and the accumulation of new amino acid substitu-

tions [2]. Clinical resistance based on amino acid

substitutions resulting from genotypic mutations causes

viral population fluctuations [24].

A better understanding of the dynamics of the resis-

tance-associated mutations (RAMs) would improve clinical

outcomes and help to elucidate the mechanism of resis-

tance to nucleoside/nucleotide analogs resistance mecha-

nism [9]. To date, the most widely used method to

characterize HBV variants is direct PCR and sequencing,

but considering that this method only detects variants

representing C20 % of the total population, we used next-

generation sequencing (NGS) techniques to produce DNA

sequences in much greater numbers than direct PCR and
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clone-based sequencing, also detecting minor variants

[5, 18]. Therefore, the aim of the present retrospective

observational study was to analyze the long-term dynamics

of HBV resistance mutations in chronically infected

patients under different treatment schemes, including

pegylated interferon alpha and nucleoside/nucleotide ana-

logs, using NGS. For this goal, samples from seven patients

were analyzed during the follow-up. Inter-host phyloge-

netic relationships among the HBV isolates were also

investigated.

Peripheral blood samples were collected from seven

patients who were chronically infected with HBV (3

females; mean age ± SD, 34.5 ± 8.8 years: HBsAg and

HBeAg positive). Serum levels of HBV DNA were quan-

tified using a real-time PCR assay on a Cobas TaqMan 48

analyzer (lower detection limit 60 copies/mL, Roche

Molecular Systems, Branchburg, NJ). The dynamics of the

HBV viral load and therapy schemes at different time

points are presented in Figure 1. Baseline samples (prior to

NA antiviral therapy) were collected for six of seven

patients, and for the remaining patient, samples were col-

lected only during LMV-based therapy. For the present

analysis, the first samples taken for two patients (P3, P6)

under IFN-based therapy were considered to be the base-

line, taking into account that interferon-based therapy does

not induce resistance-associated mutations. Serum ALT

and AST levels were measured using a commercially

available automatic analyzer.

NGS was applied to serum samples taken at baseline and

consequently during therapy, representing a total of 21

serial samples from seven patients. HBV-DNA was

extracted from 200 lL of plasma by using a QIAamp DNA

Blood Kit (QIAGEN AG, Basel, Switzerland). The HBV

polymerase domain was amplified by nested PCR [7, 21].

Both reactions were run with high-fidelity Platinum Taq

DNA polymerase (Life Technologies, Gaithersburg, Md.)

according to the manufacturer’s instructions. Primers used

in the second round were modified by 5’ tag extensions,

which provided binding sites for multiplex identifiers

(MIDs) that allow the identification of the samples after the

pyrosequencing procedure is completed. Ultra-high-

throughput next-generation sequencing (NGS) was carried

out on a Roche/454 Life Sciences ‘‘Genome Sequencer-

FLX’’ (GS-FLX) pyrosequencer.

For the sake of minimizing potential PCR and

sequencing errors, we filtered the data obtained based on

sequence length and quality of base calls. Low-quality read

ends were trimmed out. Then, reads containing at least one

base with a quality of B10 and/or Ns were dismissed. In

addition, an average (mean) quality value C30 was

Fig. 1 Timeline representation (in months) of antiviral therapy (by

rectangles) for each patient (P). HBV viral load levels (log copies/

mL) are indicated by black and white dots. The black dots represent

samples with successful HBV pol gene NGS analysis, while those

represented as white dots were not available for NGS analysis. The

sizes of purple circles sizes represent the relative abundance (as

percentages) of HBV viral variants exhibiting RAMs. The vertical

shorter dashed lines represent timelines separated by 6 months

separated, and longer ones with parallel lines on the x-axis indicate

a break in the timeline (color figure online)
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required for each read in order to pass the quality control.

All of these pre-processing steps were done using PRIN-

SEQ v.0.15 [17]. Then, the data containing frameshifts

were further filtered out, and low-frequency k-mers were

corrected using Kec [19]. After that, we merged the

sequences that were within 2 bp of a more abundant

sequence using Mothur to further reduce potential PCR and

sequencing errors [16]. Finally, the absence of chimeric

sequences was confirmed with the UCHIME algorithm

implemented in Mothur. After these quality controls, we

obtained 8,121 high-quality sequence reads (P1: 2116,

P2:514, P3:1763, P4:848, P5:844, P6:1645, P8:391) rep-

resenting 1,241 different sequences (here after variants).

An appropriate model of nucleotide substitution (JC)

was selected according to Akaike’s information criterion

using the program Mr.AIC [14]. Phylogenetic trees were

constructed by the maximum-likelihood method [6] using

the PhyML v3.0 software, and the branch support was

assessed by nonparametric bootstrapping (100 pseu-

doreplicates). HBV sequences were aligned and visualized

using the Mafft online application and the BioEdit v7.0.5.3

program (T. Hall Ibis Biosciences, Carlsbad, CA, USA),

respectively.

Phylogenetic analysis showed that patients P1, P2, and

P8 were infected with sub-genotype A2 while the

remaining ones were infected with sub-genotype F1. The

frequency distributions of the variants were highly skewed

in all the patients, with a few variants dominating the virus

populations and substantial numbers of low-frequency

variants. To graphically summarize and further assess these
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Fig. 2 Heat map displaying the

frequencies of 23 variants (2372

sequences or reads) after

equalizing the number of

sequences from eight patients

(bottom: P1-P8). Wild-type

residues and RAMs associated

with each HBV variant are

shown at the right, (‘‘others’’

include variants without

primary and/or compensatory

RAMs). The tree shown at the

left corresponds to the

phylogeny of the viral variant,

with branch lengths set

arbitrarily for better

presentation. The dendrogram at
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the patients’ virus populations

performed by the complete-

linkage method as implemented

in the gplots R package. F1,
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results, we first equalized the number of sequences per

patient in order to compensate for potential biases due to

sequence depth differences. To this aim, we randomly

sampled, with replacement, 391 reads per patient. Then, we

took all of the sequences from each patient that were rep-

resented by two or more reads (2372 sequences belonging

to 23 variants) and inferred the virus phylogeny, con-

structed a phenogram grouping the patients according to

the genetic background of the corresponding virus popu-

lation, and produced a heat map depicting the frequencies

of the variants using the R package gplots (https://cran.r-

project.org/web/packages/gplots/index.html). The results

are shown in Figure 2. The observed patterns agree with

our previous analyses showing that chronically infected

patients have virus populations with a few dominant vari-

ants and a significant number of low-frequency variants

[8]. In patients infected with HBV sub-genotype F1 (P3,

P4, P5, and P6), the wild-type virus was the most abundant

variant. Among those infected with HBV sub-genotype A2,

the wild-type variant only predominated in P2, while in P1

and P8, the most frequent variants exhibited RAMs, most

likely due to shifts in response to the selective effect of

antiviral therapy.

In order to evaluate phenotypic resistance of HBV to

antiviral drugs, reads that passed the quality controls

described above were input to the Geno2pheno(hbv)

application at http://www.geno2pheno.org. In a previous

study, amino acid substitutions at 42 potential RAMs in the

HBV full-length RT sequence were analyzed and classified

into five categories [10]. Those classified as primary RAMs

(category 1: I169T, A181T/V, T184A/C/F/G/I/L/M/S,

A194T, S202C/G/I, M204I/V/S, N236T, M250I/L/V), and

those classified as compensatory mutations (category 2:

V173L, L180M) were dynamically monitored. Taking into

account the HBV viral load, wild-type and viral variants

exhibiting RAMs were quantified and expressed as copies/

mL. We observed several amino acid substitutions known

to confer HBV resistance among the characterized variants.

Single or multiple RAMs were detected in the seven

patients but with different frequencies during the course of

the study. Samples from six patients (P1, P3, P4, P5, P6,

and P8) harbored M204V/I substitutions. The substitution

L180M was also found multiple times in three patients (P1,

P6, and P8), only during NA therapy and concomitantly

with M204V/I. V173L was only found in P2 as a minor

population (\1 %) at baseline. R202G was detected at a

low level (\1 %) at baseline (P1, P6) and during therapy

(P3) as a single mutation. The frequency increased dra-

matically ([99 %) during entecavir monotherapy in a

patient with virological failure (P6), but it appeared in

Table 1 Patient-by-patient dynamics of primary and compensatory RAMs. At sampling times when the HBV variants were successfully

analyzed by NGS, the relative abundance of each RAM (as a percentage) is shown

Pa�ent RAM 0 3 5 6 7 9 12 30 33 36 37 61 128 133 136
P1 M204I <1 96.1 6.5 <1 0 <1

L180M,M204I 0 <1 <1 83.4 84.1 70.4
L180M,M204V 0 0 0 10.5 10.2 15.6

P2 M204I 0 1.0
P3 A181V 0 <1 0 0

M204V <1 0 <1 0
M204I 0 0 0 <1

P4 M204V <1 0 0
P5 M204I <1 0

M204V 0 <1
P6 A181T <1 0 0

M204V <1 0 0
S202G <1 0 0

S202G,M204V,L180M 0 0 99.0
M204V,L180M 0 0 <1
S202G,M204V 0 0 <1

P8 L180M,M204V 99.2

Shaded cells represent the period of time in which the patient received antiviral therapy

cFig. 3 Temporal dynamics of HBV variants found in the studied

patients. Sampling times are given in the first horizontal axis (x-axis,

in months). Viral loads (log copies/mL) at each sampling time are

given in the vertical axis (y-axis), with sampling times connected by a

solid line. The frequencies of RAMs during the follow-up are

depicted using cones with color codes as indicated in the insets. The

heights of cones are proportional to each variant frequency at each

sampling time. The gray cones labeled as ‘‘others’’ include wild-type

sequences and variants without RAMs (color figure online)
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association with M204V and L180M/V. The substitution

A181V/T was found in a minor population in two patients

(P3 and P6). The I169T and T184G/S substitutions were

detected at a very low frequency (\1 %), either alone or

together with other mutations, at baseline (P1) and during

therapy (P1, P6) (Table 1). None of the samples were

found to harbor A194T, N236T, or M250V substitutions.

In spite of differences in the dynamics of the RAMs

among patients, at baseline, the substitutions appeared

mainly as singletons with low frequency (\1 %) among

studied patients. Five of them (P1, P3, P4, P5, and P6)

harbored the M204I/V substitution. Other substitutions

(I169T/V, V173A/M, T184A/I, S202G) were also present

at low levels (\1 %) in two patients (P1, P6). During and

after therapy, the number of resistance mutations was lower

in those exposed only to IFN-based therapy (P2, P3), or in

LMV virological responders (P4, P5) than in highly treat-

ment-experienced patients (P1, P6) or those with failure of

LMV treatment (P8). In the first group (P2, P3), IFN-

therapy did not affect the RAMs pattern or frequency

(\1 %) irrespective of the IFN therapy response. M204V/I

was the only RAM detected at very low abundance (\1 %)

prior to initiation of antiviral therapy in the patients who

successfully responded to LMV, in sharp contrast to P8,

who exhibited a high proportion of variants with the

M204V?L180M double mutation (Fig. 3, Table 1).

The two patients exposed to several antiviral drugs (P1

and P6) showed similar dynamics of RAMs. As already

mentioned, at baseline, they had single mutations (A181T,

S202G, M204V/I), each at low frequency (\1 %). Under

therapy pressure, multiple RAMs appeared (P1:L180M?

M204I/V, P6: L180M?M204V?S202G), showing high

predominance in the viral population ([99 %) (Fig. 3;

Table 1). Recent studies have demonstrated that the HBV

genotype contributes to drug-resistant mutant evolution

and selection [10]. In accordance with previous reports, we

observed that HBV sub-genotype A2 favors the M204V

mutation in LMV-resistance mutation patterns [12]. How-

ever, in P1, the coexistence of M204I was observed after

LMV failure. In addition, the L180M mutation is signifi-

cantly associated with the M204V/I mutation in HBV-A

[3]. Similarly, the HBV sub-genotype F1 appears to favor

the M204V and L180M mutations. However, the number

of patients studied was limited, and, therefore, further

investigations are needed.

Drug resistance is the principal cause of antiviral treat-

ment failure, which may result in clinical disease pro-

gression. NGS data analysis is a valuable tool for HBV

resistance assessment that allowed us to find several amino

acid substitutions, including both previously undescribed

mutations (data not shown) and already described muta-

tions that are associated with drug resistance. These were

already present with variable frequencies in drug-naive

patients, similar to what has been found in previous studies

[11, 20]. Many mutations may be selectively neutral and

thus subject to genetic drift, and their presence may enable

the virus to respond more rapidly to changed environments

[1]. Such variations may confer a selective advantage for

generating fitter and thus more abundant virus variants

under antiviral drug pressure. However, the kinetics of

replacement of wild-type virus in liver cells by a dominant

mutant is generally slow given the necessity of free repli-

cation space for the spread of the mutant virus. It requires

the immune-mediated elimination of hepatocytes contain-

ing wild-type virus, and the generation of new susceptible

cells. On the other hand, the assembly, secretion and/or

infectivity of antiviral drug-resistant mutants may be

impaired due to reduced fitness [4]. Among the RAMs,

M204V/I was identified most frequently. It has been

reported that G-to-A hypermutation at these codons con-

tributes to the emergence of drug-resistant mutations. The

mechanism underlying this phenomenon is not clear, and

this could be analyzed further in future studies involving

host factors such as APOBEC 3 [13].

In conclusion, NGS data indicate that the frequencies of

primary antiviral-resistant mutants in HBV are low before

the start of therapy, but can increase substantially as a

response to the selective pressures exerted by the treatment.

Furthermore, our analyses suggest that a reservoir of

diverse, low-frequency virus variants confer genetic plas-

ticity to the virus population along during chronic

infection.
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