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We sought to determine the prevalence of hepatitis B virus (HBV) lamivudine (LAM)-resistant minority variants in subjects who
once received LAM but had discontinued it prior to virus sampling. We performed direct PCR Sanger sequencing and ultradeep
pyrosequencing (UDPS) of HBV reverse transcriptase (RT) of plasma viruses from 45 LAM-naive subjects and 46 LAM-experienced subjects who had discontinued LAM a median of 24 months earlier. UDPS was performed to a depth of ⬃3,000 reads per
nucleotide. Minority variants were defined as differences from the Sanger sequence present in >0.5% of UDPS reads in a sample.
Sanger sequencing identified >1 LAM resistance mutations (rtL80I/V, rtM204I, and rtA181T) in samples from 5 (11%) of 46
LAM-experienced and none of 45 LAM-naive subjects (0%; P ⴝ 0.06). UDPS detected >1 LAM resistance mutations (rtL80I/V,
rtV173L, rtL180M, rtA181T, and rtM204I/V) in 10 (22%) of the 46 LAM-experienced subjects, including 5 in whom LAM resistance mutations were not identified by Sanger sequencing. Overall, LAM resistance mutations were more likely to be present in
LAM-experienced (10/46, 22%) than LAM-naive subjects (0/45, 0%; P ⴝ 0.001). The median time since LAM discontinuation was
12.8 months in the 10 subjects with a LAM resistance mutation compared to 30.5 months in the 36 LAM-experienced subjects
without a LAM resistance mutation (P < 0.001). The likelihood of detecting a LAM resistance mutation was significantly increased using UDPS compared to Sanger sequencing and was inversely associated with the time since LAM discontinuation.

H

epatitis B virus (HBV) drug resistance emerges commonly in
subjects receiving monotherapy with the first two licensed
anti-HBV nucleoside reverse transcriptase inhibitors (NRTIs):
lamivudine (LAM) and adefovir (ADV) (1, 2). Although LAM and
ADV monotherapy are no longer recommended for HBV treatment, LAM monotherapy has been used extensively in patients
who received it prior to the availability of entecavir (ETV) and
tenofovir (TDF), in patients who have lacked access to ETV and
TDF, and in patients coinfected with HIV who received LAM (but
not TDF) as part of their antiretroviral treatment (3, 4). HBV
genotypic resistance testing is recommended to help guide therapy in patients for whom antiviral therapy has been unsuccessful
(2, 3). The most commonly used method of genotypic testing,
dideoxynucleotide Sanger sequencing, however, is insensitive for
detecting drug-resistant variants present at proportions lower
than 20% within a plasma virus population.
Next-generation sequencing is increasingly used to identify
low-abundance minority genetic variants within a heterogeneous
pool of amplified DNA molecules, such as those within a virus
population (5–8). In a previous study, we used 454/Roche ultradeep pyrosequencing (UDPS) (9) to characterize HBV minority NRTI resistance variants in a cross-sectional population of 17
NRTI-naive and 11 NRTI-experienced HBV-infected subjects (5).
In that study, we demonstrated that UDPS was sensitive and specific at detecting minority variants present at proportions as low as
1.0% of the plasma viruses within a patient (5).
Here, we apply UDPS to a larger population of subjects who
shared a history of receiving LAM and/or interferon (IFN) but
who had discontinued these therapies months to years prior to
enrolling in a clinical trial of TDF. This study provides insight into
the dynamics of LAM resistance mutations following LAM treatment discontinuation.
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MATERIALS AND METHODS
Study subjects and samples. Plasma samples were obtained from 101
HIV-1-seronegative HBV-infected subjects before they enrolled in two
clinical trials sponsored by Gilead Sciences to assess the efficacy of TDF in
HBeAg⫺ (GS-US-174-0102) and HBeAg⫹ (GS-US-174--0103) subjects
(10, 11). All subjects were off treatment at the time of sample collection.
Samples were selected for UDPS if they had plasma HBV DNA levels of
⬎1,725 IU/ml (ca. ⬎10,000 copies/ml). Among 91 subjects with samples
meeting these criteria, 45 were nucleoside RT inhibitor (NRTI) naive, and
46 had received LAM. One subject, who had received emtricitabine, was
excluded. The LAM-experienced subjects had received a median of 21
months of therapy but discontinued therapy a median of 24 months prior
to plasma sampling. HBV genotypic resistance data at the time of LAM
discontinuation were not available. Forty subjects— equally divided between LAM-naive and LAM-experienced individuals— had also been
treated with alpha IFN (IFN-␣) prior to plasma sampling. Human subjects approval was obtained by Gilead Sciences to collect the samples used
for the present study and to perform additional viral sequencing tests. The
Stanford University Institutional Review Board provided approval for
performing the viral deep sequencing and its associated analyses.
Sanger sequencing and mutation definitions. HBV DNA was extracted from 200 l of serum using a QIAamp DNA blood minikit
(Qiagen, Germantown, MD). Full-length HBV RT coding area was am-
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we estimated the technical error rate and identified a threshold above
which mutations detected by UDPS were unlikely to have resulted from
technical artifact. Mutations detected by UDPS in a plasma sample were
reported only if the mutation’s proportion in the plasma sample was
ⱖ0.5% and more than five times the median frequency with which that
mutation occurred in the nine control plasmid sequences. For example,
94 mutations at 88 positions had a median plasmid error rate ⱖ0.10%,
including 8 mutations at 8 amino acid positions with a median plasmid
error rate of ⱖ0.20%; (range, 0.20% to 038%). Each of the NRTI resistance mutations had median plasmid error rate ⬍0.1% with the exception
of rtS202G, which had a median plasmid error rate of 0.15%.
Inferential statistics. Standard statistical tests, including the MannWhitney test and Friedman rank sum test for comparing medians, the
Fisher exact test for comparing proportions, and the Pearson (parametric)
and Spearman (nonparametric) correlation coefficients, were performed
using the core package of libraries in the R statistics program (19). The
Jaccard correlation coefficient was used to detect statistically significant
correlations between pairs of mutations within the same sample. This
coefficient examines sequences containing pairs of mutations within the
context of sequences containing at least one of the mutations, thereby
eliminating the heavy weight given to the double negative category in
analyses such as the Fisher exact test (20). The details of the method are
described in the supplemental material accompanying the analysis.

RESULTS

Subject characteristics. Twenty-one of the LAM-experienced and
19 of the LAM-naive subjects had a history of receiving IFN-␣
prior to study enrollment. The median plasma HBV DNA levels
were 3.7 ⫻ 106 IU/ml (range, 5.3 ⫻ 103 to 8.9 ⫻ 108 IU/ml) in the
LAM-naive samples and 3.9 ⫻ 106 IU/ml (range, 7.6 ⫻ 103 to
3.4 ⫻ 109 IU/ml) in the LAM-experienced samples (Table 1 and
see Table S1 in the supplemental material). The median duration
of LAM treatment was 21 months (interquartile range: 12 to 36
months, Fig. 1A). The median duration of time since LAM discontinuation was 22 months (interquartile range [IQR], 13 to 40
months, Fig. 1B). Of the 45 LAM-naive subjects, 3 were infected
with genotype A strains, 6 were infected with genotype B strains, 6
were infected with genotype C strains, and 30 were infected with
genotype D strains. Of the 46 LAM-experienced subjects, 9 were
infected with genotype A strains, 1 was infected with genotype B
strains, 6 were infected with genotype C strains, 29 were infected
with genotype D strains, and 1 was infected with a genotype E
strain.
Sanger sequencing results. Direct PCR Sanger sequencing detected a median of 7.5 amino acid mutations per sample in both
the LAM-naive and LAM-experienced subjects. NRTI resistance
mutations were detected in 0 of the 45 LAM-naive subjects versus
5 of the 46 LAM-experienced subjects (P ⫽ 0.06; Fisher exact test)
(Table 2). The five LAM-experienced subjects with LAM resistance mutations had the following mutations: (i) rtL80I/V ⫹
rtM204I, (ii) rtL80I ⫹ rtM204I, (iii) rtA181T, (iv) rtL180M, and
(v) rtM204I. The GenBank accession numbers for each of the
Sanger sequences are listed in Table S1 in the supplemental
material.
UDPS coverage. UDPS produced 3.7 million reads of 200 or
more nucleotides in length. The median read coverage prior to
filtering was 4,200 reads per primer (IQR, 2,840 to 6,160). However, following removal of reads with low quality scores or read
lengths shorter than 200 nucleotides (consisting primarily of reads
that began upstream of RT but were truncated at the start of RT or
reads that ended downstream of RT but which were truncated at
the end of RT), the median coverage per sample was 2,829 reads

Antimicrobial Agents and Chemotherapy

Downloaded from http://aac.asm.org/ on September 6, 2013 by SERIALS CONTROL Lane Medical Library

plified and bidirectionally sequenced as previously described (12). The
HBV genotypes of Sanger population sequences were determined using
the National Center for Biotechnology Information viral genotyping resource (13). Mutations were defined as differences from the genotypespecific consensus amino acid at each position. A list of the genotypespecific consensus amino acid sequences can be found in appendix 1 at
http://hivdb.stanford.edu/HBV/releaseNotes. HBV NRTI resistance mutations were defined as rtL80I/V, rtI169T, rtV173L, rtL180M, rtA181T/V,
rtT184S/A/I/L/F/G, rtS202G/I, rtM204I/V/S, rtN236T, and rtM250V (1,
2). rtM204I/V/S and rt181T/V were defined as primary LAM resistance
mutations because each mutation alone reduces LAM susceptibility (2).
rtL180M, rtL80I/V, and rtV173L were defined as secondary compensatory
LAM resistance mutations. Minority variant mutations were defined as
mutations detected by UDPS that were not detected by direct PCR Sanger
sequencing.
UDPS. HBV DNA was extracted from plasma by using a QIAamp
Ultrasens virus minikit (Qiagen). Limiting-dilution PCR of the fulllength HBV RT, performed to estimate the number of amplifiable viral
DNA templates per sample, demonstrated that samples with ⬎1,725
IU/ml consistently had more than 100 amplifiable DNA templates in 200
l to 1 ml of plasma.
Four pairs of primers tailed with UDPS adaptors and a subject-specific
barcode were used to amplify four overlapping fragments of ⬃400 bp
encompassing the complete HBV RT coding area as described previously
(5). Thirty cycles of PCR were performed using Expand High FidelityPlus
PCR system reagents (Taq plus proofreading enzyme Pwo; Roche Applied
Sciences, Indianapolis, IN). PCR products were purified using Agencourt
AMPure XP system (Beckman Coulter Genomes, Danvers, MA) and
quantified using Quant-iT Picogreen dsDNA reagent (Invitrogen, Carlsbad, CA). DNA libraries were obtained by pooling at equimolar concentrations 16 amplicons obtained from four HBV samples. The DNA libraries were pyrosequenced using the 454/Roche GS FLX platform producing
reads of 250 bp on average. The 91 plasma samples and 9 HBV control
plasmids were sequenced in nine GS-FLX sequencing runs.
Standard Flowgram Format files were processed to generate paired
files containing FASTA sequence reads and Phred-equivalent quality
scores for each sequence library. To reduce sequence artifact, we excluded
reads shorter than 200 nucleotides and removed reads containing one or
more bases with a quality score of ⬍10 (⬎10% probability of sequence
error) or a mean quality score of ⬍25 (⬎0.3% probability of sequence
error per base per sequence read) (14). Sequence reads were then demultiplexed using the 5= primer and barcode sequences, resulting in the assignment of each read to a subject sample and primer-pair.
Each UDPS read was aligned to a consensus genotype sequence using
MosaikAligner (http://bioinformatics.bc.edu). Minor variant mutations
were defined as mutations that were not present in the Sanger sequence.
Because extensive APOBEC-mediated G-to-A editing leads to mutational
impairment of viruses (15, 16), distinguishing hypermutated sequence
reads from nonhypermutated reads is required for accurate analysis of
virus quasispecies. Therefore, following alignment we excluded sequence
reads considered to be hypermutated by one of the following three criteria
(17): (i) ⱖ10% of nucleotide positions with a G in the population sequence but an A in the UDPS read, (ii) ⱖ2 unusual HBV RT variants
caused by G-to-A differences (an unusual variant was defined as a variant
present in fewer than three sequences from ⬃4,000 different individuals
with HBV RT sequences in GenBank) (18), or (iii) a stop codon or one of
the following active site mutations rtD83N, rtD205N, and rtD206N.
Statistical analyses performed to identify authentic minority variants. On each of the nine picotiter plates, we also sequenced PCR-amplified DNA from a plasmid HBV clone. The median coverage for these nine
control experiments was 3,219 reads (range, 1,443 to 4,341). The median
proportion of errors per plate, defined as differences between the plasmid
sequence and UDPS read, was 0.082% (range, 0.020 to 0.125%).
To distinguish authentic minority variants from technical artifacts
resulting from the cumulative effect of PCR and pyrosequencing errors,
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TABLE 1 Virological characteristics of the HBV samples from 91 study subjectsa
Subject treatment category
Naive

LAM

LAM⫹IFN

IFN

No. of samples
Study subject gender, no. (%)
Females
Males

26

25

21

19

7 (26.9)
19 (73.1)

7 (28)
18 (72)

7 (33.3)
14 (66.7)

4 (21)
15 (79)

45 (37–52)

45 (35–55)

50 (38–56)

47 (36–54)

14 (53.8)

18 (72)
1 (4)
6 (24)

18 (85.7)
2 (9.5)
1 (4.8)

17 (89.5)

6.6 (5.2–7.3)

6.6 (5.7–8.0)

7.1 (6.1–7.7)

20 (9–33)
26 (12–36)

30 (19–43)
13 (12–24)

20
D (58), C (22), A (20)

14
D (71), A (19), B (5), E (5)

Median age in yrs (IQR)
Ethnicity, no. (%)
White
Black
Asian
Other

10 (38.5)
2 (7.7)

Median virus levelb (IQR)
LAM treatment duration, median
no. of mos. (IQR)
On LAM
Off LAM

6.3 (5.4–7.2)

HBeAg⫹ (%)
Genotypes (%)

19
D (54), B (23), A (11.5), C (11.5)

2 (10.5)

11
D (89), C (11)

a
No subject was on therapy at the time of virological testing. Naive, naive subjects that had never received antiviral therapy; LAM, subjects with a history of receiving lamivudine
(LAM); LAM⫹IFN, subjects with a history of receiving LAM ⫹ interferon (IFN); IFN, subjects with a history of receiving IFN but not LAM.
b
Virus levels were measured as the log10 IU/ml.

FIG 1 Distribution of months of past lamivudine (LAM) treatment (A) and of
months since LAM discontinuation (B) among the 46 LAM-experienced subjects.
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(range, 1192 to 5497). The median coverage per amino acid position was 2,637 (range, 1,423 to 4,620). Overall, UDPS detected a
median of 15 minority-variant RT amino acid (nonsynonymous)
mutations per sample (IQR, 10 to 23) and a median of 22 minority-variant RT synonymous mutations per sample (IQR, 13 to 34).
UDPS detection of minority variant LAM resistance mutations. UDPS detected minority-variant LAM resistance mutations
in three of the five samples with LAM resistance mutations detected by Sanger sequencing (Table 2). UDPS also detected one
primary LAM resistance mutation (either rtM204V or rtM204I)
plus one to two secondary minority variant LAM resistance
mutations (rtL180M, rtL80I, and/or rtV173L) per sample in
five additional samples from the remaining 41 LAM-experienced subjects. Therefore, overall 10 (21.7%) of 46 samples
from LAM-experienced subjects had LAM resistance mutations.
In contrast, minority-variant LAM resistance mutations were
not detected in any sample from the 45 LAM-naive subjects. Thus,
LAM resistance mutations were more likely to be detected in samples from the 46 LAM-experienced (10/46) than LAM-naive subjects (0/45; P ⫽ 0.001; Fisher exact test). The number of subjects
with LAM resistance mutations detectable only by UDPS was
more frequent among the LAM-experienced subjects (5/46) compared to the LAM-naive subjects (0/45), but the difference did not
reach statistical significance (P ⫽ 0.06; Fisher exact test).
For five subjects, it was possible to assess how frequently minority-variant LAM resistance mutation were present on the same
HBV genome as another LAM resistance mutation. Subjects 36,
82, 72, 73, and 75 each had two or more of mutations at positions
173 (rtV173L), 180 (rtL180M), and 204 (rtM204I/V), close
enough to be detected on sequence reads generated from the same
amplicon. In all five subjects, each of these mutations occurred
both alone and in combination. In four of five subjects, the Jaccard
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TABLE 2 HBV drug resistance mutations detected by Sanger sequencing and ultradeep pyrosequencing
Treatment history (no. of
months)
On LAM

Off LAM

Sanger sequence DRMs

UDPS DRM(s) (%)a

42
81
73
85
5
82
36
75
87
72

13.5
33
12
36.5
12
36.5
10
11.5
36
3

7
4
13.5
10
7.5
12
7
14
19.5
13.5

M204M/I, L80L/I
M204I, L80I/V
M204M/L/I
L180L/M
A181A/T
None
None
None
None
None

M204I (41.2), L80I (31.3), L80V (4.1), M204V (0.5)
M204I (99.8), L80V (67.2), L80I (32.3)
M204I (15.8), L180M (13.2), M204V (2.2)
L180 M (80.7), L80V (4.8)
A181T (51.5)
L180 M (69.8), V173L (69.6), M204V (1.0)
M204I (9.2), L80I (8.2), L180M (1.8)
M204V (2.0), L180M (1.7)
M204I (0.8), L80I (0.7)
M204I (0.6), L180M (0.5)

a
Mutations in boldface type were detected solely by ultradeep pyrosequencing (UDPS). Underlined mutations (either rtM204V or rtM204I) are primary LAM resistance mutations
that were not detected by Sanger sequencing. The parenthetical percentages indicate the proportion of UDPS reads at an amino position encoded by the preceding drug resistance
mutation. rtM204L, a mutation of unknown significance was present in 41.4 and 2.8% of sequence reads of the plasma samples from subjects 73 and 72, respectively. rtA181S,
another mutation of unknown significance, was present in 0.7 and 1.9% of sequence reads of the plasma samples from subjects 5 and 75, respectively.

correlation coefficient (20) showed that mutations were significantly much more likely to occur in combinations than alone (see
Table S2 in the supplemental material).
Two atypical mutations of uncertain biological and clinical
significance were detected at known LAM resistance position:
rtM204L and rtA181S (Table 2). rtM204L was detected as part of a
mixture by Sanger sequencing and was present in 41.4% of UDPS
reads in the sample from subject 73; it was detected only by UDPS
in subject 72 (2.8% of sequence reads); rtA181S was present in 0.7
and 1.9% of sequence reads of the plasma samples from subjects 5
and 75, each of which also contained known LAM resistance mutations. rtM204L was negatively correlated with rtL180M. rtA181S
occurred in a proportion of reads that was too low to assess its
correlation with rtL180M and rtM204V, which were present in the
same sample but never on the same read as rtA181S (see Table S2
in the supplemental material).
Factors associated with LAM resistance mutations detected
by Sanger sequencing and or UDPS. The only factor significantly
associated with the presence of LAM resistance mutations by
Sanger sequencing and/or UDPS was the time since LAM discontinuation (Fig. 2). Among the 10 LAM-experienced subjects with
detectable LAM resistance mutations, the median time since LAM
discontinuation was 11.2 months (range, 4.1 to 19.7). In contrast,
among the 36 LAM-experienced subjects without detectable LAM
resistance mutations, the median time since LAM discontinuation
was 30.5 months (range, 7.1 to 58.5) (P ⫽ 0.0001; Mann-Whitney
test). There was a significant inverse relationship between the time
since LAM discontinuations and the log-transformed value of the
most prevalent LAM resistance mutations within each subject
(r ⫽ 0.69; P ⬍ 0.001; Spearman’s rank correlation coefficient; Fig.
3). In an analysis confined to the 21 subjects who discontinued
LAM within 20 months prior to study enrollment, 10 (48%) had
detectable LAM resistance mutations.
The duration of LAM therapy, the plasma virus level, and the
number of minority variants were not significantly associated with
the presence of LAM resistance mutations (see Fig. S1 in the supplemental material). LAM resistance mutations were detected in
4/9 genotype A samples, 6/29 genotype D samples, 0/6 genotype C
samples, 0/1 genotype B samples, and 0/1 genotype E samples
(P ⫽ NS for differences between all pairs of genotypes; Fisher exact
test).
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G-to-A hypermutation. G-to-A hypermutation was present in
a median of 1.2% of reads per subject (range, 0.1 to 6.8%). The
Friedman rank sum test (friedman.test; R Statistical Package)
showed that the sample of origin (degrees of freedom [df] ⫽ 87)
made a more significant contribution to the level of hypermutation in a read than the primer pair used for PCR amplification
(df ⫽ 3), demonstrating that hypermutation was a characteristic of individual plasma samples rather than a PCR artifact. A
G-to-A hypermutation was associated with the number of mutations detectable by Sanger sequencing (Pearson correlation
coefficient, r ⫽ 0.35; P ⫽ 6 ⫻ 10⫺4) and the number of minor
variants detected by UDPS (Pearson r ⫽ 0.48; P ⫽ 1 ⫻ 10⫺6).
However, G-to-A hypermutation was not more common in the
10 subjects with LAM resistance mutations detected either by
Sanger or UDPS. It was also not associated with the plasma
HBV DNA level, HBV genotype, history of receiving LAM, or
history of receiving IFN.

FIG 2 Months since discontinuation of lamivudine (LAM) for the 10 subjects
with and 36 subjects without viruses containing LAM resistance mutations
(median: 11.2 versus 30.5 months; P ⫽ 0.0001, Mann-Whitney test).
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tinuation and the log-transformed value of the most prevalent LAM resistance
mutations within each of the 46 LAM-experienced subjects (r ⫽ 0.69, P ⬍
0.001; Spearman’s rank correlation coefficient). A single point (x ⫽ 30.5
months and y ⫽ 0.1%) is used to represent the 36 subjects who had discontinued LAM a median of 30.5 months prior to sampling and who did not have
detectable LAM resistance mutations.

DISCUSSION

This study shows that LAM resistance mutations may persist in
plasma for 20 or more months following LAM discontinuation.
Among the 46 LAM-treated subjects, 10 (21.7%) had LAM resistance mutations detected either by Sanger sequencing (8 mutations in 5 subjects) or by UDPS (26 mutations in 10 subjects).
Among the subjects who discontinued LAM within the 20 months
prior to study enrollment, nearly one-half (10 of 21) had detectable LAM resistance mutations.
HBV RT has a high mutation rate and generates a highly heterogeneous population of viral variants that diversify during the
course of infection. Nonetheless, NRTI resistance emerges much
more slowly for HBV than for other chronic viruses such as HIV
and HCV (1). Moreover, LAM resistance, which is often caused by
just one mutation in HIV RT, is often caused by two or three
mutations in combination in HBV RT. The slower evolution of
HBV resistance may result from the evolutionary constraints imposed by HBV’s overlapping reading frames and by the reservoir
of drug-susceptible cccDNA genomes (21, 22).
The slow reversion of the LAM resistance mutations despite
their lower levels of replication fitness parallels their slow emergence in subjects receiving LAM (23). The reversion to wild type
may be slowed in viruses that developed beneficial viral mutations
elsewhere on the HBV genome during the period of LAM therapy.
In addition, the presence of linked mutations suggests that some
reversions to wild type might disrupt epistatic combinations of
mutations resulting in less fit intermediately resistant genomes
(24).
Nine subjects had two or more of the canonical LAM resistance
mutations: rtM204I/V (n ⫽ 10), rtL80I/V (n ⫽ 7), rtL180M (n ⫽
6), and rtV173L (n ⫽ 1). The mutations at positions rt204, rt180,
and rt173 were significantly more likely to co-occur on the same
genomes than would be expected if they had arisen independently.
One subject had the multi-NRTI-associated mutation rtA181T.
The ADV resistance mutation rtN236T and the ETV resistance
mutations at positions rt169, rt184, rt202, and rt250 were not
detected. The detection of minor variant mutations was not asso-
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FIG 3 Inverse relationship between the time since lamivudine (LAM) discon-

ciated with the genotype of the sample sequence nor with the
specific codon present in the Sanger sequence. Indeed, it has been
shown by others that in all genotypes, most HBV resistance mutations arise from single nucleotide transitions (25).
Two novel mutations at known NRTI-associated positions
(rtA181S and rtM204L) each occurred in two subjects. The combination of rtA181S ⫹ rtM204I has been reported to emerge in
two patients receiving LAM monotherapy and has been shown to
reduce susceptibility to LAM, FTC, ADV, and TDF (26, 27).
rtM204L has been reported in a sequence from one of ⬃4,000
individuals with HBV RT sequences in GenBank (18). In contrast
to rtM204V and rtM204I, rtM204L was negatively correlated with
the secondary LAM resistance mutation rtL180M.
Although the combination of PCR and pyrosequencing can
introduce technical artifact, multiple lines of evidence suggest that
the minority LAM resistance variants that we detected were not
artifacts. First, only those variants detected in 0.5% or more sequence reads and at a proportion more than five times higher the
median plasma error rate for that mutation (usually ⬍ 0.1%) were
considered valid minority variants. Second, each of the minority
LAM resistance variants occurred in a sample that also contained
one or more additional LAM resistance variants either in the
Sanger sequence or as another minority variant. Finally, the linkage among many of the mutations would be unlikely if these mutations had resulted from PCR or pyrosequencing errors.
Our analysis of the evolution of LAM resistance mutations
in the subjects who discontinued therapy, however, presents an
incomplete picture of HBV population dynamics in vivo. First,
genotypic resistance data were not available on samples from
the subjects at the time of LAM discontinuation. Second, the
combined technical error resulting from PCR plus pyrosequencing decreases the reliability of variants as they decrease in
proportions below 0.5%. Finally, ascertaining the ultimate fate
of LAM-resistant variants would require examining the proportion of LAM resistance mutations within the hepatic
cccDNA reservoir.
G-to-A hypermutation results from an innate antiviral defense mechanism mediated by host enzymes belonging to the
APOBEC3 family of cytidine deaminases, which cause extensive deamination of cytidine bases to uridine in negative-stranded
DNA, resulting in G-to-A hypermutation in positive-stranded
DNA (15). APOBEC-mediated G-to-A hypermutation has been
reported in HIV, HBV (16, 28, 29), other retroviruses, and retrotransposons (15). Because the effects of G-to-A hypermutation on
a complete viral genome almost certainly lead to mutational impairment, it is essential to identify hypermutated reads because
hypermutated reads containing rtA181T (GCN¡ACN) and/or
rtM204I (ATG¡ATA) would otherwise be spuriously interpreted
as being NRTI resistant. Therefore, we applied a classification
model developed in a recent study to exclude sequence reads with
a high probability of having G-to-A hypermutation (17).
Because little is known about the correlates of APOBEC-mediated hypermutation, we sought to determine whether this phenomenon was associated with the subjects’ treatment histories
and with other aspects of the subjects’ HBV sequences. First, we
showed that the proportion of hypermutated reads was an intrinsic property of each sample rather than sequencing artifact. Second, APOBEC-mediated G-to-A hypermutation was associated
with the number of mutations detectable by Sanger sequencing
and of minority variants detected by UDPS. These associations
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have not previously been reported but are consistent with the
concept that APOBEC3G proteins are encoded by IFN response
genes and that periods of increased host immunity may be
associated with both increased viral immune selection pressure
and G-to-A hypermutation.
Most of the minority variant mutations detected here were
the canonical LAM resistance mutations rtM204VI, rtL180M,
rtV173L, and rtL80VI. Subjects with these mutations would be
expected to respond to treatment with TDF. One patient had
rtA181T, and this mutation, which partially reduces TDF susceptibility, might be an indication for combination therapy
(e.g., TDF ⫹ ETV) (1, 3).
In conclusion, we show here that LAM-experienced patients
who discontinue LAM are often likely to harbor LAM resistant
variants, particularly if LAM was discontinued within the 20
months prior to deep sequencing. However, the absence of mutations in plasma at a level of 0.5% does not exclude the possibility
that clinically significant levels of drug resistance mutations at
lower levels or within hepatic cells. Case-control studies of UDPS
sequencing on baseline samples from subjects failing and responding to salvage therapy would be needed to define the utility
of UDPS in clinical practice.
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