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Abstract

Background: Lamivudine (LAM) is associated with the highest known rate of resistance mutations among
nucleotide analogs used to treat chronic hepatitis B virus (HBV) infection. Despite this, LAM continues in widespread
use, especially in combination therapies. The primary LAM resistance mutation (rtM204V/I) occurs in the YMDD
motif of HBV polymerase. The aim of this study was to characterize Brazilian HBV isolates from acute and chronic
cases by direct sequencing, and to identify HBV quasispecies in the YMDD motif using a pyrosequencing method
capable of detecting single-nucleotide polymorphisms. HBV DNA from serum samples of 20 individuals with acute
HBV infection and 44 with chronic infection undergoing antiviral therapies containing LAM were analyzed by direct
sequencing and pyrosequencing methods.

Results: Phylogenic analyses of direct-sequenced isolates showed the expected genotypes (A, D and F) for the
Brazilian population in both acute and chronic infections. However, within genotype A isolates, subgenotype A2
was more frequently detected in acute cases than in chronic cases (P = 0.012). As expected, none of the individuals
with acute hepatitis B had LAM-resistant isolates as a dominant virus population, whether detected by direct
sequencing or pyrosequencing. However, pyrosequencing analyses showed that 45% of isolates (9/20) had minor
subpopulations (4-17%) of LAM-resistant isolates. Among chronic patients undergoing LAM treatment, YMDD
mutants were frequently found as a dominant virus population. In cases where wild-type virus was the dominant
population, subpopulations of YMDD variants were usually found, demonstrating the complexity of HBV
quasispecies.

Conclusions: YMDD variants were frequently detected as a minor population in acute HBV infection. The
occurrence of pre-existing variants may lead to a high frequency of resistant mutants during antiviral therapy in the
chronic phase. In chronic infection, detection of YMDD variants before virological or biochemical breakthrough
might contribute to making better therapy choices and thus improving treatment outcome.
Background
The genetic variability of hepatitis B virus (HBV) contri-
butes to the development of drug resistance, the major
drawback of currently used antiviral treatments for chronic
hepatitis B. Nucleoside/nucleotide analogs (NAs) are orally
administered drugs designed to inhibit the function of HBV
reverse transcriptase (rt). Although these drugs are highly
effective in controlling viral replication, their efficacy is
often hindered by the selection of drug-resistant viruses [1].
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The selection pressure imposed by the presence of the drug
gradually favors an increase in the population of viruses
with mutations that confer resistance to the drug; this is
often followed by an increase in viral load and serum
alanine aminotransferase levels, and progression of liver
disease [2,3]. Lamivudine (LAM), the first NA drug licensed
for the treatment of chronic hepatitis B, is currently still in
widespread use. This continuing use is in addition to more
recently developed drugs that are efficient in the rescue
therapy of LAM-resistant mutant [4]. LAM use is asso-
ciated with the highest rate of resistance among NA drugs;
this resistance progressively increases over the course of
treatment, ultimately affecting 80% of patients after 48
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months of administration [5-7]. The main site within the
HBV rt protein that is associated with LAM resistance is
residue 204 in the highly conserved tyrosine-methionine-
aspartate-aspartate (YMDD) motif of the nucleotide-
binding site; in general, the methionine in this sequence is
replaced by either valine or isoleucine (rtM204V/I) [8,9].
This primary LAM-resistant mutant, rtM204V/I, affects
viral replication fitness. Compensatory mutations in the rt
domain (rtL180M, rtV173L, rtL80I/V) that partially restore
replication efficiency are often co-selected in HBV rt204
mutants [1]. To date, the most commonly used method for
detecting drug resistance mutations is by direct sequen-
cing after polymerase chain reaction (PCR) amplification.
In addition to being a laborious and time-consuming
method, direct PCR sequencing is limited by its inability
to detect variants that are poorly represented in the hete-
rogeneous virus population present in a patient’s circula-
tion. Therefore, other molecular techniques, including
restriction fragment length polymorphism (RFLP) analysis
[10-12], 5’-nuclease assays [10], melting point analysis
[13], hybridization-based genotyping methods (e.g., mass
spectrometry) [14], line-probe assays [15], DNA chip tech-
nology [16] and real-time PCR using mutation-specific
primers [17], have been used to discriminate population
mixtures [18,19].
Pyrosequencing is a new sequencing method that detects

DNA polymerase activity by measuring the pyrophosphate
(PPi) released by the addition of a dNMP to the 3’ end of a
primer. It allows determination of the sequence of a single
DNA strand by synthesizing a complementary strand, one
base pair at a time, and detecting which base is added at
each step. Pyrosequencing is currently the fastest, and
probably most sensitive, method available for detecting
small subpopulations of resistant virus and the unique
capable of presents quantitative sequence data [7,19,20].
Here, HBV isolates from Brazilian patients with acute and
chronic infections undergoing antiviral therapies containing
LAM were genotyped and characterized by direct sequen-
cing. Single-nucleotide polymorphisms (SNPs) in the
YMDD motif of these HBV isolates were analyzed and
quantified using a pyrosequencing method capable of rap-
idly sequencing short DNA sequences. Pyrosequencing
results were compared with those obtained by direct
sequencing.

Methods
Serum samples
In a parallel study [21], 129 samples from chronically
HBV-infected patients undergoing interferon or NA analog
therapy were examined for drug-resistance mutations. In
the present study, serum samples from 44 of these patients
undergoing LAM therapy as a first-line treatment were
analyzed. These samples were referred to the public central
Noel Nutels laboratory in Rio de Janeiro, Brazil, for the
assessment of HBV loads. Individuals with clinical symp-
toms of acute hepatitis were monitored in the Viral
Hepatitis Ambulatory Center of our Institution. The diag-
nosis of acute HBV infection was confirmed by positivity
to anti-HBc IgM antibodies (AxSYM CORE-M; Abbott,
Delkenheim, Germany). Twenty samples from these indi-
viduals were included in the present study. The research
use of these samples was approved by the Fiocruz Ethics
Committee, and written informed consent was obtained
from all subjects.

HBV direct sequencing and HBV quantification by real-
time PCR
HBV DNA was extracted from serum samples using the
High Pure Viral Nucleic Acid kit (Roche Applied Science,
Mannheim, Germany) according to the manufacturer’s
instructions. Viral DNA was eluted in 50 μL of Elution
Buffer.
For the direct Sanger sequencing method, the pre-S/S

genome region was amplified by semi-nested PCR. The
first-round PCR product was amplified with the primer
pair PS1 and P3, and the second round was performed
using the sense primer PS1 and a mixture of two anti-
sense primers, S2 and S22, as previously described [22].
DNA was amplified using 5 U/μL Taq DNA polymerase
(Invitrogen, San Diego, CA, USA) and 10 mM dNTPs in
a final volume of 50 μL. First round PCR was performed
using the following conditions: 94°C for 3 min (initial
denaturation), then 30 cycles of 94°C for 30 s, 55°C for 30
s and 72°C for 1 min 30 s, followed by a final elongation
step (7 min at 72°C). Second-round thermocycling condi-
tions were 94°C for 3 min, then 30 cycles of 95°C for 30 s,
52°C for 10 s and 72°C for 2 min, followed by a final
elongation step (7 min at 72°C). The lower limit of detec-
tion of the PCR assay was 100 copies/mL. PCR products
were purified using the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, USA), and were prepared for
sequencing using a Big Dye Terminator 3.1 Cycle Sequen-
cing Kit (Applied Biosystems, Foster City, CA, USA) with
external primers PS1 and S2 or S22, internal sense primer
S4 (5'-TGCTGCTATGCCTCATCTTCT-3'; nucleotides
[nt] 416-436) and antisense primer S7 (5'-TGAGCCAG
GAGAAACGGGCT-3'; nt 676-656). The sequence was
determined by separation and analysis of extension pro-
ducts using an automated ABI 3730 DNA Analyzer (Ap-
plied Biosystems). HBV genotyping was performed by
phylogenetic analysis of the pre-S/S gene of the sequences
determined in this study in the context of HBV sequences
representing all known genotypes available in GenBank.
Sequences were aligned using the ClustalW program [23],
and the phylogenetic tree was generated using the
neighbor-joining method (bootstrap resampling test with
1,000 replicates) in MEGA version 4.0 software [24].
Drug-resistance mutations were analyzed based on the
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deduced amino acid sequence of the region of the Pol
open reading frame that overlaps the pre-S/S gene
covering the rt domain from amino acid 1 to 230. Samples
positive for HBV DNA were quantified by TaqMan real-
time PCR technology, as previously described [25], using
the probe, 5’-FAM-TGTTGACAARAATCCTCACAA
TACCRCAGA-TAMRA-3´ (nt 218-247). The assay has a
limit of detection of 10 copies/reaction (i.e., 100 copies/mL
serum).
Categorical variables were compared using Fisher’s

exact tests, and differences between continuous variables
were assessed using Student’s t-tests. Differences were
considered statistically significant for P-values< 0.05.
Statistical analyses were performed using SPSS version
17 (SPSS, Chicago, IL, USA).

Primer design and PCR assays for pyrosequencing
Pyrosequencing was performed using PyroMark Q96 ID
(QIAGEN Valencia, CA, USA). This instrument offers
quantitative SNPs and mutation analysis by rapidly sequen-
cing short stretches of DNA directly from PCR templates.
PCR amplification and pyrosequencing primers were
designed using PyroMark Assay Design 2.0 software. The
following primers were designed to amplify a 218-bp
fragment of the HBV rt polymerase domain containing the
YMDD motif: forward primer, 5’-TTGCACCTGTATTCC
CAT-3’ (nt 594-611); reverse primer, 5’-AAAATTGGTAA
CAGCGGTAWA AA-3’ (nt 791-812). The forward primer
was 5’ biotin-labeled to enable preparation of a single-
stranded template for pyrosequencing. The sequencing
primer (5’-GTTTGGCTT TCAGYTAT-3’; nt 724-736) was
located immediately upstream of codon rt204. DNA was
amplified using 5 U/μL Platinum Taq DNA polymerase
High Fidelity (Invitrogen), 10 mM dNTPs, 10X PCR buffer,
50 mM MgCl2 and 10 μM primer mix in a final volume of
50 μL under the following thermocycling conditions: initial
denaturation at 94°C for 3 min, then 30 cycles of 94°C for
30 s, 55°C for 30 s and 68°C for 30 s, followed by a final
elongation step (5 min at 68°C).
Biotinylated PCR products were hybridized to strepta-

vidin-coated beads and purified using the PyroMark Q96
Vacuum Prep Workstation (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. Sequencing
primers were annealed by incubating at 80°C for 2 min.
Pyrosequencing reactions were performed using the
PyroMark Gold Q96 SQA Reagents in the PyroMark
Q96 ID (QIAGEN). The dispensation order algorithm
for pyrosequencing was CAGTACGCATG. Data collec-
tion and quantification analyses were performed using
PyroMark ID software. Mixtures of plasmids carrying
wild-type (WT) and YVDD-resistant (MUT) sequences
were prepared to evaluate the ability of the pyrosequen-
cing method to accurately detect and quantify minor
sequence variants. Mixtures ranging from 100% WT-0%
MUT to 0% WT-100% MUT were prepared at incre-
ments of 10% of each plasmid. A mixture of 95%-5% of
each plasmid was tested to assess the sensitivity of the
pyrosequencing assay in detecting minor subpopulations
as low as 5% of the total.

Results and discussion
Genotyping and subgenotyping of circulating HBV isolates
in the samples analyzed (Table 1) showed no significant
differences in genotype distributions among acute and
chronic infections under LAM selective pressure. In acute
infection, 16 of 20 HBV isolates (80%) under study
belonged to genotype A, three (15%) were from genotype
D, and the remaining one (5%) belonged to genotype F. In
samples from chronic cases, the following genotype
distribution was found: 25/44 (56.8%) genotype A, 13/44
(29.5%) genotype D, 5/44 (11.4%) genotype F, and one
(2.3%) genotype B. Among isolates from genotype A,
subgenotypes A1 and A2 were found. The ratio of subgeno-
types A1/A2 in acute cases (8/8, 50% each) was significantly
different from that in chronic cases (22/3, 88% A1 and
12% A2; P= 0.012). If the equal distribution of subgeno-
types A1 and A2 among newly infected individuals (acute
infection) reflects an increase in subgenotype A2 in Brazil,
this suggests that the profile of circulating subgenotypes in
Brazil could be changing. Alternatively, differences between
the two subgenotypes could be related to disease progres-
sion (resolution of acute infection or progression to chroni-
city). These possibilities warrant further investigation.
Surprisingly, acute HBV patients had relatively low HBV

titers compared to what would have been expected for an
acute HBV infection, ranging from 6.2 x 102 to 1.4 x 106

copies/mL (mean viral load, 2.0 x 105 copies/mL; median
viral load, 2.0 x 104 copies/mL). Chronic patients had
HBV titers ranging from 9.4 x 102 to 2.4 x 109 copies/mL.
The mean viral load was 1.4 x 105 copies/mL, and the
median was 5.6 x 104 copies/mL.
The direct PCR Sanger sequencing method (population-

based sequencing approach) detected only the major
population in our assays. Literature reports indicate that
only minor populations present as more than 20% of the
total quasispecies pool can be detected by the Sanger
method [26]. To test the ability of pyrosequencing to detect
minor sequence variants of the YMDD population, we
evaluated different proportions of plasmids containing WT
(rtM204) and MUT (rtV204) sequences. Allelic quantifica-
tion based on pyrograms indicated accurate detection when
minor variants represented at least 5% of the total circula-
ting population (Figure 1). A value of 4% was subsequently
used as the lower limit of detection of minor populations
by pyrosequencing under our experimental conditions.
Other methods capable of detecting (but not capable of
quantifying) viral mutants that constitute as little as 4-5%
of the total population, such as RFLP analyses and line-



Table 1 Comparisons of YMDD variants in serum of patients with acute and chronic HBV infection detected by direct sequencing and pyrosequencing

Patient number Type of infection Treatment Duration (months) Viral load (cp/mL) Sub genotype Direct sequencing Pyrosequencing % amino acid

WT MUT M V I

ATG Codon ATG (codon) (codon)/(codon)

1969 acute - - 1.1x106 A1 M/ATG - 100 - -

2098 acute - - 1.4x106 A1 M/ATG - 100 - -

1377 acute - - 3.5x104 A1 M/ATG - 100 - -

1504 acute - - 6.2x102 A1 M/ATG - 100 - -

1379 acute - - 2.8x104 A1 M/ATG - 95 - 5 (ATT)

1419 acute - - 6.5x103 A1 M/ATG - 100 - -

1781 acute - - 6.6x102 A1 M/ATG - 95 - 5 (ATT)

1510 acute - - 8.6x103 A1 M/ATG - 83 - 17 (ATA)

1384 acute - - 3.3x105 A2 M/ATG - 100 - -

2190 acute - - - A2 M/ATG - 94 6 (GTT) -

603 acute - - 1.2x105 A2 M/ATG - 100 - -

1472 acute - - 3.0x103 A2 M/ATG - 100 - -

1386 acute - - 1.3x105 A2 M/ATG - 96 - 4 (ATT)

1120 acute - - 7.1x102 A2 M/ATG - 93 - 7 (ATT)

1393 acute - - 7.2x103 A2 M/ATG - 100 - -

1889 acute - - 5.6x105 A2 M/ATG - 96 - 4 (ATT)

1474 acute - - 5x104 D2 M/ATG - 100 - -

1980 acute - - 2.5x103 D2 M/ATG - 94 6 (GTT) -

1314 acute - - 2.0x104 D3 M/ATG - 100 - -

1570 acute - - 1.3x103 F2 M/ATG - 94 - 6 (ATT)

NN003 chronic LAM 01 3.7x104 A1 M/ATG 94 - 6 (ATT)

NN004 chronic LAM 06 1.7 x104 A1 M/ATG 96 - 4 (ATT)

NN124 chronic LAM 06 9.7 x102 A1 - V/GTG - 40 (GTG) 60 (ATT)

NN092 chronic LAM 07 7.6 x106 A1 M/ATG - 100 - -

NN006 chronic LAM+ TDF 12 1.7 x104 A1 - V/GTG - 100 (GTG) -

NN026 chronic LAM 12 1.2 x107 A1 - V/GTG - 100 (GTG) -

NN041 chronic LAM 12 1.3 x104 A1 M/ATG - 94 - 6 (ATT)

NN043 chronic LAM 12 4.2 x105 A1 M/ATG - 100 - -

NN132 chronic LAM 12 9.4 x102 A1 - V/GTG 10 75 (GTG) 15 (ATT)

NN123 chronic LAM 18 2.4 x109 A1 M/ATG - 94 - 6 (ATA)

NN009 chronic LAM 24 2.1 x104 A1 - V/GTG - 100 (GTG) -
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Table 1 Comparisons of YMDD variants in serum of patients with acute and chronic HBV infection detected by direct sequencing and pyrosequencing
(Continued)

NN024 chronic LAM 24 5.2 x107 A1 - V/GTG - 100 (GTG) -

NN010 chronic LAM 36 4.9 x105 A1 - I/ATT 3 - 93 (ATT)/4 (ATA)

NN018 chronic LAM 36 4.6 x103 A1 - V/GTG 6 94 (GTG) -

NN019 chronic LAM 36 3.0 x103 A1 M/ATG - 96 - 4 (ATA)

NN027 chronic LAM 36 2.8 x104 A1 M/ATG - 95 - 5 (ATT)

NN037 chronic LAM 36 4.8 x105 A1 M/ATG - 100 - -

NN079 chronic LAM 36 9.6 x103 A1 M/ATG - 100 - -

NN087 chronic LAM 72 1.1 x104 A1 M/ATG - 100 - -

NN007 chronic LAM 84 2.8 x104 A1 - V/GTG - 100 (GTG) -

NN028 chronic LAM 108 1.8 x109 A1 V/GTG - 100 (GTG) -

NN032 chronic LAM+ TDF 132 1.2 x104 A1 - V/GTG - 100 (GTG) -

NN025 chronic LAM 05 4.3 x104 A2 M/ATG - 100 - -

NN014 chronic LAM 07 1.4 x105 A2 - I/ATT - - 100 (ATT)

NN042 chronic LAM 12 5.4 x107 A2 - V/GTG 6 94 (GTG) -

NN022 chronic LAM+ADV 24 1.7 x105 B - I/ATT - 25 (GTG) 70 (ATT)

NN074 chronic LAM 06 6.5 x105 D2 - V/GTG - 100 (GTG) -

NN125 chronic LAM+ TDF 12 2.5 x103 D2 - I/ATT - - 100 (ATT)

NN001 chronic LAM 60 2.4x104 D3 - V/GTG - 100 (GTG) -

NN091 chronic LAM 06 4.3 x103 D3 - I/ATT - - 100 (ATT)

NN096 chronic LAM 06 3.1 x103 D3 M/ATG - 100 - -

NN097 chronic LAM 06 5.3 x106 D3 M/ATG - 95 - 5 (ATT)

NN129 chronic LAM 06 7.2 x108 D3 - V/GTG - 95 (GTG) 5 (ATT)

NN029 chronic LAM 12 7.0 x104 D3 M/ATG - 86 4 (GTG) 6 (ATA)/4 (ATT)

NN038 chronic LAM+ TDF 12 2.9 x105 D3 M/ATG - 100 - -

NN077 chronic LAM 12 9.7 x105 D3 - I/ATT 4 - 96 (ATT)

NN034 chronic LAM+ADV 24 1.0 x105 D3 - V/GTG - 90 (GTG) 10 (ATT)

NN075 chronic LAM 60 3.2 x103 D3 M/ATG - 100 - -

NN031 chronic LAM 72 6.8 x107 D3 - V/GTG - 100 (GTG) -

NN126 chronic LAM 06 1.9 x108 F1b - I/ATC - 30 (GTG) 70 (ATC)

NN105 chronic LAM 06 3.7 x108 F2 - V/GTG - 100 (GTG) -

NN078 chronic LAM 12 1.2 x106 F2 M/ATG - 95 - 5 (ATT)

NN134 chronic LAM 12 2.7 x104 F2 - I/ATT - 25 (GTG) 75 (ATT)

NN020 chronic LAM 48 3.7 x104 F2 M/ATG - 100 - -
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probe assays, are either labor intensive and thus not
suitable for high-throughput screening, or are subject to a
greater number of false-positive and false-negative results
than sequencing [7,20]. Our result confirms previous
reports that pyrosequencing is the most sensitive method
(A)

(C)

(E)

Figure 1 Pyrosequencing analysis with allelic quantification of A/G fo
mixtures of WT (YMDD) and MUT (YVDD) plasmids. (A) 100% WT-0% M
MUT; (E) 95% WT-5% MUT. The results of quantification of each nucleotide
available for detecting small subpopulations of resistant
virus and, as such, is likely to become the method of choice
in the near future [7,19,20,27,28].
Comparisons of YMDD variants in serum of patients

with acute and chronic HBV infection detected by direct
(B)

(D)

r the first position of codon M/ATG and V/GTG in different
UT; (B) 50% WT-50% MUT; (C) 66% WT33% MUT; (D) 90% WT-10%
are indicated above the pyrograms (as %).
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sequencing and pyrosequencing are shown in Table 1. As
expected, none of the individuals with acute hepatitis B had
LAM-resistant isolates as a dominant virus population,
whether detected by direct sequencing or pyrosequencing.
However, because of its greater ability to detect viral subpo-
pulations, pyrosequencing revealed that 11/20 (55%) of the
individuals with acute hepatitis B had only WT isolates,
whereas 9/20 (45%) had minor subpopulations of LAM-
resistant isolates varying from 4% to 17%. The detection of
pre-existing resistant variants in acute phase provides infor-
mation helpful in choosing an appropriate antiviral regimen
whether individuals have become chronic carriers, and thus
need to start an antiviral regimen.
Thirty-eight patients (86.4%) with chronic hepatitis B

were undergoing a LAM monotherapy regimen, whereas
the other six (13.6%) were receiving combination therapy of
LAM plus adefovir dipivoxil (ADV) or tenofovir disoproxil
fumarate (TDF). There was no significant association
between the treatment duration and the occurrence of
LAM-resistant isolates. Direct sequencing methods deter-
mined that WT isolates were present in 19 of 44 patients
(43.2%) and LAM-resistant isolates were present in 25 of
44 patients (56.8%), with a predominance of the YVDD
variant (17/25, 68%) compared to the YIDD variant (8/25,
32%). Pyrosequencing confirmed the presence of exclu-
sively WT isolates in 10 of 19 samples (52.6%) character-
ized as WT by direct sequencing. In the other nine
samples (47.4%), pyrosequencing was able to detect the
presence of minor subpopulations of LAM-resistant
isolates. Of 25 samples characterized as LAM-resistant by
(A)

Figure 2 Discrepancy between direct sequencing and pyrosequencing
nucleotides (GTG) coding for the rtM204V variant, although the electrophe
corresponding to the first and third nucleotide position of codon ATT (rt20
YVDD (V/GTG) variants.
direct sequencing, pyrosequencing confirmed the presence
of only one population of resistant mutants (either YVDD
or YIDD) in 14 (56%). The remaining 11 samples (44%)
contained a mixture of mutant variant populations or a
minor subpopulation composed of WT isolates. Pyrose-
quencing proved to be a powerful tool for detecting co-
circulating strains in a complex population. This allowed
resistant HBV to be detected before any evidence of viro-
logical or biochemical breakthrough, thus increasing the
possibility of a correct choice of rescue therapy and
increasing the likelihood of successful treatment.
Interestingly, all but two individuals whose major virus

population was composed of WT isolates and a small per-
centage of resistant variants detected by pyrosequencing
had a YIDD variant as a minor subpopulation, suggesting
that the rtM204I mutation may naturally occur more often
and replicate more efficiently than YVDD variants in
environments with little or no selection pressures. The only
disagreement between the results of direct sequencing and
pyrosequencing was for sample NN124. The direct sequen-
cing method detected nucleotides (GTG) coding for
rt204V, although the electropherogram indicated mixtures
with small quantities of nucleotides A and T corresponding
to the first and third position, respectively, of codon rt204I
(Figure 2A). In contrast, pyrosequencing indicated a
majority (~60%) of rt204I variant and about 40% rt204V
variant (Figure 2B). The same discrepant results were also
obtained when the segment used as template for the direct
sequencing method was amplified using pyrosequencing
primers. This disagreement may be attributable to the
A:62.1%
G:37.9%

T:59.0%
A:0.0%
C:0.0%
G:41.0%

(B)

in sample NN124. The direct sequencing method (A) detected the
rogram indicated mixtures with small quantities of nucleotides A and T
4I). Pyrosequencing (B) detected about 60% YIDD (I/ATT) and 40%
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similar amounts of YIDD and YVDD variants (60% vs.
40%) reported by pyrosequencing.

Conclusions
Pyrosequencing is a rapid, specific, and sensitive tool
that may be useful in detecting and quantifying subpo-
pulations of resistant viruses. Here, YMDD variants were
frequently detected by this method as a minor popula-
tion in acute HBV infection. Co-circulation of mixtures
of WT and mutant isolates of YMDD variants was fre-
quently revealed in treated, chronic hepatitis patients by
pyrosequencing. Detection of YMDD variants before
their detection by conventional sequencing methods
might contribute to making more informed drug choices
and thus improving the outcome of therapy.

Acknowledgments
The authors thank the Plataforma Genômica - Seqüenciamento de DNA/
PDTIS-FIOCRUZ for performing the DNA sequencing. Financial support:
PAPES/CNPq.

Author details
1Laboratório de Virologia Molecular, Instituto Oswaldo Cruz, FIOCRUZ, Av.
Brasil 4365, Rio de Janeiro, RJ 21045-900, Brazil. 2Laboratório de Referência
Nacional para Hepatites Virais, Instituto Oswaldo Cruz, FIOCRUZ, Av. Brasil
4365, Rio de Janeiro, RJ 21045-900, Brazil. 3Laboratório Central de Saúde
Pública Noel Nutels, Rua do Resende, 118, Rio de Janeiro, RJ 20231-092,
Brazil.

Authors' contributions
FCAM and BVL carried out the sequencing experiments. LLLX was involved
in the clinical evaluation of patients. CAF was responsible for demographic
data of chronic patients. SAG conceived and coordinated the study. The
manuscript was written by FCAM and SAG. All authors read and approved
the final version of the manuscript.

Received: 12 September 2011 Accepted: 6 June 2012
Published: 6 June 2012

References
1. Yuen LK, Locarnini SA: Genetic variability of hepatitis B virus and

response to antiviral treatments: searching for a bigger picture. J Hepatol
2009, 50:445–448.

2. Nafa S, Ahmed S, Tavan D, Pichoud C, Berby F, Stuyver L, Johnson M, Merle
P, Abidi H, Trepo C, Zoulim F: Early detection of viral resistance by
determination of hepatitis B virus polymerase mutations in patients
treated by lamivudine for chronic hepatitis B. Hepatology 2000, 32:
1078–1088.

3. Yuen MF, Sablon E, Hui CK, Yuan HJ, Decraemer H, Lai CL: Factors
associated with hepatitis B virus DNA breakthrough in patients receiving
prolonged lamivudine therapy. Hepatology 2001, 34:785–791.

4. Shamliyan TA, Johnson JR, MacDonald R, Shaukat A, Yuan JM, Kane RL, Wilt
TJ: Systematic review of the literature on comparative effectiveness of
antiviral treatments for chronic hepatitis B infection. J Gen Intern Med
2011, 26:326–339.

5. Dienstag JL, Schiff ER, Wright TL, Perrillo RP, Hann HW, Goodman Z,
Crowther L, Condreay LD, Woessner M, Rubin M, Brown NA: Lamivudine as
initial treatment for chronic hepatitis B in the United States. N Engl J Med
1999, 341:1256–1263.

6. Lai CL, Dienstag J, Schiff E, Leung NW, Atkins M, Hunt C, Brown N, Woessner
M, Boehme R, Condreay L: Prevalence and clinical correlates of YMDD
variants during lamivudine therapy for patients with chronic hepatitis B.
Clin Infect Dis 2003, 36:687–696.

7. Zoulim F, Locarnini S: Hepatitis B virus resistance to nucleos(t)ide
analogues. Gastroenterology 2009, 137:1593–1608. e1591-1592.
8. Allen MI, Deslauriers M, Andrews CW, Tipples GA, Walters KA, Tyrrell DL,
Brown N, Condreay LD: Identification and characterization of mutations
in hepatitis B virus resistant to lamivudine. Lamivudine Clinical
Investigation Group. Hepatology 1998, 27:1670–1677.

9. Ling R, Mutimer D, Ahmed M, Boxall EH, Elias E, Dusheiko GM, Harrison TJ:
Selection of mutations in the hepatitis B virus polymerase during
therapy of transplant recipients with lamivudine. Hepatology 1996,
24:711–713.

10. Allen MI, Gauthier J, DesLauriers M, Bourne EJ, Carrick KM, Baldanti F, Ross
LL, Lutz MW, Condreay LD: Two sensitive PCR-based methods for
detection of hepatitis B virus variants associated with reduced
susceptibility to lamivudine. J Clin Microbiol 1999, 37:3338–3347.

11. Chayama K, Suzuki Y, Kobayashi M, Tsubota A, Hashimoto M, Miyano Y,
Koike H, Koida I, Arase Y, Saitoh S, et al: Emergence and takeover of YMDD
motif mutant hepatitis B virus during long-term lamivudine therapy and
re-takeover by wild type after cessation of therapy. Hepatology 1998,
27:1711–1716.

12. Jardi R, Buti M, Rodriguez-Frias F, Cotrina M, Costa X, Pascual C, Esteban R,
Guardia J: Rapid detection of lamivudine-resistant hepatitis B virus
polymerase gene variants. J Virol Methods 1999, 83:181–187.

13. Cane PA, Cook P, Ratcliffe D, Mutimer D, Pillay D: Use of real-time PCR and
fluorimetry to detect lamivudine resistance-associated mutations in
hepatitis B virus. Antimicrob Agents Chemother 1999, 43:1600–1608.

14. Kim HS, Han KH, Ahn SH, Kim EO, Chang HY, Moon MS, Chung HJ, Yoo W,
Kim SO, Hong SP: Evaluation of methods for monitoring drug resistance
in chronic hepatitis B patients during lamivudine therapy based on mass
spectrometry and reverse hybridization. Antivir Ther 2005, 10:441–449.

15. Stuyver L, Van Geyt C, De Gendt S, Van Reybroeck G, Zoulim F, Leroux-Roels
G, Rossau R: Line probe assay for monitoring drug resistance in hepatitis
B virus-infected patients during antiviral therapy. J Clin Microbiol 2000,
38:702–707.

16. Tran N, Berne R, Chann R, Gauthier M, Martin D, Armand MA, Ollivet A, Teo
CG, Ijaz S, Flichman D, et al: European multicenter evaluation of high-
density DNA probe arrays for detection of hepatitis B virus resistance
mutations and identification of genotypes. J Clin Microbiol 2006, 44:
2792–2800.

17. Wang RS, Zhang H, Zhu YF, Han B, Yang ZJ: Detection of YMDD mutants
using universal template real-time PCR. World J Gastroenterol 2006,
12:1308–1311.

18. Malmstrom S, Hannoun C, Lindh M: Mutation analysis of lamivudine
resistant hepatitis B virus strains by TaqMan PCR. J Virol Methods 2007,
143:147–152.

19. Solmone M, Vincenti D, Prosperi MC, Bruselles A, Ippolito G, Capobianchi
MR: Use of massively parallel ultradeep pyrosequencing to characterize
the genetic diversity of hepatitis B virus in drug-resistant and drug-naive
patients and to detect minor variants in reverse transcriptase and
hepatitis B S antigen. J Virol 2009, 83:1718–1726.

20. Margeridon-Thermet S, Shulman NS, Ahmed A, Shahriar R, Liu T, Wang C,
Holmes SP, Babrzadeh F, Gharizadeh B, Hanczaruk B, et al: Ultra-deep
pyrosequencing of hepatitis B virus quasispecies from nucleoside and
nucleotide reverse-transcriptase inhibitor (NRTI)-treated patients and
NRTI-naive patients. J Infect Dis 2009, 199:1275–1285.

21. Mello FCA, Fernandes CA, Gomes SA: Antiviral therapy against chronic
hepatitis B in Brazil: High rates of lamivudine resistance mutations and
correlation with HBV genotypes. Mem Inst Oswaldo Cruz 2012, 107:
317–325.

22. Moraes MT, Niel C, Gomes SA: A polymerase chain reaction-based assay
to identify genotype F of hepatitis B virus. Braz J Med Biol Res 1999,
32:45–49.

23. Thompson JD, Higgins DG, Gibson TJ: CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Res 1994, 22:4673–4680.

24. Tamura K, Dudley J, Nei M, Kumar S: MEGA4: Molecular Evolutionary
Genetics Analysis (MEGA) software version 4.0. Mol Biol Evol 2007,
24:1596–1599.

25. Sucupira MV, Mello FC, Santos EA, Niel C, Rolla VC, Arabe J, Gomes SA:
Patterns of hepatitis B virus infection in Brazilian human
immunodeficiency virus infected patients: high prevalence of occult
infection and low frequency of lamivudine resistant mutations. Mem Inst
Oswaldo Cruz 2006, 101:655–660.



Mello et al. BMC Microbiology 2012, 12:96 Page 9 of 9
http://www.biomedcentral.com/1471-2180/12/96
26. Shaw T, Bartholomeusz A, Locarnini S: HBV drug resistance: mechanisms,
detection and interpretation. J Hepatol 2006, 44:593–606.

27. Ijaz S, Arnold C, Dervisevic S, Mechurova J, Tatman N, Tedder RS, Naoumov
NV: Dynamics of lamivudine-resistant hepatitis B virus during adefovir
monotherapy versus lamivudine plus adefovir combination therapy. J
Med Virol 2008, 80:1160–1170.

28. Lindstrom A, Odeberg J, Albert J: Pyrosequencing for detection of
lamivudine-resistant hepatitis B virus. J Clin Microbiol 2004, 42:4788–4795.

doi:10.1186/1471-2180-12-96
Cite this article as: Mello et al.: Detection of mixed populations of wild-
type and YMDD hepatitis B variants by pyrosequencing in acutely and
chronically infected patients. BMC Microbiology 2012 12:96.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Serum samples
	HBV direct sequencing and HBV quantification by real-time PCR
	Primer design and PCR assays for pyrosequencing

	Results and discussion
	link_Tab1
	link_Fig1
	link_Fig2
	Conclusions
	Acknowledgments
	Author details
	Authors' contributions
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_CR8
	link_CR9
	link_CR10
	link_CR11
	link_CR12
	link_CR13
	link_CR14
	link_CR15
	link_CR16
	link_CR17
	link_CR18
	link_CR19
	link_CR20
	link_CR21
	link_CR22
	link_CR23
	link_CR24
	link_CR25
	link_CR26
	link_CR27
	link_CR28


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


