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Direct population sequencing and reverse hybridization (line probe assay [LiPA])-based methods are the
most common methods for detecting hepatitis B virus (HBV) drug resistance mutations, although only
mutations present in viral quasispecies with a prevalence of =20% can be detected by sequencing, and only
known mutations are detected by LiPA. Massively parallel ultradeep pyrosequencing (UDPS; GS FLX plat-
form) was used to analyze HBV quasispecies in reverse transcriptase (RT) and hepatitis B S antigen (HBsAg)
from five drug-naive patients and eight drug-resistant patients. Eight primer pairs were used to obtain
partially overlapping amplicons, covering the RT gene from codons 1 to 288 and the complete overlapping
HBsAg sequence. A 1% mutation frequency was selected as the cutoff based on an error rate estimated on
plasmid DNA. This technology enabled simultaneous analysis of between 2,852 and 18,016 clonally amplified
fragments from each patient. The results indicate that UDPS has a relative sensitivity much higher than both
direct sequencing and LiPA. In addition, the UDPS results are quantitative, allowing establishment of the
relative frequency of both known mutations and novel substitutions. Some of the detected RT substitutions led
to changes also in HBsAg. On the whole, genotype D presented a higher heterogeneity than genotype A.
Considering the high quantity of information that can be provided by a single test from one patient, the short
turnaround time, the information on substitution frequency, and the detection of rare variants, there are
strong advantages conferred by UDPS, and the new method could play a relevant role in the clinical manage-

ment of HBV infection and therapy.

The goal of treatment for chronic hepatitis B is to prevent
cirrhosis, hepatic failure, and hepatocarcinoma. To date, the
therapies approved for this condition are alpha 2b interferon
and peginterferon, owing to their immune modulating effect
and antiviral activity (25, 32), and nucleoside/nucleotide ana-
logues, such as lamivudine (LAM), telbivudine, emtricitabine
(EMC), entecavir (ETV), adefovir (ADV), and tenofovir
(TDF), which have antiviral activity only.

Analogues rarely produce control of hepatitis B S antigen
(HBsAg) antigenemia, and require prolonged use to control
hepatitis B virus (HBV) replication in most patients (7), al-
though recent advances suggest that combined treatment with
multiple antiviral compounds may lead to a more rapid and
durable HBV replication control (29, 15). In fact, prolonged
therapy is associated with the emergence of resistant strains
that are responsible for therapeutic failure and disease pro-
gression (5, 42). Drug resistance mutations mainly involve the
reverse transcriptase (RT) region of the polymerase gene,
which contains seven functional domains (A to G). The muta-
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tions conferring nucleoside/nucleotide resistance are located
essentially in domains A through E (12, 21, 43).

Due to the high variability of the HBV genome, a collection
of distinct, albeit closely related viral genetic variants are usu-
ally present at any given time in an infected host and are
known as viral quasispecies. Antiviral treatment can result in
the selection and progressive fixation of viral variants with
reduced drug susceptibility, leading to virological resistance
and therapy failure. Many published data have shown that the
appearance of resistance mutations (genotypic resistance) may
precede the increase in viral load (virological resistance) by
several months (9, 18) and could be a prognostic marker for
the occurrence of viral breakthrough.

Drug resistance tests have been developed in recent years, to
help clinicians to choose therapeutic options attuned to the
virological status of each patient.

To date, the most commonly used method for detecting drug
resistance mutations is direct sequencing after PCR amplifica-
tion. A major limitation of direct PCR sequencing, however, is
its inability to detect variants poorly represented in the hetero-
geneous virus population existing in a patient’s circulation.
From the long-lasting experience gained with human immuno-
deficiency virus (HIV) therapy, it is clear that minor drug-
resistant variants, although not detected by the direct sequenc-
ing approach, may be clinically relevant, as they can quickly
grow out when subjected to the selective pressure exerted by
the drug and become the predominant form, leading to treat-
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ment failure (16, 31). To overcome this problem, reverse hy-
bridization line-probe assays (LiPAs) have been developed,
which have the ability to detect mutations present in as few as
5% of the circulating viral population (13, 17, 34). The reverse
hybridization LiPAs employ a series of short membrane-bound
oligonucleotide probes to detect single mismatches in PCR-
amplified HBV DNA. The major limitation of these methods
is that only a limited repertoire of well-established mutations
can be detected, in particular those most importantly associ-
ated with LAM and ADYV resistance, but the identification of
novel or recently described ones is not possible (23, 44). In
addition, this technique does not allow a mutation frequency
estimate, so it is not suitable for dynamic studies. Other se-
quence-specific genotypic resistance tests are available or are
being developed, such as restriction fragment length/mass
polymorphism (11, 33, 41), oligonucleotide microarray and
gene chip technology (19, 36), mutation-specific real-time PCR
(39), matrix-assisted laser desorption ionization—time of flight
mass spectrometry (17), and pyrosequencing (14, 20). On the
whole, all of the sequence-specific methods present the same
drawbacks of reverse hybridization.

A very powerful tool, based on the new 454 Life Sciences
platform (GS FLX, distributed by Roche), has recently be-
come available. This technology performs massively parallel
picoliter-scale amplification and pyrosequencing of individual
DNA molecules (26), allowing the simultaneous analysis of
thousands of clonally amplified regions of about 200 nucleo-
tides, which increases the probability of detecting minority
variants. (A description of the method can be found at http:
/fwww.454.com/index.asp.) Recently, the detection and charac-
terization of rare drug-resistant variants in HIV-1 have been
reported with the 454 Life Sciences GS20 technology (10, 28,
38).

In the present study, the ultradeep pyrosequencing (UDPS)
approach, applied with the GS FLX platform, was used to
detect and quantify minor variants in the RT gene of HBV
present in the serum of patients. Direct sequencing and INNO-
LiPA HBV DR v2 were used as standard reference tests. The
corresponding mutations in the S gene open reading frame
(ORF) were also determined.

(This study has been accepted for presentation at the 59th
Annual Meeting of the American Association for the Study of
Liver Diseases.)

MATERIALS AND METHODS

Patients. We performed UDPS on serum samples from 13 HBV-infected
patients: 9 with genotype D and 4 with genotype A, 5 drug naive and 8 under
antiviral treatment but showing virological failure (4 on LAM, 1 coinfected with
HIV-1 and on EMC plus TDF as part of the antiretroviral regimen, and 3
switched from LAM to ADV). These patients were selected on the basis of
drug-resistance mutated codons detected by DR v2 and not by direct sequencing.
HBV DNA values, measured by COBAS Tag-Man HBV test (Roche Molecular
Systems, Inc., Branchburg, NJ), are reported in Table S1 in the supplemental
material.

PCR amplification and UDPS. UDPS was used to sequence overlapping seg-
ments of HBV RT after PCR amplification (ultradeep approach). Since this
technique is not able to sequence target fragments longer than 250 bp, primers
were designed to amplify eight partially overlapping segments covering from 1 to
288 amino acids (aa) of the RT region (including all functional domains) and the
complete region of the HBsAg. The primers were designed to anneal sequences
conserved among genotypes, and some were degenerate. All primers used, in-
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TABLE 1. Sequences and positions of primers used for UDPS

of HBV

Primer” Sequence (5'—3") RT position
1 FW CCTGCTGGTGGCTCCAGTT —34-53

1 RW AGAGAAGTCCACCACGAG 124-140
2 FW CCTGCTCGTGTTACAGGCG 58-72

2 RW CCGCAGACACATCCAGCG 242-259
3 FW CCGTGTGTCTTGGCCAAA 162-179
3 RW GACAAACGGGCAACATAC 330-347
4 FW GCTGCTATGCCTCATCTTCT 286-305
4 RW GAYGATGGGATGGGAATAC 471-489
5 FW GCACGACTCCTGCTCAAGG 396-414
5 RW CCCKACGAACCACTGAACAA 561-580
6 FW GTATTCCCATCCCATCRTC 471-489
6 RW CGGTAWAAAGGGACTCAMG 649-667
7 FW TTGTTCAGTGGTTCGTMGGG 561-580
7 RW GGGTTAAATGTATACCCAVAG 689-710
8 FW CKTGAGTCCCTTTWTACCG 649-667
8 RW CKTGAGTCCCTTTWTACCG 649-667

“The primers included 5’ extensions (left GCCTCCCTCGCGCCATCAG
and right GCCTTGCCAGCCCGCTCAG adaptors not shown in the table)
which provide binding sites for pyrosequencing.

cluding 5" extensions which provided binding sites for the pyrosequencing on the
genome sequencer, are detailed in Table 1.

HBV DNA was extracted using the QIAamp DNA blood minikit (Qiagen,
Chatsworth, CA). All samples were amplified using a proofreading enzyme (Fast
Start high-fidelity enzyme; Roche, Mannheim, Germany). The conditions used
for PCR were 1 cycle of 95°C for 2 min followed by 40 cycles of denaturation for
30 s at 95°C, annealing of primers for 30 s at 60°C, and extension for 45 s with
a final 5-min extension at 72°C.

The PCR amplicons were purified with the QIA quick PCR purification kit
(Qiagen,) and quantified by Agilent 2100 bioanalyzer (Agilent Life Sciences and
Chemical Analysis).

All amplification reactions yielded DNA chains of the expected length and in
amounts sufficient to support sequencing of the target. The PCR amplicons of
each patient were pooled and subjected to UDPS, carried out with the GS FLX
platform according to the manufacturer’s instructions.

The pyrosequencing method is more error prone than the Sanger method, and
therefore, a plasmid DNA was included as an error rate control, to measure the
accuracy of the UDPS. The plasmid clone was obtained from a patient’s sample
by inserting a PCR amplicon spanning nucleotide positions 180 to 930 into a
pCR4-TOPO vector (Invitrogen Corp.). The plasmid clone containing the region
of interest was sequenced in parallel by UDPS and by the Sanger method.

Sanger sequencing of the clone was performed on an ABI Prism 3100, by using
the BigDye terminator cycle sequencing kit, following the manufacturer’s in-
structions (Applied Biosystems, Warrington, United Kingdom).

Any differences between the two methods were considered to be UDPS se-
quencing errors. Because the pyrosequencing error rate is higher in homopoly-
meric regions, the error rates were determined separately for homopolymeric
(nucleotide repeats of three or more identical bases) and nonhomopolymeric
regions. The error rate was 0.0027 (standard error, 7.4 X 10~*) within homopoly-
meric and 0.0012 (standard error, 7.48 X 10~°) in nonhomopolymeric regions.
Based on these results, as well as on a theoretical calculation using a statistical
approach (6), a conservative cutoff of 1% was adopted to estimate mutation
frequency.

Analysis of HBV resistance by direct sequencing and INNO-LiPA HBV DR v2.
The presence of HBV RT mutations was also determined by direct sequencing.
Two sets of primers (1 FW to 4 RW and 5 FW to 8 RW, without the adaptors)
were used (covering from 1 to 288 aa). The conditions of PCR are the same as
reported above. The amplified PCR products were purified by the QIA quick
PCR purification kit (Qiagen). After quantification by gel electrophoresis with a
low-weight molecular standard, sequencing was performed on an ABI Prism
3100, as described above.

Consensus sequences were built for RT and HBsAg of both genotypes A and
D, using reference sequences derived from GenBank (genotype A, E00010 and
V00866; genotype D, Y07587, AF043594, Y796031, AY721610, and AY796030).
The sample sequences were compared with the genotype-matched consensus
sequences by BLAST search analysis, to identify the amino acid changes in both
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TABLE 2. Comparison of UDPS, DR v2, and direct sequencing for HBV from eight patients under treatment
Presence or frequency of mutation®
Codon 80 Codon 173 Codon 180
Patient L80 (wt) L80I/V? V173 (wt) VI73L L180 (wt) L180M
UDPS DR UDPS DR UDPS DR UDPS DR UDPS DR UDPS DR
% v P g V2 DS % v P g o DS g o DS g DS
1 96 Y Y 4 <1 <1 100 Y Y 92 Y Y 8 <1 <1
2 100 Y Y 100 Y Y 100 Y Y
3 73 Y Y 243 Y/Y* O Y/<1* 100 Y Y 100 Y Y
4 97 Y Y 3% Y* <1* 100 Y Y 100 Y Y
5 98 Y Y 2 <1 <1 100 Y Y 97 Y Y 3 <1 <1
6 100 Y Y 38 Y Y 62 Y Y 40 Y Y 60 Y Y
7 82 Y Y 18* Y <1* 95 Y Y 5 Y <1 23 Y <1 77 Y Y
8 100 Y Y 100 Y Y 59 Y Y 41 Y Y

“ The table reports all the mutations included in the DR v2. For UDPS, the results include the mutation frequency (UDPS %) in each treated patient. (Note that
the frequency values have been adjusted to the nearest integral number.) Y and <1% indicate detected and not detected, respectively. DS, direct sequencing.
® Where alternative mutations are found at codons 80 (I or V), 181 (T or V), and 204 (I or M), the correspondence in the columns is indicated by the asterisk.

ORFs. In the samples from the drug-experienced patients, the genotypic resis-
tance pattern was also determined by INNO-LiPA HBV DR v2 (Innogenetics
NV, Ghent, Belgium).

Treatment of sequence data and statistical analysis. The local pairwise Smith-
Waterman-Gotoh (SWG) algorithm (8, 35) was applied to sequences obtained by
UDPS in order to determine changes with respect to the genotype D and A
consensus sequences. A modified version of this method had already been em-
ployed by Wang et al. (38) to analyze mutations of HIV-1 sequences obtained by
UDPS: Wang proposed a modified version of the Smith-Waterman algorithm,
called asymmetric Smith-Waterman, where alignment scores were recalculated
weighting bases by their phred-equivalent quality values for each UDPS base call.
Wang compared asymmetric Smith-Waterman against standard Smith-Water-
man and BLAST (2): when benchmarking the three algorithms, no significant
differences were found, except for highly distant isolates (like different subtypes).
Thus, we applied the standard SWG algorithm, adding space optimization as an
additional parameter (with respect to open and extension gap penalties) with a
grid search in [5:25] and [0.25:5], using step sizes of 5 and 0.5, respectively,
maximizing the nucleotide local similarity and minimizing the number of 1-base
or 2-base frameshifts. The procedure for executing the SWG algorithm and
extracting mutations was implemented using the JAligner package (http:
/fjaligner.sourceforge.net/) for java programming language (http://java.sun.com):
minor refinements to the original algorithm were designed in order to correct for
3-base insertions/deletions not in frame (that were replaced in frame when
possible), ambiguity translation, and 1-base or 2-base frameshift report/correc-
tion, accounting for the higher pyrosequencing error rate (6).

Variations from the reference consensus sequences, identified by the UDPS
method, were considered as true mutations if previously described to be associ-
ated with drug resistance; otherwise, they were regarded as possible novel mu-
tations or polymorphisms.

The prevalence of substitutions was calculated by means of relative frequen-
cies in the subregions sequenced, calculating the 95% confidence interval via
Agresti and Coull approximation (1).

RESULTS

A total of 128,184 sequence reads, with an average length of
189 bp, were returned from the UDPS on serum samples from
13 HBV-infected patients: the number of reads per patient
ranged between 2,852 and 18,016.

In the drug-experienced patients, resistance mutations were
identified by UDPS and compared with those identified by DR
v2 and by direct sequencing (Table 2). None of the mutations
detected at frequencies of <24% by UDPS were detected by
direct sequencing, and some of these (four mutations for pa-
tient 1, four for patient 5, and one for patient 6, whose fre-
quency ranged between 2% and 8%) were missed also by DR
v2. Only in one case was a mutation (M204V in patient 4)

detected by DR v2 but missed by both UDPS and direct se-
quencing; these latter results were confirmed by repeated test-
ing in both systems, suggesting that the DR v2 result could be
a system artifact.

These results indicate that all of the major drug resistance-
associated mutations included in DR v2 were detected by
UDPS; more importantly, the relative sensitivity of this system
appears to be much higher, not only versus direct sequencing,
as expected, but also versus DR v2.

In addition, a number of RT gene substitutions different
from the major drug resistance-associated mutations (hence
not included in DR v2) were detected at variable frequencies
in both drug-treated and drug-naive patients. The complete list
of the variants found in all patients is reported in Table S1 in
the supplemental material. It is noteworthy that some muta-
tions known to be associated with drug resistance (V214A
and/or M2041), were detected by UDPS as minority compo-
nents of viral quasispecies in two drug-naive patients (patients
11 and 12). In particular, the primary LMV-associated muta-
tion M204I, present at a frequency of 1.5% in patient 11,
corresponded to a stop codon in HBsAg.

From Table S1 in the supplemental material, it is also evi-
dent that four substitutions leading to the introduction of a
stop codon in RT were detected by UDPS with frequencies
ranging from 1.0% to 2.8% in five patients.

The overall distribution of all substituted codons detected by
UDPS within the RT gene from each patient, according to
their position in the functional and the interdomain regions, is
shown in Fig. 1A. On the whole, the pattern of changes versus
the genotype consensus sequence varied according to patient
source and treatment schedule, including some substitutions
with a frequency of >20% and several additional changes
spread along the gene occurring with low frequency. Interest-
ingly, both functional and interfunctional domains presented
variant positions in both treated and drug-naive patients. The
total number of changes in treated patients was always higher
than in drug-naive patients, both in functional domains (48
versus 19, ratio of 2.5) and in interdomains (96 versus 63, ratio
of 1.5). Generally, HBV genotype D presented a higher num-
ber of substitutions compared to genotype A in both treated
and drug-naive patients. However, due to the small number of
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TABLE 2—Continued
Presence or frequency of mutation®
Codon 181 Codon 204 Codon N236
A181 (wt) AI81T/V? M204 (wt) M2041/V? N236 (wt) N236T
UDPS DR UDPS DR UDPS DR UDPS DR UDPS DR UDPS DR
% w P g v DS % w P g V2 bs % w D5 g w DS
98 Y Y 2 <1 <1 95 Y Y 5% <1* <1* 100 Y Y
97 Y Y 3 Y <1 100 Y Y 78 Y Y 22 Y <1
100 Y Y 88 Y Y 12 Y <1 100 Y Y
100 Y Y 100 Y Y N* Y* <1* 100 Y Y
93 Y Y 7* <1+ <1* 98 Y Y 2% <1* <1* 88 Y Y 12 Y <1
98 Y Y 2% <1* <1* 39 Y Y 21/40%  Y/Y*  Y/Y*
100 Y Y 0 <1 <1 24/76* Y/Y* Y/Y* 100 Y Y
100 Y Y 58 Y Y 42% Y* Y* 100 Y Y

patients, it is not possible to perform statistical evaluation of
the differences in the mutation patterns in relation to genotype
and treatment.

For the first time, to our knowledge, the UDPS allowed the
identification of novel substitutions, never described in the
literature, in 71 different codons of RT (57 in genotype D only,
11 in genotype A only, and 3 in both genotypes D and A), 16
of which are present in both drug-naive and drug-treated pa-
tients (Table 3). The relative frequency of these substitutions
in the quasispecies of each single patient was very variable,
ranging from 1 to >99%.

The UDPS sequence data were also used to identify the
substitutions in the overlapping HBsAg ORFs. The overall
distribution of HBsAg changes detected by UDPS in each
patient is shown in Fig. 1B. Consistent with the RT findings,
the HBsAg sequence from genotype D HBV was more vari-
able, and the number of changes was higher in treated (n =
160) than drug-naive (n = 92) patients. However, the fre-
quency of substituted amino acids in the corresponding posi-
tions of the two overlapping ORFs was not superimposable,
implying that some nucleotide changes were synonymous in
one ORF and nonsynonymous in the overlapping ORF. As an
example, Fig. 2 shows the substitution frequencies in RT and
HBsAg from patient 2 at the corresponding positions in the
two ORFs. As can be seen, among the most striking differ-
ences, two changes in RT (rtA38T and rtN236T; frequencies of
73.38 and 21.79%, respectively), corresponded to wild-type
(wt) amino acids of HBsAg; vice versa, 2 changes in HBsAg
(sL21S and sR207N; frequencies of 14.80% and 56.80%, re-
spectively), corresponded to wt amino acids of RT. It is note-
worthy that all of the substitutions in the “a” determinant of
HBsAg corresponded to changes in RT. In addition, the re-
cently described mutation rtA181T (31) corresponded to a stop
codon in HBsAg (sW172stop) and was present in a minority of
viral quasispecies (about 3.5%); a similar situation for rtA181T
was observed in patient 1 (see Table S1 in the supplemental
material). The complete list of HBsAg substitutions and their
relative frequencies in each patient is shown in Table S1 in the
supplemental material; the correspondence between each vari-
ant position in RT and that resulting in HBsAg is reported in
Table S2 in the supplemental material. Note that in one drug-
naive patient (patient 11), the main immune escape mutant,
sG145R, was detected at a frequency of 31.2%, corresponding

to rtR153Q (see Table S1 in the supplemental material). In
addition, several patients showed a number of stop codons at
different positions in the S gene, leading to truncated HBsAg,
whose frequency was very low (range, 1 to 3.6%) in most cases,
with the exception of patient 11, in whom it was 17.1%. This
patient appeared to be rather exceptional among the drug-
naive patients included in the study, showing the highest num-
ber of substitutions in both RT and HBsAg, with one and eight
stop codons, respectively (see Table S1 in the supplemental
material).

DISCUSSION

To date, massively parallel UDPS has been applied to HIV
drug resistance (10, 28, 38), but very few, preliminary data
(including our own study) on HBV have been reported to date
(M. R. Capobianchi, M. Solmone, D. Vincenti, A. Bruselles,
and G. Ippolito and S. Margeridon-Thermet, N. Shulman, T.
Liu, A. Ahmed, C. Wang, B. B. Simen, J. F. Simons, M.
Egholm, B. Gharizadeh, and R. W. Shafer, presented at Hep-
atitis B and C Virus Resistance to Antiviral Therapies, Paris,
France, 14 to 16 February 2008).

In this study, we describe for the first time the use of the
massively parallel UDPS method, based on the next generation
sequencing platform GS FLX, to analyze viral quasispecies in
the RT/S region of the HBV genome.

To date, the most commonly used method for detecting drug
resistance mutations is direct sequencing after PCR amplifica-
tion by the Sanger method (population-based sequencing ap-
proach). This approach allows identification of all substitutions
included in the amplified fragment, including primary, com-
pensatory, and novel mutations; the contemporary determina-
tion of viral genotype; and the identification of amino acid
changes in the overlapping S gene. However, direct sequence-
based methods are only capable of detecting substitutions
present in viral quasispecies with a prevalence of =20% of the
total HBV population (30). On the contrary, sequence-specific
methods (such as DR v2), also largely used in clinical practice,
are rather sensitive and can detect minority variants repre-
sented at a frequency down to about 5%, but allow detection of
only a limited set of known mutations.

The UDPS approach enables the simultaneous analysis of
thousands of clonally amplified fragments from each patient, in-
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FIG. 1. Frequency of substitutions within RT (A) and HBsAg (B) detected by UDPS in 13 HBV-positive patients. Patients (pts) are reported
according to genotype and treatment status. On the top of each column, the relevant protein domains are indicated with a thick line, including
functional domains for RT and the “a” determinant (*) for HBsAg. The frequency scale axis has been cut at 20%, to allow better visualization of
infrequent substitutions. For details, see Table S1 in the supplemental material.
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TABLE 3. Frequency of substitutions in RT detected by UDPS in the study patients not previously described in literature

Treated patients (n = 8) Naive patients (n = 5)
RT substitution
n¢ HBYV genotype Frequency (%) n¢ HBYV genotype Frequency (%)
rtESK 1 D 1.40
rtV27F 2 A 1.70, 4.47
rtV27F 3 D 1.33, 239, 4.16 3 D 3.35,4.49,5.17
rtH35Y 1 D 2.19
rtA38P 1 D 1.48 1 D 1.87
rtH53S 1 D 19.04
rtN53K 1 D 242
rtH54S 1 D 2.33
rtH54T 1 D 2.47
rtR55H 1 D 2.47
rtA87V 1 D 1.50
rtI91F 1 D 1.61 1 D 1.13
rtI91P 1 D 1.13
rtA97T 1 D 1.06
rtG107R 2 D 1.17, 1.86 1 D 1.22
rtN118Y 1 D 1.30
rtN118T 1 D 1.38
rtR120S 1 D 8.13
rtI121IN 1 D 1.10
rtF1221 1 D 235
rtF122N 1 D 3.20
rtF1228 1 D 1.40
rtQ125H D 1.11
rtH126Y 1 D 2.90 2 D 3.17,97.91
rtD131S 1 D 4.10
tD134G 1 D 1.30
rtD134V 2 D 61.4,54.8
rtH135T 1 D 82.47
rtC136Y 1 D 1.00 1 D 1.02
rtD139K 1 D 2.87 1 D 7.55
rtD139Q 1 D 1.10 1 D 3.15
rtD139S 1 D 1.09
rtY141Q 1 D 69.90
rtV142E 2 D 10.46, 18.65
rtL145 M 1 D 4.95 1 D 1.75
rtK149H 1 D 4.41
rtF151Y 1 D 3.94 1 D 1.65
rtH160R 1 D 2.19
rtA186T 1 D 1.16
rtC188R 1 D 1.16
rtR192S 1 D 1.16
rtE218D 1 D 21.9
rtS230P 1 D 2.46
rt1233 M 1 D 2.46
rt1233T 1 D 222
rtL.235stop 1 D 2.17 1 D 1.15
rtP237L 1 A 1.09
rtP237T 1 D 53.08 2 A,D 46.78, 99.49
rtA238H 2 D 222,25 1 D 1.76
rtR242G 1 D 1.23 1 D 1.17
rtY245H 1 D 6.60
rtS246P 1 A 1.09
rtH248Y 1 D 1.23
rtF249L 1 A 1.09
rtM250T 1 D 1.23
rtI253T 1 A 5.00
tY257G 1 D 2.00
rtY257W 1 D 53.08 1 D 94.94
rtW257L 1 A 12.00
rtT259P 1 A 12.90
rtH264Y 1 D 1.23
rtI266V 2 D 46.91, 99.13
rtQ267H 1 D 1.14 2 A,D 46.78, 97.97
rtI269T 1 D 1.23
rtE271H 2 D 11.1, 99.13
rtH271D 1 A 46.20
rtH271F 1 A 12.90
rtR274S 2 A;D 4.76, 2.22
rtI278A 1 D 1.60
rtV2781 1 A 41.6
rtW284R 1 A 2.40

“n, number of patients showing the indicated substitution.

creasing the probability of highlighting minority variants. In fact, were detected by UDPS and the results were quantitative, allow-
the results indicate that UDPS has a much higher relative sensi- ing us to establish the relative frequency of both known and novel
tivity not only compared to direct sequencing, as expected, but changes in both the RT and the overlapping S gene ORFs, in
also compared to DR v2. Furthermore, a large set of substitutions drug-experienced as well as in drug-naive patients.
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FIG. 2. Distribution of changed codons in the overlapping ORFs of RT and HBsAg detected by UDPS in one patient. The overall distribution
of changed positions and their relative frequency are shown for patient 2, reporting the two overlapping ORFs in the same panel. The mutated
codons are shown according to their localization in RT and HBsAg. The “a” determinant (*) of HBsAg is highlighted at the top, while functional
and interdomain regions of RT are underlined at the bottom of the panel The frequency scale axis has been cut at 20%, to allow better
visualization of infrequent substitutions. For details, see Table S1 in the supplemental material.

Pyrosequencing (i.e., sequencing by synthesis) has been used
previously to detect resistance mutations in HBV (14, 20).
Compared to the classical pyrosequencing, UDPS presents a
major advantage. In fact, a limitation inherent in classical
pyrosequencing is that the read length is approximately 40
bp. This aspect, while allowing a large-scale screening for
known point mutations, such as those at codons 180 and 204
(14, 20), renders impractical the use of pyrosequencing for
whole-gene sequence analysis. On the contrary, the UDPS
approach produces amplicons of about 200 bp: hence, a proper
combination of primers (in this study, eight primer pairs were
used) permits one to easily cover the whole RT gene, allowing
identification of the entire set of mutations spread along this
gene.

On the whole, UDPS results confirm the higher heteroge-
neity of HBV genotype D compared to genotype A (4). In
addition, the patients on treatment showed a higher variability
in both functional and nonfunctional domains of RT as com-
pared to drug-naive patients, but the difference was higher for
functional domains, supporting the concept that the selective
pressure of the drug is stronger for domains involved in enzy-
matic activity. However, the older age of infection in treated
patients may also play a role in the accumulation of substitu-
tions, irrespective of selective pressure exerted by treatment.
An alternative explanation is that treatment with analogues
actually could be mutagenic to the virus, resulting in a higher
mutation frequency in treated patients.

Interestingly, a number of changes, both novel and already
described as associated with drug resistance, were found at
variable frequencies in drug-naive patients. Specifically,
rtM204I, corresponding to a stop codon in HBsAg, was de-
tected at low frequency in patient 11, and V214A, which is
associated with reduced sensitivity to ADV and TDF, was
detected in two drug-naive patients (patients 11 and 12) at
frequencies of 7.0% and 1.9%, respectively. The presence of
mutations in patients never exposed to antiviral drugs is not
unexpected, as it is well known that the viral replicative enzyme
is error prone, and a number of casual mutations arise at each
defined time point during the infection, being fixed by casual
drift, or by positive selection. In fact, several studies have
demonstrated that mutations associated with LAM resistance
do occur naturally and can be found in low percentage in HBV
carriers who have never received LAM or other antiviral ther-
apies (24). Recent data suggested that preexistence of LAM
mutations at frequencies as low as 0.1% in the viral population
from patients who have not received LAM treatment may
increase the risk of ETV-associated mutations (3).

In addition to the possibility to detect rare mutations before
the start of therapy, because UDPS provides quantitative re-
sults, it may represent a suitable tool for the precise monitoring
of viral quasispecies dynamics along treatment history, allow-
ing the early identification of increasing frequencies of HBV
mutants before the appearance of viral breakthrough. In fact,
the appearance of resistance mutations (genotypic resistance)
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may precede the increase in viral load (virological resistance)
by several months (9, 18) and could be a prognostic marker for
the occurrence of viral breakthrough.

It is well known that the RT and S genes of HBV have
overlapping ORFs, and thus drug resistance mutations in RT
can also lead to changes in the HBsAg (27, 37). The new
technology may be useful also to detect HBsAg substitutions.
From our results, the frequency of changed amino acids in RT
and HBsAg was not superimposable at all positions, implying
that some nucleotide changes were synonymous in one ORF
and nonsynonymous in the overlapping ORF; the driving force
for selecting such variations is presumably acting differently on
RT and HBsAg. Further studies are necessary to clarify this
point, and it is foreseen that the new technology will be ex-
tremely helpful to this aim.

One particular aspect which deserves further investigation is
the high number of mutations leading to stop codons in RT
and in HBsAg, whose frequency was generally low (in the
range of 1 to 3%) but might represent a relevant portion of the
viral population in some patients (see for example, sW36stop,
detected at 17.1% in patient 11). It is likely that situations
similar to that of rtA181T (corresponding to sW172stop), re-
cently described to affect the viral replication rate as a domi-
nant-negative mutant (40), may be more diffused than ex-
pected. The new method is particularly suitable to identify
mutations whose presence may have been disregarded so far,
due to their low frequency. In fact, low frequencies are ex-
pected from mutated virions that are not capable of coding
correct RT or HBsAg, as their function is expected to be
strongly impaired and their maintenance in viral quasispecies
should be dependent on the concomitant presence of wild-type
virions providing the lost function(s). Similar situations may be
more common than expected and may provide, for instance, a
possible explanation for primary nonresponse to antiviral
treatment in the absence of detectable mutations in some
patients (22).

As this study included a small number of patients, HBV
substitutions detected by UDPS and the different patterns ob-
served in drug-treated versus drug-naive patients require fur-
ther investigation to clarify their clinical significance. In addi-
tion, it remains to be established whether all of the variations
with respect to consensus sequences represent true mutations
or simple polymorphisms. Despite these limitations, our results
clearly indicate that genotyping analysis based on the next
generation sequencing platform is suitable for characterization
of genetic diversity and detection of minor variants that may
have clinical relevance for adapting patient management and
adjusting treatment strategies.
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