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Abstract

Background Hepatitis B virus (HBV) quasispecies are

crucial in the pathogenesis of chronic liver disease. Next-

generation sequencing (NGS) is powerful for identifying

viral quasispecies. To improve mapping quality and single

nucleotide variant (SNV) calling accuracy in the NGS

analysis of HBV, we compared different mapping refer-

ences, including the sample-specific reference sequence,

same genotype sequences and different genotype sequen-

ces, according to the sample.

Methods Real Illumina HBV datasets from 86 patients,

and simulated datasets from 158 HBV strains in the Gen-

Bank database, were used to assess mapping quality. SNV

calling accuracy was evaluated using different mapping

references to align Real Illumina datasets from a single

HBV clone.

Results Using the sample-specific reference sequence as a

mapping reference produced the largest number of map-

pable reads and coverages. With a different genotype

mapping reference, the consensus sequence derived from

the Real Illumina datasets of the single HBV clone showed

21 false SNV callings in polymerase and surface genes, the

regions most divergent between the mapping reference and

this HBV clone. A *6 % coverage of most of these false
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SNVs was yielded even with a same genotype mapping

reference, but none with the sample-specific reference

sequence.

Conclusions Using sample-specific reference sequences

as a mapping reference in NGS analysis optimized map-

ping quality and the SNV calling accuracy for HBV

quasispecies.

Keywords Alignment stage � Coverage � Divergence �
Single nucleotide variants

Abbreviations

CHB Chronic hepatitis B

DNasp DNA sequence polymorphism

Geno. Genotype

HBV Hepatitis B virus

NGS Next generation sequencing

NT Nucleotide

PCR Polymerase chain reaction

SNV Single nucleotide variant

Introduction

Next generation sequencing (NGS), also known as ultra-

high throughput sequencing, is a powerful tool for dis-

covering diseases with novel mutations and for detecting

traces of pathogenic microorganisms [1, 2]. It has also been

used for sequencing human and microbial genomes and for

identifying species.

Hepatitis B virus (HBV) infection causes a multitude of

clinical conditions ranging from acute hepatitis to cirrhosis

and hepatocellular carcinoma [3–5]. HBV is classified into

genotypes A–J with an inter-genotypic divergence of at

least 8 % in the complete genome sequence [6]. HBV

genotypes B and C are prevalent in Taiwan [7]. Many

studies have suggested that HBV genotypes show not only

geographical distribution and ethnic specificity but are also

associated with disease progression and responses to

interferon treatment [8, 9]. HBV highly replicates its gen-

ome and daily releases more than 1011 virions. Because

HBV viral polymerase reverse transcriptase (RT) has no

proofreading activity, HBV has higher mutation rates than

other DNA viruses and complex quasispecies [10]. Viral

quasispecies have been implicated in the development of

drug resistance, the exacerbation of chronic hepatitis B

(CHB), and the development of liver cancer [10].

NGS has been used to characterize single nucleotide

variations (SNVs) and their dynamics in HBV polymerase

RT genes in serum from patients who had undergone

antiviral treatment [11–13]. HBV sequence-reads from

NGS were aligned to one reference sequence from either a

consensus genotype sequence in public viral databases [12,

13] or a major viral sequence identified using polymerase

chain reaction (PCR)-director sequencing [11]. However,

the mapping reference for optimizing the results in NGS

analysis has never been identified.

In this study, we used various types of mapping refer-

ences: genotype sequences identical to and different from

the NGS sample, and a sample-specific reference sequence

derived from its NGS dataset to investigate the mapping

quality and the accuracy of the SNV callings for the full

HBV genome. We also illustrated the effect of divergence

between the mapping reference and NGS datasets on

mapping quality and the accuracy of the SNV callings.

Materials and methods

Patients

Informed consent was obtained from each patient. Eighty-

six patients between the ages of 34 to 75 were enrolled. All

patients were treatment-naı̈ve and had serum HBV DNA

C200,000 IU/mL and detectable hepatitis B surface anti-

gen for at least 6 months. Patients with hepatitis C or D

infection, human immunodeficiency virus infection, or

autoimmune hepatitis were excluded. Serum samples of all

the patients were stored at -80 �C until used. Clinical

characteristics of the 52 genotype-C patients and 34

genotype-B patients are shown in Table 1.

Extracting and amplifying full HBV genomic DNA

HBV DNA from 200 lL of serum was extracted using the

Viogene Blood and Tissue Extraction Mini DNA Extractor

kit (Viogene BioTek, New Taipei City, Taiwan). Frag-

ments of the HBV DNA full genome were amplified using

PCR with nine primer sets (Supplementary Table 1) and

High Fidelity DNA polymerase (Thermo Fisher Scientific,

Pittsburgh, PA, USA). The PCR condition was 5 min at

94 �C followed by 40 cycles of 1 min at 94 �C, 1 min at

50 �C, and 1.5 min at 72 �C. All amplified PCR products

were run in a 1 % agarose gel electrophoresis and were

purified using the GEL/PCR Purification Mini Kit (Fa-

vorgen Biotech, Ping-Tung, Taiwan). Nine PCR fragments

were mixed and were subjected to NGS.

Viral genome sequencing using massively parallel

NGS

Massively-parallel NGS with multiplexed tags was carried

out using a genome analyzer, as previously described [11].

In brief, HBV DNA was fragmented using sonication and

was cut into suitable sizes. These fragments were purified
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and were then end-repaired and A-tailed using DNA

Polymerase I Klenow Fragment (30 ? 50 exo-) (New

England Biolabs, Ipswich, MA, USA). DNA fragments

ligated with indexed adapters were amplified using 10–18

cycles of PCR reaction. The DNA library was quantified by

Qubit fluorometer (Qubit dsDNA HS assay, Thermo Fisher

Scientific, Life Technology) and real time PCR (KAPA

Library Quantification Kit Illumina� platforms, KAPA

biosystems). Experion Automated Electrophoresis System

(Bio-Rad Laboratories, Hercules, CA, USA) was used to

validate the size of the library. After it had been validated,

the library was sequenced (HiSeqTM 2500; Illumina, San

Diego, CA, USA).

Genomic analysis of NGS data

For NGS high-throughput data, low-quality bases of raw

reads were first trimmed using Seqtk (https://github.com/

lh3/seqtk), which uses a modified Mott trimming algo-

rithm. All parameters were default settings except maxi-

mally trimming down to 1 bp to remove as many low-

quality bases as possible but still keeping paired-end

information. At the alignment stage, the trimmed reads

were then mapped to the mapping reference genome using

BWA (BWA-MEM) [14] with a -M parameter setting and

16 threads to get correct and consistent mapping statistics.

Because almost all genome mappers, like BWA, were

designed for linear genomes, they are not well suited for

circular genomes like HBV genomes, especially when

reads spanning the end of the genome have worse mapping

performance. Therefore, we manually concatenated the end

parts, 600 bases, ranging from the beginning of the 50 end
to the 30 end to avoid overhanging reads. The mapping

results were then processed using SAMTools [15] to

remove reads that mapped to multiple positions and reads

that had poor mapping quality scores.

Direct Sanger sequencing and NGS of HBV clones

Serum HBV DNA of two patients with CHB were

extracted and amplified using PCR. The designed primers

were modified [7] to amplify the full-length HBV genome

and then were cloned into yT&A plasmid (Yeastern Bio-

tech, Taipei, Taiwan). HBV full genomes of Clone_N6

(KJ790199) and Clone_H44 (KJ790200) were sequenced

using a direct Sanger sequencer (Applied Biosystems, Life

Technologies, Taipei, Taiwan). For NGS of the two HBV

clones, the HBV full genomes in plasmids were amplified

using primers with restriction site sapI [16], then self-li-

gated using T4 ligase to produce a circular form HBV

genome, and amplified into nine fragments that were sub-

jected to NGS as described in ‘‘Viral genome sequencing

using massively parallel NGS’’.

Mapping references chosen at the alignment stage

during NGS data analysis

To optimize the NGS data analysis, five different mapping

references were used at the alignment stage to compare the

mapping results. Four full-length HBV genome sequences,

FJ787477 (genotype B, Asia), JN315779 (genotype C, Asia),

KJ790200 (Clone_H44; genotype B, Taiwan), and KJ790199

(Clone_N6; genotype C, Taiwan) in the GenBank database

were used. Furthermore, a sample-specific reference

sequence, the consensus sequence obtained from the NGS

reads of each sample through alignment with its same geno-

type mapping reference (FJ787477 or JN315779), was also

used as a mapping reference sequence for the NGS datasets.

HBV genotyping

The HBV genotype was determined using a melting curve

analysis with LightCycler hybridization probes as

Table 1 Characteristics of

patients with different HBV

genotypes

Variables Genotype B

(n = 34)

Genotype C

(n = 52)

p value

Gender (m:f) 27:7 40:12 1.00

Age (years) 51.4 ± 9.5 51.9 ± 8.8 0.80

Albumin (g/dL) 4.3 ± 0.4 4.2 ± 0.4 0.19

AST (IU/L) 116.5 ± 131.2 172.4 ± 174.4 0.11

ALT (IU/L) 177.8 ± 186.8 214.9 ± 207.5 0.39

Creatinine (mg/dL) 0.9 ± 0.2 0.9 ± 0.2 0.53

Total bilirubin (mg/dL) 1.6 ± 4.0 1.1 ± 0.8 0.39

HBeAg (?/-) 5/29 14/38 0.28

HBV DNA (log10 IU/mL) 6.5 ± 1.4 6.6 ± 1.5 0.76

Cirrhosis (?/-) 7/27 22/30 0.06

Data of continuous variables are mean ± SD. p values for continuous variables and nominal variables are

from two-tailed independent t tests and v2 tests, respectively
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previously described [17]. The derived consensus sequence

of NGS reads were aligned to the standard full-length HBV

genomes (genotype A–H) from the GenBank database to

confirm the genotyping results. HBV genotype was iden-

tified using phylogenetic analysis software (Mega 6.0) [18].

Evaluating the mapping quality of simulated

datasets from 158 HBV strains in the GenBank

database with the alignment to different genotype

sequences

To evaluate the quality of mapping results with the align-

ment to different genotype references, 158 HBV complete

genomes (34 genotype A, 33 genotype B, 39 genotype C,

and 52 genotype D strains) with 4 common genotypes from

the GenBank database were collected. The simulated NGS

reads were produced from each strain using sequence

alignment/mapping software (SAMtools wgsim) [15]. To

analyze these 158 simulated NGS datasets, the full genome

of each HBV strain was also used as a mapping reference

for alignment, respectively. The mapping results—map-

pable reads, properly paired reads, broken paired reads, and

singleton reads—were evaluated.

Calculating nucleotide divergence

Nucleotide divergences were calculated using DNA

sequence polymorphism software (DNasp 5.10.1) [19].

One hundred sites for window length were set when we

calculated the divergences.

Statistical analysis

Continuous variables were compared using Student’s t test

for two independent groups. The changes in mapping

quality between different mapping references were com-

pared using paired t tests. The frequencies and distributions

of categorical variables were compared using the Chi

square tests or Fisher’s exact tests.

Results

The mapping quality of the NGS dataset

was optimized when using a sample-specific

reference sequence as the mapping reference

We compared the mapping quality of real Illumina datasets

of viral genomes from 52 patients with genotype C HBV

and 34 patients with genotype B HBV using different

mapping references. The sample-specific reference

sequence had the best quality, followed by the Taiwanese

strain with the same genotype, the Asian strain with the

same genotype, the Taiwanese strain with a different

genotype, and the Asian strain with a different genotype

(Table 2; Supplementary Table 2). In patients with geno-

type C HBV, the sample-specific reference sequence had

the best mapping quality: the largest number of mappable

reads, properly paired reads, and broken paired reads, and

the lowest number of singletons. In addition, using a

sample-specific sequence as a reference yielded the largest

average coverages (38,362 ± 75,502), minimum cover-

ages, and maximum coverages per nucleotide, and the

smallest number of nucleotides with fewer than 30 cover-

ages. Moreover, when using a sample-specific sequence,

97 % of the nucleotides in the full genome had more than

1000 coverages.

Using a Taiwanese genotype C mapping reference

yielded larger mappable reads (p\ 0.0001) and average

coverage per nucleotide (p\ 0.0001) than did using the

Asian genotype C mapping reference. A similar pattern of

mapping quality was detected in NGS datasets from 34

genotype B patients aligned to different HBV mapping

references (Supplementary Table 2).

Simulated NGS datasets for which a sample-specific

sequence was used as a reference yielded improved

mapping quality

Simulated NGS reads were produced from 158 HBV full

genomes (genotypes A–D HBV) obtained from the Gen-

Bank database using the Wgsim read simulator [15]. To

analyze these simulated NGS datasets, each full genome

was also used as mapping reference for alignment. The

mapping qualities categorized by subgenotypes were

shown in Supplementary Table 3. The improved mapping

qualities of simulated NGS datasets aligned to the same

genotype sequence, especially the same subgenotype

sequence in genotype B, showed a higher percentage of

mappable reads and properly paired reads and a lower

percentage of singletons than did datasets aligned to dif-

ferent genotypes.

Datasets aligned to different genotypes yielded false

SNVs in the consensus sequence derived from NGS

reads of a single HBV clone

The mapping results of NGS reads from a Taiwanese

genotype C HBV Clone_N6 using different mapping ref-

erences: sample-specific reference sequence JN315779

(Genotype C, Asia) and reference sequence FJ787477

(Genotype B, Asia) were assessed. When compared with

the sequence of Clone_N6 derived from direct sequencing,

the consensus sequence contained 21 false SNVs when

using a different genotype mapping reference (Fig. 1).

Consensus sequences derived from the same dataset were
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identical to the sequence of Clone_N6 using either the

same genotype reference or a sample-specific reference

sequence as mapping references.

Regions of high divergence between single HBV

clone and mapping references involved the false

SNVs of NGS analysis

The percentage of mappable reads from the Clone_N6

NGS dataset was 98.7 using a sample-specific reference

sequence, 97.0 % using JN315779, and 96.8 % using

FJ787477. The coverage and percentage of false SNVs in

the consensus sequences derived from Clone_N6 (genotype

C) NGS reads when aligned to different HBV mapping

references are shown in Table 3. When the NGS reads

were aligned to a different genotype strain (FJ787477), the

derived consensus sequence showed 21 false SNVs with

2–3 log reductions of coverage and an enormous change in

nucleotide percentages. Interestingly, these false SNVs

were located exactly at the three highest divergence

regions, viz., nt929–942 (P gene/RT domain), nt2733–2741

(P gene/terminal protein domain), and nt2980–3015 (P

gene/spacer domain; pre-S1 region), with a divergence of

[18 % between Clone_N6 (genotype C) and the mapping

reference FJ787477 (Genotype B, Asia) (Fig. 2a).

Using a mapping reference with the same genotype

(JN315779) for Clone_N6 NGS reads, even the derived

consensus sequence was identical to the Clone_N6

sequence, and decades of SNVs were still detected with the

coverage percentage up to 6 % (Table 3). The sequence

divergences of each sliding window between Clone_N6

and mapping references with JN315779 were all below

10 % in the HBV full genome (Fig. 2a). Using a mapping

reference with the sample-specific reference sequence

showed the best results of NGS analysis, with a percentage

of false SNVs\0.3. This false SNV rate was considered

mismatch error values and could be ignored in NGS

analysis [11]. Furthermore, we found 14 false SNVs in the

consensus sequence derived from Clone_H44 (genotype B)

NGS reads when mapping to reference JN315779 (Geno-

type C, Asia). All the false SNVs located in nt940–942 (P

gene/RT domain), nt2759–2775 (P gene/terminal protein

domain), and nt2783–2790 (P gene/terminal protein

domain), showed high divergence ([15 %) between Clo-

ne_H44 and JN315779 (Supplementary Fig. 1A).

High prevalence of SNVs in 52 patients associated

with a high divergence between their derived HBV

consensus sequences and mapping references

We obtained all the sequence divergences of each sliding

window by comparing each HBV-derived consensus

sequence from 52 patients infected with genotype C HBV

with mapping references JN315779 (Genotype C, Asia)

and FJ787477 (Genotype B, Asia). Mean sequence diver-

gences of genotype C consensus strains relative to two

different genotype mapping references were shown as two

demarcating curves (Fig. 2b). The profiles were similar to

those in Fig. 2a. When using FJ787477 as a mapping ref-

erence, all the mean sequence divergences of each window

except those within nt2137–2250 of the core gene were

Table 2 Mapping NGS datasets of genotype C patients (n = 52) to different references of HBV full genome

Variables FJ787477

(Geno. B, Asia)

KJ790200

(Geno. B, Taiwan)

JN315779

(Geno. C, Asia)

KJ790199

(Geno. C, Taiwan)

Sample specific

reference

Mappable reads (%) 86.07 ± 9.13*** 86.96 ± 8.94*** 89.08 ± 9.06*** 89.30 ± 8.95***a 89.41 ± 8.97

Properly paired reads (%) 83.28 ± 9.07*** 84.41 ± 8.89*** 86.65 ± 9.26 86.81 ± 9.13 86.89 ± 9.16

Broken paired reads (%) 0.99 ± 0.91** 0.99 ± 0.89** 1.50 ± 1.27 1.51 ± 1.28 1.75 ± 1.88

Singleton (%) 1.80 ± 0.76*** 1.56 ± 0.67*** 0.93 ± 0.59*** 0.98 ± 0.58*** 0.77 ± 0.56

Minimum coverage per

nucleotide

93 ± 523*** 277 ± 782*** 1439 ± 2693 1471 ± 2698 1521 ± 2965

Maximum coverage per

nucleotide

190,649 ± 454,110 192,928 ± 461,547 195,836 ± 475,955 197,166 ± 476,190 197,173 ± 475,579

Average coverage per

nucleotide

33,833 ± 64,303** 34,214.4 ± 65,765** 38,287 ± 75,400 38,335 ± 75,419a 38 362.4 ± 75,502

Nucleotides covered\30

(%)

0.85 ± 1.16*** 0.35 ± 1.10** 0.23 ± 1.12 0.24 ± 1.15 0.22 ± 1.07

Nucleotides covered[1000

(%)

93.69 ± 5.23*** 94.85 ± 4.99*** 97.15 ± 4.40*** 97.17 ± 4.40 97.19 ± 4.40

Total reads after quality trimming = 1,504,374 ± 2,780,326; data are mean ± SD; FJ787477, KJ790200, JN315779, and KJ790199 were from

GenBank database; Geno. genotype; sample-specific reference was from the NGS reads aligned to JN315779; p values for differences between

samples-specific reference and each reference from the GenBank database (*p\ 0.05; **p\ 0.01; ***p\ 0.001) and for differences between

JN315779 and KJ790199 (ap\ 0.01) are from two-tailed independent t tests
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Fig. 1 A comparison of different mapping reference sequences and

their derived consensus sequences of NGS reads from Clone_N6

(Genotype C) with the direct sequence of Clone_N6. Asian genotypes

B (GenBank accession number FJ787477) and C (GenBank accession

number JN315779) from the NCBI GenBank database. The sample-

specific reference was a consensus sequence obtained from Clone_N6

NGS reads aligned to JN315779. The derived consensus sequences

were obtained from Clone_N6 NGS reads with alignment against

their preceding mapping references, respectively. The thick lines

indicate false SNVs in the derived consensus sequence

Table 3 Coverage and percentage of false SNVs of NGS reads (Clone_N6, genotype C) with alignment to different references of HBV full

genome

NT N6 sequence/false SNVs Sample-specific reference JN315779 (Geno. C, Asia)a FJ787477 (Geno. B, Asia)a

929 T/A 586,307/229 (99.8/0.1) 17,271/456 (97.3/2.6) 116/449 (20.5/79.5)

930 C/A 578,003/378 (99.8/0.1) 17,200/425 (97.4/2.4) 62/402 (13.2/85.4)

934 C/A 542,825/281 (99.9/0.1) 17,234/395 (97.7/2.2) 75/367 (17.0/83.0)

939 G/A 505,379/307 (99.9/0.1) 17,548/59 (99.7/0.0) 10/407 (2.4/97.6)

940 C/A 498,076/149 (99.9/0.0) 17,530/76 (99.6/0.0) 12/402 (2.9/97.1)

941 A/T 493,990/49 (99.9/0.0) 11,199/325 (97.2/0.1) 12/300 (3.8/95.9)

942 A/G 489,435/248 (99.9/0.1) 15,823/424 (97.4/0.1) 23/304 (7.0/93.0)

2733 A/C 729,923/160 (99.9/0.0) 61,679/193 (99.7/0.3) 41/115 (26.3/73.7)

2735 A/G 720,464/432 (99.9/0.1) 49,152/393 (99.2/0.8) 25/121 (17.1/82.9)

2738 C/G 700,914/218 (99.9/0.0) 49,206/200 (99.5/0.4) 25/103 (18.7/76.9)

2741 G/A 683,135/889 (99.9/0.1) 48,724/789 (98.4/1.6) 29/124 (19.0/81.1)

2980 T/C 739,842/2381 (99.7/0.3) 421,040/2437 (99.4/0.6) 1308/2207 (37.2/62.8)

2988 C/G 756,854/793 (99.8/0.1) 33,655/1712 (95.1/4.8) 884/1670 (34.5/65.3)

2989 A/C 757,643/834 (99.8/0.1) 33,597/1762 (95.0/5.0) 844/1718 (32.9/67.0)

2997 T/C 752,699/1392 (99.8/0.2) 32,840/2108 (94.0/6.0) 415/1810 (18.7/81.4)

2998 C/A 754,680/846 (99.8/0.1) 33,348/1753 (95.0/5.0) 758/1357 (35.8/64.1)

3006 A/G 730,064/1055 (99.8/0.1) 32,595/1863 (94.6/5.4) 25/1416 (1.7/98.1)

3009 G/C 718,234/667 (99.9/0.1) 32,503/1615 (95.1/4.7) 1/1296 (0.1/99.8)

3011 A/C 708,480/967 (99.8/0.1) 32,393/1688 (95.0/4.9) 0/1266 (0.0/100.0)

3012 A/C 705,693/646 (99.9/0.1) 32,481/1596 (95.3/4.7) 0/941 (0.0/99.8)

3015 T/C 691,698/806 (99.9/0.1) 32,366/1695 (95.0/5.0) 1/946 (0.1/96.4)

Data are coverage (%); sample-specific reference was from the NGS reads with alignment to JN315779

NT nucleotide, SNV single nucleotide variation, Geno. genotype
a FJ787477 and JN315779 were from the GenBank database
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significantly higher than those referenced to JN315779

(p\ 0.0001).

Interestingly, the derived consensus sequence at 94

nucleotide positions of the HBV full genome in at least one

of 52 patients with genotype C HBV contained inconsistent

variants when using different genotype mapping references

(Supplementary Table 4). Seventeen inconsistent variants

occurred in more than 20 % and ten inconsistent variants in

more than 40 % of these patients (Table 4). These incon-

sistent SNVs were located at high divergence regions (over

13 %): nt939–942, nt1353–1362, and nt2980–3015, and

they were probably false SNVs (Fig. 2b). In addition, mean

sequence divergences between 34 genotype B-derived

consensus sequences from CHB patients and each of two

different genotype mapping references are shown as two

demarcating curves in Supplementary Fig. 2A, in which

the profiles are similar to those in Fig. 2b. When

comparing different genotype mapping references, 111

nucleotides in the HBV full genome of derived consensus

sequences expressed inconsistent variants in at least one

patient (Supplementary Table 5). When using JN315779 as

a mapping reference, all the mean sequence divergences

except those within nt368–481, nt685–790, nt1207–1313,

nt1802–2000, and nt2133–2584 were significantly higher

than those referenced to FJ787477 (p\ 0.0001) (Supple-

mentary Fig. 1B).

The mean divergence of any consecutive

100-nucleotide segments in genotypes A–D

We collected 158 HBV full genomes (genotypes A–D)

from the GenBank database. Within the same genotype, the

mean divergence of any consecutive 100-nucleotide seg-

ment was B8.0 % (Fig. 3). Between any two different

Fig. 2 a Sequence divergence

between Clone_N6 (genotype

C) and mapping references,

FJ787477 (genotype B, Asia)

and JN315779 (genotype C,

Asia), respectively. Arrows

indicate three regions with the

highest divergence over 18 % at

nt929–942, nt2733–2741, and

nt2980–3015. b Mean sequence

divergence between derived

consensus sequences from NGS

reads of 52 patients with

genotype C chronic hepatitis B

and mapping references,

FJ787477 (genotype B, Asia)

and JN315779 (genotype C,

Asia). A schematic diagram of

the hepatitis B virus complete

genome and four genes are

shown in the bottom panel and

the positions correspond to the

x-axis of (a, b)
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genotypes, there were high divergences in most regions of

the HBV full genome, except the core gene between

genotypes B and C.

Discussion

Various NGS platforms, including the Illumina HiSeq,

Illumina Genome Analyzer, Illumina Miseq, Roche 454,

and SOLiD4, differ in engineering configurations and

sequencing chemistry. In the present study, we used the

Illumina Hiseq 2500 system to analyze HBV full genome

in viral quasispecies; it has the advantages of short run

times, long read lengths, and high data quality. With an

average read length of 110 bp and an average coverage

C25,000 after quality trimming, the depth and quality of

the sequencing results are admissible for analyzing viral

quasispecies.

At the alignment stage, mapping short reads against a

reference genome is typically the first step in analyzing

such NGS data, and it should be as accurate as possible.

The mapping reference is crucial for mapping quality and

for the quality of the SNV calls. Previous HBV-related

NGS analyses used the consensus genotype sequence [12,

13] or a sequence from direct sequencing of PCR products

[11] as mapping references. This is the first study to

compare the mapping quality and the accuracy of the SNV

calls for NGS analysis of the HBV full genome using

different mapping references. When a sample-specific

reference sequence was used, the mappable reads were

89.4 % of total reads with highest properly paired reads

and broken paired reads and lowest singleton reads, which

indicated that mapping quality was substantially improved.

Coverage is important for the quality of SNV calls. High

coverage regions or bases tend to have a higher call quality.

Using a sample-specific reference sequence as mapping

reference increased the average coverage for each

nucleotide. When simulated NGS datasets were aligned to

the same genotype sequence, especially the same

subgenotype sequence in genotype B or from the same

country, mapping qualities were also improved.

HBV quasispecies are importantly implicated in the

pathogenesis of chronic liver diseases. For example, sev-

eral mutations of the HBV genome are crucial for devel-

oping HCC and cirrhosis [20–23]. Therefore, accurate SNV

calls are important for analyzing the HBV full genome in

NGS. Along with the verification using cloned sequences,

we identified numerous false SNVs in a major strain when

mapping with different viral genotypes to the preceding

sample (Table 3). These false SNV calls were contributed

by fewer mappable reads, a profound reduction in cover-

ages, and the change of nucleotide composition at one site.

In addition, we also confirmed that there were probably

many false SNVs in derived consensus sequences from

patients when using a different viral genotype as a mapping

reference (Table 4). More than 20 % of the patients had

Table 4 Prevalence of probable false SNVs of genotype C patients (n = 52) to different references of HBV full genome

NT Mapping reference (Geno. C/B) Inconsistent SNVs comprising derived consensus sequences Number of patients (%)

JN315779 ? FJ787477 (Geno. C, Asia) (Geno. B, Asia)

939 G/A G ? A 38 (73.1)

940 C/A C ? A 38 (73.1)

941 A/T A ? T 27 (51.9)

942 A/G A ? G 23 (44.2)

1353 T/C T ? C 15 (28.8)

1356 G/C G ? C 15 (28.8)

1359 A/G A ? G 13 (25.0)

1362 C/T C ? T 12 (23.1)

2980 T/C T ? C 17 (32.7)

2988 C/G C ? G 18 (34.6)

2989 A/C A ? C 20 (38.5)

2997 T/C T ? C 25 (48.1)

2998 C/C C ? A 22 (42.3)

3006 A/G A ? G 26 (50.0)

3009 G/C G(29)/A(2) ? C 31 (59.6)

3012 A/T A ? C 31 (59.6)

3015 T/G T ? C(23)/G(17) 40 (76.9)

Inconsistent SNVs comprising derived consensus sequences from at least 20 % of patients are shown

SNV single nucleotide variation, NT nucleotide, Geno. genotype
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numerous false SNVs, particularly in high-divergence

regions (Table 4; Supplementary Tables 4, 5), which sug-

gested that a different genotype sequence was an inap-

propriate mapping reference for HBV NGS analysis.

HBV mutants have been demonstrated in patients with

acute fulminant or chronic infection [10]. Mutations in the

RT region of viral P gene have been associated with the

resistance to antiviral drugs [24, 25]. Mutations on the

PreS1 or PreS2 promoter were correlated with the occur-

rence of HCC [26, 27]. While using different genotype

mapping references, we found that false SNV calls of

major strains were located in high-divergence regions, such

as the P-gene/RT domain, P-gene/terminal protein domain,

and preS1 region in the HBV genome for genotypes A–D

(Fig. 2). We suggest using a sample-specific reference

sequence as a mapping reference for NGS analysis in

studies of P-gene variants for drug-resistance [24, 25] and

S-gene variants for the pathogenesis of HCC [26, 27].

Emerging evidence supports the notion that certain drug-

resistant HBV minor strains are crucial for the progression

of liver diseases and are predictors of subsequent treatment

failure [23, 28]. They may accumulate and eventually

dominate under a long-term selection effect during

antiviral treatment [23].

Fig. 3 Comparison of mean

sequence divergences between

different hepatitis B virus

(HBV) genotype populations. A

total of 158 HBV strains were

collected from the GenBank

database (34 genotype A, 33

genotype B, 39 genotype C, and

52 genotype D) and analyzed.

a Mean sequence divergences

within the same genotype were

expressed. b, c Mean sequence

divergences between different

genotypes were expressed. A

schematic diagram of the

hepatitis B virus complete

genome and four genes are

shown in the bottom panel and

the positions correspond to the

x-axis of (a–c). Geno. A
genotype A, Geno. B genotype

B, Geno. C genotype C, Geno.

D genotype D
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By taking advantage of an abundance of genetic infor-

mation when using NGS, more accurate and detailed SNVs

of HBV quasispecies can be obtained than with previous

methods, such as INNO-LiPA and clonal HBV sequencing.

However, even when we used the same genotype sequence

as a mapping reference, decades of false SNVs still existed

with a coverage up to 6 % (Table 3). Using a mapping

reference with a sample-specific reference sequence yielded

the best NGS analysis results with a coverage percentage of

false SNVs\0.3 %, which was considered a mismatch error

value and could be ignored for NGS analysis in the Illumina

platform [11]. Therefore, using a sample-specific reference

sequence to align the NGS dataset is crucial for accurate

SNV calls of viral quasispecies.

In conclusion, we conclude that a sample-specific ref-

erence sequence, which provides the highest mapping

quality and SNV call accuracy, should be used as the

mapping reference in the NGS analysis of emerging HBV

variants, especially for the studies of the P gene and S gene.
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