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Introduction
Each year, Hepatitis B infects 10 to 30 million people worldwide and 

claims an estimated 600,000 lives [1,2]. While most patients are able to 
clear the infection within 6 months, roughly 5%-10% of infected adults 
develop a chronic form of the infection [1-3]. The rates of developing a 
chronic Hepatitis B infection are significantly more elevated in younger 
populations, sitting at 30%-50% for patients between the ages of one 
and four, and a staggering 90% for infants [2]. One third of those who 
contract the chronic form of the disease will exhibit clinical symptoms, 
which can cause irreversible liver damage and lead to cirrhosis, as well 
as hepatocellular carcinoma [3]. The remaining two thirds of chronic 
Hepatitis B patients, though asymptomatic, retain the Hepatitis B virus 
in the body, and can remain highly infectious [3]. Overall, 15% to 
25% of patients suffering from chronic Hepatitis B infection die from 
complications resulting from the disease [3].

The Hepatitis B virus (HBV) comprises an icosahedral protein 
capsid surrounding the viral DNA, with a lipoprotein viral envelope 
[4-7]. HBV DNA is divided into four open reading frames (ORF): 
ORF S, which encodes HBsAg, ORF C, which encodes HBcAg and 
HBeAg, ORF X, which encodes an X protein, whose precise function 
is currently unclear, and ORF P, which encodes DNA polymerase 
[5,7]. The nucleocapsid consists of two types of highly immunogenic 
proteins: the core antigen, named HBcAg, and a truncated variant 
termed the E antigen (HBeAg), while the viral envelope holds the less 
immunogenic surface antigen abbreviated HBsAg [5-7]. In most cases 
of HBV infections, HBsAg is among the first serological markers to 
become detectable in the blood, with an average onset of four weeks 

post-exposure; as such, immunological assays for the antigen, as well as 
for its antibody, hold an importance place in the diagnosis of Hepatitis 
B [8,9]. Indeed, a Hepatitis B blood panel tests for three markers: 
HBsAg, antibodies against HBsAg (anti-HBs), and antibodies against 
HBcAg (anti-HBc) [10].

With advancements in technology, particularly in the sensitivity of 
polymerase chain reactions (PCR), a number of HBV infections that 
exhibited viral DNA, in the absence of detectable levels of HBsAg have 
been reported [11,12]. These cases have been termed occult Hepatitis 
B infections (OBI), defined as HBV infections, where viral DNA is 
present in the liver or plasma, without the concomitant detection of 
HBsAg in plasma [13-16]. Though studies have shown that the levels 
of HBV DNA in OBI patients are often low [14], OBI remains a 
significant problem and an active research area in Hepatitis virology, 
as the infection can still be transmitted via blood transfusions or liver 
transplantations [14,16]. While the exact clinical implications of OBI 
are still under investigation, OBI has been proposed to contribute to 
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the development of cirrhosis and hepatocellular carcinoma, much like 
chronic HBV infections [14-16]. Indeed, Fang et al. [17] demonstrated 
in 2009 that, up to 70.4% of hepatocellular carcinoma patients testing 
negative for HBsAg are infected with OBI, and in 2011, Shi et al. [15] 
reported that OBI patients have as high as a 2.44-fold increased risk 
of developing hepatocellular carcinoma. Furthermore, OBI has been 
shown to be capable of being reactivated in patients undergoing 
immunosuppressive therapy, which can later lead to potentially life-
threatening clinical situations [14,18]. As such, a better understanding 
of OBI holds great potential in giving rise to a significant advancement 
in the research, and development of medications and therapies 
against these major liver disorders. Unfortunately, the etiology 
and pathogenesis of OBI remain elusive to date, and the genetic 
characteristics of HBV DNA that lead to the development of OBI are 
still poorly understood [16].

There are eight HBV genotypes (A-H), based on the variation of 
the complete nucleotide sequence of the HBV genome. Among these 
eight genotypes, genotype-C patients were mainly distributed in Asia, 
while genotype-D patients dominated in Southern Europe and Middle 
East [19]. In this paper, we mainly focus on the analysis of genotype-C 
and genotype-D data. A greedy search algorithm is applied to find the 
positions where amino acid mutations can discriminate genotype-C 
and genotype-D OBI samples from chronically infected samples. 
Moreover, this paper applies a novel statistical approach, Bayesian 
Variable Partition Model [20], to pinpoint those positions where the 
distributions of amino acids in OBI samples are not only different from 
those in chronically infected samples, but highly correlated with each 
other. Different from other traditional methods, the Bayesian-based 
method is able to analyze high-order combinations of positions. This 
study is conducted on 358 HBV reverse transcriptase (RT) amino 
acid sequences from 330 chronic genotype-C HBV patients [21-30], 
and 28 genotype-C HBV OBI patients [31], as well as 83 chronic 
genotype-D and 24 genotype-D OBI nucleotide sequences [16]. We 
believe the findings highlighted in this paper shed light on the future 
understanding of genotype-C and genotype-D OBI.

Materials and Methods
Data

330 chronic genotype-C HBV and 28 genotype-C OBI RT 
amino acid sequences (344 aa long) were downloaded from Stanford 
University HBVrtDB [32], which is available at http://hivdb.stanford.
edu/HBV/releaseNotes/.All these data were published [21-31]. The RT 
sequences of genotype-C cover the last 8 amino acids of the pre-S2, and 
the entire HBsAg (226 amino acid). 

In addition, 83 chronic genotype-D HBV and 24 genotype-D 
OBI nucleotide sequences were obtained from plasma samples of 
HBV-infected patients, followed in different centers in Central Italy. 
All patients with OBI fulfilled the criteria reported in the Taormina 
Statement [33]. The methodology for RT/HBsAg sequencing is reported 
in Svicher et al. [16]. Different from the genotype-C data (344 aa long), 
only parts of amino acid sequences were obtained corresponding 
126th to 171th amino acid (46 aa long) in the reference sequence of 
genotype-D [16,34]. The RT sequences of genotype-D cover the amino 
acid region 118-163 of the HBsAg.

Stored plasma samples derived from patients with occult HBV 

infection were retrospectively retrieved and included in the analysis. 
Ethic approval was deemed unnecessary, because, under Italian 
law, biomedical research is subjected to previous approval by ethics 
committees, only in the hypothesis of clinical trials on medicinal 
products for clinical use (art. 6 and art. 9, leg. decree 211/2003). The 
research also was conducted on DNA samples and data previously 
anonymized, according to the requirements set by Italian Data 
Protection Code (leg. decree 196/2003). Before their first genotypic 
test, patients sign a consent to approve future analysis of the virus 
detected in their blood withdrawal.

Greedy algorithm 

The flow chart of the greedy algorithm is shown in Figure 1. In the 
algorithm, we first only add single positions to the subset to classify all 
the samples, as much as possible. If all the samples cannot be classified 
correctly, selected discriminant combinations of two positions will be 
added into the subset. In our case, it is enough to use single positions 
and the combinations of two positions to classify all the samples. 
Therefore, we do not consider the combinations of three positions. 
After all the samples are correctly classified, we prune the subset to 
make it as small as possible, by testing the redundancy of each single 
position. 

Bayesian variable partition model 

Given two data matrices A=[A1, …, Am] (of dimension nA×m ) and 
B=[B1, …, Bm] (of dimension nB×m ), where A and B denote occult HBV 
sequences and chronic HBV sequences (control group), respectively 
(each row is a sequence, each column is a position of HBV amino acid 
sequence). Here nA or nB denotes the number of sequences in occult 
HBV or control group, and m denotes the number of positions. For 
the distribution of the positions from these two groups, we have the 
following four hypotheses:

H1: The identity of the independent amino acid positions, where 
occult and chronic HBV sequences share the same probability mass 
function.

H2: The identity of the independent amino acid positions, where 
occult and chronic HBV sequences have different probability mass 
functions.

H3: The identity of the dependent amino acid positions, where 
occult and chronic HBV sequences share the same probability mass 
function.

H4: The identity of the dependent amino acid positions, where 
occult and chronic HBV sequences have different probability mass 
functions.

We are especially interested in positions in H2 and H4. Given 
that position i is from H2 hypothesis, assume that there are ci possible 
values (amino acid) at position i. Suppose for every sequence in group 
A, we have p1 for the first value, p2 for the second value, …, pci for the 
last value, and 
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Where nj denotes the number of sequences who take the j-th value 
in Ai. For every sequence in B, we have 1p′  for the first value, 2p′  for 
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Figure 1: Flow chart of greedy algorithm.
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Where jn′  denotes the number of individuals who take the j-th 

value in Bi. 

H2 means jp ≠ jp′ .However, we do not know these jp  and jp′ . So, 
we assume they are random and use Dirichlet prior on them.
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H1 means jp = jp′ .So for H1 hypothesis, similarly, we have
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For H4 hypothesis, assume that there are c possible value 
combinations of the dependent positions. Suppose for every sequence 
in group A, we have p1 for the first combination, p2 for the second 
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We define an indicator vector I=[I1, …, Im] to indicate the 

hypothesis of different positions belong to, where Ii=1 means position 
i from H1, Ii=2 means position i from H2, Ii=3 means position i from 
H3, and Ii=4 means position i from H4. Currently, we are interested 
in the posterior distribution of I, given the data matrices A and B, i.e. 

( | , )P I A B . According to the Bayes’ theorem, we have:
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Markov Chain Monte Carlo (MCMC) was used to sample from the 

posterior probability ( | , )P I A B  via the Metropolis- Hastings algorithm.  
100 MCMC chains were run. For each HBV sequence, positions with 
the posterior probability P(I=4|A,B)>0.95 (“H4 positions”) were 
identified, and all unique combinations of positions were recorded, 
while duplicates were discarded. The amino acids at each H4 position 
were then extracted from each HBV sequence for every set of H4 
positions, and then were analyzed to determine the frequency of each 
combination of amino acids, and to identify any commonly-occurring 
set of dependent mutations in OBI HBV DNA polymerase.

Results
Results on genotype-C Data

As our first trial, we searched all the single positions which 
discriminated part of genotype-C OBI samples from all the chronic 
genotype-C samples (control group), as shown in Table 1. We found 
that some single mutations directly discriminated part of OBI samples 
from the control samples. For example, S159P or S230P successfully 
separated two among 28 OBI samples (7.14%) from the controls, 
respectively (i.e. none of the chronic samples has S159P or S230P). It 
was clear that the 72th position (L72X) was the most discriminant single 
position, which correctly classified 4 genotype-C OBI samples. Note 
that the position 72 and 230 were reported in a highly conserved motif 
in genotype C [35]. Similarly, we searched the combinations of two and 
three positions, which discriminated part of genotype-C OBI samples 
from all the controls, as shown in Table 2 and 3, respectively. Although 
some single positions did not have the capability to discriminate the 
OBIs from the controls by itself, it generated a powerful discriminant 
combination when it was combined with other positions. For example, 
the single position 318 did not separate any OBI sample from the 

Position Classified OBI sample Position Classified OBI sample Position Classified OBI sample Position Classified OBI sample

D2G 19 T54X 3 Y124C 9 I233M 1

P20L/S 4/16 W58X 2 Y148H 8 I269S 25

F28L 27 P59X 4 S159P 12 19 Q271K 24

L29S 27 L66X/P 5/15 I162T 5 C287R 13

N36X 27 L72X 3 4 5 17 F166L 7 Y305F 12

T38S 26 S75P 10 K168R 3 Y327C 8

R41G 1 W79R 8 V173A 22 L331P 1

V44X 27 L80V 15 F178L 3 L336T 28

S50X/L 4/26 S85P 15 L217P 26

R51X/G 4/26 F88X 2 T225A 17

G52X 6 N121D 25 S230P 11 23

Table 1: Discriminant single positions in genotype-C.
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Positions Classified OBI sample Positions Classified OBI sample Positions Classified OBI sample

2/72 3 4 5 17 19 66/72 3 4 17 5 15 72/217 3 4 5 17 26

20/72 3 5 17 4 16 72/75 3 4 5 17 10 72/230 3 4 5 17 11 23

28/72 3 4 5 17 27 72/79 3 4 5 17 8 72/233 1 3 4 5 17

29/72 3 4 5 17 27 72/80 3 4 5 17 15 72/269 3 4 5 17 25

36/72 3 4 5 17 27 72/85 3 4 5 17 15 72/271 3 4 5 17 24

38/72 3 4 5 17 26 72/88 2 3 4 5 17 72/287 3 4 5 17 13

41/72 1 3 4 5 17 72/121 3 4 5 17 25 72/305 3 4 5 17 12

44/72 3 4 5 17 27 72/124 3 4 5 17 9 72/327 3 4 5 17 8

50/72 3 5 17 4 26 72/148 3 4 5 17 8 72/331 1 3 4 5 17

51/72 3 5 17 4 26 72/159 3 4 5 17 12 19 72/336 3 4 5 17 28

52/72 3 4 5 17 6 72/166 3 4 5 17 7 316/336 16 17 18 19 28

58/72 2 3 4 5 17 72/173 3 4 5 17 22

Table 2: Some discriminant combinations of two positions in genotype-C.

Positions Classified OBI sample Positions Classified OBI sample

72/159/230 3 4 5 17 11 23 12 19 72/316/336 3 4 5 16 18 19 17 28

Table 3: Some discriminant combinations of three positions in genotype-C.

Patterns at (28/38/41/52/55/66/
72/75/79/121/124/159/
166/173/230/256/
271/287/316/336)

Classified OBI sample

Patterns at (28/38/41/52/55/66/
72/75/79/121/124/159/
166/173/230/256/
271/287/316/336)

Classified OBI sample

FTGGHLLSWNNSFVSCQCQL 1 FTRGRLLSWNYSFVSCQCQL 14

FTRGRLLSWNNSFVSCQCQL 2 FTRGHPLSWNYSFVSSQCQL 15

FTRGHLXSWNNSFVSSQCQL 3 FTRGHLLSWNYSFVSSQCHM 16 18

FTRGHLXSWNYSFVSSQCQL 4 FTRGHLXSWNYSFVSSQCHM 17

FTRGHXXSWNYSFVSSQCQL 5 FTRGHLLSWNYPFVSSQCHM 19

FTRXHLLSWNYSFVSSQCQL 6 FTRGHLLSWNYSFLSSQCQM 20

FTRGHLLSWNYSLVSSQCQL 7 FTRGHLLSWNYSFLSSQCQL 21

FTRGHLLSRNYSFVSSQCQL 8 FTRGHLLSWNYSFASSQCQL 22

FTRGHLLSWNCSFVSSQCQL 9 FTRGHLLSWNNSFVSSKCQL 24

FTRGHLLPWNYSFVSSQCQL 10 FTRGHLLSWDYSFVSSQCQL 25

FTRGHLLSWNYSFVPSQCQL 11 23 FSRGHLLSWNYSFVSSQCQL 26

FTRGHLLSWNYPFVSSQCQL 12 LTRGHLLSWNYSFVSSQCQL 27

FTRGRLLSWNYSFVSSQRQL 13 FTRGHLLSWNYSFVSSQCQT 28

Table 4: A subset of discriminant positions and corresponding patterns.

controls. However, when it was combined with position 336, the amino 
acids 318H+336M at these two positions successfully discriminated 
additional 4 OBI samples (14.29%) from the controls, besides one OBI 
sample originally separated by L336T. 

Based on the above results, we applied a greedy algorithm to 
search a subset of all the positions to classify all the samples into 
the controls and the OBIs correctly. The details of the algorithm 
can be referred in the section of Methods. The position subset and 
corresponding amino acids of OBI samples at these positions are listed 
in Table 4. The blue amino acid in each position is a minor pattern 
in controls (although the pattern is rare in controls, but still exists). 
The red amino acid at each position is an important mutation which 
never exists in the control samples. Although the subset of positions 

discriminated all the OBI samples from the controls successfully, the 
subset may not be optimal due to greediness of the search. From Table 
4, it is interesting that V173L+S230+S256+Q271+C287+Q316+L336 
is a discriminant combination, although V173L is not a discriminant 
mutation (which also exists in controls), and but if no mutation in 
S230+S256+Q271+C287+Q316+L336, then V173L only exists in OBI. 

The RT mutation V173L has been reported to be associated with 
drug resistance in patients receiving antiviral treatments, such as 
adefovir and lamivudine [36]. As a result, this mutation has also been 
associated with HBV vaccine escape [37]. Some positions in the subset 
were reported in the highly reserved motif such as 28/38/41/72/75/7
9/166/173/230/256 [35]. Further experimental investigations on these 
reserved positions may provide more insights of genotype-C OBI.
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Without considering computational burden, we can find more 
discriminant combinations containing four or more positions. 
However, it is extremely computational intensive to analyze high-
order combinations in this way, because the number of possible 
combinations is too large (2344−1 combinations for genotype C HBV 
sequence containing 344 amino acids). In observing the complexity 
and the limitation of current computing power, we applied Bayesian 
Variable Partition Model [20], to analyze the high-order combinations 
containing more positions in the genotype-C OBI and control 
sequences. The details of Bayesian Variable Partition Model can be 
referred to the section of Method. 

Before applying Bayesian Variable Partition Model, prior 
probabilities of four hypothesizes (P(H1), P(H2), P(H3) and P(H4)) 
must be determined. To investigate the effect of prior probabilities on 
the number of H4 positions (interactively associated mutations), and 
the number of unique combinations of H4 positions, six sets of prior 
probabilities, where P(H4)=P(H2) and P(H1)=P(H3), were chosen, 
and 25 Markov chains were run for each set. The prior probabilities 
P(H4)=0.25, 0.01, 10-4, 10-6, 10-8, and 10-10 were used. The results shown 
in Figure S1 demonstrate that the magnitude of P(H4) does not affect 
significantly, either the number of H4 positions in each chain or the 
number of combinations of H4 positions within a given number of 
runs. Note that we observe several different H4 results from totally 
100 runs, which results from the MH chains being “stuck” in one of 
many local modes. Since different local modes may imply different OBI 
mechanism, we analyze all the local modes in the results.

As such, the prior probabilities P(H4)=P(H2) were chosen to be 
10-5 while P(H1)=P(H3) were set as 0.49999. Among totally 100 runs, 44 
unique combinations of H4 positions were found with a mean length 
of 51.3 positions, in a range of 40 to 67 positions (i.e. the orders of 44 
high-way interactions range from 40 to 67) and a standard deviation 
of 6.6. Each unique combination of H4 positions is given a Combo ID, 
which is shown in Figure S2, with observed frequencies. Furthermore, 
we observed the distributions of amino acids at these positions in each 
H4 Combo, as shown in Table 5. The amino acid patterns listed in 
Table 5 have frequency difference between controls and OBI samples 
greater than 10%, and the two-sided p-value smaller than 0.05. The 
amino acid in red was a mutation. It is interesting to observe that the 
HBV samples with the mutation H9Y+V278I in Combo 11, 19 and 22, 
or N337H in Combo 11 and 22, or L267Q in Combo 32, only existed 
in Chronic HBV group when amino acids at other positions in each 
Combo do not mutate.

Results on genotype-D Data

In this section, we analyzed genotype-D data using the same 
methods. Different from Genotype-C data, only parts of amino acid 
sequences were obtained corresponding 126th to 171th amino acid 
(46 aa long), in the reference sequence of genotype-D. Similar to 
genotype-C, we firstly obtained discriminant single positions and 
discriminant combinations of two positions and three positions, which 
separated part of OBI samples from the controls, as shown in Tables 
6-8, respectively. From the tables, we saw some interesting results. For 
example, 3 out of 24 samples (12, 13 and 21) were separated from the 
controls, when the mutation N131K existed. Similarly, 3 OBI samples 
(6, 11 and 16) were discriminated from the controls due to the mutation 
R153Q. After that, a greedy search was carried out to find a subset of 
positions, which discriminated all the OBI samples from the controls. 
The subset and amino acids on these positions are listed in the Table 9. 
Similar to Table 4, we also found some interesting mutation positions 

combined with other positions discriminated part of OBI samples, 
such as H126Q, M129L+P130Q, and N139K, although these mutation 
positions did not have the discriminating capability by itself .

Different from genotype-C, four OBI samples (No. 8, 14, 17 and 
24) were not separated from the controls. The reason was that their 
amino acid sequences were the same as those in the controls. However, 
we observed that some of them (8 and 17) had different nucleotides 
sequences from the controls, as shown in Table 10. In the table, the red 
triplet codon in OBI and that in control were translated into the same 
amino acid in red. The italic nucleotide of the codon in OBI sample was 
the mutation, while the italic nucleotide in the control was the original 
nucleotide. 

Furthermore, we applied the Bayesian Variable Partition model to 
identify HBV genetic determinants’ association with genotype-D OBI, 
while chronic genotype-D data were used as control. We generated 100 
Markov chains with the prior probabilities P(H2)=P(H4)=10-3 and 
P(H1)=P(H3). It turned out that there were 16 different combinations 
of positions satisfying H4 hypothesis. As in Table 5, only part of amino 
acid patterns are listed in Table 11 whose frequency differences between 
chronic and OBI samples are greater than 10%, and the two-sided 
p-value are small than 0.05. It was clear that the pattern R138+N139 
was distributed unevenly in OBI samples and Chronic samples. 
Furthermore, the mutation H126R resulted in that the frequency of 
amino acids H126R+138R in controls was obviously greater than that 
in OBI samples, while the mutation at the same position, but different 
amino acid H126Q contributed to the much higher frequency of 
H126Q+138R in OBIs, compared to that in controls. For positions 129 
and 131, the reference pattern M129+N131 was distributed unevenly in 
OBI samples and Chronic samples. Moreover, all the genotype-D HBV 
samples with wildtype M129 and the mutation N131K were missed by 
the HBsAg detection. 

Result comparison between genotype-C and genotype-D Data

First, we compared the amino acid reference sequence of 
genotype-C (344aa long) with that of genotype-D (46 aa long, from 
126 to 171), and found that the part reference sequence of genotype-C 
from position 126 to 171 was the same as that of genotype-D, except 
at position 131 and 149. In position 131, the reference amino acid of 
genotype-C was D, while that in genotype-D was N [34]. In position 
149, the reference amino acid in genotype-C was K while that in 
genotype-D was Q [34].

Furthermore, we found there were two common single 
discriminant positions existing in both genotype-C and genotype-D 
OBI samples, among all the discriminant single positions. Moreover, 
the mutations at these two positions in genotype-C and genotype-D 
OBI samples were almost the same as Y148H and I162T. Although the 
mutation at position 148 was shown as “CMC” codon in one genotype 
D OBI sample, it was possible to obtain the same mutation H as the 
genotype-C OBI sample, because the “CMC” could be translated into H 
or P corresponding to “M=A” or “M=C”, respectively. No other single 
discriminant positions co-exist in both of genotype-C and genotype-D 
data.

Next, we compared the positions satisfying H4 hypothesis in 
genotype-C, with those in genotype-D. Because there were only 46 
amino acids in genotype-D data corresponding to position 126 to 171 
in genotype-C data, we focused on H4 positions in this common range. 
It is possible that the H4 positions in genotype-C only depends on some 
positions out of the range between position 126 and 171. Therefore, to 
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Combo ID Amino acid combination Chronic Occult 2-sided p-value

8

W3+H9+N13+P20+R41+V43+V44+S50+
R51+T54+W58+L66+L73+S75+W79+L80+
V84+S85+F88+I91+T118+S119+F178+V207+
K212+L217+S223+I224+I233+L235+S246+V253+
Q262+E263+V278+I290+S317+P325+Y327+L331

32.42% 53.57% 0.0359

11

W3+G4+E8+H9+P20+L29+N36+T38+
R41+V44+S50+R51+T54+H55+W58+P59+
L66+L80+S85+F88+T118+S119+Q125+V142+
L144+Y148+K168+F178+I233+S246+V253+S256+
E263+R274+V278+C287+P325+A329+L331+N337

26.06% 53.57% 0.0037

11

W3+G4+E8+H9Y+P20+L29+N36+T38+
R41+V44+S50+R51+ T54+H55+W58+P59+
L66+L80+S85+F88+T118+S119+Q125+V142+
L144+Y148+K168+F178+I233+S246+V253+S256+
E263+R274+ V278I+C287+P325+A329+L331+N337

17.27% 0 0.0125

11

W3+G4+E8+H9+P20+L29+N36+T38+
R41+V44+S50+R51+T54+H55+W58+P59+
L66+L80+S85+F88+T118+S119+Q125+V142+
L144+Y148+K168+F178+I233+S246+V253+S256+
E263+R274+V278+C287+P325+A329+L331+N337H

15.45% 0 0.0209

12

D2+W3+G4+T7+E11+R15+P20+F28+
L29+K32+N36+T38+R41+S50+R51+H55+
W58+L66+L72+L73+W79+L80+V84+S85+
P109+S117+S119+N121+Y124+Q125+M129+S135+
S137+V142+L144+S159+I162+I169+V173+L180+
M204+K212+V214+L217+T225+L229+I233+F249+
V253+K270+Y305+P325+A329

49.09% 25% 0.0172

17

W3+T7+E11+R15+P20+F28+N36+T38+
R41+S50+R51+H55+W58+P59+L66+L73+
L80+S85+V103+G104+S119+Q125+H126+S135+
S137+N139+V142+L144+Y148+L164+L199+K212+
L217+S223+I224+I233+N238+K241+V253+Q262+
E263+L267+K270+C272+L311+A313+T322+P325+
Y327+A329

26.97% 46.43% 0.0471

18

W3+G4+E11+P20+L29+K32+N33+T38+
V44+S50+R51+T54+W58+L66+L72+L73+
N76+F88+V103+G104+P109+S117+N121+Y124+
Q125+M129+D131+L145+Y148+R153+I162+K168+
V173+F178+L180+M204+K212+V214+L217+E218+
T225+I233+K241+F249+S256+T322+L331+A342

54.24% 32.14% 0.0298

19

W3+G4+E8+H9Y+E11+R15+P20+L29+
K32+T38+R41+S50+R51+T54+H55+P59+
L66+L72+L73+W79+L80+V84+S85+F88+
T118+S119+Y124+Q125+H126+N139+V142+Y148+
I162+I169+V173+F178+K212+Q215+L217+I233+S246+
F249+V253+E263+K270+R274+V278I+A313+T322+
P325+A329+L331

15.45% 0 0.0209

22

D2+W3+G4+H9Y+P20+F28+L29+K32+
N36+T38+R41+V43+V44+S50+R51+T54+
H55+W58+P59+L66+L72+T118+S119+Q125+
Y148+S159+K168+I169+V173+V207+L217+T225+
I233+F249+S256+R274+V278I+C287+Y305+T322+
L331+N337

17.88% 0 0.0074

22

D2+W3+G4+H9+P20+F28+L29+K32+
N36+T38+R41+V43+V44+S50+R51+T54+
H55+W58+P59+L66+L72+T118+S119+Q125+
Y148+S159+K168+I169+V173+V207+L217+T225+
I233+F249+S256+R274+V278+C287+Y305+T322+
L331+N337H

18.18% 0 0.0072

26

D2+W3+G4+T7+H9+N13+P20+F28+
L29+K32+N36+T38+R41+V44+S50+R51+
S53+W58+P59+L66+L73+L80+S85+F88+
I91+S117+N121+I122+Q125+S135+S137+N139+
Y141+V142+L144+S159+I162+L180+M204+K212+
V214+L217+S223+I224+I233+L235+N238+S246+
F249+V253+Q262+E263+C272+V278+I290+Y305+
A313+S317+L331

25.45% 53.57% 0.0033
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31

W3+H9+N13+P20+F28+L29+K32+R41+
S50+R51+G52+T54+H55+W58+P59+L66+
L72+L80+V84+S85+F88+I91+S117+N121+
Q125+S135+N139+V142+L144+Y148+F151+F166+
K168+L175+L180+M204+V214+L217+S219+T225+
I233+L235+S246+F249+V253+R274+V278+I290+
A313+S317+Q319+P325+L331+K333+N337

18.48% 35.71% 0.0446

32

D2+W3+G4+E8+P20+F28+K32+N36+
T38+V43+S50+R51+T54+H55+W58+P59+
L66+L72+L73+L80+S85+G104+V142+L144+
Y148+S159+I162+L164+I169+V173+F178+L199+
K212+T225+I233+N238+K241+F249+V253+S256+
L267Q+C287+Y305+L311+T322+P325+Y327+A329+C332

14.55% 0 0.0212

34

W3+G4+P20+F28+L29+N33+N36+T38+
R41+V43+V44+S50+R51+S53+P59+L66+
L73+S85+V103+G104+P109+T118+S119+N121+
Y124+M129+D131+Y148+K168+I169+V173+F178+
L180+M204+V207+K212+L217+I233+K241+N248+
F249+S256+T322+Y327+A342

60% 35.71% 0.0160

39

W3+G4+R15+P20+L29+K32+N36+T38+
R41+V43+S50+R51+T54+H55+W58+P59+
L66+L73+W79+L80+S85+F88+P109+S117+
S119+N121+Y124+Q125+D131+S135+V142+L144+
L145+Y148+I162+L164+K168+I169+V173+L180+
L199+V207+K212+V214+L217+T225+I233+F249+
S256+T322+Y327+A329+L331+A342

49.39% 28.57% 0.0474

41

W3+G4+T7+E11+P20+F28+N33+N36+
T38+R41+S50+R51+S53+W58+P59+L66+
L72+L73+W79+L80+P109+S117+T118+S119+
N121+Y124+M129+D131+S135+S137+L144+L145+
R153+I169+V173+L180+M204+K212+V214+L217+
T225+I233+N248+K270+L331+A342

55.76% 35.71% 0.0486

42

T7+H9+N13+P20+K32+T38+S50+R51+
S53+L66+L72+W79+L80+S85+F88+I91+
S117+N121+D131+S137+Y141+I162+K168+
F178+L180+L217+S223+I224+T225+I233+L235+
S246+F249+V253+Q262+E263+C272+V278+I290+
S317+L331+A342

31.21% 53.57% 0.0208

43

H9+N13+P20+F28+L29+K32+R41+V43+
S50+R51+T54+W58+P59+L66+L72+W79+
L80+V84+S85+F88+I91+S135+N139+V142+
L144+Y148+I169+F178+L180+V207+L217+
S223+I224+T225+I233+L235+S246+F249+
V253+Q262+E263+C272+V278+I290+S317+
T322+P325+L331

28.79% 50% 0.0304

44

W3+G4+E11+R15+P20+F28+L29+K32+
N36+T38+R41+V43+V44+S50+R51+T54+
H55+L66+L72+V84+S85+F88+V103+G104+
P109+T118+S119+N121+Y124+Q125+M129+S135+
V142+L144+L145+Y148+I162+L164+K168+I169+
V173+F178+L180+L199+M204+V207+V214+L217+
T225+I233+K241+F249+K270+L311+Y327+L331

48.48% 28.57% 0.0491

Table 5: Detailed interactions for H4 positions in genotype-C.

make the comparison more convincing, we cut amino acid sequences 
from position 126 to 171 in genotype-C, and repeated our methods 
on the cut sequences. The H4 positions found by Bayesian Variable 
Partition model and other detailed results were attached as Table S1-
S5 in the Supplementary Material. There are some interesting results 
through the comparisons as follows.

For positions 129 and 131, as shown in Table 12, the reference 
amino acids at position 131 in genotype-C and genotype-D are 
different as mentioned before. In genotype-C, the HBV samples with 
any mutation at either position 129 or position 131 were successfully 
detected as HBsAg positive. In genotype-D, the HBV samples with 

no mutation at position 129, and any mutation at position 131 were 
missed by HBsAg detection with a high probability.

For positions 135 and 139, as shown in Table 13, there is no 
mutation at position 139 in genotype-C. The genotype-C HBV samples 
with the wildtype amino acid S at position 135, and any mutation at 
position 139 were detected as HBsAg positive successfully, while 
the genotype-D HBV samples with the wildtype amino acid S at 
position 135 and any mutation at position 139 were missed by HBsAg 
detection, with a high probability. On the other hand, in genotype-D 
HBV samples with no mutation at position 139, the mutation S135F/
TYC(TYC may translated into F or S) leaded to HBsAg detection false 
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Position Classified OBI sample Position Classified OBI sample Position Classified OBI sample

H126(-AC) 5 D134(GAM) 4 Y148(CMC) 22

G127 (GRG) 3 19 R138(MRR/ARG/K) 3/4/5 T150I 21

T128(RCT/A--) 2/ 3 N139(RAM/H/AMC) 4/5/20 R153Q 6 11 16

M129(-TG/AKG) 3/16 L140F 16 I162(37)T 13

P130(S) 16 Y141F 15

N131(I/AMC/K/S) 2/3/12 13 21/16 V142(GWR/RCA/T) 3/4/9

Table 6: Discriminant single positions in genotype-D.

Positions Classified OBI sample Positions Classified OBI sample Positions Classified OBI sample

126(1)/131(6) 2 3 5 10 12 13 16 21 126(1)/153(28) 5 6 10 11 13 16 18 23 131(6)/138(13) 2 3 4 5 12 13 16 21 

131(6)/139(14) 2 3 4 5 10 12 13 16 20 21 131(6)/142(17) 2 3 4 9 12 13 16 21 131(6)/153(28) 2 3 6 11 12 13 16 21

Table 7: Some discriminant combinations of two positions in genotype-D.

Positions Classified OBI 
sample Positions Classified OBI 

sample Positions Classified OBI 
sample

126(1)/131(6)/134(9) 2 3 4 5 10 12 13 16 
18 21 23 126(1)/131(6)/153(28) 2 3 5 6 10 11 12 13 

16 18 21 23 126(1)/139(14)/153(28) 3 4 5 6 10 11 13 16 
18 20 23

126(1)/142(17)/153(28) 3 4 5 6 9 10 11 13 
16 18 23 127(2)/131(6)/139(14) 2 3 4 5 10 12 13 16 

19 20 21 131(6)/134(9)/139(14) 1 2 3 4 5 10 12 13 
16 20 21

131(6)/135(10)/142(17) 2 3 4 5 9 11 12 13 
16 18 21 131(6)/139(14)/141(16) 2 3 4 5 10 12 13 15 

16 20 21 131(6)/139(14)/142(17) 2 3 4 5 9 10 12 13 
16 20 21

131(6)/139(14)/ 148(23) 2 3 4 5 10 12 13 16 
20 21 22 131(6)/139(14)/151(26) 2 3 4 5 9 10 12 13 

16 20 21 131(6)/139(14)/ 153(28) 2 3 4 5 6 10 11 12 
13 16 20 21 

Table 8: Some discriminant combinations of three positions in genotype-D.

Patterns at (126/127/129/130/131/134/139/141/142/148/151/153) Classified 
OBI sample Patterns at (126/127/129/130/131/134/139/141/142/148/151/153) Classified 

OBI sample

H G M P N D K Y V Y F R 1 H G M P K D N Y V Y F R 12 21

H G M P I D T Y E Y F R 2 Q G M P K D N Y V Y Y R 13

CAM GRG -TG P AMC D N Y GWR Y F R 3 H G M Q N D N F V Y F R 15

H G ATR P N GAM RAM Y RCA Y F R 4 H G AKG S S D N Y E Y F Q 16

-AC G M P N D H Y E Y F R 5 Q G M P N D N Y V Y F R 18,23

H G M P N D N Y V Y F Q 6 H GRG M P N D N Y V Y F R 19

H G L Q N D N Y V Y F R 7 H G M P N D AMC Y V Y F R 20

Y G M P N D N Y T Y Y R 9 H G M P N D N Y V TMC F R 22

Q G M P H D T Y V Y F R 10

H G M P N D N Y I Y F Q 11

Table 9: A subset of discriminant positions and corresponding patterns in genotype-D.

negative with a high probability, while the genotype-D HBV samples 
with other mutations at the same position 135 were still detected as 
HBsAg positive successfully with a high probability.

For positions 126 and 135, as shown in Table 14, there are 23 
different mutation combinations in genotype-D, while there are only 
3 mutation combinations in genotype-C, and there is no mutation in 
the OBI samples of genotype-C especially. In genotype-D, the HBV 
samples have mutations at position 135 when H126R observed, and 
these HBV samples were detected as HBsAg positive successfully, no 
matter what mutation present in position 135. While H126Q present in 
genotype-D, the HBV samples were missed by HBsAg detection with a 
high probability, no matter what is present at position 135.

For positions 138 and 139, as shown in Table 15, there are fewer 

mutations in position 138 in both genotype-C and genotype D. When 
no mutation is present in position 138, the HBV with any mutation 
at position 139 in genotype-C were detected as HBsAg positive 
successfully, while the cases in genotype-D were different. When 
there is no mutation at position 138 and the mutation N139T/K/AMC 
observed, the HBV samples were missed by HBsAg detection with a 
high probability, while the HBV samples with other mutations at 
position 139 were still detected as HBsAg positive.

For positions 140 and 143, as shown in Table 16, there is no 
mutation in either position 140 or position 143 in both genotype-C 
chronic and OBI samples. When no mutation existed in position 140 
in genotype-D, the HBV samples with mutation at position 143 from S 
mutated into L/P were detected as HBsAg positive successfully, while 
the HBV samples with S143I were missed by HBsAg detection.
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OBI sample 
No. OBI sample nucleotide sequence Chronic 

sample No. Chronic sample nucleotide sequence Amino acid 
sequence

8

CACGGGATCATGCCGAACCT
GCACGACTCATGCTCCAGGA
ACCTCTATGAATCCCTCCTG
TTGCTGTACCAAACCTTCGG
ACGGAAATTGCACCTGTATT
CCCATCCCATCATCCTGGGC
TTTCGGAAAATTCCTATG

49

CACGGGATCATGCCGAACCT
GCACGACTCCTGCTCAAGGA
ACCTCTATGAATCCCTCCTG
TTGCTGTACCAAACCTTCGG
ACGGAAATTGCACCTGTATT
CCCATCCCATCATCCTGGGC
TTTCGCAAAATTCCTATG

H G I M P N L H 
D S C S R N L Y 
E S L L L L Y Q T 
F G R K L H L Y 
S H P I I L G F R 
K I P M

14

CACGGGACCATGCCGAACCT
GCACGACTCCTGCTCAAGGA
ACCTCTATGTATCCCTCCTG
TTGCTGTACCAAACCTTCGG
ACGGAAATTGCACCTGTATT
CCCATCCCATCATCCTGGGC
TTTCGGAAAATTCCTATG

3 8 14 26 66 
73 82

CACGGGACCATGCCGAACCT
GCACGACTCCTGCTCAAGGA
ACCTCTATGTATCCCTCCTG
TTGCTGTACCAAACCTTCGG
ACGGAAATTGCACCTGTATT
CCCATCCCATCATCCTGGGC
TTTCGGAAAATTCCTATG

H G T M P N L H 
D S C S R N L Y 
V S L L L L Y Q T 
F G R K L H L Y 
S H P I I L G F R 
K I P M

17 

CACGGGACCATGCCGAACCT
GCACGACTCCTGCTCAAGGA
ATCTCTATGTATCCCTCCTG
TTGCTGTACCAAACCTTCGG
ACGGAAATTGCACCTGTATT
CCCATCCCATCATCATGGGC
TTTCGGAAAATTCCTATG

7 55

CACGGGACCATGCCGAACCT
GCACGACTCCTGCTCAAGGA
ACCTCTATGTATCCCTCCTG
TTGCTGTACCAAACCTTCGG
ACGGAAATTGCACCTGTATT
CCCATCCCATCATCATGGGC
TTTCGGAAAATTCCTATG

H G T M P N L H 
D S C S R N L Y 
V S L L L L Y Q T 
F G R K L H L Y 
S H P I I M G F R 
K I P M

24 

CACGGGACCATGCCGAACCT
GCACGACTCCTGCTCAAGGA
ACCTCTATGTATCCCTCCTG
TTGCTGTACCAAACCTTCGG
ACGGAAATTGCACCTGTATT
CCCATCCCATCATCATGGGC
TTTCGGAAAATTCCTATG

7 55

CACGGGACCATGCCGAACCT
GCACGACTCCTGCTCAAGGA
ACCTCTATGTATCCCTCCTG
TTGCTGTACCAAACCTTCGG
ACGGAAATTGCACCTGTATT
CCCATCCCATCATCATGGGC
TTTCGGAAAATTCCTATG

H G T M P N L H 
D S C S R N L Y 
V S L L L L Y Q T 
F G R K L H L Y 
S H P I I M G F R 
K I P M

Table 10: Nucleotide sequences and amino acid sequences of unclassified OBI samples in genotype-D.

Combo ID Amino acid combination Chronic Occult Two-sided p-value

4 R138+N139 90.36% 70.83% 0.0390

6 H126R+R138 16.87% 0 0.0362

6 H126Q+R138 1.20% 16.67% 0.0087

16 M129+N131 80.72% 62.5% 0.0976

16 M129+N131K 0 12.5% 0.0102

Table 11: Detailed interactions for H4 positions in genotype-D.  

Amino acids genotype-C chronics genotype-C OBI genotype-D chronics genotype-D OBI

M129+D131 0.872727273 1 0.036144578 0
M129+N131 0.012121212 0 0.807228916 0.625
M129+131K 0 0 0 0.125
M129+131I 0 0 0 0.041666667
M129+131H 0 0 0 0.041666667
M129+131G 0.006060606 0 0 0
M129+131E 0.003030303 0 0 0
M129+131RAC 0 0 0.024096386 0
M129+131MAC 0 0 0.012048193 0
M129L+131D 0.063636364 0 0 0
M129L+N131 0.042424242 0 0.048192771 0.041666667
M129L+131H 0 0 0.012048193 0
M129HTG+N131 0 0 0.012048193 0
M129MTG+N131 0 0 0.012048193 0
M129RTG+N131 0 0 0.012048193 0
M129ATR+N131 0 0 0.012048193 0.041666667
M129-TG+131AMC 0 0 0 0.041666667
M129K+131D 0 0 0.012048193 0

Table 12: Distribution comparison of amino acids at positions 129 and 131 in genotype-C and genotype-D.
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Amino acids genotype-C chronics genotype-C OBI genotype-D chronics genotype-D OBI

S135+N139 0.933333333 1 0.56626506 0.541666667

S135N+N139 0 0 0.060240964 0

S135H+N139 0 0 0.012048193 0

S135Y+N139 0 0 0.180722892 0.083333333

S135T+N139 0 0 0.012048193 0

S135C+N139 0 0 0.036144578 0

S135KAC+N139 0 0 0.012048193 0

S135F+N139 0 0 0.012048193 0.083333333

S135TYC+N139 0 0 0.012048193 0.041666667

S135+N139Q 0 0 0.024096386 0

S135+N139T 0.012121212 0 0.012048193 0.083333333

S135+N139AMC 0 0 0 0.041666667

S135 N139H 0.027272727 0 0 0

S135+N139MAC 0 0 0.012048193 0

S135+N139RAC 0 0 0.012048193 0

S135+N139D 0.009090909 0 0 0

S135+N139K 0.009090909 0 0.012048193 0.041666667

S135+N139RAM 0 0 0 0.041666667

S135Y+N139K 0.003030303 0 0 0

S135T+N139K 0.003030303 0 0 0

S135Y+N139MAC 0 0 0.012048193 0

S135Y+N139D 0 0 0.012048193 0

S135T+N139Q 0.003030303 0 0 0

Table 13: Distribution comparison of amino acids at positions 135 and 139 in genotype-C and genotype-D.

Amino acids genotype-C chronics genotype-C OBI genotype-D chronics genotype-D OBI

H126+ S135 0.948484848 1 0.578313253 0.625

H126R+ S135Y 0 0 0.13253012 0

H126R+ S135H 0 0 0.012048193 0

H126R+ S135N 0 0 0.012048193 0

H126R+ S135KAC 0 0 0.012048193 0

H126Q+ S135F 0 0 0 0.041666667

H126Q+S135Y 0 0 0 0.041666667

H126Q+S135 0 0 0.012048193 0.083333333

H126CRC+ S135Y 0 0 0.012048193 0

H126CAM+ S135Y 0 0 0.012048193 0

H126+ S135Y 0.003030303 0 0.048192771 0.041666667

H126Y+ S135 0.042424242 0 0.036144578 0.041666667

H126Y+S135TYC 0 0 0.012048193 0

H126Y+S135C 0 0 0.012048193 0

H126+ S135C 0 0 0.024096386 0

H126+S135N 0 0 0.048192771 0

H126+S135F 0 0 0.012048193 0.041666667

H126+S135T 0.006060606 0 0.012048193 0

H126-AC+S135C 0 0 0 0.041666667

H126CAM+S135TYC 0 0 0 0.041666667

H126YAC+S135 0 0 0.012048193 0

Table 14: Distribution comparison of amino acids at positions 126 and 135 in genotype-C and genotype-D.
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Amino acids genotype-C chronics genotype-C OBI genotype-D chronics genotype-D OBI

R138+N139 0.924242424 1 0.903614458 0.708333333

R138+N139T 0.012121212 0 0.012048193 0.083333333

R138+N139K 0.015151515 0 0.012048193 0.041666667

R138+N139AMC 0 0 0 0.041666667

R138+N139H 0.018181818 0 0 0

R138+N139D 0.009090909 0 0.012048193 0

R138+N139Q 0.003030303 0 0.024096386 0

R138+N139MAC 0 0 0.012048193 0

R138+N139RAC 0 0 0.012048193 0

R138Q+N139 0.003030303 0 0 0

R138ARG+N139RAM 0 0 0 0.041666667

R138MRR+N139 0 0 0 0.041666667

R138ARR+N139MAC 0 0 0.012048193 0

R138K+N139H 0.009090909 0 0 0.041666667

R138K+N139N 0.006060606 0 0 0

Table 15: Distribution comparison of amino acids at positions 138 and 139 in genotype-C and genotype-D.

Amino acids genotype-C chronics genotype-C OBI genotype-D chronics genotype-D OBI

L140+S143 1 1 0.975903614 0.916666667

L140+S143L 0 0 0.012048193 0

L140+S143P 0 0 0.012048193 0

L140F+S143T 0 0 0 0.041666667

L140+S143I 0 0 0 0.041666667

Table 16: Distribution comparison of amino acids at positions 140 and 143 in genotype-C and genotype-D.

Amino acids genotype-C chronics genotype-C OBI genotype-D chronics genotype-D OBI

V142+L144 0.996969697 1 0.939759036 0.666666667

V142D+L144I 0.003030303 0 0 0

V142RCA+L144 0 0 0 0.041666667

V142GWR+L144 0 0 0 0.041666667

V142I+L144 0 0 0.012048193 0.041666667

V142RTA+L144 0 0 0.012048193 0

V142E+L144 0 0 0.036144578 0.166666667

V142T+L144 0 0 0 0.041666667

Table 17: Distribution comparison of amino acids at positions 142 and 144 in genotype-C and genotype-D.

For positions 142 and 144, as shown in Table 17, there is almost 
no mutation in either position 142 or position 144 in both genotype-C 
chronic and OBI samples. When no mutation existed in position 144 
in genotype-D, the genotype-D HBV samples with any mutation at 
position 142 were missed by HBsAg detection with a high probability.

Discussion and Conclusions
In our recent study [20], we developed advanced Bayesian methods 

(Bayesian partition model, BVP, and Recursive Model Selection, RMS) 
to study epstasis among the drug-resistance associated mutations, and 
the structural basis of these epstatic effects. These Bayesian methods 
now have been widely applied in a number of HIV and HBV studies 
[38-43]. In this paper, the pioneering Bayesian method enabled us to 

detect and analyze the complex interactions of HBV OBI mutations, 
which directly provide means to elicit the occult sample from the 
chronic, and hopefully will also give us some insights on the etiology 
of HBV.

Previous studies have mainly focused the attention on the analysis 
of the HBsAg. In Yuan et al. [44], specific amino acid substitutions in 
the regions from amino acids 117 to 121 and amino acids 144 to 147, 
located in the major hydrophilic region of the S gene, was reported 
to be associated with carriers with OBIs. In Huang et al. [45], ten 
representative mutations in the regions from amino acids 119 to 145 
were identified in the OBI group. In our study, some discriminant and 
correlated position combinations were found in the corresponding 
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region in the RT amino acid sequences of genotype-D, such as RT 
amino acid position combinations 126+138, 129+131 and 138+139 
(corresponding to amino acid 118+130, 121+123 and 130+131 in the S 
gene). We also detected substantial amino acid distribution differences 
between genotype-C and genotype-D in six different position 
combinations, which are located corresponding to the same region of 
S gene. All of these correlations among multiple amino acid positions 
can only be revealed by our pioneering Bayesian method compared to 
conventional analysis, focusing on the mutations in single positions. 
Furthermore, some interesting discriminant position combinations, 
but out of the region were detected, such as the mutation H9Y+V278I 
in Combo 11, 19 and 22, or N337H in Combo 11 and 22, or L267Q 
in Combo 32 when amino acids at other positions in each Combo 
do not mutate. These high-order position combinations correlated 
with the OBI, which may exist only in the RT amino acid sequences, 
may provide new insight into the involvement of the RT proteins in 
mechanisms underlying occult HBV infection.

Indeed, there remains a significant amount of further work that can 
be done on the project. As the numbers of unique combinations of H4 
positions obtained were quite high after just 200 chains, it is likely that 
the MCMC runs were prone to being trapped in local modes. Hence, 
more advanced MCMC technologies may need to be conducted, and 
analyses regarding the frequencies of each unique combination may 
need to be performed in order to locate the global optimum.

Despite all the possibilities that may emerge, we are positive that 
the method, and results presented here will enlighten new and more 
accurate ways to decipher the myths behind HBV and other related 
diseases. 
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