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Abstract: Natural selection operating at the amino acid sequence level can be detected by comparing the rates of syn-

onymous (rS) and nonsynonymous (rN) substitutions for the protein-coding nucleotide sequence, where relationships rN > 

rS and rN < rS conventionally indicate positive and negative selection, respectively. The direction and magnitude of natural 

selection operating on a protein may change during evolution because the environmental conditions may vary along with 

time. Here a phylogenetic window analysis method is proposed for examining the chronological change in natural selec-

tion and for detecting natural selection that has operated temporarily in the phylogenetic tree. The phylogenetic window 

was defined as an interval between two time points in the phylogenetic tree, which was constructed under the assumption 

of a molecular clock. The total numbers of synonymous and nonsynonymous changes that have occurred for all the parts 

of branches overlapping with the window were compared to detect natural selection. When this method was applied to the 

analysis of the intra-host evolution for hypervariable region 1 of hepatitis C virus (HCV), which was known as the major 

target of humoral immunity, it was found that the pattern of chronological change in natural selection was heterogeneous 

among patients. The rN/rS value was sometimes elevated temporarily, where positive selection was detected, suggesting 

that the antigenic evolution was punctuated during chronic infection of HCV.  

Keywords: Phylogenetic tree, window analysis, natural selection, synonymous substitution, nonsynonymous substitution, 
hepatitis C virus. 

INTRODUCTION 

 Natural selection operating at the amino acid sequence 
level can be detected by comparing the rates of synonymous 
(rS) (Supplementary Table S1) and nonsynonymous (rN) sub-
stitutions for the protein-coding nucleotide sequence [1]. 
Under the assumption that the synonymous substitution is 
selectively nearly neutral, relationships rN > rS and rN < rS 
conventionally indicate positive and negative selection, re-
spectively. The direction and magnitude of natural selection 
operating on a protein may change during evolution because 
the environmental conditions may vary along with time. To 
detect natural selection operating temporarily, it may be use-
ful to compare rS and rN for a specific branch of the phylo-
genetic tree [2]. However, the numbers of synonymous (cS) 
and nonsynonymous (cN) changes that have occurred for a 
branch may not be large enough for a statistical test to detect 
a significant difference between rS and rN. The branches 
where similar selection has operated may be grouped to in-
crease the sensitivity of the test [3, 4], but it is difficult to 
determine such branches because the environmental condi-
tion for each branch is usually unknown.  

 Similar selection, however, may operate on the contem-
porary organisms sharing the environmental condition. For 
example, in the epidemics of human influenza A virus, evo-
lution of hemagglutinin, which is the major target of humoral  
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immunity, has been characterized by long-intervals of anti-
genic stasis punctuated by short-intervals of antigenic 
changes [5, 6]. In the former intervals, neutral and occasion-
ally positively selected amino acid substitutions accumulate 
to provide the basis of antigenic innovations, whereas in the 
latter intervals, positive selection operates on parallel amino 
acid substitutions that cause antigenic changes for multiple 
lineages through epistasis with the substitutions that have 
accumulated in the former intervals [7]. Similarly, evolution 
of vesicular stomatitis virus has been characterized by ge-
netic stasis and punctuated equilibrium, which were associ-
ated with small and large ecological changes, respectively [8, 
9]. In addition, in the chronic infection of hepatitis C virus 
(HCV), it has been reported that positive selection operating 
on hypervariable region 1 (HVR1), which consists of the N-
terminal 27 amino acid sites of envelope glycoprotein 2 (E2) 
[10, 11] and is the major target of humoral immunity [12-
15], reduced for the entire population in the course of 15.6–
21.6 years of follow-up in 5 patients [16], although such a 
tendency was not found in other patients [17, 18].  

 In the above studies, the chronological change in natural 
selection has been inferred mainly based on the comparison 
of rS and rN for branches of the phylogenetic tree. However, 
since different branches were usually involved in different 
time intervals, it was difficult to detect natural selection op-
erating for a specific time interval. For this purpose, contem-
porary parts of the branches across the phylogenetic tree may 
be grouped to conduct the test of selective neutrality. In the 
present study, the phylogenetic window analysis method was 
proposed for examining the chronological change in natural 
selection and for detecting natural selection that has operated 
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temporarily in the phylogenetic tree. The method was ap-
plied to the data of the intra-host evolution for HVR1 of 
HCV.  

MATERIALS AND METHODS 

Phylogenetic Window Analysis 

 The phylogenetic window analysis is intended to estimate 
the total values of cS and cN that have occurred for a specific 
time interval across the phylogenetic tree and conduct a test 
of selective neutrality for detecting natural selection. The 
phylogenetic tree is assumed to be known. To define specific 
time intervals, the phylogenetic tree is constructed under the 
assumption of a molecular clock, where the evolutionary rate 
is estimated by including calibration points or, particularly in 
the analysis of viral sequences, using the viral strains sam-
pled at different time points [19]. The time scale of the 
phylogenetic tree is obtained by dividing the branch lengths 
by the evolutionary rate. In the phylogenetic tree, the ances-
tral nucleotide sequence at each interior node is inferred by 
the maximum parsimony (MP) [20, 21] or Bayesian [22, 23] 
method, and cS and cN for each branch are obtained by com-
paring the nucleotide sequence at its one end with the other 
[24]. The phylogenetic window is defined as an interval be-
tween two time points in the phylogenetic tree, where the 
length of the time interval corresponds to the window size 
(w). The window overlaps with some branches of the phylo-
genetic tree. cS and cN for all the parts of branches overlap-
ping with the window are summed to obtain the total num-
bers of synonymous (cS(W)) and nonsynonymous (cN(W)) 
changes that have occurred in the window, respectively. 
Here cS and cN for a part of a branch are obtained simply by 
fractionating these values for the branch according to the 
proportion of the overlapping region. The numbers of syn-
onymous (sS) and nonsynonymous (sN) sites for the entire 
sequence are computed as the average of these values for all 
extant sequences. The null hypothesis of selective neutrality 
is tested by computing the probability (p) of obtaining the 
observed or more biased values for cS(W) and cN(W) under the 
assumption that these values follow a binomial distribution 
with the probabilities of occurrence of synonymous and non-
synonymous changes given by sS/(sS + sN) and sN/(sS + sN), 
respectively [24]. Positive and negative selection are inferred 
when cN(W)/sN > cS(W)/sS and cN(W)/sN < cS(W)/sS with p < 0.05, 
respectively. rN/rS for the window is estimated as 
(cN(W)/sN)/(cS(W)/sS). The phylogenetic tree is scanned by slid-
ing the window with a certain step size (s) for examining the 
chronological change in natural selection and for detecting 
natural selection that has operated temporarily. It should be 
noted that, since multiple substitutions are not corrected for 
in this method, cS(W) and cN(W) may be underestimated, espe-
cially when the branch lengths of the phylogenetic tree are 
large. Therefore, this method is considered to be suitable for 
the analysis of closely related sequences. In the present 
study, however, the degree of underestimation appeared to 
be negligible for all the data analyzed because the branch 
lengths were generally small [25].  

Sequence Data 

 The phylogenetic window analysis was applied to the 
data of the intra-host evolution for HCV. The data consisted 
of the 5’-terminal 324 nucleotide sites of the E2 gene, which 
encoded 108 amino acid sites corresponding to positions 

384–491 of HCV-1 [26]. The first 27 amino acid sites (posi-
tions 384–410) corresponded to HVR1. The nucleotide se-
quences were derived from 13, 7, 17, 5, and 14 strains seri-
ally sampled from patients 1, 2, 3, 4, and 5, respectively, in 
the course of 15.6–21.6 years of follow-up during chronic 
infection [16]. The strain names, accession numbers in the 
International Nucleotide Sequence Database, and isolation 
years for these sequences are listed in Supplementary Table 
S2.  

 In a previous study, these sequences have been analyzed 
for examining the chronological change in natural selection 
[16]. The phylogenetic tree was constructed for the se-
quences obtained from each patient under the assumption of 
a molecular clock, and the rN/rS value estimated for each 
branch was plotted against the time interval between the root 
of the phylogenetic tree and the middle of the branch. When 
the plots were superimposed for 5 patients, a negative corre-
lation was observed between rN/rS and the time interval. In 
addition, the rN/rS value was found to be greater than 1 not 
only for HVR1 but also for amino acid positions 457–462.  

 In the present study, the phylogenetic window analysis 
was applied to the data obtained from each patient separately 
for examining whether the rN/rS value reduced during 
chronic infection in every patient. It should be noted that the 
biological function of amino acid positions 457–462 is un-
known. In addition, although both the humoral and cellular 
immunities against E2 were known to be effective to elimi-
nate HCV [27-31], the latter immunity appeared to exert 
little effect on driving sequence evolution for E2 [18]. There-
fore, only HVR1 (positions 384–410) was used for examin-
ing the chronological change in rN/rS by the phylogenetic 
window analysis.  

Data Analysis 

 The multiple alignment of the entire region (324 nucleo-
tide sites) for the total of 56 sequences obtained from 5 pa-
tients was made using the computer program CLUSTAL W 
(version 1.83) [32]. The alignment did not contain any gaps. 
To determine the position of the root and the topology of the 
phylogenetic tree for the sequences obtained from each pa-
tient, the phylogenetic tree was constructed for the 56 se-
quences by the neighbor-joining (NJ) method [33] using the 
324 nucleotide sites. The evolutionary distance was meas-
ured as the p distance, which was known to produce reliable 
topologies when large numbers of closely related sequences 
were analyzed [34, 35]. The reliability of each interior 
branch was assessed by the bootstrap method with 1000 re-
samplings [36]. MEGA (version 4.0) [37] was used for these 
analyses.  

 The branch lengths of the phylogenetic tree for the se-
quences obtained from each patient were re-estimated under 
the assumption of a molecular clock. Since the first 81 nu-
cleotide sites encoding HVR1 were examined for the chrono-
logical change in rN/rS, the molecular clock was not assumed 
to hold for these sites. Therefore, the remaining 243 nucleo-
tide sites were used for estimating the branch lengths. The 
model of nucleotide substitution that best fitted these sites 
was judged by the hierarchical likelihood-ratio test (hLRT) 
using MODELTEST (version 3.7) [38]. Based on the best fit 
model, the branch lengths, transition/transversion rate ratio 
( ), and rate of nucleotide substitution were estimated under 



Phylogenetic Window Analysis The Open Evolution Journal, 2008, Volume 2    15 

the assumption of the molecular clock by the maximum like-
lihood method using TIPDATE (version 1.2) [39]. In addi-
tion, the branch lengths and  were also estimated under the 
assumption of the rate heterogeneity among branches. The 
log-likelihood (lnL) values obtained under these assumptions 
were compared by the LRT to test the null hypothesis of the 
molecular clock. Twice the difference in the lnL value was 
assumed to follow a 

2
 distribution with a degree of freedom 

of n – 3 [39], where n denotes the number of sequences ana-
lyzed. The molecular clock was rejected if p < 0.05.  

 The ancestral nucleotide sequence at each interior node 
of the phylogenetic tree was inferred by the MP method. The 
values of sS and sN were computed by taking into account the 

 value estimated above [40]. The phylogenetic window 
analysis was conducted for the sequences obtained from each 
patient using 5 years and 0.5 year as w and s (w = 5 and s = 
0.5), respectively, and using w = 10 and s = 1. In addition, 
the average pattern of the chronological change in natural 
selection for 5 patients was examined by summing the cS(W) 
and cN(W) values for the windows of the same chronological 
order and averaging the sS and sN values for 5 patients.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. (1). Phylogenetic tree constructed for the total of 56 HCV strains serially sampled from 5 patients. The bootstrap probability is indicated 

for each interior branch. The scale bar indicates 0.02 nucleotide substitution per site.  
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RESULTS 

Construction of the Phylogenetic Tree 

 The phylogenetic tree constructed for the total of 56 
HCV strains serially sampled from 5 patients using the 5’-
terminal 324 nucleotide sites of the E2 gene is shown in Fig. 
(1). The strains obtained from each patient formed a single 
cluster, which was supported with a high bootstrap probabil-
ity (93%–100%). Using the position of the root and the to-
pology of the sub-tree for each patient, the branch lengths 
were re-estimated with the 243 nucleotide sites, by eliminat-
ing the first 81 nucleotide sites that encoded HVR1. The 
models of nucleotide substitution best fitted to the 243 sites 
of the sequences obtained from patients 1, 2, 3, 4, and 5 were 
the model of Kimura [41] with the  distribution for the rate 
heterogeneity among sites (K + ), K, K + , K, and the 
model of Hasegawa et al. [42] (HKY) + , respectively 
(Supplementary Table S3). Based on these models, the lnL 
values were obtained under the assumptions of the molecular 
clock and the rate heterogeneity among branches. When the 
null hypothesis of the molecular clock was tested for the 
sequences obtained from each patient, p > 0.05 for all pa-
tients except for patient 3. However, even for patient 3, p = 
0.0486, which was not statistically significant when the Bon-
ferroni correction was conducted. These results indicated 
that the molecular clock could be assumed for the 243 nu-
cleotide sites of the sequences obtained from each patient.  

Results of the Phylogenetic Window Analysis 

 The results of the phylogenetic window analysis con-
ducted for 81 nucleotide sites that encoded HVR1 using the 
phylogenetic tree constructed for each patient as indicated 
above were shown in Fig. (2). Although the rN/rS value for 
the same chronological region varied to some extent accord-
ing to the window size assumed (w = 5 or w = 10), the over-
all pattern of the chronological change in rN/rS was similar 
between these two cases for each patient (Supplementary 
Table S4). In patient 1, rN/rS was initially greater than 1, and 
decreased to be approximately 1 in the course of chronic 
infection. The rN/rS value was large (25.783) for the last 
window with w = 5. This result was obtained apparently be-
cause the cS value was very small for this window (0.025) 
due to a statistical error (Supplementary Table S4). In fact, 
positive selection was not detected for this window and rN/rS 
was not large for the corresponding window with w = 10. 
Positive selection was not detected for the entire time period 
(Fig. 2; Supplementary Table S4). Similarly, in patient 2, 
rN/rS was initially greater than 1 and decreased to be ap-
proximately 1. However, the rN/rS value slightly increased 
later, although positive selection was not detected for the 
entire time period. In contrast to the cases for patients 1 and 
2, rN/rS was initially close to 1 in patient 3. The rN/rS value 
was elevated in the course of chronic infection, where posi-
tive selection was detected for 2 consecutive windows with 
w = 5. However, the rN/rS value later decreased to be ap-
proximately 1. In patient 4, rN/rS was  throughout the entire 
time period because only the nonsynonymous change was 
observed (cS = 0 and cN > 0) for the entire phylogenetic tree. 
Positive selection was detected for 7 consecutive windows in 
the middle of the phylogenetic tree with w = 5, and for 2 
consecutive windows at the similar chronological region 
with w = 10. In patient 5, rN/rS was initially greater than 1, 

and decreased to be approximately 1 in the course of chronic 
infection. However, the rN/rS value was elevated in the mid-
dle of the phylogenetic tree, where positive selection was 
detected for 10 consecutive windows with both w = 5 and w 
= 10 at the similar chronological region. When the phyloge-
netic window analysis was conducted by combining the data 
from 5 patients, rN/rS was initially greater than 1, and gradu-
ally decreased toward 1. However, positive selection was 
detected for most of the windows with both w = 5 and w = 
10.  

DISCUSSION 

Problems in the Phylogenetic Window Analysis 

 In the present study, the phylogenetic window analysis 
method was proposed for examining the chronological 
change in natural selection and for detecting natural selection 
that has operated temporarily in the phylogenetic tree, by 
estimating cS(W) and cN(W) and conducting the test of selective 
neutrality. However, there appeared to be some problems in 
this method. First, the window size should be large enough 
to include a sufficient number of nucleotide changes (cS(W) + 
cN(W)), which corresponded to the sample size in a statistical 
test, for obtaining a significant result. For example, in the 
analysis of the HCV strains isolated from patient 4, positive 
selection was detected with w = 10 but not with w = 5 at the 
same chronological region of the phylogenetic tree. Since 
cS(W) = 0 for both cases, success or failure in detecting posi-
tive selection was determined by whether the sample size 
(cN(W)) was sufficient for obtaining a statistical significance 
or not, respectively. The window size, however, should not 
be excessively large, because the effect of natural selection is 
averaged for the window and natural selection operating only 
for a short time interval may be obscured. For example, in 
the analysis of the sequences obtained from patient 3, posi-
tive selection was detected with w = 5 but not with w = 10 at 
the same chronological region. In fact, the peak of the rN/rS 
value observed with w = 5 was obscured with w = 10. In 
addition, the sample size for a window depends on the total 
length of the parts of branches included in the window. 
However, since the number of branches may vary along with 
the phylogenetic tree, the window size required for including 
a sufficient sample size to obtain a statistical significance 
may be different among chronological regions of the phylo-
genetic tree. For example, in the analysis of the sequences 
obtained from patient 4, positive selection was detected with 
w = 10 only in the middle of the phylogenetic tree, although 
rN/rS was  for the entire time period. These observations 
suggested that various window sizes should be examined in 
the analysis [43, 44], as was the case with the present study. 
Since the sample size varied among the windows and was 
sometimes insufficient for obtaining a statistical signifi-
cance, the correction for multiple testing was not adopted in 
the present study.  

 Second, cS and cN for a part of a branch overlapping with 
the phylogenetic window were obtained simply by fraction-
ating these values for the branch according to the proportion 
of the overlapping region, suggesting that the synonymous 
and nonsynonymous changes were implicitly assumed to be 
evenly distributed along with the branch. This assumption, 
however, may be inconsistent with the idea of the phyloge-
netic window analysis, where the chronological change in 
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Fig. (2). Results of the phylogenetic window analysis conducted for HVR1 of the HCV strains sampled from patients 1 (A), 2 (B), 3 (C), 4 

(D), and 5 (E). The phylogenetic tree was constructed under the assumption of the molecular clock, where the scale bar indicates 1 year. The 

time scale for the results of the phylogenetic window analysis is matched to that for the phylogenetic tree for each patient. The black and red 

lines indicate the rN/rS values with w = 5 and s = 0.5 and with w = 10 and s = 1, respectively. The black and red asterisks indicate the central 

time points of the windows where positive selection was detected with w = 5 and w = 10, respectively. The results obtained by combining the 

data from 5 patients are also indicated (F). The data for the last two windows and the last window were removed for w = 5 and w = 10, re-

spectively, because cS(W) was 0 and cN(W) was very small (approximately 1) (Supplementary Table S4).  
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rN/rS, which may occur at any time point irrespective of the 
position on the branch, was intended to be detected. Since 
the effect of natural selection is averaged for each branch, 
this method may produce conservative results for the extent 
of chronological change in rN/rS and for the detection of 
natural selection. Nevertheless, this problem may disappear 
as more sequences become available in the analysis, so that 
the branch lengths become smaller in the phylogenetic tree, 
as in the case for influenza A virus [45-47].  

Punctuated Evolution of Antigenicity During Chronic 
Infection of HCV 

 When the phylogenetic window analysis was applied to 
the combined data of the intra-host evolution for HVR1 of 
HCV in 5 patients, it was found that the rN/rS value de-
creased along with time, which was consistent with the pre-
vious study [16]. However, positive selection was detected 
for most of the windows, suggesting that escape mutants 
from the humoral immunity were generated with a decreas-
ing rate throughout the chronic infection on average. The 
decrease in the rate of generating escape mutants may have 
occurred because strain-specific and low titer neutralizing 
antibodies (nAbs) are elicited in the early stage of HCV in-
fection, whereas cross-reactive and high titer nAbs are elic-
ited later [31, 48]. Alternatively, the humoral immunity 
against HCV may have diminished in the late stage of 
chronic infection, so that the selective pressure to generate 
escape mutants may have reduced [16]. In the present study, 
however, it was also found that the pattern of chronological 
change in natural selection was heterogeneous among pa-
tients [17, 18]. The rN/rS value was sometimes elevated tem-
porarily even in the later stage, where positive selection was 
detected, indicating that the antigenic evolution was punctu-
ated during chronic infection of HCV. The punctuated evolu-
tion of antigenicity, however, may result from different 
mechanisms according to the driving force of positive selec-
tion. If it is assumed that the viral population generally con-
tains antigenic mutants abundantly and positive selection is 
governed mainly by the change in the environmental condi-
tion [49-51], as has been indicated for vesicular stomatitis 
virus [8, 9], the above observation is considered to reflect the 
temporary change in the humoral immunity in the patients. 
On the other hand, if it is assumed that positive selection is 
governed mainly by de novo generation of antigenic mutants 
that can escape from the humoral immunity, as has been in-
dicated for influenza A virus [5, 6, 52], the above observa-
tion is considered to reflect the epistasis among amino acid 
sites for determining the antigenicity. To distinguish these 
possibilities, it may be useful to compare the strength of im-
mune responses in the patients as well as the degree of anti-
genic changes in HCV for the time intervals where positive 
selection was detected with those for other time intervals.  
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SUPPLEMENTARY MATERIALS 

Table S1. List of Abbreviations Used in the Present Paper 

Abbreviation Expansion 

rS (rN) Rate of synonymous (nonsynonymous) substitution 

cS (cN) Number of synonymous (nonsynonymous) changes 

cS(W) (cN(W)) Number of synonymous (nonsynonymous) changes for the phylogenetic window 

sS (sN) Number of synonymous (nonsynonymous) sites 

w Window size 

s Step size 

p Probability 

n Number of sequences 

 Transition/transversion rate ratio 

lnL Log-likelihood 

hLRT Hierarchical likelihood-ratio test 

MP Maximum parsimony 

NJ Neighbor-joining 

K Model of Kimura 

HKY Model of Hasegawa et al. 

  distribution for the rate heterogeneity among sites 

HCV Hepatitis C virus 

HVR1 Hypervariable region 1 

E2 Envelope glycoprotein 2 

nAb Neutralizing antibody 

 

Table S2. Strain Names, Accession Numbers in the International Nucleotide Sequence Database, and Isolation Years for the  

Sequences Obtained from 5 Patients Analyzed in the Present Study [16] 

Patient Strain name Accession number Isolation year Patient Strain name Accession number Isolation year 

1 CF83_E2_1 AB272166 1983  JL95_E2_7 AB272200 1995 

 CF83_E2_2 AB272167 1983  JL95_E2_9 AB272202 1995 

 CF83_E2_3 AB272168 1983  JL99_E2_12 AB272204 1999 

 CF83_E2_4 AB272169 1983  JL99_E2_13 AB272205 1999 

 CF83_E2_5 AB272170 1983  JL99_E2_14 AB272206 1999 

 CF89_E2_7 AB272172 1989  JL99_E2_15 AB272207 1999 

 CF93_E2_8 AB272173 1993  JL99_E2_16 AB272208 1999 

 CF93_E2_9 AB272174 1993  JL99_E2_17 AB272209 1999 

 CF93_E2_10 AB272175 1993  JL99_E2_18 AB272210 1999 

 CF93_E2_11 AB272176 1993 4 HW77_E2 AB272187 1977 

 CF93_E2_12 AB272177 1993  HW81_E2 AB272188 1981 

 CF98_E2_13 AB272178 1998  HW89_E2 AB272189 1989 

 CF98_E2_D AB272179 1998  HW90_E2 AB272190 1990 

2 FW78_E2 AB272180 1978  HW95_E2 AB272191 1995 

 FW99_E2 AB272181 1999 5 KM_76 AB272212 1976 
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Patient Strain name Accession number Isolation year Patient Strain name Accession number Isolation year 

 FW86_E2_1 AB272182 1986  KM_85 AB272213 1985 

 FW86_E2_2 AB272183 1986  KM90_E2_1 AB272214 1990 

 FW86_E2_3 AB272184 1986  KM90_E2_2 AB272215 1990 

 FW86_E2_4 AB272185 1986  KM90_E2_3 AB272216 1990 

 FW86_E2_5 AB272186 1986  KM90_E2_4 AB272217 1990 

3 JL_77 AB272192 1977  KM90_E2_5 AB272218 1990 

 JL_90 AB272193 1990  KM95_E2_6 AB272219 1995 

 JL95_E2_1 AB272194 1995  KM95_E2_7 AB272220 1995 

 JL95_E2_2 AB272195 1995  KM95_E2_8 AB272221 1995 

 JL95_E2_3 AB272196 1995  KM95_E2_9 AB272222 1995 

 JL95_E2_4 AB272197 1995  KM95_E2_10 AB272223 1995 

 JL95_E2_5 AB272198 1995  KM95_E2_11 AB272224 1995 

 JL95_E2_6 AB272199 1995  KM95_E2_12 AB272225 1995 

 

Table S3. Results of the Analysis Using the 243 Nucleotide Sites of the E2 Gene for the HCV Strains Serially Sampled from 5 Pa-

tients 

Patient Best fit model lnL with clock lnL without clock p value in the LRT  sS sN Rate (per site per year) 

1 K +  –567.824 –562.473 0.381 4.891 24.558 56.442 0.00176 

2 K –480.792 –476.947 0.104 4.991 24.548 56.452 0.00131 

3 K +  –575.739 –563.844 0.0486 4.022 24.597 56.403 0.00142 

4 K –440.897 –440.572 0.723 4.057 24.393 56.607 0.00133 

5 HKY +  –642.695 –638.245 0.631 5.474 24.261 56.739 0.00161 

 

Table S4. The cS(W), cN(W), and rN/rS Values for each Phylogenetic Window  

  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

1 1 0.335 4.101 5.334  0.669 8.202 5.334  

 2 0.335 4.101 5.334  0.669 8.202 5.334  

 3 0.335 4.101 5.334  0.669 8.202 5.334  

 4 0.335 4.101 5.334  0.669 8.202 5.334  

 5 0.335 4.101 5.334  1.359 9.252 2.961  

 6 0.335 4.101 5.334  3.823 14.773 1.681  

 7 0.335 4.101 5.334  4.223 16.564 1.707  

 8 0.335 4.101 5.334  4.745 17.573 1.611  

 9 0.335 4.101 5.334  5.136 17.677 1.498  

 10 0.335 4.101 5.334  5.527 17.781 1.400  

 11 0.335 4.101 5.334  5.917 17.885 1.315  

 12 0.335 4.101 5.334  6.308 17.990 1.241  
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  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

 13 0.335 4.101 5.334  6.699 18.094 1.175  

 14 0.335 4.101 5.334  7.016 17.987 1.116  

 15 0.335 4.101 5.334  6.558 16.594 1.101  

 16 0.335 4.101 5.334  4.328 10.730 1.079  

 17 0.335 4.101 5.334  4.579 11.891 1.130  

 18 0.335 4.101 5.334  4.454 11.192 1.093  

 19 1.025 5.151 2.187  3.996 10.561 1.150  

 20 1.258 5.639 1.950  3.538 9.929 1.221  

 21 3.488 10.672 1.331  3.080 9.298 1.313  

 22 3.689 11.567 1.364  2.622 8.666 1.438  

 23 3.889 12.463 1.394      

 24 4.203 13.369 1.384      

 25 4.410 13.472 1.329      

 26 4.606 13.524 1.278      

 27 4.801 13.576 1.230      

 28 4.997 13.628 1.187      

 29 4.502 12.631 1.221      

 30 4.464 12.194 1.189      

 31 2.429 7.214 1.292      

 32 2.424 6.370 1.143      

 33 2.420 5.527 0.994      

 34 2.300 4.672 0.884      

 35 2.289 4.622 0.879      

 36 2.289 4.622 0.879      

 37 2.215 4.411 0.867      

 38 2.136 4.188 0.853      

 39 2.057 3.964 0.839      

 40 1.978 3.740 0.823      

 41 1.899 3.516 0.806      

 42 1.951 5.026 1.121      

 43 2.160 6.364 1.282      

 44 2.368 6.840 1.257      

 45 2.165 6.570 1.321      

 46 1.936 6.254 1.406      

 47 1.781 6.149 1.502      

 48 1.631 6.057 1.616      

 49 1.481 5.965 1.752      
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  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

 50 1.331 5.873 1.920      

 51 1.181 5.781 2.129      

 52 0.900 3.956 1.913      

 53 0.463 2.302 2.165      

 54 0.025 1.511 25.783      

2 1 0.508 6.020 5.152  1.563 16.045 4.464  

 2 0.509 6.564 5.606  1.812 16.920 4.060  

 3 0.510 7.108 6.058  2.077 17.590 3.683  

 4 0.511 7.652 6.508  2.372 17.721 3.249  

 5 0.512 8.196 6.957  2.665 16.905 2.759  

 6 0.513 8.741 7.404  2.957 16.088 2.366  

 7 0.514 9.144 7.733  3.654 16.011 1.905  

 8 0.514 9.144 7.733  4.434 16.086 1.577  

 9 0.514 9.144 7.733  4.568 14.970 1.425  

 10 0.931 10.132 4.731  4.515 13.511 1.301  

 11 1.055 10.025 4.133  3.922 11.171 1.238  

 12 1.178 9.919 3.660  3.623 9.925 1.191  

 13 1.302 9.812 3.277  3.307 8.885 1.168  

 14 1.426 9.706 2.961  2.962 8.243 1.210  

 15 1.565 9.394 2.611  2.617 7.601 1.263  

 16 1.711 8.985 2.284  2.271 6.959 1.332  

 17 1.858 8.577 2.008  1.522 5.578 1.593  

 18 2.004 8.169 1.773  0.690 4.044 2.550  

 19 2.150 7.761 1.569  0.504 3.702 3.196  

 20 1.880 6.365 1.472  0.504 3.702 3.196  

 21 1.903 6.063 1.386  0.504 3.702 3.196  

 22 2.086 6.054 1.262      

 23 2.352 6.198 1.146      

 24 2.619 6.343 1.053      

 25 2.870 6.692 1.014      

 26 2.883 6.713 1.013      

 27 2.710 6.392 1.026      

 28 2.538 6.071 1.040      

 29 2.365 5.750 1.057      

 30 2.192 5.429 1.077      

 31 2.020 5.108 1.100      

 32 1.687 4.494 1.158      
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  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

 33 1.270 3.727 1.276      

 34 0.854 2.960 1.507      

 35 0.438 2.193 2.179      

 36 0.252 1.851 3.196      

 37 0.252 1.851 3.196      

 38 0.252 1.851 3.196      

 39 0.252 1.851 3.196      

 40 0.252 1.851 3.196      

 41 0.252 1.851 3.196      

 42 0.252 1.851 3.196      

 43 0.252 1.851 3.196      

 44 0.252 1.851 3.196      

 45 0.252 1.851 3.196      

 46 0.252 1.851 3.196      

 47 0.252 1.851 3.196      

 48 0.252 1.851 3.196      

 49 0.252 1.851 3.196      

 50 0.252 1.851 3.196      

 51 0.252 1.851 3.196      

3 1 1.304 1.467 0.491  3.063 9.802 1.396  

 2 1.222 1.374 0.491  2.818 11.696 1.810  

 3 1.140 1.282 0.491  2.573 13.208 2.239  

 4 1.058 1.190 0.491  2.337 14.437 2.693  

 5 0.975 1.097 0.491  2.235 15.627 3.048  

 6 0.893 1.005 0.491  2.125 16.345 3.354  

 7 0.821 0.923 0.491  2.015 17.028 3.685  

 8 0.821 0.923 0.491  2.100 17.161 3.563  

 9 0.821 0.923 0.491  2.194 17.294 3.437  

 10 1.800 7.296 1.768  2.323 19.132 3.592  

 11 1.759 8.335 2.066  1.976 12.405 2.738  

 12 1.719 9.375 2.379  2.604 10.974 1.838  

 13 1.678 10.414 2.706  2.535 9.303 1.600  

 14 1.638 11.409 3.038  2.787 7.715 1.207  

 15 1.597 12.110 3.306  3.060 7.325 1.044  

 16 1.557 12.812 3.588      

 17 1.517 13.514 3.886      

 18 1.470 14.202 4.214 *     
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  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

 19 1.415 14.704 4.533 *     

 20 0.381 8.690 9.952      

 21 0.366 8.009 9.539      

 22 0.351 7.329 9.093      

 23 0.337 6.614 8.563      

 24 0.416 5.686 5.967      

 25 0.503 5.051 4.379      

 26 0.590 4.416 3.262      

 27 0.678 3.781 2.433      

 28 0.772 3.159 1.785      

 29 0.908 4.429 2.126      

 30 1.259 4.412 1.528      

 31 1.610 4.396 1.191      

 32 1.960 4.380 0.974      

 33 2.267 4.360 0.839      

 34 2.147 4.311 0.876      

 35 2.032 4.253 0.913      

 36 2.071 4.094 0.862      

 37 2.109 3.935 0.814      

 38 2.147 4.221 0.857      

 39 2.151 2.897 0.587      

 40 2.123 3.364 0.691      

4 1 0.000 1.843   0.000 3.685   

 2 0.000 1.843   0.000 3.685   

 3 0.000 1.843   0.000 3.685   

 4 0.000 1.843   0.000 3.685   

 5 0.000 1.843   0.000 3.960   

 6 0.000 1.843   0.000 5.439   

 7 0.000 1.843   0.000 6.757   

 8 0.000 1.843   0.000 8.052   

 9 0.000 1.843   0.000 9.347   

 10 0.000 1.843   0.000 10.641  * 

 11 0.000 1.843   0.000 11.061  * 

 12 0.000 1.843   0.000 11.352  * 

 13 0.000 1.843   0.000 11.643  * 

 14 0.000 1.843   0.000 11.934  * 

 15 0.000 1.843   0.000 11.566  * 
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  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

 16 0.000 1.843   0.000 9.719  * 

 17 0.000 1.843   0.000 8.032   

 18 0.000 1.843   0.000 6.369   

 19 0.000 2.117   0.000 4.705   

 20 0.000 2.857   0.000 3.216   

 21 0.000 3.596   0.000 2.628   

 22 0.000 4.267   0.000 2.168   

 23 0.000 4.914   0.000 1.708   

 24 0.000 5.562   0.000 1.249   

 25 0.000 6.209       

 26 0.000 6.857       

 27 0.000 7.504       

 28 0.000 8.151       

 29 0.000 8.524       

 30 0.000 8.059       

 31 0.000 7.465       

 32 0.000 6.940       

 33 0.000 6.438       

 34 0.000 5.936       

 35 0.000 5.434       

 36 0.000 4.932       

 37 0.000 4.430       

 38 0.000 3.873       

 39 0.000 3.042       

 40 0.000 2.583       

 41 0.000 2.253       

 42 0.000 1.924       

 43 0.000 1.594       

 44 0.000 1.264       

 45 0.000 0.934       

 46 0.000 0.604       

 47 0.000 0.275       

 48 0.000 0.074       

 49 0.000 0.174       

 50 0.000 0.274       

 51 0.000 0.374       

 52 0.000 0.474       
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(Table S4). Contd….. 

  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

 53 0.000 0.574       

 54 0.000 0.674       

 55 0.000 0.774       

 56 0.000 0.874       

 57 0.000 0.974       

5 1 0.365 2.919 3.421  1.930 14.771 3.272  

 2 0.365 2.919 3.421  2.038 15.874 3.330  

 3 0.365 2.919 3.421  2.146 16.976 3.382  

 4 0.365 2.919 3.421  2.254 18.079 3.429  

 5 0.365 2.919 3.421  2.362 18.579 3.363  

 6 1.295 9.095 3.002 * 2.470 19.032 3.294  

 7 1.349 9.646 3.056 * 2.578 19.484 3.231  

 8 1.403 10.198 3.107 * 2.686 19.937 3.173  

 9 1.457 10.749 3.153 * 1.810 13.662 3.228  

 10 1.511 11.300 3.197 * 1.810 13.012 3.074  

 11 1.565 11.852 3.237 * 1.810 12.362 2.921  

 12 1.619 12.403 3.275 * 3.121 31.413 4.303 * 

 13 1.673 12.955 3.310 * 3.483 32.363 3.973 * 

 14 1.727 13.506 3.343 * 3.721 32.995 3.792 * 

 15 1.781 14.057 3.374 * 3.949 34.204 3.704 * 

 16 0.905 8.433 3.985  4.176 35.462 3.630 * 

 17 0.905 8.433 3.985  4.404 36.719 3.565 * 

 18 0.905 8.156 3.854  4.632 37.976 3.505 * 

 19 0.905 7.830 3.700  4.639 37.432 3.450 * 

 20 0.905 7.505 3.547  4.628 36.608 3.383 * 

 21 0.905 7.180 3.393  4.616 35.763 3.312 * 

 22 0.905 6.855 3.239  3.294 15.216 1.975  

 23 0.905 6.530 3.086  2.921 12.771 1.870  

 24 0.905 6.205 2.932      

 25 0.905 5.880 2.778      

 26 0.905 5.555 2.625      

 27 0.905 5.229 2.471      

 28 0.905 5.182 2.449      

 29 0.905 5.182 2.449      

 30 0.905 5.182 2.449      

 31 0.905 5.182 2.449      

 32 2.035 24.083 5.059      
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(Table S4). Contd….. 

  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

 33 2.216 24.883 4.801      

 34 2.397 25.683 4.581      

 35 2.578 26.483 4.392      

 36 2.702 27.137 4.295      

 37 2.816 27.765 4.216      

 38 2.930 28.394 4.144      

 39 3.044 29.023 4.077      

 40 3.158 29.651 4.015      

 41 3.272 30.280 3.957      

 42 2.255 12.007 2.277      

 43 2.188 11.836 2.313      

 44 2.121 11.664 2.351      

 45 2.054 11.493 2.392      

 46 1.943 10.639 2.342      

 47 1.823 9.667 2.267      

 48 1.703 8.637 2.168      

 49 1.584 7.586 2.048      

 50 1.464 6.535 1.908      

 51 1.345 5.483 1.744      

 52 1.225 4.432 1.547      

 53 1.106 3.381 1.308      

 54 0.986 2.329 1.010      

 55 0.866 1.278 0.631      

1-5c 1 2.511 16.349 2.818  7.225 52.506 3.146 * 

 2 2.430 16.801 2.993  7.337 56.377 3.326 * 

 3 2.349 17.253 3.179  7.465 59.662 3.460 * 

 4 2.268 17.705 3.379  7.632 62.125 3.524 * 

 5 2.187 18.157 3.594  8.622 64.323 3.230 * 

 6 3.037 24.784 3.533 * 11.376 71.676 2.728 * 

 7 3.019 25.657 3.679 * 12.471 75.844 2.633 * 

 8 3.073 26.208 3.692 * 13.966 78.809 2.443 * 

 9 3.127 26.760 3.705 * 13.707 72.950 2.304 * 

 10 4.577 34.672 3.280 * 14.174 74.078 2.262 * 

 11 4.714 36.156 3.320 * 13.625 64.885 2.062 * 

 12 4.851 37.640 3.359 * 15.656 81.654 2.258 * 

 13 4.988 39.125 3.395 * 16.025 80.289 2.169 * 

 14 5.125 40.564 3.426 * 16.485 78.875 2.071 * 
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(Table S4). Contd….. 

  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

 15 5.278 41.505 3.404 * 16.183 77.291 2.068 * 

 16 4.507 36.174 3.474 * 10.776 62.869 2.526 * 

 17 4.613 36.468 3.422 * 10.506 62.219 2.564 * 

 18 4.713 36.470 3.350 * 9.776 59.580 2.638 * 

 19 5.495 37.563 2.959 * 9.138 56.400 2.672 * 

 20 4.424 31.055 3.039 * 8.669 53.455 2.669 * 

 21 6.662 35.520 2.308 * 8.200 51.390 2.713 * 

 22 7.031 36.072 2.221 * 5.916 26.051 1.906 * 

 23 7.482 36.720 2.124 * 2.921 14.480 2.146  

 24 8.143 37.165 1.976  0.000 1.249   

 25 8.688 37.304 1.859      

 26 8.984 37.064 1.786      

 27 9.094 36.482 1.737      

 28 9.211 36.191 1.701      

 29 8.680 36.516 1.821      

 30 8.820 35.276 1.731      

 31 6.963 29.365 1.826      

 32 8.107 46.267 2.471 *     

 33 8.173 44.934 2.380 *     

 34 7.698 43.562 2.450 *     

 35 7.337 42.985 2.536 *     

 36 7.313 42.635 2.524 *     

 37 7.391 42.393 2.483 *     

 38 7.465 42.527 2.466 *     

 39 7.504 40.775 2.352 *     

 40 7.510 41.189 2.374 *     

 41 5.422 37.900 3.026 *     

 42 4.458 20.808 2.020      

 43 4.600 21.644 2.037      

 44 4.741 21.619 1.974      

 45 4.471 20.848 2.019      

 46 4.130 19.348 2.028      

 47 3.856 17.942 2.014      

 48 3.586 16.620 2.006      

 49 3.317 15.576 2.033      

 50 3.047 14.533 2.065      

 51 2.778 13.490 2.102      
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(Table S4). Contd….. 

  w = 5, s = 0.5 w = 10, s = 1 

Patient Order
a
 cS(W)  cN(W) rN/rS Selection

b
 cS(W)  cN(W) rN(rS Selection 

 52 2.125 8.862 1.805      

 53 1.568 6.257 1.727      

 54 1.011 4.515 1.932      

 55 0.866 2.052 1.026      

 56 0.000 0.874       

 57 0.000 0.974       

aPhylogenetic windows are ordered chronologically.  
bPositively selected windows are indicated with black and red asterisks for w = 5 and w = 10, respectively.  
cThe cS(W) and cN(W) values for the phylogenetic windows of the same chronological order were summed for patients 1-5.  

 


