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Abbreviations

HCV, hepatitis C virus; IDU, injecting drug use; PWID, people who inject drugs; TMRCA,
time to the most recent common ancestor; MCMC, Markov chain Monte Carlo; BSP, Bayesian
skyline plot; HPD, highest posterior density; NJ, neighbor-joining; MCC, maximum clade

credibility; MSM, men who have sex with men; ESS, effective sample size

Abstract

Okinawa Island, located in Southern Japan, has a higher prevalence rate of hepatitis C virus
subtype la (HCV-1a) infection than that in mainland Japan. Okinawa has a history of US
military occupation after World War Il. To elucidate the transmission history of HCV-1a in
Okinawa, 26 whole-genome sequences were obtained from 29 patients during 2011 to 2016.
Phylogenetic trees were reconstructed to identify the origin and characteristics of HCV-1a in
Okinawa with epidemiological information. A phylogenetic tree based on whole-genome
sequencing revealed that all of the samples were located below the United States (US) branches.
Additionally, we identified one cluster comprised of 17 strains (Okinawa, n = 16; US, n = 1). The
majority of the patients in this cluster were people who inject drugs (PWID), indicating the
presence of a PWID cluster. Subsequently, Bayesian analyses were employed to reveal viral
population dynamics. Intriguingly, a phylodynamic analysis uncovered a substantial increase in
effective population size of HCV-1a from 1965 to 1980 and a slight increase in mid-2000, which
were associated with an increase in illicit drug use in Okinawa. The estimated divergence time of
the PWID cluster was 1967.6 (1964.2 to 1971.1). These findings suggest that HCV-1a was
introduced into Okinawa from the US in the late 1960s, coincident with the Vietnam war.

Subsequently, HCV-1a might have spread among the Japanese population with the spread of
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injecting-drug use. Our study provides an understanding of HCV transmission dynamics in

Okinawa, as well as the key role of PWID in HCV transmission.

Key Words

HCV epidemic history, HCV subytypes, Japan, Okinawa Island, phylogenetics, PWID
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Introduction

Hepatitis C virus (HCV) is a widespread human pathogen and poses a major public health
concern, worldwide. More than 185 million people are estimated to be seropositive for HCV
worldwide (1, 2). Chronic HCV infection leads to liver fibrosis, cirrhosis, and hepatocellular
carcinoma.

HCV is a positive-sense, single-stranded RNA virus that exhibits a wide range of genetic
diversity. According to phylogenetic analyses, HCV is classified into seven genotypes that are
further sub-divided into 67 subtypes (3). Of the HCV genotypes, HCV genotype 1 (HCV-1)
infection is the most prevalent genotype worldwide, and is estimated to have infected
approximately 83.4 million people (46.2% of the worldwide HCV-positive population) (2). The
majority of HCV-1 subtypes consist of 1la (31%) and 1b (68%) subtypes. The distribution of
HCV-1b is predominant worldwide except for North America. HCV-1a is prevalent in North
America, parts of South America, the United Kingdom, Scandinavia, and Australia (2).

Based on genetic diversity, phylogenetic analyses have provided demographic and geographic
estimations for the transmission history of HCV infections (4-8). HCV-1b is considered to have
spread mainly via invasive medical procedures during and after World War 11 (9). However, the
main transmission route of HCV-1a is controversial. Magiorkinis et al. reported that HCV-1a
spread globally in the 1960s via high-risk behaviors such as injecting drug use (IDU), tattooing,
and unprotected sex (10). However, Joy et al. estimated that the epidemic of subtype 1a in North
America occurred approximately in the 1950s, suggesting that the main cause was medical
procedures (11).

HCV-1a is relatively rare in Asian countries (2, 12) and only 3 whole-genome sequences of

HCV-1a have been reported from the region to date. In the main islands of Japan, the prevalence
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of HCV-1b is the highest, while that of HCV-1a is very low (approximately 1-2% in HCV-1
infection) (13, 14). In contrast, Okinawa Island, located in south of the main islands of Japan, has
a higher prevalence rate of HCV-1a infection, which accounts for approximately 6%-24% of
HCV infection among voluntary blood donors (15, 16). Okinawa has a history of the United
States (US) military occupation after World War 11 and the spread of IDU during and after the
Vietnam war. However, the origin and transmission history of HCV-1a in Okinawa remains
unclear, since only limited whole-genome sequencing data regarding HCV-1a in Japan including
Okinawa is available (16).

The purpose of the present study was to elucidate the origin and the transmission history of
HCV-1a in Okinawa. While most previous studies used partial genome sequencing, we analyzed
viral whole-genome sequencing data in combination with historical and epidemiological
information to reconstruct a robust epidemic history of HCV-1a in Okinawa. We also analyzed
demographic changes in individuals infected with HCV-1a in Okinawa from the perspective of
people who inject drugs (PWID). Our data might be helpful for the understanding of HCV
dissemination in Okinawa and provide a basis for public health strategies aimed at the control

and prevention of HCV infection.

Materials and Methods

Study Population

Twenty-nine patients with serologically confirmed HCV-1a infection were enrolled in this study.
All the patients were born and raised in Okinawa Island and attended the hepatology outpatient
clinic of the University of the Ryukyus Hospital or its affiliated hospitals from 2011 to 2016. The

study was performed in accordance with the ethical principles described in the then applicable
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version of the Declaration of Helsinki (6th revision, 2008). Anonymized samples and data were
offered by the University of the Ryukyus, and this study was approved by the Ethics Committee
of the National Center for Global Health and Medicine. For each patient, clinical data including
age, gender, and presumed routes of infection were collected.

RNA isolation, reverse transcription, PCR amplification, and sequencing

Viral RNA was extracted from 200 pl serum using the QlAamp® MinElute virus spin kit
(Qiagen, Chatsworth, CA). cDNA was generated using superscript® reverse transcriptase and
random primers (Invitrogen, Carlsbad, CA). The whole HCV genome, spanning the region from
the 5’ untranslated region to the NS5B region (8840 nucleotides (nt); nt285-9124, according to
the nucleotide numbering in the H77 reference sequence), was amplified by PCR using TaKaRa
Ex Taq HS (TaKaRa, Tokyo, Japan) with a set of primer pairs (Table S1 in the supplemental
material). When the amount of PCR product was insufficient, additional nested-PCR was
performed using the same primer-pair. PCR conditions were 95°C for 10 min followed by 40
cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, extension at 72°C for 45 s
with a final extension step at 72°C for 7 min. The PCR products were analyzed by agarose gel
electrophoresis and were sequenced using the Sanger method with the 3500xL Genetic Analyzer
(Applied Biosystems, Foster City, CA). Multiple sequence reads were assembled into a whole
genome sequence using SegMan Pro v11 (DNAStar, Madison, WI1).

Preparation of data sets for phylogenetic analysis

Whole-genome sequences were successfully amplified in 26 (89.7%) out of 29 serum samples.
Three samples were ruled out because of PCR amplification failure.

For the data set of reference sequences, all available whole-genome sequences of subtype la

were collected in October 2016 from the Los Alamos National Laboratory HCV database (17).
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The sequences obtained were aligned with the reference sequences using MAFFT (version
7.294b) (18) and manually inspected using MEGA (version 7.0.16) (19). Subsequently,
sequences with known sampling location and date were retained, in addition to maintaining the
variety of sampling locations and dates.

Two data sets of global reference sequences were prepared for whole-genome analysis. The first
data set included 100 sequences with known sampling location and year, which was used for
substitution rate estimation. The second data set consisted of 242 sequences with known
sampling location, which comprised 6 countries: Brazil (n = 3), Switzerland (n = 23), China (n =
1), Germany (n = 13), Japan (n = 1), the US (n = 201). The second data set was used for
phylogenetic analysis.

For the phylogenetic analysis of a partial HCV region, all the available reference sequences of
the HCV core (573 nt; nt432-914) and NS5B (1523 nt; nt7602-9124) regions were collected for
comparison with the sequences obtained from the patients from Okinawa. For the core region,
286 reference sequences were retained with information of genotype and the sampling location,
which comprised 18 countries: Brazil (n = 3), Switzerland (n = 22), China (n = 1), Germany(n =
11), Denmark (n = 1), Dominican Republic (n = 1), Spain (n = 1), France (n = 1), the United
Kingdom (n = 12), Iran (n = 1), Italy (n = 2), Japan (n = 3), Pakistan (n = 2), Saudi Arabia (SA)
(n = 11), Sweden (n = 1), Thailand (n = 5), the US (n = 200), and Venezuela (VE) (n = 8). For
the NS5B region, 377 reference sequences were obtained from a total of 8 countries: Australia (n
= 21), Brazil (n = 1), Switzerland (n = 39), China (n = 1), Denmark (n = 11), Japan (n = 1), New
Zealand (n = 48), and the US (n = 255).

Substitution rate

In order to estimate the substitution rate for the whole-genome region of HCV-1a, two external
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rate calibration approaches were used: i) root-to-tip regression analysis and ii) Bayesian
inference using a molecular clock.

For the root-to-tip regression analysis, we used 26 whole-genome sequences from Okinawa and
the first data set described above. The most appropriate nucleotide substitution model for our
study was estimated to be the general time-reversible model with invariable sites along with
gamma-distributed among site rate variation (GTR+I'+I) according to J-ModelTest2 (version
2.1.10) (20). Maximum likelihood (ML) trees were reconstructed using RAXML (Version 8.2.9)
with the GTR+T'+I model and 1000 bootstrap replicates (21). A linear regression analysis of
root-to-tip genetic distances against the sampling dates was performed using TempEst (version
1.5) (22). The root was determined by maximizing the coefficient of the determinant, R?.

To estimate the substitution rate in the Bayesian inference method, 26 whole-genome sequences
from Okinawa and the first data set were used. Based on previous studies (23-25), we estimated
the substitution rate under an uncorrelated relaxed lognormal molecular clock model with
constant, exponential, and Bayesian Skyline Plot (BSP) coalescent models using BEAST
(version 1.8.3) (26-29). The GTR+T+I model was used for the nucleotide substitution model.
The nucleotide sites were partitioned into first and second codon positions and third codon
positions. These models were used for all subsequent analyses. Each Markov chain Monte Carlo
(MCMC) run contained 200 million states, sampled once every 10,000 states. MCMC
convergence and effective sample size (ESS) were checked using Tracer (version 1.6) (28). ESS
values greater than 200 were accepted after discarding the burn-in. Log marginal likelihood was
calculated using Tracer (version 1.6) and the best fitting-model was selected on the basis of log

Bayes Factor (30).

Phylogenetic analyses
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To evaluate the appropriate model for phylogenetic analysis, phylogenetic trees were constructed
by the neighbor-joining (NJ) method as implemented in MEGA (version 7.0.16). NJ
bootstrapping was performed with 1000 replicates. All NJ phylogenetic trees were rooted with
HCV-1b sequences (AB016785, AJ132996, DQ071885, EF407479, and U01214) as the
outgroup using FigTree (version 1.4.2). Three types of trees for the whole-genome, core, and
NS5B regions were constructed by the above methods.

Phylodynamic analyses and inference of divergence date

The epidemic history of HCV-1a in Okinawa was estimated in Bayesian inference using the
MCMC algorithm as implemented in BEAST (version 1.8.3). Phylodynamic analyses were
carried out under a BSP coalescent model and an uncorrelated relaxed lognormal molecular
clock model. Each MCMC run contained 100 million states, sampled once every 10,000 states.

In order to disclose the divergence time of a PWID cluster in Okinawa (described later), we
estimated the time to the most recent common ancestor (TMRCA) using 26 sequences from our
study and the first data set. Maximum clade credibility (MCC) trees were constructed under a
constant coalescent model and an uncorrelated relaxed lognormal molecular clock model by
BEAST (version 1.8.3). The MCMC was run for 200 million states and sampled every 10,000
states.

Historical data of crime related to illicit drug use in Okinawa

The number of arrests and persons arrested for narcotics and stimulants use from 1961 to 2014 in
Okinawa was obtained from statistical data published by the Ryukyu Police department and the
Okinawa Prefectural Police department.

Nucleotide sequence accession numbers

All new sequences obtained in this study were submitted to the DNA data bank of Japan (DDBJ)
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and were assigned accession numbers LC209863 to LC209888. The HCV reference sequences

used in this study are shown in Table S2-S5 in the supplemental material.

Results

Determination of HCV full-genome sequences

We successfully sequenced the whole-genome of HCV-1a in 26 (89.7%) out of 29 samples. Only
the HCV core and NS5B gene sequences were determined in three samples because of low viral
load or coinfection. Epidemiological characteristics of the individuals are shown in Table 1.
Approximately 50% of the presumed infection route involved needles, such as tattooing or IDU.
Substitution rate estimation

The substitution rate of the 26 full-genome samples was calculated using root-to-tip regression
analysis by comparison with 100 reference sequences. The estimated substitution rate was 1.34 x
10 substitution/site/year. The TMRCA provides an estimate of when virus genes emerged in a
given host, which indicates the time of interspecies transmission. The TMRCA of the samples
was approximately 1932.28 (Fig. 1). However, this strict clock model is not an ideal model
because it assumes that all branches evolve at exactly the same rate. In order to obtain a more
accurate substitution rate, we also estimated the substitution rate using the Bayesian inference
method under several conditions (Table S6). Considering the Bayes Factors, an uncorrelated
relaxed lognormal clock model and a BSP coalescent model were selected. The estimated
substitution rate was 1.13 x 107 substitution per site per year (95% highest posterior density
(HPD) intervals, 9.68 x 10— 1.29 x 10-%). We used this rate for subsequent analysis.
Phylogenetic analysis

Figure 2 shows the NJ phylogenetic tree estimated from the whole-genome alignments using the
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26 sequences from Okinawa and the second reference data set. Interestingly, we identified a
cluster that was comprised of 17 sequences, the root of which was supported by a bootstrap value
> 0.9. This cluster was located below the US branch and contained one US strain (EU256015),
suggesting a possible transmission route from the US. The majority of the patients in this cluster
were PWID (n = 10). This PWID cluster consisted of distinct strains from Okinawa, suggesting
that HCV genotype la transmission had occurred between Japanese people via routes that
included IDU. The other strains (n = 10) were randomly dispersed in the cluster of HCV-1a,
suggesting different routes of transmission: infected blood (n = 3); PWID (n = 1); tattoo (n = 1);
sexual contact with foreigners (n = 1); and unknown (n = 3). When considered together, all
strains obtained from Okinawa were located near or below the US strains.

Additionally, NJ phylogenetic trees were constructed for the core and NS5B regions.
Sequences from Okinawa were relatively dispersed and formed small clusters in both
phylogenetic trees. The phylogenetic tree based on the core region showed that 25 of 26 isolates
appeared to be introduced from the US (Fig. 3A); however, the origin of one sequence could not
be confirmed. In the phylogenetic tree of the NS5B region, 18 isolates from our study were
located below US branches (Fig. 3B). Five sequences clustered with reference strains, which
were distant from any sequence from Okinawa in the whole-genome phylogeny. The origin of
another three sequences could not be determined.

Phylodynamic analyses and inference of divergence date

Figure 4A shows the BSP estimated from all of the whole-genome sequences of the HCV
genotype la in Okinawa. A BSP is a non-parametric analysis method for estimating effective
population size over time. Figure 4A indicates that gradual growth and subsequent expansion of

the HCV-1a population occurred from the mid-1960s to the early 1980s. Following a plateau
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phase between the mid-1980s and the early 2000s, a slight increase was identified in the
mid-2000s. To date, one other plateau phase has occurred since. These effective population size
data are shown above a graph that demonstrates the number of arrests and persons arrested for
narcotics and stimulants use from 1961 to 2014 in Okinawa (Fig. 4B). An explosive increase in
narcotics-related crimes in the early 1970s is associated with the growth of the effective
population size of HCV-1a in the 1970s. Likewise, a gradual increase in stimulants-related
crimes in the 2000s is consistent with the growth of the effective population size in the
mid-2000s.

To estimate the divergence time of the PWID cluster in Okinawa, a phylogenetic analysis of the
MCC molecular clock was performed using the HCV full-genome sequences. The most recent
common ancestor of the PWID cluster was found in the year 1967.60 (95% HPD intervals,

1964.20 to 1971.05) (Fig. 5).

Discussion

While HCV-1 is the most prevalent HCV genotype worldwide, HCV-1a is relatively rare in
Asian countries including Japan. In contrast, Okinawa Island, which is located in Southern Japan,
has a higher prevalence rate of HCV-1a infection than that for the rest of Japan. However, little
is known about the transmission history of HCV-1a strains in Okinawa. In order to investigate a
history of HCV-1a transmission in Okinawa, we performed fine-scale phylogenetic analyses
based on informative whole-genome sequencing data with historical and epidemiological
information.

Among Asian countries, Thailand, the Philippines, and Vietham have a relatively high prevalence

of HCV-1a. Previous studies speculated that HCV-1a prevalence in those countries might be



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

Hoshino et al. 13

associated with the deployment of US military forces in the past (31, 32). Additionally, one
HCV-1a strain that clustered with US strains was detected from the Bonin Islands (the
Ogasawara lIslands, Japan), which were also occupied by US military forces until 1968 (16).
Similar to the results of these studies, our results showed that most of the HCV-1a strains
circulating in Okinawa were likely to have originated in the US. A phylodynamic study revealed
a substantial increase in effective HCV-1a population size from 1965 to 1980. In addition, the
estimated date of the divergence time for the PWID cluster was approximately 1968 (1964 to
1971), and this estimated time was similar under different coalescent models. The estimated
starting point of the increase, the mid-1960s to the early 1970s, coincides with the latter part of
the Vietnam war. Okinawa has a history of US military occupation after World War Il. Even
after Okinawa was returned to Japan in 1972, Okinawa has had a strong socioeconomic
relationship with the US. According to a previous study, IDU spread among Japanese people in
Okinawa from the late 1960s to the mid-1970s (33). Around the same time, a considerable
prevalence of heroin use was reported among US military servicemen (34, 35), and the same
trend was also reported in Okinawa (36). These historical backgrounds and the results of our
phylogenetic analyses suggest that contact with people from the US played an important role in
the introduction of HCV-1a into Okinawa.

IDU is one of the highest risk factors among transmission routes for HCV infection, with an odds
ratio of 49.6 (37). In addition, PWID are considered as a major origin of the persistent HCV
epidemic (38). In this study, we identified a PWID cluster that included 16 strains from Okinawa.
We also demonstrated that the rapid growth in effective population size of HCV-la was
consistent with the explosive increase in narcotics-related crimes in the 1970s. These findings

suggest that some of the HCV-1a spread among the Japanese population in Okinawa during and
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after the Vietnam war. Furthermore, we speculate that IDU might have been the driving-force
behind the spread of HCV-1a in Okinawa.

Although the number of narcotics-related crimes decreased until the mid-1970s, the number of
stimulants-related crimes in Okinawa gradually increased from the late 1970s and increased
further in the year 2000 (Fig. 4B). These historical records support our phylodynamic results that
the effective population size of HCV-1a infection increased in Okinawa in the mid-2000s. A
similar increase was reported in an analysis of HCV-1a samples from the North American
population (10). Almost all developed countries had a problem related to an increase in young
drug abusers and HCV carriers around the year 2000 (39). The PWID population in Okinawa
also includes such young drug users, and this active population could have been a cause of HCV
spread in the mid-2000s. Effective strategies aimed at this population are needed to reduce the
future burden of HCV-related liver disease.

Previous studies reported that HCV-2 or 3, but not HCV-1, was prevalent among PWID in the
main islands of Japan (40-44). These data suggest that HCV-2/3 infection occurred by another
distribution channel of illegal drugs in the main islands of Japan. We have revealed a large-scale
ongoing HCV-1a transmission network among the Japanese high-risk population, which has not
been reported previously. However, the extent of HCV-1a transmission among PWID in Japan
and its surrounding countries is unclear. It is possible that there are other unrecognized
transmission networks and/or risk factors. Further study is needed for better understanding of
HCV-1a spread in Okinawa.

Unfortunately, there were some probable transmission routes in the enrolled population that we
did not analyze. Although men who have sex with men (MSM), particularly HIV-positive

individuals, have a high risk of HCV infection (45), they were not included in our patients based
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on our interview. Therefore, we have not evaluated the impact of MSM behavior on the spread of
HCV infection. Another limitation of this study is the small sample size used to perform the
phylogenetic analyses for an evolutionary investigation.

However, we believe that analysis of 26 full-genome sequences of HCV-1a in Japan enabled us
to investigate the phylogenetic relationships with relative accuracy, and this is the first such
report from Japan. Our present data could provide useful information on the transmission route
and could support planning regarding the control and prevention of HCV infection. Notably, we
revealed for the first time a large-scale HCV transmission network among the Japanese high-risk
population. A future comprehensive investigation would be important to reveal the presence and
characteristics of patients with ongoing HCV infection.

While most previous studies used the HCV core and NS5B regions for phylogenetic analyses, we
instead performed HCV whole-genome sequencing. Although some authors have proposed the
El, E2, NS2, NS4B (11), and E2P7NS2 (10) regions as being the more informative regions,
which viral genome regions provide the best phylogenetic trees is controversial. The topology of
the PWID cluster of our study varied significantly in phylogenetic trees based on the different
genome regions, indicating that analyses based on a partial genome region could distort the
structure of the HCV transmission network. In a comparison of topologies derived from different
combinations of HIV viral genes, Yebra et al. showed that the accuracy of HIV phylogenetic
trees was significantly associated with the length of the viral sequences (46). A finer and more
accurate phylogenetic reconstruction could be achieved through more informative molecular data.
Alongside epidemiological information and social network data (47), whole-genome viral data
would further contribute to the determination of transmission pathways and to the development

of effective strategies for the prevention and control of HCV infection.
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Although the MSM population was not included in our study, it has been reported that the
number of HIV cases among MSM has increased in Okinawa (48). The HCV transmission
network among MSM s international (45, 49, 50) and MSM tourists visit Okinawa from other
areas in Japan or overseas (51). These data suggest that HCV-1a strains could possibly spread
out from the HIV-positive MSM population in Okinawa into the MSM population in the main
islands of Japan or in other Asian countries. Further research is needed to evaluate HCV
transmission among this high-risk population from an international public health perspective.

In conclusion, we investigated the dynamics of HCV-1a transmission in Okinawa by combining
historical and epidemiological information with viral whole-genome data. The first HCV-1a
infection in Okinawa could have occurred via contact with people from the US during the time of
the Vietnam War through various routes. Subsequently, the HCV infection may have spread
among Japanese individuals with high-risk behaviors. Notably, our study revealed for the first
time a large-scale HCV transmission network in Japan, for which control and prevention
strategies should be developed from the viewpoint of public health. Our study sheds light on the

dynamics of HCV transmission and provides a basis for its effective control.
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489  TABLE 1 Epidemiological characteristics of the patients enrolled in this study.

No  Age (year)  Gender Sampling year Presumed infection route

1 66 M 2016 Unknown

2 62 M 2015 Tattoo

3 61 F 2014 Sexual contact with foreigners
4 57 F 2015 Sexual contact with foreigners
5 59 F 2015 Unknown

6 64 M 2015 Unknown

7 29 M 2015 Blood products

8 72 F 2015 Transfusion

9 54 M 2016 Sexual contact with foreigners /Tattoo
10 60 M 2015 Sexual contact with foreigners

/Contact with female sex workers

11 39 M 2016 PWID?

12 40 F 2016 PWID

13 64 M 2015 PWID

14 58 F 2014 Blood products
15 34 M 2011 PWID

16 29 M 2015 PWID /Tattoo
17 58 F 2015 Unknown
18° 65 F 2016 Unknown

19 61 M 2016 PWID
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No  Age (year)  Gender Sampling year Presumed infection route
20 25 F 2015 Needlestick injury

21 61 F 2016 Sexual contact with foreigners
22 65 F 2016 PWID

23 61 F 2016 Unknown

24 48 F 2014 PWID

25 62 F 2016 PWID

26° 35 M 2007 PWID

27 56 M 2015 PWID

28 44 M 2016 PWID

29° 50 M 2014 Unknown

490  ?PWID, people who inject drugs
491 " Not available due to PCR amplification failure

492
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Figure legends

Figure 1

Root-to-tip regression analysis using maximum likelihood trees for the whole-genome region.
Twenty-six sequences sampled in Okinawa were analyzed with 100 global reference sequences
using TempEst (version 1.5). The root was determined by maximizing the coefficient of the
determinant, R2. The mean evolutionary rate is 1.34x107 substitution/site/year. The estimated

time to the most recent common ancestor (TMRCA) is 1932.28.

Figure 2

The neighbor-joining (NJ) phylogenetic tree based on whole-genome sequencing. Twenty-six
sequences from Okinawa and 242 reference sequences were analyzed with HCV/1b strains
(AB016785, AJ132996, DQO071885, EF407479, and U01214) as an outgroup using MEGA
(version 7.0.16). NJ bootstrapping was performed with 1000 replicates. Tree Branches are
colored according to inferred locations (blue, Okinawa; purple, the United States (US); green,
other countries including Brazil, Switzerland, China, Germany, and Japan). The branch length
is indicated in the units of nucleotide substitutions per site by the scale at the bottom of the tree.
The outgroup is colored black. The PWID cluster, including 16 strains form Okinawa and 1
isolate from the US, are shown expanded in the box at right. The bootstrap values are shown
next to the branches. Taxon labels include subtype, sampling location using two letter country
codes (ISO 3166), sampling year, sequence name, and accession number. The age, gender, and
presumed transmission routes are indicated next to the taxon. Abbreviations: PWID, people

who inject drugs; Foreigners, sexual contact with foreigners; FSWSs, female sex workers.
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Figure 3

The neighbor-joining (NJ) phylogenetic trees based on the HCV core (A) and NS5B (B) region.
Twenty-six sequences from Okinawa and global reference sequences were analyzed with
HCV-1b strains as an outgroup using MEGA (version 7.0.16). NJ bootstrapping was performed
with 1000 replicates. Tree branches are colored according to inferred locations (blue, Okinawa;
purple, the United States (US); green, other countries). The branch length is indicated in the
units of nucleotide substitutions per site by the scale at the bottom of the trees. Internal
branches are colored gray, when their locations are unclear. The outgroup is colored black.
Clades containing reference sequences from the same sampling location are collapsed. The
numbers next to phylogeny tips denote the sample number in our study. The samples belonging

to the PWID cluster are colored red.

Figure 4

Estimated effective population size of HCV-1a infections in Okinawa and the numbers of
arrests and persons arrested for narcotics and stimulants use in Okinawa over time. (A)
Bayesian Skyline Plot estimated from 26 whole-genome sequences of HCV-1a in Okinawa
using BEAST (version 1.8.3). The thick black line represents the estimated effective number of
infections over time. The blue area represents the 95% highest posterior density confidence
intervals of this estimate. (B) The number of arrests and persons arrested for narcotics and
stimulants use from 1961 to 2014 in Okinawa. This graph is based on statistical data from the

Ryukyu Police department and the Okinawa Prefectural Police department.

Figure 5
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Maximum clade credibility tree for estimating the divergence time of the PWID cluster in
Okinawa. Using the 26 sequences obtained in our study and 100 reference sequences, the time
to the most recent common ancestor (TMRCA) of the PWID cluster was estimated under a
constant coalescent model and an uncorrelated relaxed lognormal molecular clock. The 95%
highest posterior density (HPD) interval on node height estimates are shown as blue bars on
nodes. The most recent common ancestor of the PWID cluster is colored red and the node
height and 95% HPD interval (indicated inside parentheses) are shown next to the node.

Taxons are labeled as in Figure 2.



