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Abstract

Background

The rate of HIV infection in Bulgaria is low. However, the rate of HCV-HIV-coinfection and

HCV infection is high, especially among high-risk communities. The molecular epidemiology

of those infections has not been studied before.

Methods

Consensus Sanger sequences of HVR1 and NS5B from 125 cases of HIV/HCV coinfec-

tions, collected during 2010–2014 in 15 different Bulgarian cities, were used for preliminary

phylogenetic evaluation. Next-generation sequencing (NGS) data of the hypervariable

region 1 (HVR1) analyzed via the Global Hepatitis Outbreak and Surveillance Technology

(GHOST) were used to evaluate genetic heterogeneity and possible transmission linkages.

Links between pairs that were below and above the established genetic distance threshold,

indicative of transmission, were further examined by generating k-step networks.

Results

Preliminary genetic analyses showed predominance of HCV genotype 1a (54%), followed

by 1b (20.8%), 2a (1.4%), 3a (22.3%) and 4a (1.4%), indicating ongoing transmission of

many HCV strains of different genotypes. NGS of HVR1 from 72 cases showed significant

genetic heterogeneity of intra-host HCV populations, with 5 cases being infected with 2 dif-

ferent genotypes or subtypes and 6 cases being infected with 2 strains of same subtype.

GHOST revealed 8 transmission clusters involving 30 cases (41.7%), indicating a high rate

of transmission.

Four transmission clusters were found in Sofia, three in Plovdiv, and one in Peshtera.

The main risk factor for the clusters was injection drug use. Close genetic proximity among

HCV strains from the 3 Sofia clusters, and between HCV strains from Peshtera and one of
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the two Plovdiv clusters confirms a long and extensive transmission history of these strains

in Bulgaria.

Conclusions

Identification of several HCV genotypes and many HCV strains suggests a frequent intro-

duction of HCV to the studied high-risk communities. GHOST detected a broad transmission

network, which sustains circulation of several HCV strains since their early introduction in

the 3 cities. This is the first report on the molecular epidemiology of HIV/HCV coinfections in

Bulgaria.

Introduction

The rates of newly diagnosed infections with Human Immunodeficiency Virus (HIV) in Bul-

garia are low; however, among individuals with HIV, the prevalence of coinfection with hepa-

titis B virus (HBV) and hepatitis C virus (HCV) and HIV coinfections fall within the upper

range reported in Europe—10.4% and 25.6%, respectively [1, 2]. High rates of active hepatitis

infections were confirmed by detection of HBV DNA in 51.1% and HCV RNA in 78.1% of the

tested HIV-positive individuals [2]. Hepatitis virus coinfections with HIV affected mostly

high-risk behavior groups, including people who inject drugs (PWID), men who have sex with

men (MSM), people with history of incarceration, and Roma people [3].

HCV is genetically diverse and classified into 7 genotypes and 67 subtypes according to the

National Center for Biotechnology information and peer reviewed sources [4]. Within each

individual(intra-host), the infecting HCV strain forms a large population of closely related but

distinct genetic variants, referred to as a quasispecies [5, 6], a feature that can be used to iden-

tify HCV strains [7]. In immune suppressed persons, such as those co-infected with HIV,

intra-host diversity may decrease [8, 9]. However, intra-host HCV diversity is increased in per-

sons with high-risk behaviors, in particular, unsafe injection drug use, owing to their frequent

exposure to different HCV strains [10, 11]. Genetic analysis of HCV intra-host variants is

important for the identification of HCV strains and transmission events [12]. The HCV hyper-

variable region 1 (HVR1) is frequently used for assessing HCV diversity [13, 14]. Measuring

genetic distances among intra-host populations from infected persons accurately detects HCV

transmissions [15].

Next-Generation Sequencing (NGS) allows for accurate characterization of intra-host HCV

populations, detecting low frequency variants and rare mutations [16]. Application of ampli-

con-based NGS of intra-host HCV HVR1 variants [15] to molecular surveillance and outbreak

investigation is daunting [17], owing to intra-host HCV genetic diversity and contribution of

sequencing errors to the heterogeneity [18]. NGS generates large numbers of sequence reads

from each patient, making visualization of phylogenetic analysis from many patients cumber-

some and hard to interpret for the detection of transmissions in outbreak settings. Here, we

take advantage of the Global Hepatitis Outbreak and Surveillance Technology (GHOST) to

detect HCV transmission and visualize transmission networks in Bulgaria. GHOST uses

unique haplotypes to measure genetic distance between populations of intra-host HCV HVR1

variants sequenced from each patient and generates a linkage network, where patients are

linked if genetic distance between the HCV populations is below an empirically derived

threshold [19, 20].

HCV transmission in high-risk communities in Bulgaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0212350 March 5, 2019 2 / 16

these authors are articulated in the ‘author

contributions’ section.

Competing interests: Authors LG-R, ZD, LP, AS,

G-LX, YK are affiliated with the United States

Centers for Disease Centers for Disease Control

and Prevention. This does not alter our adherence

to all the PLOS ONE policies on sharing data and

materials. The findings and conclusions in this

report are those of the authors and do not

necessarily represent the official position of the

Centers for Disease Control and Prevention. Use of

trade names and commercial sources is for

identification only and does not constitute

endorsement by the U.S. Department of Health and

Human Services, or the U.S. Centers for Disease

Control and Prevention.

https://doi.org/10.1371/journal.pone.0212350


This study was aimed at using GHOST to conduct genetic surveillance of HCV infections

among a population of HCV-HIV coinfected patients using serum specimens collected from

HIV incidence cases identified during 2010–2014 in 15 cities in Bulgaria. As this is a cohort

with high risk behavior the analyses were intended to gain insight into the variability of the

HCV virus and any potential transmissions in circumstance when the disease incidence itself

did not alert to an outbreak situation. This is the first report on the molecular epidemiology of

HIV/HCV coinfections in the country.

Materials and methods

Specimens

Serum samples were available from 53.8% (n = 503) of all newly diagnosed HIV cases

(n = 934) identified during 2010–2014 in Bulgaria [2]. All patients provided written informed

consent to participate in this study and answered a questionnaire about sex, age, origin of

birth, risk behaviors, partners (spouse or cohabitation), occupation, and if they have ever trav-

eled to a foreign country, used injection drug, received blood transfusion or been imprisoned.

The Ethics Committee at the National Center of Infectious and Parasitic Diseases, Sofia, Bul-

garia (NCIPD IRB IORG00006384), approved the study. The specimens were tested for HCV

antibody (anti-HCV) by commercial enzyme immunoassay kits (NanbaseC-96 3.0, General

Biological Corporation, Hsin-Chu, Taiwan and Murex anti-HCV, version 4.0 Abbott/Murex,

Murex Biotech South Africa Proprietary, Kyalami, Republic of South Africa). Anti-HCV posi-

tive samples (n = 203) were tested for HCV RNA using Amplicor Hepatitis C virus Test, ver-

sion 2.0 (Roche Molecular Systems, Branchburg, New Jersey, USA) [2]. HCV RNA positive

specimens (n = 171) were genotyped in this study (n = 125) and were used for further analysis.

Fig 1 shows the distribution of risk factors among cases from 15 Bulgarian cities. Most individ-

uals resided in Sophia (n = 59), Plovdiv (n = 41) and Peshtera (n = 6).

Targeted amplification and library preparation

Total nucleic acid (TNA) was extracted from all specimens using 200 μl of serum on Magna-

PureLC with TNA kit (Roche, Indianapolis, IN). The TNA was eluted in 50 μl and used for

reverse transcription with random hexamers and SuperScript III enzyme, Vilo kit (Invitrogen,

ThermoFisher, Waltham, MA). The cDNA was used to amplify fragments of NS5B (nt 8244–

8645) and HVR1 (nt 1302–1610) as previously described [21]. In the case of HVR1, all speci-

mens were labeled using unique 10-mer barcodes in both the reverse and forward primers.

The amplicons were then indexed with 8-mer indexes and adapters (IDT) appropriate for Illu-

mina sequencing, clustering and demultiplexing. All barcode and index sequences are listed in

S1 Table. The products were purified using Ampure XP (Agilent) and quantified on Tape Sta-

tion Instrument (Agilent, Santa Clara, CA) as directed by the manufacturers. The quantified

amplicons were normalized and mixed to generate a 96 –multiplex library including 6 negative

controls. The library was diluted to 10 pmol and sequenced using paired-end read protocol on

Illumina MiSeq and v3 600 cycle chemistry. The library was automatically de-multiplexed on

the MiSeq instrument.

Sequence data

Purified NS5B and HVR1 amplicons were sequenced using BDv3.1 chemistry. The Sanger

consensus contigs were assembled and analyzed with the DNASTAR Lasergene 14 package

(SeqManPro, MegAlign, Madison, WI). Phylogenetic trees from the Sanger data were built

using MEGA6 [22].
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The paired demultiplexed Illumina reads were processed with GHOST [23]. The quality

control module is a pipeline that includes multiple steps of data filtering, such as fragment

length restrictions, majority barcode matching, matching of R1 and R2 overlapping sequence,

uninterrupted ORF and quality threshold cut off [15, 23]. From the reads that passed all filters,

20,000 per specimen were randomly selected and the mismatches between R1 and R2

sequences were resolved. The unique haplotypes and their frequencies were determined and

genotyped [23].

All haplotypes with a frequency of five or more were selected for further analysis of trans-

missions links, quasispecies network visualization and phylogenetic trees (GHOST, CLC

Genomics workbench10.0.3, QIAGEN Aarhus A/S).

Fig 1. Venn diagram of risk factors among tested individuals (n = 125). PWID (n = 96)—blue, MSM (n = 10)—

green, Incarceration (n = 28)—red, Blood transfusion (n = 4)—purple, Sex Workers (n = 8)—yellow, No reported risk

(n = 14)—black.

https://doi.org/10.1371/journal.pone.0212350.g001
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Transmission links

Transmission links between cases were examined by the transmission detection module of

GHOST. For each pair of cases, the populations were compared and the distance between

them was defined as the Hamming distance between their closest haplotypes. If the distance

was smaller than the empirically defined threshold of 0.037 [20, 23], these two cases were con-

sidered linked by transmission.

K-step networks

To visualize the of inter-host HCV relatedness, k-step networks were created from the avail-

able NGS variants with a frequency of 5 or more [15]. The unique haplotypes were aligned and

the Hamming distance between each haplotype pair was calculated. Then a one-step network

was generated where each unique haplotype is represented by a node and two nodes were con-

nected by an edge if the distance between them was 1. The network consisted of several con-

nected components. To join the components together, k-step networks were constructed as

follows: iteratively, for k = 2, 3, . . ., n, all pairs of haplotypes from different components with

distance equal to k were found. They were linked by edges and the connected components

were recalculated. If these steps were repeated until a single connected component was formed,

the resulting network was equivalent to the union of all minimum spanning trees. The analysis

and network visualization were performed using MATLAB R2017a (The Math Works, Inc.)

and GEPHI. Links between pairs that were below and above the established genetic distance

threshold of 0.037 [15], indicative of transmission, were further examined by generating and

visualizing smaller k-step networks.

Results

Phylogenetic structure of the HCV population

Genotypes of the HCV strains (n = 125) were determined using phylogenetic analysis of the NS5b

and HVR1 sequences obtained by Sanger sequencing. Genotype 1a was predominant (54%), fol-

lowed by 1b (20.8%), 2a (1.4%), 3a (22.3%) and 4a (1.4%). For four cases, there was a discrepancy

of the detected genotype between the two regions: cases 1513, 1216 and 1062 were genotyped as

1a or 1b, 1006 was genotyped as 1a or 4a using HVR1 and NS5B regions, respectively. For 1216,

the availability of an additional specimen allowed for repeat testing to confirm the mixed infection

finding (Table 1). Table 1 provides information about additional mixed infections detected by

NGS of HVR1. The NS5B genotype was used to represent genotypic frequency in the population

in cases where there was no HVR1 data available or there was a discrepancy between the calls.

The Bulgarian HVR1 and NS5B sequences formed 2–3 discernable monophyletic clusters

in each of the major HCV subtypes, 1a, 1b and 3a (Fig 2). The largest HVR1 cluster involved

>85% of all subtype 1a sequences generated here. These observations indicated that the stud-

ied high-risk population experienced several independent HCV introductions in the past. The

ancestral strain for the largest cluster was most probably one of the first to be introduced in

this population, suggesting that the HCV subtype 1a established itself earlier than any other

HCV strain. Presence of long tips in the NS5B clusters of HCV (Fig 2) indicates a potentially

long history of clusters in the population; while identification of many tightly related NS5B

sequences in the clusters suggests a recent expansion of the HCV 1a strains.

Intra-host genetic heterogeneity

The NGS yielded 10,083,029 reads, from 90 PCR positive cases with a sufficient testing volume,

for an average of 112,034 reads per case (range 10,611–319,550). These data were processed by
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GHOST quality control pipeline with an output for 72 cases. After the random sampling of

20,000 reads for analysis, the average number of error-corrected reads per case was 16,342,

ranging from 542–18,843. The average number of haplotypes was 7,362, ranging from 22–

8,908.

Mixed strain infections

The NGS data confirmed the genotypes obtained by Sanger sequencing. The 5 cases where we

noted genotype discrepancies were resolved by NGS. For example, for case 793, Sanger

sequencing of NS5b subtyped it as 1a and Sanger sequencing HVR1 revealed 1b. NGS data

revealed the presence of both genotypes in this patient. The same was observed for the other

cases shown in Table 1.

Another 6 cases, 704, 989, 1207, 1260, 1356, and 1508, were found to be infected with an

additional strain of the same genotype, which contributed to increase in intra-host HCV

genetic diversity, ranging from 0.05–0.089. Thus, the NGS data show that 15.3% of cases

(n = 11) are infected with>1 HCV strain, indicating frequent co- or super-infections of mem-

bers of the studied population with HCV strains.

Transmission clusters

NGS reads from 72 cases passed all quality filters as implemented in GHOST [23]. The data

were used to generate a transmission network and the results are shown in Fig 3. We found

eight clusters from three cities. In Sofia, three clusters of cases infected with genotype 1a

strains, Sofia 1 (n = 9), Sofia 2 (n = 5) and Sofia 3 (n = 3), and one cluster of cases infected with

an HCV genotype 1b strain, Sofia 4 (n = 2), were identified. In Plovdiv, three clusters were

found, with cluster Plovdiv 1 (n = 4) being infected with an HCV genotype 1a strain and two

clusters, Plovdiv 2 (n = 3) and Plovdiv 3 (n = 2), with genotype 3a strains. In Peshtera, only

one cluster, Peshtera 1 (n = 2), of cases sharing an HCV genotype 1b strain was found. Thus,

testing of a small sample (n = 72) of HIV-HCV-infected residents of 3 cities identified 30 cases

who belong to HCV transmission clusters. The detection of 42% of all tested persons linked to

several city-specific transmission clusters indicates a very high rate of HCV transmission

among potentially large high-risk communities established in each city. The cases infected

with the rare genotypes 2 and 4 were not involved in any of the transmission linkages.

Table 1. Characteristics of cases with mixed genotype infections as identified by NGS data. Case 1216 was confirmed 1a and 1b by Sanger sequencing.

Gen (%) Gen (%) Risk factor Gender City

793 1b (71) 1a (29) IDU female Plovdiv

833 1b (73.1) 1a (26.9) Foreign travel male Sofia

918 1a (99.5) 3a (0.5) IDU female Plovdiv

1216 1a (69.3) 1b (30.7) None reported male Plovdiv

1438 4d (94.4) 3a (0.6) IDU, Foreign travel female Blagoevgrad

704 3a (76.8) 3a (23.15)� Foreign travel female Burgas

989 3a (91.2) 3a (9.8) � None reported male Lovech

1207 1a (88.8) 1a (11.2)� None reported female Plovdiv

1260 1a (56.4) 1a (43.6)� MSM male Sofia

1356 3a (52.6) 3a (47.4)� IDU male Burgas

1508 1a(69.3) 1a (30.7)� Foreign travel female Plovdiv

�indicates superinfection with different strain from the same genotype.

https://doi.org/10.1371/journal.pone.0212350.t001
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Fig 2. Phylogenetic analysis of NS5B (A) and HVR1 (B) Sanger sequences. Sequences obtained in this study (red) are shown in the background of sequences

from North America (gray and blue). Bootstrap values for the major clusters were>80. Scale is the same for both panels. (A). NS5B phylogeny. (B). HVR1

Phylogeny.

https://doi.org/10.1371/journal.pone.0212350.g002

Fig 3. Transmission networks. Nodes represent HCV infected persons. Cases sharing an HCV strain are shown as 2 nodes linked by line

(transmission link). Dark blue unlinked nodes–unrelated cases; Clusters are identified by the node color and encircled—Sofia 1(n = 9, genotype 1a)

—light blue; Sofia 2 (n = 5, genotype 1a)—dark green; Plovdiv 1 (n = 4, genotype 1a)—dark orange; Sofia 3, 1a (n = 3, genotype 1a)—light green;

Plovdiv 2, (n = 3, genotype 3a)—purple; Plovdiv 3, (n = 2, genotype 3a)—pink; Sofia 4, (n = 2, genotype 1b)—red; Peshtera (n = 2, genotype 1b)—

light orange.

https://doi.org/10.1371/journal.pone.0212350.g003
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Strain grouping

Analysis of minimal genetic distances among intra-host HVR1 variants from different persons

showed several HCV strains separated by distances, which only slightly exceed the GHOST

threshold (0.037). The frequency distribution of these distances is shown in Fig 4.

At distance of<0.0378 (Fig 5A), transmission clusters Sofia 1 and Sofia 2 became grouped

through cases 1558 and 1710, indicating a tight genetic proximity between these 2 transmis-

sion clusters. At distance of<0.042, Sofia 3 joined Sofia 1 and Sofia 2 and the group added two

new cases for a total of 19 cases. The 2 new cases resided elsewhere but had a history of incar-

ceration in Sofia. Similarly, at distance of<0.042(Fig 5B), Plovdiv 1 was grouped with the

Peshtera cluster via case 793, who had coinfection with HCV genotype 1a and 1b strains. This

new group was joined by 5 cases from Plovdiv. Significant regrouping of transmission clusters

and unlinked cases at the genetic distances slightly exceeding the GHOST threshold indicates

a long epidemic history of transmission of a few ancestral strains in each city and an extensive

inter-community transmission among the cities.

K-step networks

To analyze genetic relationships among HCV strains from the GHOST-identified transmission

clusters, we constructed k-step networks of intra-host HCV HVR1 variants sampled from

patients involved in each cluster (Fig 6A). Each patient is infected with many HCV variants

organized in a single or a few closely related subpopulations. An important feature of the net-

works is existence of intermediate HCV variants located between major subpopulations from

different persons. In many cases, these minor intermediate variants define the shortest genetic

distances between HCV variants from individuals involved in transmission clusters, and

GHOST detects transmission links using these distances.

Consensus sequence of intra-host HCV HVR1 population

For 40 (55.5%) cases, the exact Sanger consensus sequence was not found among intra-host

variants detected by NGS but only mapped in phylogenetic proximity to the major variants as

exemplified in Fig 6B for cases from the Sofia 1 cluster.

Discussion

The cohort described in this study is comprised of individuals who have high-risk behavior

and are HIV-positive [2]. All studied cases (n = 125) are HIV/HCV coinfected. Coinfections

with 2 different blood-borne viruses is frequent among high-risk populations as compared to

the general population [24, 25]. Indeed, ~86% of the cases belong to PWID, MSM and sex

workers. Genetic analysis shows infections with many HCV strains that belong to 4 genotypes

and 5 subtypes, indicating numerous independent introductions of HCV strains to the studied

communities. Some HCV strains, however, seemed to be introduced earlier than other. Phylo-

genetic analysis identified a few clusters of NS5B and HVR1 sequences, suggesting that ances-

tral strains from each cluster established themselves earlier than HCV strains represented with

single sequences scattered across the tree outside of the clusters. The earlier introduction

allowed accumulation of genetic differences in progeny HCV strains, which were widely sam-

pled during the specimen collection. A long history of the infections is also supported by

observation of long tips in phylogenetic clusters, indicating that at least some HCV strains

extensively evolved in the studied population [26].

The detection of transmission clusters was conducted using GHOST. The graphical

GHOST output presents transmission networks generated using NGS data [23]. In the

HCV transmission in high-risk communities in Bulgaria
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networks, nodes represent infected individuals linked together if genetic distance between

intra-host HCV HVR1 populations is below a certain threshold [15, 19]. GHOST detected a

Fig 4. Genetic distances between and within patients and subtypes. Histograms of pairwise Hamming distances among samples. In all

panes, the x-axis displays the distance, and the y-axis displays the count/percentage of pairs found to have that distance. Distances within

a patient are denoted by blue; distances between patients from the same subgenotype are denoted by green; distances between patients

from different subgenotype are denoted by yellow. (A) All distances between the sequences in the three groups. The y-axis represents the

count of the pairs found at a certain Hamming distance. (B) Minimum pairwise distances in the three groups. For each pair of patients in

the group, the minimum distance is defined as the minimum distance between the sequences of the two patients. The y-axis represents

the count of the pairs with this minimum Hamming distance. (C) Percentage of the minimum distances between patients in the three

groups respective to all minimum distances found in the group.

https://doi.org/10.1371/journal.pone.0212350.g004
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network with eight transmission clusters. All clusters were comprised of HCV strains of the

same subtype, i.e., 1a, 1b or 3a. Each cluster was associated with one of three cities (Sofia, Plov-

div or Peshtera). Interestingly, two cases infected with genotypes 2k and another 2 with geno-

type 4d were infected with genetically different strains, indicating that each of these two rare

genotypes was introduced to the studied populations independently.

However, a long history, suggested by the numerous independent introductions and clus-

tering patterns of HCV strains alone, cannot explain the phylogenetic structure of clusters

composed predominantly of very closely related sequences identified by short tips, which is

indicative of a recent population expansion of HCV strains in the clusters [27]. Such expansion

can be explained by an extremely high rate of transmission, which may result in rapid evolu-

tion. Indeed, identification of 40% of all strains forming 8 city-specific transmission clusters

among only 72 cases studied by NGS strongly suggests a frequent HCV transmission among

the high-risk populations sampled here. This conclusion is additionally supported by observa-

tion of 15% of all cases being infected with>1 HCV strains. It was reported that, owing to rep-

lication exclusion [28], superinfection frequently leads to a rapid switch from one HCV strain

to another [29, 30]. Coexistence of two HCV strains in a single host should be transitional and

of short duration [31]. Thus, frequent identification of mixed infections suggests a very high

rate of transmissions in a population of hosts infected with several HCV strains.

Analyses of k-step networks of HCV variants from each transmission cluster and distribu-

tion of minimal genetic distances among HCV strains circulating in all 3 cities offer a further

support to the high-rate of transmission and the resulting rapid HCV evolution. Identification

of minority HCV HVR1 variants at a very short distance from intra-host HCV populations

from other persons visualized by k-step networks within transmission clusters suggests that

HCV was captured in the evolutionary transition from one intra-host subpopulation of HVR1

variants to another. A similar transition, but at the level above strain, was detected by grouping

HCV variants using minimal genetic distances between intra-host variants from different per-

sons slightly exceeding the GHOST threshold used for the identification of HCV transmission

clusters [15, 20]. Both examples show that, despite a limited sampling from high-risk groups in

three cities in the country, genetic analyses detected many HCV strains rapidly evolving from

their recent ancestral state. Such detection of transitional viral states seems to be only probable

from human population extensively infected for a very long time and experiencing a high-rate

of transmission, which results in prevalence of HCV strains existing at different stages of evo-

lution away from their ancestral states. Considering the HIV-HCV coinfection, it is reasonable

to suggest that all cases studied here are at extremely high risk of infection with blood-borne

infections and may represent a “core” of transmission networks existing among the three cit-

ies. Testing HCV strains circulating in such core should facilitate the detection of transitional

states of HCV evolution. The identification of>40% of the cases in transmission clusters

strongly supports this supposition. Conversely, the detection of HCV strains, genetic distance

among which slightly exceeds the GHOST threshold, can be viewed as indicative of member-

ship in a high-risk transmission network.

The cases studied here are not truly representative of the country’s high-risk population in

general. Rather, these cases seemingly represent a fraction of the population at an especially

high risk of acquisition of blood-borne infections and HCV in particular. This conclusion is

supported by the detection of HIV-HCV coinfections, individual infections with>1 HCV

Fig 5. Grouping of cases at genetic distances slightly exceeding the GHOST threshold. The newly linked members, colored in

dark blue, reside in the same geographic location as the corresponding transmission clusters. (A) Threshold distance of 0.0378.

(B) Threshold distance of 0.042.

https://doi.org/10.1371/journal.pone.0212350.g005
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Fig 6. K step network (A) of the Sofia 1 cluster of transmission defined by threshold distance of 0. 037. Phylogenetic tree (B) of the Sofia 1 cluster with all

haplotypes with frequency>10. Sanger consensus sequences -black star; major sequence haplotype -black diamond. For cases 709, 1558, 1591 and 1728 the

major coincided with the Sanger consensus; the coloring of the cases is the same for both panels.

https://doi.org/10.1371/journal.pone.0212350.g006
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strains and 8 HCV transmission clusters spread over 3 cities. This group captured many HCV

strains, with some of them circulating over a long time. Limitation of the study is the lack of

HCV NGS data from the general population. This is the first molecular epidemiological inves-

tigation indicating a long and complex epidemiological history of HCV infections among

high-risk populations in Bulgaria. The public health implications of the data analysis obtained

by GHOST and their interpretation clearly have great potential to inform and put in motion a

targeted intervention in the affected populations.

The minimal NGS dataset is available in compressed .zip format as supporting information

S1 File.

Supporting information

S1 Table. List of primer names and sequences used in the study.

(DOCX)

S1 File. Minimal dataset of HCV HVR1 haplotype sequences used for the study analyses,

generated by Illumina NGS and filtered via GHOST quality controls.

(ZIP)

Author Contributions

Conceptualization: Lilia Ganova-Raeva, Ivailo Alexiev, Yury Khudyakov.

Data curation: Lilia Ganova-Raeva, Zoya Dimitrova, Lili Punkova, Amanda Sue, Anna Gan-

cheva, Reneta Dimitrova, Asya Kostadinova, Elitsa Golkocheva-Markova.

Formal analysis: Lilia Ganova-Raeva, Zoya Dimitrova, Ivailo Alexiev, Guo-liang Xia.

Investigation: Ivailo Alexiev, Anna Gancheva, Reneta Dimitrova, Asya Kostadinova, Elitsa

Golkocheva-Markova.

Methodology: Lilia Ganova-Raeva, Zoya Dimitrova, Ivailo Alexiev, Lili Punkova, Yury

Khudyakov.

Project administration: Ivailo Alexiev, Lili Punkova.

Resources: Lilia Ganova-Raeva.

Supervision: Lilia Ganova-Raeva, Yury Khudyakov.

Validation: Lili Punkova.

Visualization: Lilia Ganova-Raeva, Amanda Sue, Guo-liang Xia.

Writing – original draft: Lilia Ganova-Raeva.

Writing – review & editing: Zoya Dimitrova, Ivailo Alexiev, Yury Khudyakov.

References
1. Alexiev I, Shankar A, Dimitrova R, Gancheva A, Kostadinova A, Teoharov P, et al. Origin and spread of

HIV-1 in persons who inject drugs in Bulgaria. Infect Genet Evol. 2016; 46:269–78. https://doi.org/10.

1016/j.meegid.2016.05.029 PMID: 27221346.

2. Alexiev I, Alexandrova M, Golkocheva-Markova E, Teoharov P, Gancheva A, Kostadinova A, et al.

High Rate of Hepatitis B and C Coinfections Among People Living with HIV-1 in Bulgaria: 2010–2014.

AIDS Res Hum Retroviruses. 2017; 33(3):228–9. https://doi.org/10.1089/AID.2016.0148 PMID:

27841662.

3. Vassilev ZP, Hagan H, Lyubenova A, Tomov N, Vasilev G, Krasteva D, et al. Needle exchange use,

sexual risk behaviour, and the prevalence of HIV, hepatitis B virus, and hepatitis C virus infections

HCV transmission in high-risk communities in Bulgaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0212350 March 5, 2019 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212350.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212350.s002
https://doi.org/10.1016/j.meegid.2016.05.029
https://doi.org/10.1016/j.meegid.2016.05.029
http://www.ncbi.nlm.nih.gov/pubmed/27221346
https://doi.org/10.1089/AID.2016.0148
http://www.ncbi.nlm.nih.gov/pubmed/27841662
https://doi.org/10.1371/journal.pone.0212350


among Bulgarian injection drug users. International journal of STD & AIDS. 2006; 17(9):621–6. https://

doi.org/10.1258/095646206778113041 PMID: 16942654.

4. Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM, Stapleton JT, et al. Expanded classification of hep-

atitis C virus into 7 genotypes and 67 subtypes: updated criteria and genotype assignment web

resource. Hepatology. 2014; 59(1):318–27. Epub 2013/10/12. https://doi.org/10.1002/hep.26744

PMID: 24115039; PubMed Central PMCID: PMCPMC4063340.

5. Marrone A, Sallie R. Genetic heterogeneity of hepatitis C virus. The clinical significance of genotypes

and quasispecies behavior. ClinLab Med. 1996; 16(2):429–49.

6. Brechot C. Hepatitis C virus: molecular biology and genetic variability. DigDis Sci. 1996; 41(12

Suppl):6S–21S.

7. Forns X, Purcell RH, Bukh J. Quasispecies in viral persistence and pathogenesis of hepatitis C virus.

Trends Microbiol. 1999; 7(10):402–10. PMID: 10498948

8. Shuhart MC, Sullivan DG, Bekele K, Harrington RD, Kitahata MM, Mathisen TL, et al. HIV infection and

antiretroviral therapy: effect on hepatitis C virus quasispecies variability. JInfectDis. 2006; 193(9):1211–

8.

9. Neau D, Jouvencel AC, Legrand E, Trimoulet P, Galperine T, Chitty I, et al. Hepatitis C virus genetic var-

iability in 52 human immunodeficiency virus-coinfected patients. J Med Virol. 2003; 71(1):41–8. https://

doi.org/10.1002/jmv.10451 PMID: 12858407

10. Pham ST, Bull RA, Bennett JM, Rawlinson WD, Dore GJ, Lloyd AR, et al. Frequent multiple hepatitis C

virus infections among injection drug users in a prison setting. Hepatology. 2010; 52(5):1564–72.

https://doi.org/10.1002/hep.23885 PMID: 21038409.

11. Lee YM, Chen YJ, Lee CM, Kuo LH, Wong WW, Chen YM. Detection of hepatitis C virus subtypes 6a,

6n, 6w and mixed infections using a modified multiplex real-time polymerase chain reaction protocol. J

Formos Med Assoc. 2011; 110(12):762–7. https://doi.org/10.1016/j.jfma.2011.11.006 PMID:

22248830.

12. Fischer GE, Schaefer MK, Labus BJ, Sands L, Rowley P, Azzam IA, et al. Hepatitis C virus infections

from unsafe injection practices at an endoscopy clinic in Las Vegas, Nevada, 2007–2008. ClinInfectDis.

2010; 51(3):267–73.

13. Dimitrova ZC D.S.; Ramachandran S.; Vaughan G.; Ganova-Raeva L.; Lin Y.; Forbi J.C.; Xia G.;

Skums P.; Pearlman B.; Khudyakov Y. Evaluation of viral heterogeneity using next-generation sequenc-

ing, end-point limiting-dilution and mass spectrometry. In Silico Biology. 2012; 11(5):183–92. https://doi.

org/10.3233/ISB-2012-0453 PMID: 23202420

14. Brambilla S, Bellati G, Asti M, Lisa A, Candusso ME, D’Amico M, et al. Dynamics of hypervariable

region 1 variation in hepatitis C virus infection and correlation with clinical and virological features of

liver disease. Hepatology. 1998; 27(6):1678–86. https://doi.org/10.1002/hep.510270629 PMID:

9620342

15. Campo DS, Xia GL, Dimitrova Z, Lin Y, Forbi JC, Ganova-Raeva L, et al. Accurate Genetic Detection of

Hepatitis C Virus Transmissions in Outbreak Settings. J Infect Dis. 2016; 213(6):957–65. https://doi.

org/10.1093/infdis/jiv542 PMID: 26582955; PubMed Central PMCID: PMCPMC5119477.

16. Guinoiseau T, Moreau A, Hohnadel G, Ngo-Giang-Huong N, Brulard C, Vourc’h P, et al. Deep sequenc-

ing is an appropriate tool for the selection of unique Hepatitis C virus (HCV) variants after single geno-

mic amplification. PLoS One. 2017; 12(3):e0174852. https://doi.org/10.1371/journal.pone.0174852

PMID: 28362878; PubMed Central PMCID: PMCPMC5376297.

17. Metzker ML. Sequencing technologies—the next generation. Nature reviews Genetics. 2010; 11(1):31–

46. https://doi.org/10.1038/nrg2626 PMID: 19997069.

18. Zhang TH, Wu NC, Sun R. A benchmark study on error-correction by read-pairing and tag-clustering in

amplicon-based deep sequencing. BMC Genomics. 2016; 17:108. https://doi.org/10.1186/s12864-016-

2388-9 PMID: 26868371; PubMed Central PMCID: PMCPMC4751728.

19. Rytsareva I, Campo DS, Zheng Y, Sims S, Thankachan SV, Tetik C, et al. Efficient detection of viral

transmissions with Next-Generation Sequencing data. BMC Genomics. 2017; 18(Suppl 4):372. https://

doi.org/10.1186/s12864-017-3732-4 PMID: 28589864; PubMed Central PMCID: PMCPMC5461558.

20. Campo DS, Dimitrova Z, Yamasaki L, Skums P, Lau DT, Vaughan G, et al. Next-generation sequencing

reveals large connected networks of intra-host HCV variants. BMC Genomics. 2014; 15 Suppl 5:S4.

https://doi.org/10.1186/1471-2164-15-S5-S4 PMID: 25081811; PubMed Central PMCID:

PMCPMC4120142.

21. Ramachandran S, Xia GL, Ganova-Raeva LM, Nainan OV, Khudyakov Y. End-point limiting-dilution

real-time PCR assay for evaluation of hepatitis C virus quasispecies in serum: performance under opti-

mal and suboptimal conditions. Journal of virological methods. 2008; 151(2):217–24. https://doi.org/10.

1016/j.jviromet.2008.05.005 PMID: 18571738.

HCV transmission in high-risk communities in Bulgaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0212350 March 5, 2019 15 / 16

https://doi.org/10.1258/095646206778113041
https://doi.org/10.1258/095646206778113041
http://www.ncbi.nlm.nih.gov/pubmed/16942654
https://doi.org/10.1002/hep.26744
http://www.ncbi.nlm.nih.gov/pubmed/24115039
http://www.ncbi.nlm.nih.gov/pubmed/10498948
https://doi.org/10.1002/jmv.10451
https://doi.org/10.1002/jmv.10451
http://www.ncbi.nlm.nih.gov/pubmed/12858407
https://doi.org/10.1002/hep.23885
http://www.ncbi.nlm.nih.gov/pubmed/21038409
https://doi.org/10.1016/j.jfma.2011.11.006
http://www.ncbi.nlm.nih.gov/pubmed/22248830
https://doi.org/10.3233/ISB-2012-0453
https://doi.org/10.3233/ISB-2012-0453
http://www.ncbi.nlm.nih.gov/pubmed/23202420
https://doi.org/10.1002/hep.510270629
http://www.ncbi.nlm.nih.gov/pubmed/9620342
https://doi.org/10.1093/infdis/jiv542
https://doi.org/10.1093/infdis/jiv542
http://www.ncbi.nlm.nih.gov/pubmed/26582955
https://doi.org/10.1371/journal.pone.0174852
http://www.ncbi.nlm.nih.gov/pubmed/28362878
https://doi.org/10.1038/nrg2626
http://www.ncbi.nlm.nih.gov/pubmed/19997069
https://doi.org/10.1186/s12864-016-2388-9
https://doi.org/10.1186/s12864-016-2388-9
http://www.ncbi.nlm.nih.gov/pubmed/26868371
https://doi.org/10.1186/s12864-017-3732-4
https://doi.org/10.1186/s12864-017-3732-4
http://www.ncbi.nlm.nih.gov/pubmed/28589864
https://doi.org/10.1186/1471-2164-15-S5-S4
http://www.ncbi.nlm.nih.gov/pubmed/25081811
https://doi.org/10.1016/j.jviromet.2008.05.005
https://doi.org/10.1016/j.jviromet.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18571738
https://doi.org/10.1371/journal.pone.0212350


22. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular Evolutionary Genetics Anal-

ysis version 6.0. Mol Biol Evol. 2013; 30(12):2725–9. https://doi.org/10.1093/molbev/mst197 PMID:

24132122; PubMed Central PMCID: PMCPMC3840312.

23. Longmire AG, Sims S, Rytsareva I, Campo DS, Skums P, Dimitrova Z, et al. GHOST: global hepatitis

outbreak and surveillance technology. BMC Genomics. 2017; 18(Suppl 10):916. https://doi.org/10.

1186/s12864-017-4268-3 PMID: 29244005; PubMed Central PMCID: PMCPMC5731493.

24. Sulkowski MS. Viral hepatitis and HIV coinfection. J Hepatol. 2008; 48(2):353–67. https://doi.org/10.

1016/j.jhep.2007.11.009 PMID: 18155314.

25. Atanasova MV, Haydouchka IA, Zlatev SP, Stoilova YD, Iliev YT, Mateva NG. Prevalence of antibodies

against hepatitis C virus and hepatitis B coinfection in healthy population in Bulgaria. A seroepidemiolo-

gical study. Minerva gastroenterologica e dietologica. 2004; 50(1):89–96. PMID: 15719010.

26. Zehender G, Sorrentino C, Lai A, Ebranati E, Gabanelli E, Lo Presti A, et al. Reconstruction of the evolu-

tionary dynamics of hepatitis C virus subtypes in Montenegro and the Balkan region. Infect Genet Evol.

2013; 17:223–30. https://doi.org/10.1016/j.meegid.2013.04.003 PMID: 23603418.

27. Zhou S, Cella E, Zhou W, Kong WH, Liu MQ, Liu PL, et al. Population dynamics of hepatitis C virus sub-

types in injecting drug users on methadone maintenance treatment in China associated with economic

and health reform. J Viral Hepat. 2017; 24(7):551–60. Epub 2017/01/17. https://doi.org/10.1111/jvh.

12677 PMID: 28092412.

28. Tscherne DM, Evans MJ, von Hahn T, Jones CT, Stamataki Z, McKeating JA, et al. Superinfection

exclusion in cells infected with hepatitis C virus. J Virol. 2007; 81(8):3693–703. https://doi.org/10.1128/

JVI.01748-06 PMID: 17287280; PubMed Central PMCID: PMCPMC1866098.

29. Ramirez S, Perez-del-Pulgar S, Carrion JA, Coto-Llerena M, Mensa L, Dragun J, et al. Hepatitis C virus

superinfection of liver grafts: a detailed analysis of early exclusion of non-dominant virus strains. J Gen

Virol. 2010; 91(Pt 5):1183–8. https://doi.org/10.1099/vir.0.018929-0 PMID: 20089799.

30. Webster B, Ott M, Greene WC. Evasion of superinfection exclusion and elimination of primary viral

RNA by an adapted strain of hepatitis C virus. J Virol. 2013; 87(24):13354–69. https://doi.org/10.1128/

JVI.02465-13 PMID: 24089557; PubMed Central PMCID: PMCPMC3838274.

31. Ke R, Li H, Wang S, Ding W, Ribeiro RM, Giorgi EE, et al. Superinfection and cure of infected cells as

mechanisms for hepatitis C virus adaptation and persistence. Proc Natl Acad Sci U S A. 2018; 115(30):

E7139–E48. Epub 2018/07/11. https://doi.org/10.1073/pnas.1805267115 PMID: 29987026; PubMed

Central PMCID: PMCPMC6065014.

HCV transmission in high-risk communities in Bulgaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0212350 March 5, 2019 16 / 16

https://doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
https://doi.org/10.1186/s12864-017-4268-3
https://doi.org/10.1186/s12864-017-4268-3
http://www.ncbi.nlm.nih.gov/pubmed/29244005
https://doi.org/10.1016/j.jhep.2007.11.009
https://doi.org/10.1016/j.jhep.2007.11.009
http://www.ncbi.nlm.nih.gov/pubmed/18155314
http://www.ncbi.nlm.nih.gov/pubmed/15719010
https://doi.org/10.1016/j.meegid.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23603418
https://doi.org/10.1111/jvh.12677
https://doi.org/10.1111/jvh.12677
http://www.ncbi.nlm.nih.gov/pubmed/28092412
https://doi.org/10.1128/JVI.01748-06
https://doi.org/10.1128/JVI.01748-06
http://www.ncbi.nlm.nih.gov/pubmed/17287280
https://doi.org/10.1099/vir.0.018929-0
http://www.ncbi.nlm.nih.gov/pubmed/20089799
https://doi.org/10.1128/JVI.02465-13
https://doi.org/10.1128/JVI.02465-13
http://www.ncbi.nlm.nih.gov/pubmed/24089557
https://doi.org/10.1073/pnas.1805267115
http://www.ncbi.nlm.nih.gov/pubmed/29987026
https://doi.org/10.1371/journal.pone.0212350

