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1. Background

As a serious public health problem worldwide, hepatitis C virus
(HCV) infects more than 177.5 million people or ~3% of the world's
population (Li et al., 2017). HCV is the major cause of cirrhosis and
hepatocellular carcinoma (Di Bisceglie, 1997; El-Serag, 2002). It has
been classified into eight major genotypes (1 to 8) and 86 confirmed
subtypes (Borgia et al., 2018). HCV genotyping is of great importance to
choose therapeutic molecules, doses and duration of treatment (EASL,
2018). However, when the pan-genotypic HCV drug regimens is
available, it would be possible to treat without genotyping and sub-
typing. It was used for the interpretation of resistance-associated sub-
stitutions (RAS) (Lontok et al., 2015) as well as for molecular epide-
miology studies (Messina et al., 2015). The global distribution of HCV
genotypes and subtypes changes over time as a result of novel trans-
mission routes and population movements (Pawlotsky et al., 1995; Pol
et al., 1995). Some of the HCV viruses are distributed globally such as
subtypes la, 1b and 3a, termed ‘epidemic’ strains due to their high
prevalence and lower genetic diversity. These subtypes started to
spread quickly during the twentieth century with the transmission via
non-sterile medical injections and Injecting Drug Use (IDU) (Silini et al.,
1995; Pybus et al., 2001; Simmonds et al., 2005; Magiorkinis et al.,
2009). In contrast, others ‘endemic’ strains found only in restricted
geographic areas, represent a low-level endemic infection in particular
populations. These later include mainly genotype 2 in West Africa,
genotype 4 in Central Africa and the Middle East and genotype 6 in
south-east Asia (Pybus et al., 2007; Messina et al., 2015).

In North Africa, the distribution of HCV genotypes differs between
countries. It has been reported that the most prevalent subtype in Egypt
is 4a (lles et al., 2014), while, HCV-1b is the largely predominant
subtype in Morocco (Benani et al., 1997) and Tunisia. Several studies

showed an average prevalence of genotype 1b ranging from 79 to 90%
of circulating genotypes in Tunisia (Ben Moussa et al., 2003; Othman
et al., 2004; Mejri et al., 2005; Ezzikouri et al., 2013). Among the other
co-circulating genotypes, subtypes 1a and 2c are the second most fre-
quently isolated in Tunisia (Djebbi et al., 2003; Ezzikouri et al., 2013;
Rajhi et al., 2014; Rajhi et al., 2016).

Here, we report a comprehensive phylogenetic and evolutionary
study of the most prevalent HCV subtype 1b in chronically infected
Tunisian patients together with subtype 1b sequences from other re-
gions of the world. We employed a Bayesian coalescent-based method
to investigate the migration history of HCV-1b by analyzing 1636 in-
dependent sequences covering part of the NS5B region, and to estimate
the date of introduction of the most recent common ancestor (MRCA) of
this subtype in Tunisia and in the world. To our Knowledge, this is the
first description of historical trends associated to HCV epidemic for
subtype 1b in Tunisia and the second study that is performing a phy-
lodynamic and phylogeographic analysis of HCV-1b in the world based
on a bayesian approach after Magiorkinis et al. (Magiorkinis et al.,
2009).

2. Material and methods
2.1. HCV-NS5b sequences

The Tunisian sequences used in the present study were obtained
from the routine diagnostic activity of the Laboratory of Clinical
Virology in Pasteur Institute of Tunis. Partial sequencing in the NS5B
region has been used as a reference method to genotype HCV as part of
pretreatment investigation of the patients since 2012.

Total RNA was extracted from 140 pl of serum using the QIAmp
viral RNA mini Kit (QIAGEN, Hilden-Germany) as indicated by the
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Table 1

Sequences, sense and positions of primers used in the present study.
Primers 5’-3’ Sequences Sense Position”
DM101 TTCTCR"TATGAY°ACCCGCTGYTTTGA Forward 8250-8275
DM100 TACCTV'GTCATAGCCTCCGTGAA Reverse 8616-8638
1s TATGAY ACCCGCTGYTTTGAC Forward 8256-8275

2 Positions on the reference strain HCV 1a-H77-AF009606.
PR=AorG.

¢Y=CorT.

dv=AorCorG.

manufacturers. Extracted RNA (10pul) was reverse transcribed for
45min at 42°C using 1 mM of dNTP mix, 1x transcriptase buffer,
10mM of DTT, 40 U RNasin (Promega), 200 U of the superscript II
Reverse Transcriptase (Invitrogen) and 10 uM of reverse primer DM100
in a total volume of 20 pl. Amplification of a 383-nucleotide (nt) frag-
ment in the NS5B region was carried out with a semi-nested Polymerase
Chain Reaction (PCR) using primers specific to relatively conserved
sequences in this region (Table 1). For the first round of PCR, 10 ul of
cDNA were added to the mix reaction containing 0.2 uM of each outer
primers (DM101 and DM100), 5 ul (10 x ) polymerase buffer, 1.5 mM of
MgCI2 and 1 U recombinant-Taq polymerase in a final volume of 50 pl.
The same conditions were used in the second round of PCR using 5 pl of
the first round PCR product and 0.2 uM of DM100 and 1 s of the inner
primers. The PCR cycles consisted of: initial denaturation at 94 °C for
5 min followed by 30 cycles at 94 °C for 30s, 60 °C for 30s and 72 °C for
1 min per cycle. The final elongation step was at 72 °C for 7 min. The
PCR products were migrated on a 1% agarose gel and visualized under
UV light. After purification on columns of the PCR products using the
QIAquick PCR purification Kit (QIAGEN, GmbH, Hilden, Germany),
direct sequencing was performed in both DNA senses using the same
inner primers by the Big-Dye terminator ready reaction cycle sequen-
cing Kit (Applied Biosystems) in an automated ABI Prism 3130- Genetic
Analyser Applied Biosystems® (Applied Biosystems) sequencer.

To investigate the HCV strains genotypes and subtypes, sequence
chromatograph files were initially analyzed by the «Molecular
Evolutionary Genetic Analysis»y MEGA.7.0.9 software (Kumar et al.,
2016); the obtained consensus sequences; 271 nt fragment in the NS5B
region (8307-8577: Positions on the reference strain HCV 1a-H77-
AF009606) were finally aligned and compared with reference se-
quences representative of all HCV types and subtypes (Simmonds et al.,
2005; Kuiken and Simmonds, 2009; Smith et al., 2014)

This sequencing activity increased since 2016 due to the im-
plementation of a National Hepatitis C Elimination Program by 2023 in
Tunisia (http://www.onmne.tn/fr/dossiers_thematiques.php?id_rub=4
&id =122). The sequences from other regions from the world were re-
trieved from the NCBI GenBank (http://www.ncbi.nlm.nih.gov) data-
base.

2.2. Sample selection

Initially, 11,407 sequences were retrieved from the NCBI GenBank
(http://www.ncbi.nlm.nih.gov/nucleotide) database using keyword
“HCV 1b NS5B”. Only sequences with known sampling time and loca-
tion that were unambiguously subtyped as HCV-1b with subtyping tools
Genome detective (Vilsker et al., 2019) and COMET (Struck et al.,
2014), were retained. A total of 1266 HCV-NS5B-1b sequences from
different countries of the world were used in the present study; their
accession numbers are available in Supplementary Table S1. The se-
quences (n = 1266) were obtained over a 23-year period (1996-2018)
and originated from 37 different countries Afghanistan (AFG, n = 2),
Argentina (ARG, n = 2), Australia (AUS, n =9), Belgium (BEL,
n = 10), Cambodia (KHM, n = 82), Canada (CAN, n = 19), China
(CHN, n = 340), Ethiopia (ETH, n = 3), Egypt (EGY, n = 1), France
(FRA, n = 34), Germany (DEU, n = 30), Georgia (GEO, n =5),
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Hungary (HUN, n = 1), Indonesia (IDN, n = 67), Iran (IRN, n = 5),
Ireland (IRL, n = 74), Italy (ITA, n = 26), Japan (JPN, n = 15), Ma-
dagascar (MDG, n =9), Malaysia (MYS, n = 12), Morocco (MAR,
n = 16), Netherlands (NLD, n = 6), New Zealand (NZL, n = 13), Phi-
lippines (PHL, n = 2), Russia (RUS, n = 53), Romania (ROU, n = 39),
Saudi Arabia (SAU, n = 31), South Africa (ZAF, n = 4), Tajikistan (TJK,
n = 30), Thailand (THA, n = 62), Turkey (TUR, n = 1), United
Kingdom (GBR, n = 19), Uruguay (URY, n = 5), USA (USA, n = 104),
Uzbekistan (UZB, n = 5), Venezuela (VNM, n = 1), Vietnam (VNM,
n = 129). These sequences were complemented with 370 Tunisian
subtype 1b sequences which were collected from serologically HCV
positive Tunisian patients between 2012 and 2018: 20, 46, 56, 18, 177,
48 and 5 sequences of HCV-NS5B-1b obtained in 2012, 2013, 2014,
2015, 2016, 2017 and 2018, respectively.

2.3. Bayesian evolutionary analysis

Based on the above mentioned HCV-1b segment NS5B sequences, an
evolutionary timescale tree was estimated using the MCMC algorithm
being part of the BEAST package (version 1.8.1) (Drummond and
Rambaut, 2007). TreeAnnotator program was used to summarize and
construct a tree from the resulting set of credible trees (10,000 trees) by
choosing the one with the maximum product of posterior probabilities
after a 10% burn-in. The final tree was denoted the MCC (Maximum
Clade Credibility) tree. Phylogenetic tree was saved in Newick format
then integrated into iTOL (Interactive Tree Of Life) web server (Letunic
and Bork, 2016) to generate a graphic representation of the relationship
between all HCV-1b investigated sequences. Two phylogenetic trees
have been constructed including only HCV-1b Tunisian sequences
(n = 370) then all HCV-1b sequences investigated in the present study
(n = 1636).

2.4. Coalescent analysis

The epidemic history of HCV-1b was investigated with a coalescent-
based strategy. Briefly, HCV-1b evolutionary history was inferred by
Bayesian Markov Chain Monte Carlo (MCMC) analysis implemented in
BEAST software version 1.8.1 (http://beast.bio.ed.ac.uk) (Drummond
and Rambaut, 2007). For this analysis, five parametric models of coa-
lescent population growth were used: bayesian skyline, constant po-
pulation size, exponential growth, expansion growth and logistic
growth under the strict clock, uncorrelated lognormal and exponential
relaxed clocks. The SMS tool (Smart Model Selection) (Lefort et al.,
2017) included in PhyML 3.0 (Guindon et al., 2010) was used to assess
an automatic model selection using likelihood-based criteria (AIC) as a
first step to conduct our coalescent analysis. The general time reversible
(GTR) nucleotide-substitution model (Nei and Kumar, 2000) with
gamma-distributed rates among sites and a proportion of invariable
sites was used under the strict then relaxed molecular clocks (Table 2).

The MCMC chains were run for 20 10® generations in order to

Table 2

Smart model selection using PhyML.
Model Decoration K Lik AIC BIC
GTR +G+1 3279 —34,075,59,819 74,709,19,638 86,520,54,399
TN93 +G+1 3276  —34,106,58,259 74,765,16,718  86,565,70,843
GTR +G 3278 —34,227,48,480 75,010,96,960 86,818,71,509
GTR +1 3278 —39,071,30,799 94,698,61,598 96,506,36,147
GTR 3277 —42,003,92,925 90,561,85,850 102,366,00187

K: number of model free parameter.
Substitution model: GTR.

Equilibrium frequencies: ML optimized.
Proportion of invariable sites: estimated (0.332).
Number of substitution rates: 4.

Gamma shape parameter: estimated (0.583).
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achieve an effective sample size (ESS) =200 and sampled every 2
million steps. A substitution rate of 9.13 x 10~ * substitutions per site
per year (s/s/y) was used according to previous estimation (Al Qahtani
et al., 2017) for the NS5B region. Best fitting models were selected by
calculation of a Bayes Factor (BF) (Kass and Raftery, 1995), using
Marginal Likelihoods Estimation (MLE) specifically path sampling (PS)
(Ogata, 1989; Gelman and Meng, 1998) and stepping-stone (SS) (Xie
et al., 2011) sampling implemented in Beast v1.8.1 (Baele et al., 2012).

The effective number of infections through time was estimated by
using the Bayesian skyline plot (BSP) approach (Drummond et al.,
2005) under the strict and relaxed molecular clock models. All BEAST
output log files were analyzed with TRACER v1.6 program (available
from http://tree.bio.ed.ac.uk/software/tracer/). The present analysis
was run on one HCV-1b datasets of NS5B sequences: (n = 1636,
n = 370, 271 nt).

2.5. Phylogeography analysis

In order to reduce computational burden in subsequent Bayesian
analysis, we selected a subset of sequences to decrease their number.
Briefly, from each sampling year and location the two most divergent
sequences were selected with the phylogenetic diversity algorithm
(PDA) (Chernomor et al., 2015) which selects the subtree of n taxa
connected by the largest sum of branch lengths.

Subsequently, the phylogeographic analysis was performed using
the BEAST package (Lemey et al., 2009; Drummond et al., 2012) to
estimate the diffusion process of the HCV-1b in the world and parti-
cularly in Tunisia. The capital of each country was used as a discrete
location state, and the sampling date was used to calibrate the time
scale. As with the molecular clock analysis, the preliminary MCMC
analysis were performed for each combination of clock and tree prior
model, and MCMC analysis were run using the best-supported combi-
nation under Bayes factors. After removing 10% of the burn-in, those
runs were combined to construct an MCC tree. The MCC tree was up-
loaded into SPREAD3 (Bielejec et al., 2016) and projected into a
Geojson map format retrieved from https://geojson-maps.ash.ms/ to
generate a keyhole markup language file (.kml). The selected sequences
isolates were assigned to a total of 38 distinct geographic groups cor-
responding to each country. In order to provide a spatial projection, the
migration routes indicated by the tree were visualized using Google
Earth Pro version 7.3. To identify significant migrations, the Bayes
factor testing was performed using the Bayesian stochastic search
variable selection (BSSVS) procedure (Lemey et al., 2009). The migra-
tions with Bayes factors that were greater than five were summarized as
well-supported migrations (Kass and Raftery, 1995).

3. Results
3.1. Evolutionary analysis

The phylogenetic tree in Fig. 1 corresponds to the maximum clade
credibility tree (MCC) including the 370 Tunisian HCV-1b-NS5B se-
quences obtained from different locations in Tunisia. The tree shows
that at least two HCV-1b lineages are circulating in Tunisia with rela-
tively high bootstrap support values; however, no consistent geo-
graphical or time related cluster could be identified. These lineages
included sequences from different region of Tunisia with different years
of isolation.

Similarly, two HCV-1b clades could be clearly distinguished in Fig. 2
forming two potential monophyletic groups with relatively high boot-
strap values, the first (in green), including HCV-1b from mainly Asian
countries and another (in red) grouping HCV-1b sequences from mainly
European and African countries including Tunisia. The later phyloge-
netic tree shows the MCC including the 1636 HCV-1b-NS5B sequences
used in the present study and originating from 38 countries. The tree
shows that there were multiple independent sub-epidemics of HCV-1b
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circulating in Tunisia. Most of Tunisian sequences (labels with red
background color) clustered in a large clade including sequences from
Iran and Morocco. Several other Tunisian sequences are dispersed
across the phylogenetic tree into several independent clades without an
apparent pattern qua geographical origin and date of isolation.

3.2. Epidemic history of HCV1b

3.2.1. Bayesian skyline plots

Bayesian coalescent analysis was performed on the 1636 HCV-1b
segment NS5B sequences from Tunisia and other countries. For each
demographic and molecular clock models, chain lengths of 200 million
were used and sampled every 2,000,000 states. The data was analyzed
using the Bayesian Skyline Plot (BSP) that depicts the estimated change
in the effective number of infected individuals over time for the HCV-1b
virus. Fig. 3a exhibited an epidemic history, characterized by five
phases of epidemic population growth including: an initial period of
relatively constant population size, followed by a brief phase of ex-
ponential growth between 1936 and 1958, a third period of a relatively
constant population size until 1970, a fourth period of high exponential
growth from 1970 to 1975 and a final phase with constant population
size from 1975 to, 2018. As the Tunisian HCV-1b sequences (370 se-
quences in total) did not originate from a single well-supported
monophyletic cluster, a BSP was computed only for the 253 HCV-1b
Tunisian sequences forming the large monophyletic clade to estimate
the change in the effective number of infected individuals over the
time. Fig. 3b exhibited an epidemic population growth history, char-
acterized by five phases including: an initial period of a very slight
decrease in population size, followed by a phase of exponential growth
between 1960 and 1985, a third period of a relatively constant popu-
lation size until 2012, followed by a short phase of exponential decrease
until 2015 then a constant phase from 2015 to 2018.

3.2.2. Most recent common ancestor (tVIRCA)

The time to the most recent common ancestor (tMRCA) was eval-
uated by using a fixed substitution rate for the NS5B region of
9.13 x 10™* substitutions per site and per year according to Al-
Qahtani study (Al Qahtani et al., 2017). The tMRCA of the progenitor
virus that ultimately gave rise to all Tunisian HCV-1b was estimated
around 1923 with a HPD (Highest Posterior Density) 95% [1904, 1942]
and the one that ultimately gave rise to all HCV-1b circulating in the
world was estimated around 1903 with a HPD95% [1841, 1930], re-
spectively (Table 3).

3.2.3. Phylogeography analysis

3.2.3.1. Spatial and temporal dynamics of HCV-1b virus geographic
dispersal. To gain insight into the spatial temporal dynamics of the
diffusion process of HCV-1b in Tunisia and in the world, we mapped the
spatial estimates annotated in the partial NS5B region MCC trees on
Google Earth Pro version 7.3 (http://www.google.com/earth/
download/ge/). This mapping allows to visualize the virus's
geographic spread process over time. The links between different
geographic regions represent branches in the MCC tree on which
virus migration occur and circle areas reflect the number of branches
maintaining a particular location at that time point. To reduce
computational burden in phylogeographic analysis, we used PDA tool
to select a subset of sequences corresponding to the most divergent
sequences from each sampling location and year of isolation. Using this
approach we have selected 219 HCV-1b sequences (among 1636 total
HCV-1b sequences) from 38 countries and with isolation date ranging
from 1996 to 2018. The panels in Fig. 4 show the temporal dynamics of
HCV-1b spatial dispersal processes in the world.

Our study revealed that the most ancient HCV-1b virus date around
1903 in the world. Based on the investigated HCV-1b sequences the
phylodynamic and phylogeographic analysis revealed that the virus
started its spread in the Netherlands and its migration to China around
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Fig. 1. Phylogenetic analysis of HCV 1b Tunisian sequences. Maximum clade credibility (MCC) tree representing the rooted genealogy of the 370 Tunisian HCV-1b

sequences obtained by analyzing the 271-nucleotide NS5B segment sequences using a Bayesian evolutionary analysis. The main lineages are highlighted in different
colors. Bootstrap support values were highlighted on the tree.

1927. Soon after, a large dispersal event occurred in which the virus
migrated from Netherlands to neighbor European countries including
Germany, Italy and Ireland around 1951, Georgia around 1964,
Romania in 1993 and France later in 2016. Throughout this period,
HCV-1b continues its migration from Netherlands to several all other
locations worldwide including Indonesia in 1955, Canada and New
Zealand around 1959, Madagascar around 1963, Uzbekistan in 1967,
Cambodia and Saudi Arabia around 1970, South Africa around 1971,
Thailand and Japan in 1974, Philippines in 1981 and Venezuela around
2004. The virus migrated later from Madagascar to Canada again in
2008. Meanwhile, several migrations of the virus occurred leading to
the spread of the virus worldwide. Despite spreading from the primary
epicenter in Netherlands starting from 1927, several other epicenters

appeared including Ireland, Germany, Italy and Tunisia from 1951 to
1963 (Fig. 4). Regarding Tunisia and North Africa, the virus seems to
migrate from the Netherland to Tunisia around 1953 corresponding to
the time of its introduction in Tunisia. Apart of the first wave of mi-
gration from European countries, a second wave of migration started
around 1951 from China to Turkey in 1956, from Turkey to Russia in
1962, then from Russia to reach Germany again in 2014. The virus
migrated also from China to reach Thailand around 2007. HCV-1b
knew its maximum spread in China from 1973 to 2005 followed by a
significant decline. The virus appeared also to spread significantly from
1951 to 1977 in Europe, Asia and Africa contributing to its migration
worldwide. Indeed, HCV-1b continued its migration from Netherlands
and other European countries to reach Iran in 1954, Tajikistan in 1957
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Fig. 2. Maximum clade credibility (MCC) tree. Maximum clade credibility tree representing the rooted genealogy of the 1636 HCV-1b sequences obtained by
analyzing the 271-nucleotide NS5B segment sequences using a Bayesian evolutionary analysis. The main lineages are highlighted in different colors. Bootstrap

support values were highlighted on the tree.

and Uzbekistan in 1970 where it knew a big spread until 1976 then
migrated to Indonesia around 2006. HCV-1b knows a large spread in
Tunisia in 1963 and started its migration to Morocco around this year.
At the same time the virus knew a third wave of migrations from Italy to
Russia, Uruguay, Germany in 2007 and Malaysia around 2010, from
Germany to Belgium in 2007, from Ireland to Ethiopia in 2013 and
several other countries worldwide. Remarkably, since 2003 the HCV-1b
spread in Netherlands started to decline. Similarly, the decline con-
cerned several other countries including Georgia in 2010, Romania in

2013, Italy and Ireland starting from 2012, Tunisia and Germany from
2015 to 2017.

To identify statistically significant transmission routes, we con-
ducted Bayes factor (BF) test for significant non-zero rates between
different locations. Only rates supported by a BF greater than 5 are
indicated in Fig. 5.
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Fig. 3. Bayesian Skyline Plots for Demographic Reconstruction using NS5B sequences. A) In the world, B) In Tunisia. X-axis: Date in Years; Y-axis: Estimated effective
number of infections; Bold Line: The median estimate of the estimated effective population size. Upper and lower Lines: Upper and Lower HPD95% (High Population

Density) of Effective Number of viral population.

Table 3
tMRCA estimations using the NS5B region for the HCV-1b.

HCV-1b geographic isolation Number of isolates MRCA (HPD? 95%) (year)

In the world 1636
In Tunisia (All regions) 370

1903 [1841,1930]
1923 [1904,1942]

@ : HPD: highest posterior density.
4. Discussion

As one of the most prevalent HCV subtype worldwide, the historical
movement of HCV-1b represents an interesting question in relation to
HCV epidemiology and evolution. Previous reports suggested that the
global dissemination of HCV subtype 1b initiated during and after the
second world war through the widespread use of blood transfusion
(Kendrick, 1964; Smith et al., 1997; Busch et al., 2003) and unsterilized
needles and glass syringes (Drucker et al., 2001; Yerly et al., 2001;

Tanaka et al., 2005). Furthermore, the observed epidemic development
of HCV-1b matches with the international dissemination of con-
taminated blood and blood products during the twentieth century
(Messina et al., 2015). This epidemic subtype has been described as the
most prevalent HCV subtype in many countries around the world, such
as Argentina (Di Lello et al., 2008), China (Lu et al., 2005), Italy
(Ferraro et al., 2008), Algeria (Ezzikouri et al., 2013), Morocco (Benani
et al., 1997) and Tunisia (Ben Moussa et al., 2003; Djebbi et al., 2003;
Othman et al., 2004; Mejri et al., 2005; Ezzikouri et al., 2013).
Recent molecular epidemiological methods were used successfully
to reconstruct the evolutionary history of HCV infection in some
countries (Pybus et al., 2009; Lampe et al., 2010; Castells et al., 2015;
Wu et al., 2016; Khan et al., 2017). Presently, a lot of studies that in-
vestigated the evolutionary and demographic history of HCV-1b are
available. Indeed, some studies highlighted its time of introduction in
different countries in the world including Argentina (Di Lello et al.,
2008), China (Nakano et al., 2006), Italy (Ferraro et al., 2008) and
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Fig. 4. Temporal dynamics of HCV-1b geographic dispersal in Tunisia. The snapshots show the dispersal pattern of HCV-1b virus for 1929, 1944, 1951, 1953, 1956,
1963, 1971, 1984, 2009 and 2018. Connections between different locations represent branches in the MCC tree along which the relevant location transition occurs.
Location circle diameters are proportional to the number of lineages that maintain that particular location state at each time point. This map is produced by satellite
pictures made available in Google Earth Pro.
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Fig. 5. Significant dispersion routes for HCV-1b using a Bayes factor (BF) test. Lines between different locations indicate transmission routes supported by a BF

values. Only rates supported by a BF greater than 5 are indicated.

Morocco (Benani et al., 1997). Another study investigated its emer-
gence all over the world (Magiorkinis et al., 2009).

In Tunisia, Rajhi and co-workers (Rajhi et al., 2016) investigated the
HCV genotype 2 epidemic history and estimated the time of its in-
troduction in Tunisia based on a Bayesian study. In the present work,
we investigated the epidemic and phylogeographic history of HCV
subtype 1b in Tunisia and in the world. Our phylogenetic analysis
performed on 370 HCV-NS5B-1b sequences, obtained between 2012
and, 2018 shows that Tunisian sequences are at least divided into two
distinct monophyletic groups (Fig. 1). The phylogenetic tree including
all the 1636 HCV-1b sequences (Fig. 2) allowed to delineate two HCV-
1b lineages or clusters including HCV-1b mainly from China (Labels
with Orange background color) and another one grouping HCV-1b se-
quences from over the world including HCV-1b sequences from Tunisia
(Labels with Red background color) (Fig. 2). This tree suggests the
existence of several independent HCV-1b variants that are circulating
all over the world including Tunisia.

Using a Bayesian coalescent inference of past population dynamics
from the 1636 HCV-NS5B-1b sequences circulating in the world, the
estimated age of the most recent common ancestor (MRCA) was around
1903 with a HPD 95% 1841-1930 in the world. The estimated age of
the progenitor virus that ultimately gave rise to all Tunisian HCV-1b
was around 1923 with a HPD 95% 1904-1942 while the date of in-
troduction of HCV-1b in Tunisia was estimated around 1953. This es-
timated date for HCV-1b in Tunisia followed what has been suggested
by Rajhi et al. in 2016 for HCV-2c and HCV-2k, for which the date of
introduction in Tunisia was estimated in 1886 and in 1901, respectively
(Rajhi et al., 2016). While Magiorkinis et al. estimated the HCV-1b
tMRCA around 1911 with a confidence interval ranging from 1806 to
1959, our study revealed a nearly similar origin of the HCV-1b in the
world around 1903 with a confidence interval ranging from 1841 to
1930. Despite the difference in the number of sequences and the
number of represented countries the two studies are highly similar.
Thus, we believe that the present study as well as Magiorkinis study

may well reflect the global HCV epidemic. Based on the sequences in-
cluded in this study, our phylodynamic and phylogeographic analysis
showed that the most ancient HCV-1b sequences are from the Nether-
lands. The Netherlands is among the countries in Europe with the most
diverse geographical origin, moreover, because of its policies, the
Netherlands attracts foreign drug users and male homosexuals, two
populations known to be at higher risk for viral infection (Paraskevis
et al., 2009). However, due to the non availability of HCV-1b sequences
from other countries, especially from Sub Saharan and West Africa, the
initial site of emergence of HCV-1b may be different. Previous studies
suggested that HCV genotype 1 would have originated from West Africa
(Smith et al., 1997; Simmonds, 2004; Ezzikouri et al., 2013). Regarding
North Africa, the epidemic history of HCV-1b is still insufficiently
documented. To our knowledge, the unique report is the one of Brahim
et al. who estimated the date of introduction of subtype 1b in the
Moroccan population around 1910 (Brahim et al., 2011). Our results
report that the date of introduction of HCV-1b in Morocco occurs
longtime after. Magiorkinis and co-workers showed that the most likely
origin of the currently circulating lineages of HCV-1b is not in Europe
but in the USA (Magiorkinis et al., 2009). Our inferred origin is most
likely the result of the sampling in combination with the sensitivity of
the used discrete phylogeographic model to uneven sampling across
locations (Baele et al., 2018). Indeed discrete trait analyses approaches
compared to structured coalescent and continuous diffusion models,
make a number of restrictive assumptions that might be inappropriate
when applied to the migration of lineages between geographic locations
by under representing ancestral trait uncertainty and are known to be
sensitive to biased sampling of subpopulations (De Maio et al., 2015).

While our study presents some strengths based on the facts that: i)
all investigated sequences were subtyped HCV-1b using two distinct
tools (Genome detective and COMET), ii) the sequences are re-
presentative of 38 countries and iii) we used a strong temporal signal
(Al Qahtani et al., 2017), we should notice that it has, however, some
limitations. Indeed, relying on a short stretch of the HCV-1b genome
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comes at the cost of potentially missing spatial linkages (Vrancken
et al., 2018). To avoid this problem, the use of full genome sequences
would be better, however due to the lack of full genome sequences from
several countries; the focus on small sequences or regions is most
commonly performed.

The two BSPs (Fig. 3a and Fig. 3b) summarize the spread and epi-
demic growth of the globally prevalent HCV genotypes 1b in the world
and in Tunisia, respectively. Fig. 3a clearly shows that subtype 1b
epidemic was in a steady non expanding phase from 1850 to 1936
followed by an exponential phase from 1936 to 1958. This period
overlaps with the second world war (1939-1945) that corresponds to a
high rate of population movement from European countries all over the
world, escaping the war, and the spread of the HCV-1b worldwide
through the widespread use of blood transfusion. This phase was fol-
lowed by another steady non expanding phase from 1958 to 1970, then
a significant exponential growth from 1970 to 1975 and a final phase
with constant population growth from 1975 to 2018. However, Fig. 3b
shows a slight decrease in population size from 1940 to 1960, followed
by a small phase of exponential growth between 1960 and 1985, a third
period of a relatively constant population size until 2012, followed by a
short phase of exponential decrease in population size between 2012
and 2015 and a constant population size from 2015 to 2018. During this
first exponential period (1960 to 1985), Tunisia would have experi-
enced a significant rate of population movements with European
countries just after the independence date (1956). Same trend has been
observed in the world between 1970 and 1975. The two BSPs seems to
share a constant population growth from 1985 to 2012. However, there
is a possibility that the posterior estimate may be unintentionally biased
by parameters having little or no prior information. Bayesian skyride
method could be more appropriate as it places less emphasis on priors
based on Gaussian Markov random fields to smooth the effective po-
pulation size over time (De Silva et al., 2012).

The population growth in Tunisia knew a decline from around 2012.
This date may correspond to the Tunisian revolution known as spring
revolution in which Tunisia knew a decrease in population movements.
Regarding the other subtypes of HCV, our Tunisian HCV-1b tMRCA
estimation around 1923 (1904-1942) followed the introduction of
HCV-2c in Tunisia with tMRCA around 1886 (1869-1902), HCV-2k
tMRCA 1901 (1867-1931) (Rajhi et al., 2016).

5. Conclusion

The present study combined demographic, historical and phylo-
geographic analysis to reconstruct the transmission history of the HCV-
1b in the world and particularly in Tunisia. To our knowledge, it is the
first study to describe the HCV-1b evolutionary history in Tunisia based
on a Bayesian Coalescent Approach and the second analysis performed
in North Africa after Brahim et al. study. In conclusion, our findings
showed that the origin of the HCV-1b is around 1903 (the beginning of
the 20th Century) and confirmed what have been suggested by several
studies, underlined the strong epidemiological link between
Maghrebian countries (Tunisia and Morocco) with European countries.
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