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Abstract

Background: The origins and spatio-temporal dynamics of the HIV-1 subtype B and CRF01_AE clades are largely unknown in Iran.
Objectives: This study investigates the origins and spatio-temporal dynamics of HIV-1 subtype B and CRF01_AE clades in Iran using the most recent phylogeographic
methods.
Methods: This Bayesian phylogeographic study examined HIV-1 sequence data available in the Los Alamos HIV databases. For the purposes of this study, we retrieved all
the eligible time-stamped and geo-referenced HIV-1 subtype B (pol p66 and p51 RT) and CRF01_AE (gp160) sequences from Iran. The majority of these data were obtained
from studies using convenience and snowball sampling. Evolutionary and phylogeographic parameters were jointly estimated for each clade using BEAST software v.1.8.1.
A Bayesian stochastic search variable selection method, with a threshold of 3.0 for the Bayes factors test, was used to obtain significant migration rates of the virus.
Results: Our results suggest that the subtype B epidemic was introduced to Iran from Southern China, Germany and the USA. Although the migration rate from the USA
to Iran was found to be statistically insignificant, the results suggested that the USA was the earliest exporter of the subtype B to Iran (i.e. since 1974, 95% highest posterior
density (HPD): 1966-1974). Moreover, based on our findings, the CRF01_AE clade was first introduced to Iran from Thailand (1988, 95% HPD: 1986 - 1990). Among the factors
contributing to the transmission of subtype B to Iran from Germany is the transit of goods and long-distance truck driving. However, the factors behind the transmission
of this clade from the USA and Southern China remain unknown. Similar to many countries, the introduction of CRF01_AE from Thailand might be attributed to sex
tourism.
Conclusions: There is evidence to suggest that subtype B and CRF01_AE were introduced to Iran through multiple pathways and origins, including Germany, Southern
China, the USA, and Thailand. Factors such as international trade, the transit of goods, and tourism are among the most likely methods for transmission of these clades.
However, the existing preventive strategies in Iran have been mostly focused on other risk groups, including sex workers and intravenous drug users. The findings of our
study highlight the need for the further development of targeted preventive strategies, such as educational interventions, aimed at tourists, truck drivers, and people
involved in international trade and transactions in order to prevent the onward transmission of disease.
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1. Background

Pandemic HIV-1 group M infection in humans orig-
inated in Africa and was caused by the cross-species
transmission of the simian immunodeficiency virus
that infects chimpanzees (SIVcpz) (1). Among the sub-
types/recombinant forms derived from group M, subtype
B and circulating recombinant form (CRF) 01_AE are pre-
dominant clades in most parts of the world (2). Subtype B
originated in Haiti and spread to the USA around the 1960s
(3). CRF01_AE originated in Central Africa and spread to
Thailand during the 1970s. The CRF01_AE epidemic in Thai-
land was first recognized as affecting female sex workers
in 1989 (2, 4). Subsequently, CRF01_AE caused a large-scale
epidemic in Southeast Asia, with a prevalence of 79%. The
worldwide spread of CRF01_AE began immediately after
this and was most likely transmitted through heterosex-
ual activities (2). In Iran, both subtype B and CRF01_AE

have been detected (5, 6), however, their epidemic history
(i.e. the source and the date of origin) is still unknown.

Typical epidemiological methods have not proved suc-
cessful in identifying the roots of infectious disease epi-
demics, including the infection source, the date of origin,
and the transition pathways of the pathogen (7). However,
recent advances in molecular biology and biostatistics
have made it possible to track the pathways of virus diffu-
sion, over place and time, using the information accumu-
lated in the virus’ genome. Such methods are commonly
referred to as phylogeography (8). Phylogeography-based
methods reconstruct phylogenetic trees (8-11) to infer evo-
lutionary (i.e. ancestor-descendent) relationships between
living species, based upon the similarities/differences in
their physical and/or genetic traits (12). Interestingly, the
evolutionary relationships between viruses isolated from
a particular epidemic can be inferred as viral “transmis-
sion” events within that epidemic. By integrating this in-
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formation with sampling sites of viral isolates and with the
virus’ evolutionary rate (i.e. its molecular clock), one can
estimate both “spatial” and “temporal” aspects of the epi-
demic using a Bayesian phylogeographic framework. The
important aspects of the spatio-temporal process include:
(i) the time and location of the most recent common ances-
tor (MRCA) or the “founder” virus; (ii) locations of ances-
tral lineages (viruses) descended from the MRCA; (iii) the
time at which each ancestor-to-descendant transmission
occurred; and (iv) the pathway of virus migration (8, 11).

Since the introduction of Bayesian phylogeographic
methods in 2009 (8), the number of studies investigat-
ing the spatio-temporal spread of viral infections has in-
creased dramatically. For example, Lemey et al. (2009) em-
ployed this method to investigate the global spread of in-
fluenza A (H5N1) and the rabies virus (8). Several studies
have also estimated the spatio-temporal spread of some
HIV-1 clades in Central (13) Eastern (14) and Western (15)
Africa, Europe (16), America (3), China (17), Vietnam (18),
and Singapore (19). However, in Iran, the spatio-temporal
domains of the HIV-1 epidemic have not been investigated.
Increasing our knowledge of the factors that led the virus
to transcend Iran’s national borders can inform the design
of medical interventions to prevent onward transmissions
(8, 20).

2. Objectives

This study investigates the epidemic roots of HIV-1 sub-
type B and CRF01_AE clades in Iran, including the epidemic
source(s), the date of emergence of these clades in the
country, and their spatio-temporal dynamics. We have also
investigated the factors that have possibly contributed to
the initial introduction of these clades to the country.

3. Methods

In this study, we take a Bayesian phylogeographic ap-
proach to analyze a set of HIV-1 sequences available in the
Los Alamos HIV (LAHIV) databases (21).

3.1. HIV-1 Subtype B and CRF01_AE Data Sets

In order to investigate the spatio-temporal dynamics
of subtype B and CRF01_AE in Iran, HIV-1 DNA sequences
from Iran, as well as other countries from around the
world, were required. However, it was not feasible to col-
lect a global sample hoping that all would be subtype B
and CRF01_AE. Therefore, the data was retrieved from the
LAHIV sequence database where the strain of each sample
was already defined (see Box 1 for a brief description of the
database) (21). Convenience and snowball sampling were

the most commonly used sampling methods in the major-
ity of the primary studies whose data were submitted to
the LAHIV database and were used in our study.

The selection of all subtype B and CRF01_AE sequences
covering partial pol (HXB2 numbering: 2619 - 3219 nts, 600
bp) and env (gp160HXB2 numbering: 6958 - 7376 nts, 418
bp) regions resulted in two data sets, each consisting of
more than 1000 sequences. In order to reduce the size of
these data sets and decrease the computational burden,
we followed a filtering procedure to identify and discard
the “redundant” sequences from non-neighboring coun-
tries. In this regard, sequences with high genetic similarity
(i.e. genetic distance < 5% (13) from each non-neighboring
country were clustered using the Cluster Database at High
Identity with Tolerance (CD-HIT) program (24), accessible
via an online web server (25), and only one sequence per
cluster was retained in each data set. Since the number
of sequences from Iran and its neighboring countries was
small, we did not reduce the number of these data.

HIV-1 sequences were selected according to the fol-
lowing inclusion criteria: (i) only HIV-1 sequences gener-
ated by a polymerase chain reaction (PCR) technique and
the standard sequencing methods (i.e. pyrosequencing
or Sanger sequencing) were included. This was to en-
sure the inclusion of high quality data and to minimize
between-laboratory and between-method variability (7);
(ii) only one sequence per patient was selected randomly;
(iii) only the viral isolates, whose sampling dates and lo-
cations were known, were included. It is worth noting
that these are the most important variables in reconstruct-
ing spatio-temporal processes; (iv) only the pol sequences
from therapy-naive subjects and/or those with no major
drug resistance mutations were selected. This was to pre-
vent convergent evolution due to drug therapy (26); and (v)
only the sequences with no frameshift and/or stop-codon
mutations were included. Applying these criteria, a total
of 37 sequences were excluded from the initially retrieved
data (26 and 11 sequences from subtype B and CRF01_AE
data sets, respectively). The resulting data sets were used
for phylogenetic analysis (see methods) in order to find se-
quences that were closely related to Iranian lineages. These
sequences were retained in the final data sets for subse-
quent phylogeographic analyses.

3.2. Statistical Analyses

3.2.1. Likelihood Mapping Analysis

We employed this analysis in order to assess whether
subtype B and CRF01_AE data sets contain enough infor-
mation for phylogenetic analysis. If the data sets lack ade-
quate information, the evolutionary relationships cannot
be fully resolved in the phylogenetic tree. In such a case,
more than 30% of trees will be “unresolved” (see (27, 28) for
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Box 1. A Brief Description of the Los Alamos HIV Databases (21-23)

Los Alamos HIV Description

The Los Alamos HIV databases represent an international collaboration dedicated to covering HIV molecular data and include: (i) an HIV genome sequence database; (ii)
HIV molecular immunology data; (iii) HIV drug resistance mutations; and (iv) nonhuman primate HIV vaccine trials (22). The Los Alamos HIV genome sequence
databases (LAHIV) are population-based online databases that were created to manage the enormous amount of genetic data generated by studies of HIV variation. The
databases are defined as stored collections of genetic samples in the form of DNA sequences, and as of December 2015, they have indexed more than 590,000 DNA
sequences (21).

The LAHIV databases are fed biweekly with HIV sequences from the GenBank database that contains most published HIV sequences (23). Upon receipt of a sequence
submission, the GenBank staff examines the originality of the data and assigns an accession number to the sequence and performs quality assurance checks using
standard quality control guidelines for genetic data (23). The submissions are then released to the public database. Upon updating data from the GenBank, the LAHIV
staff annotates the sequences with supplemental information, not included in the GenBank, from the literature and from direct communication with the authors.

Therefore, the DNA sequences in the LAHIV databases are annotated with extra information, including medical (e.g. CD4 counts, disease stage), temporal (e.g. sampling
date), geographical (e.g. sampling country) and lifestyle (e.g. risky behaviors, infection route) characteristics. With their advanced search and filtering options, the
LAHIV databases allow for the retrieval of information on specific genetic regions and strain-types of the virus. It is also possible to retrieve HIV sequences belonging to a
particular sampling date, sampling location, or risk group (such as heterosexuals or people who inject drugs [PWID]). Furthermore, the databases allow for excluding
problematic sequences and multiple sequences per patient (21, 22). These features have made the LAHIV databases suitable for conducting various types of sequence
analyses, including phylogeographic studies (for a comprehensive review of the databases, see (21-23)).

more methodological details). For subtype B and CRF01_-
AE data sets used in this study, these values were 27.3% and
20.8%, respectively, indicating the adequacy of the data.

3.2.2. Phylogenetic Analysis

In order to reduce the computational burden of phy-
logeographic analyses, we selected sequences that were
significantly related to Iranian lineages using the maxi-
mum likelihood (ML) phylogenetic technique. ML trees
were reconstructed under the general time-reversible
(GTR) model of DNA evolution (29). An heuristic tree
search was performed by employing a subtree-pruning-
regrafting (SPR) branch-swapping algorithm. The SPR is
a tree rearrangement algorithm that searches for the op-
timal tree topology (i.e. branching pattern of the phylo-
genetic tree (30)). This search is performed by selecting
and removing a subtree from the main tree and reinsert-
ing it elsewhere to create a new node (27). Reliability of the
tree topology was estimated using a bootstrap resampling
technique, with 1000 replicates. Only the countries that
were clustered with Iranian lineages in the ML tree, with
bootstrap values greater than 50% (31), were selected for
subsequent phylogeographic analyses (Figure 1).

3.2.3. Bayesian Phylogeographic Analysis

Spatio-temporal diffusion patterns of subtype B and
CRF01_AE were estimated using a Bayesian Markov Chain
Monte Carlo (MCMC) approach (8). Analyses were per-
formed employing the Hasegawa-Kishino-Yano (HKY)
model of nucleotide substitutions (32) while considering
a proportion of nucleotide sites to be invariable (i.e. ex-
periencing no mutations). We assumed that the rate of
nucleotide substitutions across the genome varies under
a discrete gamma distribution with four discrete cate-
gories. For both the subtype B and CRF01_AE data sets, the

best fitted clock model was found to be the uncorrelated
lognormal relaxed-clock (UCLD). This model allows the
evolutionary rate to vary independently throughout the
tree, with a lognormal distribution (30).

Migration events were reconstructed using a discrete
phylogeography model that considers each country to be
a discrete variable and with a reversible transition ma-
trix that assumes equal probability for reciprocal migra-
tion rates of the virus between two countries. The signif-
icant migration rates were obtained using the Bayesian
stochastic search variable selection (BSSVS) method. In this
method, a parsimonious set of significant non-zero rates
is identified by conducting a Bayes factors (BF) test. The BF
value is the ratio of the likelihood of the model with a par-
ticular parameter to the likelihood of the model without
that parameter. The parameter-rich model will be chosen
if the BF value is greater than three (BF > 3) (8).

Two independent MCMC chains were run for at least 50
million generations, burning the initial 20% of the sam-
ples. The convergence and stationary state of each param-
eter was visually evaluated after combining independent
chains using the lag plots. In the posterior distribution,
all of the parameters showed convergence with an effec-
tive sample size (ESS) of greater than 200. Since the MCMC
chains result in a distribution of phylogenetic trees, we
needed to summarize them in order to obtain one “consen-
sus” tree. For this purpose, the maximum clade credibil-
ity (MCC) trees were constructed. In this method, each tree
in the posterior distribution is evaluated and each clade of
the tree is given a score based on the fraction of times it
appears in the posterior sample (known as posterior clade
credibility). The product of these scores is taken as the total
score of the tree. The tree with the highest score is selected
as the MCC tree (30). In this study, the MCC tree was used to
check the timing and the pathways of the virus migration
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Figure 1. Midpoint rooted maximum likelihood tree of subtype B (Part A) and CRF01_AE (Part B). A set of non-redundant HIV-1 subtype B and CRF01_AE sequences were recruited
from countries around the world and used to reconstruct maximum likelihood trees. Only those clusters including one or more Iranian lineages are highlighted in blue.
Countries that showed significant genetic similarity with Iranian subtype B lineages (bootstrap > 50%) include Belgium, China, Germany, Poland, Turkey, Ukraine, and the
USA. Countries that showed significant genetic similarity with Iranian CRF01_AE sequences (bootstrap > 50%) include Belgium, Cameroon, Central African Republic, China,
Italy, Japan, Myanmar, Poland, Singapore, Taiwan, Thailand, United Kingdom, USA, and Vietnam.

between the sampling locations.
The main parameters of the Bayesian phylogeographic

model included the evolutionary rate and the date of sub-
type B and CRF01_AE origins in Iran, and the parameters of
the viral migration rate (overall migration rate and num-
ber of non-zero rates). Previous estimates of the evolution-
ary rate for the pol (1.0 - 3.0 × 10-3 substitutions/site/year)
(13, 33) and env (3.0 - 6.0 × 10-3 substitutions/site/year) (34,
35) genes of the HIV-1 group M, under relaxed molecular
clocks, were used as uniform priors for evolutionary rate
estimation. The date at which the first case of HIV was re-
ported in Iran (1984) (5, 36) was used a priori to estimate

the date of subtype B and CRF01_AE origins in Iran. In this
regard, a normal prior with a mean of 27 years (i.e. the time
interval between 1984 and 2011 - the latest sampling date
in our study) and a standard deviation of three years was
used. Migration rate parameters were estimated with un-
informative priors because no previous estimate was avail-
able.

3.3. Statistical Software

All sequences were aligned using MEGA software v.6
(37) and were manually edited in AliView v.1.17.1 (38). Like-
lihood mapping analysis was performed using the Tree-
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Puzzle program [(28, 39). ML trees were reconstructed us-
ing MEGA software v.6 (37). Bayesian phylogeographic anal-
yses were performed in BEAST v.1.8.1 (40) while using the
BEAGLE library (41) to improve the computational speed.
Multiple independent Bayesian MCMC chains were com-
bined using LogCombiner v.1.8.1 (42). The convergence and
stationary state of each parameter was visually checked
using lag plots in Tracer v.1.6 (43). MCC trees were re-
constructed using TreeAnnotator v.1.8.1 (44) and visualized
(same as ML trees) using FigTree v.1.4.2 (45). Significant mi-
gratory events were computed using SPREAD v.1.0.7 soft-
ware (46) and were visualized using Google Earth.

3.4. Ethical Consideration

The ethics committee of Kerman University of Medical
Sciences (KUMS) approved the study protocol in 2015 via
ethical code ‘IR.KMU.REC.1394.181’. Accession numbers of
the data used in this study are provided in Appendix 1 in
supplementary file.

4. Results

4.1. HIV-1 Sequence Data

The following data sets were used for estimating the
subtype B and CRF01_AE spatio-temporal dynamics in Iran:

(i) Subtype B: Contained a total of 366 sequences, with
a time-span of 31 years (1983 - 2014). The samples covered
part of the pol p66 and p51 RT regions (HXB2 numbering:
2619 - 3219 nts, 600 bp). All the Iranian samples were from
Iran and were sampled between 2009 and 2011 (Table 1).

(ii) CRF01_AE: Contained 101 sequences, with a time-
span of 19 years (1992 - 2011). Samples covered part of the
gp160 region (HXB2 numbering: 6958-7376 nts, 418 bp). All
the Iranian samples were from Iran and were sampled be-
tween 2006 and 2011 (Table 1).

4.2. Spatio-Temporal Dispersion Pattern

4.2.1. Subtype B

Subtype B sequences from 10 countries around the
world were selected for phylogeographic analysis. These
countries were included because they were either Iran’s
neighbors or they showed genetic similarities to the Ira-
nian lineages in the ML tree (see Figure 1A), thus they could
be a potential origin for the subtype B epidemic in Iran.
These countries included Azerbaijan, Belgium, Germany,
Southern China, Poland, Russia, Turkey, Ukraine, and the
USA (Table 1).

The MCC tree showed that lineages from the USA occu-
pied the root and basal nodes of the tree while lineages
from other countries were mainly nested among them.
Germany showed a secondary role in virus exportation to

some countries, including Iran, Turkey, and the USA (Fig-
ure 2A, and Figure 3). The topology of the MCC tree sug-
gests that subtype B entered Iran through multiple intro-
duction events and the lineages were probably introduced
to the country from the USA, Germany and Southern China
in 1974 (Figure 2A).

Figure 2. Time-scaled bayesian maximum clade credibility tree for HIV-1 subtype B
(p51 RT) and CRF01_AE (gp160) lineages from Iran and selected countries. Branches
are colored according to the most probable location state of their descendent nodes.
Clusters including Iranian lineages are highlighted in blue. The monophyletic
groups containing only one location were collapsed into a triangle for visual clarity.
The topology of the trees shows that subtype B has been introduced from Germany,
Southern China, and the USA through multiple introduction events (posterior clade
credibilities were > 0.8; Part A) and the ancestral location of all CRF01_AE lineages
is Thailand (posterior clade credibilities were > 0.8; Part B).

Three countries sharing a border with Iran - Azerbaijan,
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Table 1. HIV-1 Subtype B and CRF01_AE Sequences used for Phylogeographic Analysisa

Characteristics Subtype B, p51 RT 01_AE, gp160

No. No.

Sex

Male 244 306

Female 237 265

Unknown 28 32

Sampling Region, Country

Middle East

Afghanistan - 1

Azerbaijan 3 -

Iran 15 6

Asia

China 10 29

Japan - 17

Myanmar - 16

Russia 16 -

Singapore - 20

Taiwan - 10

Thailand - 381

Ukraine 10 -

Vietnam - 19

Middle Africa

Cameroon - 13

Central African Republic - 13

Europe

Belgium 24 13

France - -

Germany 109 -

Italy - 15

Poland 10 11

Turkey 133 -

United Kingdom - 16

North America

USA 165 17

Total 495 603

aOnly countries showing genetic similarities to Iranian lineages in the maximum likelihood tree with bootstrap > 50% are presented here and used for phylogeo-
graphic analysis. All sequences from countries neighboring Iran were recruited regardless of their genetic similarity to the Iranian lineages. These countries included
Afghanistan, Azerbaijan, Russia, and Turkey.

Turkey, and Russia showed independent epidemic histo-
ries. Azerbaijan probably imported the virus from Ukraine
and the USA in 1976. Turkey showed evidence of multiple

independent epidemics since 1972 and imported the virus
from Germany, Russia, Ukraine, and the USA. Sequences
from Russia only showed an epidemiological link to the
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Figure 3. Temporal dynamics of HIV-1, subtype B (part A) and CRF01_AE (part B) spatial dispersion among countries selected for this study. Snapshots of the virus migration
are provided for different time points. Lines in the map are branches in the time-scaled Bayesian MCC tree and show the linkage between two countries at each point in time.
Location circle diameters are proportional to the square root of the number of MCC branches maintaining a particular country at each point in time. Branch color spectrum
is relative to the age of the virus transition between locations with darker colors representing more recent transitions and lighter colors representing older transitions. The
results in the upper panel (Part A) show that the earliest transmission of subtype B dates back to 1984 when the virus was probably imported to Iran from the USA (posterior
location probability = 0.9). The results in the lower panel (Part B) show that the earliest transmission of CRF01_AE dates back to 1993 with Thailand as the sole virus exporter
to Iran (posterior location probability = 0.9). Aa, May 2014; Ab, May 2004; Ac, May 1994; Ad, May 1984; Ae, May 1974; Af, May 1970; Ba, May 2012; Bb, May 1993.

USA, with the earliest introduction of the virus dating back
to 1975 (Figures 2A and 3A).

BSSVS analysis showed that the migration rates of sub-
type B from Germany and Southern China to Iran were sta-
tistically significant (BF≥ 3, Table 2). Although not statisti-
cally significant, the migration rate between Iran and Azer-
baijan and Turkey was greater than that of Germany and
Southern China (Table 2).

The estimated median evolutionary rate under the
UCLD assumption was 2.45 × 10-3 substitutions/site/year
(95% HPD: 2.1 - 2.8× 10-3). The coefficient of variation of the
evolutionary rate was 0.48 (95% HPD: 0.4 - 0.5), which sig-
nificantly deviates from zero and shows the fitness of the

relaxed molecular clock assumption.

4.2.2. CRF01_AE

The CRF01_AE partial gp160 sequences from Iran,
Afghanistan, China, Japan, Thailand, and the USA were con-
sidered to be six discrete locations (Table 1). These loca-
tions were recruited because they showed genetic similari-
ties with Iranian lineages in the ML tree, thus they could be
potential sources for CRF01_AE entry into Iran (Figure 1B).
Afghanistan did not make a cluster with Iranian lineages
in the ML tree, but was included in the analysis because it
shares a common border with Iran.

The topology of the MCC tree showed evidence for mul-
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Table 2. HIV-1 Subtype B and CRF01_AE Migration Rates Between Iran and Selected
Countries

Countries Migration Rates, km/y BF

Subtype B

Poland 1.00 0.06

Ukraine 1.00 0.05

Russia 1.00 0.05

Belgium 0.98 0.07

Azerbaijan 0.97 0.07

Turkey 0.97 0.05

USA 0.87 1.10

Germany 0.83 28.22a

Southern China 0.61 6.21a

CRF01_AE

Japan 0.96 0.83

China 0.93 0.15

Afghanistan 0.93 0.14

USA 0.93 0.11

Thailand 0.66 3.58a

aBayes factors values ≥ 3 indicate significant migration rates.

tiple introductions of CRF01_AE from Thailand into Iran
and Thailand occupied the root and basal nodes of the tree
(Figure 2B). The median migration rate between Thailand
and Iran was 0.66 km/year (HPD 95%: 0.05, 1.06) and was
statistically significant (BF = 3.58, Table 2). There was also
evidence for CRF01_AE entry from Thailand to Afghanistan,
but through a transmission event that was independent
from Iran (Figures 2B and 3B).

The estimated date of origin of the CRF01_AE clade in
Iran was 1988 (95% HPD: 1986 - 1989). More recent lineages
were introduced into the country through independent
transmission events in 1988 (95% HPD: 1987 - 1991) and 1989
(95% HPD: 1987 - 1991). The estimated date of origin for the
Afghan lineage was 1988 (1990 - 1986).

The estimated median evolutionary rate under a log-
normal relaxed-clock was 5.90 × 10-3 nucleotide substitu-
tion/site/year (95% HPD: 4.99 × 10-3 - 6.21 × 10-3). The coef-
ficient of variation of the evolutionary rate was 0.47 (95%
HPD: 0.37 - 0.58) and shows the fitness of the relaxed molec-
ular clock.

5. Discussion

The date of origin and migration pathways of the
HIV virus between Iran and other countries has remained

largely unknown. There is also a knowledge gap when it
comes to the factors that might have contributed to such
migratory pathways. The work presented in this paper
is the first of its kind to provide information about these
parameters in Iran, using a Bayesian phylogeographic ap-
proach to HIV-1 subtype B and CRF01_AE clades.

Our results suggest that the subtype B epidemic was
introduced to Iran from Southern China, Germany, and
the USA. The migration rates from Germany and Southern
China were found to be statistically significant. Based on
the results of the MCC tree, the entry of the virus from the
USA and Germany occurred through multiple transmis-
sion events. It is possible that the transmission of subtype
B from Southern China to Iran was sporadic, since only one
sequence from Iran showed an epidemiological link with
this location. Between-country trading and long-distance
truck drivers might have played a role in the transmission
of the virus between Iran and Germany. The engagement
of long-distance truck drivers in high-risk behaviors like
unprotected sex with multiple partners and drug use has
been reported in several studies (47-49). It is also possi-
ble that the introduction of subtype B from Germany and
Southern China occurred “indirectly” through other coun-
tries.

To investigate this possibility, we added a sample of se-
quences from Thailand, China, Japan, and twelve European
countries (i.e. Austria, Bulgaria, Czech Republic, Denmark,
France, Greece, Guyana, Italy, Spain, Sweden, the Nether-
lands, and the United Kingdom) to the phylogeographic
analysis. It was found that the results were robust to the
inclusion of these countries. That is, none of the aforemen-
tioned countries showed epidemiological links with Iran
(results are not shown). Since the identification of the B
subtype among some hemophiliac patients in Iran, it has
been assumed that this clade was imported from France
through contaminated blood products (5). Our study re-
veals the existence of other (previously unknown) sources
of subtype B entry into Iran.

Although not statistically significant, the migration
rates of the HIV-1 subtype B between Iran and Azerbaijan,
as well as Iran and Turkey, were found to be greater than
those of Southern China and Germany. Due to a num-
ber of factors, such as geographic proximity and ease of
travel, Turkey is a major destination for Iranian tourists
and tradespeople. The large volume of human traffic be-
tween Iran and Turkey means that it is crucial to prevent
HIV-1 transmission between these two countries.

Our results showed that the HIV-1 subtype B was intro-
duced to Iran in 1974 (95% HPD: 1966-1974). The first AIDS
case was identified and reported to Iran’s health care sys-
tem in 1984 (36). Faria et al. (2012) reported a lag of about 10
years between the tMRCA of CRF02_AG clade in Cameroon
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(which is analogous to the “incidence” of this clade (50, 51))
and HIV “prevalence” data (52). Based on their estimates,
the 10-year lag observed between the tMRCA of subtype B
in Iran (1974; the incidence time) and the date of the first
“prevalent” case in Iran (1984) seems to be plausible. More-
over, we conducted a set of sensitivity analyses by using dif-
ferent priors for the tMRCA of the Iranian lineages. Inter-
estingly, the estimated tMRCA did not change and was ro-
bust to the priors used (the results are not shown).

Our study revealed that the evolutionary rate of sub-
type B at the pol gene (2.45 × 10-3, 95% HPD= 2.1-2.8
× 10-3 substitutions/site/year) in Iran is similar to the
rates previously described for HIV-1 group M circulating
in the Caribbean Region (13), Angola, Brazil, Romania (33),
Uruguay (53), East Africa (14), and the United Kingdom (54).
This finding shows that there is no major difference be-
tween these locations and Iran in terms of their rates of HIV
evolution. This finding also accredits the estimates of the
MRCA in our study. The branching pattern of the American
lineages in our MCC tree, highlighting the USA as one of
the main sources of subtype B dissemination in the world,
is similar to that of previous studies (3). This observation
also strengthens the validity of our analyses and topology
estimates.

CRF01_AE strains were probably imported from Thai-
land into Iran through multiple transmission events dur-
ing a time-span of about five years (between 1986 and
1991). There was no evidence of virus exportation from Iran
to other countries. Thailand experienced a dramatic rise
in the number of HIV-1 infected individuals in the early
nineties (1988 - 1993) and the majority of the infections in
this period were due to heterosexual transmission from
commercial sex workers (2, 4). Although implementing
condom-use programs decreased the number of new in-
fections to a great extent, Thai sex workers continue to suf-
fer from an CRF01_AE epidemic (2). Similar to Turkey, Thai-
land is another popular touristic and commercial destina-
tion for many Iranians. These factors might have played
an important role in the transmission of CRF01_AE from
Thailand to Iran. Angelis et al. (2015) conducted a phy-
logeographic study to infer the origins and global migra-
tion pathways of CRF01_AE. They showed that Thailand
has been the source of viral dispersal to most parts of the
world. Regarding Iran, the only CRF01_AE sequence that
was used in their analysis showed a transmission history
from Thailand, which is consistent with the results of our
study. In their study, such a dispersal pattern of the virus
was attributed to the popularity of Thailand as a vacation
destination, mostly characterized by sex tourism, and to
the emigration of Thai citizens to the western world (2).

The date of CRF01_AE entry into Iran was estimated
to be 1986, which is consistent with the date of CRF01_-

AE entry into Thailand (i.e. circa the 1970s) (2), with the
latter date preceding the former. The median evolution-
ary rate of the CRF01_AE env gene was 5.90 × 10-3 substi-
tutions/site/year (95% HPD: 4.99 × 10-3 - 6.21 × 10-3). This
is also consistent with the previous estimates for the env
gene of the HIV-1 group M (34, 35). These findings accredit
our tMRCA estimates and support the validity of our phy-
logeographic model.

Among Iran’s neighbors, only Afghanistan had an
available CRF01_AE sequence. The estimated date of
CRF01_AE entry into Afghanistan was 1988, showing rela-
tively the same antiquity of the epidemic as Iran. There
was also evidence for direct transmission of the virus from
Thailand to Afghanistan. This finding is in contrast with
Mumtaz et. al.’s (2014) claim that suggested Iran was the
exporter of HIV to Afghanistan (55). While inadequate sam-
ples prevent us from deriving general conclusions about
the CRF01_AE transmission between Afghanistan and Iran,
this finding challenges the theory that Iran has been a
mere exporter of the HIV virus to Afghanistan.

While the transmission of CRF01_AE has been related
to sexual activities and was probably introduced to Iran
through heterosexual contacts, samples in our data set
with known risk group reported intravenous drug use as
their main HIV-1 transmission risk. This observation sheds
light on possible episodes of HIV-1 transmission occur-
ring between heterosexuals and people who inject drugs
(PWIDs) in Iran; this has implications for public health and
preventive strategies.

Despite extended preventive and educational pro-
grams conducted in Iran (56), our study suggests that the
HIV-1 CRF01_AE strains continue to be transmitted episod-
ically from Thailand to Iran. This finding highlights the
need for the development of targeted preventive strate-
gies, such as proper educational interventions for tourists,
tradespeople, and truck drivers.

Unfortunately, we could not obtain a random sample
of HIV-infected individuals who were infected with sub-
type B or CRF01_AE. Obtaining the sampling frame for HIV-
infected populations is not a trivial task, since these pop-
ulations are usually “hidden” and “hard-to-reach” (due to
the social stigma commonly associated with the activities
that may have led to their contracting of the disease, such
as drug injection, unprotected sex, having multiple sex-
ual partners, etc.), or they are “unaware” of their HIV infec-
tion. For example, in Iran, it is estimated that about two-
thirds of those infected with HIV are not aware of their sta-
tus (57). This makes it even more tedious, if not impossi-
ble, to gather a random sample in cases such as our study,
where the goal is to recruit individuals infected with a par-
ticular strain of HIV (such as subtype B or CRF01_AE). Infor-
mation regarding an individual’s viral strain cannot be ob-
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tained until we collect their blood specimens and identify
the strain type. Therefore, typical sampling frameworks
cannot be applied in such circumstances, since the charac-
teristics of the reference population cannot be defined be-
fore the sampling is completed. Therefore, we followed the
common approach in this regard and used available HIV
sequence data, whose strain types were known, from the
LAHIV databases (58).

We believe it is a reasonable assumption that the main
conclusions about the epidemic roots will not change dra-
matically if we use a random sample from the epidemic
that we have studied (i.e. the epidemic from which we have
selected our sequences). This is because we inferred the
epidemic roots from the genetic material of the HIV virus,
which does not significantly differ among the lineages cir-
culating within an epidemic. However, we acknowledge
that these results cannot be generalized on a broader scale
if parallel epidemics with similar strain-types but different
roots exist in Iran. Moreover, due to the lack of knowledge
regarding the molecular-epidemiology of HIV in Iran, the
existence of such epidemics could not be verified. The lack
of sufficient data and/or information about the HIV epi-
demic in Iran underscores the contribution of our study
as it sheds light on previously unknown aspects of the epi-
demic in the country (i.e. date of origin, spatial dynamics,
and key factors contributing to the virus’ ability to tran-
scend Iran’s national borders).

Our estimations of the unknown aspects of the HIV epi-
demic in Iran are based on the data sampled up to 2011. It
is reasonable to assume that these estimates can be gener-
alized to more recent viral samples isolated from the epi-
demics that we have studied. The reason is that in a particu-
lar HIV epidemic, more recent HIV samples are more prob-
ably the “descendants” of the older samples (since the HIV
virus is transmitted from one patient to another as time
goes on) and share similar genetic material. Therefore, we
believe it is reasonable to assume that this issue does not
significantly affect the spatio-temporal inferences we have
made about the epidemics from which we have sampled.

Given that the geo-referenced sequence data available
for this analysis was limited, the phylogeographic infer-
ences presented here would benefit from a more compre-
hensive sampling scheme and lateral behavioral informa-
tion. For example, the small number of samples avail-
able from Azerbaijan, Afghanistan, and Iran may have ham-
pered the detection of epidemiological links between Iran
and these neighboring countries. We also could not eval-
uate the history of virus transmission between Iran and
other neighboring countries, such as Iraq, Bahrain, United
Arab Emirates, Kuwait, Qatar, and Oman due to the lack
of HIV-1 sequence data available for these countries. This
invokes the need for further research in this area as more

data becomes available in the future.
Since Bayesian phylogeography is a new approach, es-

timates about migration rate parameters for different phy-
logeographic scenarios are still scarce in the literature. For
this reason, we estimated migration rate parameters using
uninformative priors.

Our study highlights the use of phylogeographic stud-
ies to improve our understanding of infectious disease
epidemics and factors potentially associated with their
spread. Considering our limited knowledge on the HIV epi-
demic in Iran, any findings presenting different aspects of
the epidemic are helpful. Our study highlighted the role
of some “neglected” groups, such as long-distance truck
drivers, tradespeople and tourists, in importing the HIV
virus to Iran. While typical high-risk groups, such as PWIDs,
female sex workers (FSWs), and men who have sex with
men (MSMs), contribute to within-country virus transmis-
sion, the groups identified in this study facilitate between-
country virus transmission resulting in the introduction
of diverse, and in some cases drug-resistant, strains to the
country. This poses serious challenges for the treatment
and control of the HIV epidemic in Iran. Therefore, proper
preventive strategies should be considered for these high-
risk groups.

5.1. Conclusion

Understanding the origins and migration pathways
of successful HIV-1 clades over large geographic distances
is invaluable for improving the characterization and con-
trol of the spread of HIV. Our study describes for the first
time the emergence and dynamics of two important HIV-
1 clades in Iran, highlighting the role of China, Germany,
the USA, and Thailand as major viral exporters. Factors
such as international trade, transit of goods, and tourism
are among the likely medians for transmission of these
clades. However, the existing preventive strategies in Iran
have been mostly focused on other risk groups, such as
sex workers and people who inject drugs. The findings of
our study call for the need to develop targeted preventive
strategies, such as educational interventions, for tourists,
truck drivers, and people involved in international trade
and transactions in order to prevent onward transmis-
sions. Nevertheless, and given that the geo-referenced se-
quence data available for analysis is limited, the phylogeo-
graphic inferences presented here would benefit from a
more comprehensive sampling scheme and lateral behav-
ioral information.
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