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To investigate the transmission dynamics and temporal and spatial migration character-
istics of HIV spread among men who have sex with men (MSM) in China, a total of 1012
HIV-1 partial pol sequences, including five subtypes, were studied. Bayesian analysis were
applied for each subtype to infer its dynamic characters including the effective repro-
ductive number (Re) and migration process. The mean curve of each Re was almost always
greater than 1 (even the 95% highest posterior density (HPD) lower value) along with time,
which supports the necessity for a comprehensive study about risk behaviors among
young MSM group in China. We also should reappraise the free treatment strategy,
especially the therapeutic effect during the free treatment policy.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

More than 30 years have passed since the first HIV case was reported among men who have sex with men (MSM) in the
USA(Centers for Disease, 1981). MSM continues to be the major cause of new infection in the globe, including China (Beyrer
et al., 2012). Even though China has implemented a number of effective public healthmeasures to prevent and treat HIV/AIDS,
which effectively reduced the spread of the disease (Lu et al., 2008; Qian et al., 2006; Wu et al., 2007; Zhang et al., 2011), the
rapid increase of HIV infections among MSM population runs counter to the overall HIV epidemic (Li et al., 2011; Ye et al.,
2012). Today, China has approximately 18 million MSM, making them one of the most important target risk populations
for HIV prevention(Shang et al., 2012). Better understanding the dynamics of HIV transmission could assist in the design and
evaluation of preventive HIV/AIDS interventions.

A Bayesian approach about viral gene sequences can help to integrate various sources of information and uncertainties in
the analyses. Phylogenetic analysis of viral sequences provides an alternative and independent route for reconstructing
transmission networks of some RNAvirus such as HIV/AIDS, Ebola virus, Dengue virus and even COVID-19 virus (ALIZON et al.,
2014; GRENFELL et al., 2004; RAGONNET-CRONIN et al., 2018; VILLABONA-aRENAS et al., 2016). The core algorithm of
Bayesian phylogenetic methods is Metropolis-Hastings Markov Chain Monte Carlo (MCMC) (HASTINGS, 1970; METROPOLIS
et al., 1953). They are commonly used for viruses to infer epidemiological processes from genetic data (Pomeroy et al.,
2008; Pybus et al., 2001). But only a few similar work can be found for HIV spread in MSM population in China. In
unications Co., Ltd.
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literature (Li et al., 2015), a total of 1205 HIV-1 nucleotide sequences of the 1.0-kb pol gene (HXB2: 2253e3278 nts) from
newly diagnosed MSM between 2009 and 2014 from 13 Chinese provinces were determined. The sequences can be down-
loaded from GenBank with accession numbers KR822836-KR824040. In this study, total five HIV-1 subtypes were identified
based on phylogenetic analyses of partial pol sequences. To estimate the evolutionary rate and the time of the most recent
common ancestor (tMRCA) for the lineages, authors used Bayesian skyline plot demographic model under BEAST v.1.8.0.

In this study, we will further explore the transmission characteristics of HIV-1, such as its transmission dynamics and
temporal and spatial migration characteristics among different areas, through the same 1205 gene sequences as that in (Li
et al., 2015). We hope this can provide deeper insight into the evolutionary dynamics of HIV epidemics for future prevention.

2. Method

2.1. The BDSKY model

The Birth-Death skyline (BDSKY) model was used to estimate the effective reproductive numbers Re for the five HIV
lineages in this manuscript (Stadler et al., 2013). As one of Bayesian phylogenetic methods, BDSKY model is a random
description of the population changing dynamics. It includesmainly three parameters. The transmission rate l tells us the rate
at which infected individuals infect susceptibles. The sampling rate j describe how likely it is for an infected individual to be
sampled. The death rate m is the rate at which lineages disappear (go extinct) from a population without being sampled,
including individual's death, successful treatment or behavior changing. BDSKY can model piecewise constant transmission,
death and sampling rates which change along with time. Define the effective reproductive number Re ¼ l/(j þ m) at each
period, making it feasible to estimate the spread dynamics.

Sequence alignment was done using Mega, resulting in a total length of 1201bp for the partial pol sequences. Akaike
Information Criterion (AIC) method (Akaike, 1974) was used to choose appropriate model among different substitution
models (HKYþGþI, GTRþGþI) and clock models (strict, uncorrelated lognormal, uncorrelated exponential). Finally, the strict
clock model and the GTRþGþI substitution model were chosen. BEAST analysis was performed using Markov Chain Monte
Carlo (MCMC) runs of 50 million generations, discard the first 20% samples and sampled every 1000 steps. The Bayesian
MCMC output was analyzed using Tracer v1.6.

2.2. The BDMM model

The multitype birth-death model (BDMM) was used to construct two subtypes’ temporal and spatial migration charac-
teristics (DeniseTanja et al., 2016). As an extension of BDSKY model, population structure is added in BDMM model. This
model assumes that samples are taken from d discrete subgroups. Therefore, the parameters of BDMM model include dn
transmission rates l, dn death rates m and dn sampling rates j. We usemij to represent the migration rate of individuals from
subgroup i to subgroup j, so there are (d2 - d) migration rates. The migration time when subtypes were introduced into
different areas were calculated.

We set the MCMC step to 80 million and discard the first 20% samples. Sample every 1000 steps. Finally the effective
sample size of phylogenetic tree parameter is more than 200. The Bayesian MCMC output was analyzed using Tracer v1.6.

3. Results

We extracted the effective reproductive number Re over time from gene sequences of each HIV-1 subtype through BDSKY
model (Stadler et al., 2013) (Fig. 1). It shows the median line of Re and its 95% HPD interval for each of the five subtypes
(CRF07BC, CRF01_AE_4, CRF01_AE_5, CRF 5501_B and CRFB_EU). There are big differences in the transmission dynamics
among different subtypes. The Re of CRF07_BC and CRF01_AE_4 showed a downward trend. On the contrary, CRF01_AE_5 and
CRF55_01B showed an upward trend. CRFB_EU was special, showing a wobbling pattern and finally reaching a peak of 3.05
(95% HPD: 1.71e5.00). Subtypes CRF01_AE_5 and CRFB_EU seemed more competitive than other subtypes as time goes on.

In addition, we can infer that the epidemic histories of the five subtypes were quite different. B_EU first entered MSM
population very early, in about 1989, and was followed by CRF01_AE_5 (1997), CRF01_AE_4 (1998), CRF55_01B (2004), and
CRF07_BC (2004) one by one (Fig. 1).

HIV outbreaks in each area of China have its own epidemic dynamic. But these epidemic dynamics are intertwined with
the ancestor migration process of HIV. It is necessary to take into account the temporal and spatial structure of the sequences.
Here, as the subtype having the largest Re in the early stage of HIV transmission in MSM, total 48 CRF07_BC sequences
sampled from three representative areas (Henan province in central China, Beijing in northern China and Shenzhen in
southern China) were studied through BDMM model. The result was shown in Fig. 2.

In Fig. 2, the end of theMaximal Clade Credibility (MCC) tree is the annotated information of the sequence, which includes
subtype type, sequence number, sampling area, and sampling time of sequence. Different colors on the MCC tree represent
different area of the sequences. Different branching lengths of the tree represent evolutionary time. Color changes indicate
the area changes. Each node is marked with a type probability to indicate the possibility of this type for this node.

We can see that subtype CRF07_BC sequences in the three areas can be traced back to Shenzhen, which can infer that this
subtype in MSM population of Beijing and Henan might be introduced from Shenzhen. That is, we can understand as
833



Fig. 1. Median of the effective reproductive number Re of different subtypes and their HPD intervals.

X. Jin, J. Cheng and J. Lou Infectious Disease Modelling 6 (2021) 832e838
Shenzhen is the source of transmission of this HIV subtype in these three cities (type probability is 64%). Between 2007 and
2008, this subtypewasmainly transmitted amongMSM populationwithin Shenzhen. Since 2008, it was gradually introduced
into Beijing and Henan due to the ancestors' migration among different areas. It can be seen that the strain of Shenzhen was
first introduced into Beijing and began to spread stably among MSM population in Beijing after 2009. This subtype was
introduced into Henan from Shenzhen in early 2008 (which was relatively later than into Beijing), but it was steadily
transmitted among MSM population in Henan in the first half of 2008, which was much earlier than in Beijing. The possible
reason could be that the MSM population's mobility in Henan was much smaller than that in Beijing. On the whole, subtype
CRF07_BC of Henan is mostly from Shenzhen and a small amount from Beijing. However, CRF07_BC of Beijing was all orig-
inated from the migration transmission of Shenzhen ancestors.
834
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We also studied CRF55_01B's migration characteristics among Guangxi province, Hunan province, Henan province and
Shenzhen city through BDMMmodel since CRF55_01B is a rising star in recent years (Fig. 3). Here the node is represented by
the ancestral time traced. It can be seen that the transmission of CRF55_01B in the MCC tree started from Henan MSM
population, and gradually spread to other three provinces in 2005. It was introduced into Guangxi province in the next half of
2005 along the migration of ancestors, and continued to be introduced into other provinces from Guangxi province in the
following three years. The Guangxi strain of this subtypewas introduced into Shenzhen in early 2006, and gradually stabilized
in Shenzhen MSM population after 2007. It was introduced into Henan in 2010 and soon became stable in this area. The
Hunan subtype strain was introduced in at different times, also from Guangxi province. Around 2012, CRF55_01B formed a
stable transmission in Guangxi Province. It can be inferred that the Guangxi MSM population acted as a bridge among the four
areas in terms of CRF55_01B's transmission. Moreover, we found that the median migration rates from Henan province to
Hunan province (about 0.3291) and to Shenzhen city (about 0.3345) are higher than that to Guangxi province (about 0.2917).
While the median migration rates from Guangxi province to other three areas are all higher, at around 0.35.

4. Discussion

HIV gene sequence contains all the information of virus heredity and variation, and even hides the transmission dynamics
of infectious diseases. The effective use of genetic data can facilitate research on the spread of epidemics, but only few study
that used bioinformatic techniques to track changes of HIV phylogenetic dynamics among Chinese MSM (Li et al., 2015).

Through BDSKY model, the origin of each of the five subtypes can be found in Fig. 1, which is quite close to the related
literature (Li et al., 2015) by Bayesian skyline plot demographic model, except that tMRCA of subtype 01_AE_4 is about 4 years
latter (1998) than that in literature (Li et al., 2015) (1994). In addition, through MCMC sampling, we obtained important
transmission parameter for the epidemic: the effective reproductive number Re varying over time, and also two important
subtypes' temporal and spatial migration characteristics. The obtained results showed that the spread of HIV among young
MSM populationwas still severe. It further indicates that the free treatment policy and prevention strageties in China did not
effectively inhibit the spread of HIV virus.

Our research traced transmission history of HIV in young MSM population in China. But it is quite difficult to give some
very clear information about how to control the virus spread just from the gene data. If we connect the results from gene data
with somemacroscopic (patch or not) propagationmodels, maybe our results will show power effect. In the future, wewill do
some research in this direction.
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