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Abstract

A total of 1155 partial pol gene sequences of human immunodeficiency virus (HIV)-1 CRF07_BC were sampled between 1997 and 2015,
spanning 13 provinces in Mainland China and risk groups [heterosexual, injecting drug users (IDU), and men who have sex with men
(MSM)] to investigate the evolution, adaptation, spatiotemporal and risk group dynamics, migration patterns, and protein structure of
HIV-1 CRF07_BC. Due to the unequal distribution of sequences across time, location, and risk group in the complete dataset (‘full1155’),
subsampling methods were used. Maximum-likelihood and Bayesian phylogenetic analysis as well as discrete trait analysis of geo-
graphical location and risk group were carried out. To study mutations of a cluster of HIV-1 CRF07_BC (CRF07-1), we performed a
comparative analysis of this cluster to the other CRF07_BC sequences (‘backbone_295’) and mapped the mutations observed in the
respective protein structure. Our findings showed that HIV-1 CRF07_BC most likely originated among IDU in Yunnan Province between
October 1992 to July 1993 [95 per cent hightest posterior density (HPD): May 1989–August 1995] and that IDU in Yunnan Province and
MSM in Guangdong Province likely served as the viral sources during the early and more recent spread in Mainland China. We also
revealed that HIV-1 CRF07-1 has been spreading for roughly 20years and continues to cause local transmission in Mainland China and
worldwide. Overall, our study sheds light on the dynamics of HIV-1 CRF07_BC distribution patterns in Mainland China. Our research
may also be useful in formulating public health policies aimed at controlling acquired immune deficiency syndrome in Mainland China
and globally.
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1. Introduction
The World Health Organization (WHO) reported that the esti-
mated number of people living with human immunodefi-
ciency virus (HIV) (PLWH) in the world in 2020 is around
37.6 million (30.2–45.0 million), of which 1.5 million (1.1–2.1
million) people were newly infected; 0.69 million (0.48–1.0
million) people died of HIV-related causes; and
73per cent of adults living with HIV received lifelong antiretroviral
therapy (ART) (https://www.who.int/teams/global-hiv-hepatitis-
and-stis-programmes/hiv/strategic-information/hiv-data-and-st
atistics). The WHO also reported that the number of PLWH who
know their status in China was 861,000 by the end of 2018,
with 718,000 PLWH receiving ART and 677,000 PLWH who have
achieved viral load suppression (https://cfs.hivci.org/country-
factsheet.html). For key populations, the WHO also reported that
HIV prevalence among men who have sex with men (MSM) was

6.9 per cent in China in 2018 and HIV prevalence among inject-
ing drug users (IDU) was 5.9 per cent and also reported 94per
cent condom use with the most recent client among sex work-
ers (https://cfs.hivci.org/country-factsheet.html), mostly through
heterosexual behavior (Hetero).

The major HIV-1 subtypes and circulating recombinant forms
(CRFs) in China are CRF07_BC, CRF01_AE, CRF08_BC, CRF55_01B,
and B’ (Thai B) (Vrancken et al. 2020). The first CRF to be discovered
in China was CRF07_BC (Su et al. 2000), which was generated by
the recombination of HIV-1 subtypes B’ and C among IDU (Takebe
et al. 2010). It was first reported in 1997 in Xinjiang Province,
although its origin can be traced to Yunnan Province (Takebe et al.
2010). HIV-1 CRF07_BC initially spread along the northwestern
drug-trafficking route from Yunnan to Sichuan, Ningxia, and Xin-
jiang (Su et al. 2000) and has since become the most prevalent
and widespread subtype/CRF in China. HIV-1 CRF07_BC currently
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2 Virus Evolution

accounts for more than 40per cent of all infections in China,
mostly among MSM. In the recent decade and last few years, the
prevalence of HIV-1 among MSM in China has been increasing,
especially in some big cities (Ma et al. 2007; Zhong et al. 2011;
Han et al. 2015; Li et al. 2015a; Zhao et al. 2016; Song et al. 2018;
Zai et al. 2020; Chen et al. 2021; Fan et al. 2021; Zhang et al. 2021).
Previous studies showed that HIV-1 CRF07_BC accounted for more
than 41per cent of all newly diagnosed cases in Shenzhen sam-
pled between January 2011 andDecember 2018 (Zhang et al. 2021),
for more than 50per cent in Guangxi between January 2013 and
December 2018 (from 44per cent in 2012–3) (Li et al. 2018; Pang
et al. 2021), 43per cent in Shenzhen in 2018 (from 34per cent in
2011) (Zhang et al. 2021), and 41per cent in Fujian in 2013 (from
19per cent in 2012) (Chen et al. 2018) among MSM population.
CRF07_BC presents as one of the most concerning subtypes/CRFs
of HIV-1, since it is present in all risk groups (Fan et al. 2021; Zhang
et al. 2021) and has spread to other countries (Australia, Germany,
Indonesia, Kazakhstan, Malaysia, Myanmar, South Korea, the UK,
and the USA) (Pang et al. 2012; Lapovok et al. 2014; Chin et al.
2015; Chow et al. 2016; Chen et al. 2017; Dennis et al. 2018;
Yebra et al. 2018; Machnowska et al. 2019; Ueda et al. 2019; Di
Giallonardo et al. 2020). Despite this current knowledge, we still
have an incomplete understanding of why HIV-1 CRF07_BC spread
widely and quickly among the MSM population in China.

The present work employs cutting-edge systematic and com-
parative approaches to investigate the mutations, adaptation,
spatiotemporal and risk group dynamics, migration patterns, and
protein structure of HIV-1 CRF07_BC based on 1155 partial pol
gene sequences of HIV-1 CRF07_BC with known sampling year
(1997–2015), location (13 provinces), and risk group (Hetero, IDU,
and MSM) in Mainland China. For the first time, based on these
data and analyses, we show that CRF07-1 has been diversifying
in Mainland China for roughly 20 years [e.g. E248V and K249Q
in reverse transcriptase (RT) protein region] (Li et al. 2014). The
findings discovered in this study may help design effective HIV
surveillance and public health prevention strategies focused on
clusters of concern as well as provide valuable information to
support the development of diagnosis, antiretroviral drugs, and
broadly neutralizing antibodies and vaccines to control the spread
of HIV-1 CRF07_BC and other subtypes/CRFs in Mainland China
and globally.

2. Materials and methods
2.1 Sequence dataset compilation
All publicly available partial pol sequences of HIV-1 CRF07_BC
(HXB2 genome position 2253–3401, with minimal fragment length
of 1,000, known year of sampling, and province of sam-
pling in Mainland China, from Hetero, IDU, and MSM risk
groups were retrieved from the Los Alamos National Laboratory
(LANL) HIV Sequence Database (http://www.hiv.lanl.gov). Prob-
lematic sequences, as defined by LANL (https://www.hiv.lanl.gov/
components/sequence/HIV/search/help.html#bad_seq), were
removed, and only one sequence per patient was selected
before download. We performed HIV-1 Sequence Quality Analysis
(https://www.hiv.lanl.gov/content/sequence/QC/index.html) from
the LANL site to analyze the quality of all sequences. The geno-
type assignment of all downloaded sequences was performed by
the Recombinant Identification Program (RIP) Analysis (https://
www.hiv.lanl.gov/content/sequence/RIP/RIP.html) using RIP v.3.0
(Siepel et al. 1995) from the LANL site. We used Hypermut v2.0
(Rose and Korber 2000) to analyze and detect the apolipopro-
tein B mRNA editing complex (APOBEC)-induced hypermuta-
tion of all sequences (https://www.hiv.lanl.gov/content/sequence/

HYPERMUT/hypermut.html) from the LANL site. We first per-
formed a multiple sequence alignment analysis using MAFFT
v7.427 (Katoh and Standley 2013) under an automatic algorithm
and subsequently adjusted using BioEdit v7.2.5 (Hall 1999). The
final dataset (‘full1155’) includes 1,155 publicly available par-
tial pol sequences of HIV-1 CRF07_BC with known sampling time
(1997–2015), locations (13 provinces), and risk groups (Hetero, IDU,
and MSM) in Mainland China.

2.2 Nucleotide substitution model selection and
maximum-likelihood phylogenetic tree
construction
We identified the best-fitting nucleotide substitution model for
‘full1155’ according to the Akaike Information Criterion (AIC),
Corrected Akaike Information Criterion (AICc), Bayesian informa-
tion criterion (BIC), and Decision Theory Selection (DT) meth-
ods, with three substitution schemes (24 candidate models)
in jModelTest v2.1.10 (Darriba et al. 2012). A phylogenetic
tree was estimated using maximum-likelihood (ML) method for
the dataset (‘full1155’) using RAxML v8.2.12 (Stamatakis 2014)
under GTR+Γ+ I nucleotide substitution model. Node support
was simultaneously inferred using 1,000 bootstrap replicates
(Felsenstein 1985). The ML phylogenetic tree was visualized and
annotated with geographic location, phylogenetic cluster, and
risk group using the web-based tool Evolview v2 (He et al. 2016).
Genetic distances between and within risk groups were calculated
in MEGA v11.0.10 (Tamura, Stecher, and Kumar 2021) using the
maximum composite likelihood model (Tamura, Nei, and Kumar
2004). Rate variation among sites was modeled with a gamma dis-
tribution. We then performed a regression analysis of root-to-tip
genetic divergence obtained from the ML phylogeny against sam-
pling year for ‘full1155’ using TempEst (Temporal Exploration of
Sequences and Trees) v1.5.3 (Rambaut et al. 2016), assuming a
strict molecular clock model, to investigate the temporal signal.

2.3 Nucleotide bases or protein amino acids
changes for CRF07-1
A subclade of CRF07_BC, previously described as the CRF07-1
(Li et al. 2014) cluster, was identified in the ‘full1155’ dataset
and singled out as the ‘CRF07-1_860’ subset. This dataset
included 860 publicly available partial pol sequences of HIV-1
CRF07_BC from three risk groups: Hetero (n=53), IDU (n=4),
and MSM (n=803). To spot which changes were responsi-
ble for the branch between the previously described CRF07-1
(Li et al. 2014) cluster (mostly among MSM population; named
‘CRF07-1_860’) and the other HIV-1 CRF07_BC sequences (mostly
circulating in the IDU population; named ‘backbone_295’), we
performed a simple consensusmaker for ‘CRF07-1_860’ and ‘back-
bone_295’, respectively, using common consensus conventions
(https://www.hiv.lanl.gov/content/sequence/CONSENSUS/SimpC
on.html) from the LANL site and subsequently visualized the con-
sensus nucleotide and amino acid sequence changes for ‘CRF07-
1_860’ and ‘backbone_295’ using Jalview v2.11.1.4 (Waterhouse
et al. 2009). To view three-dimensional structures of amino acid

sequence changes for ‘CRF07-1_860’ and ‘backbone_295’, homol-
ogy modeling for the three-dimension structure of RT protein

was carried out using the SWISS-MODEL (Waterhouse et al.
2018). The visualization, annotation, and rendering of the pro-
tein structure were performed in PyMOL v2.4.0 (Schrödinger)

using the ‘1vrt.1.B’ protein structure as a model template. Next,
we searched the RT protein CTL/CD8+ epitopes for ‘CRF07-
1_860’ and ‘backbone_295’ using POL CTL/CD8+ Epitope Map
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(https://www.hiv.lanl.gov/content/immunology/maps/ctl/Pol.html)
from the LANL site.

2.4 Subsampling sequence dataset
To mitigate potential sampling bias in Bayesian inference esti-
mates caused by over-sampling in the dataset (‘full1155’), we
randomly subsampled sequences based on year of sampling,
province, and/or risk group. We subsampled five sequences per
geographic location per year in the ‘full1155’, giving rise to ‘loc-
date163’. We also subsampled five sequences per risk group per
year in the ‘full1155’ to generate ‘riskdate133’. Finally, we sub-
sampled five sequences per geographic location per risk group
per year in the ‘full1155’ to generate ‘locrisk229’. Therefore, in
the subsequently analyses, we can compare Bayesian inference
estimates among the three datasets (‘riskdate133’, ‘locdate163’,
and ‘locrisk229’), for instance, the evolutionary rate, the time
to the most recent common ancestor (TMRCA), and the past
population dynamic. We can also compare discrete trait analy-
ses, for instance, discrete trait analysis of geographic location
between ‘locdate163’ and ‘locrisk229’ and discrete trait analysis of
risk group between ‘riskdate133’ and ‘locrisk229’. We also inves-
tigated the temporal signal of the three datasets (‘riskdate133’,
‘locdate163’, and ‘locrisk229’) using TempEst v1.5.3 (Rambaut
et al. 2016), which allows comparison of the TMRCA and evo-
lutionary rate estimates across the three datasets (‘riskdate133’,
‘locdate163’, and ‘locrisk229’) and among different methods
(linear regression inference and Bayesian inference).

2.5 Bayesian coalescent phylogeny construction
We employed a Bayesian phylogenetic approach to estimate
TMRCA and the evolutionary rate for the three datasets
(‘riskdate133’, ‘locdate163’, and ‘locrisk229’) under a GTR+Γ+ I
nucleotide substitution model with an uncorrelated lognormal
relaxed molecular clock (UCLN) model (Drummond et al. 2006),
which allows each branch of the tree to have its unique evo-
lutionary rate, independent of the evolutionary rate of neigh-
boring branches, and a Bayesian skyline coalescent tree prior
(Drummond et al. 2005), which estimates the past population
dynamics of fast-evolving pathogens over time, implemented in
BEAST (Bayesian Evolutionary Analysis by Sampling Trees) v1.10.4
(Suchard et al. 2018), a cross-platform software for Bayesian anal-
ysis of genetic sequence data using Markov chain Monte Carlo
(MCMC) (Yang and Rannala 1997) framework to allow the esti-
mation of time-sampled phylogenetic trees. A non-informative
continuous-time Markov chain (CTMC) reference prior (Ferreira
and Suchard 2008) was used for themolecular clock rate. Bayesian
analyses were run using BEAGLE v3.1.2 (Ayres et al. 2012) for
accelerated, parallel likelihood evaluation. The molecular clock
was calibrated using the tip-dating method. MCMC chains were
run for 500, 800, and 800 million states with sampling every
50,000, 80,000, and 80,000 states, for ‘riskdate133’, ‘locdate163’,
and ‘locrisk229’ datasets, respectively, to ensure adequate mix-
ing of all model parameters (including the trees). The convergence
of the MCMC chains was inspected using Tracer v1.7.1 (Rambaut
et al. 2018). All parameters of interest achieved convergence as
determined by effective sample size ≥200. A maximum clade
credibility (MCC) summary tree was generated using TreeAnnota-
tor v1.10.4 (Drummond et al. 2012) from BEAST v1.10.4 (Suchard
et al. 2018) software package after discarding the first 10per cent
as burn-in. This MCC summary tree was visualized using FigTree
v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). Empirical trees
(consisting of 9,000 time-calibrated trees) evenly sampled from

the posterior distributions were generated using LogCombiner
v1.10.4 (Drummond et al. 2012) from BEAST v1.10.4 (Suchard
et al. 2018) software package after discarding the first 10per cent
as burn-in for subsequent discrete trait analysis for the three
datasets (‘riskdate133’, ‘locdate163’, and ‘locrisk229’), respec-
tively. We also performed Bayesian model selection through
marginal likelihood estimation (MLE) using path-sampling (PS)
and stepping-stone sampling (SS) (Gelman and Meng, 1998; Baele
et al. 2012, 2013) to confirm the best-fittingmolecular clockmodel
for each of the three datasets (‘riskdate133’, ‘locdate163’, and
‘locrisk229’). We explored two clock models (a strict clock and
an UCLN (Drummond et al. 2006)) under a GTR+Γ+ I nucleotide
substitution model and a Bayesian skyline coalescent tree prior
(Drummond et al. 2005), implemented in BEAST v1.10.4 (Suchard
et al. 2018). The molecular clock rate was set with a CTMC refer-
ence prior (Ferreira and Suchard 2008). The Bayesian inferences
for each of the three datasets (‘riskdate133’, ‘locdate163’, and
‘locrisk229’) were run for 100 million states and sampled every
10,000th states. We employedMLE through PS and SS (Gelman and
Meng, 1998; Baele et al. 2012, 2013) by running 100 path steps,
each comprising 1 million states, sampling every 1,000th states,
with power posteriors determined from evenly spaced quantiles
of a beta (0.3, 1.0) distribution (Xie et al. 2011).

2.6 Discrete trait analysis
Using the samples of 9,000 empirical trees generated for the three
datasets (‘riskdate133’, ‘locdate163’, and ‘locrisk229’) from the
Bayesian phylogenetic analyses described above, we modeled the
phylogenetic history of geographic location and risk group. We
treated geographic location and risk group as discrete evolution-
ary traits (Lemey et al. 2009). We coded geographic locations as
Beijing, Guangdong, Guizhou, Hebei, Henan, Jiangsu, Liaoning,
Ningxia, Shanghai, Sichuan, Xinjiang, Yunnan, and Zhejiang. The
risk group trait was coded as Hetero, IDU, and MSM. To do this,
we modeled two types of discrete traits (e.g. geographic loca-
tion and risk group) as a diffusion process among discrete states
for the dataset (‘locrisk229’) and one of the two types (e.g. geo-
graphic location or risk group) for the two datasets (‘locdate163’
and ‘riskdate133’), respectively, in BEAST v1.10.4 (Suchard et al.
2018) with BEAGLE v3.1.2 (Ayres et al. 2012) for MCMC chains
of 100, 150, and 200 million iterations, sampling every 10,000th,
15,000th, and 20,000th states of all parameters for ‘riskdate133’,
‘locdate163’, and ‘locrisk229’ datasets, respectively, and sam-
pled 10,000 trees for each of the three datasets. The expected
number of discrete trait changes among the branches of the
posterior tree distribution was jointly estimated using a ‘robust
counting’ approach (Minin and Suchard 2008a,b; O’Brien et al.
2009) implemented in BEAST v1.10.4 (Suchard et al. 2018). Dif-
fusion among discrete traits was modeled using a non-reversible
(or asymmetric) CTMC (Lemey et al. 2009) with an approximated
CTMC conditional reference prior to the overall rate scaler and a
uniform prior distribution (Drummond et al. 2012). Specifically,
we inferred on a branch-by-branch basis the history of discrete
trait changes between each pair of geographic location and/or
each pair of risk groups. We used a Bayesian stochastic search
variable selection procedure with a hierarchical prior on geo-
graphic location and risk group indicators (0–1) that allows the
CTMC rates to reduce to zero with some probability to identify
a subset of well-supported transition events and infer the geo-
graphic location and/or risk group states of the ancestral nodes
of the trees. Well-supported transition events were identified
by Bayes factor (BF) with a cut-off of 3 using SpreaD3 v0.9.7
(Bielejec et al. 2016). The well-supported transition events over
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Table 1. Geographic location, year of sampling, and risk factor for
HIV-1 CRF07_BC strains used in the present study.

Risk factora

Geographic
location Sampling year N Hetero IDU MSM

Beijing 2007–2010 103 13 36 54
Guangdong 2006–2012 554 73 90 391
Guizhou 2007 1 1
Hebei 2007–2015 11 3 8
Henan 2010 4 4
Jiangsu 2007 1 1
Liaoning 2000–2009 8 2 3 3
Ningxia 2007 1 1
Shanghai 2009–2013 328 328
Sichuan 2006 6 6
Xinjiang 1997–2015 33 26 6 1
Yunnan 1997–2007 14 3 11
Zhejiang 2004–2013 91 31 11 49

Total 1,155 152 164 839

aRisk factor: Hetero, heterosexual; IDU, injecting drug user; MSM, men having
sex with men.

time were summarized using a Perl script (designated as ‘col-
lect_times’), which can be downloaded from the BEAST website
(http://beast.community/tutorials/markov_jumps_rewards/files/
collect_times). We used R v4.1.0 (Team 2021), which is a free soft-
ware environment for statistical computing and graphics, to sum-
marize the posterior probability distribution for well-supported
transition events and used the ggplot2 package (Wickham 2016)
to plot the estimated number of changes over time to and from a
particular geographic location and risk group.

3. Results
3.1 Social-demographic characteristics of this
dataset
We investigated the distinct geographic location and risk group
patterns of spread of HIV-1 CRF07_BC in Mainland China using
protease (prot) and RT coding regions sequenced from 1,155 strains
sampled between 1997 and 2015, from three risk groups: Het-
ero (n=152), IDU (n=164), and MSM (n=839). The ‘full1155’
sequences were obtained from 13 provinces in Mainland China:
Beijing (n=103), Guangdong (n=554), Guizhou (n=1), Hebei
(n=11), Henan (n=4), Jiangsu (n=1), Liaoning (n=8), Ningxia
(n=1), Shanghai (n=328), Sichuan (n=6), Xinjiang (n=33), Yun-
nan (n=14), and Zhejiang (n=91) (Table 1). The main risk group
of the dataset (‘full1155’) was MSM (839/1,155, 72.6 per cent).
‘Full1155’ was primarily sampled from Guangdong (554/1,155,
48.0 per cent) and Shanghai (328/1,155, 28.4 per cent). The geo-
graphic location and risk group distributions of HIV-1 CRF07_BC
over time for ‘full1155’ are shown in Fig. S1. Of note, the
sequence distributions of the ‘full1155’ through time, geographic
location, and risk group were uneven; the sequences of the
dataset (‘full1155’) were mainly distributed between 2007 and
2013 (1,079/1,155, 93.4 per cent). We also showed the risk group
distribution among 13 provinces in Mainland China in Fig. 1.

3.2 ML phylogenetic analyses
For ‘full1155’, the best-fit model was a GTR+Γ+ I nucleotide sub-
stitution model based on the three substitution schemes (i.e. 24
candidate models) according to the AIC, AICc, BIC, and DT meth-
ods using jModelTest v2.1.10 (Darriba et al. 2012) and was thus

used in subsequent Bayesian phylogenetic analyses. ML phyloge-
netic analysis of the ‘full1155’ dataset identified a large cluster
(previously designated as CRF07-1) (Li et al. 2014) with bootstrap
support of 94per cent (Fig. 2). The sequences in the ‘CRF07-1 _860’
subset were collected in nine provinces in Mainland China: Bei-
jing (n=48), Guangdong (n=429), Guizhou (n=1), Hebei (n=8),
Henan (n=4), Liaoning (n=3), Shanghai (n=311), Xinjiang (n=1),
and Zhejiang (n=55) (Table 2). Themain risk groups of the ‘CRF07-
1_860’ were MSM (803/860, 93.4 per cent), in accordance with the
risk group distribution results from the whole dataset (‘full1155’).
The geographic location and risk group distributions of HIV-1
CRF07-1 over time for ‘CRF07-1_860’ are shown in Fig. S2. The dis-
tributions of ‘CRF07-1_860’ over time, geographic location, and
risk group were uneven with this subset being predominantly
found in Guangdong and Shanghai, and it emerged from the main
CRF07_BC clade later in time, spreading between 2009 and 2013,
mostly among MSM. We estimated the evolutionary divergence
within and between each of the three risk groups (IDU, MSM, and
Hetero). MSM and Hetero had the smallest (1.70per cent) and
largest (3.29per cent) genetic distances, respectively. The small-
est genetic distance separated MSM and Hetero (3.03per cent),
whereas the largest was between MSM and IDU (3.44per cent).

3.3 Mutation analysis of CRF07-1
We observed nucleotide base mutations between the major
HIV-1 CRF07_BC clade (‘backbone_295’) and CRF07-1 cluster
(‘CRF07-1_860’), as shown in html. S1 and html. S3, namely
5 in Prot (C30T, C33T, C201T, C207T, and C285T) and 13 in
RT (C12T, T34C, G82A, A94G, G125A, T168C, G198A, G297A,
A324G, C480T, T537C, A743T, and A745C). However, as shown
in html. S1–html. S4, only four nucleotide base mutations in
RT (G82A, A94G, A743T, and A745C) were non-synonymous and
could change their amino acids (E28K, K32E, E248V, and K249Q,
respectively). The amino acid mutations E28K and K32E are
far from the catalytic core of the RT protein in 3D structure
(Fig. S3) and not in a site that is often targeted by CTL/CD8+
epitopes (https://www.hiv.lanl.gov/content/immunology/maps/
ctl/Pol.html). However, the amino acid mutations E248V and
K249Q are at the catalytic core of the RT protein in 3D struc-
ture (Fig. S3) and are targeted by at least 12 CTL/CD8+ epitopes
(B7, B57, B58, B*5801, B*5703, B*5702, B*5701, B*5301, B*3508,
B*3503, B*3502, and B*3501) (https://www.hiv.lanl.gov/content/
immunology/maps/ctl/Pol.html).

3.4 Temporal signal analysis
Root-to-tip linear regression analysis of genetic divergence against
year of sampling showed that the phylogeny of HIV-1 CRF07_BC
from ‘full1155’ had amoderate positive temporal signal (R2 =0.35;
correlation coefficient=0.59) using the best-fitting root method,
thus suggesting a clock-like pattern ofmolecular evolution (Fig. 3).
Therefore, ‘full1155’ is suitable for phylogenetic molecular clock
analysis in BEAST v1.10.4 (Suchard et al. 2018). The evolution-
ary rate estimate of HIV-1 CRF07_BC for ‘full1155’ amounts to
2.48×10–3 substitutions per site per year, and the origin of HIV-1
CRF07_BC for ‘full1155’ is estimated to be approximately in 1 May
1993, which in line with previous estimates for HIV-1 CRF07_BC
(Feng et al. 2016). The TMRCA for the other datasets (‘riskdate133’,
‘locdate163’, and ‘locrisk229’) were generally estimated to be
older, but still between mid- to late-1980s. The respective evolu-
tionary rates presented higher discrepancies and were estimated
to be 1.7–2.7 times lower than that of the ‘full1155’ (Table S1).
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Figure 1. Geographic location distribution of HIV-1 CRF07_BC in Mainland China using ‘full1155’. The three risk groups are color-coded, as shown on
the left.

3.5 Bayesian phylogenetic analyses
We estimated that an UCLN molecular clock model is a bet-
ter fit than a strict molecular clock model for all three datasets
(‘riskdate133’, ‘locdate163’, and ‘locrisk229’) based on the MLEs
of PS and SS (Gelman and Meng, 1998; Baele et al. 2012, 2013)
(Table S2). Based on Bayesian time-scaled phylogenetic infer-
ence, we estimate the date of the common ancestor of HIV-1
CRF07_BC to be around 16 November 1992 [95per cent Bayesian
highest posterior density (95per cent HPD): 23 December 1989
to 17 February 1995] for ‘riskdate133’, 9 July 1993 (95per cent
HPD: 30 October 1990 to 29 July 1995) for ‘locdate163’, and
6 October 1992 (95per cent HPD: 30 May 1989 to 27 August 1995)
for ‘locrisk229’ (Table S3). Even though these estimates were
not consistent with the dataset’s respective root-to-tip regres-
sion results using TempEst v1.5.3 (Rambaut et al. 2016), they
were closer to the root-to-tip regression results estimated for
‘full1155’ (Table S1). We also estimated the evolutionary rate
of HIV-1 CRF07_BC to be around 1.42×10–3 substitutions per
site per year (95per cent HPD: 1.17×10−3–1.69×10–3) for ‘risk-
date133’, 1.46× 10–3 substitutions per site per year (95per cent
HPD: 1.15×10−3–1.75×10–3) for ‘locdate163’, and 1.54×10–3 sub-
stitutions per site per year (95per cent HPD: 1.20×10−3–1.89×10–3)
for ‘locrisk229’ (Table S3). The estimates and respective 95per cent
HPD intervals for ‘riskdate133’ and for ‘locrisk229’ were consis-
tent with the root-to-tip regression results using TempEst v1.5.3

(Rambaut et al. 2016) (Table S1). However, the 95per cent HPD
interval for ‘locdate163’ did not cover the estimate obtained with
the root-to-tip regression results using TempEst v1.5.3 (Rambaut
et al. 2016) (Table S1). In addition, we also estimated the date of
the most recent common ancestor of HIV-1 CRF07-1 to be around
21 April 2000 (95per cent HPD: 5 May 1997 to 21 January 2003) for
‘riskdate133’, 2 March 2001 (95per cent HPD: 14 March 1998 to 23
September 2003) for ‘locdate163’, and 18 January 2000 (95 per cent
HPD: 1 March 1997 to 17 December 2002) for ‘locrisk229’.

We further estimated past population dynamics of HIV-1
CRF07_BC for ‘riskdate133’, ‘locdate163’, and ‘locrisk229’ datasets
using a Bayesian skyline plot (BSP) analysis, which reflects the
changes in effective population size (Ne) over time. The dynamic
of the Ne for ‘riskdate133’, ‘locdate163’, and ‘locrisk229’ showed
at least two distinct phases between 2004 and 2010, a declining
phase followed by an increasing phase (Fig. S4).

3.6 Discrete trait dispersal of HIV-1 CRF07_BC in
Mainland China
We sought to investigate the spatiotemporal spread and risk
group changes of HIV-1 CRF07_BC in Mainland China using an
asymmetric discrete trait diffusion model. First, we investi-
gated the geographic location and risk group origins of HIV-1
CRF07_BC. Our discrete trait analysis revealed that the most
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Figure 2. Estimated ML phylogenetic tree of HIV-1 CRF07_BC from Mainland China using ‘full1155’. ML phylogenetic tree of HIV-1 CRF07_BC from
Mainland China for ‘full1155’ is shown. The two circles of colored cells show geographic location (inner circle, A) and risk group (outer circle, B).

Table 2. Geographic location, year of sampling, and risk factor
for a large cluster of concern of HIV-1 CRF07-1 strains used in the
present study.

Risk factora

Geographic
location Sampling year n Hetero IDU MSM

Beijing 2007–2010 48 2 46
Guangdong 2006–2012 429 42 4 383
Guizhou 2007 1 1
Hebei 2008–2015 8 8
Henan 2010 4 4
Liaoning 2008–2009 3 3
Shanghai 2009–2013 311 311
Xinjiang 2015 1 1
Zhejiang 2007–2013 55 8 47

Total 860 53 4 803

aRisk factor: Hetero, heterosexual; IDU, injecting drug users; MSM, men
having sex with men.

probable root geographic location and risk group of the HIV-1
CRF07_BC ancestor were in Yunnan Province among the IDU pop-
ulation for ‘riskdate133’,‘locdate163’, and ‘locrisk229’ datasets
(Figs S5 and S6), which was consistent with the previous study
(Su et al. 2000).

Second, we investigated the total number of migration events
that originated in each geographic location and risk group (expor-
tation events) and the total number of migration events received

by a given geographic location and risk group (importation events).
For the geographic location, our discrete trait analysis revealed
that the most frequent exportation events of HIV-1 CRF07_BC
were all from Guangdong Province and Yunnan Province for ‘loc-
date163’ and ‘locrisk229’, respectively (Fig. S7). Our discrete trait
analysis also revealed that the most frequent importation events
of HIV-1 CRF07_BCwere all to Guangdong Province for ‘locdate163’
and ‘locrisk229’ datasets (Fig. S7). For the risk group, our discrete
trait analysis revealed that the most frequent exportation events
of HIV-1 CRF07_BC were all from IDU and MSM for ‘riskdate133’
and ‘locrisk229’, respectively (Fig. S8). Our discrete trait analysis
also revealed that the most frequent importation events of HIV-
1 CRF07_BC were all to Hetero for ‘riskdate133’ and ‘locrisk229’
datasets (Fig. S8).

Third, we explored estimates of the total number of migra-
tion events that originated in a given geographic location and risk
group to another given geographic location and risk group with
BF >3. For the geographic location, a number of most inferred
migration events were all from Yunnan Province to Guangdong
Province, and secondary, from Guangdong Province to Beijing,
Shanghai, and Zhejiang Provinces, and from Yunnan Province to
Xinjiang Uyghur Autonomous Region and Zhejiang Province, for
‘locdate163’ and ‘locrisk229’ datasets (Fig. S9). For the risk group, a
number ofmost inferredmigration eventswere all from IDUpopu-
lation to Hetero population, and secondary, fromMSM population
to Hetero population, for ‘riskdate133’ and ‘locrisk229’ datasets
(Fig. S10).
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Figure 3. Root-to-tip genetic divergence plot of HIV-1 CRF07_BC in Mainland China using ‘full1155’. Root-to-tip genetic divergence for ‘full1155’ in
Mainland China in the ML tree (as shown in Fig. 2) plotted against year of sampling. (A) Geographic location is color-coded, as shown on the right.
(B) Risk group is color-coded, as shown on the right. Gray color indicates linear regression line.

Fourth, we explored estimates of the total number of migra-
tion events that originated in a given geographic location and
risk group to another given geographic location and risk group
over time with BF >3. For the geographic location, the inferred
migration events from Yunnan Province to other provinces mostly
occurred during the early stages of the HIV-1 CRF07_BC epi-
demic, for ‘locdate163’ and ‘locrisk229’, respectively (Fig. 4). How-
ever, the inferred migration events from Guangdong Province to
other provinces mostly occurred during later stages of the HIV-1
CRF07_BC epidemic, for ‘locdate163’ and ‘locrisk229’, respectively
(Fig. 4). For the risk group, the inferred migration events from the
IDU population to other risk groups mostly occurred during the
early stages of HIV-1 CRF07_BC epidemic for both ‘riskdate133’
and ‘locrisk229’ datasets (Fig. 5). However, the inferred migra-
tion events from the MSM population to other risk groups mostly
occurred during later stages of the HIV-1 CRF07_BC epidemic for
both ‘riskdate133’ and ‘locrisk229’ datasets (Fig. 5).

Fifth, we visualized the geographic location and risk group dis-
persals of HIV-1 CRF07_BC inMainlandChina using SpreaD3 v0.9.7
(Bielejec et al. 2016). The results of geographic location and risk
group dynamics of HIV-1 CRF07_BC in Mainland China were sim-
ilar for ‘locdate163’ and ‘locrisk229’ (Fig. 6) and for ‘riskdate133’
and ‘locrisk229’ (Fig. S11), respectively. We also made videos for
the visualization of geographic location and risk group spread of
HIV-1 CRF07_BC inMainland China over time for ‘riskdate133’ and
‘locrisk229’ (Video. S1 and Video. S1) and for ‘riskdate133’ and
‘locrisk229’ (Video. S3 and Video. S4), respectively.

4. Discussion
To explore the different spatial and risk group dynamics of
HIV-1 CRF07_BC transmission in Mainland China, we used all
publicly available partial pol sequences (HXB2 genome posi-
tion 2,253–3,401) obtained from 1,155 strains collected from 13
provinces (Beijing, Guangdong, Guizhou, Hebei, Henan, Jiangsu,
Liaoning, Ningxia, Shanghai, Sichuan, Xinjiang, Yunnan, and Zhe-
jiang) of Mainland China and three risk groups (Hetero, IDU, and
MSM) between 1997 and 2015.

The distributions of ‘full1155’ and ‘CRF07-1_860’ over time,
geographic location, and risk group were heterogeneous (Tables 1
and 2, Fig. 1, and Figs S1–S2). The sequences of ‘full1155’
were mainly distributed in Guangdong and Shanghai among
the MSM population between 2007 and 2013. The sequences of
‘CRF07-1_860’ were also mainly distributed in Guangdong and
Shanghai among the MSM population, but during a narrower
period (2009–2013). Notably, Hetero had the largest (3.29per cent)
genetic distance, and the genetic distances between IDU and
Hetero (3.08per cent) and between MSM and Hetero (3.03per
cent) were very similar. Therefore, it is likely that the spread
of HIV-1 CRF07_BC from the IDU and MSM populations into
the general populations could have been facilitated by the Het-
ero population in China. CRF07-1 spread rapidly, as observed
by the large monophyletic cluster, to all provinces of Mainland
China, where in many cases it has completely replaced previ-
ous circulating variants, fueling a second wave throughout China,
which was associated with a high number of cases and deaths.
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Figure 4. Total number of transitions between provinces in Mainland China over time. Total number of transitions between provinces in Mainland
China over time for ‘locdate163’ (A), and ‘locrisk229’ (B) with BF >3 is shown.

The mutation of two nucleotide bases (html. S1 and html. S3) in
the RT gene region, located at the catalytic core of the RT pro-
tein in 3D structure (Fig. S3) and targeted by at least 12 CTL/CD8+
(https://www.hiv.lanl.gov/content/immunology/maps/ctl/Pol.ht
ml), indicated the viral genetic differences between ‘back-
bone_295’ and ‘CRF07-1_860’ and may be important for the
increased transmissibility and/or partial immune evasion proper-
ties of HIV-1 CRF07_BC. Notably, non-virological factors, such as
host, environmental, and sociological factors, may also be impor-
tant and could not be ruled out in the current investigation (Hill,
Rosenbloom, and Nowak 2012; Faria et al. 2016; Li et al. 2016).

Furthermore, a Bayesian time-scaled phylogenetic analysis
along with the BSP tree prior model plot (Drummond et al. 2005)
was obtained. The median TMRCA and evolutionary rates esti-
mated for HIV-1 CRF07_BC for ‘riskdate133’, ‘locdate163’, and
‘locrisk229’ ranged between 6 October 1992 and 9 July 1993
and from 1.42×10–3 to 1.54×10–3 substitutions per site per
year, respectively (Table S3). The estimated TMRCA of HIV-1
CRF07_BC for ‘riskdate133’, ‘locdate163’, and ‘locrisk229’ using
Bayesian time-scaled phylogenetic analysis did not agree with
the dataset’s respective root-to-tip regression results using Tem-
pEst v1.5.3 (Rambaut et al. 2016) (Table S1); meanwhile, the
estimated 95per cent HPD interval of evolutionary rates for ‘loc-
date163’ based on Bayesian time-scaled phylogenetic analysis
did not cover the estimate obtained with the root-to-tip regres-
sion findings obtained with TempEst v1.5.3 (Rambaut et al. 2016)
(Table S1), most likely because the latter assumes a strict molec-
ular clock, whereas the Bayesian analysis was performed using a

relaxed molecular clock which allows rate variation through time
and thus better characterized changes in the substitution rate
throughout HIV-1 CRF07_BC evolutionary history. The estimated
TMRCA of HIV-1 CRF07-1 using ‘riskdate133’, ‘locdate163’, and
‘locrisk229’ ranged from 18 January 2000 to 2 May 2001, pointing
that it originated in Mainland China approximately 20 years ago
(Li et al. 2015b).

Our BSP analysis indicated that between 2004 and 2010, the
genetic diversity of HIV-1 CRF07_BC experienced at least one
phase of population decrease followed by a phase of popula-
tion expansion (Fig. S4). The declining period most likely cor-
relates with the reduction of the IDU population in Mainland
China, since nowadays most drug users mainly consume drugs by
non-injection methods (Figs S1 and S2), making high-risk sexual
behavior the main route for HIV infection and transmission. The
increasing period was most likely due to the increased circulation
and diversification of CRF07-1 in the MSM population in Mainland
China (Figs S1 and S2), in accordance with our mutation analy-
sis results (Fig. S3). However, we cannot exclude the possibility
that the genetic diversity of HIV-1 CRF07_BC remained constant
during the 2000s. Notably, the main risk group distribution of
HIV-1 CRF07_BC changed from IDU population to MSM popula-
tion over time. In addition, the Hetero population was usually
intermingled with the IDU or MSM population; however, the IDU
populationwas not usually intermingledwith theMSMpopulation
(Fig. 2).

Our discrete trait analyses indicate that IDU in Yunnan
Province is the most likely risk group and geographic location
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Figure 5. Total number of transitions between risk groups in Mainland China over time. Total number of transitions between risk groups in Mainland
China over time for ‘riskdate133’ (A), and ‘locrisk229’ (B) with BF >3 is shown.

of origin of HIV-1 CRF07_BC in Mainland China (Fig. S5 and
Fig. S6). We found that Yunnan Province and Guangdong Province
were likely the most important sources of dissemination of HIV-1
CRF07_BC in Mainland China and were the origin of the epi-
demics in Zhejiang and other provinces (Figs 4 and 6, Figs S7
and S9, Video S1, and Video S2). We also discovered that IDU
and MSM populations were likely the most important sources of
HIV-1 CRF07_BC dispersion in Mainland China, and we demon-
strated again that HIV-1 CRF07_BC may have spread from IDU
and MSM populations into the general population through Hetero
population in China (Fig. 5, Figs S8, S10, and S11, Video. S3, and
Video. S4).

This implies that the large-scale surveillance and intervention
measures conducted in Mainland China are required for effective
prevention of local transmission, and eventually management of
the epidemic, and reduction of the potential for spread to other
nations or regions. It would be valuable to focus surveillance and
tracking of new clusters of concern like CRF07-1(Li et al. 2014).
CRF07-1 has been detected in nine provinces (Beijing, Guangdong,
Guizhou, Hebei, Henan, Liaoning, Shanghai, Xinjiang, and Zhe-
jiang) inMainland China in the present study, which indicates that
CRF07-1 has emerged as a cluster of concern for roughly 20 years
and is still causing ongoing local transmission in Mainland China.
CRF07-1 rapidly and completely replaced the previous circulating
variants throughout China, which could likely be in part due to
mutations such as E248V and K249Q (html. S2 and html. S4) in the

RT protein region and/or immune evasion properties that altered
the dynamics of HIV-1 in China. As a result, we must prioritize
these clusters of concern of HIV-1 in Mainland China in our real-
time epidemic surveillance and intervention activities, including
risk reduction, testing, and treatment. As a result, genetic epi-
demiology has become increasingly valuable in informing real-
time epidemic surveillance and intervention efforts. It is worth
noting that our study was based on low and variable sampling
of HIV-1 CRF07_BC strains among different provinces and risk
groups inMainland China, and HIV-1 CRF07_BC strains from other
provinces and risk groups have not been sampled or sequenced,
nor are available at the LANL HIV Sequence Database website
(https://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html)
and thus not included in the present study based on our dataset
collection strategy.

Nationally, the publicly accessible partial pol sequences of HIV-
1 CRF07_BC strains reflect just a small percentage of the total
number of infections inMainland China, with an uneven sampling
regime across provinces and risk groups, which could poten-
tially have impacted our estimates based on this relatively limited
dataset. As a result, continuous and structured sampling of HIV-
1 CRF07_BC with epidemiological data is required for a better
understanding of the spatiotemporal dynamics of HIV-1 CRF07_BC
epidemic in Mainland China and worldwide, as well as the cre-
ation of public policies aimed at eventually controlling acquired
immune deficiency syndrome.
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Figure 6. Map of geographic location transitions for HIV-1 CRF07_BC in Mainland China. Points are color-coded by the geographic location of origin.
Lines are color-coded by the geographic location of destination. (A) Visualization for ‘locdate163’. (B) Visualization for ‘locrisk229’.
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Supplementary data
Supplementary data is available at Virus Evolution online.
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