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ABSTRACT
In this study, we conducted a detailed molecular epidemiological analysis of HIV-1 epidemic strains in various sexual risk
behaviour groups in a developed area in eastern China based on phylogenetic inference, molecular transmission
networks, and Bayesian analyses. A total of 1083 pol sequences (91.23%, 1083/1187) from newly diagnosed HIV-1-
positive patients from 2017 to 2020 were successfully obtained and involved thirteen HIV-1 subtypes, in which the
major HIV-1 subtypes were CRF07_BC (36.10%, 391/1083) and CRF01_AE (34.63%, 375/1083). 485 individuals
(44.78%,485/1083) formed 146 clusters in the network. Of which CRF07_BC showed extensive clustering driven by
men who have sex with men (MSM) within larger networks, CRF01_AE and other subtypes were generally driven by
small clusters (SCs) and medium clusters (MCs) among various risk groups. Through Sankey diagrams, the MSM group
infected with CRF07_BC had a greater impact on the non-commercial heterosexual group among all cross-risk
groups. In addition, a higher number of key individuals infected with CRF07_BC (40.22%, 74/127), suggests the crucial
role of CRF07_BC-infected individuals as a local epidemic driver in the context of a mixed HIV-1 epidemic. Further
Bayesian analysis confirmed that CRF07_BC was introduced into Jiaxing city from other provinces multiple times and
spread rapidly among MSM and heterosexual individuals. Overall, our study provided some insights and information
to explore the local transmission dynamics of HIV-1 epidemic strains involving various sexual risk groups, and
emphasize that it is necessary to conduct in-depth research and precise intervention targeting key clusters/
individuals to effectively block the continued transmission of AIDS.
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Introduction

For the past 40 years, human immunodeficiency virus
type 1 (HIV-1) has been a serious threat to global pub-
lic health and disease surveillance systems [1–4].
According to the World Health Organization
(https://www.who.int/), the estimated number of per-
sons living with HIV/AIDS (PLWH) globally by the
end of 2020 was 37.6 million, with 1.5 million new
infections and approximately 690,000 people dying
from acquired immunodeficiency syndrome (AIDS)-
related illnesses. Even though the Joint United Nations
Program on HIV/AIDS (UNAIDS) proposed “90-90-
90” prevention and control targets and the vision of
“Ending the HIV Epidemic by 2030” [5,6], China is
one of the countries with the highest number of
PLWH and the most complicated and diversified

HIV-1 subtypes and continues to face significant
obstacles and pressures.

After the first HIV-1 infection was detected in
China in 1985 [7], the number of PLWH rose year
after year. By the end of 2020, there were 1,053,000 liv-
ing PLWH in China, among which 13,1671 PLWH
were newly diagnosed in 2020 (https://www.unaids.
org/en). The distribution features and epidemiological
trends of HIV-1 subtypes in China are also under-
going great changes as the number of PLWH increases
rapidly. Novel HIV-1 subtypes and recombinants con-
tinue to evolve in China as a result of high genetic
diversity and variability, resulting in a national HIV-
1 epidemic. China has conducted four National HIV
Molecular Epidemiological Surveys over the last 40
years, with the latest survey in 2016 revealing that
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the types of HIV-1 subtypes have increased rapidly,
becoming more complex and diversified [8]. More
than twenty HIV-1 subtypes were discovered, among
which the most prevalent epidemic subtypes were
CRF07_BC, CRF01_AE, CRF08_BC, and B [9]. Since
the 1990s, CRF01_AE and CRF07_BC have undergone
continuous evolution in China and have caused a
widespread epidemic in various risk groups (e.g.
men who have sex with men (MSM), heterosexual
individuals (those involved in commercial behaviour
or not), people who inject drugs (PWID), etc.) [10–
15]. Newly reported circulating recombinant form
strains (CRFs) (e.g. CRF55_01B, CRF59_01B,
CRF65_cpx, CRF67_01B, CRF68_01B, CRF85_BC,
etc.) and unique recombinant form strains (URFs) fre-
quently appear in certain groups [16–19]. Further-
more, sexual contact infection has emerged as the
primary method of HIV-1 transmission and tends to
expand from high-risk groups to the general popu-
lation, providing significant challenges to AIDS pre-
vention and treatment in China, particularly in
economically developed regions [15,20–22].

In the setting of rapid and unbalanced economic
development, large-scale migrations of “floating” indi-
viduals moving to certain developed regions and
urban centres (e.g. Shanghai, Shenzhen, Hangzhou,
etc.) in China for increased job opportunities, better
educational environments, and the openness and tol-
erance of large cities have tended to result in diverse
HIV-1 subtypes, complex transmission patterns, and
increased transmission risks in these regions. There-
fore, how to grasp the epidemic characteristics of
HIV-1 subtypes in various sexual risk behaviour
groups in these areas, understand the emergence and
transmission of novel recombinant subtypes, analyse
the possible existence of HIV-1 transmission events,
and identify potential high-risk groups are still HIV-
1 issues that need to be solved urgently for AIDS pre-
vention and treatment. In recent years, combining
phylogenetic inference and epidemiological data has
been proposed as a feasible approach to ascertain the
drivers of HIV-1 prevalence in various groups and
regional settings, which plays an increasingly impor-
tant role in AIDS prevention and treatment [23–27].
Nevertheless, most of these studies have focused on
a certain group or single subtype, which was insuffi-
cient to understand and disentangle the HIV-1 trans-
mission dynamics involving various risk groups for
determining the hotspots or drivers of local HIV-1
prevalence.

Therefore, in this paper, through a high-density
sampling strategy of a medium-sized and developed
city in eastern China, we report a comprehensive
study that describes the molecular genetics and epide-
miological characteristics of HIV-1 epidemic strains in
various sexual risk behaviour groups, with combined
phylogenetic inference, transmission network

analysis, and molecular epidemiology data. These
findings aim to provide new perspectives for local
HIV-1 intervention and prevention through an in-
depth analysis of local HIV-1 prevalence and effec-
tively reduce HIV-1 infection rates, which are
expected to help inform public health prevention
strategies.

MATERIALS and methods

Study population and sample collection

In this study, we selected a medium-sized and devel-
oped city (Jiaxing city) in eastern China as the study
area to conduct a high-density sampling of prospective
molecular epidemiological study. Jiaxing city, located
in the hinterland of the Yangtze River Delta that bor-
ders developed cities such as Hangzhou, Shanghai,
and Suzhou, has a permanent population of 5.4
million, among which 1.94 million are migrants
(35.87%) and mainly from Yunnan, Sichuan, Anhui,
Henan and other provinces. Since 2017, the number
of newly diagnosed HIV-1 patients in Jiaxing city
had continued to increase, more than 90% were
infected by sexual transmission and more than half
of all migrants are diagnosed every year.

Blood samples were obtained from 1187 newly
confirmed HIV-1-positive patients by the Jiaxing
Municipal Center for Disease Control and Prevention
(Jiaxing CDC) through the first follow-up between
January 2017 and December 2020, representing
93.54% (1187/1269) of the newly diagnosed patients
in Jiaxing city in this study. All patients were newly
confirmed HIV-1-positive and treatment-naive cases
during sampling and had no previous exposure to
highly active antiretroviral therapy. As per our pre-
vious study [22], demographic and epidemiological
data were collected by the staff from the Jiaxing
CDC and Zhejiang Provincial CDC through face-to-
face investigations as covariates for transmission net-
work analysis. All blood samples were linked to demo-
graphic and epidemiological data using anonymous
numerical codes. Cases with incomplete information
or without the target gene fragment were not included
in this study.

Amplification of HIV-1 pol for phylogenetic
analyses

According to the manufacturer’s instructions, viral
RNA was extracted from 140 μl of plasma samples
using a QIAamp Viral RNA Mini Kit (Qiagen, Valen-
cia, CA, United States). RNA samples were directly
subjected to reverse transcription PCR and nested
PCR to generate the partial HIV-1 pol coding region
(HXB2: 2253-3306), which included the entire pro-
tease (PR) and the first 300 codons of the reverse
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transcriptase (RT) gene. Target PCR products were
sent to Hangzhou TsingKe Bio-Tech Co. for purifi-
cation and sequencing, as previously described [22].
Every nucleotide position was sequenced at least
once on each strand.

Subtype identification andmaximum-likelihood
phylogenetic analysis

The trimming and assembly of sequences were per-
formed using Sequencher® v5.4.6 (Gene Codes, Ann
Arbor, MI) [28]. Ambiguous bases were considered
when the secondary peak was more than 30% of
the main peak. As previously described, sequences
with≥ 5% ambiguous bases were excluded from
the study [29]. Sequences were subjected to mul-
tiple alignments using MAFFT v7.487 [30] and
trimmed to identical lengths (≥ 1000 bp, HXB2:
2253–3265 nt). Reference sequences were obtained
from the Los Alamos National Laboratory (LANL)
HIV sequence database (https://www.hiv.lanl.gov),
which covers the major HIV-1 subtypes. HIV-1
subtypes were defined using a set of methods,
including the online automated HIV-1 subtyping
tool COMET (COntext-based Modeling for Expedi-
tious Typing) v2.2 [31], phylogenetic analyses, the
jumping profile Hidden Markov Model (jpHMM)
[32], and Simplot v3.5.1 [33]. The maximum-likeli-
hood (ML) phylogenetic trees with different HIV-1
subtypes were constructed with RAxML v8.2.12
under the GTR + G + I nucleotide substitution
model [34] and then were visually edited by Fig-
Tree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/
) and the web-based tool Interactive Tree of Life
(iTOL) v6.0 [35] for further analysis involved geo-
graphic location, phylogenetic cluster, and risk
groups. Local support values were computed with
a Shimodaira-Hasegawa (SH) test [36]. If ML tree
nodes had SH-like support values≥ 0.90, the viral
sequences were identified as the subtypes of refer-
ence sequences.

Identification and analysis of the HIV-1
transmission network

All sequences were aligned, and pairwise genetic dis-
tances were computed using HIV Trace based on the
Tamura-Nei 93 (TN93) method [37]. To construct
an effective transmission network for identifying
potential transmission clusters using the visualization
software Cytoscape v3.9.1 [22], an optimal genetic dis-
tance threshold was selected from 0.001 substitutions/
site to 0.02 substitutions/site (the optimal threshold
was established by the maximum number of clusters
below this threshold). Graphically, molecular net-
works consist of two basic elements: nodes and links.
Each node represents an individual pol sequence,

and transmission linkages are represented by lines
drawn between both nodes according to a specific
threshold. An independent connected group with at
least two nodes in a molecular network is labelled a
molecular cluster (cluster) [38]. In this study, the
formed clusters in the network were classified accord-
ing to their size, namely, large cluster (LC, ≥10 nodes),
medium cluster (MC, 4–9 nodes), and small cluster
(SC, 2–3 nodes). In addition, individuals with ≥4
links were identified as key individuals for further
analysis [39].

Bayesian evolution and spatiotemporal
geographic analysis of key clusters

Temporal Exploration of Sequences and Trees (Tem-
pEst) v1.5.3 [40] was used to perform a regression
analysis of root-to-tip genetic divergence obtained
from the ML phylogeny against sampling year for
the key cluster sequences and reference sequences,
which eliminated the sequences that significantly
deviated for subsequent Bayesian analysis. The best-
fitting evolution model according to the Akaike infor-
mation criterion (AIC) was confirmed using jModelT-
est v2.0.1 [41]. Then, a series of Bayesian analyses were
performed using Bayesian evolutionary analysis by
sampling trees (BEAST) v1.10.4 [42], which involved
the calculations of the time of the most recent com-
mon ancestors (tMRCAs) and rates of evolution (in
units of nucleotide substitutions/site/year) and Baye-
sian skyline plot (BSP) analysis. The BEAUti pro-
gramme operating parameters were modified, and
the two independent chains, both adjusted to 200
million steps with sampling every 20,000 steps, were
run under the strict clock and relaxed clock models,
assuming a constant substitution rate as estimated
from the dataset. The sample collection dates were
included as temporal data. In general, the marginal
likelihood data were the largest, effective sample size
values monitored for consistency using Tracer v1.7.1
[43] exceeded 200, and the model was considered an
optimal clock model. Maximum clade credibility
(MCC) trees were generated using the Bayesian
TreeAnnotator and visually edited in FigTree v1.4.4.
Visual Bayesian phylogenetic analysis was performed
on the generated KML files using spatial phylogenetic
reconstruction of evolutionary dynamics (SPREAD)
v1.0.7 [44].

Statistical analyses

EpiData 3.0 software was used to establish the data-
base, and Statistical Product and Service Solutions
(SPSS) 20.0 software was used to organize and analyse
the data. A Chisquared test was used for comparisons
among different groups. P values <0.05 indicated stat-
istical significance.
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Patient consent statement

This study was reviewed and approved by the Medical
Ethics Committee of the National Center for AIDS/
STD Control and Prevention (Approval ID:
X140617334), and written informed consent was
obtained from the study participants. All experiments
were performed by following the approved guidelines
and regulations.

Results

Patient demographics in jiaxing city

In this prospective study, 1083 HIV sequences
(91.23%, 1083/1187) were successfully obtained from
1187 newly diagnosed HIV-positive patients in Jiaxing
city from 2017 to 2020. Of the 1083 successfully
sequenced patients, most were male (81.63%, 884/
1083), and the median age was 43 years (ranging
from 5 to 86 years). A total of 94.92% were of Han eth-
nicity (1028/1083), and the proportion of married
individuals was 46.63% (505/1083). Only 417

(38.50%) of these cases were born in Jiaxing city,
while a majority (58.45%, 633/1083) were domestic
migrants. MSM transmission was the main method
of sexual contact (39.52%, 428/1083), followed by
non-commercial heterosexual contact (30.19%, 327/
1083) and commercial heterosexual contact (22.35%,
242/1083). The majority of the individuals had a
junior high school education or below (69.81%, 756/
1083). Other detailed demographic characteristics of
the study participants are summarized in Table 1.
Moreover, a demographic comparison of two groups
(individuals in the networks (Clusters; links ≥1) and
individuals not in the networks (No cluster; no
link)) is shown in Table 1.

HIV-1 subtype distribution and characteristics
in jiaxing city

The HIV-1 epidemic in Jiaxing city was driven by
different HIV-1 subtypes, and thirteen HIV-1 sub-
types and a proportion of URFs were identified from
the 1083 pol sequences obtained successfully.

Table 1. Sociodemographic characteristics of the participants in Jiaxing city from 2017 to 2020.

Total No Cluster Clusters

χ2 PNo. (%)
No link 1 link 2–3 links 4 or more links

No. (%) No. (%) No. (%) No. (%)

Total 1083 598 268 90 127
Collection time 19.351 0.022
2017 198(18.28) 111(18.56) 47(17.54) 11(12.22) 29(22.83)
2018 313(28.90) 176(29.43) 66(24.63) 22(24.44) 49(38.58)
2019 294(27.15) 166(27.76) 74(27.61) 29(32.22) 25(19.69)
2020 278(25.67) 145(24.25) 81(30.22) 28(31.11) 24(18.90)

Age (years) 43.500 <0.001
≤30 240(22.16) 143(23.91) 56(20.90) 15(16.67) 26(20.47)
30–39 265(24.47) 168(28.09) 50(18.66) 19(21.11) 28(22.05)
40–49 224(20.68) 124(20.74) 60(22.39) 20(22.22) 20(15.75)
50–59 194(17.91) 101(16.89) 57(21.27) 9(10.00) 27(21.26)
≥60 160(14.77) 62(10.37) 45(16.79) 27(30.00) 26(20.47)

Sex 8.726 0.033
Male 884(81.63) 487(81.44) 207(77.24) 80(88.89) 110(86.61)
Female 199(18.37) 111(18.56) 61(22.76) 10(11.11) 17(13.39)

Nation 2.401 0.494
Ethnic Han 1028(94.92) 566(94.65) 252(94.03) 88(97.78) 122(96.06)
Others 55(5.08) 32(5.35) 16(5.97) 2(2.22) 5(3.94)

Subtype 60.705 <0.001
CRF07_BC 391(36.10) 207(34.62) 103(38.43) 7(7.78) 74(58.27)
CRF01_AE 375(34.63) 207(34.62) 89(33.21) 48(53.33) 31(24.41)
Others 317(29.27) 184(30.77) 76(28.36) 35(38.89) 22(17.32)

Sexual contact 32.725 <0.001
MSM 428(39.52) 247(41.30) 98(36.57) 37(41.11) 46(36.22)
Commercial heterosexual 242(22.35) 131(21.91) 58(21.64) 24(26.67) 29(22.83)
Non-commercial heterosexual 327(30.19) 186(31.10) 73(27.24) 27(30.00) 41(32.28)
Heterosexual contact within spouses 66(6.09) 22(3.68) 35(13.06) 2(2.22) 7(5.51)
Others 20(1.85) 12(2.01) 4(1.49) 0(0.00) 4(3.15)

Education 11.348 0.253
Junior college or above 160(14.77) 97(16.22) 35(13.06) 12(13.33) 16(12.60)
High or technical secondary school 167(15.42) 105(17.56) 31(11.57) 13(14.44) 18(14.17)
Junior middle school 436(40.26) 234(39.13) 119(44.40) 35(38.89) 48(37.80)
Primary school and below 320(29.55) 162(27.09) 83(30.97) 30(33.33) 45(35.43)

Marital status 27.571 0.001
Married 505(46.63) 243(40.64) 148(55.22) 53(58.89) 61(48.03)
Divorced/Widowed 208(19.21) 129(21.57) 43(16.04) 13(14.44) 23(18.11)
Single 359(33.15) 222(37.12) 73(27.24) 22(24.44) 42(33.07)
Unknow 10(0.92) 3(0.50) 4(1.49) 2(2.22) 1(0.79)

Country of birth 67.313 <0.001
Other provinces 633(58.45) 406(67.89) 145(54.10) 32(35.56) 50(39.37)
Other cities in Zhejiang 33(3.05) 19(3.18) 6(2.24) 5(5.56) 3(2.36)
Jiaxing city 417(38.50) 173(28.93) 117(43.66) 53(58.89) 74(58.27)
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CRF07_BC (36.10%, 391/1083) and CRF01_AE
(34.63%, 375/1083) were the major subtypes, and
other subtypes showed small-scale sporadic character-
istics, among which were CRF08_BC (10.99%, 119/
1083), CRF85_BC (4.99%, 54/1083), CRF55_01B
(3.88%, 42/1083), B (2.49%, 27/1083), CRF57_BC
(0.18%, 2/1083), CRF59_01B (1.11%, 12/1083),
CRF63_02A (0.18%, 2/1083), CRF65_cpx (0.18%, 2/
1083), CRF67_01B (0.74%, 8/1083), CRF68_01B
(0.28%, 3/1083), URF (01_AE/07_BC) (12.31%, 25/
1083), URF (01_AE/B) (0.09%, 1/1083) and URF (B/
C) (1.39%, 15/1083).

Constructing the maximum-likelihood phyloge-
netic trees of different HIV-1 subtypes (Figure 1), we
found that CRF01_AE in Jiaxing city was highly hom-
ologous to several CRF01_AE epidemic clusters in
China. The CRF01_AE-infected individuals of two
clusters, g4a and g1, accounted for the highest

proportions, 15.47% (58/375) and 12.00% (45/375),
respectively. Cluster g4a was dominated by MSM
(94.83%, 55/58), and cluster g1 was dominated by het-
erosexual individuals (66.67%, 30/45). Among the
other CRF01_AE clusters, g2, g2a, g3, and g7 were
dominated by MSM, and g5 was dominated by hetero-
sexual individuals. Other CRF01_AE-infected individ-
uals who were not concentrated among the
CRF01_AE clusters above were mainly scattered in
small clusters, indicating that the prevalence of
CRF01_AE in Jiaxing city has a long history of trans-
mission and has evolved along with different evol-
utionary aspects.

CRF07_BC mainly presented two distinct evol-
utionary branches, among which CRF07_BC-L1 was
present mostly in heterosexual individuals (82.65%,
81/98), while CRF07_BC detected in Jiaxing city was
mostly concentrated among people with CRF07_BC-

Figure 1. Maximum-likelihood phylogenetic trees of patients infected with different HIV-1 subtypes in Jiaxing city from 2017 to
2020. The phylogenetic trees based on the pol region of different HIV-1 subtypes were constructed by an approximate maximum-
likelihood method with RAxML v8.2.12 under the GTR + G + I nucleotide substitution model. The SH-like node support value
(≥0.90) was indicated and considered credible, which was defined as the same subtype or subcluster. Clades of different colours
represent different HIV-1 subtypes and subclusters. The circle shows the risk group (the outer circle; ▪ represents heterosexual
individuals; □ represents MSM). (A) Maximum-likelihood phylogenetic tree of CRF01_AE. (B) Maximum-likelihood phylogenetic
tree of CRF07_BC. (C) Maximum-likelihood phylogenetic tree of other HIV-1 subtypes.
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L2 (65.98%, 258/391), mainly driven by the MSM
population (63.95%, 165/258), indicating that the
MSM population played an important role in driving
the prevalence of CRF07_BC in Jiaxing city.

Besides the two major HIV-1 subtypes, the other
HIV-1 subtypes (CRF08_BC, CRF85_BC, B, C, and
URF (B/C)) were concentrated among most hetero-
sexual individuals, in which 15 cases of URF (B/C)
had high homology (99.9%−100.00%), indicating
that the URF (B/C) detected in Jiaxing city had a
high transmission correlation. And the other HIV-1
subtypes (CRF55_01B, CRF59_01B, CRF67_01B, and
CRF68_01B) were mainly driven by MSM individuals.

Distribution characteristics of different HIV-1
subtypes in the network

To clearly understand the relationship between cluster
and demographic characteristics among different
HIV-1 subtypes in Jiaxing city, we plotted the molecu-
lar transmission networks based on pol sequences
using the optimal genetic distance of 0.01 substi-
tutions/site (Table 2 and Figure 2).

The results showed that the distribution of different
HIV-1 subtypes had obvious diversity in the network
based on this threshold. In this study, 485 individuals
(44.78%, 485/1083) formed 146 clusters (cluster sizes
ranging from 2 to 74, median cluster size 2), which
included ten subtypes. Of these, the CRF01_AE net-
work had the largest number of clusters and was lar-
gely driven by small clusters. By the end of 2020, 55
clusters (cluster sizes ranging from 2 to 11) had been
formed, including 42 SCs, 11 MCs, and 2 LCs. In
addition, 168 CRF01_AE-infected individuals
(44.80%, 168/375) were included in the network,
including 75 (44.64%) MSM, 68 (40.48%) heterosexual
males, and 25 (14.88%) heterosexual females. Among
the 55, 16 clusters (29.09%, cluster sizes ranging
from 2 to 13) involved only heterosexual individuals,
13 clusters (23.64%, cluster sizes ranging from 2 to
3) involved only MSM, and 26 clusters (47.27%, clus-
ter sizes ranging from 2 to 6) involved multiple risk
groups. The two LCs (CRF01_AE-LC1 and LC2) con-
tained 11 and 10 individuals, respectively, and both
were clusters of elderly heterosexual individuals (all

were over 50 years old, with the oldest being 85
years old) and showed obvious regional aggregation.
Besides, the other CRF01_AE clusters were SCs and
MCs (cluster sizes ranging from 2 to 6) and included
mostly heterosexual individuals, indicating that
CRF01_AE showed a small epidemic spread in Jiaxing
city.

In stark contrast, the CRF07_BC network had the
largest span per cluster (cluster sizes ranging from 2
to 74), forming 45 clusters (37 SCs, 7 MCs, and 1
LC). By the end of 2020, 184 CRF07_BC-infected indi-
viduals (47.06%, 184/391) were included in the net-
work, including 78 MSM (42.39%), followed by 71
heterosexual males (38.59%) and 33 heterosexual
females (17.93%). Among the 45, 23 clusters
(51.11%, cluster sizes ranging from 2 to 6) involved
heterosexual individuals, 12 clusters (26.67%, cluster
sizes ranging from 2 to 4) involved only MSM, and
the other 10 clusters (22.22%, cluster sizes ranging
from 2 to 74) involved multiple risk groups. An anom-
alously significant large cluster (CRF07_BC-LC1)
involved 74 CRF07_BC-infected individuals and
accounted for 40.22% of CRF07_BC-infected individ-
uals in the network. The cluster was detected in 2017,
included 6 individuals (3 MSM and 3 heterosexual
males), and then rapidly expanded to 74 individuals
(41 MSM, 29 heterosexual males, and 5 heterosexual
females) by the end of 2020. Except for CRF07_BC-
LC1, the other 44 clusters were largely driven by SCs
and MCs (37 SCs and 7 MCs, cluster sizes ranging
from 2 to 6) and dominated by heterosexual
individuals.

Among the 317 individuals infected with other
HIV-1 subtypes, 133 individuals were included in
the network, forming 46 clusters (cluster sizes ranging
from 2 to 13) involving eight subtypes, which were
mainly small scale (37 SCs, 8 MCs, and 1 LCs) and
were largely driven by heterosexual individuals
(78.20%, 104/133).

Risk group characteristics of different HIV-1
subtypes in the network

The links connected to various sexual risk behaviour
groups in the network reflect the relationship and

Table 2. Molecular network clustering of different HIV-1 subtypes in Jiaxing city from 2017 to 2020
Subtypes Cases (n) Clusters (n) SCs (2∼3 nodes) MCs (4∼9 nodes) LCs (≥10 nodes) Maximum cluster cases (n)

CRF01_AE 168 55 42 11 2 11
CRF07_BC 184 45 37 7 1 74
CRF08_BC 42 17 15 2 0 5
CRF55_01B 13 5 4 1 0 4
CRF59_01B 7 2 1 1 0 4
CRF65_cpx 2 1 1 0 0 2
CRF85_BC 42 10 6 3 1 12
B 8 4 4 0 0 2
C 2 1 1 0 0 2
URF(B/C) 11 3 2 1 0 7
URF(CRF01_AE/CRF07_BC) 6 3 3 0 0 2
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Figure 2. Molecular transmission network analysis of patients infected with different HIV-1 subtypes in Jiaxing city from 2017 to
2020. HIV-1 transmission cluster diagrams illustrating the structure and demographics of the putative transmission clusters among
newly diagnosed individuals from 2017 to 2020. All edges represent a genetic distance between nodes of less than 0.01 substi-
tutions/site, and the colour of the node indicates the different HIV-1 subtypes (A) and the different sexual contact risk groups (B).
Different shapes denote sex, and the node size indicates the number of associated links.
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risk among these groups. Hence, according to the
characteristics of sexual contact, we classified the het-
erosexual group into commercial heterosexual contact
group (those involved in commercial behaviour), non-
commercial heterosexual contact group (those not
involved in commercial behaviour), and heterosexual
contact within spouses (those involved in spousal
transmission) to further explore the correlation
characteristics of different HIV-1 subtypes among
the various risk groups in the network.

We drew Sankey diagrams based on the links of
different HIV-1 subtypes among the various risk
groups in the network (Figure 3). In the CRF01_AE
network (which included 213 links), the correlation
between MSM in the same sexual risk behaviour
group was the highest, accounting for 38.50% (82/
213); the sexual risk behaviour groups of heterosexual
individuals involved in commercial and non-commer-
cial behaviour accounted for 15.02% (32/213) and
5.63% (12/213), respectively. The correlation between
the commercial heterosexual and non-commercial
heterosexual groups among all cross-risk groups was
the highest, accounting for 13.62% (29/213). In the
CRF07_BC network (which included 296 links), the
correlation between MSM in the same risk group
was the highest, accounting for 38.51% (114/296),

followed by non-commercial heterosexual and com-
mercial heterosexual groups, accounting for 15.54%
(46/296) and 4.05% (12/296), respectively. Among all
cross-risk groups, MSM had the highest correlation
with the non-commercial heterosexual group,
accounting for 18.92% (56/296). In the other subtype
network (which included 202 links), the correlation
between the commercial heterosexual group in the
same risk groups was the highest, accounting for
31.68% (64/202), followed by non-commercial and
MSM groups, accounting for 15.84% (32/202) and
10.89% (22/202), respectively. The correlation
between the commercial heterosexual and non-com-
mercial heterosexual groups among all cross-risk
groups was the highest, accounting for 14.85% (30/
202).

Risk factor and dynamic analysis of key
individuals in jiaxing city

In addition to the network characteristics of different
HIV-1 subtypes in various risk groups in the network,
a total of 127 key individuals with more links (≥4
links, ranging from 4 to 31 links) were detected
(Table 1), among which the newly confirmed patients
in 2018 accounted for the highest proportion (38.58%,

Figure 3. Linkages analysis of different sexual risk behaviour groups with the main HIV-1 subtypes in the network. The colour
indicates the different sexual contact risk groups. (A) The Sankey diagram of CRF01_AE. (B) The Sankey diagram of CRF07_BC.
(C) The Sankey diagram of other HIV-1 subtypes.
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49/127); the majority had CRF07_BC (58.27%, 74/
127), most were male (86.61%, 110/127), most of
them had a junior high school or below education
(73.22%, 93/127), and most of them were MSM
(36.22%, 46/127). The 127 key individuals were mainly
distributed in 15 clusters (cluster sizes ranging from 5
to 74), of which 37 individuals (29.13%, 37/127) were
concentrated in the cluster CRF07_BC-LC1, mainly
MSM, and the remaining individuals were among dis-
tributed in small and medium clusters.

Through the above analysis, we observed that
CRF07_BC-infected individuals played an important
role in driving the HIV-1 epidemic in Jiaxing city.
Therefore, we further conducted a dynamic Bayesian
analysis based on CRF07_BC in Jiaxing city to better
understand the evolution process and transmission
path of CRF07_BC. We downloaded 2969 available
CRF07_BC reference sequences from the Los Alamos
National Laboratory (LANL) HIV Sequence Database
(https://www.hiv.lanl.gov) and excluded repetitive
sequences. Finally, 58 CRF07_BC reference sequences
from other regions in China and 122 CRF07_BC
sequences from various risk groups in Jiaxing city
were selected based on homology (>98.00%) to be
included in the dynamic analysis.

In this study, TempEst v1.5.3 was used to test the
molecular clock hypothesis of the selected 180
CRF07_BC sequences, and the R2 value was calcu-
lated. The R2 value was generally between 0.1 and
1.0. The larger the value was, the better the fit of the
molecular clock model. The results showed that the
calculated R2 was 0.9954, indicating that the 180
CRF07_BC sequences were generally in line with the
molecular clock hypothesis. The origin time of the
most recent common ancestor of CRF07_BC was esti-
mated by the lognormal relaxed molecular clock
model, the general time-reversible model (GTR) + G
+ I nucleotide substitution, and the Bayesian skyline
demographic growth model. The Bayesian skyline
demographic growth model analysis showed that
CRF07_BC had an exponential growth trend from
2006 to 2011, stabilized from 2011 to 2017, and
declined in 2018. By Bayesian and spatiotemporal
pathway analysis, the average evolution rate of the
CRF07_BC strains was 1.567×10−3 nucleotide substi-
tutions/site/year (95% HPD: 1.050×10−3-
2.343×10−3). Figure 4 reveals the origin time of the
different evolutionary branches of CRF07_BC in Jiax-
ing city. With the support of high posterior prob-
ability, combining the average evolution rate and
pairwise genetic distance to estimate the evolution
time, we found that CRF07_BC in Jiaxing city gradu-
ally formed three independent evolutionary clades
during the evolution process, among which Subcluster
1 (including four heterosexual individuals in Jiaxing
city) and Subcluster 2 (including 35 heterosexual indi-
viduals in Jiaxing city) showed a stable local epidemic

with no evidence of an expanding trend, and both sub-
clusters included mainly heterosexual individuals. In
contrast, Subcluster 3 contained 79 CRF07_BC-
infected individuals in Jiaxing city, of which 47 were
MSM and 26 were heterosexual individuals, and all
37 key individuals with CRF07_BC-LC1 were in this
subcluster. In addition, based on the close geographi-
cal relationship, Subcluster 3 showed that CRF07_BC
in Jiaxing city was introduced from Yunnan, Guang-
dong, and Anhui Provinces in China and further
transmitted locally, revealing that CRF07_BC maybe
play a key role in driving the local HIV-1 epidemic.

Discussion

In this study, we conducted high-density sampling of
newly diagnosed patients in a developed city (Jiaxing
city) in eastern China from 2017 to 2020 to achieve
larger and proportional sample coverage across all
risk groups and then performed a detailed molecular
epidemiological study involving comprehensive phy-
logenetic, transmission characteristics, and risk factor
analyses. This study is unique in that it is the first to
apply a detailed molecular epidemiological approach
and high-density sampling to better explore the local
transmission characteristics and epidemic patterns of
HIV-1 epidemic strains involved in various sexual
risk behaviour groups.

The four National HIV-1 Molecular Epidemiologi-
cal Surveys revealed that the characteristics of different
HIV-1 subtypes in China are diverse and involve geo-
graphical distributions, transmission patterns, and
risk groups, in which CRF07_BC and CRF01_AE
have become the major HIV-1 subtypes and are wide-
spread epidemic subtypes in most parts of the country,
creating a considerable challenge for intervention
[8,9]. In this study, through the phylogenetic analysis
of 1083 samples successfully collected from Jiaxing
city from 2017 to 2020, the results revealed that the
HIV-1 subtypes in Jiaxing city were relatively diverse,
and a total of thirteen HIV-1 subtypes and a pro-
portion of URFs were identified (Figure 1). The
major HIV-1 subtypes were CRF07_BC (36.10%,
391/1083) and CRF01_AE (34.63%, 375/1083), and
there were certain differences in the distribution of
different HIV-1 subtypes among various risk groups.
CRF01_AE and other subtypes were mainly distribu-
ted in small and medium-sized clusters with various
risk groups. In stark contrast, CRF07_BC had little
clustering in the heterosexual group but demonstrated
extensive clustering in the MSM group. Such diversity
and difference suggested that the HIV-1 epidemic in
Jiaxing city may be related to large-scale migrations
and certain types of human mobility and led to the
introduction of HIV-1 epidemic subtypes in other
regions, resulting in the continuous spread of the
local HIV-1 epidemic among various risk groups,
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Figure 4. Maximum clade credibility (MCC) tree and map of geographic location transition based on the CRF07_BC sequences.
Bayesian analyses were performed using BEAST v1.10.4 (see Methods for details). In the MCC tree (A), sequences from 180
CRF07_BC sequences (122 CRF07_BC reference sequences and 58 CRF07_BC sequences in Jiaxing city) form three unique phylo-
genetic clades, labelled Subclusters 1–3; the branch lengths reflect the evolutionary time, and nodes labelled with evolutionary
time were supported by a high posterior probability (≥0.90). The corresponding time scale was marked at the bottom of the MCC
tree; different colours of branches indicate that the formed clades contain reference sequences from different provinces/cities in
China. In the geographic location transition map (B), points are colour-coded by the geographic location of origin. Lines are colour-
coded by the geographic location of the destination.
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which further thwarted AIDS prevention and control
in this region.

The HIV-1 molecular network has been proposed
as a feasible approach to ascertain the correlation
among individuals involved in various risk groups
[3,15,28,38,45,46]. The accuracy of the network is clo-
sely related to the coverage rate of sample collection.
According to the published guidelines on HIV-1
Transmission Network Monitoring and Intervention
[47], the sampling rate should be no less than 60%
of the number of newly diagnosed patients in the test-
ing area. In this study, the sample coverage rate of
newly confirmed HIV-1 patients in Jiaxing city from
2017 to 2020 exceeded 90% per year, and subtypes
were identified per patient, which could relatively
comprehensively reflect the local molecular trans-
mission network. We thoroughly analysed the mol-
ecular transmission networks of different HIV-1
subtypes among various risk groups below the optimal
genetic distance of 0.01 substitutions/site. The mol-
ecular network of different HIV-1 subtypes showed
significantly different clustering conditions (Figure
2). CRF01_AE and other subtypes had more clusters
in the network, in which there were few LCs and
which was generally driven by SCs and MCs. In
stark contrast, CRF07_BC showed extensive clustering
within larger networks, suggesting that the close trans-
mission linkages of CRF07_BC-infected individuals in
Jiaxing city may be related to social networks and
behavioural patterns among the various sexual risk
groups in the network. The distinctly large cluster
(CRF07_BC-LC1), which contained 74 cases, was
formed in 2017 (containing 6 cases) and rapidly
expanded to 74 cases in 2020, a 12-fold increase, indi-
cating ongoing expansion and highlighting the need
for enhanced monitoring of key clusters in the region
to disrupt spread chains promptly.

In the molecular network, possible transmission
linkages among various risk groups were estimated
based on the genetic sequence associations among
clusters [9,19,48,49]. Although the molecular network
cannot determine whether it is a direct transmission
event, the transmission linkages among different risk
groups can reflect the relationship of these groups to
a certain extent. These linkages across different risk
groups can provide clues and directions for identifying
the “source” of the hotspot populations through differ-
ent risk pathways[45,50]. In this study, through San-
key diagrams based on the links of different HIV-1
subtypes among the various risk groups (Figure 3),
the transmission linkages among various risk groups
showed significant differences. In the CRF07_BC net-
work, the correlation among MSM was the highest,
while in CRF01_AE and other subtypes, heterosexual
individuals were more correlated, which suggested
that the “sources” of the different HIV-1 subtypes in
different risk groups were diverse. Among all cross-

risk groups, MSM infected with CRF07_BC had a
greater impact on heterosexual individuals who were
not involved in commercial behaviour, while hetero-
sexual individuals involved in commercial behaviour
infected with CRF01_AE and other subtypes
(especially heterosexual males involved in commercial
behaviour) had a greater impact on heterosexual indi-
viduals not involved in commercial behaviour. These
findings indicated that there may be more bridge
populations between MSM and heterosexual individ-
uals not involved with commercial behaviour infected
with CRF07_BC in Jiaxing City, while there may be
more crossover between heterosexual individuals
involved in commercial behaviour and heterosexual
individuals not involved in commercial behaviour
infected with CRF01_AE and other subtypes. In
addition, due to the bridge populations between
MSM and non-commercial heterosexual groups,
MSM has a great impact on the non-commercial het-
erosexual individuals compared with the other risk
groups, which further drives the formation of a
large-scale transmission network, as evidenced by
the large cluster of CRF07_BC-LC1, reflecting the
complex local epidemic pattern. It is necessary to con-
duct further in-depth analysis of the epidemiological
characteristics of different subtypes to determine the
key populations and implement targeted prevention
and control measures.

In addition, 127 key individuals with more links
(≥4 links, ranging from 4 to 31 links) were detected
in the network. CRF07_BC-infected individuals were
significantly more likely to be high-risk communica-
tors than those infected with CRF01_AE and other
subtypes and were mostly concentrated in the large
cluster (CRF07_BC-LC1). These key individuals gen-
erally had a lower education level, relatively limited
knowledge of AIDS, and may be more prone to
high-risk behaviours. Therefore, strengthening real-
time monitoring of key molecular clusters where
such key individuals are clustered, targeted publicity
and education, and the development of easy-to-under-
stand publicity materials for people with low edu-
cation levels may help reduce high-risk behaviours
in this population.

Through the above analysis, our study highlights
the crucial role of CRF07_BC-infected individuals as
a local epidemic driver in the context of a mixed
HIV-1 epidemic. We further performed a molecular
evolutionary dynamic analysis based on CRF07_BC
(Figure 4). The results showed that CRF07_BC was
introduced into Jiaxing city from other provinces
(Yunnan, Guangdong, and Anhui Provinces) multiple
times, and then infections spread rapidly among MSM
and heterosexual individuals who may share practices
with MSM. These findings showed the important pos-
ition of key individuals in the network and revealed
the mutual transmission relationship between
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different risk groups and different regions. Meanwhile,
our findings also confirmed that the path of geo-
graphic location transitions for HIV-1 CRF07_BC lar-
gely conforms to the characteristics of population
migration in China and mainly tends to flow within
and between economically developed areas, such as
Shanghai city, Hangzhou city, and Guangzhou city
[51]. Jiaxing city is located in the hinterland of the
Yangtze River Delta region in China, bordering large
cities such as Hangzhou city, Shanghai city, and Suz-
hou city, and attracts a large number of migrant
workers from Yunnan, Sichuan, and Anhui provinces
every year. Furthermore, with the rapid development
of transportation and internet applications, MSM
population seeks sexual partners with more conven-
ience and secrecy to avoid stigmatization and dis-
crimination, providing favourable conditions for the
cross-regional and -group transmission of HIV-1
[52,53]. Therefore, capturing these potential suspected
high-risk groups using molecular surveillance data for
targeted publicity and education, enhancing their
awareness of using protection during sexual encoun-
ters, and strengthening treatment will help reduce
the transmission risk of these groups.

Our study provided some insights and information
to explore the local transmission characteristics and
epidemic patterns of HIV-1 epidemic strains involving
various sexual risk behaviour groups. However, this
study has certain limitations. First, although we
included as many newly diagnosed patients as possible
in our study, with a sampling density of more than
90%, the molecular network we deduced based on
HIV-1 pol sequences is only a part of the overall
local risk behaviour network, and many unsequenced
and undiagnosed individuals were not included in the
molecular network analysis. Second, molecular net-
work analysis was not able to determine whether
there was a direct transmission relationship between
two associated patients. Patients infected by different
sexual contact methods were connected, and it can
be speculated that between these sexual contact
methods, at a certain time node in the past, cross-
groups transmission occurred. Third, the epidemiolo-
gical data, including the sexual contact methods, were
based on individual reports, and there may be some
information bias. Due to the limited time of the
study, more epidemiological characteristics of the sur-
vey subjects were not collected, which requires further
in-depth research and exploration in the future. How-
ever, the wealth of information found in this study will
lay a good foundation for further research.

Conclusions

Our study is the first to apply a detailed molecular epi-
demiological approach to better explore the local
transmission characteristics and epidemic pattern of

HIV-1 epidemic strains involved in various sexual
risk behaviour groups in developed areas (Jiaxing
city) in eastern China. Our findings emphasize that
it is necessary to conduct in-depth research and pre-
cise intervention targeting key clusters/individuals,
explore new models of precise intervention based on
the HIV-1 molecular transmission network, and
implement measures including early AIDS detection
and exposure prevention to effectively block the con-
tinued transmission of AIDS and reduce the rate of
new infections. Understanding these epidemic
dynamics in real time is of increasing public health
importance in terms of guiding prevention efforts.
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