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Abstract

Shenzhen, a city with >12 million migrant population, may play a key role in the spread of human immunodeficiency virus (HIV)-1
in China. The transmission dynamics of CRF01_AE, a predominant subtype in Shenzhen, is a good model to characterize the impact
of human mobility on HIV-1 epidemic locally and nationally. We used phylodynamic and phylogeographic methods to estimate the
viral transmission dynamics and migration trajectory of variable lineages based on 1,423 CRF01_AE sequences in Shenzhen sampled
between 2006 and 2015. Eleven lineages of CRF01_AE were detected in Shenzhen. Of those, four main lineages originated during the
1990s. Their basic viral reproduction number (R0) ranged 1.96–3.92. The effective viral reproduction number (Re) of two lineages prevalent
among heterosexuals/people who inject drugs had reduced <1 at the end of sampling, and the main sources were the intra-provincial
immigrants (72per cent) for one and local residents of Shenzhen (91per cent) for another. Within two lineages among men who have
sex with men (MSM), Re had been above or close to 1 at the end of sampling, and the immigrants from Jiangxi/Shaanxi and Hubei
as sources accounted for 93per cent and 68per cent of all viral migration events, respectively. Moreover, no obvious recipients were
found throughout the viral migration history for any lineage. Our findings demonstrate that HIV epidemic is declining in Shenzhen,
which coincided with the initiation of the interventions during the 2000s. However, the obvious differences of the epidemic patterns
between lineages emphasize the importance of further targeting interventions and continued molecular tracing, focusing on high-risk
transmission sources among MSM.
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1. Introduction
By the end of 2019, it was estimated that 38 million people
were infectedwith human immunodeficiency virus (HIV) (UNAIDS
2020). The HIV-1 group M resulted in a pandemic with nine sub-
types, 103 circulating recombinant forms (CRFs) andmany unique
recombinant forms (URFs). Of those, CRF01_AE was one of most
prevalent CRFs. It originated from Central Africa in the 1970s
and established a broad-scale epidemic in Southeast and East
Asia, accounting for 90per cent of cases in some Asian countries
(Angelis et al. 2015; LANL 2019).

In China, CRF01_AE was first found among individuals at
risk due to sexual contact and drug injection in the southwest
provinces during the early 1990s (Cheng et al. 1994). Since then,
it has consistently been one of the most predominant subtypes
nationwide (Wang and Zhong 2015). Multiple distinct CRF01_AE
lineages were introduced to China and subsequently shaped the

epidemic patterns of HIV-1 (An et al. 2012; Abubakar et al. 2013;
Feng et al. 2013; Peng et al. 2015; Li et al. 2017; Wang et al. 2017).
Currently, at least eight CRF01_AE lineages, originated between
1990 and 2000, circulate in China. Of those, six circulate among

heterosexuals and people who inject drugs (PWID), while two
among men who have sex with men (MSM) (Li et al. 2017).

Shenzhen, as China’s first special economic zone, attracts a

large number of immigrants from other regions across China

and even overseas. At the end of 2020, Shenzhen reported a

population of 17.56 million, and >70per cent of those do not

have local permanent registration (hukou) (Shenzhen-Statistics
2020). It complicates the prevention and control of HIV epidemic

via routine interventions in the context of the cross-region viral
exchanges. The first patient with acquired immunodeficiency syn-

drome (AIDS) in Shenzhen was reported in 1992 (Peng 2004).
Following a long stagnant status from 1992 to 2003, the number
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of HIV diagnoses in Shenzhen began to increase rapidly and the
number of newly diagnosed HIV infections were 2,555 in 2015 (Tan
et al. 2016; Yang et al. 2018). The active sexual populations with
rapid growing rates of HIV infection accounted for >95per cent of
newly diagnosed cases in 2015 (Yang et al. 2018) and since 2014,
the number of homosexual HIV infections has surpassed that of
heterosexual infections (Tan et al. 2016).

In recent years, CRF07_BC and CRF55_01B exhibited a sharp
increase in infections among MSM in Shenzhen; however,
CRF01_AE has consistently been one of the most dominant sub-
types (Zhao et al. 2012, 2016; Jia et al. 2019). The epidemic of
CRF01_AE in Shenzhen is a suitable model that can reflect the
impact of humanmobility on HIV transmission dynamics and the
effectiveness of interventions (Cassels 2020; Ratmann et al. 2020).
In this study, we focused on two key points: (1) the impact of
populationmobility on the epidemic of HIV-1 and (2) the effective-
ness of current interventions under the high frequent mobility of
population.

2. Materials and methods
2.1 Study dataset and ethical approval
A total of 1,432 HIV-1 CRF01_AE pol sequences (HXB2: 2,253–
3,311 nt) with the information of the sampling date, household
register, sex, age, and risk group were obtained from a local
database at the Shenzhen CDC during 2006–2015. Most samples
were obtained from research cohorts among MSM, containing
two depth-sampling cohorts established in 2009 and 2013. In
order to investigate the whole situation of HIV subtypes circu-
lating in Shenzhen, all of the HIV-1 newly diagnosed cases of
Shenzhen in 2009 and 2013 were sampled, and the acquired
rate of sequences in 2009 was 49per cent, that of which in
2013 was high to 92per cent along the development of tech-
nique (Supplementary Figure S1). All samples were collected
at the time of diagnosis or first follow-up. The usage of viral
sequenceswas approved and governed by theMedical Ethics Com-
mittee of the Shenzhen Center for Disease Control and Prevention
(CDC).

2.2 Preliminary phylogenetic inference to define
CRF01_AE lineages
Reference sequences defining Chinese HIV-1 CRF01_AE lineages
and ensuring the topology of phylogenetic tree were down-
loaded from the HIV database at Los Alamos National Labora-
tory (http://www.hiv.lanl.gov) (Li et al. 2017). Shenzhen CRF01_AE
sequences were aligned with reference sequences in AliView v1.25
and the final alignment was manually edited according to coding
positions after the removal of major HIV drug resistance muta-
tion sites described by the International AIDS Society–USA. Mod-
elFinder package in IQ-TREE v1.6.12 was used to determine the
most appropriate nucleotide substitution model. The maximum
likelihood tree was reconstructed using GTR+ I+G4 nucleotide
substitution model with 1,000 replicates in IQ-TREE. The branch
support was estimated with the approximate likelihood-ratio
test and the ultrafast bootstrap method (Nguyen et al. 2015).
The lineages were identified using the following standards: (1)
approximate likelihood-ratio test value >80per cent and ultra-
fast bootstrap value >95per cent and (2) more than two Shen-
zhen sequences in one lineage (Bui et al. posting date; Feng
et al. 2013; Li et al. 2017; Kostaki et al. 2019; Wilkinson et al.
2019).

For the lineages with >20 sequences, we evaluated the tempo-
ral signal between genetic diversity and sampling date in TempEst

(http://beast.community/tempest) to identify suitable lineages for
the spatiotemporal reconstructions (Rambaut et al. 2016).

2.3 Phylodynamic estimation of HIV-1 CRF01_AE
lineages
Due to the depth-sampling, there were much more sequences
in 2009 and 2013, which were un-balanced to other sampling
years. To avoid the impact of sampling depth on phylodynamic
reconstruction, we randomly down-sampled the sequences of
these 2 years according to average sequences’ acquired rate of
2 years before and after (Supplementary Tables S2 and S3 and
Supplementary Figure S2).

The birth-death susceptible-infected-recovered (BDSIR) model
in BEAST v 2.6.2 (Kuhnert et al. 2014) was used to estimate epi-
demiological parameters, with GTR+ I+G4 nucleotide substitu-
tion model and the relaxed log-normal molecular clock model.
In the BDSIR model, the ‘S’ represents susceptible individuals,
the ‘I’ represents infected individuals, and the ‘R’ represents the
recovered individuals (the cure or death). Although HIV infec-
tion cannot be cured, it is thought that patients who achieve
virological control under the combination antiretroviral therapy
(cART) nearly do not transmit HIV-1. Shenzhen is one of the cities
that carried out the prevention programs of HIV/AIDS at the ear-
liest in China. In 1997, Shenzhen started the health education
and behavioral intervention among HIV high-risk and key popu-
lation. In 1998, Shenzhen initiated the antiretroviral therapy for
AIDS, much earlier than national policy. By the end 2009, the
national average treatment coverage for actively sexual popula-
tion with HIV in need was 61.7 per cent (Zhang et al. 2011), so
we believe that the treatment coverage in Shenzhen would be
much higher than national level. Moreover, a conference report
indicated that during 2010–14, the percentage of patients achiev-
ing virological suppression under cART in Shenzhen was 98.2 per
cent (He et al. 2015). Hence, those achieving virological suppres-
sion can be removed from the infectious pool and serve as the
recovered cases. Therefore, SIR model would also be suitable for
this study of HIV in Shenzhen and the ‘R’ means the individ-
uals who have acquired virological suppression (Kuhnert et al.
2014) .The priors were set as followed: a log-normal (8, 2) for the
population size of susceptible individuals, with a 95per cent con-
fidence interval (CI) of the initial susceptible individuals between
59.1 and 150,000; a log-normal (1.3, 1) for the becoming-non-
infectious rate (Dennis et al. 2020), in view of the good effec-
tiveness of cART in Shenzhen; a uniform (0, 50) for the origin of
the epidemic, considering the first reported HIV-positive case of
mainland China in 1985; a log-normal (0, 1) for the reproduction
number, with a 95per cent interval from 0.14 to 7.1; and a Beta
(1, 10) for the sampling proportion, in view of the calculated sam-
pling rate in Supplementary Table S3. The time to most recent
common ancestor (tMRCA) and evolutionary rate were estimated.
The Monte Carlo Markov Chains (MCMC) were run for at least 500
million generations until effective sample size (ESS) of all param-
eters >200 after an initial 10per cent as burn-in in Tracer v1.7.1
(Rambaut et al. 2018). The trajectories of key epidemiological
parameters through time were plotted using the phylodynam-
ics script (https://github.com/BEAST2-Dev/phylodynamics) in R
version 4.0.2.

2.4 Reconstruction of viral diffusion history
among local residents and immigrants
To understand the spatial diffusion history of each lineage among
populations, the phylogeographic analysis was performed to
reconstruct the viral migrations under GTR+ I+G4 nucleotide
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substitution model with the default distribution priors, the
relaxed log-normal molecular clock model and the Bayesian Sky-
Grid model in BEAST v1.10.4 (Gill et al. 2013; Graf et al. 2015;
Vrancken et al. 2020). The household register locations were used
as discrete traits and the transition rates were evaluated using
a discrete asymmetric substitution model by means of Bayesian
stochastic search variable selection (Faria et al. 2019), of which
the support for viral migration between populations was calcu-
lated using Bayes Factor (BF) in SpreaD3 (Bielejec et al. 2016). The
MCMC analyses were run for enough generations to ensure the
high ESS of >200 after an initial 10per cent as burn-in in Tracer
v1.7.1 (Rambaut et al. 2018). The fractions of all strongly sup-
ported transmission events (BF>10) were drawn using Sankey plot
in R.

Importantly, in order to reduce the sampling biases at the num-
ber of sequences with different household register locations, we
randomly down-sampled sequences by household register loca-
tion for three times: for L1, L4, and L5, with the maximum
number of 20 sequences; for L2, with the maximum number of
10 sequences (Supplementary Table S4) (Graf et al. 2015).

2.5 Statistical analyses
Sex, age, risk group, and household among different HIV-1
CRF01_AE lineages were compared using chi-square test and
Fisher’s exact test in SPSS software v 26. P-values <0.05 denoted
statistically significant differences.

2.6 Sequence accession numbers
The sequences sampled before 2013 had been submitted to Gen-
Bank previously (Zhao et al. 2016). The remaining sequences
were submitted to GenBank (the accession numbers: MW270172–
MW270928).

3. Results
3.1 The sociodemographic characteristics of
CRF01_AE lineages in Shenzhen
Of the 1,432 individuals, 86.8 per cent were males, 55per cent
were MSM, 37.3 per cent were heterosexuals, and 6.3 per cent
were PWID (Table 1). A total of 1,229 (86per cent) were immi-
grants, originating from 31 of 34 province/regions in China and
four countries (Thailand, Vietnam, Myanmar, and the Nether-
lands). The demographic characteristics of individuals infected by
CRF01_AE were consistent with those of the overall HIV-1-infected
population in Shenzhen during this period (Zhao et al. 2016).
Eleven distinct CRF01_AE lineages containing 1,377 sequences
were identified, denoted SZ-L1-11 (Fig. 1 and Table 1). Of the
eleven lineages, five belong to the previously reported lineages in
the national study (Feng et al. 2013), so we named them using
their original order, and the other six lineages were ordered by
the number of sequences in the lineages. The ranges of intra-
lineage genetic distances were 0.7–3.4 per cent (Supplementary
Table S1). L4 and 5 accounted for >70per cent of sequences
(1,006/1,432).

A comparison of the sociodemographic information among lin-
eages (n≥10) was performed. Significant differences (P<0.05) in
the variables of sex, age, risk group, and household register were
found (Table 1). Obviously, males with L4–L6 accounted for >98per
cent of cases. The individuals born after 1990 with L4–L6 was
>13per cent, while the individuals born before 1970 with L1–L3
and L7 was >20per cent. Heterosexuals and PWID accounted for
>90per cent in L1–L3 and L7–L8, while L4–L6 were more common

among MSM (range: 61.1–78.2 per cent). Notably, the proportion
of males and females among heterosexuals with L4–L6 lineages
were significantly unbalanced (22.6 per cent vs. 0.8 per cent in L4,
17.2 per cent vs. 1.4 per cent in L5, and 38.9 per cent vs. 0 per cent
in L6), compared with that with L1–L3 and L7–L8 lineages (38.2 per
cent vs. 35.1 per cent in L1, 33.3 per cent vs. 42per cent in L2,
16.7 per cent vs. 41.7 per cent in L3, 45.5 per cent vs. 36.4 per cent
in L7, and 40per cent vs. 40per cent in L8).

Significant differences of the sociodemographic information
were also observed between individuals within lineages and those
without (Table 1). Younger individuals born after 1990, males, and
MSM were more likely to be in lineages. The immigrants were
more likely to have HIV-1 CRF01_AE lineages than local residents
in Shenzhen.

3.2 The transmission dynamics of CRF01_AE
lineages
Four lineages, containing ≥20 sequences, had good temporal
signals evaluated in TempEst (Wilkinson et al. 2019) (Supple-
mentary Figure S1) and were selected for further time-calibrated
reconstruction (Vasylyeva et al. 2019). Molecular clocks revealed
that their median tMRCA ranged between 1992 and 1999, and
the median evolutionary rates were 1.85–3.26 × 10–3 substitu-
tions/site/year. L2 appeared around 1992, followed by L1, L4, and
L5 at the end of 2000s (Table 2).

Despite sharing same priors, the median basic viral reproduc-
tion numbers (R0) of four lineages differed significantly, ranging
1.71–3.92; of those, L1 was highest close to 4, followed by L2, L4,
and L5 (Table 2). Notably, the noninfectious rates for L1 and L2
were much lower than those for the other two lineages, indicating
that they had longer infectious periods andmore chances to infect
the susceptible individuals (Table 2). Following a stable period, the
effective viral reproduction numbers (Re) of all lineages began to
decline, but the time of plateau and the decrease in rate differed
across lineages (Fig. 2). Although the initial decline of Re for L1 and
L2 occurred before 2005, the Re of L1 had fell <1 before 2010 and
the Re of L2 declined to 1 about 5 years later than L1. The temporal
changes in Re for L4 and L5 were similar, showing an initial decline
during 2005–2010, and a value close to 1 at the end of sampling.
As shown in SIR trajectory, the estimated numbers of the initial
susceptible individuals in four lineages were significantly differ-
ent, and L1 had nearly achieved a complete depletion at the end
of sampling. Moreover, according to the curves of incidence and
prevalence, L1 has reached the epidemic peak followed by a rapid
decline, while L2 had just passed the peak and L4 and L5 were
still before the peak. Importantly, the prevalent curve should rep-
resent the level of the patients with the high HIV transmission
risk, who are not under cART after infection or do not achieve
virological suppression, rather than the whole HIV infection
population.

3.3 The viral migration of CRF01_AE lineages
among local residents and immigrants
The phylogeographic results, combining three random down-
sampled datasets, revealed the complex and distinct viral migra-
tion history for lineages. In L1 and L2 that were prevalent among
heterosexuals and PWID, >90per cent of the viralmigration events
sourced from immigrants from other cities in Guangdong province
and the local residents of Shenzhen (BF>10) (Fig. 3A and B).
For two lineages among MSM, the viral spread from the immi-
grants of Jiangxi and Shaanxi provinces accounted for 57.5 per



4 Virus Evolution

Ta
b
le

1.
T
h
e
so

ci
od

em
og

ra
p
h
ic

ch
ar
ac

te
ri
st
ic
s
of

in
d
iv
id
u
al
s
in
cl
u
d
ed

in
or

n
ot

in
li
n
ea

ge
s.

To
ta
l

SZ
-L
1

SZ
-L
2

SZ
-L
3

SZ
-L
4

SZ
-L
5

SZ
-L
6

SZ
-L
7

SZ
-L
8

SZ
-L
9

SZ
-L
1

SZ
-L
1

C
h
i-
sq

u
ar
e/

Fi
sh

er
’s
ex

ac
t

te
st

a
N
ot

in
li
n
ea

ge

C
h
i-
sq

u
ar
e/

Fi
sh

er
’s
ex

ac
t

te
st

b

C
at
eg

or
ie
s

N
(%

)
N

(%
)

N
(%

)
N

(%
)

N
(%

)
N

(%
)

N
(%

)
N

(%
)

N
(%

)
N

(%
)

N
(%

)
N

(%
)

P-
va

lu
e

N
(%

)
P-
va

lu
e

Se
x M
al
e

1,
24

3
(8
6.
8)

13
5
(5
9.
2)

43
(5
3.
1)

7
(5
8.
3)

71
4
(9
9)

28
1
(9
8.
6)

18
(1
00

)
7
(6
3.
6)

4
(4
0)

1
(2
5)

2
(5
0)

2
(6
6.
7)

<
0.
00

1
29

(5
2.
7)

<
0.
00

1
Fe

m
al
e

18
9
(1
3.
2)

93
(4
0.
8)

38
(4
6.
9)

5
(4
1.
7)

7
(1
)

4
(1
.4
)

–
4
(3
6.
4)

6
(6
0)

3
(7
5)

2
(5
0)

1
(3
3.
3)

26
(4
7.
3)

B
or
n
p
er
io
d

B
ef
or
e
19

60
54

(3
.8
)

17
(7
.5
)

7
(8
.7
)

–
7
(1
.0
)

8
(2
.8
)

–
5
(4
5.
5)

–
–

1
(2
5)

–
<
0.
00

1
9
(1
6.
3)

0.
00

1
19

60
s

11
6
(8
.1
)

32
(1
4.
0)

10
(1
2.
3)

3
(2
5.
0)

34
(4
.8
)

29
(1
0.
2)

2
(1
1.
1)

1
(9
.1
)

1
(1
0)

1
(2
5)

–
–

3
(5
.5
)

19
70

s
37

4
(2
6.
1)

76
(3
3.
3)

23
(2
8.
4)

2
(1
6.
7)

17
2
(2
3.
8)

74
(2
6.
0)

6
(3
3.
3)

2
(1
8.
2)

4
(4
0)

–
1
(2
5)

2
(6
6.
7)

12
(2
1.
8)

19
80

s
69

5
(4
8.
5)

90
(3
9.
5)

37
(4
5.
7)

6
(5
0.
0)

37
6
(5
2.
1)

13
7
(4
8.
1)

5
(2
7.
8)

3
(2
7.
3)

4
(4
0)

3
(7
5)

2
(5
0)

1
(3
3.
3)

31
(5
6.
4)

A
ft
er

19
90

19
3
(1
3.
5)

13
(5
.7
)

4
(4
.9
)

1
(8
.3
)

13
2
(1
8.
2)

37
(1
3.
0)

5
(2
7.
8)

–
1
(1
0)

–
–

–
–

R
is
kc

M
SM

78
7
(5
5)

7
(3
.1
)

1
(1
.2
)

1
(8
.3
)

52
9
(7
3.
4)

22
3
(7
8.
2)

11
(6
1.
1)

1
(9
.1
)

1
(1
0)

–
–

1
(3
3.
3)

<
0.
00

1
12

(2
1.
8)

<
0.
00

1
H
ET

(M
)

36
6
(2
5.
6)

87
(3
8.
2)

27
(3
3.
3)

2
(1
6.
7)

16
3
(2
2.
6)

49
(1
7.
2)

7
(3
8.
9)

5
(4
5.
5)

4
(4
0)

1
(2
5)

2
(5
0)

1
(3
3.
3)

18
(3
2.
7)

H
ET

(F
)

16
7
(1
1.
7)

80
(3
5.
1)

34
(4
2)

5
(4
1.
7)

6
(0
.8
)

4
(1
.4
)

–
4
(3
6.
4)

4
(4
0)

3
(7
5)

2
(5
0)

1
(3
3.
3)

24
(4
3.
6)

PW
ID

(M
)

82
(5
.7
)

43
(1
8.
9)

13
(1
6)

4
(3
3.
3)

13
(1
.8
)

8
(2
.8
)

–
1
(9
.1
)

–
–

–
–

–
PW

ID
(F
)

9
(0
.6
)

4
(1
.8
)

3
(3
.7
)

–
1
(0
.1
)

–
–

–
–

–
–

–
1
(1
.8
)

U
n
kn

ow
n
/O

th
er
s

21
(1
.5
)

7
(3
.1
)

3
(3
.7
)

–
9
(1
.2
)

1
(0
.4
)

–
–

1
(1
0)

–
–

–
–

H
ou

se
h
ol
d

Sh
en

zh
en

20
3
(1
4.
2)

18
(7
.9
)

8
(9
.9
)

2
(1
6.
7)

10
4
(1
4.
4)

41
(1
4.
4)

3
(1
6.
7)

5
(4
5.
5)

3
(3
0)

–
2
(5
0)

–
<
0.
00

1
17

(3
0.
9)

0.
00

8
So

u
th

er
n
(e
xc

ep
t
SZ

)
38

3
(2
6.
7)

11
5
(5
0.
4)

44
(5
4.
3)

4
(3
3.
3)

16
1
(2
2.
3)

42
(1
4.
7)

5
(2
7.
8)

–
1
(1
0)

–
–

–
11

(2
0)

C
en

tr
al

35
4
(2
4.
7)

43
(1
8.
9)

14
(1
7.
3)

1
(8
.3
)

18
2
(2
5.
2)

88
(3
0.
9)

6
(3
3.
3)

2
(1
8.
2)

3
(3
0)

3
(7
5)

–
–

12
(2
1.
8)

So
u
th

w
es

te
rn

19
9
(1
3.
9)

36
(1
5.
8)

11
(1
3.
6)

1
(8
.3
)

10
1
(1
4)

34
(1
1.
9)

3
(1
6.
7)

3
(2
7.
3)

3
(3
0)

–
1
(2
5)

1
(3
3.
3)

5
(9
.1
)

Ea
st
er
n

15
1
(1
0.
5)

8
(3
.5
)

1
(1
.2
)

3
(2
5)

94
(1
3)

38
(1
3.
3)

1
(5
.6
)

1
(9
.1
)

–
–

–
–

5
(9
.1
)

N
or
th

w
es

te
rn

48
(3
.4
)

4
(1
.8
)

–
0

33
(4
.6
)

9
(3
.2
)

–
–

–
–

–
–

2
(3
.6
)

N
or
th

ea
st
er
n

57
(4
)

2
(0
.9
)

–
1
(8
.3
)

29
(4
)

24
(8
.4
)

–
–

–
–

–
1
(3
3.
3)

–
N
or
th

er
n

23
(1
.6
)

–
–

–
14

(2
.1
)

8
(2
.8
)

–
–

–
–

–
–

1
(1
.8
)

H
on

g
K
on

g,
M
ac

ao
,T

ai
w
an

8
(0
.6
)

2
(0
.9
)

1
(1
.2
)

–
2
(0
.3
)

–
–

–
–

1
(2
5)

1
(2
5)

1
(3
3.
3)

–
O
u
ts
id
e
C
h
in
a

6
(0
.4
)

–
2
(2
.4
)

–
1
(0
.1
)

1
(0
.4
)

–
–

–
–

–
–

2
(3
.6
)

To
ta
l

1,
43

2
(1
00

)
22

8
(1
00

)
81

(1
00

)
12

(1
00

)
72

1
(1
00

)
28

5
(1
00

)
18

(1
00

)
11

(1
00

)
10

(1
00

)
4
(1
00

)
4
(1
00

)
3
(1
00

)
–

55
(1
00

)
–

a
C
h
i-
sq

u
ar
e/
Fi
sh

er
’s
ex

ac
t
te
st

am
on

g
li
n
ea

ge
s.

b
C
h
i-
sq

u
ar
e/
Fi
sh

er
’s
ex

ac
t
te
st

in
an

d
ou

t
li
n
ea

ge
s.

c
M
SM

:m
en

w
h
o
h
av

e
se

x
w
it
h
m
en

;H
ET

(M
):
m
al
e
h
et
er
os

ex
u
al
s;

H
ET

(F
):
fe
m
al
e
h
et
er
os

ex
u
al
s;

PW
ID

(M
):
m
al
e
p
eo

p
le

w
h
o
in
je
ct

d
ru

gs
;P

W
ID

(F
):
fe
m
al
e
p
eo

p
le

w
h
o
in
je
ct

d
ru

gs
,w

h
ic
h
w
as

se
lf
-r
ep

or
te
d
d
u
ri
n
g

in
ve

st
ig
at
io
n
.



M. An et al. 5

Figure 1. The maximum likelihood phylogenetic tree of HIV-1 CRF01_AE pol sequences in Shenzhen.

The colored branch represents CRF01_AE lineages in Shenzhen, and the black branches were reference sequences used to distinguish the lineages and fix the
topology of tree.

Table 2. The phylodynamic estimates for four CRF01_AE lineages in Shenzhen under SIR model in BEAST v 2.6.2.

SZ-L1 (95% HPD) SZ-L2 (95% HPD) SZ-L4 (95% HPD) SZ-L5 (95% HPD)

tMRCA 1998.10 (1995.43–2000.24) 1992.53 (1985.11–1998.00) 1998.25 (1996.13–2000.12) 1999.15 (1996.29–2001.62)
Evolutionary rate (x10-3,
s/s/y)

2.08 (1.62–2.61) 1.85 (1.20–2.62) 3.26 (2.85–3.69) 2.17 (1.81–2.54)

Basic reproduction number,
R0

3.92 (2.24–6.29) 2.65 (1.31–5.21) 1.96 (1.25–3.20) 1.71 (1.17–2.62)

Noninfectious rate, δ 0.36 (0.18–0.60) 0.31 (0.08–0.81) 0.51 (0.12–1.16) 0.66 (0.16–1.63)
Duration of infection, D
(years)a

2.78 (1.67–5.56) 3.22 (1.23–12.5) 1.96 (0.86–8.33) 1.52 (0.61–6.25)

Sampling proportion, p
(x10-3)

3.4 (0.4–10) 1.6 (1–8.9) 34.9 (2.35–118.3) 29.2 (0.88–106.2)

aCalculated with the equation: D = 1/δ. HPD: The highest posterior density interval.

Figure 2. The reconstructed SIR trajectory, incidence, and effective reproduction number of four CRF01_AE lineages over time.

The epidemic dynamics of four lineages were plotted using the phylodynamics script in R. (A) The plot of overall SIR dynamics over time; (B) the plot of the
prevalence and incidence over time; (C) the plot of the estimated effective reproduction number (Re) over time. The black dotted lines represent the 95per cent
HPD interval and the red dotted line represents epidemiological threshold (Re =1).

cent and 35.8 per cent of all migration events in L4 (Fig. 3C), while

the immigrants from Hubei province were the dominant sources

(68.1 per cent) in L5 (Fig. 3D). However, for all four lineages, no

predominant population was observed as major sinks or hubs of

viral diffusion (Fig. 3).

4. Discussion
Shenzhen, as China’s first special economic zone, attracts a
large number of migration workers from other regions across
China since the 1980s, most of who would return to their home
province after some time or during Chinese traditional holidays
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Figure 3. The viral migration events among population of four major CRF01_AE lineages in Shenzhen.

The links and directions from sources toward recipients (BF>10) are drawn using Sankey plot in R. The left and right sides of Sankey plot represent the source and
recipient, respectively. The fractions of the two sides represent the proportions of migration events from sources toward recipients. SZ-L1(A); SZ-L2(B); SZ-L4(C);
SZ-L5(D).

(Yang et al. 2020). Therefore, Shenzhen could serve as a hub for
HIV-1 dissemination and may become the epitome and predictor
of the national HIV epidemic.

We found eleven CRF01_AE lineages with high branch support

value. Of them, five lineages belong to the previously reported

top five CRF01_AE lineages throughout China (Feng et al. 2013;

Li et al. 2017; Wang et al. 2017): L1–L3 were prevalent among
heterosexuals/PWID and L4–L5 were common among MSM. More-
over, they accounted for 93per cent of all CRF01_AE cases, indi-
cating that the HIV-1 epidemic in Shenzhen is representative of
the national HIV epidemic. Of them, four main lineages had dis-
tinct origin times (Table 2), over the 1990s, and all estimated
tMRCAs were close to or later than those in the national reports
(Feng et al. 2013), suggesting that although Shenzhen ownedmore
migrants historically, it was not the origin that drove CRF01_AE
spread across China and more likely to be the cross-center of
HIV epidemic. Of eleven HIV-1 CRF01_AE lineages circulating in
Shenzhen, although the remaining six lineages accounted for
3per cent, they also need to be concerned about monitoring their
further developments.

It is well estimated that sexual contacts were the predominant
high-risk behavior for CRF01_AE infection in Shenzhen (Zhao et al.
2016). Obviously, the ratio of males and females was inconsis-
tent among heterosexuals in lineages L4–L6 that were prevalent
among MSM; thus, further investigation was performed to re-
evaluate the risk behavior of 219 male heterosexuals in L4–L6. We
found that twenty-eight individuals admitted to be MSM, while
others were unwilling to disclose this information to the investi-
gators or migrated to other regions. These findings suggested that
some heterosexual males might have concealed their homosex-
ual orientation initially (Shang et al. 2012), which may lead an
underestimation of the HIV-1 prevalence among MSM.

R0 is an indicator of the number of new infections caused
by one positive individual during his infectious life in a popula-
tion where everyone is susceptible. The changes in this number
over time, termed Re, can further reflect the viral transmission
dynamics under interventions. The R0 differed for four lineages,
but their Re had declined over time (Fig. 3). For L1 and L2, the
obvious decline of Re coincided with the initiation of the needle
exchange programs from 2000, which freely provided needles (Liu,
Sullivan, and Wu 2007), the cART around 2003 (Zhang et al. 2007;
Cao, Hsieh, and Li 2020), and the wide sex education during the
2000s (Rou et al. 2010). During the initial period of HIV-1 epidemic,

>40per cent of infections were in PWID both in Shenzhen and
nationwide (Peng 2004; Qian et al. 2006). This may explain why
the R0 of L1 and L2 were very high, while the Re rapidly declined
after the needle exchange programs (Liu, Sullivan, and Wu 2007).

Differently, for L4 and L5, the obvious decline in Re did not
appear until 2010, suggesting that the routine HIV interven-
tions would not effectively control the viral transmission among
MSM. This was attributed to the unique characteristics of MSM,
which may complicate their detection and treatment before the
initiation of universal test and treat strategies (performed after
2016). Since 2008, a large-scale MSM surveillance program was
launched in Shenzhen, identifying a large number of MSM who
would be encouraged to detect HIV, possibly resulting in the rapid
reduction of Re in L4 and L5 after 2010. The traditional epidemi-
ological investigation performed by Shenzhen CDC in 2014 also
proved that the prevalence of HIV among MSM had started to
decline along the surveillance program of MSM. Thus, we are con-
fident that thewide-surveillance program, which led tomore diag-
noses, was effective in controlling the HIV epidemic among MSM.
The various transmission dynamics indicated that conventional
strategies did not equally control various lineages, possibly result-
ing from their acceptance degree to treatment and the coverage
range of interventions for risk populations within lineages. The
inconsistences of epidemic dynamics among heterosexuals/PWID
and MSM suggest that the further targeting interventions, such
as behavior and health education among the active MSM or
enhanced managements of detection and treatment, would be
more important.

The key of erasing HIV epidemic is to characterize who will

infect others most possibly or be infected at the most risk

(Abeler-Dorner et al. 2019). Reconstruction of the viral migra-

tion history of CRF01_AE lineages among population will help

identify the transmission source, sink, and hub. For L1 and

L2, the higher fraction of viral migration events occurred from

the immigrants of other cities in Guangdong province or Shen-

zhen local residents toward the immigrants of other provinces
(Fig. 3A and 3B), implying the residents of Guangdong province
were themain source of the CRF01_AE dispersal among heterosex-
uals and PWID. Although these two lineages have been controlled,
the continued HIV intervention programs are still important to
enhance and solidify the effects of HIV prevention among het-
erosexuals and PWID. MSM accounted for 55per cent of all cases
(Table 1), so two lineages (L4 and L5) that had yet been controlled
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completely became the urgent targets to reduce HIV transmission.
It is noted that the immigrants from Jiangxi, Shaanxi, and Hubei
provinces were the main sources of viral spread among MSM. The
Shenzhen statistical report (2015) showed that the immigrants in
Shenzhen mainly came from Guangdong (35per cent), followed
by Hunan, Sichuan, and Guangxi, while the immigrants from
Hubei, Jiangxi, and Shaanxi provinces accounted for 4per cent,
4 per cent, and 1per cent. Although the three provinces were not
the top import provinces, the immigrants from them can drive
CRF01_AE spread at large scale among MSM. No obvious sinks
for all four lineages suggest that the mixed transmissions among
populations occurred since the virus was brought to Shenzhen by
immigrants and the interventions targeting transmission sources
can get the maximum effects on the prevention and control
of HIV.

There are some limitations that might impact phylogenetic
reconstructions: (1) most sequences were from newly diagnosed
cases and due to the development of detection ability, the sam-
pling depth might vary throughout time. (2) The overrepresenta-
tion of sequences in the high-density sampling populations with
different household register locations might bias the phylogeo-
graphic reconstruction and we performed the down-sampling to
solve it. (3) The update of cART policies over time in China would
shorten the duration of infectiousness, one dimension setting for
the becoming-non-infectious rate in phylodynamic analysismight
underestimate the effectiveness of interventions; one assumption
of SIR model is that the population size is constant, and Shen-
zhen is a city of immigrants with a growing population along with
the frequent population exchange, which would bias our phylo-
dynamic reconstruction using SIR and overestimate the effective-
ness of interventions. Therefore, in spite of the declining epidemic
of all four main CRF01_AE lineages estimated in this study, the
continued public health interventions should be taken to keep
and strengthen the controlled effects. Finally, HIV/AIDS health-
care in Shenzhen begun early in the early 2000 and covered both
the local residents and the immigrants, which would not impact
the estimates of transmission history among populations.

In conclusion, multiple independent introductions shaped the
HIV-1 CRF01_AE epidemics in Shenzhen, most of which were
drove by immigrants. Although routine interventions can effec-
tively decrease the prevalence of CRF01_AE, the epidemic patterns
of the lineages were variable. These results suggest that more
precisely targeting interventions, focusing on certain transmis-
sion sources, would exert a maximum effect on controlling the
whole HIV-1 epidemic in Shenzhen and the continued molecu-
lar tracing would improve HIV-1 comprehensive prevention and
control.
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