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Abstract 

Objective The objective of this study was to conduct a comprehensive analysis of the molecular transmission net-
works and transmitted drug resistance (TDR) patterns among individuals newly diagnosed with HIV-1 in Nanjing.

Methods Plasma samples were collected from newly diagnosed HIV patients in Nanjing between 2019 and 2021. 
The HIV pol gene was amplified, and the resulting sequences were utilized for determining TDR, identifying viral sub-
types, and constructing molecular transmission network. Logistic regression analyses were employed to investigate 
the epidemiological characteristics associated with molecular transmission clusters.

Results A total of 1161 HIV pol sequences were successfully extracted from newly diagnosed individuals, each 
accompanied by reliable epidemiologic information. The analysis revealed the presence of multiple HIV-1 sub-
types, with CRF 07_BC (40.57%) and CRF01_AE (38.42%) being the most prevalent. Additionally, six other subtypes 
and unique recombinant forms (URFs) were identified. The prevalence of TDR among the newly diagnosed cases 
was 7.84% during the study period. Employing a genetic distance threshold of 1.50%, the construction of the molecu-
lar transmission network resulted in the identification of 137 clusters, encompassing 613 nodes, which accounted 
for approximately 52.80% of the cases. Multivariate analysis indicated that individuals within these clusters were more 
likely to be aged ≥ 60, unemployed, baseline CD4 cell count ≥ 200 cells/mm3, and infected with the CRF119_0107 
(P < 0.05). Furthermore, the analysis of larger clusters revealed that individuals aged ≥ 60, peasants, those without TDR, 
and individuals infected with the CRF119_0107 were more likely to be part of these clusters.

Conclusions This study revealed the high risk of local HIV transmission and high TDR prevalence in Nanjing, espe-
cially the rapid spread of CRF119_0107. It is crucial to implement targeted interventions for the molecular transmis-
sion clusters identified in this study to effectively control the HIV epidemic.
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Background
Since the first case of AIDS was reported in China in 
1985 [1], nearly 40 years have passed. In 2018, the Chi-
nese government estimated that there were approxi-
mately 1,250,000 people living with HIV/AIDS in the 
country [2]. Despite the implementation of various strat-
egies, such as promoting condom usage among female 
sex workers and men who have sex with men (MSM), 
providing syringe service programs for injecting drug 
users, offering mother and child block interventions for 
HIV-positive pregnant women, as well as making pre-
exposure prophylaxis (PrEP) and post-exposure prophy-
laxis (PEP) available to all populations, the number of 
newly reported HIV infections per year has unfortunately 
not shown a significant decline. This situation is a cause 
for concern and underscores the persistent challenges 
faced in HIV prevention and control efforts in China.

In 2018, the US Centers for Disease Control and Pre-
vention (CDC) proposed the use of HIV molecular 
transmission networks as a new strategy for HIV preven-
tion [3]. This approach has gained recognition and was 
included as one of the main strategies in the US Depart-
ment of Health and Human Services’ ambitious plan 
"Ending the HIV Epidemic: A Plan for America" in 2019 
[4]. In line with these developments, the National Center 
for AIDS/STD Control and Prevention at the Chinese 
Center for Disease Control and Prevention published 
guidelines for monitoring and intervening in HIV trans-
mission networks in China (trial version) in September 
2019 [5]. HIV molecular transmission networks are con-
structed using genetic data from individuals infected with 
HIV. By identifying similarities and connections between 
viral sequences, these networks aim to reconstruct the 
macro-social networks of infected individuals and exam-
ine the characteristics of the network’s active and critical 
groups, with the ultimate goal of preventing and control-
ling HIV transmission [6]. Over the years, research on 
molecular transmission networks has expanded, not only 
helping analyze the basic characteristics of the epidemic 
but also playing a role in determining when and where 
newly diagnosed individuals were likely infected, assess-
ing the speed of HIV transmission spread, and guiding 
intervention efforts.

The use of HIV molecular transmission networks has 
shown promise in understanding the dynamics of HIV 
transmission and designing targeted prevention strate-
gies. By identifying clusters of interconnected infections, 
public health officials can prioritize interventions and 
resources to effectively reach populations at higher risk. 
This approach allows for a more precise understanding of 
transmission patterns and can inform the development of 
tailored prevention and control measures.

In China, the adoption of HIV molecular transmission 
networks as a strategy reflects the country’s commit-
ment to staying at the forefront of HIV prevention and 
control efforts. By leveraging genetic data and analyz-
ing transmission networks, China aims to enhance its 
understanding of the epidemic, identify key populations, 
and implement interventions that can have a significant 
impact on reducing new HIV infections [7].

Continued research and collaboration are necessary to 
refine the use of HIV molecular transmission networks in 
China. This includes strengthening laboratory capacities 
for genetic sequencing, improving data sharing and inte-
gration, and ensuring the ethical use of this information 
while protecting individuals’ privacy. By harnessing the 
potential of molecular transmission networks, China can 
further enhance its HIV prevention and control efforts 
and work towards reducing the burden of HIV/AIDS in 
the country.

In China, the predominant HIV-1 subtypes are CRF01_
AE and CRF07_BC [8], as well as some second-genera-
tion recombinant forms such as CRF01_AE/CRF07_BC, 
CRF01_AE/CRF08_BC, CRF07_BC/CRF55_01B and so on 
have been reported to be prevalent in different regions 
and different high-risk populations. Different HIV-1 sub-
types, different high-risk groups and different regional 
distribution result in different HIV transmission char-
acteristics, which also poses challenges to HIV epidemic 
prevention and control. Nanjing, as the capital city of 
Jiangsu Province and one of the central cities of the Yang-
tze River Delta Economic Belt, boasts a highly developed 
cultural tourism and transportation network. The unique 
geographical characteristics of Nanjing contribute to its 
distinct epidemic characteristics. Currently, the predomi-
nant mode of HIV transmission in Nanjing is through 
homosexual contact, accounting for 69.0% of cases, 
which is higher than the provincial and national aver-
ages [9–11]. The frequent population movement driven 
by social and economic development further compli-
cates the HIV epidemic in Nanjing, leading to diverse and 
complex transmission patterns. Given the complexity of 
the epidemic in Nanjing, it is crucial to understand the 
distribution characteristics of HIV subtypes and iden-
tify transmission clusters using molecular transmission 
networks. This approach provides valuable insights into 
the local HIV epidemic strains, their subtypes, and the 
interconnectedness of infections. By analyzing transmis-
sion networks, public health officials can formulate tar-
geted intervention strategies and allocate resources more 
effectively. This data-driven approach helps prioritize 
interventions and implement measures that can have 
a significant impact on reducing new HIV infections in 
Nanjing.
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Material and methods
Study population and sample collection
This study included all newly diagnosed HIV-1 patients 
in Nanjing from January 2019 to December 2021 who 
had not received antiretroviral therapy (ART). Informed 
consent was obtained from each participant before their 
inclusion in the study. A peripheral blood sample of 6 mL 
was collected from each participant within 12 h of collec-
tion and stored at -80  °C for further analysis. The base-
line  CD4+ T lymphocyte (CD4) cell count and HIV viral 
load (VL) data were collected from patients who were 
diagnosed before starting ART. Additionally, epidemio-
logical information including age, sex, and transmission 
route of infection was surveyed at the time of enrollment. 
This study was conducted in accordance with the ethical 
guidelines and was reviewed and approved by the ethics 
committees of Nanjing Center for Disease Prevention 
and Control.

Laboratory operations
The extraction of viral RNA was performed using the 
QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Ger-
many) following the manufacturer’s protocol, with 
200 μl plasma samples used for each extraction. Nested 
polymerase chain reaction (PCR) was used to amplify 
the target fragment containing 1060 bp in the pol gene 
(HXB2:2253–3313). The first-round PCR procedure and 
cDNA synthesis were carried out using PrimeScriptTM 
One Step RT-PCR Ver. 2.0 (TakaRa, China). Cycling con-
ditions were 50 ℃ for 45 min; 94 ℃ for 2 min; 94 ℃ for 
15 s; 55 ℃ for 20 s; 72 ℃ for 2 min, 50 cycles; followed 
with an extension at 72 ℃ for 10 min. The nested PCR 
was conducted using Ex Taq (TaKaRa, China). Cycling 
conditions were 94  °C for 4  min; 94  °C for 15  s, 55  °C 
for 20 s, 72 °C 2 min, 40 cycles; followed with an exten-
sion at 72  °C for 10  min. PCR products were validated 
by visualizing 1% agarose gel electrophoresis results. 
Successfully amplified samples were sent to Sangon Bio-
technology Co. for sequencing using Applied Biosystems 
3730XL. The primers for PCR and sequencing are listed 
in Additional Table S1.

HIV sequence acquirement and subtyping
Sequencher 4.10.1 (Gene Codes Corporation, Ann 
Arbor, MI, USA) was utilized for sequence splicing, 
and the aligned sequences were analyzed using BioEdit 
(version 7.0.9, Informer Technologies Inc.). To ensure 
sequence quality, the WHO HIVDR QC TOOL (Resist-
ance Quality Control Tool provided by the World Health 
Organization, https:// seque nceqc. bccfe. ca/ who_ qc) was 
employed. Sequences longer than 1000  bp and had less 
than 5% ambiguous nucleotides been included for analy-
sis. FastTree 2.1, utilizing the maximum likelihood (ML) 

method, was used to generate a phylogenetic tree for sub-
type identification. The nucleotide substitution model 
GTR + G + I was applied, and support values of the nodes 
were calculated using a Shimodaira Hasegawa-like test. 
Clusters with a bootstrap value greater than 0.90 (90%) 
were classified as belonging to the same subtype. Refer-
ence sequences from the HIV Databases (https:// www. 
hiv. lanl. gov/ conte nt/ index) were used, which encom-
passed major international epidemic strains A-D, F–H, 
and J  K, as well as the major epidemic recombinant 
strains found in China. The ML trees were visualized and 
edited using Figtree v1.4.3.

TDR analysis and HIV molecular transmission network 
construction
The partial pol genes were aligned and uploaded to the 
Stanford HIV Drug Resistance Database website (https:// 
hivdb. stanf ord. edu/) for TDR and mutations analysis 
[12]. The analysis of TDR categories involved protease 
inhibitors (PIs), nucleoside reverse transcriptase inhibi-
tors (NRTIs) and non-nucleoside reverse transcriptase 
inhibitors (NNRTIs). Low-level resistance, intermedi-
ate resistance, and high-level resistance were identified 
as TDR among ART-naïve individuals [13]. Pairwise 
genetic distances were calculated using the Tamura-Nei 
93 model, and HIV TRACE was employed to construct 
a molecular transmission network [14]. In the network, 
nodes represent individuals, while edges indicate two 
connected nodes with potential transmission relation-
ships under a certain gene threshold. Links refer to the 
number of edges, also known as degrees, to which each 
node connects. The largest number of clusters could be 
found at the optimal gene distance threshold [15]. At this 
threshold, the network can identify the most transmis-
sion clusters. When the threshold increases more, differ-
ent transmission clusters begin to gather with each other 
and the number of clusters decreases, suggesting the net-
work’s resolution ability decreases. Therefore, at a genetic 
threshold of ≤ 1.50%, individuals entering the cluster 
represented a potential transmission link. Small clus-
ters contained ≤ 10 nodes, while large clusters contained 
more than 10 nodes in this study.

Variable definition
The sample sources were categorized into three groups: 
VCT, hospital, and others. VCT refers to Voluntary 
Counseling and Testing conducted by CDC or Com-
munity Based Organizations (CBO) workers. Hospital 
samples included those from preoperative testing, sexu-
ally transmitted diseases (STDs) clinics, pre-blood (prod-
uct) testing, testing of other patients, premarital medical 
examinations, as well as pregnancy and prenatal exami-
nations. The "others" category included samples from 

https://sequenceqc.bccfe.ca/who_qc
https://www.hiv.lanl.gov/content/index
https://www.hiv.lanl.gov/content/index
https://hivdb.stanford.edu/
https://hivdb.stanford.edu/
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physical examinations, blood donation tests, and the 
detection of compulsory/reeducation through labor drug 
rehabilitation personnel, among others. Education level 
was divided into two categories: low education, which 
included individuals with a middle school education 
or below, and high education, which included individu-
als with a senior high school education or above. For the 
route of transmission, individuals classified as injecting 
drug users (IDUs) or those with an unknown transmis-
sion route were categorized as "others."

Statistical analysis
Statistical analysis was performed using R v4.1.3. 
Descriptive statistics, such as interquartile ranges (IQR) 
and medians, were used to summarize continuous varia-
bles with non-normal distributions. Categorical variables 
were described using frequencies and percentages. Uni-
variate and multivariate logistic regression models were 
used to analyze the factors associated with transmission 
within molecular clusters or large molecular clusters. 
The variables with significance (P < 0.05) in the univari-
ate analysis were included in the multivariate logistic 
regression model for analysis. All statistical tests were 
two-tailed, and a p-value of less than 0.05 was considered 
statistically significant.

Results
Basic characteristics and subtype distributions
A total of 1161 newly diagnosed HIV-positive individu-
als were included in our study from 2019 to 2021. Among 
them, 93.88% were male, and the median age was 29 years 
old (with an interquartile range [IQR] of 24–43). The 
majority of the participants (97.93%) belonged to the Han 
ethnicity, and 62.45% were unmarried. In terms of occu-
pation, 48.15% were employees, 16.11% were students, 
15.33% were unemployed, and the remaining 12.83% and 
7.58% were classified as "others" and "peasants," respec-
tively. Regarding education level, 77.95% of the par-
ticipants had a high level of education. Approximately 
52.54% of the samples were obtained from voluntary 
counseling and testing (VCT) centers, and 17.05% of the 
participants had already developed AIDS. Among these 
individuals, 77.09% had a baseline HIV viral load (VL) 
above 1000 copies/ml, while 56.42% had a CD4 cell count 
between 200 and 500 cell/mm3. Additionally, 17.31% had 
been previously diagnosed with sexually transmitted dis-
eases (STDs), and 7.84% exhibited TDR.

In terms of transmission routes, 68.91% of the partici-
pants were infected through homosexual behaviors, fol-
lowed by heterosexual behaviors (29.97%), and other 
behaviors (1.12%) (Table 1).

Regarding HIV subtypes, the predominant sub-
type was CRF07_BC (40.57%, 471/1161), followed by 
CRF01_AE (38.41%, 446/1161), CRF119_0107 (6.29%, 
73/1161), CRF67_01B (3.19%, 37/1161), CRF55_01B 
(3.10%, 36/1161), B (3.01%, 35/1161), CRF08_BC (2.24%, 
26/1161), CRF68_01B (2.07%, 24/1161), and URFs 
(1.12%, 13/1161) (Fig. 1).

Characteristics of HIV molecular transmission network
The TN93 model was utilized to calculate pairwise 
genetic distances under a 1.5% optimal genetic distance 
threshold. A total of 137 transmission clusters were 
identified, containing 613 individuals (52.80%) and 1381 
edges, with cluster sizes ranging from 2 to 74 sequences 
(Fig.  2A). Among the 137 clusters, 69 clusters (50.36%) 
included 2 sequences, 49 (35.77%) clusters contained 3–5 
sequences, 11 (8.03%) clusters contained 6–10 sequences, 
and 8 (5.84%) clusters consisted of 11 or more sequences. 
All nodes in the transmission network had the number 
of links ranging from 1 to 28, with 184 (30.02%, 184/613) 
having one link with another node, 349 (56.93%) having 
2–10 links with other nodes, 73 (11.91%) having 11–20 
links with other nodes, and only 7 (1.14%) nodes having 
more than 20 links with other nodes (Fig. 2B). Within the 
1.5% genetic distance threshold, 818 (59.23%) edges were 
found with less than 0.010 genetic distance. In total, 1381 
edges were identified below the 1.5% genetic distance 
threshold (Fig. 2C).

Regarding the subtype distribution of clusters, there 
were 208 nodes with CRF01_AE, forming 64 clusters. 
Among these clusters, 62 were small clusters consist-
ing of 176 nodes. Similarly, 250 nodes with CRF07_BC 
formed 43 clusters, with 39 small clusters comprising 136 
nodes. Additionally, 30 nodes with CRF67_01B formed 6 
clusters, and there were 5 small clusters with 16 nodes. 
For the CRF119_0107, a total of 63 nodes formed 5 clus-
ters, with 4 of them being small clusters involving 17 
nodes. Other subtypes such as CRF67_01B, CRF55_01B, 
CRF08_BC, subtype B, and URF had 17 nodes forming 4 
clusters, 20 nodes forming 5 clusters, 13 nodes forming 4 
clusters, 10 nodes forming 5 clusters, and 2 nodes form-
ing 1 cluster, respectively. All of these clusters were small 
clusters.

The largest molecular cluster was CRF07_BC, which 
consisted of 71 males and 3 females, with the primary 
mode of transmission being homosexual transmission 
(71.62%). A total of 28 clusters involved female individu-
als. Among the analyzed clusters, 23 transmission clus-
ters contained 44 individuals infected with TDR strains. 
Of these clusters, 9 (39.13%) clusters were identified as 
having a shared transmission relationship among TDR 
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Table 1 Demographic and clinical patient characteristics associated with the probability of belonging to a molecular transmission 
cluster

Variables Subjects
N (%)a

Clustered
N (%)b

Univariate analysis Multivariate analysis

OR(95%CI) P aOR(95%CI) P

Gender

 Male 1090(93.88) 569(52.20)

 Female 71(6.12) 44(61.97) 1.49(0.91–2.44) 0.112

National

 Han 1137(97.93) 604(53.12)

 Others 24(2.07) 9(37.50) 0.53(0.23–1.22) 0.135

Marital status

 Married 336(28.94) 190(56.55)

 Unmarried 725(62.45) 367(50.62) 0.79(0.61–1.02) 0.072

 Divorced 100(8.61) 56(56.00) 0.98(0.62–1.53) 0.923

Age (years)

 16 ~ 30 629(54.18) 323(51.35)

 31 ~ 59 430(37.03) 219(50.93) 0.98(0.77–1.26) 0.893 1.00(0.74–1.34) 0.977

  ≥ 60 102(8.79) 71(69.61) 2.17(1.40–3.44) < 0.001 2.10(1.18–3.79) 0.013

Occupation

 Unemployed 178(15.33) 103(57.87)

 Students 187(16.11) 92(49.20) 0.71(0.47–1.07) 0.098 0.63(0.40–1.00) 0.053

 Employee 559(48.15) 276(49.37) 0.71(0.51–0.99) 0.049 0.67(0.47–0.96) 0.029

 Peasant 88(7.58) 61(69.32) 1.65(0.96–2.83) 0.072 1.11(0.60–2.07) 0.752

 Others 149(12.83) 81(54.36) 0.87(0.56–1.34) 0.525 0.67(0.41–1.09) 0.110

Education

 Low 256(22.05) 155(60.55)

 High 905(77.95) 458(50.61) 0.67(0.50–0.89) 0.005 0.76(0.53–1.09) 0.136

Sample source

 VCT 610(52.54) 297(48.69)

 Hospital 443(38.16) 248(55.98) 1.34(1.05–1.71) 0.019 1.20(0.91–1.60) 0.195

 Others 108(9.30) 68(62.96) 1.79 (1.18–2.73) 0.007 1.69(1.09- 2.66) 0.021

Disease classification

 AIDS 198(17.05) 91(45.96)

 HIV 963(82.95) 522(54.21) 1.39(1.02–1.89) 0.035 0.92(0.54–1.55) 0.757

Baseline HIV VL (log RNA copies/ml)

  ≤ 3 57(4.91) 27(47.37)

  > 3 1104(95.09) 586(53.08) 1.26(0.74–2.14) 0.405

Baseline CD4 cell count (cell/mm3)

  < 200 260(22.39) 117(45.00)

 200 ~ 500 655(56.42) 362(55.27) 1.51(1.32–2.02) 0.005 1.95(1.20–3.21) 0.008

  > 500 246(21.19) 134(54.47) 1.46(1.03–2.08) 0.034 2.03(1.19–3.50) 0.010

Transmission route

 Homosexual 800(68.91) 407(50.88)

 Heterosexual 348(29.97) 196(56.32) 1.25(0.97–1.61) 0.090

  Othersc 13(1.12) 10(76.92) 3.22(0.88–11.78) 0.078

STD history

 Yes 201(17.31) 103(51.24)

 No 810(69.77) 435(53.70) 1.10(0.81–1.50) 0.532

 Unknown 150(12.92) 75(50.00) 0.95(0.62–1.45) 0.818

TDR

 Yes 91(7.84) 44(48.35)
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individuals. Among the above 9 clusters, 6 clusters com-
posed of all TDR individuals. As for TDR mutations 
in the transmission network, the main PI-associated 

mutations Q58E/QE were all distributed in CRF07_BC 
cluster, NNRTI-associated mutations K103N/KN in 
CRF01_AE and CRF119_0107 cluster, as well as V179D/E 

a Numbers in parentheses indicate the constituent ratio of all the subjects in each variable
b Numbers in parentheses indicate the proportion of the clustered objects as a percentage of each subgroup
c Other includes IDU (N = 4, clustered = 3) and URF subtype (N = 9, clustered = 7)
d Other includes CRF08_BC subtype (N = 26, clustered = 13) and URF subtype (N = 13, clustered = 2)

Table 1 (continued)

Variables Subjects
N (%)a

Clustered
N (%)b

Univariate analysis Multivariate analysis

OR(95%CI) P aOR(95%CI) P

 No 1070(92.16) 569(53.18) 1.21(0.79–1.86) 0.377

Subtype

 CRF01_AE 446(38.41) 208(46.64)

 CRF07_BC 471(40.57) 250(53.08) 1.29(1.00–1.68) 0.051 1.17 (0.89–1.53) 0.255

 CRF105_0107 73(6.29) 63(86.30) 7.21(3.61–14.41) < 0.001 8.36(4.32–17.90) < 0.001

 CRF67_01B 37(3.19) 30(81.08) 4.90(2.11–11.40) < 0.001 5.45(2.44–13.90) < 0.001

 CRF55_01B 36(3.10) 20(55.56) 1.43(0.72–2.83) 0.305 1.47(0.74–3.00) 0.157

 B 35(3.01) 10(28.57) 0.46(0.21–0.98) 0.043 0.44(0.19–0.93) 0.037

 CRF68_01B 24(2.07) 17(70.83) 2.78(1.13–6.83) 0.026 3.60(1.49–9.63) 0.006

  Othersd 39(3.36) 15(38.46) 0.72(0.37–1.40) 0.328 0.54(0.26–1.09) 0.093

Fig. 1 Phylogenetic tree analysis of nucleotide sequences from newly infected in Nanjing



Page 7 of 14Shi et al. BMC Infectious Diseases          (2024) 24:583  

and G190A in CRF07_BC and CRF_5501B cluster, 
respectively (Fig. 3).

Analysis of individuals with potential transmission links
Among the 1161 patients analyzed, there were 613 
nodes within 137 clusters, accounting for 52.80% 
(613/1161). Univariate and multivariate logistic 
regression models were used to analyze the data, and 
the results were presented in Table  1. The multivari-
ate analysis showed that compared with individuals 
aged ≤ 30 years old, those aged ≥ 60 years old were more 
likely to cluster (OR = 2.10, 95%CI = 1.18–3.79, P = 0.013). 
Employed patients were less likely to cluster than unem-
ployed patients (OR = 0.67, 95%CI = 0.47–0.96, P = 0.029). 
Patients whose samples were obtained from sources 
other than VCT were more likely to cluster than those 
from VCT (OR = 1.69, 95%CI = 1.09–2.66, P = 0.021). 
Patients with CD4 cell counts between 200 ~ 500 
or above 500 were more likely to cluster than those 
with CD4 cell counts below 200 (200 ~ 500: OR = 1.95, 
95%CI = 1.20–3.21, P = 0.008; above 500: OR = 2.03, 
95%CI = 1.19–3.50, P = 0.010). Regarding viral genealo-
gies, subtype B was considerably less likely to cluster than 
CRF01_AE (OR = 0.44, 95%CI = 0.19–0.93, P = 0.037). 

Furthermore, CRF119_0107 (OR = 8.36, 95%CI = 4.32–17.90, 
P < 0.001), CRF67_01B (OR = 5.45, 95%CI = 2.44–13.90, 
P < 0.001), and CRF68_01B (OR = 3.60, 95%CI = 1.49–9.63, 
P = 0.006) were more likely to cluster than CRF01_AE 
(Table 1).

Characterization of large clusters
In our study, eight large clusters (with more than 10 
nodes) were identified, containing a total of 206 individ-
uals (191 males and 15 females). Among these clusters, 
the major infection route was homosexual transmission 
(58.74%), followed by heterosexual transmission (40.29%), 
and other transmission routes (0.97%) (Table 2). A total 
of 5 TDR cases were distributed across 4 large clusters.

In the large clusters, the proportion of patients in the 
≥ 60 years old group was higher than that in the ≤ 30 years old 
group (OR = 4.14,95%CI = 2.02–8.55, P < 0.001). The proportion 
of patients without TDR was higher than that of patients with 
TDR (OR = 5.32,95%CI = 2.15–16.30, P = 0.001). Regarding 
different subtypes, the proportion of individuals infected with 
CRF01_AE was lower than those infected with CRF119_0107 
(OR = 40.92, 95%CI = 21.08–79.42, P < 0.001), CRF07_BC 
(OR = 4.48,95%CI = 2.91–7.09, P < 0.001), and CRF67_01B 
(OR = 10.55,95%CI = 4.73–23.52, P = 0.002) (Table 3).

Fig. 2 The characteristics of the molecular transmission networks. A Distribution of molecular transmission clusters by cluster size; B Distribution 
of nodes in clusters by links; C Distribution of edges by difference genetic distances
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Discussion
Eight subtypes were identified in this study, which 
exceeded the six prevalent subtypes found in Shanghai 

and Hangzhou [16, 17]. This highlights the local HIV 
genetic diversity and the complexity of the HIV-1 epi-
demic among the population in Nanjing. Interestingly, 

Fig. 3 The molecular transmission networks of newly diagnosed individuals are depicted, with clusters categorized by subtype. Individuals 
aged clusters with subtype are shown. Age ≤ 30 years old are labeled with squares (■), those aged 31 ~ 59 years old are represented by circles 
(●), and individuals aged ≥ 60 years old are labeled with regular hexagons ( ). Patients infected through heterosexual contact are shown in red, 
homosexual contact in blue, and other types of contact in green. Male individuals are indicated by a black border, while female individuals are 
indicated by an orange border. Letters are used to highlight cases of TDR, with k, q, g, v, m and o indicating K103N/KN, Q58E/QE, G190A, V179D/E, 
M41ML and other TDR mutations, respectively. The size of the nodes indicates the number of edges connected to the node, and the more 
connections, the larger the node size

Table 2 Characteristics of the large molecular transmission clusters

A1: age group1 (16–30 yrs), A2: age group2 (31–59 yrs), A3: age group3 (≥ 60 yrs)

M male, F female, Hetero heterosexual contact, Homo homosexual contact, Y TDR, N no TDR

Cluster No Subtype Nodes Genetic distances 
Mean[Median, IQR]

Age Gender Transmission route Drug resistance

1 CRF07_BC 74 0.012 [0.013, 0.011—0.014] A1(35), A2(37), A3(2) M(71), F(3) Hetero(20), Homo(53), 
other(1)

Y(2), N(72)

2 CRF105_0107 46 0.0092 [0.010, 0.0066—0.012] A1(41), A2(5) M(46) Hetero(5), Homo(41) Y(1), N(45)

3 CRF01_AE 18 0.010 [0.011, 0.0086—0.012] A1(9), A2(9) M(18) Hetero(6), Homo(12) Y(1), N(17)

4 CRF07_BC 15 0.0054 [0.0057, 0.0038—
0.0067]

A2(6), A3(9) M(10), F(5) Hetero(14), other(1) N(15)

5 CRF01_AE 14 0.0078 [0.0086, 0.0047—
0.011]

A1(3), A2(10), A3(1) M(12), F(2) Hetero(13), Homo(1) N(14)

6 CRF67_01B 14 0.0083 [0.0095, 0.0057—
0.011]

A1(11), A2(3) M(14) Hetero(1), Homo(13) N(14)

7 CRF07_BC 13 0.0076 [0.0076, 0.0057—
0.0095]

A2(4), A3(9) M(11), F(2) Hetero(13) N(13)

8 CRF07_BC 12 0.011 [0.012, 0.011—0.013] A2(6), A3(6) M(9), F(3) Hetero(11), Homo(1) Y(1), N(11)
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Table 3 Factors influencing the inclusion of individuals into the large molecular transmission clusters

Variables Total
N(%)a

Not included in a large 
cluster (≤ 10) N(%)b

Included in a large 
cluster (> 10) N(%)b

Univariate analysis Multivariate analysis

OR(95%CI) P aOR(95%CI) P

Gender

 Male 1090(93.88) 899(82.48) 191(17.52)

 Female 71(6.12) 56(78.87) 15(21.13) 1.26(0.70–2.28) 0.442

National

 Others 24(2.07) 20(83.33) 4(16.67)

 Han 1137(97.93) 935(82.23) 202(17.77) 1.08(0.37–3.19) 0.889

Marital status

 Married 336(28.94) 268(79.76) 68(20.24)

 Unmarried 725(62.45) 604(83.31) 121(16.69) 0.79(0.57–1.10) 0.161

 Divorced 100(8.61) 83(83.00) 17(17.00) 0.81(0.45–1.45) 0.474

Age

 16 ~ 30 629(54.18) 532(84.58) 97(15.42)

 31 ~ 59 430(37.03) 359(83.49) 71(16.51) 1.08(0.78–1.51) 0.634 1.18(0.76–1.84) 0.459

  ≥ 60 102(8.79) 64(62.75) 38(37.25) 3.26(2.06–5.14) < 0.001 4.14(2.02–8.55) < 0.001

Occupation

 Unemployed 178(15.33) 148(83.15) 30(16.85)

 Students 187(16.11) 166(88.77) 21(11.23) 0.62(0.34–1.14) 0.124 0.50(0.24–1.03) 0.062

 Employee 559(48.15) 464(83.01) 95(16.99) 1.01(0.64–1.58) 0.965 0.94(0.56–1.59) 0.807

 Peasant 88(7.58) 53(60.23) 35(39.77) 3.26(1.82–5.82) < 0.001 1.79(0.85–3.80) 0.124

 Others 149(12.83) 124(83.22) 25(16.78) 0.99 (0.56–1.78) 0.986 0.49(0.24–0.98) 0.045

Education

 Low 256(22.05) 191(74.61) 65(25.39)

 High 905(77.95) 764(84.42) 141(15.58) 0.54(0.39–0.76) < 0.001 0.81(0.49–1.35) 0.420

Sample source

 VCT 610(52.54) 522(85.57) 88(14.43)

 Hospital 443(38.16) 349(78.78) 94(21.22) 1.60(1.16–2.20) 0.004 0.98(0.65–1.49) 0.941

 Others 108(9.30) 84(77.78) 24(22.22) 1.69(1.02–2.81) 0.041 1.56(0.83–2.86) 0.161

Disease classification

 AIDS 198(17.05) 169(85.35) 29(14.65)

 HIV 963(82.95) 786(81.62) 177(18.38) 1.31(0.86–2.01) 0.211

Baseline HIV VL (log RNA copies/ml)

  ≤ 3 57(4.91) 48(84.21) 9(15.79)

  > 3 1104(95.09) 907(82.16) 197(17.84) 1.16(0.56–2.40) 0.692

Baseline CD4 cell count (cell/mm3)

  < 200 260(22.39) 218(83.85) 42(16.15)

 200 ~ 500 655(56.42) 530(80.92) 125(19.08) 1.22(0.83–1.80) 0.301

  > 500 246(21.19) 207(84.15) 39(15.85) 0.98(0.61–1.57) 0.927

Transmission route

 Homosexual 800(68.91) 679(84.88) 121(15.13)

 Heterosexual 348(29.97) 265(76.15) 83(23.85) 1.76(1.28–2.40) < 0.001 1.12(0.71–1.77) 0.631

 Others 13(1.12) 11(84.62) 2(15.38) 1.02(0.22–4.66) 0.979 0.64(0.08–3.04) 0.610

STD history

 Yes 201(17.31) 174(86.57) 27(13.43)

 No 810(69.77) 655(80.86) 155(19.14) 1.53(0.98–2.37) 0.061

 Unknown 150(12.92) 126(84.00) 24(16.00) 1.23(0.68–2.23) 0.500

TDR

 Yes 91(7.84) 86(94.51) 5(4.49)

 No 1070(92.16) 869(81.22) 201(18.79) 3.98(1.59–9.93) 0.004 5.32(2.15–16.30) 0.001
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contrary to previous studies [18], CRF07_BC has 
emerged as the main dominant strain, surpassing CRF01_
AE. A meta-analysis has also suggested that CRF07_BC 
would become the dominant circulating strain among 
MSM [19]. The prevalence of CRF07_BC has surpassed 
that of CRF01_AE among MSM in Nanjing [20–22], indi-
cating that the HIV epidemic in Nanjing was predomi-
nantly driven by homosexual transmission [9]. This may 
explain the increasing popularity of CRF07_BC. Similar 
trends have been observed in Shenzhen [12].

In our study, we discovered several novel circulating 
recombinant forms that have gained popularity in China 
in recent years, including CRF119_0107, CRF55_01B, 
CRF67_01B, and CRF68_01B [23, 24]. Particularly note-
worthy was the emergence of HIV-1  second-generation 
recombinant strain composed of CRF01_AE and CRF07_
BC, known as CRF119_0107, which has become the third 
most prevalent strain. This recombinant strain was first 
reported in the MSM population in Nanjing [25]. Previ-
ous studies by Wei Li have shown that CRF01_AE and 
CRF07_BC strains were already prevalent in Nanjing, 
with the earliest strains dating back to the 1980s-1990s 
[20, 21]. CRF01_AE and CRF07_BC were the main cir-
culating strains among sexually transmitted populations, 
particularly in the MSM population [18, 26]. After nearly 
30–40  years of evolution and transmission, some MSM 
populations became infected with both CRF01_AE and 
CRF07_BC, leading to the emergence of second-gener-
ation recombinant CRF119_0107 (CRF01_AE/CRF07_
BC). Multiple second-generation recombinant forms 
(CRF01_AE/CRF07_BC) have been reported nationwide 
in recent years, such as CRF80_0107, CRF102_0107, 
CRF109_0107, and CRF123_0107 [27–30]. Additionally, 
certain second-generation recombinant forms (CRF01_
AE/CRF07_BC), such as CRF79_0107 and CRF125_0107, 
have also been observed in heterosexual populations [31, 
32]. Notably, we found that for the first time, a female 
individual was infected with the CRF119_0107 strain. 
This suggests that the CRF119_0107 subtype has started 

to spread from the MSM population to other popula-
tions. Considering the diversity and change trends of 
HIV-1 subtypes in Nanjing, it is necessary to conduct 
a comparative analysis with the national and global 
HIV-1 subtype background in the future, so as to carry 
out targeted surveillance, investigation and publicity 
interventions.

The risk of HIV transmission increases with higher 
access rates. In our study, more than half have entered 
the molecular network, which was higher than the access 
rates under the same gene distance threshold reported 
in Guangzhou (42.9%) [33] and Baoding (14.0%) [34]. 
This indicates a higher risk of local HIV transmission 
in Nanjing. In 2017, several MSM were infected with 
CRF119_0107 strains [25]. After several years of virus 
transmission, CRF119_0107 has formed a large transmis-
sion cluster with the highest access rate, which indicates 
that it has spread rapidly in Nanjing. Therefore, further 
surveillance work should be carried out.

The access rates of CRF67_01B and CRF68_01B were 
also high, with CRF67_01B forming a large cluster con-
sistent with a previous study in Jiangsu. CRF67_01B 
mainly spreads within Jiangsu, with few reports 
from other provinces [19]. Further study found that 
CRF67_01B is growing rapidly in Wuxi City and is con-
centrated in young MSM populations. In this study, 
nearly four-fifths of the young MSM in the CRF67_01B 
transmission cluster were from Nanjing, which sug-
gested that Nanjing was promoting the spread of the 
CRF67_01B epidemic. It has been reported that from 
2015 to 2019, CRF67_01B and CRF68_01B experienced 
a rapid growth stage in 2014–2015 and then remained 
stable in Nanjing [24]. This finding also emphasizes the 
need for monitoring and intervention regarding the 
CRF67_01B and CRF68_01B subtypes to prevent the for-
mation and spread of large clusters of the CRF68_01B 
subtype. In 2017–2018, the access rates of CRF01_AE 
and CRF07_BC in Jiangsu Province were 32.97% and 
43.56%, respectively, which were lower than those in 

Table 3 (continued)

Variables Total
N(%)a

Not included in a large 
cluster (≤ 10) N(%)b

Included in a large 
cluster (> 10) N(%)b

Univariate analysis Multivariate analysis

OR(95%CI) P aOR(95%CI) P

Subtype

 CRF01_AE 446(38.41) 414(92.83) 32(7.17)

 CRF07_BC 471(40.57) 357(75.80) 114(24.20) 4.13(2.72–6.27) < 0.001 4.48(2.91–7.09) < 0.001

 CRF105_0107 73(6.29) 27(36.99) 46(63.01) 22.04(12.15–40.00) < 0.001 40.92(21.08–79.42) < 0.001

 CRF67_01B 37(3.19) 23(62.16) 14(37.84) 7.88(3.70–16.76) < 0.001 10.55(4.73–23.52) < 0.001

 Others 134(11.54) 134(100.00) 0(0.00) - - - -
a Numbers in parentheses indicate the percentage of subjects in each variable
b Numbers in parentheses indicate the percentage of clustered objects within each subgroup
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Nanjing. Further study found that Nanjing accounted for 
the highest proportion in the network [19]. CRF01_AE 
and CRF07_BC have the characteristics of interprovin-
cial transmission in Hefei, with some cases related to 
Jiangsu Province [35]. As a neighboring city of Hefei and 
an important city in the Yangtze River Delta, Nanjing is 
more attractive. The frequent population communication 
in Nanjing and the long-term prevalence of CRF01_AE 
and CRF07_BC in Nanjing may lead to the trans-regional 
transmission of these strains.

We found that several factors influence access to HIV-1 
molecular transmission networks, including age, occu-
pation, sample source, and baseline CD4 cell count. 
Younger individuals, compared to older patients, tend 
to have higher mobility, and their infection sources may 
come from other places. A study on partner testing of 
HIV-infected individuals in Zhejiang showed that nearly 
80% of the partners who were successfully tested positive 
for HIV were newly diagnosed infections [36]. Further-
more, research has shown that HIV patients diagnosed 
through passive detection have a higher prevalence of 
delayed HIV diagnosis [37]. In comparison to those diag-
nosed at voluntary counseling and testing (VCT) clinics, 
the lower rate of access to HIV-1 molecular transmission 
networks among HIV-infected individuals diagnosed 
through VCT may be related to earlier detection of their 
own diagnosis and delayed detection of the sexual part-
ner who caused their infection. Previous studies have 
demonstrated that CD4 cell count continues to decrease 
in untreated HIV-infected populations [38, 39]. Due to 
the long duration of infection among individuals with 
initially low CD4 cell counts and population migration, it 
becomes difficult for them to enter the molecular trans-
mission network.

Homosexual and bisexual individuals can contribute 
to the accelerated spread of HIV with higher efficiency 
[19]. In our study, the first three large clusters were com-
posed of CRF07_BC, CRF119_0107, and CRF01_AE, 
respectively. These clusters included not only MSM but 
also heterosexual males, with MSM being the main com-
ponent. This phenomenon can be explained by the fact 
that some heterosexual individuals were actually MSM 
or bisexuals, as previously reported [40]. We found that 
MSM were linked with heterosexual individuals in three-
quarter large molecular clusters. This serves as a warn-
ing sign that we need to strengthen intervention efforts 
targeting MSM to halt the rapid spread of the epidemic 
and prevent the transmission of HIV from MSM to other 
populations. Although the access rate of CRF07_BC was 
higher than that of CRF01_AE, there was no statistical 
difference; however, CRF07_BC was more likely to form 
large clusters. We also observed that CRF07_BC had a 
higher proportion of patients aged 60 years and older, and 

these older individuals were more likely to be included 
in larger transmission clusters. Similar to the findings 
of a study conducted in Zhangjiajie [41], we found that 
older patients aged 60 years and above were more likely 
to acquire or transmit HIV within their own region. This 
can be attributed to the limited activities of the elderly 
within their local area and the common occurrence of 
unprotected non-marital sex among them [42], which 
further promotes the spread of HIV. Hence, we will carry 
out prospective continuous monitoring of molecular 
transmission networks, timely identify expanding molec-
ular clusters and core sources of transmission, and seek 
key places in combination with in-depth interviews, so 
as to carry out targeted interventions to curb the HIV 
epidemic.

The overall prevalence of TDR in our study was 7.84%, 
which was significantly higher than the prevalence rate 
in Jiangsu (3.20%) [43] and nationwide (4.51%) [44]. The 
increased availability of ART for newly diagnosed HIV 
patients may lead to an increase in TDR [45]. Addition-
ally, the prevalence of TDR was related to regional socio-
economic development to some extent [46]. For instance, 
high-income regions such as Shanghai and Tianjin have 
relatively high TDR prevalence rates, with rates of 17.4% 
and 12.2%, respectively [17, 47]. As the capital of Jiangsu 
Province, Nanjing has a relatively high economic level, 
and its high prevalence rate is therefore reasonable. It 
is worth noting that TDR has been transmitted in small 
clusters, highlighting the need for future TDR monitor-
ing and individual intervention efforts.

NNRTI-associated mutation K103N/KN, G190A as 
well as V179D/E was detected most frequently in trans-
mission network, which induced efavirenz (EFV) and 
nevirapine (NVP) resistance, consistent with previ-
ous research [48, 49]. In China, EFV or NVP has been 
used as a free first-line ART regimens since 2004. Due 
to the long-term use of these drugs, high prevalence of 
NNRTI-associated mutations associated with EFV and 
NVP resistance in ART patients, which further leads to 
the emergence of NNRTI-associated TDR. Similar to 
the Shenyang study [50], we found PI-associated muta-
tion Q58E/QE was all detected in CRF07_BC cluster, 
which induced tipranavir/ritonavir (TPV/r) resistance. 
Fortunately, TPV/r was not included as a free antiviral 
drug and rarely used in China [51, 52], therefore, Q58E 
has little impact on the selection of ART prescriptions 
for the TDR patients. This means that it is necessary 
to implement optimized treatment regimens for cases 
resistant to first-line drugs in the network and continu-
ously monitor molecular clusters with TDR cases, other-
wise it will lead to reduced efficacy of ART and further 
spread of TDR. Furthermore, the TDR surveillance 
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should be strengthened and the list of ART drugs should 
be expanded to facilitate the optimization of treatment 
regimen.

This study had some limitations. Frist, despite our 
efforts to collect samples from all newly diagnosed HIV 
patients, it was inevitable that some patients could not 
be included in the analysis due to untraceable personnel. 
Second, we classified 9 patients with unknown infection 
routes and 4 IDU patients into one category, namely oth-
ers. This may cause some deviation.

Conclusion
In this study, we conducted a systematic and comprehen-
sive analysis of the molecular transmission network of 
among newly reported HIV cases in Nanjing from 2019 
to 2021. Our findings suggested that the composition of 
HIV molecular subtypes was complex and diverse, with 
the high risk of local HIV transmission, the rapid spread 
of CRF119_0107 and the high TDR prevalence. There-
fore, it is crucial to implement targeted interventions 
for the molecular transmission clusters identified in the 
study to effectively control the HIV epidemic.
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