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Abstract

Background

In Guangxi province of China, there is a high prevalence of HIV in the general population
and in men who have sex with men (MSM). However, there is still a low proportion of MSM
among people living with HIV. This apparent contradiction could be due to the high propor-
tion of potential non-disclosed MSM (pnMSM) among reported heterosexual men. We ana-
lyzed the genetic linkage of HIV specimens to address this problem aiming to (1) identify the
optimal genetic distance threshold, which gave the highest number of genetic clusters, (2)
document the proportion of potential non-disclosed MSM (pnMSM) among self-reported
heterosexual men, and (3) determine predictors for pnMSM.

Methods

Pairwise genetic distances were computed among all samples. The genetic distance thresh-
old giving the highest number of genetic clusters was identified. Self-reported heterosexual
men were identified as belonging to the pnMSM group if they could be linked to any MSM in
their cluster. Multinomial logistic regression was used to determine associated factors of
being pnMSM.

Results

The optimal genetic distance threshold was 0.75% substitutions/site. Among 896 self-
reported heterosexual men, the frequency (percentage and 95% confidence interval) was
62 (6.9%, 5.2—-8.6%) for pnMSM, 779 (86.9%, 84.7—-89.1%) for indeterminate men and 55
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(6.1%, 4.5—7.7%) for potential heterosexual men, respectively. Self-reported heterosexual
men who were younger, single and more educated were more likely to be pnMSM.

Conclusion

Based on these findings, there is a need to pay more attention to sexually active, young and
educated self-reported heterosexual men and provide them with voluntary counselling and
testing and specific HIV prevention services.

Introduction

Guanggxi is a province in south-western China and has the third highest number of HIV/AIDS
cases reported at the provincial level [1]. The prevalence of HIV among men who have sex
with men (MSM) reported from the Integrated Biologic and Behavioral Surveys (IBBS)
increased from 0.83% in 2008 to 11.2% in 2015 [2] and then stabilized at around 10% in 2017.
However, MSM contributed only 3.13% of all reported HIV/AIDS cases during 2010-2017 [3]
and rose to 7.0% in 2020. These percentages were relatively low compared with neighboring
provinces, which ranged from 14.4% in Chongqing to 43.5% in Hainan.

Although same-sex behaviour is not illegal in China, being homosexual or associating
with MSM has negative social and cultural consequences, including rejection by family
members and loss of employment [4]. Hence, stigma towards homosexual identity is com-
mon in China [5,6]. Many HIV infected MSM in China might tend to self-report as hetero-
sexual men to avoid stigmatization [7], which could lead to an underestimation of the MSM
population size. MSM who conceal their sexual identity would also miss the opportunity to
access beneficial services such as MSM-specific education packages, and pre- and post-
exposure prophylaxis [8].

With HIV genetic sequencing technology, pairwise genetic distances of two or more per-
sons can be determined. With an optimal genetic distance threshold, HIV genetic clusters (or
networks) can be constructed and two network members with a genetic distance less than this
threshold will form a linkage. Previous studies identified potential non-disclosed men who
have sex with men (pnMSM) based on whether the clusters contained MSM and self-reported
heterosexual men only [9,10]. An alternative method to determine pnMSM is to use the
genetic linkage, which may give a higher precision of possible transmission.

A genetic linkage between two HIV-infected people strongly implies HIV transmission
between them. Furthermore, if the two people are not intravenous drug users, the linkage may
imply sexual contact. Thus, if a man who reports himself as heterosexual is genetically linked
to a man who has sex with other men, then he can be considered to belong to the MSM group.
The aims of this study were (1) to use nucleotide sequences Pol-region and Reverse transcrip-
tase (PR-RT) information of HIV samples obtained from self-reported heterosexual men,
MSM, and women to identify the optimal genetic distance threshold, which results in the high-
est number of clusters (networks), (2) to document the proportion of pnMSM among self-
reported heterosexual men, and (3) to determine predictors for pn MSM.

Our study provides a method to estimate the proportion of pnMSM among self-reported
heterosexual men in any community where such a proportion needs to be documented.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283031

March 31, 2023 2/14


https://doi.org/10.1371/journal.pone.0283031

PLOS ONE

Inferring potential non-disclosed men who have sex with men among self-reported heterosexual men with HIV

Materials and methods
Ethics statement

Informed consent was waived since we used leftover specimens confirmed as HIV positive by
the Western Blot test for phylogenetic analysis. The confidentiality of all study participants was
maintained and their well-being was not affected. Participants’ epidemiological data were
obtained by matching cases with the Guangxi HIV/AIDS case report dataset through the
unique ID of the specimens. The study was approved by the ethics committee of Prince of
Songkla University (REC. 63-348-18-1) and the institutional review board of the Guangxi Cen-
tre for Disease Prevention and Control (GXIRB2020-0069).

Study setting

The study was conducted in Nanning, the capital city of Guangxi. The number of reported
HIV/AIDS cases during 2016-2020 was 8463, of whom 7696 (90.9%) were reported as being
infected through sexual transmission. The proportion of injecting drug use HIV/AIDS cases
accounted for less than 2.0% of the total reported cases and were therefore excluded from the
analysis. Among the sexual transmission cases, 6312 (82.0%) were self-reported heterosexuals
and 1384 (18.0%) identified as MSM.

Study design and study subjects

This was a cross-sectional HIV genetic-network study. In order to achieve the required sample
size, we combined HIV/AIDS treatment-naive cases diagnosed during 2016-2020 aged 18
years or older from two major types of service sites. One was from local hospitals with rou-
tinely detected HIV/AIDS cases. Most of these persons were self-reported heterosexuals. The
other was from a voluntary counselling and testing clinic under the jurisdiction of the Guangxi
Centre for Disease Control and Prevention where the majority of clients were MSM. These
two sites combined were expected to cover over 90.0% of the HIV/AIDS reported cases in
Nanning. We used leftover specimens of HIV Western Blot confirmatory test to do the genetic
analysis. After removing 127 duplicates based on linkage of HIV sequence ID and citizen ID,
which was conducted by other members outside of our study group, 1047 samples from the
hospitals and 928 samples from the clinic were included in the phylogenetic analysis.

For HIV sequencing, the pol fragments (HXB2 positions 2253-3870, minimum length 900
bp) were amplified and sequenced using an in-house polymerase chain reaction protocol
according to previously published methods [11,12]. Variables included in the analysis were age
at HIV diagnosis, gender, self-reported HIV risk category, education level, marital status, occu-
pation, ethnicity, CD4 count at diagnosis, and year of HIV diagnosis.

Phylogenetic analysis

The nucleotide sequences PR-RT region were aligned separately using the HIV Align tool
(https://www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html) on the HIV Los Alamos
National Laboratory database and manually adjusted using BioEdit software version 7.0.9.1
(http://www.mbio.ncsu.edu/Bioedit/bioedit.html). HIV subtypes were determined based on
approximate maximum-likelihood tree construction, which was generated in IQ-TREE 2.0.6
using an ultrafast bootstrap method with 1000 iterations [13]. The best fitting model was TVM
+F+RO.

The Tamura-Nei 93 (TN93) nucleotide substitution model was applied to calculate the pair-
wise genetic distances for all 1975 sequences across different thresholds (0.1% to 2.0%) in
order to determine the optimal threshold, at which, the molecular network resolution is
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highest with the maximum number of clusters shown. This principle is outlined in a previous
study [14] and has been applied in several recent studies [15,16]. The transmission networks
were reconstructed using the HIV Transmission Cluster Engine (HIV-TRACE, http://demo.
hivtrace.org/network.html), which can identify groups of putative transmission partners and
assemble them in clusters regardless of HIV subtypes, potentially identifying more accurate
transmission chains [17,18]. We resolved all two-way ambiguities to match their possible sin-
gle character states, averaged all other ambiguities, ignored positions where either sequence
has a gap, and for ambiguity rich sequences (>>5% of bases are ambiguous), we averaged all res-
olutions [19].

The transmission clusters were used to identify pnMSM, which is the focus of this paper.
We omitted the display and discussion of the phylogenetic tree to make this paper more
concise.

Identification of pnMSM

Cluster-based classification method. The cluster-based classification method has been
described elsewhere [9,10]. Briefly, the method first chooses an optimal genetic distance
threshold to group the sample into clusters whereby a member must be genetically close to at
least one other member with a distance shorter than the threshold. A self-reported heterosex-
ual man is classified as an MSM (pnMSM) if all other members in its cluster consist of MSM
and self-reported heterosexual men only. A singleton is one whose HIV virus cannot be linked
to any other person’s based on the genetic distance threshold.

Linkage-based classification method. The linkage-based method classifies a self-reported
heterosexual man based on the genetic distance between his HIV and others’ in the study sam-
ple. If their genetic distance is not larger than the pre-set threshold, it would be probable that
there was a transmission between them. Persons who had such close genetic distance of HIV
could form a cluster or a network.

Table 1 shows the criteria of self-reported heterosexual men classification according to
seven types of linkages between them and other members of the network. If a self-reported het-
erosexual man had ANY direct link with MSM, he was classified as pnMSM as we assumed
that most of the transmission was by sexual route. If the HIV had only genetic link with
women, the person was classified as “Potential heterosexual men”. Otherwise, he was classified
as “Indeterminate”.

The combination of self-reported heterosexual man with more than one type of subgroups
could be seen in the network no matter linkage-based or cluster-based method were

Table 1. Classification of self-reported heterosexual men based on who they were linked to in the same network.

Who they linked to Classification

1. MSM only pnMSM

2. MSM and self-reported heterosexual men pnMSM

3. Self-reported heterosexual men only Indeterminate

4. Women and MSM pnMSM

5. Women only Potential heterosexual men
6. Women and self-reported heterosexual men Indeterminate

7. MSM, women, and self-reported heterosexual men pnMSM

8. Singleton (not linked to any other person) Indeterminate

MSM: Men who have sex with men.
pnMSM: Potential non-disclosed MSM.

https://doi.org/10.1371/journal.pone.0283031.t001
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performed. However, linkage-based method could identify pnMSM from combination groups
of “self-reported heterosexual men, Women and MSM” based on the linkage, while the clus-
ter-based method could not due to it did not consider any clusters containing woman.

To make the results comparable with the cluster-based method, the threshold for the
genetic distance is set to the same value. Thus, the two methods will share the same set of
singletons.

Classification process. According to the classification criteria, we classified self-reported
heterosexual men repeatedly over many rounds.

In the first round, we defined self-reported heterosexual men as pnMSM in the original net-
work based on their linkage with any MSM. In the second and further rounds, we reclassified
a self-reported heterosexual man into the pnMSM group if he could be linked with pnMSM
identified from a previous round. This process continued until there were no further changes.

We compared the results from the linkage-based method with the cluster-based method to
examine the extent of over- and under- estimation.

Genetic network inference based on optimal genetic distance threshold

Both the cluster-based and linkage-based methods attempt to identify persons in clusters. The
precision of the cluster definition depends on the genetic distance threshold. The shorter the
distance, the stronger the evidence of transmission. However, setting a strict (too short dis-
tance) threshold will result in a higher number of singletons and more precise clusters. How-
ever, having an excessive number of singletons will not be useful for identification of pnMSM.
On the other hand, relaxing the threshold will result in fewer singletons but less precise clus-
ters. The choice of threshold, therefore, strongly affects the cluster-based method. As the clus-
ter size is enlarged, the chance of linking a heterosexual man into an MSM cluster will
increase.

The optimal threshold can give the maximum number of clusters. This will avoid too many
singletons being identified and the cluster size being too large. We performed the network
construction iteratively under different genetic distance thresholds (ranging from 0.001 to 0.02
substitutions/site) and plotted the changing threshold against the number of clusters and links
produced to determine the optimal threshold value.

Statistical analysis

Demographic variables were presented descriptively using frequency and percentage. The distri-
bution of cluster types across the nodes were analyzed using the R language and environment
[20]. 95% confidence intervals for estimating proportions were calculated according to p

+1.96, /%, where p is the proportion of pnMSM among self-reported heterosexual men with

HIV, g is 1-p, and # is the total number of self-reported heterosexual men with HIV in our study.
Associated factors of being pnMSM were determined using a multinomial logistic regres-
sion model with three outcome groups, namely pnMSM, potential heterosexual men and inde-

terminate men. We chose pnMSM as the referent group against which each of the two other
groups were compared. If the degree and direction of the association between pnMSM and
both groups were consistent, the predictors identified would be reasonably robust. However,
in computation, when using pnMSM as the referent group, a relative risk ratio >1 would indi-
cate that the independent variable was predicting non-pnMSM. In interpretation of the results
of the regression, reverse from conventional interpretation of an odds ratio (>1 is a risk factor,
<1 is a protective factor), the predictors with a relative risk ratio < 1 is actually a positive
predictor.
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Results

Basic characteristics of the study samples under optimal genetic distance
threshold

S1 Table illustrates the extent of mixture for subjects recruited from the two kinds of study
sites and indicates that subjects were well distributed throughout the phylogenetic tree.

S2 Table shows the risk-gender distribution of all subjects from the two kinds of study sites
mixed together. The proportion of MSM overall was 33.3%.

Out of 7,696 HIV/AIDS cases diagnosed during study period and self-reported as being
infected with HIV via sexual contact, 1,975 (25.7%) had left-over specimens with an adequate
quantity and acceptable quality for RNA sequencing.

Table 2 compares characteristics of the study subjects. Compared to self-reported hetero-
sexual men, MSM were younger, more educated, and had a higher proportion of singles and
members of the Han ethnic group. HIV-1 subtypes were predominated by CRF07_BC among
MSM whereas CRF01_AE was more common among self-reported heterosexual men. A low
CD4+ count was more common among self-reported heterosexual men compared to MSM.

Optimal genetic distance threshold

S1 Fig (Trend of genetic links and clusters under different TN93) illustrates the relationship
between number of clusters (orange line) and number of links (blue line) on the vertical axis
and TN93 genetic distance (substitutions/site) on the horizontal axis. Distances to the left indi-
cate stricter thresholds, demanding very close similarity and fewer linkages. As the genetic dis-
tances are relaxed to allow more dissimilarity, the number of linkages increases up to the
maximum on the extreme right.

A distance of 0.0075 substitutions/site was identified as the optimal genetic distance value.
Using this threshold, the 1975 study subjects were grouped into 235 genetic clusters with 1085
singletons. Cluster sizes ranged from 2 to 55 as illustrated in S2 Fig (235 HIV-1 genetic clusters
with 1085 singletons omitted). Among 896 self-reported heterosexual men, 379 were classified
into 143 clusters with 517 singletons.

Number of pnMSM identified

Fig 1 (Classification of pnMSM identified from clusters containing self-reported heterosexual
men with HIV and related nodes in the genetic network using a genetic distance threshold of
0.75% substitutions/site) summarizes the results of classification of the 896 self-reported het-
erosexual men. Based on the criteria shown in Table 1, there were 782 indeterminate men clas-
sified in round 1, of whom 517 were singletons. In the second round, the pnMSM classified in
round 1 were assumed to be MSM and the criteria were reapplied. Three indeterminate men
from the first round were reclassified as pnMSM due to their linkage with newly identified
pnMSM. Reiteration of this process for the third round gave no change in the results and the
process ended. Thus, eventually, there were 62 pnMSM, 55 potential heterosexual men and
779 indeterminate men. Their prevalence (95% confidence interval) were: 6.9% (5.2-8.6%),
6.1% (4.5-7.7%) and 86.9% (84.7-89.1%), respectively.

Genetic network visualization

To explore the connections between self-reported heterosexual men and other nodes, espe-
cially with MSM, we visualized the genetic network with clusters containing self-reported het-
erosexual men and related nodes. Fig 2 (Cluster mapping of HIV-1 molecular network)
illustrates this genetic network including 143 molecular clusters containing 660 nodes with
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Table 2. Comparison of characteristics among women, self-reported heterosexual men and MSM.

Variables Total Study group
Women srHM MSM
N =1,975 n =422 n =896 n =657
Age group (years)
<30 510 (25.8) 31(7.3) 68 (7.6) 411 (62.6)
30-39 328 (16.6) 59 (14.0) 125 (14) 144 (21.9)
40-49 287 (14.5) 68 (16.1) 145 (16.2) 74 (11.3)
50-59 306 (15.5) 107 (25.4) 180 (20.1) 19 (2.9)
>60 544 (27.5) 157 (37.2) 378 (42.2) 9(1.4)
Ethnicity
Han 950 (48.1) 169 (40.0) 401 (44.8) 380 (57.8)
Zhuang 944 (47.8) 231 (54.7) 474 (52.9) 239 (36.4)
Other 81 (4.1) 22(5.2) 21(2.3) 38 (5.8)
Education level
Elementary or less 622 (31.8) 243 (58.6) 367 (41.2) 12 (1.9)
Junior or high school 861 (44.1) 153 (36.9) 442 (49.7) 266 (41.0)
College or above 470 (24.1) 19 (4.6) 81 (9.1) 370 (57.1)
Marital status
Single 1,101 (55.9) 137 (32.5) 412 (46.2) 552 (84.1)
Married 869 (44.1) 285 (67.5) 480 (53.8) 104 (15.9)
Occupation
Employer 134 (7.4) 14 (3.4) 36 (4.1) 84 (16.2)
Employee 320 (17.7) 32(7.7) 83 (9.5) 205 (39.4)
Farmer 894 (49.4) 268 (64.9) 597 (68.2) 29 (5.6)
Unemployed 419 (23.2) 92 (22.3) 145 (16.6) 182 (35.0)
Other 42(2.3) 7(1.7) 15 (1.7) 20 (3.8)
Year of HIV diagnosis
2016 259 (13.1) 44 (10.4) 82(9.2) 133 (20.2)
2017 518 (26.2) 98 (23.2) 240 (26.8) 180 (27.4)
2018 416 (21.1) 90 (21.3) 148 (16.5) 178 (27.1)
2019 389 (19.7) 97 (23.0) 207 (23.1) 85 (12.9)
2020 393 (19.9) 93 (22.0) 219 (24.4) 81 (12.3)
HIV-1 subtype
CRFO1_AE 888 (45.0) 238 (56.4) 433 (48.3) 217 (33.0)
CRF07_BC 572 (29.0) 63 (14.9) 198 (22.1) 311 (47.3)
CRF08_BC 330 (16.7) 109 (25.8) 213 (23.8) 8(1.2)
CRF55_01B 113 (5.7) 4(0.9) 31(3.5) 78 (11.9)
Other 72 (3.6) 8(1.9) 21 (2.3) 43 (6.5)
CD4 count at diagnosis (cells/mm?>)
<200 652 (36.6) 162 (38.9) 427 (48.7) 63 (12.9)
200-499 860 (48.3) 196 (47.1) 357 (40.8) 307 (62.8)
>500 269 (15.1) 58 (13.9) 92 (10.5) 119 (24.3)
Source of samples
GXCDC VCT clinic 928 (47.0) 131(31.0) 257(28.7) 540(82.2)
Hospitals 1047 (53.0) 291(69.0) 639(71.3) 117(17.8)

srMSM: Self-reported heterosexual men.

GXCDC VCT: Voluntary counselling and testing clinic under Guangxi center for disease control and prevention.

https://doi.org/10.1371/journal.pone.0283031.t002
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Fig 1. Classification of potential non-disclosed men who have sex with men (pnMSM) identified from clusters containing self-reported heterosexual men
with HIV and related nodes in the genetic network using a genetic distance threshold of 0.75% substitutions/site.

https://doi.org/10.1371/journal.pone.0283031.g001

singletons omitted. Fig 2A (143 HIV-1 molecular clusters containing self-reported heterosex-
ual men and related nodes) shows the nodes classified according to their self-reported risk cat-
egory. Fig 2B (143 HIV-1 molecular clusters containing self-reported heterosexual men and
related nodes with pnMSM identified) identified pnMSM in the first (dark purple dots,

n = 59) and second (red dots, n = 3) rounds. MSM and pnMSM are confined to only 29 clus-
ters, which are exclusively visualized in Fig 2C (29 HIV-1 molecular clusters containing
pnMSM).

Comparison of the number of pnMSM identified between linkage-based
and cluster-based methods

Table 3 compares the numbers of pnMSM identified by the linkage-based and cluster-based
methods. The linkage-based method gave a higher number of pnMSM for all genetic distance
thresholds. S3 Table shows the details of the comparison of the number and proportion of
pnMSM identified from self-reported heterosexual men from the two methods at all thresholds
(ranging from 0.005 to 0.015 substitutions/site).

Comparison between MSM and pnMSM

S4 Table compares characteristics between MSM and pnMSM identified by the linkage-based
classification method. The pnMSM group were generally older, less educated, more likely to
be married, and had lower CD4+ counts. In general, their background characteristics were in
between self-reported heterosexual men and MSM.

Multinomial regression analysis

Table 4 summarizes the multinomial regression model to determine associated factors for
pnMSM. Since pnMSM was the baseline outcome group, relative risk ratios in this table are
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O msm

O Self-reported heterosexual men

O ‘Woman

. pnMSM identified at 1% round

@ VSM identified at 2 round

Fig 2. Cluster mapping of HIV-1 molecular network. 2-A is from self-reports; 2-B is from the analysis based on Fig 1
with pnMSM identified; 2-C shows 29 HIV-1 molecular clusters containing pnMSM where clusters surrounded by red
loops indicate that they were comprised of self-reported heterosexual men, women, and MSM, while other clusters
contained only MSM and self-reported heterosexual men. Singleton self-reported heterosexual men are omitted. A 143
HIV-1 molecular clusters containing self-reported heterosexual men and related nodes. B 143 HIV-1 molecular
clusters containing self-reported heterosexual men and related nodes with potential non-disclosed men who have sex
with men (pnMSM) identified (specified by dark purple and red dots). C 29 HIV-1 molecular clusters containing
potential non-disclosed men who have sex with men (pnMSM).

https://doi.org/10.1371/journal.pone.0283031.9002

interpreted from the conventional case-control study. A risk ratio less than 1 indicates that the
person in that specific level of the indendent variable were more likely to be pnMSM. The rela-
tive risk of being a pnMSM increased with decreasing age group. Using <40 years old as the
referent group, subjects in the oldest age group were less likely to be classified as pnMSM. Sim-
ilarly, other predictors for pnMSM included being single, and having a higher educational
background. Other variables were not statistically significant.
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Table 3. Comparison of the number of pnMSM identified by linkage-based and cluster-based methods.

Genetic distance threshold (%) Number of pnMSM
Linkage-based method Cluster-based method
0.50 49 40
0.75 62 44
1.00 90 57
1.25 117 49
1.50 208 37

pnMSM: Potential non-disclosed men who have sex with men.
The cluster-based method identifies pnMSM in clusters of “MSM+self-reported heterosexual men”.

https://doi.org/10.1371/journal.pone.0283031.t003

Discussion

With an optimal genetic distance threshold identified of 0.0075 substitutions/site, nearly 7% of
the self-reported heterosexual men in this study were classified as pnMSM while almost 87%
were indeterminate. The number of pnMSM identified by the linkage-based method was
higher than those identified by the cluster-based method. The patterns of difference between
pnMSM and potential heterosexual men among self-reported heterosexual men was similar
with the difference between MSM and self-reported heterosexual men among the HIV positive
men. MSM and the pnMSM tended to be single, young and more educated than the heterosex-
ual men.

The HIV epidemic in Guangxi province is driven by heterosexual transmission [1,3]. The
basic characteristics of self-reported heterosexual men were consistent with previous studies in
Guangxi [3,21]. Self-reported heterosexual men having a low CD4 count at diagnosis indicated
that they were diagnosed at a relatively late stage and demonstrates the problem of access to
care among elderly groups who were infected from heterosexual contact. Previous studies
found that older heterosexual men in Guangxi preferred to have high risk sexual contact with
sexual workers, which caused their HIV infection [22,23]. Yet, they were rarely screened for
HIV and not detected until they became seriously ill in hospital. Our study suggests that this
population needs education for HIV prevention and early counselling/testing to prevent HIV
infection and complications from HIV infection.

Genetic distance reflects how far away in the past two viruses had shared the same genome.
A shorter distance threshold allows only recent transmissions to be detected, most of the cases
will be classified as singletons, and less recent transmissions would not be detected. On the
other hand, a relaxed threshold would allow past transmissions to be included in the clusters.
This can dilute recent transmissions, which are more imminent to control. We chose a genetic
distance threshold which gave the maximum number of clusters. The method gave a good bal-
ance within this dilemma. The 0.75% substitutions/site is equivalent to 3.5-4 years of HIV evo-
lution [24]. Thus, the transmission among the linked cases was moderately recent.

Theoretically, the linkage-based method yields a higher probability in identifying more
pnMSM subjects than the cluster-based method. This is because the presence of a woman in a
cluster could simply, and maybe incorrectly, prevent self-reported heterosexual men from
being classified as pnMSM even if the woman had no genetic linkage and he is actually linked
with other MSM in the same cluster.

We found that pnMSM were significantly younger and well educated compared to the
other groups, and had more single (unmarried) subjects than potential heterosexual men. This
is consistent with the characteristics of registered MSM. Elder men were therefore less likely to
have same sex practice. The difference of risk in the age groups may be the birth cohort effect
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Table 4. Multinomial logistic regression analysis comparing potential heterosexual and indeterminate men with pnMSM (n = 62).

Variables Potential heterosexual men (n = 55) Indeterminate men (n = 779) p value'
RRR (95% CI) RRR (95% CI)

Age group (years) 0.0213
<40 Ref. Ref.
40-49 1.05(0.29,3.74) 1.04(0.47,2.27)
50-59 2(0.45,8.95) 2.59(0.86,7.82)
>60 6.11(1.45,25.64) 5.49(1.81,16.61)

Ethnicity 0.4883
Han Ref. Ref.
Zhuang 2.09(0.92,4.75) 1.41(0.77,2.56)
Other 1(0.05,20.4) 1.35(0.15,12.2)

Education level 0.0073
Elementary or less Ref. Ref.
Junior or high school 0.32(0.1,0.99) 0.47(0.18,1.26)
College or above 0.11(0.02,0.62) 0.17(0.05,0.52)

Marital status 0.0002
Single Ref. Ref.
Married 5.04(1.95,13.07) 1.35(0.69,2.64)

Occupation 0.5963
Employed Ref. Ref.
Unemployed 1.58(0.45,5.57) 1.17(0.56,2.44)
Farmer 2.19(0.56,8.51) 2.29(0.86,6.08)
Other 3.66(0.55,24.59) 1.59(0.38,6.66)

Year of HIV diagnosis 0.9716
2016 Ref. Ref.
2017 0.87(0.21,3.53) 0.88(0.34,2.23)
2018 0.96(0.21,4.38) 0.66(0.23,1.92)
2019 0.91(0.15,5.39) 0.83(0.23,3.02)
2020 1.4(0.27,7.22) 1.16(0.36,3.7)

CD4 count at diagnosis (cells/m®) 0.3371
<200 Ref. Ref.
200-499 0.8(0.33,1.95) 1.27(0.65,2.49)
>500 0.51(0.14,1.86) 0.66(0.28,1.53)

Sample source 0.3848
GXCDC VCT clinic Ref. Ref.

Hospital routine detected HIV/AIDS cases

0.67(0.19,2.34)

1.25(0.5,3.11)

T Likelihood ratio test.

pnMSM: Potential non-disclosed men who have sex with men.

RRR: Relative risk ratio.

GXCDC VCT: Voluntary counselling and testing clinic under Guangxi centre for disease control and prevention.

https://doi.org/10.1371/journal.pone.0283031.t004

where new generations of men are more prone to this type of sexual activity whereas the older

generation are more accustomed to heterosexual sex with commercial sex workers.

Non-disclosure of sexual status may be due to stigma [7], which may lead to delays in
receiving counselling and HIV testing. A newly developed technology for self-testing of HIV
should be made available for this high-risk group while they are not ready to expose themselves

to counselling and testing service. Legal measures are also needed to oppose social
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discrimination against HIV infection and homophobia [25]. These efforts will encourage
pnMSM to disclose their same-sex behaviors and seek pre- and post-exposure prophylaxis
more freely.

There are several limitations in this study. The major one was the adequacy of the leftover
specimens. The missing cases could have led to incomplete analysis of the genetic linkages and
led to a high number of singletons which were classified as indeterminate men. Secondly, miss-
ing cases who were men would also reduce the chance of having men in the cluster and thus
biased toward the non-missing self-reported heterosexual men being classified away from
pnMSM. Thirdly, the indeterminate men who were linked to both men and women would
have higher likelihood of being pnMSM compared to those who were singleton. All of these
limitations might lead to underestimation of pnMSM in the population. On the other hand,
based on self-reporting, possible incomplete exclusion of drug users among the study men
might lead to over reporting of pnMSM cases.

Conclusions

Based on our findings, there is a need to pay more attention to sexually active, young and edu-
cated self-reported heterosexual men who are more likely to be pnMSM. Increased counselling
and testing services and specific HIV preventions should be provided to this group.

Supporting information

S1 Fig. Trend of genetic links and clusters under different TN93 (Tamura and Nei 93)
genetic distances.
(DOCX)

S2 Fig. 235 HIV-1 genetic clusters with 1085 singletons omitted.
(DOCX)

S1 Table. Risk-gender distribution of study samples from different sources.
(DOCX)

$2 Table. Extent of mixture for samples from two sources.
(DOCX)

$3 Table. Comparison of number and proportion of pnMSM identified by linkage-based
and cluster-based methods at all genetic distance thresholds.
(DOCX)

$4 Table. Comparison of characteristics between MSM and pnMSM.
(DOCX)

S1 File. GenBank accession numbers for random selected HIV sequences.
(DOCX)

Acknowledgments

All authors appreciate the staff based in Nanning CDC and Guangxi CDC of China for collect-
ing specimen samples, without which this work would not have been possible.

Author Contributions
Conceptualization: Yi Chen, Yuhua Ruan, Virasakdi Chongsuvivatwong.

Data curation: Zhiyong Shen, Kailing Tang, Jinghua Huang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283031 March 31, 2023 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283031.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283031.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283031.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283031.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283031.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283031.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283031.s007
https://doi.org/10.1371/journal.pone.0283031

PLOS ONE Inferring potential non-disclosed men who have sex with men among self-reported heterosexual men with HIV

Formal analysis: Yi Chen, Guanghua Lan, Yi Feng.

Writing - original draft: Yi Chen, Edward B. McNeil, Virasakdi Chongsuvivatwong.

Writing - review & editing: Yiming Shao, Mei Lin.

References

1.

10.

1.

12

13.

14.

15.

16.

Chen H, Luo L, Pan SW, Lan G, Zhu Q, Li J, et al. HIV Epidemiology and Prevention in Southwestern
China: Trends from 1996—-2017. CHR. 2019; 17: 85-93. https://doi.org/10.2174/
1570162X17666190703163838 PMID: 31269884

Guanghuall, YiC, Shuai T, Zhiyong S, Zhenzhu T, Yuhua R, et al. HIV, syphilis and behavioral risk fac-
tors among men who have sex with men in a drug-using area of southwestern China: Results of 3
cross-sectional surveys from 2013 to 2015. Medicine. 2018; 97: e0404. https://doi.org/10.1097/MD.
0000000000010404 PMID: 29668597

Ge XM, Yang WM, Zhu QY, Wu XL, Shen ZY, Zhu JH, et al. [Epidemiological characteristics of HIV/
AIDS in Guangxi Zhuang Autonomous Region, 2010-2017]. Zhonghua Liu Xing Bing Xue Za Zhi. 2019;
40: 315-321. https://doi.org/10.3760/cma.j.issn.0254-6450.2019.03.011 PMID: 30884610

Feng Y, Wu Z, Detels R. Evolution of men who have sex with men community and experienced stigma
among men who have sex with men in Chengdu, China. J Acquir Immune Defic Syndr. 2010; 53 Suppl
1: S98-103. https://doi.org/10.1097/QAI.0b013e3181c7df71 PMID: 20104118

Wei C, Cheung DH, Yan H, Li J, Shi L, Raymond HF. The Impact of Homophobia and HIV Stigma on
HIV Testing Uptake Among Chinese Men Who Have Sex With Men: a Mediation Analysis. J Acquir
Immune Defic Syndr. 2016; 71: 87-93. https://doi.org/10.1097/QAI.0000000000000815 PMID:
26334742

ZhuY, LiuJ, ChenY, Zhang R, Qu B. The relation between mental health, homosexual stigma, child-
hood abuse, community engagement, and unprotected anal intercourse among MSM in China. Sci
Rep. 2018; 8: 3984. https://doi.org/10.1038/s41598-018-22403-9 PMID: 29507341

Tang W, Mao J, Tang S, Liu C, Mollan K, Cao B, et al. Disclosure of sexual orientation to health profes-
sionals in China: results from an online cross-sectional study. J Int AIDS Soc. 2017; 20: 21416. hitps://
doi.org/10.7448/IAS.20.1.21416 PMID: 28361498

Wang H, Zhang Y, Mei Z, Jia Y, Leuba SI, Zhang J, et al. Protocol for a multicenter, real-world study of
HIV pre-exposure prophylaxis among men who have sex with men in China (CROPrEP). BMC Infect
Dis. 2019; 19: 721. https://doi.org/10.1186/s12879-019-4355-y PMID: 31416439

Ragonnet-Cronin M, Hué S, Hodcroft EB, Tostevin A, Dunn D, Fawcett T, et al. Non-disclosed men who
have sex with men in UK HIV transmission networks: phylogenetic analysis of surveillance data. Lancet
HIV. 2018; 5: €309-e316. https://doi.org/10.1016/S2352-3018(18)30062-6 PMID: 29893244

Yan H, He W, Huang L, Wu H, Liang Y, Li Q, et al. The Central Role of Nondisclosed Men Who Have
Sex With Men in Human Immunodeficiency Virus-1 Transmission Networks in Guangzhou, China.
Open Forum Infect Dis. 2020; 7: ofaa154. https://doi.org/10.1093/ofid/ofaa154 PMID: 32500089

Liao L, Xing H, Shang H, Li J, Zhong P, Kang L, et al. The prevalence of transmitted antiretroviral drug
resistance in treatment-naive HIV-infected individuals in China. J Acquir Imnmune Defic Syndr. 2010; 53
Suppl 1: S10-14. https://doi.org/10.1097/QAl.0b013e3181c¢7d363 PMID: 20104099

Xing H, Ruan Y, Hsi JH, Kan W, Liao L, Leng X, et al. Reductions in virological failure and drug resis-
tance in Chinese antiretroviral-treated patients due to lamivudine-based regimens, 2003—12. J Antimi-
crob Chemother. 2015; 70: 2097-21083. https://doi.org/10.1093/jac/dkv078 PMID: 25855758

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: A Fast and Effective Stochastic Algo-
rithm for Estimating Maximum-Likelihood Phylogenies. Mol Biol Evol. 2015; 32: 268—274. https://doi.
org/10.1093/molbev/msu300 PMID: 25371430

Wertheim JO, Kosakovsky Pond SL, Forgione LA, Mehta SR, Murrell B, Shah S, et al. Social and
Genetic Networks of HIV-1 Transmission in New York City. Bonhoeffer S, editor. PLoS Pathog. 2017;
13: €1006000. https://doi.org/10.1371/journal.ppat. 1006000 PMID: 28068413

Liu M, Han X, Zhao B, An M, He W, Wang Z, et al. Dynamics of HIV-1 Molecular Networks Reveal Effec-
tive Control of Large Transmission Clusters in an Area Affected by an Epidemic of Multiple HIV Sub-
types. Front Microbiol. 2020; 11: 604993. https://doi.org/10.3389/fmicb.2020.604993 PMID: 33281803

Zhao B, Song W, An M, Dong X, Li X, Wang L, et al. Priority Intervention Targets Identified Using an In-
Depth Sampling HIV Molecular Network in a Non-Subtype B Epidemics Area. Front Cell Infect Micro-
biol. 2021; 11: 642903. https://doi.org/10.3389/fcimb.2021.642903 PMID: 33854982

PLOS ONE | https://doi.org/10.1371/journal.pone.0283031 March 31, 2023 13/14


https://doi.org/10.2174/1570162X17666190703163838
https://doi.org/10.2174/1570162X17666190703163838
http://www.ncbi.nlm.nih.gov/pubmed/31269884
https://doi.org/10.1097/MD.0000000000010404
https://doi.org/10.1097/MD.0000000000010404
http://www.ncbi.nlm.nih.gov/pubmed/29668597
https://doi.org/10.3760/cma.j.issn.0254-6450.2019.03.011
http://www.ncbi.nlm.nih.gov/pubmed/30884610
https://doi.org/10.1097/QAI.0b013e3181c7df71
http://www.ncbi.nlm.nih.gov/pubmed/20104118
https://doi.org/10.1097/QAI.0000000000000815
http://www.ncbi.nlm.nih.gov/pubmed/26334742
https://doi.org/10.1038/s41598-018-22403-9
http://www.ncbi.nlm.nih.gov/pubmed/29507341
https://doi.org/10.7448/IAS.20.1.21416
https://doi.org/10.7448/IAS.20.1.21416
http://www.ncbi.nlm.nih.gov/pubmed/28361498
https://doi.org/10.1186/s12879-019-4355-y
http://www.ncbi.nlm.nih.gov/pubmed/31416439
https://doi.org/10.1016/S2352-3018%2818%2930062-6
http://www.ncbi.nlm.nih.gov/pubmed/29893244
https://doi.org/10.1093/ofid/ofaa154
http://www.ncbi.nlm.nih.gov/pubmed/32500089
https://doi.org/10.1097/QAI.0b013e3181c7d363
http://www.ncbi.nlm.nih.gov/pubmed/20104099
https://doi.org/10.1093/jac/dkv078
http://www.ncbi.nlm.nih.gov/pubmed/25855758
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1371/journal.ppat.1006000
http://www.ncbi.nlm.nih.gov/pubmed/28068413
https://doi.org/10.3389/fmicb.2020.604993
http://www.ncbi.nlm.nih.gov/pubmed/33281803
https://doi.org/10.3389/fcimb.2021.642903
http://www.ncbi.nlm.nih.gov/pubmed/33854982
https://doi.org/10.1371/journal.pone.0283031

PLOS ONE Inferring potential non-disclosed men who have sex with men among self-reported heterosexual men with HIV

17.

18.

19.

20.

21,

22,

23.

24,

25.

Kosakovsky Pond SL, Weaver S, Leigh Brown AJ, Wertheim JO. HIV-TRACE (TRAnsmission Cluster
Engine): a Tool for Large Scale Molecular Epidemiology of HIV-1 and Other Rapidly Evolving Patho-
gens. Shapiro B, editor. Mol Biol Evol. 2018; 35: 1812-1819. https://doi.org/10.1093/molbev/msy016
PMID: 29401317

Rose R, Lamers SL, Dollar JJ, Grabowski MK, Hodcroft EB, Ragonnet-Cronin M, et al. Identifying
Transmission Clusters with Cluster Picker and HIV-TRACE. AIDS Res Hum Retroviruses. 2017; 33:
211-218. https://doi.org/10.1089/AID.2016.0205 PMID: 27824249

Analysis notes for “National and International Dimensions of HIV-1 Sequence Clusters in a Northern
California Clinical Cohort.” iGEM/UCSD evolutionary biology and bioinformatics group; 2019. Available:
https://github.com/veg/kpnet-global.

R Core Team (2020).—R: A language and environment for statistical computing.R Foundation for Sta-
tistical Computing, Vienna, Austria. [cited 23 May 2021]. Available: https://www.R-project.org/.

Hu X, Liang B, Zhou C, Jiang J, Huang J, Ning C, et al. HIV late presentation and advanced HIV disease
among patients with newly diagnosed HIV/AIDS in Southwestern China: a large-scale cross-sectional
study. AIDS Res Ther. 2019; 16: 6. https://doi.org/10.1186/s12981-019-0221-7 PMID: 30876476

Chen X, Qin C, Chen R, Huang Y, Xu Y, Tang Q, et al. Epidemiological profile and molecular genetic
characterization of HIV-1 among female sex workers and elderly male clients in Guangxi, China.
Emerging Microbes & Infections. 2021; 10: 384—395. https://doi.org/10.1080/22221751.2021.1888659
PMID: 33560929

ChenY, Abraham Bussell S, Shen Z, Tang Z, Lan G, Zhu Q, et al. Declining Inconsistent Condom Use
but Increasing HIV and Syphilis Prevalence Among Older Male Clients of Female Sex Workers. Medi-
cine (Baltimore). 2016; 95. https://doi.org/10.1097/MD.0000000000003726 PMID: 27258500

USCDC. Detecting and Responding to HIV Transmission Clusters—a Guide for Health Departments.
US: CDC; 2018 p. 132.

Xu J, Han X, Reilly KH, Shang H. New features of the HIV epidemic among men who have sex with men
in China. Emerg Microbes Infect. 2013; 2: 1-6. https://doi.org/10.1038/emi.2013.45 PMID: 26038478

PLOS ONE | https://doi.org/10.1371/journal.pone.0283031 March 31, 2023 14/14


https://doi.org/10.1093/molbev/msy016
http://www.ncbi.nlm.nih.gov/pubmed/29401317
https://doi.org/10.1089/AID.2016.0205
http://www.ncbi.nlm.nih.gov/pubmed/27824249
https://github.com/veg/kpnet-global
https://www.R-project.org/
https://doi.org/10.1186/s12981-019-0221-7
http://www.ncbi.nlm.nih.gov/pubmed/30876476
https://doi.org/10.1080/22221751.2021.1888659
http://www.ncbi.nlm.nih.gov/pubmed/33560929
https://doi.org/10.1097/MD.0000000000003726
http://www.ncbi.nlm.nih.gov/pubmed/27258500
https://doi.org/10.1038/emi.2013.45
http://www.ncbi.nlm.nih.gov/pubmed/26038478
https://doi.org/10.1371/journal.pone.0283031

