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HIV transmission dynamics and population-
wide drug resistance in rural South Africa

Steven A. Kemp 1,2,10, Kimia Kamelian1,10, Diego F. Cuadros 3,10, PANGEA
Consortium*, Vukuzazi Team*, Mark T. K. Cheng 1, Elphas Okango4,
Willem Hanekom 4,5, Thumbi Ndung’u4,5, Deenan Pillay5, David Bonsall2,
Emily B. Wong 4, Frank Tanser6, Mark J. Siedner 4,7,8,9 &
Ravindra K. Gupta 1,4

Despite expanded antiretroviral therapy (ART) in South Africa, HIV-1 trans-
mission persists. Integrase strand transfer inhibitors (INSTI) and long-acting
injectables offer potential for superior viral suppression, but pre-existing drug
resistance could threaten their effectiveness. In a community-based study in
rural KwaZulu-Natal, prior to widespread INSTI usage, we enroled 18,025
individuals to characterise HIV-1 drug resistance and transmission networks to
inform public health strategies. HIV testing and reflex viral load quantification
were performed, with deep sequencing (20% variant threshold) used to detect
resistance mutations. Phylogenetic and geospatial analyses characterised
transmission clusters. One-third of participants were HIV-positive, with 21.7%
having detectable viral loads; 62.1% of those with detectable viral loads were
ART-naïve. Resistance to older reverse transcriptase (RT)-targeting drugs was
found, but INSTI resistance remained low (<1%). Non-nucleoside reverse
transcriptase inhibitor (NNRTI) resistance, particularly to rilpivirine (RPV) even
in ART-naïve individuals, was concerning. Twenty percent of sequenced indi-
viduals belonged to transmission clusters, with geographic analysis high-
lighting higher clustering in peripheral and rural areas. Our findings suggest
promise for INSTI-based strategies in this setting but underscore the need for
RPV resistance screening before implementing long-acting cabotegravir
(CAB) + RPV. The significant clustering emphasises the importance of geo-
graphically targeted interventions to effectively curb HIV-1 transmission.

South Africa remains at the epicentre of the global HIV-1 pandemic,
with an estimated 7.5 million people, or 18.3% [15.6–20.5%] of the
population, living with HIV-1 as of 20211. Over the last two decades,
there has been a reduction in the annual incidence of new infections,
from 510,000 to ~210,000, resulting from an unprecedented public

health effort to increase access to antiretroviral therapies (ART)1. This
progress is noteworthy given the scale of the epidemic and highlights
the effectiveness of concerted public health efforts. Nonetheless, HIV
continues to pose significant morbidity and mortality risks, under-
scoring the need for ongoing vigilance and intervention2.
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A key challenge in the management and control of HIV-1 has been
the selection and spread of drug resistance3,4, with a noted global
increase in non-nucleoside reverse transcriptase inhibitor (NNRTI) pre-
treatment drug resistance (PDR)5–7 prompting the World Health
Organisation (WHO) to revise its first-line ART guidelines. This issue is
particularly pronounced in sub-Saharan Africa, where NNRTI-based
regimens have been compromised by systemic public health failures,
especially in regions with sub-optimal viral load monitoring6,8.

In response to these challenges, there has been a strategic pivot
towards the use of integrase strand transfer inhibitors (INSTIs) such
as dolutegravir (DTG) in first-line ART regimens9. This shift repre-
sents a critical evolution in ART strategy, but it also necessitates
robust surveillance to monitor the emerging resistance to these
newer antiretrovirals. Policy now recommends that new patients
start DTG-based ART as well as ART-treated individuals with viral
loads <1000 copies/mL. Although reports suggest a low prevalence
of DTG resistance in ART-naïve individuals10, there is a greater risk of
DTG resistance amongst patients with detectable viral load at the
time of the switch to DTG-based ART11. Previous resistance to lami-
vudine (3TC) or tenofovir (TDF) may adversely impact outcomes12,
with evidence showing PDR is associated with suboptimal responses
to DTG-based regimens13.

Understanding the degree and characteristics of population-level
NNRTI resistance is of importance, given that long-acting (LA) CAB/
rilpivirine (RPV) treatment is on the horizon14, given the widespread
use ofNNRTIs in sub-SaharanAfrica. Therefore, knowledge around the
prevalence of NNRTI resistance-associated mutations relevant for RPV
use in ART-naïve and ART-treated populations remains significant.

Another forthcoming LA-regimen combines the capsid matura-
tion inhibitor lenacapavir (LEN) with the novel nucleoside reverse
transcriptase translocation inhibitor (NRTTI) islatravir (EFdA). LEN
resistance is readily selected in vitro, and the efficacy of EFdA is
compromised by the rtM184V mutation. While there is substantial lit-
erature on rtM184V from high-income countries15–17, updated data on
the mutation’s prevalence in recent cohorts from high-prevalence
settings is critical for EFdA’s potential use18,19. Yet, such empirical data
on background resistance at the population level remain scarce in
high-burden areas like South Africa. LA combinations are also poised
to be used in prophylaxis and are predicted to be cost-effective,
although their use is likely to increase the prevalence of drug
resistance20.

Despite advancements in ART, the HIV epidemic’s landscape is
heterogeneous. High HIV incidence rates persist in specific areas, like
the uMkhanyakude district of KwaZulu-Natal (KZN), particularly
among adolescent girls and young women21. This highlights the
necessity for interventions tailored to the local epidemiology. Sys-
temic challenges, including the shortage of community healthcare
workers in KZN, have led to failures in care linkage, prompting the
need for localised solutions22,23. The Vukuzazi programme, initiated in
2018, exemplifies such an approach, targeting HIV, tuberculosis,
hypertension, and diabetes prevalence in the community while facil-
itating direct linkage to care24.

The Vukuzazi study employed a cross-sectional survey approach
to sample adolescent and adult residents aged 15 years or older within
the Africa Health Research Institute demographic surveillance area in
the uMkhanyakude district of KwaZulu-Natal, South Africa. This area is
characteristic of rural South Africa, with a population predominantly
of Black African descent, a 58% adult unemployment rate, and 66%
access to pipedwater in their homes. The studywas conductedover an
18-month period fromMay 25, 2018, to November 28, 2019. In termsof
the recruitment process, individuals were initially contacted at their
homes, identified using the geo-coordinates of their residence, and
were invited to participate at mobile health camps that traversed the
study area during the survey period. A substantial proportion of the
eligiblepopulationwas reached,with 26,460 individuals contactedout

of the 34,721 eligible (representing 76% of the eligible population). Out
of these, 25,598 accepted the invitation to participate, and eventually,
17,118 individuals enroled in the study. This represents a 49% enrol-
ment rate of the eligible population. The comprehensive reach of the
study, combined with the methodology of using mobile health camps
and home visits, ensured that the sampling was geographically
representative of the demographic surveillance area. The use of
inverse probability weights to account for non-response further aimed
to mitigate potential bias and ensure that the prevalence estimates
were representative of the population across different sex and age
groups.

This study’s objectives are twofold: (1) characterise antiretroviral
resistance in this largely rural population via whole-genome HIV-
1 sequencing and (2) map potential HIV transmission networks and
their geospatial distribution.

Results
Population characteristics
The Vukuzazi study enroled 18,041 individuals, with 17,951 (99.6%)
completing venepuncture for HIV testing (Fig. 1A, B). Among them,
6096 (33.9%) tested positive for HIV via ELISA testing. Notably, three
participants had a positive HIV ELISA result but no viral load due to
testing problems. The study’s enrolment ratio was 2:1 female to male
(assigned at birth) (Table 1). Approximately two-thirds (62.1%) of those
with a positive HIV ELISA were ART-naïve at recruitment, based on the
study’s metadata and corroborated by electronic health record data.
More than 85% of the known treatment regimens comprised of teno-
fovir/emtricitabine (FTC/TDF) and EFV ART. In those individuals test-
ing positive for HIV, there was no relationship between viral load and
time of enrolment into the study for ART-experienced and ART-naïve
participants (Supplementary Fig. 1).

Of the 1232 venous blood samples with a viral load >40 copies/ml,
1097 resulted in successful whole-genome sequences. Post-QC, 47
sequences were excluded due to low or incomplete genome coverage.
In total, 467 ART-naïve and 583 ART-experienced participants pro-
vided high genome coverage sequences for resistance and transmis-
sion analysis (Supplementary Fig. 2). Among the ART-experienced
individuals, 27 individuals were on protease inhibitor (PI)-based
second-line regimens, and 10 were on DTG-based ART.

HIV-1 drug resistance
All drug-resistance-associated mutations were called at a minimum
frequency of 5%. At this frequency, commondrug resistancemutations
included rtM184V, associated with 3TC and abacavir (ABC) resistance,
observed in 32.6% of ART-treated and 1.9% of ART-naïve individuals
(Fig. 2). TwoTDF resistancemutations, rtK65Rand rtrK70Ewere noted
found in 12.0% and 6.2% of ART-experienced participants, respectively
and in <1% of both ART-experienced and ART-naïve individuals. Thy-
midineAnalogueMutations (TAMs) including rtM41L, rtT215Y, rtD67N,
rtK70R, rtT215F, and rtK219R/Q were found in <10% of ART-treated
individuals and <2% of ART-naïve individuals. TAM is selected by
zidovudine (ZDV) and stavudine (D4T), antiretrovirals that are no
longer used as first-line ART. These findings, demonstrating the pre-
sence of TAMs in a large thymidine analogue-naïve population treated
with first-line TDF-containing regimens, align well with studies across
Sub-Saharan Africa evidencing thymidine resistance in similar
regimens25.

Among the detected NNRTI mutations, the prevalence in ART-
experienced versus ART-naïve participants was as follows: rtK101E was
found in 5.0% of ART-experienced and 1.5% of ART-naïve participants;
rtK103N in 34.1% of ART-experienced and 9.4% of ART-naïve; rtV106M
in 19.4% of ART-experienced and 2.8% of ART-naïve; and rtG190A in
8.2% of ART-experienced compared to 0.9% of ART-naïve participants.
Importantly, the rtE138A mutation, known for conferring cross-
resistance to RPV—a second-generation NNRTI used in LA injectable
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ART alongside CAB, was observed in 6.5% of ART-experienced parti-
cipants and 7.9% of ART-naïve participants (Figs. 2 and 3).

Resistance-associated mutations for INSTIs and PIs were rare in
both ART-treated and ART-naïve individuals (Figs. 2 and 3). Both were
found in fewer than 10 participants in the ART-treated and naïve
groups. The most common INSTI mutations were inT97A and inE157Q
(Fig. 2, both <1.5%). inT97A and inE157Q mutations are previously
reported as polymorphic, although inT97A is associated with high-
level resistance to DTGwhen in the presence ofmajor INSTImutations
such as inG140S (https://hivdb.stanford.edu). It is important to note
that this studywas completedprior to the large-scaleDTG rollout. Very
few participants were on a DTG-containing regimen, but they were
virally suppressed.

We also investigated the mutational abundance of virus quasis-
pecies in plasma samples to identify minority drug resistance-
associated variants. We classified the proportion of participants with
a mutation at low thresholds of 5% and 10%, 20% (approximately the
sensitivity of Sanger sequencing), and higher thresholds of 50% and

90% (Supplementary Figs. 3 and 4). Analysis of low-frequency NRTI
variants (<20%) showed that rtK65R and rtK219Rwere detected at only
5% in ART-naïve individuals but at frequencies >90% in ART-
experienced participants. rtM184V was only observed at >90% fre-
quency in both ART-naïve and ART-experienced participants, though
the proportion of ART-naïve participants with this mutation was sig-
nificantly smaller (3% vs. 33%) than in ART-experienced participants.
Other minority resistance-associated mutations in ART-naïve indivi-
duals included rtK103Sand rtY181I, whichonly occurred at frequencies
of <10%.

Finally, coreceptor usage was analysed using deep sequence data
in the V3 loop region. The genotypic prediction model reported that
the majority of viruses (93.8%) were predicted to use CCR5 as the co-
receptor alongside CD4.

HIV-1 infections demonstrating genetic linkage
We identified a total of 202 instances of strong genetic linkage
between at least two or more participants within a cluster (Fig. 4A).

36,097 eligible

27,593 contacted
(76.4%)

26,795 accepted
invitation
(74.2%)

18,041 enrolled
(50.0%)

17,951 completed
venepuncture for HIV

testing
(99.5% of Enrolled)

11,853 HIV-
(66.1%)

6096 positive HIV
ELISA

(33.9%)
3 VL tests w / positive

ELISA but unsuccessful
VL test

6093 HIV+
(33.9%)

4861 virally supressed
(79.4%)

1232 w ith detectable VL
>40 copies/ml

(20.6%)

1232 samples
sequenced

1050 genomes
analysed

47 genomes
excluded after QC

583 ART-experienced 467 ART-naive

60 prior history of ART

1097 samples
successfully
sequenced

8754 did not attend
health fair (25.8%)

135 samples were
unable to be
sequenced

523 on current
ART regimen

A B

Fig. 1 | Flow diagram of Vukuzazi cohort participation and location of study.
A Individuals aged ≥15 years in the Africa Health Research Institute (AHRI) Demo-
graphic and Health Surveillance catchment area were eligible for the Vukuzazi
study. From 1232 blood samples, 1050 genomes were successfully obtained from
the cohort, and 36 were excluded due to poor coverage of pol and env genes.
Downstream ART resistance and transmission analysis was conducted on 467 ART-

naive and 583 ART-experienced participants. B Map showing visualisation of the
sampled individuals’ location of residence in the Vukuzazi study, with dots repre-
senting the approximate locations within the study area. To protect participant
confidentiality, a geographical random error has been introduced to each location,
ensuring that the exact positions remain undisclosed. The underlying basemap is
sourced from OpenStreetMap, © OpenStreetMap contributors.
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These 202 participants were divided into 86 high-confidence
linked pairs or chains following pruning to avoid calling low-
probability clusters. Among these, 63/86 (73.3%) were found to be
transmission clusters involving just two individuals, forming a
linked pair. The remaining clusters varied in size: 11 clusters
(12.8%) each included three participants, 7 clusters (8%) included
four participants each, one cluster (1.1%) consisted of five partici-
pants, and another single cluster (1.1%) comprised six participants.
In total, 202 participants were linked to at-least one other indivi-
dual in these 86 clusters. In the largest linked group comprising 6
participants (Fig. 4B), three had evidence of antiretroviral resis-
tance (Fig. 4B), and three were wildtype (WT). In the second largest
cluster of five participants, three were wildtype; one had only the
NNRTI mutation rtE138A and the fifth had multiple NNRTI and
NRTI mutations (Fig. 4C).

Geospatial visualisations
The geospatial structure of epidemiologicalmeasures such asHIV viral
load on treatment and antiretroviral resistance are graphically pre-
sented inFig. 5. A varying level ofHIVprevalence across the regionwith
predominantly high HIV prevalence (>35%) is observed in the bottom
right (southeast) portion of the sampled area (dark blue regions in
Fig. 5A), whereas the prevalence of treatment failure does not exhibit a
clear spatial pattern (Fig. 5B). Notably, the bivariate map delineating
HIV prevalence and treatment failure identifies areas bearing a high
burden of both measures (dark green in Fig. 5C), primarily con-
centrated in regions previously marked with high HIV prevalence. The
geographical distribution of NNRTI (Fig. 5D) and NRTI (Fig. 5E) resis-
tance prevalence reveals distinct patterns: NNRTI resistance is found
primarily in the northern and southern surveillance regions, while
NRTI resistance is more common in the northern region. The bivariate
map presenting both mutations’ prevalence identifies overlapping
areas in the southern, central, and northern parts of the survey area
(dark blue in Fig. 5F), as well as regions with high-NRTI-low-NNRTI
prevalence (dark red) and low-NRTI-high-NNRTI prevalence
(bright blue).

Phylogenetic linkages appear predominantly in the central and
southern parts of the survey area showing high connectivity within
these regions (Fig. 5G), largely coinciding with regions of high HIV
prevalence. Highly connected nodes, ranging from 21 to 69 connec-
tions, are situated in the southern part of the survey area, where HIV
prevalence is higher. Nodes with fewer connections (4–9) are mainly
found in the central region of the survey area, where HIV prevalence is
lower, as might be expected (Fig. 5).

Discussion
ART guidelines currently recommend a combination of DTG, 3TC, and
TDF as the first-line regimen for all eligible adults, adolescents, and
children aged >1026,27. While theWHOhas endorsed DTG-based ART as
the preferred first-line regimen, understanding the patterns of NRTI
and NNRTI antiretroviral resistance in both ART-naïve and ART-
experienced patients remains crucial. This is particularly pertinent in
the context of increasing evidence that PDR is associatedwith reduced
efficacy and long-term failure of INSTI-containing first-line ART
regimens13. Of note, however, resuppression in the context of drug
resistance can occur in some individuals28.

Currently, LA injectable treatments are centred around the com-
bination of CAB/RPV. Reports suggest a 7.9% prevalence of RPV
resistance mutations in ART-naïve populations, with a slightly higher
9.3% in ART-experienced population29. RPV mutations have been
associated with virologic failure of LA CAB/RPV30. Similarly, we
observed a concerning prevalence of RPV resistance at 6.5% in
experienced participants and 7.9% in those untreated. These findings
suggest that ART strategies involving a switch to LA CAB (INSTI) + RPV
(NNRTI) may need to include prior screening for RPV resistance.

Regarding the future use of the novel RT inhibitor EFdA, the
prevalence of rtM184V was significant in those with detectable viral
load and on ART and present at lower thresholds in untreated indivi-
duals. rtM184V has been associatedwith reduced replication efficiency
making it uncommon as a transmitted resistance mutation17,25,31.
However, compensatory mutations such as rtL74I in the RT gene can
restore viral fitness in the presence of rtM184V19. As such, the persis-
tence of rtM184V poses a risk to the future use of LA combinational
LEN and EFdA regimens.

rtK65R, a mutation that confers intermediate to high-level TFV
and ABC resistance18,32,33, was observed in 15% of ART-treated indivi-
duals with detectable viral load. This is higher than observed in high-
income settings, although variation in prevalence based on subtype
has been reported34,35. rtK65Rand rtK219Rwere the onlyminorityNRTI
mutations (detected in <20% of the viral population) in ART-naïve
individuals, reflecting findings from an earlier study in South Africa32.

Table 1 | Population characteristics, ART status, and regimens

All (n = 1050) ART-
Naïve
(n = 467)

Art-
experienced
(n = 583)

Age group (years)

15–24 218 (20.8%) 116 (24.8%) 102 (17.5%)

25–34 378 (36.0%) 189 (40.5%) 189 (32.4%)

35–44 261(24.9%) 99 (21.2%) 162 (27.8%)

45–54 147 (14.0%) 101 (21.6%) 46 (7.9%)

>55 74 (7.0%) 45 (9.6%) 29 (5.0%)

Sex (assigned at birth)

Female 693 (66.0%) 298 (63.8%) 395 (67.8%)

Male 357 (34.0%) 169 (36.2%) 188 (32.8%)

Currently on ART?

Yes – 603a

No – 34

Unknown – 565

ART regimen

NRTI + NNRTI 348 (89.5%)

TDF, FTC, EFV – 329

TDF, EFV, 3TC – 5

AZT, EFV, 3TC – 5

ABC, EFV, 3TC – 1

d4T, EFV, 3TC – 1

TDF, FTC, EFZ – 1

TDF, NVP, 3TC – 3

AZT, NVP, 3TC – 2

TDF, FTC, NVP – 1

NRTI + PI – 27 (6.9%)

TDF, 3TC, LPV – 14

AZT, 3TC, LPV – 9

ABC, 3TC, LPV – 2

TDF, FTC, LPV – 1

TDF, ATV, LPV – 1

NRTI + INSTI – 10 (2.6%)

TDF, 3TC, DTG – 10

Data from 1202 participants with associated metadata for whom blood samples were collected
and sent to the University of Oxford for sequencing. Of those, 1050 were successfully
sequenced and analysed.
ABC abacavir, EFV efavirenz, FTC emtricitabine, TDF tenofovir, 3TC lamivudine, LPV/r lopinavir/
ritonavir, DTG dolutegravir, d4T stavudine, NVP nevirapine, INSTI integrase strand transfer
inhibitors, NNRTI non-nucleoside reverse transcriptase inhibitors, NRTI nucleoside/nucleotide
reverse transcriptase inhibitors, PI protease inhibitors.
aParticipant is currently taking ART, but regimens were unknown in 274 participants.
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This trend is likely due to the knownpropensity of subtypeC to acquire
thesemutations spontaneously36–39, attributable todifferential pausing
of RT at positions 64-6640.

Before the scale-up of the INSTI-based ART41, significant resis-
tance to NRTIs and NNRTIs was identified, but resistance to PIs and
INSTIs was minimal, as expected (Table 2). However, the low-level
appearance of INSTI mutations within virus quasi-species was detec-
ted, including inR263K (DTG-resistance-associated mutation), among
other secondary antiviral resistance mutations42,43. The inT97A muta-
tion, a secondary drug-resistance-associated mutation44, was also
observed. inT97A can greatly enhance resistance in the presence of
other INSTI mutations45.

At present, resistance to integrase inhibitors in treatment naïve
individuals is very low, with some individuals selecting major INSTI
mutations10,46; however, ~10% of previously treatment-experienced
individuals who go on to develop viremia whilst on an integrase inhi-
bitor harbour INSTI mutations. Ongoing surveillance for INSTI resis-
tance in the DTG treatment era is critical, given the highly promising
results from CAB PreP studies47,48 and emerging data showing that the
use of LA CAB/RPV during acute HIV infection can result in the selec-
tion of major resistance mutations to INSTIs49.

The application of next-generation sequencing for full-length
HIV-1 genomes allowed us to conduct clustering analysis, revealing

86 high-confidence clusters, predominantly involving sequences
without antiretroviral resistance. Our findings suggest transmission
may occur before the initiation of ART. Geospatial analyses indicated
clustering was most observable in areas with the highest HIV infec-
tion prevalence. Drug resistance to NNRTI - but not NRTI -coincided
with HIV-1 prevalence geospatially, possibly due to the significant
presence of transmitted NNRTI resistance in this population. Con-
versely, both NRTI and NNRTI resistance were geospatially asso-
ciatedwith treatment failure or detectable viral load, reflecting a high
probability of detecting NRTI and NNRTI resistance following treat-
ment failure7.

Building on previous study methodologies50, our geospatial data
visualisation provided a nuanced view of HIV prevalence, treatment
failure, and drug resistance distribution. Despite the scale-up of ART,
highHIV infection burdens and considerable levels of treatment failure
were evident, signalling ongoing transmission and potential anti-
retroviral resistance emergence. This information could be vital for
crafting effective public health strategies by pinpointing resource
allocation for testing, treatment, and prevention efforts.

We used geospatial data visualisation to depict the application
and purpose of the geospatial techniques utilised, particularly
emphasising the illustrative nature of themethods involved.While our
approach integrates methodologies such as Gaussian kernel
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Fig. 2 | Proportion of ART-naïve and ART-experienced participants with HIV-1
drug resistance-associated mutations at >5% variant abundance.Mutations
were determined byHIV-1 whole-genome sequencing using the Stanford University
HIVDrugResistanceDatabase (v9.4) to determine resistance-associatedmutations.

Data are shown by drug class. NRTI nucleoside reverse transcriptase inhibitor,
NNRTI non-nucleoside reverse transcriptase inhibitor, INSTI integrase strand
transfer inhibitor, PI protease inhibitor.
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Fig. 3 | Susceptibility to ART among ART-naïve (left) and ART-experienced
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>80% confidence.
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interpolation, it is important to clarify that these techniques primarily
serve to enhance the visual representation and comprehensibility of
the spatial distribution of key variables, including HIV prevalence and
resistance mutation prevalences. The principal intent behind these

visualisations is to provide an intuitive and accessible interpretation of
the spatial dimensions of our data rather than to conduct in-depth
geospatial analyses. This distinction is crucial as it aligns with the
overarching aim of the study to present data in a manner that

Fig. 5 | Geospatial analysis of NRTI and NNRTI resistance in the uMkhanyakude
District. A HIV prevalence. B prevalence of treatment failure among HIV-positive
individuals. C Bivariate map among HIV prevalence and treatment failure. D NRTI

prevalence among HIV-positive individuals. E NNRTI prevalence among HIV-
positive individuals. F bivariate map among NNRT and NNRTI. G High confidence
phylogenetically linked participants plotted on the background of HIV prevalence.
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supports, rather than directly contributes to, the inferential statistical
findings.

High-resolution mapping of HIV prevalence, treatment failure,
and antiretroviral-specific resistance offers insights into the potential
for decentralised sampling in surveillance programmes. Regions
marked by high HIV prevalence and ART failure require a robust
response, including expanded testing initiatives. Mobile testing units
and community health workers could be strategically placed in these
high-need areas, potentially increasing diagnosis rates and linking
individuals to treatment services more effectively. The maps can also
guide adherence support programmes to regions where treatment
failure is prevalent. By integrating different strategies, such as digital
adherence tools, peer support groups, and community-based inter-
ventions, healthcare systems can aim to enhance patient outcomes
andmitigate the burden of treatment failure51. This geospatial data can
empower healthcare providers to optimise treatment by selecting ART
combinations less susceptible to resistance.

The spatial dynamics of HIV transmission provide insight into the
epidemic’s spread. Identifying highly connected zones allows for tar-
geted prevention efforts, such as increased condom distribution,
education campaigns, and PrEP for high-risk individuals52. Under-
standing these interlinkages enables interventions to be more pre-
cisely aimed at community locations central to disease spread50,53. The
high geospatial resolution transmission linkages identified, coupled
with the distribution of antiretroviral-specific mutations, can inform
contemporary local prescribing decisions and policy, particularly as
we progress towards LA injectables. Thus, we advocate for ART pro-
grammes to be coupledwith viral load and drug resistancemonitoring
using viral sequencing in order to enable clustering analyses to be
scaled up54.

The observed geospatial patterns of HIV are influenced by various
factors, including mobility and migratory patterns55. Although study
participants were effectively linked to healthcare services, the poten-
tial for HIV transmission during travel or migration persists, leading to
decentralised transmission patterns. Social and sexual network
dynamics are equally crucial, as HIV transmission is largely influenced
by these structures, often extending beyond geographical limits. The
distinct spatial distribution of NNRTI and NRTI resistance observed in
the study is likely influenced by several factors, such as the historical

deployment and use duration of these antiretrovirals within the
community56–58.

The Vukuzazi study’s unique population-based approach, as
opposed to clinic-based or smaller cohort studies, provided a com-
prehensive and less biased snapshot of the prevalence of current HIV
resistance. Sequencing a large number of community samples offers a
detailed picture of the HIV resistance landscape, critical for designing
interventions and tracking transmission networks, offering a detailed
perspective that is often lost in smaller, more selective sampling
methods. This large-scale analysis not only enables more precise
detection of prevalent resistance mutations but also facilitates more
accurate inference and spatial geolocation of transmission networks
within the community. Such granularity in data is rare and instru-
mental in shaping effective public health strategies and interventions.

Limitations of this study include its cross-sectional nature and
capturing resistance at a single time point rather than longitudinally
during an infection course59. Ideally, serial surveys would be under-
taken to provide information on dynamics, particularly in the era of
INSTI-based first-line ART. Furthermore, the data on treatment history
required collation frommore than one source and, in some cases, was
incomplete. Finally, the small sample sizes in some locations made it
difficult to draw robust conclusions regarding the geographic patterns
of resistance across all parts of the study area.

In conclusion, our study delivers novel insights into the patterns
of HIV drug resistance and linkages within a rural area with high HIV
prevalence. HIV-1 whole-genome sequencing has facilitated not only
the identification of linked infections but also a more intricate
understanding of the HIV-1 drug resistance landscape at the
population scale.

Methods
Study setting and recruitment
The Vukuzazi study recruited 18,025 participants (adolescents and
adults aged ≧15) from their homes in the uMkhanyakude district,
KwaZulu-Natal, South Africa, to healthcare screening for hypertension,
diabetes, HIV, and tuberculosis. Full details of the Vukuzazi study
methods and results have been previously reported24,60. Recruitment
occurred between May 25, 2018, and November 28, 2019, during the
Vukuzazi cross-sectional survey.

Table 2 | Multi-class drug resistance and cases of protease inhibitor (PI) and INSTI resistance amongst all participants

ID ART class No. of classes ART status

NRTI NNRTI PI INSTI

1 – – – Yes 1 ART-Experienced

2 – – Yes – 1 ART-Experienced

3 – – Yes – 1 ART-Experienced

4 – – Yes – 1 ART-Experienced

5 – Yes Yes – 2 ART-Experienced

6 – Yes Yes – 2 ART-Experienced

7 – Yes Yes – 2 ART-Experienced

8 Yes Yes Yes – 3 ART-Experienced

9 Yes Yes Yes – 3 ART-Experienced

10 Yes Yes Yes – 3 ART-Experienced

11 – – Yes – 1 ART-Naïve

12 – – Yes – 1 ART-Naïve

13 – – Yes – 1 ART-Naïve

14 – – Yes – 1 ART-Naïve

15 – Yes Yes – 2 ART-Naïve

Three individuals exhibited three-class resistance. Seven showed PI resistance only. None of these participants existed in a linkage cluster.
INSTI integrase strand transfer inhibitors, NNRTI non-nucleoside reverse transcriptase inhibitors, NRTI nucleoside/nucleotide reverse transcriptase inhibitors, PI protease inhibitors.
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Ethics
Ethical approval was obtained from the Ethics Committees of the
University of KwaZulu-Natal (BE560/17), London School of Hygiene &
Tropical Medicine (#14722), the Partners Institutional Review Board
(2018P001802) to conduct the research in KwaZulu-Natal, Durban,
South Africa in a single location. All participants provided written
informed consent for HIV testing and ensuing analysis. Written
informed consent was also obtained from legal guardians/repre-
sentatives for participants under the age of 18.

Data and blood sample collection
Mobile health clinics across the study area facilitated data collection.
Research nurses compiled participants’ medical histories, including
prior HIV, tuberculosis, hypertension, and diabetes diagnoses. Blood
samples from 17,949 participants were collected for HIV testing using
the Genscreen Ultra HIV Ag-Ab enzyme immunoassay [Bio-Rad]. The
HIV-1 RNA viral load was subsequently measured for immunoassay-
positive samples, resulting in 6093 positive tests. Samples with
detectable viral load defined as >40 copies/ml (n = 1323) underwent
HIV-1 whole-genome sequencing.

Whole-genome sequencing and bioinformatics
We employed the veSEQ-HIV61 method for whole HIV-1 genome
sequencing on the Illumina MiSeq platform following established
protocols. We then used the bioinformatics pipeline, drmSEQ, to
identify genotypic resistance, aligning codons with a database of 142
HIV reference sequences. We used the Stanford HIV Drug Resistance
Database classification system, with ‘high-level resistance’ as our
threshold for resistance. Drug resistance mutations were called at a
minimum of 10 reads and 2% frequency. We obtained the participants’
ART status (ART-experienced, n = 583; ART-naïve, n = 467) from the
PANGEA consortium, TIER.net, and the Vukuzazi cohort study. HIV-1
subtyping occurred using SNAPPy v1.0. Prediction of co-receptor
usage was made using TROPHIX (prediction of HIV-1 tropism). Avail-
able at: http://sourceforge.net/projects/trophix/).

Transmission cluster identification and validation
All sequence data that passed quality control (QC) (n = 1050) was
incorporated into amaximum-likelihood phylogeny, inferred using IQ-
TREE v2.2.2 (1000 ultrafast bootstraps and a GTR + F +R6 model). For
the initial identification of potential transmission clusters, we utilised
ClusterPicker (v1.2.5) using an initial and main threshold of 98, a
genetic distance of 4.5%, and a large cluster threshold of 10. This
produced 171 potential clusters. To identify clusters with a high
probability of containing accurate transmission chains, we utilised a
backward stepwise logistic regression model testing various interac-
tions between collection date intervals and patristic distances between
sequence pairs62 (Supplementary Fig. 6). The logit model allowed for
refinement of clusters previously identified.

To determine transmission chains within clusters, we used Phy-
locsanner v1.8.263 using sliding windows of 150 bp across the entire
HIV-1 genome. Phylogenies were constructed using IQTREE v2.2.2 and
then analysed with the analyse_trees.R package.

Geospatial analyses
We executed geospatial visualisation to describe the spatial distribu-
tion of several epidemiological parameters. We introduced a geo-
graphical random error to uphold participant confidentiality. We
evaluated the prevalence of several epidemiological parameters by
generating continuous surface maps, utilising a standard Gaussian
kernel interpolation method64. Maps were created without geo-
graphical references, and a grid consisting of 108 hexagonal cells
covering the surveillance area was used to aggregate the spatially
interpolated estimates. The hexagonal grid cells, integral to the spatial
structure of our visualisation, each have an area of 7.77 km2. This

dimension was chosen to balance the need for detailed spatial reso-
lution with the practical considerations of visual clarity and data con-
fidentiality. It is important to clarify the role and application of these
hexagonal grid cells within the context of our geospatial analysis and
visualisation framework. The kernel interpolations, a central compo-
nent of our geospatial methodology, were conducted using the actual
point data derived from the study, allowing us to explore and repre-
sent the underlying spatial patterns of variables suchasHIVprevalence
and treatment failure prevalence. Following the generation of these
continuous surfaces through kernel interpolation, the hexagonal grid
cells were employed to group and visualise these interpolations and
theHIV transmission linkages. This approach allowed us to present the
geospatial data in a manner that is both accessible and informative,
facilitating an intuitive understanding of the spatial distribution and
intensity of the study variables across the study area.

The grid was further employed to illustrate HIV prevalence,
treatment failure prevalence, NNRTI mutations, and nucleoside/
nucleotide reverse transcriptase inhibitor (NRTI) mutations. Bivariate
maps were generated to identify regions with overlapping epide-
miological measures, such as high HIV prevalence coinciding with
high rates of treatment failure or significant drug resistance muta-
tions. We geospatially mapped the linkages of viral transmission
among these individuals that were estimated by the previous phylo-
genetic analyses using the grid to aggregate the locations of these
links into the centroids of each of the 108 cells of the grid that
represented the nodes of the transmission links.Weused the software
ArcGIS Pro 3.1 (ESRI: ArcGIS Pro.x. Redlands, CA, USA: ESRI. 2020.) to
construct the grid and generate the spatial data visualisations inclu-
ded in the study.

TheKernel Interpolationwith Barriers tool in ArcGIS allowed us to
estimate continuous surfaces for HIV prevalence, treatment failure
prevalence, and NNRTI and NRTI mutation prevalence. We opted for
the Gaussian kernel function, renowned for its bell-shaped curve and
effectiveness in smoothing over various types of spatial data. This
function was helpful in ensuring seamless transitions across the study
area, thus maintaining the integrity of the spatial patterns observed in
our data. A critical component of our methodology was the selection
of the bandwidth or radius for the kernel function, which was set at
3 km. This parameter was calibrated based on previous studies that
employed similar data in the same study population, ensuring that our
spatial patterns are both representative and contextually relevant.
Lastly, we utilised the prediction surface type, a choice that aligns with
our objective to accurately represent the continuous surfaces of HIV-
related measures across the study area.

The geographical random error was introduced by carefully dis-
placing the geographical coordinates of each participant’s location
within a specified maximum distance. This displacement strategy was
designed to ensure that the jittered locations remain reasonably close
to the true locations, effectively obscuring the exact identification of
participants’ locations while preserving the overall spatial patterns
pertinent to the findings of the study. The magnitude of jittering was
determined, taking into account the size of the overall study area and
the size of eachgrid hexagon used in the spatial analyses. Although the
exact distances used for jittering cannot be disclosed due to con-
fidentiality protocols, we ensure that the applied jittering sufficiently
maintains the spatial integrity of the data. This ensures that the
visualised patterns in our maps accurately represent the geographical
distribution of the study variables without compromising individual
privacy.

It is crucial to emphasise the delineation between the application
of jittering for visualisation and the handling of data for the actual
spatial analyses. The jittering of data points was strictly limited to the
data utilised for visualisation purposes, such as maps included in
publications or public databases. This measure is a standard in studies
involving sensitive health data toprevent thepotential identificationof
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individual participants. In contrast, the true, unaltered geographical
coordinates were exclusively used for the spatial analyses that
underpin our main findings. This approach guarantees that the sta-
tistical inferences and conclusions are based on themost accurate and
unmodified data, thereby upholding the validity and reliability of the
results of the study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Sequencing data for the entire Vukuzazi/PANGEA cohort are available
for download from GenBank, Accession: PRJEB19239 ID: 369369. No
new sequencing was performed for this study. Datasets analysed
during the current study are provided in the paper. Source data are
provided with this paper, though viral loads have been redacted as
they are potentially identifiable data.

Code availability
Custom Python script relevant to the production of figures in the
manuscript can be accessed at https://github.com/SteveKemp/
Vukuzazi_manuscript.

References
1. HIV and AIDS Estimates - South Africa 2021. UNAIDS.

(UNAIDS, 2022).
2. G. H. collaborators. Global, regional, and national incidence, pre-

valence, andmortality of HIV, 1980–2017, and forecasts to 2030, for
195 countries and territories: a systematic analysis for the Global
Burden of Diseases, Injuries, and Risk Factors Study 2017. Lancet
HIV 6, e831–e859 (2019).

3. Collier, D. A., Monit, C. & Gupta, R. K. The impact of HIV-1 drug
escape on the global treatment landscape. Cell Host Microbe 26,
48–60 (2019).

4. Gupta-Wright, A. et al. Virological failure, HIV-1 drug resistance, and
early mortality in adults admitted to hospital in Malawi: an obser-
vational cohort study. Lancet HIV 7, e620–e628 (2020).

5. Gupta, R. K. et al. HIV-1 drug resistance before initiation or re-
initiation of first-line antiretroviral therapy in low-income and
middle-income countries: a systematic review andmeta-regression
analysis. Lancet Infect. Dis. 18, 346–355 (2018).

6. Gupta, R. K. et al. Virological monitoring and resistance to first-line
highly active antiretroviral therapy in adults infected with HIV-1
treated under WHO guidelines: a systematic review and meta-
analysis. Lancet Infect. Dis. 9, 409–417 (2009).

7. Chimukangara, B. et al. Trends in pretreatment HIV-1 drug resis-
tance in antiretroviral therapy-naive adults in South Africa,
2000–2016: a pooled sequence analysis. EClinicalMedicine 9,
26–34 (2019).

8. TenoRes Study, G. Global epidemiology of drug resistance after
failure of WHO recommended first-line regimens for adult HIV-1
infection: a multicentre retrospective cohort study. Lancet Infect.
Dis. 16, 565–575 (2016).

9. Boffito, M. et al. Perspectives on the barrier to resistance for
dolutegravir + lamivudine, a two-drug antiretroviral therapy for HIV-
1 infection. AIDS Res. Hum. Retroviruses 36, 13–18 (2020).

10. Tao, K. et al. Treatment emergent dolutegravir resistancemutations
in individuals naive to HIV-1 integrase inhibitors: a rapid scoping
review. Viruses 15, 1932 (2023).

11. Veronika, W. et al. VIROLOGIC FAILURE AFTER ROUTINE SWITCH-
ING TO DTG-BASED FIRST-LINE ART. Conferernce on Retroviruses
and Opportunistic Infections (CROI) 19–22, (Seattle, Washing-
ton, 2023).

12. Loosli, T. et al. HIV-1 drug resistance in people on dolutegravir-
based antiretroviral therapy: a collaborative cohort analysis. Lancet
HIV 10, e733–e741 (2023).

13. Siedner, M. J. et al. Reduced efficacy of HIV-1 integrase inhibitors in
patients with drug resistance mutations in reverse transcriptase.
Nat. Commun. 11, 5922 (2020).

14. Steegen, K., Chandiwana, N., Sokhela, S., Venter,W. D. F. & Hans, L.
Impact of rilpivirine cross-resistance on long-acting cabotegravir-
rilpivirine in low and middle-income countries. AIDS 37,
1009–1011 (2023).

15. Wainberg, M. A. et al. Enhanced fidelity of 3TC-selected mutant
HIV-1 reverse transcriptase. Science 271, 1282–1285 (1996).

16. Wainberg, M. A. The impact of the M184V substitution on drug
resistance and viral fitness. Expert Rev. Anti-infect. Ther. 2,
147–151 (2004).

17. Paredes, R. et al. In vivo fitness cost of the M184V mutation in
multidrug-resistant human immunodeficiency virus type 1 in the
absence of lamivudine. J. Virol. 83, 2038–2043 (2009).

18. Rhee, S. Y. et al. Mutational correlates of virological failure in indi-
viduals receiving a WHO-recommended tenofovir-containing first-
line regimen: an International Collaboration. EBioMedicine 18,
225–235 (2017).

19. Gregson, J. et al. Human immunodeficiency virus-1 viral load is
elevated in individuals with reverse-transcriptasemutationM184V/I
during virological failure of first-line antiretroviral therapy and is
associated with compensatory mutation L74I. J. Infect. Dis. 222,
1108–1116 (2020).

20. Smith, J. et al. Predicted effects of the introduction of long-acting
injectable cabotegravir pre-exposure prophylaxis in sub-Saharan
Africa: a modelling study. Lancet HIV 10, e254–e265 (2023).

21. Baisley, K. et al. High HIV incidence and low uptake of HIV pre-
vention services: the context of risk for young male adults prior to
DREAMS in rural KwaZulu-Natal, South Africa. PLoS ONE 13,
e0208689 (2018).

22. Mottiar, S. & Lodge, T. The role of community health workers in
supporting South Africa’s HIV/AIDS treatment programme. Afr. J.
AIDS Res. 17, 54–61 (2018).

23. Haber, N. et al. From HIV infection to therapeutic response: a
population-based longitudinal HIV cascade-of-care study in Kwa-
Zulu-Natal, South Africa. Lancet HIV 4, e223–e230 (2017).

24. Wong, E. B. et al. Convergence of infectious and non-
communicable disease epidemics in rural South Africa: a cross-
sectional, population-based multimorbidity study. Lancet Glob.
Health 9, e967–e976 (2021).

25. Gregson, J. et al. Occult HIV-1 drug resistance to thymidine analo-
gues following failure of first-line tenofovir combined with a cyto-
sine analogue and nevirapine or efavirenz in sub Saharan Africa: a
retrospective multi-centre cohort study. Lancet Infect. Dis. 17,
296–304 (2017).

26. Nel, J. et al. Southern African HIV Clinicians Society guidelines for
antiretroviral therapy in adults: 2020 update. South Afr. J. HIV Med.
21, 1115 (2020).

27. Semengue, E. N. J. et al. HIV-1 integrase resistance associated
mutations and the use of dolutegravir in Sub-Saharan Africa: a
systematic review and meta-analysis. PLoS Global Public Health 2,
e0000826 (2022).

28. Gupta, R. K. et al. High rate of HIV resuppression after viral failure on
first-line antiretroviral therapy in the absence of switch to second-
line therapy. Clin. Infect. Dis. 58, 1023–1026 (2014).

29. Maruapula, D. et al. Archived rilpivirine-associated resistance
mutations among ART-naive and virologically suppressed people
living with HIV-1 subtype C in Botswana: implications for cabote-
gravir/rilpivirine use. J. Antimicrob. Chemother. 78,
2489–2495 (2023).

Article https://doi.org/10.1038/s41467-024-47254-z

Nature Communications |         (2024) 15:3644 11

https://github.com/SteveKemp/Vukuzazi_manuscript
https://github.com/SteveKemp/Vukuzazi_manuscript


30. Cutrell, A. G. et al. Exploring predictors of HIV-1 virologic failure to
long-acting cabotegravir and rilpivirine: a multivariable analysis.
AIDS 35, 1333–1342 (2021).

31. Gupta, R. K. et al. Global trends in antiretroviral resistance in
treatment-naive individuals with HIV after rollout of antiretroviral
treatment in resource-limited settings: a global collaborative study
and meta-regression analysis. Lancet 380, 1250–1258 (2012).

32. Derache, A. et al. Predicted antiviral activity of tenofovir versus
abacavir in combinationwith a cytosine analogue and the integrase
inhibitor dolutegravir in HIV-1-infected South African patients
initiating or failing first-line ART. J. Antimicrob. Chemother. 74,
473–479 (2019).

33. Miller, M. D. et al. Genotypic and phenotypic predictors of the
magnitude of response to tenofovir disoproxil fumarate treatment
in antiretroviral-experienced patients. J. Infect. Dis. 189,
837–846 (2004).

34. El Bouzidi, K. et al. Deep sequencing of HIV-1 reveals extensive
subtype variation and drug resistance after failure of first-line anti-
retroviral regimens in Nigeria. J. Antimicrob. Chemother. 77,
474–482 (2022).

35. Gupta, R. K. et al. K65R and Y181C are less prevalent in HAART-
experienced HIV-1 subtype A patients. AIDS 19, 1916–1919 (2005).

36. Smit, E. et al. An association between K65R and HIV-1 subtype C
viruses in patients treated with multiple NRTIs. J. Antimicrob. Che-
mother. 72, 2075–2082 (2017).

37. Theys, K. et al. HIV-1 subtype is an independent predictor of reverse
transcriptase mutation K65R in HIV-1 patients treated with combi-
nation antiretroviral therapy including tenofovir.Antimicrob. Agents
Chemother. 57, 1053–1056 (2013).

38. Sunpath, H. et al. High rate of K65R for antiretroviral therapy-naive
patients with subtype C HIV infection failing a tenofovir-containing
first-line regimen. AIDS 26, 1679–1684 (2012).

39. Santoro,M.M. et al. Comparativeanalysis of drug resistance among
B and the most prevalent non-B HIV type 1 subtypes (C, F, and
CRF02_AG) in Italy. AIDS Res. Hum. Retroviruses 28,
1285–1293 (2012).

40. Coutsinos, D., Invernizzi, C. F., Xu, H., Brenner, B. G. &Wainberg, M.
A. Factors affecting template usage in the development of K65R
resistance in subtype C variants of HIV type-1. Antivir. Chem. Che-
mother. 20, 117–131 (2010).

41. Phillips, A. N. et al. Updated assessment of risks and benefits of
dolutegravir versus efavirenz in new antiretroviral treatment initia-
tors in sub-Saharan Africa: modelling to inform treatment guide-
lines. Lancet HIV 7, e193–e200 (2020).

42. Ahmed, N. et al. Development of the R263K mutation to dolute-
gravir in an HIV-1 subtype D virus harboring 3 class-drug resistance.
Open Forum Infect. Dis. 6, ofy329 (2019).

43. El Bouzidi, K. et al. High prevalence of integrase mutation L74I in
West AfricanHIV-1 subtypes prior to integrase inhibitor treatment. J.
Antimicrob. Chemother. 75, 1575–1579 (2020).

44. Lübke, N. et al. Failure of dolutegravir first-line ARTwith selection of
virus carrying R263K and G118R. N. Engl. J. Med. 381,
887–889 (2019).

45. George, J. M. et al. Rapid development of high-level resistance to
dolutegravir with emergence of T97A mutation in 2 treatment-
experienced individuals with baseline partial sensitivity to dolute-
gravir. Open Forum Infect. Dis. 5, ofy221 (2018).

46. Abdullahi, A. et al. Limited emergence of resistance to integrase
strand transfer inhibitors (INSTIs) in ART-experienced participants
failing dolutegravir-based antiretroviral therapy: a cross-sectional
analysis of a Northeast Nigerian cohort. J. Antimicrob. Chemother.
78, 2000–2007 (2023).

47. Delany-Moretlwe, S. et al. Cabotegravir for the prevention of HIV-1
in women: results from HPTN 084, a phase 3, randomised clinical
trial. Lancet 399, 1779–1789 (2022).

48. Landovitz, R. J. et al. Cabotegravir for HIV prevention in cisgender
men and transgender women. N. Engl. J. Med. 385, 595–608
(2021).

49. Parikh, U. M., Koss, C. A. & Mellors, J. W. Long-acting injectable
cabotegravir for HIV prevention: what do we know and need to
knowabout the risks andconsequences of cabotegravir resistance?
Curr. HIV/AIDS Rep. 19, 384–393 (2022).

50. Cuadros, D. F. et al. The role of high-risk geographies in the per-
petuation of the HIV epidemic in rural South Africa: a spatial
molecular epidemiology study. PLoS Glob. Public Health 2,
e0000105 (2022).

51. McCoy, S. I. & Packel, L. Lessons from early stage pilot studies to
maximize the impact of digital health interventions for sexual and
reproductive health. Mhealth 6, 22 (2020).

52. Ayala, G. et al. Peer-and community-led responses toHIV: a scoping
review. PLoS ONE 16, e0260555 (2021).

53. Han, X., Zhao, B., An, M., Zhong, P. & Shang, H. Molecular network-
based intervention brings us closer to ending the HIV pandemic.
Front. Med. 14, 136–148 (2020).

54. WHO. Sentinel Surveys of Acquired HIV Resistance to Dolutegravir
Among People Receiving Dolutegravir-containing Antiretroviral
Therapy (WHO, 2023).

55. Zhao, C., Zeng, A. & Yeung, C. H. Characteristics of humanmobility
patterns revealed by high-frequency cell-phone position data. EPJ
Data Sci. 10, 5 (2021).

56. Zhang, Z., Hamatake, R. & Hong, Z. Clinical utility of current NNRTIs
and perspectives of new agents in this class under development.
Antiviral Chem. Chemother. 15, 121–134 (2004).

57. Cuadros, D. F. et al.Mapping the spatial variability ofHIV infection in
Sub-Saharan Africa: effective information for localized HIV pre-
vention and control. Sci. Rep. 7, 9093 (2017).

58. Panagiotoglou, D. et al. Building the case for localized approaches
to HIV: structural conditions and health system capacity to address
the HIV/AIDS epidemic in six US cities. AIDS Behav. 22,
3071–3082 (2018).

59. Kemp, S. A. et al. HIV-1 evolutionary dynamics under non-
suppressive antiretroviral therapy. mBio 13, e0026922 (2022).

60. Gunda, R. et al. Cohort Profile: the Vukuzazi (‘wake up and know
yourself’ in isiZulu) population science programme. Int. J. Epide-
miol. 51, e131–e142 (2022).

61. Bonsall, D. et al. A Comprehensive genomics solution for HIV sur-
veillance and clinical monitoring in low-income settings. J. Clin.
Microbiol. 58, e00382-20 (2020).

62. Susvitasari, K. et al. Epidemiological cluster identification using
multiple data sources: an approach using logistic regression.
Microb. Genom. 9, mgen000929 (2023).

63. Wymant, C. et al. PHYLOSCANNER: inferring transmission from
within-and between-host pathogen genetic diversity. Mol. Biol.
Evol. 35, 719–733 (2018).

64. Waller, L. A. & Gotway, C. A. Applied Spatial Statistics for Public
Health Data (John Wiley & Sons, 2004).

Acknowledgements
Wellcome Trust [Grant number 201433/Z/16/A], Bill & Melinda Gates
Foundation, the South African Department of Science and Innovation,
the South African Medical Research Council, and the South African
Population Research Infrastructure Network. Wellcome Senior Fellow-
ship to R.K.G. (WT108082AIA). M.J.S. receives additional funding from
the US National Institutes of Health (K24 HL166024).

Author contributions
Study conception, design, and administration: R.K.G., E.W., M.S., Vuku-
zazi study team; data collection: Vukuzazi study team, data analysis:
S.A.K., K.K., D.C., M.C., E.O., M.S., F.T., R.K.G.; data interpretation: S.A.K.,
K.K., D.C., M.C., E.O., M.S., F.T., R.K.G.; manuscript preparation; S.K.

Article https://doi.org/10.1038/s41467-024-47254-z

Nature Communications |         (2024) 15:3644 12



wrote the first draft of the manuscript, which was subsequently revised
by K.K., D.C., M.C., E.O., M.S., W.H., T.N., D.P., D.B., E.W., F.T. and R.K.G.
All authors reviewed the results and approved the final version of the
manuscript.

Competing interests
R.K.G. has received honoraria from ViiV and Gilead for advisory
board participation. The remaining authors declare no competing
interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-47254-z.

Correspondence and requests for materials should be addressed to
Ravindra K. Gupta.

Peer review information Nature Communications thanks Josep M Llibre
and the anonymous reviewer(s) for their contribution to the peer review
of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

PANGEA Consortium

David Bonsall2, Thumbi Ndung’u4,5, Deenan Pillay5, Ravindra K. Gupta 1,4 & Mark J. Siedner 4,7,8,9

Vukuzazi Team

Deenan Pillay5, Willem Hanekom 4,5, Emily B. Wong 4, Mark J. Siedner 4,7,8,9 & Thumbi Ndung’u4,5

A full list of members and their affiliations appears in the Supplementary Information.

Article https://doi.org/10.1038/s41467-024-47254-z

Nature Communications |         (2024) 15:3644 13

https://doi.org/10.1038/s41467-024-47254-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-9751-1808
http://orcid.org/0000-0001-9751-1808
http://orcid.org/0000-0001-9751-1808
http://orcid.org/0000-0001-9751-1808
http://orcid.org/0000-0001-9751-1808
http://orcid.org/0000-0003-3506-842X
http://orcid.org/0000-0003-3506-842X
http://orcid.org/0000-0003-3506-842X
http://orcid.org/0000-0003-3506-842X
http://orcid.org/0000-0003-3506-842X
http://orcid.org/0000-0003-3070-6154
http://orcid.org/0000-0003-3070-6154
http://orcid.org/0000-0003-3070-6154
http://orcid.org/0000-0003-3070-6154
http://orcid.org/0000-0003-3070-6154
http://orcid.org/0000-0003-4755-5380
http://orcid.org/0000-0003-4755-5380
http://orcid.org/0000-0003-4755-5380
http://orcid.org/0000-0003-4755-5380
http://orcid.org/0000-0003-4755-5380
http://orcid.org/0000-0003-3506-842X
http://orcid.org/0000-0003-3506-842X
http://orcid.org/0000-0003-3506-842X
http://orcid.org/0000-0003-3506-842X
http://orcid.org/0000-0003-3506-842X

	HIV transmission dynamics and population-wide drug resistance in rural South�Africa
	Results
	Population characteristics
	HIV-1 drug resistance
	HIV-1 infections demonstrating genetic linkage
	Geospatial visualisations

	Discussion
	Methods
	Study setting and recruitment
	Ethics
	Data and blood sample collection
	Whole-genome sequencing and bioinformatics
	Transmission cluster identification and validation
	Geospatial analyses
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




