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Background: Scale-up of antiretroviral therapy (ART) and introduction of treat-all
strategy necessitates population-level monitoring of acquired HIV drug resistance
(ADR) and pretreatment drug resistance (PDR) mutations.

Methods: Blood samples were collected from 4973 HIV-positive individuals residing in
30 communities across Botswana who participated in the Botswana Combination
Prevention Project (BCPP) in 2013–2018. HIV sequences were obtained by long-range
HIV genotyping. Major drug-resistance mutations (DRMs) and surveillance drug resis-
tance mutations (SDRMs) associated with nucleoside reverse transcriptase inhibitors
(NRTI) and nonnucleoside reverse transcriptase inhibitors (NNRTI) were analyzed
according to the Stanford University HIV Drug Resistance Database. Viral sequences
were screened for G-to-A hypermutations. A threshold of 2% was used for hypermuta-
tion adjustment. Viral suppression was considered at HIV-1 RNA load �400 copies/ml.

Results: Among 4973 participants with HIV-1C sequences, ART data were available for
4927 (99%) including 3858 (78%) on ART. Among those on ART, 3435 had viral load
data and 3297 (96%) were virologically suppressed. Among 1069 (22%) HIV-infected
individuals not on ART, we found NRTI-associated and NNRTI-associated SDRMs were
found in 1.5% (95% confidence interval [CI] 1.0–2.5%) and 2.9% (95% CI 2.0–4.2%),
respectively. Of the 138 (4%) of individuals who had detectable HIV-1 RNA, we found
NRTI-associated and NNRTI-associated drug resistance mutations in 16% (95% CI 10–
25%) and 33% (95% CI 25–42%), respectively.

Conclusion: We found a low prevalence of NRTI-associated and NNRTI-associated PDR-
resistance mutations among residents of rural and peri-urban communities across
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Botswana. However, individuals on ART with detectable virus had ADR NRTI and NNRTI
mutations above 15%. Copyright � 2019 The Author(s). Published by Wolters Kluwer Health, Inc.
AIDS 2019, 33:1073–1082
Keywords: Botswana, HIV-1 drug resistance, nonnucleoside reverse
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Introduction

Antiretroviral therapy (ART) coverage has increased
globally with over 21 million people now receiving
lifesaving treatment [1]. Sub-Saharan Africa has achieved
the greatest increase in ART coverage [2]. Many
countries have adopted the WHO recommendation to
initiate ART in all HIV-infected individuals [3] regardless
of CD4þ T-cell count.
Although ART has drastically reduced HIV-related
mortality and morbidity, global sustainable scale-up of
ART could lead to emergence and spread of drug-
resistant HIV strains [3,4]. A successful scale-up of
ART has been associated with an increase in pretreat-
ment drug resistance (PDR) in low-resource settings [4].
A recent WHO report showed that the prevalence of
PDR to nonnucleoside reverse transcriptase inhibitors
(NNRTIs) surpassed 10% in 6 of 11 countries surveyed
[5]. Reaching the WHO 10% threshold of drug
resistance might require changing of the first-line
ART regimen countrywide. A recent meta-analysis
across 63 countries [4] revealed overall increase (up to
23% in Southern Africa) of PDR to NNRTIs. Drug-
resistant HIV strains limit treatment options, presenting
a threat to effective scale-up of ART and getting HIV
infection under control by 2030 [6]. Thus, population-
level monitoring of HIV drug resistance (HIVDR)
is critical.
The estimated number of people living with HIV in
Botswana by end of 2017 was 380 000 [7]. Botswana
introduced a national ART programme in January 2002
and implemented test-and-treat (TREATALL) policy in
June 2016 [8]. Current ART coverage in Botswana is
estimated at 84% [9]. Low levels of HIVDR were
detected among a few sub-populations in the capital city
and surrounding villages in 2001 [10] and 2007 [11].
However, a recent study among treatment-naive
pregnant women in Gaborone showed a sharp increase
in the prevalence of overall transmitted drug resistance
from 2.9% in 2012 to 9.7% 2015 [12], highlighting a need
for on-going population-level monitoring of drug
resistance. This study aimed to survey the prevalence
of HIV-1 mutations associated with resistance to
nucleoside reverse transcriptase inhibitors (NRTI) and
NNRTIs among rural and peri-urban communities
across Botswana.
Methods

Study population
Blood samples were collected from a random sample of
HIV-positive participants aged 16–64 years in the
Botswana Combination Prevention Project (BCPP)
[13] who reside in 30 rural and peri-urban communities
across the North, Central, and Southern regions of
Botswana. The HIV-positive status of participants was
based on either written documentation provided (e.g.
HIV test results, ART prescription) or HIV testing that
was performed in the households according to the
Botswana national guidelines by using two rapid HIV tests
in parallel. Both HIV-positive participants receiving ART
and not receiving ARTwere included in this study. For all
participants who self-reported to be on ART, ART status
was verified through documentation (e.g. prescriptions,
clinical notes showing ART receipt, or possession of
pills) [13]. Most of the participants on ART were
receiving either tenofovir/emtricitabine/efavirenz (Atri-
pla) or tenofovir/emtricitabine/nevirapine (Truvada/
NVP) or zidovudine/lamivudine/efavirenz (Combivir/
EFV) or zidovudine/lamivudine/nevirapine (Combivir/
NVP), thefirst-line regimens in thenational ART program
in Botswana at the time BCPP study was conducted.

The study was conducted in accordance with the
Declaration of Helsinki. The study received independent
ethics committee/institutional review board approval
from the Botswana Health Research Development
Committee (HPDME 13/18/1) and the US Centers
for Disease Control and Prevention (Protocol 6475). All
participants provided written informed consent. Partici-
pants aged 16–18 years provided written assent (with
parents or guardians providing written permission). The
study is registered at ClinicalTrials.gov (NCT01965470).

Near full-length HIV genotyping
Viral sequences were generated by a long-range HIV
genotyping protocol described elsewhere [14] with
minor modifications that included a reduced annealing
temperature (58 8C instead of 62 8C) as a backup
amplification strategy and using the first-round amplicon
as a template for next-generation sequencing (NGS).
Both viral RNA and proviral DNA templates were used
for amplification, as the majority of participants were
receiving ART. The NGS was performed by the
BioPolimers Facility at Harvard Medical School
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Table 1. Participant characteristics and prevalence of pretreatment
nucleoside reverse transcriptase inhibitor-drug and nonnucleoside
reverse transcriptase inhibitor-drug-resistant mutations among
antiretroviral-naive Botswana combination prevention program
participants.

PDR (SDRM) prevalence

Group N NRTI, % (95% CI) NNRTI, % (95% CI)

All participants 1069 1.5 (1.0–2.3) 2.9 (2.0–4.2)
Sex

Males 734 1.5 (0.9–2.4) 3.0 (2.0–4.5)
Females 335 1.5 (0.4–4.4) 2.7 (1.5–4.7)

Age (years)
<30 340 1.2 (0.4–3.0) 3.8 (2.2–6.7)
30–39 373 2.7 (1.6–4.6) 4.3 (2.4–7.5)
40–49 225 0.4 (0.1–3.3) 0.4 (0.1–2.8)
50þ 131 0.8 (0.1–5.8) 0.8 (0.1–6.1)

Geographical region
South 519 1.6 (0.7–3.5) 3.4 (2.2–5.5)
Central 140 1.2 (0.6–2.4) 1.5 (0.6–3.4)
North 410 2.3 (1.2–4.4) 3.8 (2.0–7.0)

Year of sampling
2013–2015 763 1.7 (1.0–2.8) 3.0 (1.9–4.7)
2016–2018 306 1.0 (0.4–2.7) 2.6 (1.3–5.0)

CI, confidence intervals; NNRTI, nonnucleoside reverse transcriptase
inhibitors; NRTI, nucleoside reverse transcriptase inhibitors; PDR,
pretreatment drug resistance; SDRM, surveillance drug-resistant
mutations.
(https://genome.med.harvard.edu/) and through collab-
oration with PANGEA HIV consortium [15] at the
Welcome Trust Sanger Institute (Cambridge, UK; http://
www.sanger.ac.uk/) with high-sequencing coverage and
using Illumina platform MiSeq and HiSeq. A single
consensus sequence represented population of viral
quasispecies per each participant. Out of 4973 HIV
sequences, 4964 (99.8%) were generated by NGS,
whereas the first nine (0.2%) sequences in the dataset
were generated by Sanger sequencing. Minor viral
variants were not analyzed in this study.

HIV-1 subtyping
Generated near full-length HIV sequences were subtyped
by on-line tools REGA HIV-1 subtyping tool, ver. 3 [16]
and COMET [17]. HIV-1 subtype C (HIV-1C)
sequences accounted for more than 99% of screened
specimens (data not shown). Thus, only HIV-1C
sequences were included in this study.

Analysis of drug resistance
NRTI-associated and NNRTI-associated resistance muta-
tions were analyzed according to the lists of SDRMs and
major DRMs at Stanford University HIV Drug Resistance
Database [18,19]. The proportions of HIV-associated DRMs
among viruses circulating in Botswana were estimated at a
population level. 95% confidence intervals (CIs) were
estimated accounting for clustering by communities.

Apolipoprotein B mRNA editing enzyme,
catalytic polypeptide-like-induced
hypermutations
Viral sequences were screened for guanine-to-adenine
transitions (G-to-A) apolipoprotein B mRNA editing
enzyme, catalytic polypeptide-like-induced hypermuta-
tions using Hypermut [20] at the Los Alamos National
Laboratory HIV Database (http://www.hiv.lanl.gov/).
Adjustment for hypermutations was performed, as
previously described [21]. The HIV-1C consensus
sequence was used as a reference. The adjusted
hypermutations accounted for actual sequence length
of the analyzed HIV-1 pol gene. Viral sequences with
adjusted hypermutation rate above 2% were considered to
be hypermutated. We have generated a list of selected
amino acid mutations associated with HIVDR and
estimated their relevance to hypermutation (see Supple-
mentary Table S1, http://links.lww.com/QAD/B451).
For example, A-to-T, or D-to-N or E-to-K were
considered to be relevant to hypermutation, whereas A-
to-I, or D-to-E or E-to-A were considered as not relevant
to hypermutation. DRMs in hypermutated sequences
relevant to hypermutation were not counted toward
drug-resistance, whereas mutations that are not relevant
to hypermutation were counted.

HIV-1 RNA quantification
The HIV-1 RNA load in plasma was quantified at the
same time specimens were sequenced. Abbott m2000sp/
Abbott m2000rt (Wiesbaden, Germany) was used for
quantification of viral load. HIV-1 RNA more than
400 copies/ml was considered as detectable viral load.
Results

The median age at enrollment of the participants included
in this analysis study was 40 years [interquartile range
(IQR) 33–47] and 72% were women. Among 4973
participants with HIV-1C sequences, 4927 (99%) had
definitive ART status (either ‘On ART’ or ‘ART-naive’).
The majority of these participants 3858 (78%) were on
ART, whereas 1069 (22%) were ART-naive at the time of
sampling. Among 3435 participants on ART with
available HIV-1 RNA load data, 3297 (96%) were
virologically suppressed at 400 copies/ml threshold and
3325 (97%) were virologically suppressed at 1000 copies/
ml threshold. Among individuals not suppressed, the
median viral load was 23 942 (Q1, Q3: 7450–75 337)
copies/ml among ART-naive participants (n¼ 857) and
7351 (Q1, Q3: 1258–40 552) among those on ART
(n¼ 138).

Among HIV-infected individuals not on ART
(n¼ 1069), NRTI-associated and NNRTI- associated
SDRMs were found in 1.5% (95% CI 1.0–2.53%) and
2.9% (95% CI 2.0–4.2%), respectively (Table 1). Among
individuals on ART who were not suppressed (n¼ 138),
NRTI-associated and NNRTI-associated DRMs were
found in 15.9% (95% CI 9.8–24.8%) and 32.6% (95% CI
24.6–41.8%), respectively (Table 2).

https://genome.med.harvard.edu/
http://www.sanger.ac.uk/
http://www.sanger.ac.uk/
http://www.hiv.lanl.gov/
http://links.lww.com/QAD/B451
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Table 2. Participants characteristics and prevalence of acquired
nucleoside reverse transcriptase inhibitor-drug resistant mutations
and nonnucleoside reverse transcriptase inhibitor-drug resistant
mutations among virologically unsuppressed participants on
antiretroviral therapy.

ADR (DRM) prevalence

Group N NRTI, % (95% CI) NNRTI, % (95% CI)

All participants 138 15.9 (9.8–24.8) 32.6 (24.6–41.8)
Sex

Males 54 19.7 (10.1–33.0) 25.9 (16.4–38.4)
Females 84 11.1 (6.0–19.7) 36.9 (25.8–49.5)

Age (years)
<30 42 25.8 (10.3–51.2) 48.4 (30.4–66.8)
30–39 49 13.7 (4.9–32.9) 27.5 (17.5–40.2)
40–49 29 6.9 (1.6–25.7) 17.2 (7.0–36.5)
50þ 18 16.7 (5.0–43.4) 44.4 (26.1–64.4)

Geographical region
South 39 17.9 (7.4–37.4) 23.1 (10.4–43.6)
Central 54 16.7 (8.2–30.7) 33.3 (24.0–44.2)
North 45 13.3 (4.7–32.3) 40.0 (7.9–56.7)

Year of sampling
2013–2015 86 19.8 (11.8–31.2) 26.7 (18.9–36.4)
2016–2018 52 9.6 (3.5–23.7) 15.4 (6.7–31.5)

ADR, acquired drug resistance; CI, confidence intervals; DRM, drug-
resistant mutations; NNRTI, nonnucleoside reverse transcriptase inhi-
bitors; NRTI, nucleoside reverse transcriptase inhibitors.
The overall distribution of NRTI-associated PDR among
ART-naive BCPP participants is outlined in Fig. 1a. The
most prevalent DRMs for NRTIs were M184 (0.66%).
Prevalence of other NRTI-associated mutations was
under 0.3%. Prevalence of NNRTI-associated PDR
mutations among ART-naive BCPP participants is
presented in Fig. 1b. Two NNRTI PDR mutations,
K103 and G190, were observed at frequencies 1.42 and
0.57%, respectively, whereas other NNRTI-associated
PDR mutations were at the level of less than 0.5%.

Figures 2 and 3 illustrate the distribution of NRTI-
associated and NNRTI-associated mutations within three
subsets of BCPP participants receiving ART: All
participants on ART (n¼ 3,435; Figs. 2a and 3a),
participants on ART who are virologically suppressed
(n¼ 3,297; Figs. 2b and 3b) and unsuppressed individuals
receiving ART (n¼ 138; Figs. 2c and 3c).

Distribution of NRTI-associated mutations among all
individuals on ART (Fig. 2a) was similar to patterns seen
among ART-naive individuals, although at a higher level.
Thus, M184 mutations were observed at 2.2%, whereas
M41, K65, D67, K70, T215 and K219 were seen
between 0.16 and 0.49%. Among participants on ART
and virologically suppressed, M184 (1.8%), was the most
prevalent acquired drug resistance (ADR) mutation,
whereas other mutations were less than 0.5% (Fig. 2b).

In contrast, individuals receiving ART with detectable
levels of HIV-1 RNA (>400 copies/ml) demonstrated
substantially higher levels of some, but not all NRTI-
associated mutations (Fig. 2c). Prevalence of M184
mutations was 13.1%, whereas frequency of A62, K65,
D67, K70, V75, and K219 mutations was in a range
between 1.5 and 2.9%. Interestingly, no M41 or L210
mutations were observed within this subset of BCPP
participants. Among 138 virologically unsuppressed
individuals on ART, NRTI-associated mutations were
found in 22 (15.9%) participants, who acquired one (11
participants), two (7 participants), three (3 participants)
and four (1 participant; D67N, K70R, M184V and
K219E) NRTI mutations.

The distribution of NNRTI-associated mutations within
subsets of ART-experienced and virologically suppressed
individuals on ART (Fig. 3b) resembled patterns observed
for NRTI-associated mutations. DRMs at amino acid
positions K103 and M230 were at the level of 1.8 and
1.1%, respectively, whereas other NNRTI-associated
mutations among virologically suppressed BCPP parti-
cipants on ART were below 1%.

Figure 3c depicts elevated prevalence of NNRTI-
associated mutations among a subset of virologically
unsuppressed individuals on ART. The most common
NNRTI-associated mutation was at position K103
(14.5%), followed by mutation at amino acid position
V106 (6.6%). With the exception of positions L100,
E138, V179, H221, M230 and K238 (no mutations
observed), other NNRTI-associated mutations within
the subset of unsuppressed individuals on ART fluctuated
between 0.72 and 2.9%. The prevalence ADR and/or
SDRMs to NRTIs and NNRTIs did not differ by age,
sex, time period or geographical region (Tables 1 and 2).
Discussion

This is the first large, countrywide surveillance of
HIVDR mutations to NRTI and NNRTI classes of
antiretrovirals in Botswana during the era of expanded
ART therapy. The key strength of this study is sampling
that was well designed and performed by targeting
predefined 20% of households in 30 rural and peri-urban
communities across Botswana [13]. The second distinc-
tive strength is the size of the study sample. The study data
are based on analysis of HIV-1C polymerase gene
sequences from 4973 participants including 1069 ART-
naive individuals. The key finding is overall low
prevalence of NRTI-associated and NNRTI-associated
PDR in Botswana, 1.5 and 2.9%, respectively.

The study findings of low prevalence of pretreatment and
acquired NRTI and NNRTI mutations are reassuring in
light of maturing ART program and high ART coverage
in Botswana. However, a recent report on sharp increase
in transmitted drug resistance among recently infected
pregnant women in one of the first ART sites in Botswana
[12] suggests that targeted surveillance may be critical in
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Fig. 1. Proportion of surveillance drug-resistant mutations. (a) Nucleoside reverse transcriptase inhibitors. The following amino
acids substitutions were analyzed, as NRTI SDRMs: M41L; K65R/E/N; D67N/G/E; T69D; K70R/E/G/Q/N/T; L74V/I; V75I; F77L;
Y115F; F116Y; Q151M; M184I/V; L210W; T215Y/F/S/C/D/E/I/V/A/L/N; K219Q/E. (b) Nucleoside reverse transcriptase inhibitors.
The following amino acids substitutions were analyzed, as NNRTI SDRMs: L100I; K101P/E/H; K103N/S; V106M/A/I; V179D/F/T/
L; Y181C/I/V; Y188L/H/C; G190A/S/E/Q; P225H; M230L/I. NRTI, nucleoside reverse transcriptase inhibitors; SDRM, surveillance
drug resistant mutations.
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Fig. 2. Proportion of nucleoside reverse transcriptase inhibitor drug-resistant mutations among study participants on antire-
troviral therapy. The following amino acids substitutions were analyzed, as NRTI DRMs: E40F; M41L; E44D/A; A62V; K65R/E/N;
D67N/G/E; T69D; K70R/E/G/Q/N/T; L74V/I; V75I; F77L; Y115F; F116Y; V118I; Q151M; M184I/V; L210W; T215Y/F/S/C/D/E/I/V/
A/L/N; K219Q/E. (a) All participants on ART. (b) Participants on ART who are virologically suppressed (HIV-1 RNA �400 copies/
ml). (c) Participants on ART who are virologically unsuppressed (HIV-1 RNA >400 copies/ml). ART, antiretroviral therapy; NRTI,
nucleoside reverse transcriptase inhibitors; SDRM, surveillance drug resistant mutations.
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Fig. 3. Proportion of nucleoside reverse transcriptase inhibitor drug resistant mutations among study participants on antiretroviral
therapy. The following amino acids substitutions were analyzed, as NNRTI DRMs: V90I; A98G; L100I; K101P/E/H; K103N/S;
V106M/A/I; E138G/K/Q/R; V179D/F/T/L; Y181C/I/V; Y188L/H/C; G190A/S/E/Q; H221Y; P225H; F227C; M230L/I; K238T; L318F.
(a) All participants on ART. (b) Participants on ART who are virologically suppressed (HIV-1 RNA �400copies/ml). (c) Participants
on ART who are virologically unsuppressed (HIV-1 RNA >400 copies/ml).
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certain regions of the country and among pregnant
women.

Overall prevalence of PDR to NRTI or NNRTI falls
within the range of the WHO’s 5% threshold for a ‘low’
level of transmitted drug resistance [22]. The PDR was
mostly driven by NNRTI-associated mutations found at
2.9%. The NRTI PDR accounted for 1.5%.

The NRTI-associated and NNRTI-associated DRMs
were more prevalent in individuals currently on ART
who were not virologically suppressed. Prevalence of
NRTI-associated or NNRTI-associated DRMs among
these individuals was 15.9 and 32.6%, respectively. These
rates are lower than in Zambia (47.3%) or Cameroon
(59.7%) according to the recent WHO report [23], and
lower than the rates observed in rural and urban South
Africa [24,25]. At the same time, a direct comparison
between our data and other studies could be problematic
because of difference in sampling (designed vs. conve-
nience sampling) and sample size (large in BCPP vs.
relatively small in other studies).

Results of our study highlight the importance of routine
viral load testing and monitoring of HIVDR mutations
associated with drug resistance at a population level
during broad scale-up of ART including the treat all, as a
national policy. Routine viral load monitoring and
management of ART failure are in place in Botswana
[26]. We also demonstrated that point-of-care viral load
testing is feasible [27] and may provide rapid assessment of
virologic failure.

The vast majority of BCPP participants in this study were
on ARTand had undetectable levels of HIV-1 RNA [13]
precluding use of viral RNA as a reliable source for
amplification. Therefore, in addition to viral RNA, we
used proviral DNA as a template for amplification and
sequencing. Previous studies including ours [28–31]
demonstrated similarities between profiles of HIV DRMs
derived from different host compartments. It would be
interesting to compare drug resistance profiles in viral
RNA and proviral DNA in a subset of participants on
ART with detectable HIV-1 RNA in future studies.
Clinical implications of HIV DRMs at low-level viremia
or undetected viral load require further investigation
especially in the era of highly potent ART regimens and
high ART coverage. Emergence of DRMs in participants
with undetectable viral load could predict virologic
failure [30,32–35]. Monitoring of viral mutations
combined with clinical and adherence data could reduce
the likelihood of the appearance and spread of HIVDR
[35,36].

The study has limitations. In this study, we focused on
NRTI-associated and NNRTI-associated mutations, as
the most commonly used antiretroviral classes in
Botswana up to 2016. However, without the data on
prevalence of DRMs to other antiretroviral classes, the
picture of HIVDR landscape remains incomplete and
warrants further studies. The individual ART regimens
were not systematically collected in the BCPP study. As a
population-based, BCPP was not designed to address the
duration of ARTor adherence to ARTon individual level,
as data collection and HIV testing was performed in
households (not clinics). Therefore, the duration of ART
and adherence data were not available. We could not rule
out the possibility of undisclosed ART use among
participants who self-reported not being on ART, as we
showed recently [37]. This study was focused on analysis
of single HIV sequence per participant represented by a
consensus majority sequence from the NGS data. We
detected virological failure without DRMs among HIV-
infected individuals currently on ART and not sup-
pressed. This may be primarily because of nonadherence
or recent ART initiation or presence of minor DRMs.
Minor DRMs were not analyzed in this study. Thus,
focusing on dominant drug-resistant variants likely
narrowed the true spectrum of circulating drug-resistant
variants in Botswana.

In conclusion, distribution and prevalence of dominant
HIV mutations associated with drug resistance to NRTI
and NNRTI classes of antiretroviral drugs was addressed
in a large, countrywide survey using a designed sampling
across 30 rural and peri-urban communities in Botswana.
Overall, low prevalence of dominant NRTI-associated
and NNRTI-associated DRMs was found among ART-
naive and ART-experienced participants. However,
among a subset of virologically unsuppressed individuals
receiving ART, prevalence of NRTI-associated and
NNRTI-associated DRMs was above 15%. This study
highlights the importance of monitoring and surveillance
of HIVDR in response to scale-up of ART to inform
public health policy and provide guidelines for optimal
ART regimens.
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