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Abstract

A diverse array of non-subtype B HIV-1 viruses circulates in Africa and dominates the global pandemic. It is
important to understand how drug resistance mutations in non-B subtypes may develop differently from the
patterns described in subtype B. HIV-1 reverse transcriptase and protease sequences from 338 patients with
treatment failure to first-line ART regimens were evaluated. Multivariate logistic regression was used to examine
the effect of subtype on each mutation controlling for regimen, time on therapy, and total mutations. The
distribution of HIV-1 subtypes included CRF02_AG (45.0%), G (37.9%), CRF06_cpx (4.4%), A (3.6%), and other
subtypes or recombinant sequences (9.2%). The most common NRTI mutations were M184V (89.1%) and thy-
midine analog mutations (TAMs). The most common NNRTI mutations were Y181C (49.7%), K103N (36.4%),
G190A (26.3%), and A98G (19.5%). Multivariate analysis showed that CRF02_AG was less likely to have the
M41L mutation compared to other subtypes [adjusted odds ratio (AOR)¼ 0.35; p¼ 0.022]. Subtype A patients
showed a 42.5-fold increased risk (AOR¼ 42.5, p¼ 0.001) for the L210W mutation. Among NNRTI mutations,
subtype G patients had an increased risk for A98G (AOR¼ 2.40, p¼ 0.036) and V106I (AOR¼ 6.15, p¼ 0.010),
whereas subtype CRF02_AG patients had an increased risk for V90I (AOR¼ 3.16; p¼ 0.003) and a decreased risk
for A98G (AOR¼ 0.48, p¼ 0.019). Five RT mutations were found to vary significantly between different non-B
West African subtypes. Further study to understand the clinical impact of subtype-specific diversity on drug
resistance will be critically important to the continued success of ART scale-up in resource-limited settings.

Introduction

The global HIV-1 pandemic is now estimated at over 36
million infections worldwide resulting from a diverse

array of HIV-1 genetic subtypes.1 Genetic classification divi-
des HIV-1 into three groups, M, N, and O. Group M is further
divided into at least nine distinct subtypes (A, B, C, D, F, G, H,
J, and K) and unique and circulating recombinant forms (URF
and CRF). Subtype B is the predominant HIV-1 virus in the
developed world, while a variety of non-B subtypes are found
in resource-limited settings. Non-subtype B infection repre-
sents *90% of the global HIV burden of infection.1 In Africa,
the greatest diversity of non-B subtypes is found along with
circulating recombinant forms such as CRF02_AG in West
Africa and CRF01_AE in Central Africa. Depending on the

gene analyzed at the nucleotide level, the genetic variability
between HIV-1 subtypes can range from 20% to 25%.2 The
molecular epidemiology of these non-B HIV-1 subtypes dis-
plays distinct temporal and geographic patterns and the
emergence of recombinant viruses has resulted in a dynamic
epidemic driven by multiple factors that remain inadequately
understood.3 Studies of the transmission and pathogenesis
of disease in non-B HIV-1 subtypes have indicated some
subtype-specific differences, but the overall impact of these
differences for treatment and vaccine interventions has not
been fully ascertained.

Nigeria, like much of West Africa, is known to have mul-
tiple HIV-1 subtypes as well as HIV-2 infections. The pre-
dominant HIV-1 subtypes include CRF02_AG and G, the
former first described in Ibadan, Nigeria in 1994.4 Sankalé
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and colleagues have reported on a diverse array of sub-
types including CRF02_AG, G, CRF06_cpx, A3, and unique
recombinant forms that appear to differ geographically
within Nigeria.5 Similar distributions of HIV-1 subtypes have
also been described in other West African countries including
Senegal,3 Cameroon,6 Ivory Coast,7 and Gambia.8

Until recently, antiretroviral drugs were developed and
tested for efficacy with subtype B viruses as the reference. The
clinical effectiveness of these drugs and their patterns of drug
resistance were established in clinical trials conducted for the
most part on patients infected with subtype B. Although most
drugs would be expected to act on targets that were conserved
as a result of their critical function in the viral replication cycle
such as reverse transcription, protein processing (protease),
integration, and coreceptor binding, it seems probable that
genetic differences between subtypes might impact the drug
resistance pathways or kinetics of drug resistance develop-
ment. It has been shown that the mutational pathways to drug
resistance to nucleoside reverse transcriptase inhibitor (NRTI)
drugs may vary among different HIV-1 subtypes.9–14 In ad-
dition, non-B subtype HIV genomes carry subtype-specific
polymorphisms that act as minor mutations in subtype B,
particularly in the protease gene.15–17 The impact of these
genetic differences on the clinical response to antiretroviral
therapy has yet to be fully assessed.18–24

Nigeria is the most populous country in sub-Saharan Africa
with a recent national census indicating a population exceeding
140 million. As in neighboring West African countries, HIV is
thought to have entered the country in the mid-1980s. By
2000, based on National HIV Sentinel Surveillance surveys,
cases of infection had been reported in all 36 states of the
Federation and the epidemic was considered generalized. In
2007, the Nigerian National Sentinel Surveillance estimated
the nationwide HIV prevalence at 4.4%, translating into *2.8
million HIV-infected individuals.25 In 2002, the government
of Nigeria began its National ART program with the purchase
of generic antiretroviral therapy (ART) drugs for 10,000 adults
and 5000 pediatric AIDS cases, with treatment delivery at 25
designated federal ART centers. The ART drug regimen was
stavudine (d4T)þ lamivudine (3TC) þ nevirapine (NVP) and
was provided to eligible AIDS patients for the nominal fee of
1000 Naira (*$7 USD) per month. However, the patients
were responsible for the cost of laboratory monitoring.

In 2004, the United States President’s Emergency Plan for
AIDS Relief (PEPFAR) began in 15 focus countries including
Nigeria.26 The Harvard School of Public Health PEPFAR
program initiated ART in six university teaching hospitals or
medical research institutions in the first year. All of these
clinics were designated federal ART sites and had already
initiated some AIDS patients on ART through the government
of Nigeria ART program. A broader array of FDA-approved
ART drugs was available for first- and second-line treatment
and laboratory monitoring was provided free of charge to all
patients including those on government-provided drugs.
ART treatment and care in Nigeria were further expanded
with contributions from other international donor organiza-
tions and programs such as the Global Fund for AIDS, Ma-
laria and Tuberculosis, the World Bank, and the Clinton
Foundation.27 By 2009, over 300,000 eligible patients in the
country were receiving ART; however, this was still consid-
ered less than half of the estimated 800,000 patients in need of
ART in the country.

In a 7-year period, Nigeria, like many other sub-Saharan
African countries, has initiated ART treatment and care to
significant numbers of eligible AIDS patients. The early as-
sessment of ART efficacy in these treated patients has been
similar to that described in ART treatment trials in the de-
veloped world.28–30 However, the durability of these re-
sponses has yet to be well studied. Critical to the sustainability
of these treatment responses and ultimate success of these
programs is the surveillance of drug resistance in both un-
treated and treated populations. In this study we examined
HIV-1 genotype data acquired through surveillance of a large
population of adult Nigerian patients failing first-line ART in
a population in which multiple non-B HIV-1 subtypes are
prevalent. We determined the HIV-1 subtype based on re-
verse transcriptase (RT) and protease (PR) sequences and
mapped these by clinic sites distributed throughout the
country. We characterized subtype-specific mutations that
develop in response to nucleoside and nonnucleoside reverse
transcriptase inhibitor drugs (NRTI and NNRTI, respectively)
and also described polymorphisms in the PR gene unique to
these HIV-1 subtypes.

Materials and Methods

Setting and patients

Since 2004 the Harvard School of Public Health has par-
ticipated in the PEPFAR program to scale up ART in Nigeria,
designated as the AIDS Prevention Initiative in Nigeria
(APIN) Plus. According to Nigerian national guidelines, pa-
tients were placed on first-line ART consisting of two NRTIs
(most commonly stavudine, zidovudine, or tenofovir, plus
lamivudine or emtricitabine) and one NNRTI (nevirapine or
efavirenz). Patients in virologic failure were switched to sec-
ond-line NRTI and PR inhibitor-containing regimens. As part
of clinical care, genotype testing was performed on a limited
number of patients failing first-line therapy prior to drug
regimen change at six federal ART centers in four Nigerian
cities: Lagos (Lagos State), Ibadan (Oyo State), Jos (Plateau
State), and Maiduguri (Borno State).

Patients were recruited for participation and enrolled in the
APIN Plus ART treatment program following written in-
formed consent, which was subject to ethical review by the
Institutional Review Boards of the University of Ibadan/
University College Hospital; National Institute for Medical
Research, Lagos; Jos University Teaching Hospital; University
of Maiduguri Teaching Hospital; and the Harvard School of
Public Health. Criteria for inclusion in this study were plasma
HIV RNA >1000 copies/ml after 6 months or more on first-
line therapy and the presence of one or more major drug
resistance mutations as defined by the International AIDS
Society-USA.31 If more than one genotype had been per-
formed on the same patient, the first result obtained after 6
months on therapy was analyzed.

HIV-1 genotype

As part of routine clinical care, EDTA-separated blood was
collected from patients in virologic failure and cryopreserved
plasma was shipped in dry liquid nitrogen containers to the
Harvard School of Public Health in Boston, where genotypic
testing was performed. The ViroSeq HIV-1 Genotyping Sys-
tem 2.0 Assay (Abbott, Chicago, IL) was used to reverse-
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transcribe and amplify 297 bases of the PR and 1005 bases of
the RT genes. The sequence was edited and compared to an
HXB2 subtype B reference with the manufacturer’s software
to generate lists of mutations and polymorphisms. Sequences
were aligned in CLUSTAL W (Belfield, Dublin) along with
reference sequences from the Los Alamos repository,32 and
neighbor-joining trees were used to classify them by subtype.

Statistical analyses

Univariate analysis of the association between NRTI and
NNRTI drug resistance mutations listed in the International
AIDS Society USA guidelines31 and HIV-1 subtypes was
conducted using Pearson’s chi-squared or Fisher’s exact tests.
Drug resistance mutations with univariate p-values less than
0.3 with respect to HIV-1 subtype were selected as candidates
for multivariate modeling. The association between each drug
resistance mutation and HIV-1 subtype, adjusting for time on
ART, total number of drug resistance mutations, and ART
regimen, was assessed by fitting a multivariate logistic re-
gression model in which HIV-1 subtype was represented in

the form of an indicator variable. A postestimation Wald test
was used to evaluate the effect of regimen indicator variables
as a set in the model. Additional analyses evaluating the in-
fluence of gender and specific clinic sites were explored but
did not impact the multivariate model and were not included
in the final model. Model building and assessment of fit
proceeded along the lines recommended by Hosmer and Le-
meshow.33 p-values less than 0.05 were considered significant.
Statistical analyses were performed using Stata software
(version 9.2, Stata Corporation, College Station, TX).

Results

Baseline characteristics of the study population

A total of 338 patients were categorized by antiretroviral
regimen from entry into the APIN Plus/PEPFAR program to
the time of genotyping. At study entry, 189 patients (55.9%)
were already receiving Government of Nigeria ART consist-
ing of d4T þ 3TC þ NVP or drugs from a private source and
149 patients (44.1%) were ARV naive. The median time on
ART for drug-experienced patients was 33.2 months. For
patients entering the program as drug-naive, the median time
on therapy was 13 months. Table 1 presents the distribution of
patients by months on ART treatment and by ART experience.

Table 2 describes the distribution of patients by the NRTI
and NNRTI components of their ART regimens. The most
common regimen was d4T þ 3TC þ NVP, followed by zi-
dovudine (AZT)-containing and tenofovir (TDF)-containing
regimens. Among NNRTIs, NVP was far more frequently
prescribed (91.1%) than efavirenz (EFV), which accounted for
only 8.9% of patients.

The gender distribution profile in the study sample differed
from that of the study population. Women made up 40% of the
study sample, whereas they account for 64% of the patients on
ART in our program.34 Due to this difference, we investigated
whether gender was associated with drug resistance devel-
opment. Univariate analysis showed that men were more
likely than women to have the V75M ( p¼ 0.045) and Y188C

Table 1. Time on Antiretroviral Therapy (ART)

in PEPFAR
a

ART experienced
at entry

ART naive
at entry

Months on ART n % n %

6–12 10 5.3 47 31.5
12–24 38 20.1 71 47.7
24–36 71 37.6 31 20.8
36–48 45 23.8 — —
48–60 19 10.1 — —
>60 6 3.2 — —

aDistribution of patients by time on antiretroviral therapy,
stratified by ART experience on entry in the PEPFAR program; 189
patients were ART experienced at entry and 149 were naive.

Table 2. Number of Patients by ART Exposure While on Treatment within PEPFAR
a

Drug-experienced at entry Drug naive at entry Total

NRTI exposure
Single regimen

D4T þ 3TC þ NVP/EFV 157 58 215
AZT þ 3TC þ NVP/EFV 14 31 45
TDF þ FTC/3TC þ NVP/EFV 0 27 27

Multiple NRTI regimens
(D4T þ AZT) þ 3TC þ NVP/EFV 11 10 21
[(D4T and/or AZT) þ TDF] þ FTC/3TC þ NVP/EFV 5 7 12
Other NRTIs 2 16 18

Total 189 149 338

NNRTI exposure
Regimen including NVP 180 128 308
Regimen including EFV 4 4 8
Exposure to both NVP and EFV 5 17 22

Total 189 149 338

aCategorization of patients by treatment regimen within the PEPFAR program. The same set of patients is stratified by the NRTI backbone
of their treatment regimen (whether a single regimen throughout the study period or multiple regimens due to changes) and also by the
NNRTI component of their treatment.
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mutations ( p¼ 0.002). However, multivariate analysis re-
vealed that gender had no noticeable effect after controlling
for time on therapy, total number of mutations, and drug
regimen, and was therefore dropped from further analysis.

Subtype by geographic location

HIV-1 subtype was determined based on phylogenetic
analysis of pol gene sequences. Of the 338 patients in the study
sample, 152 (45.0%) were CRF02_AG, 128 (37.9%) were sub-
type G, 15 (4.4%) were CRF06_cpx, 12 (3.6%) were subtype A,
and the remaining 31 (9.2%) patients had other subtypes or
recombinant sequences. A variant of subtype A, subsubtype
A3 (originally described in Senegal), has been reported in
other West African countries including Nigeria.35 Subsubtype
A3 represented 9 of the 12 subtype sequences evaluated with

the remaining sequences classified as A1. Among the 128
subtype G sequences, 94 (73.4%) formed a unique mono-
phyletic subcluster referred to as G0.35,36 We have previously
observed this unique subcluster, which has been shown by
full-length sequence to have an average diversity of 7.7%
within G0 sequences, while differing by 9.5% from prototyp-
ical subtype G sequences.37

The distribution of the five non-B subtypes was not random
and appeared to vary in association with a roughly north–
south gradient in the country (Fig. 1). Subtype G was more
prevalent in the northernmost site at the University of Mai-
duguri Teaching Hospital in Borno State with a relatively
smaller proportion in Jos, located in the north-central belt
region, while the lowest proportions were found in the
southwest region, where Lagos and Oyo states are located.
Conversely, the proportion of CRF02_AG was highest in the

FIG. 1. Subtype distribution in HIV among Nigerian patients selected for resistance testing. Color images available online at
www.liebertonline.com/aid.
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southwest and decreased in sites situated in the middle belt
and northern regions of the country. Removing miscellaneous
recombinant forms from the analysis, HIV-1 subtype was
associated with sites based on a north versus south gradient
(Fisher’s exact test, p¼ 0.019).

Drug resistance mutations

The most common NRTI mutation was M184V (301, 89.1%)
(Table 3). Thymidine analog mutations (TAMS) were preva-
lent in 8–27% of viruses examined and K65R was seen in 37
viruses (10.9%). The median number of mutations was five
and the mode was three. Figure 2 shows the most common
NRTI mutations stratified by NRTI backbone. Of note, the T69
deletion, an uncommon mutation that in the context of virus
with multidrug resistance has been shown to improve the
replication capacity of the resistant virus,38–40 was present in
only seven patients on d4T-based therapy. In six of those
seven, the K65R mutation was also present.

Subtype-specific differences in reverse transcriptase

Multivariate analysis revealed a number of statistically
significant associations between NRTI mutations and certain
subtypes after controlling for time on ARV therapy, total
number of drug resistance mutations, and ART regimen

(Table 4). CRF02_AG patients were less likely to have the
M41L mutation compared to other subtypes [adjusted odds
ratio (AOR)¼ 0.35; p¼ 0.022]. Patients categorized as subtype
G0 were more likely to have the M41L mutation (AOR¼ 3.08,
p¼ 0.015), and CRF06_cpx patients demonstrated a similar
but nonsignificant trend (AOR¼ 4.37, p¼ 0.081). Subtype A
patients showed a 42.5-fold increased risk (AOR¼ 42.5,
p¼ 0.001) for the L210W mutation compared to other sub-
types, whereas G0 patients showed a nonsignificant trend
toward lower risk for this mutation (AOR¼ 0.22, p¼ 0.077).
Regimens containing zidovudine (ZDV) were associated with
both the M41L and L210W mutations, independent of sub-
type ( p< 0.02). In addition to subtype, total number of mu-
tations was significantly associated with M41L and L210W:
each additional mutation doubled the odds of the patient
having the M41L (AOR¼ 2.3, p< 0.0001) or L210W mutations
(AOR¼ 2.0, p< 0.0001).

Similarly a multivariate analysis for NNRTI mutations
showed a difference in V90I, A98G, and V106I by HIV-1
subtype (Fig. 3). Subtype G patients had an increased risk for
A98G (AOR¼ 2.40, p¼ 0.036) and V106I (AOR¼ 6.15,
p¼ 0.010), whereas subtype CRF02_AG had an increased risk
for V90I (AOR¼ 3.16; p¼ 0.003) and a decreased risk for
A98G (AOR¼ 0.48, p¼ 0.019).

Subtype-specific differences in protease

Genotypes were examined in patients on first-line failure
with no exposure to protease inhibitors (PI). Three mutations
in the protease gene were observed in 90–100% of all five non-
B subtypes evaluated, in striking contrast to a low frequency
or complete absence in subtype B: these included I13V, M36I,
and H69K (Table 5). The K20I mutation was seen in 93–100%
of subtypes G0, G, CRF02_AG, and CRF06_cpx, yet is com-
pletely absent in subtypes A and B. Other mutations
included L10I, G16E, K20R, I64M, and V82I with subtype-
specific differences.

Based on the assessment by the Stanford HIV Database,
five patients had intermediate resistance to more than one PI,
including atazanavir, fosamprenavir, indinavir, nelfinavir,
saquinavir, and tipranavir. One of those patients was also
highly resistant to nelfinavir, conferred by the presence of
L90M.41

Discussion

The HIV-1 subtypes found in the ART-treated patients in
this study were CRF02_AG, G, CRFO6_cpx, and A. Other
recombinant viruses that could not be classified or subtypes
present in small numbers were observed in 9.2% of all viruses
typed. These subtypes and their distribution are similar to
what has been described in Nigeria and other West African
countries. The most common subtypes in the study popula-
tion were CRF02_AG and G, with the majority of the subtype
G sequences belonging to the subcluster G0. The distribution
of these subtypes followed a north–south gradient in the
population surveyed, with CRF02_AG constituting more than
50% of the infections observed in Lagos State. Approximately
equal proportions with subtype G were in evident in Oyo and
Plateau States, and subtype G was more prevalent in the
north. CRF06_cpx and A were present at lower and similar
proportions in all sites surveyed. The heterogeneous nature
of subtypes and their distribution in West Africa have been

Table 3. Frequency of NRTI and NNRTI Drug

Resistance Mutations
a

All patients TDF exposed
AZT or d4T

exposed

n % n % n %

NRTI mutation
M184V 301 89.1 18 66.7 253 90.0
K70R 91 26.9 0 0 84 29.9
D67N 75 22.2 0 0 69 24.6
T215Y 61 18.0 0 0 57 20.3
T215F 51 15.1 0 0 48 17.1
M41L 46 13.6 0 0 41 14.6
K219Q 45 13.3 1 3.7 42 14.9
S68G 43 12.7 9 33.3 32 11.4
K65R 37 10.9 21 77.8 13 4.6
K219E 28 8.3 4 14.8 23 8.2
T69N 23 6.8 1 3.7 21 7.5
Y115F 11 3.3 8 29.6 1 0.4
A62V 15 4.4 5 18.5 10 3.6
L210W 17 5.0 0 0 15 5.3

NNRTI mutation
Y181C 168 49.7
K103N 123 36.4
G190A 89 26.3
A98G 66 19.5
K101E 59 17.5
V108I 52 15.4
V90I 41 12.1
V118I 19 5.6

aFrequency of most common NRTI mutations in relation to
exposure to tenofovir or to AZT and/or d4T while on ARV
treatment in the PEPFAR program and to most common NNRTI
mutations. Frequencies are reported in the total study population of
338 patients, 27 patients who were exposed to tenofovir, and 281
patients who were exposed to stavudine or zidovudine.
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described42 and national HIV sentinel surveillance surveys
conducted in all 36 states of the Federation have demonstrated
higher prevalence rates in the central belt and northern re-
gions of the country.25 This, coupled with the higher pro-
portion of subtype G in these regions, might suggest that this
subtype entered this region of the country earlier than other
subtypes, initiating an epidemic that predated the subtype
CRF02_AG epidemic. Although these subtypes are geneti-
cally closely related, the distinct geographic distributions may
indicate differences in epidemiologic origin, impact of mi-
gration, and determinants for differential transmission and
fitness.

In ART treatment programs in resource-limited settings a
significant proportion of the patients are women. In our
program in Nigeria we have provided ART to 48,754 patients
with 60% being women. The patients evaluated in this study
were selected based on virologic failure, and the slightly
higher proportion of men suggested potential differences in
time to failure based on gender. We have recently analyzed
viral suppression at 6 and 12 months of therapy by gender and
found that women showed a statistically significant higher
rate of viral suppression compared to men. This effect was
largely driven by better drug adherence in women in the first
12 months of treatment.34 Although our univariate analysis
indicated certain drug resistance mutations (V75M and
Y188C) were more common in men, these associations were
not significant in multivariate analysis. It seems likely that
gender differences in response to therapy could lead to more
rapid drug resistance mutations in men, perhaps in mutations
more sensitive to drug adherence, but the addition of gender

to our multivariate analysis failed to demonstrate an inde-
pendent effect of gender on mutation development.

Genotyping for the samples used in this study was per-
formed as part of a clinical care program, and patients were
tested at varying lengths of time after virologic failure.
Therefore it is likely that time on therapy as noted in this study
was an overestimate of the time to drug resistance develop-
ment. The mean length of time on therapy was 25.8 months.

FIG. 2. Frequency of NRTI mutations, by NRTI exposure. Color images available online at www.liebertonline.com/aid.

Table 4. Drug Resistance Mutations

by HIV-1 Subtype
a

G G0 CRF02_AG CRF06_cpx A

M41L NS 3.08 0.35 4.37 NS
p¼ 0.015 p¼ 0.022 p¼ 0.081

L210W NS 0.22 NS NS 42.5
p¼ 0.077 p¼ 0.001

V90I NS NS 3.16 NS NS
p¼ 0.003

A98G 2.40 NS 0.48 NS NS
p¼ 0.036 p¼ 0.019

V106I 6.15 NS NS NS NS
p¼ 0.010

aResults of logistic regression analysis controlling for regimen
(NRTI backbone for M41L and L210W, NNRTI backbone for V90I,
A98G, and V106I), time on therapy, and total number of mutations.
Adjusted odds ratios (AOR) and p-values <0.05 are shown; p-values
>0.05 were considered not significant (NS). AORs with p-values
>0.05 but <0.1 are shown in italics.
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Certain uncommon mutations noted in this data set, such as
the T69 deletion, were found in patients on therapy for a
median of 27.2 months, slightly longer than the population
median of 25.8 months. Therefore, this mutation may occur
after prolonged time on therapy and further study with longer
follow-up is warranted.

Drug resistance mutations for NRTI drugs were found in
the majority of patients (95.9%). In general, the mutations
observed were similar to what has been described for subtype
B viruses, including M184V/I, K70R, D67N, and T215Y/F as
the most common.31 For patients on tenofovir-containing
regimens the most common mutations were similar between
non-subtype B patients compared to mutations seen in sub-
type B.43 The presence of these major NRTI drug mutations
would signify multidrug resistance to most NRTI drugs,
compromising the use of this class of drugs in second-line
drug regimen choices. We did not find subtype-specific as-
sociations with the most common drug resistance mutations
observed, such as M184V/I.

L210W was more common in subtype A than in the other
subtypes surveyed by an adjusted odds ratio of 42.5
( p¼ 0.001). One explanation for this may be that the baseline
nucleotide sequence at this position in subtypes G and
CRF02_AG usually requires two mutations, a transition and
transversion, whereas only one transversion is required to
achieve this mutation in subtype A; thus the genetic barrier for
this mutation is higher in CRF02_AG and G and this is also
reported for subtype B.44 M41L, another TAM, occurred less
frequently in CRF02_AG than other subtypes (AOR¼ 0.35,
p¼ 0.022), and more commonly in G0 compared with other
subtypes (AOR¼ 3.08, p¼ 0.015); however, this could not be

explained by underlying differences in baseline nucleotide
sequence.

The TAM mutations in subtype B increase resistance to
ZDV and d4T by increasing the proofreading ability of the
HIV RT. The development of these mutations follows two
pathways; the TAM I pathway, characterized by T215Y, is
accompanied by M41L and L210W. The TAM II pathway is
characterized by T215F, K70R, and K219QE,45 and is less
frequently observed in subtype B-treated patients. A negative
association between the polymorphism L214 and the TAM I
mutations M41L, T215Y, and L210W has been previously

FIG. 3. Frequency of NNRTI mutations, by NNRTI exposure. Color images available online at www.liebertonline.com/aid.

Table 5. Protease Polymorphisms Appearing

at High Frequencies in Non-B Subtypes
a

Mutation G G0 CRF02_AG CRF06_cpx A

I13V 34 (100) 94 (100) 137 (90.1) 15 (100) 12 (100)
M36I 34 (100) 93 (98.9) 148 (97.4) 15 (100) 12 (100)
H69K 24 (70.6) 88 (93.6) 145 (95.4) 15 (100) 10 (83.3)
L10I — — — — 5 (41.7)
K20R — — — — 5 (41.7)
G16E — — 38 (25.0) 5 (33.3) 3 (25.0)
K20I 33 (97.1) 94 (100) 144 (94.7) 14 (93.3) —
I64M — — — 4 (26.7) —
V82I 30 (88.2) 93 (98.9) — — —

aNumber and percentage of protease polymorphisms present in
�25% of patients in a specified subtype and significantly higher than
in subtype B PI-naive patients. Thirty-four patients are classified
as subtype G, 94 as G0, 152 as CRF02_AG, 15 as CRF06_cpx, and 12
as A.
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reported,46,47 and this same association was observed in the
viruses we examined from Nigeria. Although 71% of patients
had leucine at position 214 overall, this mutation had a neg-
ative correlation with the presence of TAM I mutations: 18%
with one TAM I mutation, 10% with two TAM I mutations,
and 8% with three TAM I mutations. When subtype was
compared with the presence or absence of L214, there were no
differences observed in the proportion of L214 in G0,
CRF02_AG, CRF06_AG, or A that would explain the differ-
ences in M41L or L210W noted by multivariate analysis.

In Botswana, a variation of the TAM pathway has been
described, 67N/70R/215Y.48 This appears to be specific to the
d4T/ddI exposure in this country since similar results were
not found in other subtype C studies in South Africa, Malawi,
and India where other drug regimens were used.49

A 2005 meta-analysis of 3686 persons with non-B subtypes
and 4769 with B subtypes found that 55 known treatment-
associated mutations that were observed in subtype B were
also found in non-B subtypes, and the converse was true for
61/67 mutations observed in non-B subtypes.50 In contrast, a
study by Palma et al. in 2009 found that genetic background
played a role in different treatment-associated mutations that
developed in subtypes B and G in Portuguese patients.51 In a
study of patients from Rio Grande do Sul, Brazil, in a popu-
lation infected by subtypes B and C, a lower rate of accumu-
lation of mutations was found in subtype C than subtype B.52

However, certain NRTI mutations such as K65R have been
shown to develop more quickly in subtype C than in other
subtypes.13

NNRTI-associated mutations were found in 98.5% of pa-
tients in virologic failure. The most common NNRTI muta-
tions observed in our patients were Y181C, K103N, G190A,
and A98G, similar to what has been described in subtype B
infection. Three NNRTI mutations were found to be associ-
ated with subtype in the logistic regression model: V90I was
more likely to occur in CRF02_AG than other subtypes by
adjusted odds ratios of 3.16, and A98G and V106I were more
likely to occur in G with adjusted odds ratios of 2.40 and 6.15,
respectively. An increased frequency of the V90 after therapy
in subtype C-infected patients has been previously observed.
All three of these mutations confer resistance to etravirine, a
potential second-line NNRTI.53

Some minor mutations in the PR gene are the consensus in
untreated non-B subtypes. In these PI-naive Nigerian patients,
I13V, M36I, and H69K were the wild-type consensus se-
quences for G0, G, CRF02_AG, CRF06_cpx, and A, K20I was
the consensus for G0, G, CRF02_AG, and CRF06_cpx, and
V82I was the consensus for G0 and G. In addition, the muta-
tions L10I, G16E, and K20R occurred in �25% of subtype A
patients, at a proportion that is significantly greater than in
subtype B, and I64M occurred in�25% of CRF06_cpx patients
surveyed. Based on codon bias and genetic barrier consider-
ations, CRF02_AG and subtype G viruses are differentially
more likely to develop L10V and L10I drug resistance muta-
tions, respectively.50,54 Some of these non-subtype B-specific
protease polymorphisms have been previously noted, but
studies of non-subtype B patients on PR inhibitor regimens
are uncommon in the literature so that the clinical significance
of these baseline minor mutations is still being evaluat-
ed.15,16,18,51 Although none of the subtype-specific polymor-
phisms in the PR are considered major PI mutations, many are
minor mutations to PR inhibitors commonly used in resource-

limited settings such as Nigeria, including indinavir/ritonavir
and lopinavir/ritonavir.

We performed genotyping on patients on first-line ART
with evidence of virologic failure in a resource-limited setting
where rapid scale-up of ART is underway. Five non-B HIV-1
subtypes were found in all six clinical centers, although pro-
portions appeared to vary geographically. The distribution
and frequency of NRTI and NNRTI mutations were generally
similar to what has been described for subtype B. Among the
most common drug mutations found, there was no apparent
association with HIV-1 subtype. Therefore, in large part, we
can anticipate that drug resistance development to the first-
line regimens in Nigeria will largely follow what we under-
stand from studies of subtype B. Two NRTI TAM I mutations
(M41L and L210W) and three NNRTI mutations (V90I, A98G,
L210W) were found to be significantly associated with an
array of non-B West African subtypes. Variation in the TAM
pathways in non-subtype B viruses is not unexpected given
their baseline genetic diversity; however, the impact on the
durability of ART efficacy is yet to be appreciated.

Further study is needed to determine the clinical signifi-
cance of the subtype-specific PR gene polymorphisms on the
development of PR inhibitor resistance in non-B West African
subtypes. Because PR inhibitors are the predominant class of
drugs used for second-line therapy in resource-limited set-
tings, it will be critical to assess the impact of the viral genetic
diversity on treatment efficacy. These results have enhanced
our understanding of the extent of drug resistance in this
population and provided insight into subtype-specific drug
resistance that may be useful to inform ART regimen policy.

Sequence Data

Sequences have been deposited in the GenBank Sequence
Database under the following accession numbers: FJ931123–
FJ931460.

Acknowledgments

We would like to acknowledge and thank all patients and
staff in the AIDS Prevention Initiative in Nigeria Plus (APIN
Plus) Harvard PEPFAR program. Financial support was
provided by the National Institutes for Health, UO1
AI025915, AIDS Prevention Initiative in Nigeria, Bill and
Melinda Gates Foundation, and the Health Resources and
Services Administration, U51HA02522. The contents are so-
lely the responsibility of the authors and do not necessarily
represent the official views of the funding institutions.

Author Disclosure Statement

No competing financial interests exist.

References

1. Hemelaar J, Gouws E, Ghys PD, and Osmanov S: Global and
regional distribution of HIV-1 genetic subtypes and recom-
binants in 2004. AIDS 2006;20:W13–23.

2. Essex M: HIV Variability in Africa. 2009; A Line Drawn in
the Sand: Responses to the AIDS Treatment Crisis in Africa:
247–261.

3. Hamel DJ, Sankale JL, Eisen G, et al.: Twenty years of pro-
spective molecular epidemiology in Senegal: Changes in HIV
diversity. AIDS Res Hum Retroviruses 2007;23:1189–1196.

78 CHAPLIN ET AL.



4. Howard TM, Olaleye DO, and Rasheed S: Sequence analysis
of the glycoprotein 120 coding region of a new HIV type 1
strain (HIV-1 IbNg) from Nigeria. AIDS Res Human Retro-
viruses 1994;10:1755–1757.

5. Sankale JL, Langevin S, Odaibo G, et al.: The complexity of
circulating HIV type 1 strains in Oyo state, Nigeria. AIDS
Res Hum Retroviruses 2007;23:1020–1025.

6. Brennan CA, Bodelle P, Coffey R, et al.: The prevalence of
diverse HIV-1 strains was stable in Cameroonian blood
donors from 1996 to 2004. J Acquir Immune Defic Syndr
2008;49:432–439.

7. Ellenberger DL, Pieniazek D, Nkengasong J, et al.: Genetic
analysis of human immunodeficiency virus in Abidjan, Iv-
ory Coast reveals predominance of HIV type 1 subtype A
and introduction of subtype G. AIDS Res Hum Retroviruses
1999;15:3–9.

8. Cham F, Heyndrickx L, Janssens W, et al.: Study of HIV type
1 gag/env variability in The Gambia, using a multiplex
DNA polymerase chain reaction. AIDS Res Hum Retro-
viruses 2000;16:1915–1919.

9. Ode H, Matsuyama S, Hata M, Hoshino T, Kakizawa J, and
Sugiura W: Mechanism of drug resistance due to N88S in
CRF01_AE HIV-1 protease, analyzed by molecular dynam-
ics simulations. J Med Chem 2007;50:1768–1777.

10. Dumans AT, Barreto CC, Santos AF, et al.: Distinct resistance
mutation and polymorphism acquisition in HIV-1 protease
of subtypes B and F1 from children and adult patients under
virological failure. Infect Genet Evol 2009;9:62–70.

11. Hosseinipour MC, van Oosterhout JJ, Weigel R, et al.: The
public health approach to identify antiretroviral therapy
failure: High-level nucleoside reverse transcriptase inhibitor
resistance among Malawians failing first-line antiretroviral
therapy. AIDS 2009;23:1127–1134.

12. Doualla-Bell F, Gaolathe T, Avalos A, et al.: Five-year follow
up of genotypic resistance patterns in HIV-1 subtype C in-
fected patients in Botswana after failure of thymidine ana-
logue-based regimens. J Int AIDS Soc 2009;12:25.

13. Brenner BG, Oliveira M, Doualla-Bell F, et al.: HIV-1 subtype
C viruses rapidly develop K65R resistance to tenofovir in
cell culture. AIDS 2006;20:F9–13.

14. Xu HT, Martinez-Cajas JL, Ntemgwa ML, et al.: Effects of the
K65R and K65R/M184V reverse transcriptase mutations in
subtype C HIV on enzyme function and drug resistance.
Retrovirology 2009;6:14.

15. Sagoe KW, Dwidar M, Lartey M, et al.: Variability of the
human immunodeficiency virus type 1 polymerase gene
from treatment naive patients in Accra, Ghana. J Clin Virol
2007;40:163–167.

16. Holguin A, Paxinos E, Hertogs K, Womac C, and Soriano V:
Impact of frequent natural polymorphisms at the protease
gene on the in vitro susceptibility to protease inhibitors in
HIV-1 non-B subtypes. J Clin Virol 2004;31:215–220.

17. Liu J, Yue J, Wu S, and Yan Y: Polymorphisms and drug
resistance analysis of HIV-1 CRF01_AE strains circulating in
Fujian Province, China. Arch Virol 2007;152:1799–1805.

18. Vergne L, Stuyver L, Van Houtte M, Butel C, Delaporte E,
and Peeters M: Natural polymorphism in protease and re-
verse transcriptase genes and in vitro antiretroviral drug
susceptibilities of non-B HIV-1 strains from treatment-naive
patients. J Clin Virol 2006;36:43–49.

19. Kinomoto M, Appiah-Opong R, Brandful JA, et al.: HIV-1
proteases from drug-naive West African patients are differ-
entially less susceptible to protease inhibitors. Clin Infect Dis
2005;41:243–251.

20. Coman RM, Robbins AH, Fernandez MA, et al.: The con-
tribution of naturally occurring polymorphisms in altering
the biochemical and structural characteristics of HIV-1 sub-
type C protease. Biochemistry 2008;47:731–743.

21. Sanches M, Krauchenco S, Martins NH, Gustchina A, Wlo-
dawer A, and Polikarpov I: Structural characterization of B
and non-B subtypes of HIV-protease: Insights into the nat-
ural susceptibility to drug resistance development. J Mol
Biol 2007;369:1029–1040.

22. Bessong PO: Polymorphisms in HIV-1 subtype C proteases
and the potential impact on protease inhibitors. Trop Med
Int Health 2008;13:144–151.

23. Champenois K, Deuffic-Burban S, Cotte L, et al.: Natural
polymorphisms in HIV-1 protease: Impact on effectiveness
of a first-line lopinavir-containing antiretroviral therapy
regimen. J Med Virol 2008;80:1871–1879.

24. Lawrence P, Lutz MF, Saoudin H, et al.: Analysis of poly-
morphism in the protease and reverse transcriptase genes of
HIV type 1 CRF02-AG subtypes from drug-naive patients
from Saint-Etienne, France. J Acquir Immune Defic Syndr
2006;42:396–404.

25. Federal Ministry of Health N: HIV/Syphilis Sero-Prevalence
and STD Syndromes Sentinel Survey among PTB and STD
Patients in Nigeria. Federal Ministry of Health, Abuja, 2007.

26. The United States President’s Emergency Plan for AIDS
Relief [http://www.pepfar.gov/].

27. Kanki PJ: The Challenge and Response in Nigeria. Harvard
Series on Population and Development Studies 2009; A Line
Drawn in the Sand: Responses to the AIDS Treatment Crisis
in Africa.

28. Idigbe EO, Adewole TA, Eisen G, et al.: Management of HIV-
1 infection with a combination of nevirapine, stavudine, and
lamivudine: A preliminary report on the Nigerian antiretroviral
program. J Acquir Immune Defic Syndr 2005;40:65–69.

29. Boileau C, Nguyen VK, Sylla M, et al.: Low prevalence of
detectable HIV plasma viremia in patients treated with an-
tiretroviral therapy in Burkina Faso and Mali. J Acquir Im-
mune Defic Syndr 2008;48:476–484.

30. Sow PS, Otieno LF, Bissagnene E, et al.: Implementation of
an antiretroviral access program for HIV-1-infected indi-
viduals in resource-limited settings: Clinical results from 4
African countries. J Acquir Immune Defic Syndr 2007;44:
262–267.

31. Johnson VA, Brun-Vezinet F, Clotet B, et al.: Update of the
drug resistance mutations in HIV-1: Spring 2008. Top HIV
Med 2008;16:62–68.

32. Larkin MA, Blackshields G, Brown NP, et al.: Clustal W
and Clustal X version 2.0. Bioinformatics 2007;23:2947–2948.

33. Hosmer DWJ, Wang CY, Lin IC, and Lemeshow S: A com-
puter program for stepwise logistic regression using maxi-
mum likelihood estimation. Comput Programs Biomed
1978;8:121–134.

34. Meloni S, Ekong E, Onwujekwe D, et al.: Rate of Viral Load
Suppression Higher in Women than Men in Large ART
Program in Nigeria. 16th Conference on Retroviruses and
Opportunistic Infections, 2009.

35. Meloni ST, Sankale JL, Hamel DJ, et al.: Molecular epide-
miology of human immunodeficiency virus type 1 sub-
subtype A3 in Senegal from 1988 to 2001. J Virol 2004;78:
12455–12461.

36. Peeters M, Esu-Williams E, Vergne L, et al.: Predominance of
subtype A and G HIV type 1 in Nigeria, with geographical
differences in their distribution. AIDS Res Hum Retroviruses
2000;16:315–325.

HIV-1 SUBTYPE ON DRUG RESISTANCE MUTATIONS IN NIGERIA 79



37. Meloni ST, Sankalé JL, Odaibo G, Olaleye DO, and Kanki PJ:
A Nigeria-specific cluster of HIV-1 subtype G is sustained in
full-length genomes sequencing. 14th International Con-
ference on AIDs and STIs in Africa, 2005.

38. Kisic M, Mendieta J, Puertas MC, et al.: Mechanistic basis of
zidovudine hypersusceptibility and lamivudine resistance
conferred by the deletion of codon 69 in the HIV-1 reverse
transcriptase coding region. J Mol Biol 2008;382:327–341.

39. Villena C, Prado JG, Puertas MC, et al.: Relative fitness and
replication capacity of a multinucleoside analogue-resistant
clinical human immunodeficiency virus type 1 isolate with a
deletion of codon 69 in the reverse transcriptase coding re-
gion. J Virol 2007;81:4713–4721.

40. Menendez-Arias L, Matamoros T, and Cases-Gonzalez CE:
Insertions and deletions in HIV-1 reverse transcriptase:
Consequences for drug resistance and viral fitness. Curr
Pharm Des 2006;12:1811–1825.

41. Liu TF and Shafer RW: Web resources for HIV type 1
genotypic-resistance test interpretation. Clin Infect Dis 2006;
42:1608–1618.

42. Sankale JL, Hamel D, Woolsey A, et al.: Molecular evolution
of human immunodeficiency virus type 1 subtype A in Se-
negal: 1988–1997. J Hum Virol 2000;3:157–164.

43. Hawkins CA, Chaplin B, Idoko J, et al.: Clinical and geno-
typic findings in HIV-infected patients with the K65R mu-
tation failing first-line antiretroviral therapy in Nigeria. J
Acquir Immune Defic Syndr 2009;52(2):228–234.

44. van de Vijver DA, Wensing AM, Angarano G, et al.: The
calculated genetic barrier for antiretroviral drug resistance
substitutions is largely similar for different HIV-1 subtypes. J
Acquir Immune Defic Syndr 2006;41:352–360.

45. Marcelin AG, Delaugerre C, Wirden M, et al.: Thymidine
analogue reverse transcriptase inhibitors resistance muta-
tions profiles and association to other nucleoside reverse
transcriptase inhibitors resistance mutations observed in the
context of virological failure. J Med Virol 2004;72:162–165.

46. Puertas MC, Buzon MJ, Artese A, et al.: Effect of the human
immunodeficiency virus type 1 reverse transcriptase poly-
morphism Leu-214 on replication capacity and drug sus-
ceptibility. J Virol 2009;83:7434–7439.

47. Sturmer M, Staszewski S, Doerr HW, Larder B, Bloor S, and
Hertogs K: Correlation of phenotypic zidovudine resistance

with mutational patterns in the reverse transcriptase of
human immunodeficiency virus type 1: Interpretation of
established mutations and characterization of new poly-
morphisms at codons 208, 211, and 214. Antimicrob Agents
Chemother 2003;47:54–61.

48. Novitsky V, Wester CW, DeGruttola V, et al.: The reverse
transcriptase 67N 70R 215Y genotype is the predominant
TAM pathway associated with virologic failure among HIV
type 1C-infected adults treated with ZDV/ddI-containing
HAART in southern Africa. AIDS Res Hum Retroviruses
2007;23:868–878.

49. Martinez-Cajas JL, Pai NP, Klein MB, and Wainberg
MA: Differences in resistance mutations among HIV-1 non-
subtype B infections: A systematic review of evidence (1996–
2008). J Int AIDS Soc 2009;12:11.

50. Kantor R, Katzenstein DA, Efron B, et al.: Impact of HIV-1
subtype and antiretroviral therapy on protease and reverse
transcriptase genotype: Results of a global collaboration.
PLoS Med 2005;2:e112.

51. Palma AC, Abecasis AB, Vercauteren J, et al.: Effect of hu-
man immunodeficiency virus type 1 protease inhibitor
therapy and subtype on development of resistance in sub-
types B and G. Infect Genet Evol 2010;10(3):373–379.

52. Soares EA, Santos AF, Sousa TM, et al.: Differential drug
resistance acquisition in HIV-1 of subtypes B and C. PLoS
ONE 2007;2:e730.

53. Taiwo B, Chaplin B, Stanton J, et al.: Etravirine-resistance
Mutations in Patients with Virologic Failure on Nevirapine
or Efavirenz-based HAART. 15th Conference on Retro-
viruses and Opportunistic Infections, 2008; Abstract 867.

54. Ojesina AI, Sankale JL, Odaibo G, et al.: Subtype-specific
patterns in HIV Type 1 reverse transcriptase and protease in
Oyo State, Nigeria: Implications for drug resistance and host
response. AIDS Res Hum Retroviruses 2006;22:770–779.

Address correspondence to:
Phyllis Kanki

Harvard School of Public Health
651 Huntington Avenue

Boston, Massachusetts 02115

E-mail: pkanki@hsph.harvard.edu

80 CHAPLIN ET AL.



This article has been cited by:

1. F-Zahra Fall-Malick, Edmond Tchiakpé, Sid'Ahmed Ould Soufiane, Halimatou Diop-Ndiaye, Abderrahmane Mouhamedoune
Baye, Abdallah Ould Horma Babana, Coumba Touré Kane, Baidy Lo, Souleymane Mboup. 2013. Drug resistance mutations and
genetic diversity in adults treated for HIV type 1 infection in Mauritania. Journal of Medical Virology n/a-n/a. [CrossRef]

2. Edson Delatorre, Gonzalo Bello. 2013. Spatiotemporal dynamics of the HIV-1 CRF06_cpx epidemic in western Africa. AIDS
27:8, 1313-1320. [CrossRef]

3. Ebenezer Yemi Ogunbadewa. 2012. Mapping malaria severity zones with Nigeriasat-1 incorporated into geographical information
system. Geocarto International 27:7, 593-610. [CrossRef]

http://dx.doi.org/10.1002/jmv.23860
http://dx.doi.org/10.1097/QAD.0b013e32835f1df4
http://dx.doi.org/10.1080/10106049.2011.653407

