
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Nov. 2009, p. 4869–4878 Vol. 53, No. 11
0066-4804/09/$12.00 doi:10.1128/AAC.00592-09
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Nonpolymorphic Human Immunodeficiency Virus Type 1 Protease and
Reverse Transcriptase Treatment-Selected Mutations�

Rajin Shahriar,1 Soo-Yon Rhee,1 Tommy F. Liu,1 W. Jeffrey Fessel,2 Anthony Scarsella,3
William Towner,4 Susan P. Holmes,5 Andrew R. Zolopa,1 and Robert W. Shafer1*

Division of Infectious Diseases, Department of Medicine, Stanford University, Stanford, California1; Clinical Trials Unit,
Kaiser Permanente Medical Care Program, San Francisco, California2; Pacific Oaks Medical Group, Beverly Hills,

California3; Kaiser Permanente Medical Care Program, Los Angeles, California4; and Department of
Statistics, Stanford University, Stanford, California5

Received 1 May 2009/Returned for modification 4 June 2009/Accepted 19 August 2009

The spectrum of human immunodeficiency virus type 1 (HIV-1) protease and reverse transcriptase (RT)
mutations selected by antiretroviral (ARV) drugs requires ongoing reassessment as ARV treatment patterns
evolve and increasing numbers of protease and RT sequences of different viral subtypes are published.
Accordingly, we compared the prevalences of protease and RT mutations in HIV-1 group M sequences from
individuals with and without a history of previous treatment with protease inhibitors (PIs) or RT inhibitors
(RTIs). Mutations in protease sequences from 26,888 individuals and in RT sequences from 25,695 individuals
were classified according to whether they were nonpolymorphic in untreated individuals and whether their
prevalence increased fivefold with ARV therapy. This analysis showed that 88 PI-selected and 122 RTI-selected
nonpolymorphic mutations had a prevalence that was fivefold higher in individuals receiving ARVs than in
ARV-naïve individuals. This was an increase of 47% and 77%, respectively, compared with the 60 PI- and 69
RTI-selected mutations identified in a similar analysis that we published in 2005 using subtype B sequences
obtained from one-fourth as many individuals. In conclusion, many nonpolymorphic mutations in protease and
RT are under ARV selection pressure. The spectrum of treatment-selected mutations is changing as data for
more individuals are collected, treatment exposures change, and the number of available sequences from
non-subtype B viruses increases.

Identifying the mutations responsible for human immuno-
deficiency virus type 1 (HIV-1) drug resistance has implica-
tions for drug resistance surveillance, HIV-1 genotypic resis-
tance testing, and the biophysical mechanisms by which HIV-1
escapes from selective drug pressure. Many mutations in
HIV-1 protease and reverse transcriptase (RT) are considered
drug resistance mutations by virtue of emerging during anti-
retroviral (ARV) selection pressure in vitro or in vivo, reduc-
ing drug susceptibility in vitro, or reducing the virological re-
sponse to therapy. As more sequenced HIV-1 isolates from
ARV-exposed individuals are reported, more ARVs are li-
censed, and a greater proportion of published sequences of
HIV-1 protease and RT belong to non-B subtypes, it is ex-
pected that new treatment-selected mutations will be identi-
fied.

We previously identified nonpolymorphic treatment-selected
mutations in an analysis of subtype B protease and RT sequences
from �6,000 individuals in the HIV Drug Resistance Database
(HIVDB) (26). Here, we describe the results of a similar analysis
that includes non-B group M sequences and about four times as
many individuals than in the 2005 study.

MATERIALS AND METHODS

Patients, viruses, and mutations. HIV-1 RT and protease sequences were
compiled from published studies in the HIVDB (http://hivdb.stanford.edu) (27)
and from previously unpublished sequences from HIV-1-infected individuals in
Northern and Southern California as part of an Institutional Review Board-
approved protocol. For the new virus sequences, treatment histories were ob-
tained from patient charts and pharmacy records. We included sequences from
individuals from whom the complete ARV drug class history was available.

Protease positions 1 to 99 and RT positions 1 to 350 were analyzed. Mutations
were defined as amino acid differences from the HIV-1 group M consensus B
sequence. In sequences from patients with multiple virus isolates, mutations
occurring in more than one isolate were counted only once. When multiple
clones were available from the same virus isolates, only the consensus of the
clones was used.

To reduce the impact of sequencing errors, a sequence quality score was
assigned to all sequences. This score equaled the total number of stop codons,
highly ambiguous nucleotides (B, D, H, V, and N), and highly unusual mutations
(defined as mutations occurring at a frequency of below 1 in 2,000 in pooled
treated and untreated group M sequences). Protease sequences with a sequence
quality score of 4 or higher and RT sequences with a sequence quality score of
6 or higher were excluded from the data set. Sequences containing an
APOBEC3G-induced G-to-A hypermutation were also excluded (11).

Each mutation was also characterized by its presence on five published mu-
tation lists, from the Agence Nationale de Recherche sur le SIDA (ANRS) (1),
HIVDB (24), IAS-USA (20), Los Alamos National Laboratory (8), and Rega
Institute (32).

Nonpolymorphic mutations. We defined nonpolymorphic mutations using cri-
teria similar to that outlined in two recent publications as being present at a
frequency of �0.5% in ARV-naïve individuals infected with all subtypes for
which �1,000 sequences were available and at levels of �0.5% in no more than
one subtype for which fewer than 1,000 sequences were available (3, 29). In
contrast to the definition used in these two recent publications, we did not
exclude nonpolymorphic mutations occurring at positions that also contained
polymorphic mutations.

Two steps were taken to reduce the influence of transmitted drug resistance on
our current analysis: isolates from persons with primary HIV-1 infection in U.S.
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and European studies published after the year 2000 were excluded, and isolates
from untreated persons that had two or more established nonpolymorphic drug-
related mutations were excluded.

Treatment-selected mutations. To identify protease inhibitor (PI)-selected
mutations, we compared the prevalence of protease mutations in PI-treated
individuals to the prevalence in PI-naïve individuals. To identify RT inhibitor
(RTI)-selected mutations, we compared the prevalences of RT mutations in
RTI-treated and RTI-naïve individuals. For each drug class, treatment-selected
mutations were defined as being nonpolymorphic mutations that occurred more
than five times more frequently in treated than in untreated HIV-1 isolates and
that were significantly associated with treatment by Fisher’s exact test using
Holm’s method to control the family-wise error rate for multiple-hypothesis
testing at a P value of �0.01 (15). The P values were ranked in descending order.
Starting from the smallest P value (rank r � n, where n is the number of
hypotheses), we compared each p of rank r with a significance cutoff of 0.01/r as
long as pr was �0.01/r. All P values of pr…pn were considered to be statistically
significant.

Distinguishing nucleoside RTI (NRTI)- from nonnucleoside RTI (NNRTI)-
selected mutations. Whereas the association between an RT mutation and RTI
therapy could be made unequivocally, the association with NRTI or NNRTI
treatment was more difficult because nearly all individuals who received NNRTIs
also received NRTIs, with the exception of 1,055 women receiving a single dose
of nevirapine (NVP) to prevent mother-to-child HIV-1 transmission.

Two indexes were therefore created to assess the impact of NRTI and NNRTI
selection pressure: (i) the NRTI selection index was defined as the prevalence of
a mutation in NRTI-experienced but NNRTI-naïve individuals divided by the
mutation’s prevalence in RTI-naïve individuals, and (ii) the NNRTI selection
index was defined as the prevalence of a mutation in NNRTI-experienced indi-
viduals (nearly all of whom were also NRTI experienced) divided by the muta-
tion’s prevalence in NRTI-experienced but NNRTI-naïve individuals.

When 0, 1, or 2 mutations were detected in NRTI-experienced (but
NNRTI-naïve) individuals, the NRTI selection index was considered to be 1.0
because of the possibility that such mutations may have resulted from a virus
transmitted from a treated person rather than having been selected by NRTI
therapy. When 0 mutations were detected in RTI-naïve or NRTI-experienced
(but NNRTI-naïve) individuals, 1 was added to avoid division by 0 in down-
stream calculations.

RTI-selected mutations were grouped into five categories based on their
NRTI and NNRTI selection indexes: (i) definite NRTI-selected mutations, de-
fined as mutations with statistically significant NRTI selection indexes (P � 0.05
following Holm’s correction) or for which there was phenotypic evidence of
decreased NRTI susceptibility; (ii) definite NNRTI-selected mutations, defined
as mutations for which the NNRTI selection index but not the NRTI selection
index was statistically significant (P � 0.05 following Holm’s correction) or for
which there was phenotypic evidence of decreased NNRTI susceptibility; (iii)
probable NRTI-selected mutations, defined as mutations at established NRTI
positions (positions 41, 62, 65, 67, 69, 70, 74, 75, 77, 115, 116, 151, 184, 208, 210,
215, and 219) that did not have statistically significant NRTI selection indexes
after controlling for multiple comparisons; (iv) probable NNRTI-selected muta-
tions, defined as mutations at established NNRTI positions (positions 98, 100,
101, 103, 106, 108, 138, 179, 181, 188, 190, 221, 225, 227, 230, 236, 238, and 318)
that did not have statistically significant NNRTI selection indexes after control-
ling for multiple comparisons; and (v) undifferentiated RTI-selected mutations,
for which neither the NRTI nor NNRTI selection indexes were statistically
significant.

HIV-1 RT structural analyses. For each of the new RTI-selected residues, we
calculated the shortest interatomic distance between the residue and the incom-
ing deoxynucleoside triphosphate, the NNRTI binding pocket, the established
NRTI resistance residues, and the established NNRTI resistance residues. Dis-
tances between RT residues and the incoming deoxynucleoside triphosphate and
established NRTI resistance residues were calculated using the coordinates from
the X-ray crystallographic structure (Protein Data Bank [PDB] accession num-
ber 1RTD) described previously by Huang et al. (16). Distances between RT
residues and the NNRTI NVP and the established NNRTI resistance positions
were calculated using the coordinates from the X-ray crystallographic structure
(PDB accession number 3HVT) described previously by Kohlstaedt et al. (23).

RESULTS

HIV-1 sequences by individual, ARV class, and subtype.
There were 32,530 HIV-1 group M protease sequences from
26,888 individuals, including 18,787 sequences (58%) from

17,581 PI-naïve individuals and 13,743 sequences (42%) from
9,307 PI-treated individuals. Eighty-six percent of individuals
had a single sequence, 9% had two sequences, and 5% had
three or more sequences. Individuals with non-B viruses ac-
counted for 47% of PI-naïve and 12% of PI-treated sequences.

There were 32,151 HIV-1 group M RT sequences from
25,695 individuals, including 12,930 sequences (40%) from
12,730 RTI-naïve individuals and 19,221 sequences (60%)
from 12,965 RTI-treated individuals. The RTI-treated individ-
uals included 4,598 individuals who had received NRTIs but
not NNRTIs, 7,312 who had received NRTIs and NNRTIs, and
1,055 who had received a single dose of NVP. Eighty-four
percent of individuals had a single sequence, 10% had two
sequences, and 6% had three or more sequences. Individuals
with non-subtype B RT sequences accounted for 50% of RTI-
naïve and 21% of RTI-treated sequences. Every RT sequence
encompassed most amino acids between positions 1 and 250,
50% of the sequences also encompassed positions 250 to 300,
and 28% also encompassed positions 300 to 350.

Twenty-three percent of sequences were obtained prior to
1999, 38% were obtained between 1999 and 2002, and 39%
were obtained between 2003 and 2008. Plasma HIV-1 RNA
and peripheral blood mononuclear cell DNA were the sources
of genetic material for 93% and 7% of sequences, respectively.
Approximately 88% of sequences were from previously pub-
lished studies in the HIVDB; 12% of sequences were previ-
ously unpublished sequences from individuals in California.

PI-selected mutations. Table 1 shows 88 nonpolymorphic
PI-selected mutations at 40 protease positions that were more
than five times more prevalent in PI-treated than in PI-naïve
individuals. This number represents an increase of 47% com-
pared with the 60 mutations at 34 positions identified in our
2005 study. Compared with the 2005 analysis of 8,426 se-
quences from 5,867 individuals, seven mutations (V11I,
K20I/V, L33F, E35G, and T74A/S) were not considered to be
PI-selected mutations because they were polymorphic in one
or more non-B subtypes. The current analysis, however, iden-
tified 35 additional nonpolymorphic PI-selected mutations.

Among the 35 new nonpolymorphic PI-selected mutations,
12 were at nonpolymorphic PI resistance positions, including
L24F/M, G48A/L/Q, G73V, V82C/M/L, N83D/S, and N88G;
10 were at established polymorphic PI resistance positions,
including L10Y, V11L, I13M, L33M, K43I, A71L, T74E/K,
L89T, and T91S; and 13 were at positions not generally con-
sidered to be associated with PI resistance, including A22V,
E34D/N, L38W, K45I/V, G51A, K55N, I66V/L, C67L, and
C95V/L.

Of the 88 PI-selected mutations, 35%, 13%, 7%, 9%, 12%,
and 24% were present on five, four, three, two, one, and none
of the five expert mutation lists, respectively. Of the 35 new
mutations, 15 were on one or more expert lists, including four
mutations that were previously reported to reduce susceptibil-
ity or to be selected by one or more PIs: V82L (2, 10), V82M
(5), N83D (2), and T91S (6, 10, 21). In other studies, A22V
(30), L24M (2), and E34D (2) were significantly associated
with PI exposure.

The proportion of sequences with a new PI-selected muta-
tion was highly correlated with the number of previously pub-
lished nonpolymorphic PI-selected mutations (Fig. 1A). Some
of the new PI-selected mutations rarely occurred in viruses

4870 SHAHRIAR ET AL. ANTIMICROB. AGENTS CHEMOTHER.



TABLE 1. Prevalences of PI-selected nonpolymorphic mutations in PI-naı̈ve and PI-treated individualsa

Consensus B
reference

amino acid
Position Amino acid

change

Mutation prevalence (%) Presence of mutation on expert list fromb:

PI naı̈ve
(n � 17,581)

PI treated (%)
(n � 9,307) H A R I L

L 10 F 0.24 12 � � � � �
R 0.02 0.65 � � � �
Y 0 0.42 � �

V 11 L 0.05 1.1 �
I 13 M 0.01 0.69
K 20 T 0.06 5.4 � � � � �
A 22 V 0.11 1.3 �
L 23 I 0.05 1.8 � � �
L 24 I 0.01 8.1 � � � � �

F 0.08 0.92 � �
M 0 0.24

D 30 N 0.01 8.8 � � � � �
V 32 I 0.01 7.5 � � � � �
L 33 M 0 0.26 �
E 34 Q 0.09 4.4 � �

D 0.05 0.49
N 0 0.14

L 38 W 0.01 0.36 �
K 43 T 0.12 7.6 � � � �

I 0.02 0.33
K 45 I 0.01 0.18 � �

V 0 0.15
M 46 I 0.30 30 � � � � �

L 0.27 13 � � � � �
V 0.06 0.68 �

I 47 V 0.05 7.2 � � � � �
A 0 0.45 � � � � �

G 48 V 0 6.3 � � � � �
M 0 0.82 � � �
A 0 0.52 � �
L 0 0.16
Q 0 0.13

I 50 V 0.02 2.8 � � � � �
L 0.01 0.64 � � � � �

G 51 A 0.01 0.38
F 53 L 0.04 8.4 � � � � �

Y 0.03 0.74 � � � �
I 54 V 0 31 � � � � �

L 0.01 4.7 � � � � �
M 0 3.9 � � � � �
A 0 1.8 � � � � �
T 0.02 1.5 � � � � �
S 0 1.2 � � � � �

K 55 R 0.25 9.6 �
N 0.03 0.3

Q 58 E 0.24 8.8 � � � � �
I 66 F 0.03 2.3 �

V 0.08 1.8
L 0.01 0.64

C 67 F 0.03 1.8
L 0.01 0.24

A 71 I 0.07 4.6 � � � � �
L 0 0.64 � � � �

G 73 S 0.03 13 � � � � �
T 0 4.1 � � � �
C 0.01 2.0 � � � �
A 0 1.1 � � � �
V 0.01 0.24 �

T 74 P 0.06 2.6 � � � �
K 0.04 0.4
E 0 0.19 �

L 76 V 0.01 4.4 � � � � �
P 79 A 0.12 1.4
V 82 A 0.03 29 � � � � �

T 0.01 4.3 � � � � �

Continued on following page
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containing less than three previously published PI-selected mu-
tations (e.g., G48A/L/Q, A71L, V82C, and T91S); other new
PI-selected mutations occurred frequently in viruses contain-
ing less than three previously published PI-selected mutations
(e.g., V82L and L89T). Although only 12% of the PI-treated
viruses belonged to a non-B subtype, for four mutations,
V82M, N83D, N88G, and L89T, non-subtype B isolates con-

tributed more than 33% of the total number of new PI-selected
mutations.

RTI-selected mutations. There were 122 nonpolymorphic
RTI-selected mutations at 63 positions that occurred more
than five times more frequently in RTI-treated than RTI-naive
individuals. This represented an increase of 77% compared
with the 69 RTI-selected mutations identified in a similar anal-

FIG. 1. Correlation between the number of previously identified treatment-selected mutations (26) and the likelihood of having a new
treatment-selected mutation. (A) PI-selected mutations. (B) RTI-selected mutations. Vertical bars are 95% confidence intervals.

TABLE 1—Continued

Consensus B
reference

amino acid
Position Amino acid

change

Mutation prevalence (%) Presence of mutation on expert list fromb:

PI naı̈ve
(n � 17,581)

PI treated (%)
(n � 9,307) H A R I L

F 0 2.4 � � � � �
S 0.01 1.8 � � � � �
C 0 0.93 � � �
L 0.02 0.35 � � � �
M 0 0.28 � � � �

N 83 D 0.02 1.0 � � �
S 0.02 0.32

I 84 V 0.01 21 � � � � �
A 0 0.27 � � � �
C 0 0.24 � �

I 85 V 0.12 6.9 � � � �
N 88 D 0.05 6.8 � � � � �

S 0.05 2.1 � � � � �
T 0.01 0.20 �
G 0 0.19 � �

L 89 V 0.10 5.9 � � � �
T 0.01 0.36 � � �

L 90 M 0.23 43 � � � � �
T 91 S 0.01 2.5 �
Q 92 R 0.13 1.3
C 95 F 0.02 2.6 � �

L 0.01 0.20
V 0.01 0.20

a Nonpolymorphic PI-selected mutations identified in the current analysis that were not identified in our 2005 analysis (26) are shown in boldface type.
b A, ANRS; H, HIVDB; I, IAS-USA; L, Los Alamos National Laboratory; R, Rega. A checkmark indicates that the mutation is present on the expert list indicated.
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ysis that we reported in 2005. Compared with the 2005 analysis,
seven RT mutations were not considered to be nonpolymor-
phic RTI-selected mutations because they were polymorphic in
one or more subtypes: K43E, E44D, A62V, T69S/N, V75I, and
V108I. Therefore, the current analysis identified 60 additional
nonpolymorphic RTI-associated mutations.

NRTI-selected mutations. Table 2 shows 67 nonpolymorphic
NRTI-selected mutations at 30 positions. Compared with the
2005 analysis, we identified 31 new nonpolymorphic NRTI-
selected mutations, including 19 mutations at 7 established
NRTI resistance positions (D67T/S/H/del, T69E/G, K70E/G/
S/T/N/Q, V75A/S, H208F, T215C, and K219W/H/D) and 12
mutations at 10 new positions (I31L, E40F, K64H/N/Y, T165L,
I167V, E203V, R211D, K223E, A304G, and N348I).

Of the 67 NRTI-selected mutations, 24%, 14%, 13%, 6%,
16%, and 27% were on five, four, three, two, one, and none of
the five expert mutation lists, respectively. Of the 30 new mu-
tations, 11 were on one or more expert lists, including 6 mu-
tations which were previously reported to reduce susceptibility
or to be selected by one or more NRTIs: E40F (18), D67del
(19), T69G (19), K70E/G (4, 9), and N348I (12, 36). In an
independent study of 457 RTI-naïve and 1,247 RTI-experi-
enced individuals, I31L, K64H/N/Y, T165L, E203V, R211D,
and K223E were observed in five or more RTI-treated but in
no RTI-naïve individuals (7). In addition, I31L (25), K64N
(25), T165L (25), and K223E (28) were previously reported to
possibly be associated with RTI therapy in other studies.

Figure 2A shows the locations of the 10 new NRTI positions
within the three-dimensional structure of the polymerase cod-
ing region of p66 HIV-1 RT. I31, E40, and K64 are in the
finger subdomain. T165, I167, E203, R211, and K223 are in the
palm subdomain. A304 is in the thumb subdomain, and N348
is in the connection subdomain. Other than T165 (7 Å from
Y181), K223 (3 Å from V108 and P225), and N348 (4 Å from
L318), none of the new NRTI positions are within 10 Å of any
established NNRTI resistance residue.

NNRTI-associated mutations. Table 3 shows 46 nonpoly-
morphic NNRTI-selected mutations at 28 positions. Com-
pared with the 2005 analysis, we identified 20 new nonpoly-
morphic NNRTI-associated mutations, including 9 mutations
at known NNRTI-associated positions (K101H, K103H/T,
V179F, G190C, H221C, F227Y, K238N, and Y318F) and 11
mutations at new positions (I94L, K102N, S105T, T139R,
I178F, K223T, Y232H, L234I, D237E, V241M, and Q242L).

Of the 46 NNRTI-selected mutations, 37%, 11%, 13%, 4%,
9%, and 26% were on five, four, three, two, one, and none of
the five expert mutation lists, respectively. Of the 20 new mu-
tations, 7 were on one or more of the expert mutation lists,
including 6 mutations which were previously reported to re-
duce susceptibility or to be selected by one or more NNRTIs:
K101H (25, 34), K103H (13), V179F (33), G190C (17), K238N
(31), and Y318F (14). In addition, L234I was reported to
emerge during etravirine selection pressure in vitro (33), I94L
and K102N were observed in five or more RTI-treated com-
pared with no untreated individuals, and T139R was observed
in 14 RTI-treated compared with 2 untreated individuals in a
study reported previously by Ceccherini-Silberstein et al. (7).

Figure 2B shows that the new NNRTI resistance positions
are either close to the NNRTI binding pocket (NVP) or close
to one of the established NNRTI resistance positions: I94 (8 Å

from NVP and 5 Å from Y181), K102 (4 Å from NVP and 1.3
Å from K101 and K103), S105 (6 Å from NVP and 1.3 Å from
V106), T139 in the p51 monomer (8 Å from NVP and 5 Å from
Y181), I78 (7 Å from NVP and 1.3 Å from V179), K223 (9 Å
from NVP and 3 Å from V108 and P225), Y232 (6 Å from
NVP and 3 Å from F227 and M230), L234 (3 Å from NVP and
4 Å from K238), D237 (6 Å from NVP and 1.3 Å from P236
and K238), V241 (12 Å from NVP and 7 Å from M230), and
Q242 (13 Å from NVP and 7 Å from F227, M230, and K238)
are adjacent to the NNRTI resistance residues that comprise
the NNRTI binding pocket.

Mutations possibly associated with NRTI and NNRTI ther-
apy. There were nine undifferentiated RTI-selected mutations:
S3C, T58N, L109I/V, V117A, E203A, W212M, L228N, and
Q242K. None of these nine mutations were present on any of
the expert lists. However, S3C, L109I, and E203A were previ-
ously reported for five or more RTI-treated but no untreated
individuals in the study reported previously by Ceccherini-
Silberstein et al. (7). Figure 3 illustrates the ratios of the
NNRTI selection index divided by the NRTI selection index
for each of the 122 RTI-selected mutations. Mutations are
colored according to whether they meet the criteria for being
a newly identified or previously reported NRTI- or NNRTI-
selected mutation or an undifferentiated RTI-selected muta-
tion.

Figure 2C shows that for the mutations S3C, T58N, V117A,
K203A, and W212M, the shortest interatomic distance to an
established NRTI resistance residue was much smaller than
the distance to an established NNRTI resistance residue. In
contrast, for the mutations L228 and Q242, the shortest inter-
atomic distance to the established NNRTI resistance mutation
was much smaller than the shortest distances to each of the
established NRTI resistance residues. Residue L109 is adja-
cent to the active-site aspartate D110 and to NNRTI resistance
position V108 and is 7 Å from M184. None of the undifferen-
tiated mutations occurred at positions in the RT p51 monomer
close to the NNRTI binding pocket.

The median number of studies reporting each of the nine
undifferentiated mutations was 7 (range, 5 to 14), and the
median nucleotide distance among sequences with each of the
mutations was 8.4% (range, 7.3% to 11.1%). The fact that
these mutations were reported in several studies and were
present in highly divergent isolates excludes the possibility that
their association with treatment was a result of a founder
effect.

DISCUSSION

We analyzed �30,000 RT and �30,000 protease sequences
from �25,000 HIV-1-infected individuals and identified 122
nonpolymorphic RT mutations that occurred more than five
times more frequently in RTI-treated than in RTI-naïve indi-
viduals and 88 nonpolymorphic protease mutations that oc-
curred more than five times more frequently in PI-treated than
in PI-naïve individuals. The 122 RTI- and the 88 PI-selected
nonpolymorphic mutations represented increases of 77% and
47%, respectively, compared with the 69 RTI- and 60 PI-
selected mutations identified in a similar analysis that we pre-
viously reported in 2005 (26).

In the 2005 study, treatment-selected mutations were de-
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TABLE 2. Prevalences of NRTI-selected nonpolymorphic mutations in RTI-naı̈ve, NRTI-treated (NNRTI-naı̈ve), and
NNRTI-treated individualsa

Consensus B
reference

amino acid
Position Amino acid

change

Mutation prevalence (%) Selection indexc

NNRTI index/
NRTI index ratio

Presence of mutation on
expert list fromd:

RTI naı̈ve
(n � 12,730)

NRTI
(n � 4,598)

NNRTI
(n � 8,367)b NRTI NNRTI H A R I L

I 31 L 0.1 0.8 1.5 7.1 1.8 0.3
E 40 F 0 0.4 1.8 59 4.3 0.1
M 41 L 0.3 36 47 120 1.3 0.0 � � � � �
K 43 Q 0.3 3.4 5.9 11 1.7 0.2 �

N 0.2 1.8 3.3 8.6 1.8 0.2
E 44 A 0 1.1 3.5 163 3.0 0.0 � � � �
K 64 N 0.04 1.1 0.7 23 0.6 0.0

H 0 0.8 1.0 119 1.1 0.0
Y 0 0.5 0.2 67 0.4 0.0

K 65 R 0.04 2.5 4.2 50 1.7 0.0 � � � � �
D 67 N 0.01 30 41 2105 1.4 0.0 � � � � �

G 0.10 1.3 3.8 13 2.8 0.2 � � � �
E 0.01 0.6 0.9 31 1.4 0.0 � � �
S 0 0.2 0.7 27 3.5 0.1 � �
T 0 0.07 0.1 13 1.8 0.1 �
H 0 0.04 0.4 9.0 5.9 0.7 �
Del 0 0 0.2 3.0 9.5 3.2 � � �

T 69 D 0.05 5.8 12 102 2.0 0.0 � � � �
Ins 0 0.5 2.1 66 4.5 0.1 � � � � �
G 0.01 0.09 0.7 7.5 6.9 0.9 � � �
E 0 0.06 0.4 12.0 4.7 0.4 �

K 70 R 0.13 26 24 193 0.9 0.0 � � � � �
E 0.01 0.4 0.6 27 1.5 0.1 � � � � �
G 0 0.3 0.7 39 2.7 0.1 � �
S 0 0.1 0.2 21 1.5 0.1 � �
T 0.04 0.1 0.5 2.5 5.0 2.0 �
N 0.04 0.2 0.4 4.5 2.1 0.5 �
Q 0.01 0.1 0.3 7.5 3.1 0.4

L 74 V 0.01 3.9 17 185.8 4.3 0.0 � � � � �
I 0.02 1.0 8.3 36.8 7.9 0.2 � � � �

V 75 T 0 1.3 2.5 180.6 2.0 0.0 � � � �
M 0.04 1.2 5.3 29.1 4.3 0.1 � � � �
A 0.02 0.61 1.3 22.2 2.1 0.1 � � �
S 0 0.20 0.50 30.6 2.3 0.1 � � �

F 77 L 0.04 1.8 2.7 42.3 1.5 0.0 � � �
Y 115 F 0 1.1 2.9 158.2 2.6 0.0 � � � � �
F 116 Y 0.01 1.9 2.9 136.4 1.5 0.0 � � �
Q 151 M 0 2.4 3.9 345.5 1.6 0.0 � � � � �
T 165 L 0.03 0.29 0.54 8.6 1.8 0.2
I 167 V 0.04 0.42 1.1 8.9 2.5 0.3
M 184 V 0.20 50 47 240.2 0.9 0.0 � � � � �

I 0.05 1.1 2.7 19.8 2.4 0.1 � � � � �
E 203 K 0.17 3.4 10 20.0 2.9 0.1 �

V 0.01 0.22 0.75 16.7 3.2 0.2
H 208 Y 0.21 5.3 17 24.4 3.1 0.1 �

F 0 0.24 0.73 36.8 2.8 0.1
L 210 W 0.02 21 34 717.0 1.7 0.0 � � � � �
R 211 D 0.02 0.35 0.55 13.3 1.5 0.1
T 215 Y 0.04 33 39 757.3 1.2 0.0 � � � � �

F 0.01 9.0 13 418.4 1.5 0.0 � � � � �
I 0.04 1.6 2.1 31.1 1.4 0.0 � � �
V 0.01 0.81 0.96 57.9 1.2 0.0 � � �
C 0.12 0.50 1.7 4.2 3.3 0.8 � � � �

D 218 E 0.07 4.9 11 61.8 2.3 0.0 �
K 219 Q 0.10 16 15 144.3 1.0 0.0 � � � � �

E 0.01 3.0 8.8 140.1 2.9 0.0 � � � � �
N 0.09 1.0 7.2 11.4 6.7 0.6 � � � �
R 0.09 1.3 5.6 13.4 4.2 0.3 � � � �
W 0 0.11 0.46 18.1 3.6 0.2 � �
D 0 0.04 0.77 9.1 12.0 1.3
H 0 0.04 0.59 9.1 9.3 1.0 �

K 223 Q 0 1.3 4.7 172 3.7 0.0
E 0.04 0.57 4.0 13 6.8 0.5

L 228 H 0.24 5.4 17 22 3.1 0.1
R 0.05 2.3 7.5 37 3.2 0.1

A 304 G 0.05 3.0 1.4 43 0.5 0.0
N 348 I 0.18 5.5 9.7 26 1.7 0.1 �

a Nonpolymorphic NNRTI-selected mutations identified in the current analysis that were not identified in our 2005 analysis (26) are shown in boldface type. The
number of individuals for whom a sequence was available varies by position, with fewer individuals having sequences encompassing positions 1 to 40 and positions 240
to 350.

b A total of 7,312 of 8,367 individuals also received NRTIs.
c The NRTI selection index is the ratio of the prevalence of the mutation in NRTI-treated but NNRTI-naı̈ve patients to the prevalence of the mutation in RTI-naı̈ve

patients. The NNRTI selection index is the ratio of the prevalence of the mutation in NNRTI-treated patients to the prevalence of the mutation in NRTI-treated
patients.

d A, ANRS; H, HIVDB; I, IAS-USA; L, Los Alamos National Laboratory; R, Rega. A checkmark indicates that the mutation is present on the expert list indicated.
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fined as occurring more than two times more frequently in
ARV-experienced than in ARV-naïve individuals. However, in
the 2005 study, all but three of the 129 treatment-selected
mutations occurred more than five times more commonly
among treated individuals. The control for multiple-hypothesis
testing used in this study and in the 2005 study made it unlikely
that nonpolymorphic mutations with a less-than-fivefold-in-
creased prevalence in treated patients would be found to be
significantly associated with ARV therapy. Therefore, in the
present study, we defined treatment-selected mutations as
those occurring more than five times more commonly among
treatment-experienced than among treatment-naïve individuals.

In the 2005 study, we analyzed only subtype B sequences and
defined nonpolymorphic mutations as those occurring in
�0.5% of untreated individuals infected with subtype B vi-
ruses. In the current study, we analyzed all group M subtypes
and defined nonpolymorphic mutations as those occurring in
�0.5% of treatment-naïve individuals in no more than two
subtypes or in a single subtype with �1,000 published naïve
sequences. The definition for nonpolymorphism in the current
study was similar to that used in a recently reported study that
developed a list of 93 nonpolymorphic drug resistance muta-
tions deemed suitable for identifying transmitted drug resis-
tance (surveillance drug resistance mutations [SDRMs]) (3).

There are two differences, however, between the 210 treat-
ment-selected mutations in this study compared with the 93
SDRMs. The SDRM list included only those nonpolymorphic
mutations that were present on three or more expert mutation
lists, whereas this study included all nonpolymorphic treat-
ment-selected mutations regardless of the number of expert
lists in which a mutation appeared. In addition, the SDRM list
excluded nonpolymorphic mutations that occurred at positions
that commonly contained polymorphisms. For example, the
nonpolymorphic protease-selected mutations L10F/R/Y and
A71I/L were excluded from the SDRM list because L10I/V and
A71V/T are common polymorphisms. All but three SDRMs
(the T215 revertant mutations T215S/D/E) were among the
210 treatment-selected mutations in this study.

This study contained non-subtype B RT sequences from
about 6,500 RTI-naïve and 4,500 RTI-experienced individuals
and from about 8,000 PI-naïve and 1,500 PI-experienced indi-
viduals. The non-subtype B data influenced the list of nonpoly-
morphic treatment-selected mutations in two ways. First,
several mutations, including the PI-resistance-associated mu-
tation L33F and the RTI-resistance-associated mutations
E44D, V75I, and V108I in RT, were not classified as treat-
ment-selected mutations because they had a prevalence of
�0.5% in one or more subtypes. Second, non-subtype B se-
quences contributed to the statistical significance of several
treatment-selected mutations. As the number of non-subtype
B sequences from untreated individuals increases, it is likely
that non-subtype B viruses will further influence the spectrum
of treatment-selected mutations.

The vast majority of new treatment-selected mutations oc-
curred in the presence of previously described treatment-se-
lected mutations, suggesting that the increase in the number of
new treatment-selected mutations since 2005 is a consequence
of the increased number of sequences in the current data set,
particularly from heavily treated individuals. Although two
new PIs (tipranavir and darunavir) and one new RTI (the

FIG. 2. Three-dimensional structure (PDB accession number
3HVT) of HIV-1 RT bound to nevirapine showing residues 1 to 350 of
the p66 monomer. The active-site residues D110, D185, and D186 are
shown in space-fill mode in white. Nevirapine is shown in space-fill
mode in yellow. Established NRTI resistance residues are shown in
sticks mode in blue. Established NNRTI resistance residues are shown
in sticks mode in red. Newly identified RTI-selected mutations are
shown in sticks mode in orange. (A) Newly identified NRTI-selected
mutations. (B) Newly identified NNRTI-selected mutations. Residues
120 to 148 in the p51 monomer are shown in green. (C) Newly iden-
tified undifferentiated mutations.

VOL. 53, 2009 NONPOLYMORPHIC HIV-1 PROTEASE AND RT MUTATIONS 4875



NNRTI etravirine) were licensed between the 2005 study and
the current study, fewer than 300 individuals in this study
received one of these new ARVs.

For several of the uncommon newly identified RTI-selected
mutations, it was not possible to determine whether the mu-
tation was selected by NRTIs, NNRTIs, or both classes of RT
inhibitors. Moreover, certain mutations at positions 203, 223,
and 228 have been strongly associated with NRTI therapy
(E203KV, K223QE, and L228HR), whereas others at the same

position have been strongly associated with NNRTI therapy
(K223T) or have been undifferentiated (E203A and L228N).
Likewise, Q242L was strongly associated with NNRTI therapy,
whereas Q242K was undifferentiated. Of note, the distances of
these residues from known NRTI and NNRTI resistance po-
sitions did not conclusively support an association with either
drug class. The concept that one mutation might contribute to
both NRTI resistance and NNRTI resistance is not new. The
NRTI resistance mutations L74V/I and V75I were reported to

TABLE 3. Prevalences of NNRTI-selected nonpolymorphic mutations in RTI-naı̈ve, NRTI-treated (NNRTI-naı̈ve), and
NNRTI-treated individualsa

Consensus B
reference

amino acid
Position Amino acid

change

Mutation prevalence (%) Selection indexc

NNRTI index/
NRTI index ratio

Presence of mutation on
expert list fromd:

RTI naı̈ve
(n � 12,730)

NRTI
(n � 4,598)

NNRTI
(n � 8,367)b NRTI NNRTI H A R I L

I 94 L 0.02 0.07 0.9 2.8 14 5
A 98 G 0.20 2.1 8.5 10 4.1 0.4 � � � � �
L 100 I 0.01 0.02 6.6 1.0 303 303 � � � � �
K 101 E 0.1 0.4 8.5 3.8 19 5 � � � � �

P 0 0 2.0 1.0 93 93 � � � � �
H 0 0.09 1.9 4.0 21 5 �
N 0.02 0.07 0.7 2.8 11 4 � �

K 102 N 0.02 0.02 0.5 1.5 12 8
K 103 N 0.4 0.4 43 1.0 121 121 � � � � �

S 0.01 0.02 2.2 1.0 49 49 � � � �
H 0 0 0.2 1.0 8.7 9 � � � �
T 0.02 0.1 0.3 4.1 3.2 0.8 � � � �

S 105 T 0 0.04 0.6 1.0 15 15
V 106 A 0.01 0.02 2.7 1.0 124 124 � � � � �

M 0 0 2.2 1.0 101 101 � � � � �
E 138 Q 0.01 0.1 1.0 6.2 7.6 1
T 139 R 0.06 0.1 0.9 1.7 9.0 5
I 178 F 0 0.04 0.5 1.0 10 10
V 179 F 0 0 0.5 1.0 22 22 � � � � �
Y 181 C 0.08 0.3 27 3.6 90 25 � � � � �

I 0.01 0 1.2 1.0 56 56 � � � � �
V 0 0 0.7 1.0 30 30 � � � � �

Y 188 L 0.07 0.09 6.5 1.4 59 42 � � � � �
C 0.02 0.02 1.3 1.0 30 30 � � � � �
H 0.01 0.02 1.1 1.0 25 25 � � � � �

G 190 A 0.04 0.09 20 2.2 180 81 � � � � �
S 0 0 3.5 1.0 350 350 � � � � �
E 0.01 0 0.6 1.0 33 33 � � � �
Q 0 0 0.3 1.0 16 16 � � � �
C 0 0 0.2 1.0 13 13 � � � �

H 221 Y 0.2 0.7 8.6 4.4 12 3 �
C 0 0 0.3 1.0 12 12

K 223 T 0.02 0.07 1.1 2.8 16 6
P 225 H 0.01 0.02 3.7 1.0 80 80 � � � � �
F 227 L 0.05 0.2 3.3 3.5 20 6 � � �

Y 0 0 0.3 1.0 14 14 �
M 230 L 0.02 0.1 1.3 5.4 9.9 2 � � �
Y 232 H 0.02 0 0.3 1.0 20 20
L 234 I 0.01 0 0.3 1.0 21 21 � �
P 236 L 0.03 0.1 0.3 3.3 3.1 0.9 � � �
D 237 E 0.1 0.3 1.6 2.9 4.9 2
K 238 T 0.05 0.2 3.4 3.2 18 6 � � �

N 0.03 0.08 0.7 2.5 6.4 3 �
V 241 M 0 0 0.3 1.0 20 20
Q 242 L 0.02 0.02 0.5 1.0 12 12
Y 318 F 0.1 0.1 1.8 1.4 9.4 7 � � �

a Nonpolymorphic NNRTI-selected mutations identified in the current analysis that were not identified in our 2005 analysis (26) are shown in boldface type.
b A total of 7,312 of 8,367 individuals also received NRTIs.
c The NRTI selection index is the ratio of the prevalence of the mutation in NRTI-treated but NNRTI-naı̈ve patients to the prevalence of the mutation in RTI-naı̈ve

patients. The NNRTI selection index is the ratio of the prevalence of the mutation in NNRTI-treated patients to the prevalence of the mutation in NRTI-treated
patients.

d A, ANRS; H, HIVDB; I, IAS-USA; L, Los Alamos National Laboratory; R, Rega. A checkmark indicates that the mutation is present on the expert list indicated.
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occasionally emerge during NNRTI selection pressure (22, 35),
and the RT mutation N348I was reported to be associated with
decreased susceptibilities to both zidovudine and nevirapine
(12, 36).

Several of the newly identified treatment-selected muta-
tions have already become established drug resistance mu-
tations, whereas others have been noted in one or more
independent data sets. The phenotypic and/or clinical sig-
nificance of the remaining novel mutations has not been
studied, which explains why these mutations are often not
present on existing expert mutation lists developed for ge-
notypic resistance interpretation or for educational pur-
poses. Several of these mutations, however, may be of clin-
ical significance and should be considered for inclusion on
current genotypic resistance reports because they occur at
positions at which other mutations markedly reduce suscep-
tibility to one or more drugs. Examples of these types of
mutations include G48A/L/Q and V82C/M in protease and
K70S/T/N/Q, V75A/S, K101H, K103H, G190C, F227Y,
L234I, and K238N in RT. The effect of most of these mu-
tations on drug susceptibility is not known, but they are
likely to be associated with a decreased susceptibility to one
or more ARVs in the ARV class responsible for their se-
lection.
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