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Background: The genetic barrier, defined as the number of mu-

tations required to overcome drug-selective pressure, is an important

factor for the development of HIV drug resistance. Because of high

variability between subtypes, particular HIV-1 subtypes could have

different genetic barriers for drug resistance substitutions. This study

compared the genetic barrier between subtypes using some 2000

HIV-1 sequences (9600 of non-B subtype) isolated from anti-

retroviral-naive patients in Europe.

Methods: The genetic barrier was calculated as the sum of tran-

sitions (scored as 1) and/or transversions (2.5) required for evolution

to any major drug resistance substitution. In addition, the number

of minor protease substitutions was determined for every subtype.

Results: Few dissimilarities were found. An increased genetic bar-

rier was calculated for I82A (subtypes C and G), V108I (subtype G),

V118I (subtype G), Q151M (subtypes D and F), L210W (subtypes

C, F, G, and CRF02_AG), and P225H (subtype A) (P G 0.001

compared with subtype B). A decreased genetic barrier was found

for I82T (subtypes C and G) and V106M (subtype C) (P G 0.001 vs

subtype B). Conversely, minor protease substitutions differed ex-

tensively between subtypes.

Conclusions: Based on the calculated genetic barrier, the rate of

drug resistance development may be similar for different HIV-1

subtypes. Because of differences in minor protease substitutions,

protease inhibitor resistance could be enhanced in particular sub-

types once the relevant major substitutions are selected.
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HIV drug resistance is the consequence of mutations that
are selected in the viral genes targeted by antiretroviral

drugs. The genetic barrier, defined as the number of viral
mutations required to overcome the drug-selective pressure,
is therefore an important factor for the development of drug
resistance.1,2 Boosted protease inhibitors have in general
a high genetic barrier as they often require the accumulation
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of several mutations before the virus can overcome the
selected drug pressure. Conversely, non-nucleoside reverse
transcription inhibitors (NNRTIs) have a low genetic barrier
as development of resistance can occur after only a single
amino acid substitution.1

The huge variability between subtypes at the nucleo-
tide level could have a significant impact on the genetic bar-
rier for drug resistance. This impact of inter-subtype genetic
variability is nicely illustrated by the V106M substitution,
which is selected for under efavirenz exposure. Despite
widespread efavirenz therapy in subtype B-infected patients,
this substitution was not identified until studies in subtype C
were performed. The increased propensity for subtype C to
acquire V106M is due to an alternate valine codon (GTG)
compared with subtype B (GTA). The genetic barrier is
smaller in subtype C, as the number of mutations required to
acquire V106M is reduced from 2 in subtype B (GTA to ATG)
to 1 in subtype C (GTG to ATG).3Y5

Currently, due to the limited availability of sequences
other than subtype B, it is not fully understood to what extent
genetic differences between subtypes affect drug resistance
patterns. Understanding the impact of genetic subtype
variation on drug resistance is of utmost importance because
an increasing number of patients infected with a non-B
subtype virus are treated with antiretroviral drugs. To assess
differences in the genetic barrier for evolution of drug
resistance substitutions between subtypes, we compared over
600 non-B and more than 1300 subtype B sequences obtained
from anti-retroviral-naive patients.6

METHODS

Study Population
The present study included samples from the CATCH

study (Combined Analysis of the Resistance Transmission
Over Time of Chronically and Acute Infected HIV Patients in
Europe),6 which is part of the official European Commission
supported scientific surveillance program SPREAD. The
CATCH study was also open to centers currently not
participating in the SPREAD program. HIV-1 seropositive
individuals were eligible for this study if they had never been
exposed to antiretroviral drugs before the time of sampling.
In total, 2208 patients were included during 1996Y2002
from the following 19 countries (no. of patients): Austria
(84), Belgium (128), Denmark (116), Finland (8), France
(249), Germany (62), Greece (40), Israel (104), Italy (365),
Luxembourg (161), the Netherlands (25), Norway
(23), Poland (35), Portugal (91), Serbia and Montenegro
(10), Spain (142), Sweden (153), Switzerland (260), and the
United Kingdom (152).6 For each patient, a single HIV-1
sequence was included.

Genotypic Resistance Analysis
Nucleotide sequence analysis of the HIV pol gene was

performed in the participating centers using their own
individual protocols. To assure the quality of the data, each
submitted sequence was checked before inclusion. Sequences
that contained stop codons and individual resistance codons

with ambiguities consisting of 92 bases per nucleotide
position or of 92 ambiguities per codon were excluded
from the analysis.6 The protease sequences contained at least
positions 10Y90 and the reverse transcription (RT) sequences
contained at least codons 41Y220. The sequences from France
included the RT region only.

Subtypes were compared for evolution to the drug-
resistance-associated substitutions specified by the Interna-
tional AIDS-Society (IAS)-USA, update of 2005.7 In the
protease region, the IAS distinguishes between major and
minor substitutions. The major substitutions by themselves
reduce drug susceptibility. Minor substitutions improve, in
some cases, the replicative capacity of HIV carrying major
substitutions,8 but by themselves they do not have a
significant effect on drug susceptibility.7,8 Minor protease
substitutions are also common in sequences that have not
been exposed to antiretrovirals.9,10 The IAS-USA list does
not include several substitutions important for tipranavir re-
sistance. Therefore, for tipranavir L10V, I13V, K20M/R/V,
L33F, E35G, M36I, K43T, M46L, I47V, I54A/M/V, Q58E,
H69K, T74P, V82L/T, and I84V were included.

Sequences already containing major drug resistance
substitutions were excluded in this study.

Subtype Classification
The genetic subtype of the viruses was assessed by

means of phylogenetic analysis of pol sequences. The
neighbor-joining method was used to compare the sequences
to reference strains of known subtype derived from the Los
Alamos database (www.hiv.lanl.gov). Pairwise distance
matrices were generated using the Kimura 2-parameter
distance estimation method with a transition/transversion
ratio of 2.0. The consistency of the phylogenetic clustering
was tested using bootstrap analysis with 100 replicates.
Bootstrap values above 70 were considered sufficient for
subtype assignment.11

Calculated Genetic Barrier for Major
Resistance Substitutions

The genetic barrier will be influenced by the number and
type of nucleotide mutations (ie, transitions and transversions)
required for evolution from a wild-type codon to a major drug-
resistance-associated substitution. The type of nucleotide
mutation influences the genetic barrier as transitions (the
replacement of a purine by another purine: A T G; or of a
pyrimidine by another pyrimidine: C T T) are for steric
reasons occurring on average 2.5 more frequently (A.-M.
Vandamme, Rega Institute for Medical research, Katholieke
Universiteit Leuven, Belgium, personal communication) than
transversions (the replacement of a purine by a pyrimidine and
vice versa: A T C, A T T, G T C, G T T).12 The genetic
barrier was calculated for every individual sequence at all
major drug-resistance-associated substitutions. To calculate
the genetic barrier, the smallest number of transitions (scored
as 1) and/or transversions (scored as 2.5) required for
evolution to a drug-resistance-associated substitutions was
determined. The calculated genetic barrier was taken as the
sum of the scores for a particular drug resistance substitution.
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Comparison of Minor Protease
Resistance Substitutions

The number of minor protease substitutions present in
every individual sequence was determined for all protease

inhibitors, and averaged for each subtype. The ratio of the
mean numbers of a particular subtype and subtype B was then
calculated. A value of G1 indicated a smaller number of minor
substitutions as compared with subtype B; 91 means a higher
number.

Statistical Analysis
Statistical tests were performed using all sequences

from non-B subtype and a random selection of 20% of the
subtype B sequences. KruskalYWallis tests were used for
comparing the calculated genetic barrier for major substitu-
tions and the number of minor protease substitutions
between subtypes. When a significant value occurred (P G
0.05), the pairwise difference between subtypes B and a
particular non-B subtype was analyzed using the MannY
Whitney U test and the BenjaminiYHochberg method (using
a false-discovery rate of 0.01) to correct for multiple
hypothesis testing.13

RESULTS

Distribution of Subtypes
The present study included 1855 protease and 1942 RT

sequences for which a subtype could be assessed (Table 1).
The sequences that were excluded because they contained
any major drug-resistance-associated substitutions were more
likely to be of subtype B and to be isolated from patients that
were infected for G1 year.6 Identified were subtypes A, B, C,
D, F, G, J, CRF01_AE, and CRF02_AG (Tables 2, Tables 3
Tables 4). The most common subtype was B, with 1299

TABLE 1. Baseline Characteristics

Protease RT

Number 1855* 1942†

Age (SD) 36 (10) 36 (10)

Male (%) 73 73

Route of transmission (%)

MSM 41 42

Heterosexual 41 41

IDU 17 15

Other 2 2

CD4, median (range), cells/mm3 392 (1Y1764) 405 (1Y1764)

HIV-RNA load, mean (SD), log copies/mL 4.77 (0.82) 4.83 (0.80)

Duration of infection (%)

G1 year 27 34

91 year 31 28

Unknown 42 38

*Excluded were 353 patients from the original 2208 because they came from France
(n = 249, no French protease sequences were available), carried at least 1 resistance-
associated major protease mutation (n = 54), the HIV-1 protease sequence had missing
codons for positions 10Y90 (n = 30), or had an un-typeable or a too rare subtype (n = 36).
Numbers do not add up, as a patient could have met several exclusion criteria.

†Excluded were 266 patients, carried at least 1 NRTI resistance-associated mutation
(n = 165) or NNRTI resistance-associated mutation (n = 64), the HIV-1 RT sequences
contained missing codons for any of the positions 41Y220 (n = 95), or had an un-
typeable or a too rare subtype (n = 36). Numbers do not add up, as a patient could have
met several exclusion criteria.

TABLE 2. Prevalence of Wild-Type (WT) Codons and Its Impact on Calculated Genetic Barrier at Major Protease Drug-Resistance-
Associated Positions in Anti-Retroviral-Naive Patients

Position
WT

Codon

Proportion (%) WT Codon by HIV-1 Subtype Closest
Mutational-

Resistant
Codon

Required
Substitution* P†

A
(n = 68)

B
(n = 1299)

C
(n = 209)

D
(n = 24)

F
(n = 26)

G
(n = 86)

J
(n = 20)

CRF_AE
(n = 52)

CRF_AG
(n = 71)

30 D30N GAT 100 97 94 98 100 92 100 98 93 AAT 1 ts 1.00

GAC V 1 3 V V 8 V V 3 AAC 1 ts

46 M46I ATG 100 100 100 100 100 100 100 100 100 ATA 1 ts 1.00

M46L ATG C/TTG 1 tv 1.00

48 G48V GGG 96 96 15 96 96 94 95 98 99 GTG 1 tv 1.00

GGA 4 4 81 4 4 5 5 2 1 GTA 1 tv

50 I50L ATT 99 100 100 100 100 99 100 100 99 CTT 1 tv 0.20

I50V ATT GTT 1 ts 0.20

82 V82A GTC 91 96 87 92 100 14 95 92 92 GCC 1 ts G0.001

I82A ATC V 1 9 4 V 84 5 4 4 GCC 2 ts

V82F GTC TTC 1 tv 0.92

I82F ATC TTC 1 tv

V82S GTC TCC 1 ts 1.00

I82S ATC TCC 1 ts

V82T GTC ACC 2 ts G0.001

I82T ATC ACC 1 ts

84 I84V ATA 100 100 100 100 100 100 100 100 100 GTA 1 ts 1.00

90 L90M TTG 100 97 96 96 100 97 100 98 100 ATG 1 tv 0.47

*ts indicates transition; tv, transversion. The numbers designate the number of transitions/transversions required.
†P value calculated using the KruskalYWallis test and a value of 2.5 for a transversion and 1 for a transition. For statistical reasons, a random sample of 20% of the subtype B and

all sequences classified with a subtype other than B were included in the KruskalYWallis test.
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TABLE 3. Prevalence of Wild-Type (WT) Codons and Its Impact on Calculated Genetic Barrier at NRTI Drug-Resistance-Associated
Positions in Anti-Retroviral-Naive Patients

Codon Substitution
WT

Codon

Proportion (%) WT Codon by HIV-1 Subtype

Mutation* P†
A

(73)‡
B

(1338)
C

(213)
D

(27)
F

(30)
G

(89)
J

(27)
AE§
(55)

AG||
(90)

resistant
codon

41 M41L ATG 99 100 99 100 97 100 96 98 99 C/TTG 1 tv 0.15

44 E44D GAA 99 98 97 100 93 100 100 100 90 GAC/T 1 tv 0.92

GAG 1 1 2 V 3 V V V 7 GAC/T 1 tv

62 A62V GCC 4 86 90 67 93 91 82 2 90 GTC 1 ts 0.97

GCT 84 8 6 30 7 9 11 98 9 GTT 1 ts

GCA 10 2 V V V V V V 1 GTA 1 ts

65 K65R AAA 96 96 5 96 100 97 100 100 92 AGA 1 ts 0.97

AAG 4 3 95 V V 3 V V 6 AGG 1 ts

67 D67N GAC 70 90 86 70 97 90 26 93 13 AAC 1 ts 0.99

GAT 27 8 10 22 3 10 74 6 86 AAT 1 ts

69 T69D ACT 97 95 76 93 100 90 26 5 94 GAT 1 ts, 1 tv 0.20

ACC V 1 17 4 V 10 74 85 2 GAC 1 ts, 1 tv

70 K70R AAA 84 95 15 15 100 95 93 100 98 AGA 1 ts 1.00

AAG 15 4 81 85 V 2 7 V 2 AGG 1 ts

74 L74V TTA 90 93 97 93 100 40 96 96 94 GTA 1 tv 1.00

TTG 1 3 1 V V 57 4 V V GTG 1 tv

CTA 6 3 1 4 V V V 2 3 GTA 1 tv

75 V75I GTA 93 98 99 93 100 99 19 93 98 ATA 1 ts 0.05

GTT 1 V V V V V 81 6 V ATT 1 ts

GTG 4 1 1 7 V V V V V ATA 2 ts

77 F77L TTC 84 90 86 89 93 93 7 89 96 CTC 1 ts 0.97

TTT 14 8 8 4 7 5 93 4 4 CTT 1 ts

115 Y115F TAT 93 94 94 89 100 36 96 98 98 TTT 1 tv 1.00

TAC 7 5 4 11 V 62 4 2 1 TTC 1 tv

116 F116Y TTT 96 90 67 89 90 97 100 96 96 TAT 1 tv 0.99

TTC 1 10 31 8 10 1 V 4 3 TAC 1 tv

118 V118I GTT 80 92 86 78 90 25 74 93 79 ATT 1 ts G0.001

GTC 8 2 3 V 3 7 22 6 10 ATC 1 ts

GTA 3 1 1 7 3 3 V V 1 ATA 1 ts

GTG 1 1 3 V 3 63 V 2 6 ATA 2 ts

151 Q151M CAG 86 91 91 59 13 93 96 98 93 ATG 2 tv G0.001

CAA 12 7 5 37 83 6 4 2 4 ATG 1 ts, 2 tv

184 M184I ATG 100 100 100 100 100 100 100 100 100 ATA 1 ts 0.97

M184V ATG GTG 1 ts 0.97

210 L210W TTG 82 85 65 89 13 9 82 87 11 TGG 1 tv G0.001

TTA 7 9 29 4 7 63 4 9 11 TGG 1 ts, 1 tv

CTG 6 2 1 4 43 19 7 2 72 TGG 1 ts, 1 tv

CTA V V V V 23 2 V V 6 TGG 2 ts, 1 tv

215 T215F ACC 8 96 92 93 43 96 96 4 89 TTC 1 ts, 1 tv 0.41

ACT 88 4 3 V 53 2 V 96 10 TTT 1 ts, 1 tv

T215Y ACC TAC 2 tv 0.37

ACT TAT 2 tv

219 K219E AAA 96 93 17 100 87 93 96 100 92 GAA 1 ts 0.81

AAG 3 5 80 V 10 7 V V 4 GAG 1 ts

K219Q AAA CAA 1 tv 0.60

AAG CAG 1 tv

*ts indicates transition; tv, transversion.
†P value calculated using the KruskalYWallis test and a value of 2.5 for a transversion and 1 for a transition. For statistical reasons, a random sample of 20% of the subtype B and

all sequences classified with a subtype other than B were included in the KruskalYWallis test.
‡Number of sequences between brackets.
§CRF01_AE.
||CRF02_AG.
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protease (70%) and 1338 RT sequences (69%). A total of 556
protease and 604 RT sequences were classified as a non-B
subtype. Among these sequences, subtype C was the most
common subtype (11%).

Protease Inhibitor-Associated Resistance

Major Substitutions

Most codons were remarkably conserved among the
subtypes on positions with major protease substitutions
(Table 2). Interestingly, only at position 82 a codon was
identified that did make an impact on the genetic barrier.
Here, most subtype G sequences had an isoleucine (ATC)
compared with valine (GTC) in other subtypes. The shortest

distance to a resistance substitution in subtype G would be the
I82T substitution (facilitated by 1 transition from ATC to
ACC), where other subtypes could likewise evolve to V82A
by a single transition from GTC to GCC. The ATC
polymorphism at position 82 was also found in a small
proportion of all other subtypes, except A and F. The ATC
polymorphism also affected the calculated genetic barrier
across the subtypes for substitutions I/V82A and I/V82T (P G
0.001). For the statistical comparison of the calculated
genetic barrier for I/V82A, a score of 1 was used for 96%
of subtype B and 14% of subtype G sequences (these
sequences required a single transition), and a score of 2 was
used for 1% of subtype B and 84% of subtype G (the
sequences needed 2 transitions). Using these scores, an

TABLE 4. Prevalence of Wild-Type (WT) Codons and Its Impact on Calculated Genetic Barrier at NNRTI Resistance-Associated
Positions in Anti-Retroviral-Naive Patients

Codon Substitution
WT

Codon

Proportion (%) WT Codon by HIV-1 Subtype

Resistant
Codon Mutation* P†

A
(73)‡

B
(1338)

C
(213)

D
(27)

F
(30)

G
(89)

J
(27)

AE§
(55)

AG||
(90)

100 L100I TTA 49 87 92 22 80 90 96 91 90 ATA 1 tv 0.01

CTA 34 6 1 63§ 13 4 4 5 4 ATA 1 tv

TTG 8 V V V 3 4 V 2 2 ATA 1 ts, 1 tv

CTG 1 V V 15 V V V V V ATA 1 ts, 1 tv

103 K103N AAA 95 91 93 100 93 99 96 91 97 AAC/T 1 tv 0.35

AAG 1 5 3 V 3 1 V 7 2 AAC/T 1 tv

106 V106A GTA 97 93 12 85 100 98 85 89 97 GCA 1 ts 0.15

GTG V 2 83 V V 1 4 7 V GCG 1 ts

V106M GTA ATG 2 ts G0.001

GTG ATG 1 ts

108 V108I GTA 89 91 91 96 93 35 100 98 88 ATA 1 ts G0.001

GTG 5 2 6 V 7 62 V V 4 ATA 2 ts

181 Y181C TAT 89 93 96 93 13 11 74 100 16 TGT 1 ts 0.80

TAC 5 5 1 4 83 88 15 V 81 TGC 1 ts

Y181I TAT ATT 2 tv 1.00

TAC ATC 2 tv

188 Y188C TAT 100 99 100 96 100 100 100 96 96 TGT 1 ts 0.97

Y188H TAT CAT 1 ts 0.97

Y188L TAT TTA 2 tv 0.07

190 G190A GGA 86 90 95 89 7 91 96 100 93 GCA 1 tv 0.15

GGC 8 3 1 7 7 8 V V 2 GCC 1 tv

GGG 5 4 V V 87 V V V 2 GCG 1 tv

G190S GGA AGC/TC 1 ts, 1 tv 0.16

GGC AGC 1 ts

GGG AGC/T 1 ts, 1 tv

225¶ P225H CCT 71 80 30 72 36 86 67 93 90 CAT 1 tv G0.001

CCC 10 13 64 17 64 10 33 7 8 CAC 1 tv

CCA 6 1 1 V V 2 V V V CAC/T 2 tv

CCG 9 1 1 V V V V V V CAC/T 2 tv

230¶ M230L ATG 100 100 100 100 100 100 100 100 100 C/TTG 1 tv 1.00

236¶ P236L CCT 100 100 100 100 100 100 100 100 100 CTT 1 tv 1.00

*ts indicates transition; tv, transversion.
†P value calculated using the KruskalYWallis test and a value of 2.5 for a transversion and 1 for a transition. For statistical reasons, a random sample of 20% of the subtype B and

all sequences classified with a subtype other than B were included in the KruskalYWallis test.
‡Number of sequences between brackets.
§CRF01_AE.
||CRF02_AG.
¶Not all of the participating laboratories sequenced the nucleotides after position 220. The percentages given for the positions 225, 230, and 236 are calculated using the sequences

for which nucleotides were available for these positions.
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increased genetic barrier was found for subtype G (P G
0.001). Similarly, subtype C also had an increased calculated
genetic barrier for 82A compared with subtype B (P G 0.001).
Furthermore, a decreased genetic barrier was found for 82T
(P G 0.001) in subtypes C and G versus subtype B (P G 0.001)
(Table 5).

Minor Protease Substitutions

The average number of minor protease substitutions
showed an extensive variation between the subtypes (Table 6).
Notably, limited polymorphism (present in G2% in any
particular subtype) was found for L10F/R, K20M/L/T/V,
L24I, V32I, E35G, K43T, I47A/V, F53L, I54V/L/A/M/T/S,
Q58E, G73C/S/T/A, T74P, N83D, and N88D/S. Simi-
larly, polymorphism (present 92% in any subtype) was
found for L10I/V, I13V (980% in subtypes A, G,
CRF01_AE, and CRF02_AG), K20I (990% in subtypes G

and CRF02_AG), K20R, L33F, M36I (970% in all non-B
subtypes, 17% in B), L63P, H69K (990% in subtypes A, C, G,
J, CRF01_AE, and CRF02_AG), and V77I.

The sequences of all individual non-B subtypes
contained on average more minor protease substitutions
relevant for indinavir, nelfinavir, and ritonavir. This increased
number was statistically significant for all particular non-B
subtypes (P G 0.001), except for subtype D. Similarly, all
particular non-B subtypes had a relatively larger number of
substitutions relevant for atazanavir and tipranavir (P G
0.001). A notable diversity was found for amprenavir.
Sequences classified as subtype A or B had on average the
largest number of minor substitutions relevant for this
protease inhibitor. Comparing the individual non-B subtypes
to subtype B only revealed a significant result for subtypes C
(increased genetic barrier, P G 0.001) and A (decreased
genetic barrier, P = 0.001).

TABLE 5. Results of the Statistical Comparisons of the Calculated Genetic Barrier for Substitutions Where a Different Genetic Barrier
Was Calculated Between the Subtypes in Tables 2, 3, and 4

Mutation*

Subtype†

A C D F G J CRF_AE CRF_AG

PI

V82A 0.608 G0.001 0.035 0.751 G0.001 0.019 0.020 0.009

V82T 0.609 G0.001 0.468 0.476 G0.001 0.363 0.024 0.676

NRTI

V75I 0.177 0.567 0.043 0.497 0.243 0.519 0.074 0.786

V118I 0.997 0.470 0.009 0.375 G0.001 0.348 0.513 0.010

Q151M 0.085 0.671 G0.001 G0.001 0.873 0.633 0.225 0.575

L210W 0.113 G0.001 0.500 G0.001 G0.001 0.532 0.213 G0.001

NNRTI

L100I 0.295 0.010 0.089 0.542 0.576 0.188 0.202 0.151

V106M 0.166 G0.001 0.732 0.230 0.233 0.024 0.200 0.418

V108I 0.158 0.035 0.429 0.166 G0.001 0.429 0.259 0.290

P225H G0.001 0.231 0.354 0.288 0.514 0.553 0.471 0.084

*Only mutations with P G 0.05 in Tables 1, 2, and 3 were considered as for these mutations a differential calculated genetic barrier was assessed.
†Numbers are P values comparing the calculated genetic barrier between an individual non-B and subtype B. P values were determined using the MannYWhitney U test. Values in

bold were statistically significant (P G 0.001 was required for significant differences because of the BenjaminiYHochberg method to adjust for multiple hypothesis).

TABLE 6. Results of the Statistical Comparison of the Mean Ratio of the Number of Minor Protease Substitutions in a Particular
Non-B Subtype and Subtype B

Protease Inhibitor

Subtype

A C D F G J CRF AE CRF AG

Amprenavir 2.2* (0.001)† 0.3 (G0.001)† 0.6 (0.44) 0.3 (0.15) 0.5 (0.09) 0.4 (0.26) 1.1 (0.78) 0.4 (0.06)

Atazanavir 3.5 (G0.001) 2.6 (G0.001) 2.4 (G0.001) 3.3 (G0.001) 4.8 (G0.001) 3.0 (G0.001) 3.2 (G0.001) 4.8 (G0.001)

Indinavir 2.0 (G0.001) 1.6 (G0.001) 1.6 (0.02) 2.1 (G0.001) 1.6 (G0.001) 2.5 (G0.001) 1.8 (G0.001) 1.5 (G0.001)

Lopinavir/ritonavir 0.9 (0.58) 0.7 (G0.001) 0.8 (0.13) 0.7 (0.06) 0.2 (G0.001) 0.6 (0.001) 0.6 (G0.001) 0.2 (G0.001)

Nelfinavir 1.8 (G0.001) 1.4 (G0.001) 1.3 (0.09) 1.6 (G0.001) 1.6 (G0.001) 2.4 (G0.001) 1.6 (G0.001) 1.4 (G0.001)

Ritonavir 2.0 (G0.001) 1.6 (G0.001) 1.6 (0.02) 2.1 (G0.001) 1.6 (G0.001) 2.6 (G0.001) 1.8 (G0.001) 1.5 (G0.001)

Saquinavir 0.6 (0.03) 0.2 (G0.001) 0.5 (0.05) 0.4 (0.01) 0.3 (G0.001) 1.4 (0.04) 0.3 (G0.001) 0.1 (G0.001)

Tipranavir 7.4 (G0.001) 5.1 (G0.001) 4.2 (G0.001) 3.9 (G0.001) 7.1 (G0.001) 5.3 (G0.001) 7.4 (G0.001) 7.4 (G0.001)

All minor mutations 1.4 (G0.001) 1.2 (0.002) 1.2 (0.48) 1.3 (0.02) 1.7 (G0.001) 1.7 (G0.001) 1.2 (0.09) 1.7 (G0.001)

*Ratio of the mean numbers of minor protease mutations included in the IAS-USA list for the drug given at the beginning of the row, in particular non-B subtype compared with
subtype B. A value of G1 indicates a smaller number of minor mutations as compared with subtype B, 91 means a higher number.

†P values comparing particular non-B subtype with subtype B as obtained by MannYWhitney U analysis. P values in bold and italics were significant at an FDR of 0.01 following
correction for multiple comparison. Values in bold mean that the non-B subtype contains at average significantly more minor mutations for a particular drug; values in italics indicate
significantly less minor mutations in subtype B.
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Subtype B sequences contained the highest frequency
of minor protease substitutions relevant for lopinavir/
ritonavir. Statistical significance was, however, only reached
for subtypes B versus C, G, J, CRF01_AE, and CRF02_AG
(all P G 0.001). In the same way, subtype B had significantly
more minor protease substitutions relevant for saquinavir ver-
sus subtypes C, G, CRF01_AE, and CRF02_AG (all PG 0.001).

NRTI Resistance-Associated Substitutions

Synonymous differences were common across sub-
types at nucleoside reverse transcription inhibitor (NRTI)
resistance-related positions (Table 3). Interestingly, these
synonymous differences at the nucleotide level did not affect,
in general, the genetic barrier for evolution to NRTI
resistance-associated substitutions. The synonymous differ-
ences in codon usage did only have an impact for 3 co-
dons: V118I (P G 0.001), Q151M (P G 0.001), and L210W
(P G 0.001).

For the V118I substitution, 2 transitions are necessary
for a majority of subtype G to change GTG to ATA, whereas
for most other subtypes only a single transition was needed
(GTT to ATT; P G 0.001).

Similarly, most subtype F sequences and a substantial
number of subtype D sequences have an increased genetic
barrier for the Q151M substitution. In these particular
subtypes, 2 transversions and 1 transition are required to
mutate the wild-type codon CAA to ATG. This contrasts to
other subtypes where only 2 transversions are generally
needed (CAG to ATG; P G 0.001).

Most subtype C, F, G, and CRF02_AG sequences have
an increased genetic barrier for evolution to the L210W
substitution. Strains classified with these subtypes contain
either the CTG or the TTA polymorphism at this position.
Both the CTG and TTA codon facilitate the L210W
substitution by 1 transition and 1 transversion (CTG or TTA
to TGG, P G 0.001). Other subtypes generally require 1
transition less to mutate codon 210 from TTG to TGG.

NNRTI Resistance-Associated Substitutions

All subtypes contained the same amino acids at all
NNRTI resistance-related positions. At several positions, a
few subtypes could be distinguished by synonymous differ-
ences at the nucleotide level. These synonymous differences
did only affect the calculated genetic barrier for substitutions
V106M, V108I, and P225H (all P G 0.001, Table 4).

The previously reported codon GTG at position 106 of
subtype C,3 which has a reduced genetic barrier for V106M,
was also found in this study. Interestingly, the GTG codon
also occurred in a few other subtypes including B. This
suggests that V106M can occur at low incidence in subtypes
other than C.

For the V108I substitution, a majority of subtype G
sequences required 2 transitions to substitute GTG to ATA,
which is 1 additional transition compared with other subtypes
that only need a single transition to evolve from GTA to ATA
(P G 0.001).

Finally, at position 225, a minority of subtype A
sequences contained the codon CCA or CCG (proline), which

requires 2 transversions for evolution to the drug-resistance-
associated substitution CAT or CAC (histidine). Subtype A
has an increased genetic barrier compared with other sub-
types, which contained a CCT or CCC codon that required
only a single transversion (P G 0.001 compared with subtype B).

Geographical Differences

The codons associated with a differential calculated
genetic barrier were compared between countries. Compared
to subtype G sequences from other countries in Europe, the
Portuguese subtype G sequences included a relatively larger
proportion of polymorphisms associated with an increased
genetic barrier at RT positions 108, 118, and 210. Other inter-
subtype geographical differences were not found (data not
shown).

DISCUSSION
The genetic barrier is an important factor for the

development of HIV drug resistance. Because of huge genetic
variability in HIV-1, particular subtypes could have different
genetic barriers for drug resistance substitutions. In the
present study, nearly 2000 protease and RT gene sequences
(9600 non-B) obtained from anti-retroviral-naive patients
were compared for differences between HIV-1 subtypes in
the calculated genetic barrier. Remarkably, the genetic barrier
was similar for all subtypes at almost all positions. In
addition, for the few positions where differences were found,
a higher genetic barrier was frequently calculated for some
individual non-B subtypes.

In protease, a different genetic barrier was only com-
puted for 82A and 82T (increased and decreased genetic bar-
rier in subtypes C and G, respectively). In general, 82A and 82T
have a comparable impact on protease inhibitor susceptibility.7

Extensive differences between the subtypes were found
for the minor protease substitutions. Importantly, in vitro
studies have shown that minor protease substitutions do not
impair drug susceptibility, but that they affect the genetic
pathway of resistance likely by modulating the fitness and
resistance once the virus generates a relevant major
substitution.14,15 Minor protease substitutions may influence
resistance pathways, which could explain that some subtypes
selected D30N and others L90M under nelfinavir expo-
sure.16,17 In this respect, the findings from this study provide
important data, as it can be expected that drug resistance to a
particular protease inhibitor is enhanced in some subtypes.

The NRTI resistance-associated substitutions where an
increased genetic barrier was found included V118I in
subtype G sequences, Q151M in subtypes F and D, and
L210W in subtypes C, F, G, and CRF02_AG. The V118I
substitution occurring in isolation has probably no significant
impact on drug susceptibility. More important is the Q151M
substitution, which is part of a multi-NRTI resistance
complex that is associated with resistance to all NRTIs.7

For NNRTI resistance-related substitutions, a differen-
tial genetic barrier was found for V106M (reduced genetic
barrier in subtype C), V108I (increased genetic barrier in
subtype G), and P225H (increased genetic barrier in subtype
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A). The V106M substitution confers high-level resistance to
all NNRTIs.3 V108I and P225H each contribute to efavirenz
resistance when present in combination with other NNRTI-
associated substitutions, but occurring alone they do not
confer measurable in vitro.7

An explanation why so few major differences were
found is difficult to give. A possible explanation is that
antiretroviral drugs target sites that are functionally important
and which are therefore well conserved across the subtypes.
The functional importance is highlighted by the reduced
fitness found in many sequences containing major drug-
resistance-associated substitutions.18 Finally, although the
amino acids are fairly well conserved across the subtypes, it
cannot be excluded that for subtypes D, F, and J relevant
differences were missed because of their low numbers.

The G Y A hypermutation19 is the most frequently
occurring nucleotide mutation in HIV-1.20,21 The model used
for calculating the genetic barrier did not account for the G Y
A hypermutation. But comparison of the wild-type and the
drug resistance codons shows that this hypermutation does
not contribute to a differential genetic barrier between any
subtype. Not including the G Y A has therefore not impacted
on the results.

The genetic barrier was computed using a transitionY
transversion bias of 2.5. Importantly, the appropriate statis-
tical tests for comparison of the calculated genetic barrier V
the KruskalYWallis and MannYWhitney U test V are based
on rank order.22 The rank orders are not influenced by the
absolute value of the transitionYtransversion bias. As a
consequence, choosing another value for the transitionY
transversion bias would have led to similar results.

The genetic barrier is an important determinant for
emergence of drug resistance. Other factors, however, also
contribute to the development of resistance. These include
viral (eg, replication capacity of the drug-resistant virus,
genetic background, host cell tropism, mutations outside
protease and RT) and host factors (eg, immune control and
target cell availability).18

In addition, this study considered the substitutions as
defined by the IAS.7 These substitutions were predominantly
identified in subtype B viruses. Drug-resistance-associated
amino acid substitutions that might be identified in the future
as being relevant for non-B subtypes could not be considered.

The importance of some of the positions and subtypes
with a differential genetic barrier has been reported previ-
ously.23,24 These studies included a smaller number of
subtypes, did not quantify the genetic barrier, and omitted
the minor protease substitutions. Dumans et al23 analyzed the
influence of synonymous genetic polymorphisms mutational
routes to drug resistance in a smaller number of Brazilian
treatment-naive patients that were limited to subtypes B, C,
and F1 sequences. Interestingly, they also found that subtype
F has a higher genetic barrier to acquire the Q151M and the
L210W substitutions as compared with subtype B.23

Turner et al24 compared nucleotide mutations and
polymorphisms at codons known to confer resistance in
subtype B. Their findings also identified the GTG polymor-
phism at RT position 106 of subtype C and the expected
selection of I82T substitution in subtype G. Unfortunately,

because of small numbers of sequences, differential genetic
barriers were not identified in several subtypes.24

Clinical studies that investigated the antiviral effect of
different regimens have not revealed any clear association
between HIV subtype and virological response.25,26 A first
report compared virological response to therapy in 479
therapy-naive patients, including 4.4% infected with HIV of a
non-B subtype who were starting treatment in Canada. It was
found that the virological response was independent of
subtype.25 Another study also found no evidence of
differential virological response in 113 children infected
with viruses of different subtype in Europe.26

In conclusion, this study found only limited differences
between subtypes in the calculated genetic barrier for
evolution to major drug-resistance-associated substitutions.
These results imply that subtype diversity is of minor
influence on the patterns of resistance substitutions that will
emerge. Particular subtypes could, however, enhance prote-
ase inhibitor resistance due to the presence of a larger number
of relevant minor substitutions. The results of this study are of
the utmost importance for the clinical management of the
increasing number of patients across the World that receive
treatment of HIV.
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