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To investigate the extent to which drug resistance mutations are missed by standard genotyping methods, we
analyzed the same plasma samples from 26 patients with suspected multidrug-resistant human immunodefi-
ciency virus type 1 by using a newly developed single-genome sequencing technique and compared it to
standard genotype analysis. Plasma samples were obtained from patients with prior exposure to at least two
antiretroviral drug classes and who were on a failing antiretroviral regimen. Standard genotypes were obtained
by reverse transcriptase (RT)-PCR and sequencing of the bulk PCR product. For single-genome sequencing,
cDNA derived from plasma RNA was serially diluted to 1 copy per reaction, and a region encompassing p6,
protease, and a portion of RT was amplified and sequenced. Sequences from 15 to 46 single viral genomes were
obtained from each plasma sample. Drug resistance mutations identified by single-genome sequencing were not
detected by standard genotype analysis in 24 of the 26 patients studied. Mutations present in less than 10% of
single genomes were almost never detected in standard genotypes (1 of 86). Similarly, mutations present in 10
to 35% of single genomes were detected only 25% of the time in standard genotypes. For example, in one patient,
10 mutations identified by single-genome sequencing and conferring resistance to protease inhibitors (PIs),
nucleoside analog reverse transcriptase inhibitors, and nonnucleoside reverse transcriptase inhibitors (NNRTIs)
were not detected by standard genotyping methods. Each of these mutations was present in 5 to 20% of the 20
genomes analyzed; 15% of the genomes in this sample contained linked PI mutations, none of which were
present in the standard genotype. In another patient sample, 33% of genomes contained five linked NNRTI
resistance mutations, none of which were detected by standard genotype analysis. These findings illustrate the
inadequacy of the standard genotype for detecting low-frequency drug resistance mutations. In addition to
having greater sensitivity, single-genome sequencing identifies linked mutations that confer high-level drug

resistance. Such linkage cannot be detected by standard genotype analysis.

The genetic diversity of human immunodeficiency virus type
1 (HIV-1) results from rapid, high-level virus turnover (ap-
proximately 10! virions and 10® infected cells/day) and nucle-
otide misincorporation during replication of the HIV-1 ge-
nome by the error-prone reverse transcriptase (RT) (30, 32, 37,
39) and possibly by host cell RNA polymerase II. Many mu-
tations do not have a large deleterious effect on viral fitness
and thus accumulate during successive rounds of virus replica-
tion. The diversity of HIV-1 populations supports the hypoth-
esis that important drug resistance mutations already exist in
the virus population prior to the initiation of antiretroviral
therapy, and mutations associated with HIV-1 drug resistance
have been predicted to be present in drug-naive patients at low
frequencies (8). The clinical significance of preexisting, low-
frequency mutations is not clearly defined, but preliminary
data suggest that they may negatively affect response to initial
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and subsequent antiretroviral treatment regimens (20, 21, 34,
47).

Another important source of low-frequency drug resistance
mutations is selection by antiretroviral therapy. Following re-
moval of the selection pressure by either cessation of the drug
or transmission of the virus to another untreated individual,
mutations conferring resistance to the drug(s) often become
undetectable in the virus population, albeit at variable rates
(11, 13). Although the factors leading to loss of drug resistance
mutations are not fully understood, such mutations rapidly
reappear following reinitiation of the antiretroviral therapy
and thus have clinical significance. Optimal management of
treatment-experienced patients will therefore require the best
possible understanding of the frequency and distribution of
mutations in virus populations.

The most commonly employed methods of detection of
drug-resistant variants in HIV-1 populations involve generat-
ing “bulk” RT-PCR product derived from multiple viral ge-
nomes extracted from plasma (18) followed by DNA sequenc-
ing (genotypic analysis) or measurement of the average effect
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on drug susceptibility after insertion of the RT-PCR product
into a proviral HIV-1 clone (phenotypic analysis). Although
these methods provide a composite of the sequences present,
or their phenotypic properties, they are only able to detect
mutants comprising a major fraction of the virus population
(20) and cannot be used to determine linkage of mutations. To
address these shortcomings, we developed a single-genome
sequencing (SGS) technique, based on earlier limiting-dilution
assays (4, 22, 44, 48), that allows more refined analyses of
HIV-1 populations by obtaining DNA sequences derived from
many single viral genomes in a plasma sample. DNA sequences
derived from 20 to 40 single genomes are typically analyzed per
sample, although the number of genomes obtained can be
readily increased. In the present study, we compare the sensi-
tivity of standard genotype analysis to SGS for detection of
HIV-1 drug resistance mutations in plasma samples from pa-
tients with suspected multidrug-resistant HIV-1. Of 26 samples
studied, 24 contained genomes with drug resistance mutations
not detected by standard genotype analysis. In many cases,
these mutations were linked on the same subset of genomes.
Not only is SGS more sensitive for analyzing sequence diversity
than standard genotype analysis, it can identify linkage of mu-
tations on the same genome.

MATERIALS AND METHODS

Viruses. Infectious molecular clones of HIV-1 89.6 and pNLA4-3 were obtained
from the AIDS Research and Reference Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Diseases (NIAID), National Insti-
tutes of Health (NTH).

Clinical samples. Plasma samples were obtained from patients with suspected
multidrug resistance who had prior exposure to at least two antiretroviral drug
classes and who were on a failing antiretroviral regimen. Nineteen of the 26
plasma samples studied were obtained at study entry from patients enrolled in
AIDS Clinical Trials Group (ACTG) protocol 398, which examined single versus
dual protease inhibitor-containing regimens in 481 patients on a failing regimen
containing a protease inhibitor (19). All patients had prior exposure to nucleo-
side analog reverse transcriptase inhibitors (NRTIs) and to one or more protease
inhibitors (PIs); 44% also had prior exposure to nonnucleoside reverse transcrip-
tase inhibitors (NNRTT). Of the 19 samples analyzed, 10 were from NNRTI-
experienced patients and 9 were from NNRTI-naive patients. ACTG protocol
398 was approved by the institutional review boards of the participating centers,
and all patients provided written informed consent for participation in the study
and testing of samples.

Seven plasma samples were collected from treatment-experienced patients on
a failing regimen enrolled in studies at the NIAID Critical Care Medicine
Department clinic at the Clinical Center of the NIH. All studies were approved
by the institutional review board of NIAID, NIH, Bethesda, Md., and all indi-
viduals provided written informed consent.

Standard genotype. Standard genotype analysis for samples from patients in
ACTG 398 was obtained by using a ViroSeq version 2.0 kit (ABI, Foster City,
Calif.) (patients 1 to 18 and 21). Standard genotypes for NIH samples were
obtained by using Visible Genetics TruGene (Toronto, Ontario, Canada) (pa-
tients 19 and 23 to 26) or by testing at a reference laboratory (VircoLab Inc.,
Durham, N.C.) (patients 20 and 22). Mutations reported were those provided by
standard analysis of the sequence output. Although further analysis of the raw
sequence data might have identified mixtures or additional mutations, the goal
was to compare the SGS method with standard sequence output and analysis.

Viral RNA extraction. Between 250 and 1,800 ul of plasma (containing a
minimum of 1,000 copies of HIV-1 RNA) was centrifuged at 16,000 X g for 1 h
at 4°C. After centrifugation, the supernatant was removed, and the virion pellet
was treated with 50 pl of 5 mM Tris-HCI (pH 8.0) containing 200 pg of pro-
teinase K for 30 min at 55°C. The pellet was then treated with 200 pl of 5.8 M
guanidinium isothiocyanate containing 200 wg of glycogen. After adding 270 .l
of 100% isopropanol, the lysate was centrifuged at 21,000 X g for 15 min. The
pellet was washed with 70% ethanol and resuspended in 40 pl of 5 mM Tris-HCl
(pH 8.0) containing 1 pM dithiothreitol and 1,000 U of an RNase inhibitor
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(RNase Out; Invitrogen, Carlsbad, Calif.). The entire viral RNA extraction was
used for cDNA synthesis.

Single-g q ing. Five microliters of deoxynucleoside triphosphates
(10 mM) and 5 pl of random hexamers (50 ng/pl; Promega, Madison, Wis.) were
added to 40 pl of viral RNA, followed by a denaturation step at 65°C for 10 min.
Fifty microliters of reverse transcription reaction mix was added to the denatured
viral RNA mixture (final volume, 100 pl), giving the indicated final amounts or
concentrations of the following components in sterile molecular-grade water:
MgCl, (5 mM), RNase Out (20 U), dithiothreitol (1 mM), 1X RT buffer (In-
vitrogen), and RT (100 U; Superscript IT; Invitrogen). After 15 min at 25°C, the
reaction mixture was incubated at 42°C for 40 min. Following completion of the
reverse transcription step, the reaction mixture was heated to 85°C for 10 min,
held at 25°C for 30 min, and then cooled to 4°C.

To obtain PCR products derived from single cDNA molecules, the resulting
cDNA was serially diluted 1:3 in 2 mM Tris-HCI (pH 8.0) to a maximum dilution
of 1:2,187. Ten separate real-time PCR amplifications were performed for each
cDNA dilution as follows: 2 pl of the cDNA reaction product was added to 10 pl
of PCR mix (final volume, 12 pl) containing the indicated final amounts or
concentrations of the following components in sterile molecular-grade water: 1x
quantitative PCR mix (Invitrogen), MgCl, (increased to a final concentration of
6 mM), internal standard dye (ROX), and the primer-probe set (200 nm each)
for HIV-1 quantification designed to bind to a conserved region of pol: 1849
forward (5'-GGGGGAATTGGAGGTTTTATCA-3") and 3500 reverse (5'-
CATTCCTGGCTTTAATTTTACTGGTACAGT-3") primers and the detection
probe 5'-FAM-TACAGTATTAGTAGGACCTACACCTGTCAACATAATT
GGA-Q-3', where FAM indicates a 6-carboxyfluorescein group and Q
(quencher) indicates a 6-carboxytetramethylrhodamine group conjugated
through a linker arm nucleotide as described previously (28). PCR product was
detected by measuring the amount of fluorescence compared to that of a nega-
tive control. According to Poisson’s distribution, the ¢cDNA dilution yielding
PCR product in 3 out of the 10 real-time PCRs contains 1 copy of cDNA per
positive PCR about 80% of the time. Thus, 70 nested PCRs were then set up
using the cDNA dilution yielding ~30% positive reactions. The nested PCRs
used High Fidelity Supermix (Invitrogen) with primers 1849 forward and 3500
reverse (described above), followed by a nested PCR with primers 1870 forward
(5'-GAGTTTTGGCTGAAGCAATGAGCC-3" ) and 3941 reverse (5'-TTAGT
GGTACTACTTCTGTTAGTGTT3-" ), producing a 1.33-kb amplicon contain-
ing the p6 region of gag, pro, and the first 900 nucleotides of pol. Positive nested
PCRs were identified by agarose gel electrophoresis and sequenced by direct
dideoxyterminator sequencing (Applied Biosystems) in both directions using
overlapping internal primers. Sequences from each plasma sample were aligned
and compared to the HIV-1 subtype B consensus sequence by using Clustal W
software (7, 46). Sequencing reactions that identified more than one amplified
genome were not included in analyses.

Fifteen to 23 sequences from each patient sample were initially analyzed.
Further amplification and sequencing, to a maximum of 46 sequences, was
performed only on those samples that were negative for drug resistance muta-
tions in the initial analysis. Although this analytical strategy might lead to an
underestimation of the total frequency of resistance mutations, it allowed us to
maximize sensitivity of detection with a minimum amount of sequencing, appro-
priate for our goal of determining how many patient samples contained resis-
tance mutations undetected in bulk sequences, not the absolute frequency of
such mutations.

Analysis of assay-related error and recombination rates. The HIV-1 gag-pro-
pol region was amplified from two molecular clones (89.6 and pNL4-3) by using
primers 1849 forward and 3500 reverse (described above). The resulting 1.6-kbp
PCR product for each virus was cloned separately into the vector PCRscript II
(Stratagene, La Jolla, Calif.). Plasmids were purified on columns with a QIA-
GEN kit and linearized by using Notl. The resulting DNA template was quan-
tified and then transcribed with T7 RNA polymerase by using a Megascript kit
(Ambion, Austin, Tex.). The RNA transcripts were diluted to 10° copies/ul and
stored at —80°C.

One thousand copies of RNA transcript for both HIV-1 89.6 and pNL4-3 were
mixed and used as a template in the single-genome sequencing procedure (de-
scribed above). A total of 50 individual sequences (approximately 66,000 nucle-
otides) were analyzed for assay-related misincorporation and recombination.

RESULTS

Properties of the SGS assay. To assess the extent of nucle-
otide misincorporation (polymerase errors) and intertemplate
recombination that may occur during the assay, we mixed RNA
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TABLE 1. Properties of the SGS assay”

No. of No. of No. of No. of No. of run No. of
Sequence genomes bases transitions transversions extensions recombinants
sequenced sequenced (%) (%) (%) (%)
89.6 31 41,218 2 (0.0049) 1 (0.0025) 4(0.0097) 0(<2)
PNLA4-3 19 25,361 3(0.012) 1 (0.0039) 11 (0.039) 0(<2)

“ Approximately 1,000 copies of in vitro transcripts representing the gag-pro-pol region of each virus were mixed and subjected to SGS by the described protocol.

transcripts from two different HIV-1 strains (89.6 and pNL4-3
[10° copies each]) and used the mixture as a template for the
SGS assay (Table 1). Fifty individual sequences totaling 66,579
nucleotides were generated and compared to the published
sequence of the reference strains (http:/www.hiv.lanl.gov).
This analysis showed five assay-related transitions (0.008%),
two assay-related transversions (0.003%), and 15 frameshift
mutations resulting from the addition of one or two A or T
nucleotides to a preexisting run of A or T residues, yielding an
overall assay error rate of 0.033%. Because analyses of patient
samples never yielded frequencies of A or T additions higher
than those of the controls, all sequences with such errors were
corrected by their removal, leaving an assay error rate of
0.011%.

No recombination between the two reference strains was
observed in the 50 sequences analyzed. The reference strains
contain 38 nucleotide differences across the region analyzed,
which equates to approximately 3% difference between the
strains. Thus, assay-associated recombination with SGS was
less than one crossover between two closely related templates
in about 66,000 bp analyzed. Furthermore, gross rearrange-
ments, such as deletion or reduplication of sequence, have
never been observed in more than 3.5 million bases of the same
region from more than 150 patient samples analyzed to date by
SGS.

Comparison of SGS and standard genotypes. To compare
the performance of the SGS assay to standard genotype anal-
ysis, plasma samples from 26 patients on failing antiretroviral
regimens were analyzed by using both methods. All standard
genotyping was done using methods routinely employed for
clinical diagnostics. Between 15 and 46 single-genome se-
quences were analyzed for each patient sample. The absence of
contamination or cross-contamination in these sets of se-
quences was verified by phylogenetic analysis (Fig. 1). In all
cases, the sequences containing resistance mutations form a
monophyletic group with wild-type sequences from the same
patient, and sequences from each patient cluster separately
from those from all other patients as well as a laboratory strain
virus (pNL4-3). Bootstrap analysis of the phylogenetic trees
gave values of =99% for each patient grouping (data not
shown). With two exceptions, the branching pattern within any
individual patient was not strongly supported by bootstrap
analysis, consistent with a common origin and evolutionary
history of all samples analyzed from each patient and excluding
the possibility of any other origin of the sequences. In the two
exceptional patients (1 and 22), the branches separating the
two clades of virus were much shorter than those linking any
patient groups to any another, again consistent with a common
origin.

All of the mutations detected by standard genotype analysis

were also detected by SGS (Table 2). By contrast, many mu-
tations detected in single-genome sequences were not detected
by standard genotypic analysis of the same samples. The pri-
mary drug resistance mutations not detected by standard ge-
notypic analysis varied from patient to patient but included
V82A, 184V, and L90M in protease and M41L, T69N, L74V,
K103N, Y181C, and T215Y in reverse transcriptase. Several
mutations (or polymorphisms) at sites associated with resis-
tance, but not themselves known to cause resistance, were also
observed. These mutations include M184K, V108G, and
L210M in RT.

Percentage of sequences containing drug resistance muta-
tions. The detection of drug-resistant viral variants at a low
frequency is important for monitoring the emergence of drug
resistance mutations and for assessing the influence of prior
therapy on the virus population. The sensitivity of the SGS
method is limited only by the number of sequences obtained.
In this case, we could detect mutations present in 2% of the
genomes sequenced (Table 2). With a single exception, resis-
tance mutations that were present in less than 10% of single
genomes were not detected by standard genotype analysis.
Mutations present in 10 to 35% of single genomes were de-
tected only 25% of the time by standard genotyping, and the
probability of their detection varied by mutation. For example,
the sample from patient 19 contained two nucleoside RT in-
hibitor mutations: one mutation (D67N) present in 30% of
genomes was not detected by standard genotype analysis, and
the other mutation (V118I) present in 21% of genomes was
detected by standard genotype analysis (Table 3). These results
show that the SGS method is more sensitive than standard
genotyping for detection of minor populations of drug-resis-
tant variants in patient samples and suggest that the sensitivity
of mutant detection by bulk analysis varies greatly from base to
base. In addition, the analysis of multiple single genomes al-
lows more refined comparisons of intra- and interpatient viral
diversity (35).

Linkage between specific mutations. Since the frequency of
assay-related recombination is very low, generation of multi-
ple, single sequences from the same patient sample allows the
analysis of genetic linkage of mutations, an analysis that cannot
be performed by standard genotyping methods. Two patient
samples showed clear linkage of resistance mutations (Tables 4
and 5). The sample from patient 22 had 10 resistance muta-
tions conferring resistance to protease inhibitors and nucleo-
side and nonnucleoside RT inhibitors, none of which were
detected by standard genotype analysis (Table 4). Each of
these mutations was present in 5 to 20% of the 20 sequences
analyzed. Fifteen percent of the sequences in this sample con-
tained linked protease inhibitor resistance mutations (L10V,
M461, 184V, L90M, and I93L); that is, all five mutations were
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FIG. 1. Phylogenetic analysis of patient HIV sequences. Phyloge-
netic trees of aligned sequences obtained by SGS from patients en-
rolled in the AIDS Clinical Trials Group study 398 (A) or the NIH
clinic (B) were determined by using the neighbor-joining distance
method, as implemented in the molecular evolutionary genetics anal-
ysis package (http://www.megasoftware.net). Patient identification is
shown next to each group of sequences analyzed. All sequences con-
taining resistance mutations (as defined in the Stanford database) that
were identified by SGS but not found in the standard genotype were
included in the analysis and are shown by filled circles. Four other
sequences, which did not contain unique mutations, were chosen at
random from each patient and are represented by open circles.
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always present on the same genome. In the second example of
linkage (patient 1), 33% of the genomes contained six linked
NRTI and NNRTI resistance mutations (A98S, KI101E,
Y181C, G190A, L210W, T215Y), none of which were present
in the standard genotype (Table 5). These examples demon-
strate that the distribution of resistance mutations can be non-
random in the virus population.

DISCUSSION

Antiretroviral therapy that does not suppress HIV-1 repli-
cation to <50 RNA copies/ml of plasma usually results in
selection of HIV-1 variants encoding drug resistance mutations
(5, 41), leading to treatment failure. The detection of these
drug-resistant variants is important for the selection of subse-
quent treatment regimens that are most likely to be successful
(12). Consequently, standard HIV genotyping has emerged as
an important technique in treatment monitoring (3, 14, 15, 17,
36). The most commonly employed method of HIV-1 geno-
typing involves DNA sequencing of bulk RT-PCR product
amplified from many viral genomes extracted from plasma,
which generates a composite sequence of the virus population.
Although mixtures at specific nucleotide positions can be de-
tected in composite sequences, detection is unreliable for vari-
ants that constitute <30% of the virus population (18). More
sensitive methods are thus needed to characterize the diversity
of drug-resistant HIV-1, particularly in treatment-experienced
patients. We therefore developed the SGS method to refine
the analysis of HIV-1 diversity and to assess the linkage of
specific drug resistance mutations or polymorphisms.

The SGS approach relies on sequencing of PCR product
obtained from amplification of single DNA molecules obtained
by dilution of cDNA derived from plasma viral RNA. This
approach, a variant of a method reported previously (4, 22, 44,
48), was expected to have several important advantages over
the more commonly used method of sequencing DNA clones
derived from bulk PCR product (2, 9, 10, 23, 26, 38, 42, 43).
First, the large majority of errors introduced during PCR
should be undetectable, and thus the assay-based error rate
should approximate that of the RT step. With DNA cloning of
PCR product, PCR errors that accumulate during amplifica-
tion are copied in the cloned DNA. Second, PCR-based re-
combination should not occur with a single cDNA as a tem-
plate for amplifications but is more likely to occur by using
multiple cDNA molecules as a template. Third, resampling of
multiple clones derived from the same initial molecule should
not be possible, whereas this problem can arise with amplifi-
cation and cloning from PCR products, unless each clone is
obtained from a separate PCR (27). The latter approach, used
by a number of investigators (9, 10), is cumbersome and does
not resolve other problems such as accumulation of mutations
during PCR and PCR-based recombination.

Control studies using in vitro transcripts derived from
cloned reference viruses as well as analysis of patient samples
confirmed these expected advantages of SGS. The SGS
method has a background substitution error rate of 0.011%, or
1.1 assay-related errors/10,000 nucleotides amplified, in addi-
tion to a 0.022% rate of elongation of runs of A or T residues.
Because of the design of the assay, we attributed this residual
error rate to the reverse transcription step, consistent with
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TABLE 2. Comparison of standard genotype and single-genome sequencing

No. of resistance mutations”

Resistance mutations found only by SGS”

Patient? PR¢ RT¢
Bulk SGS Bulk SGS PR RT
IN 4 4 0,0 7,5 A98S (33), K101E (33), V179A (7), Y181C
(33), G190A (33), L210W (33), T215Y
33)
2N 8 8 4,0 6,1 A62V (12), K103N (3)
3N 8 10 11,0 17,1 D30G (3), 193V (3) M4IL (3), A62V (3), VT5A (15), K103N
3), V106T (3), VI08F (3), Y115D (3)
4N 2 5 5,0 8,0 M36I (9), M46I (2), V82G (2) D67N (2), M184K (2), T215D (2)
SN 6 10 10 5.0 L10V (2), L24F (2), GT3S (5), A62T (2), K103E (2), F116C (2), V118I (2)
V82I (2)
6 4 5 2,0 6,0 MA46L (5) E44K (2), AG2T (2), D6TN (2), K70R (2)
7 5 5 1,0 2,0 E44A (2)
8 1 3 2.0 4.0 M7V (2), 184K (2) V118D (2), L210M (2)
9 8 9 5.0 9,1 193L (7) F77L (2), K103N (2), V1061 (2), V108G (2)
10 3 3 L0 5.0 T69P (3), V1061 (36), M184I (11), K219N
3
11 5 6 3,0 6,0 M36V (3) M41L (3), V118I (3), T215F (5)
12 8 11 6,0 7,0 M461 (9), 154V (5), 184G (5) V118I (5)
13 2 4 1o 41 M36I (6), A71V (3) E44K (3), L100I (3), P225L (3)
14 2 7 50 50 L10I (4), M46I (13), M46L
(13), V82A (4), N88D (4)
15N 1 2 0,0 0,0 V771 (5)
16N 1 2 0.0 0.0 L10I (5)
17N 6 8 6,0 11,1 M36l (22), A711 (4) T69N (4), K101E (30), K103E (4), K103R
(4), F1168 (4)
18N 8 11 6,2 8,3 G73A (5), G73T (9), V82I (5) L74V (5), Y181C (14)
19N 5 5 3,1 4,1 D67N (30)
20 6 7 4,1 7,3 Ma3e6l (10) L74V (15), L1001 (25), V108I (15)
21N 7 10 6,1 6,1 M36I (10), G73S (5), L9OM KI101R (5)
©)
22N 6 12 10, 2 14,2 L10V (20), M36V (5), M461 T69A (10), K101R (15), V1791 (5), P225H
(15), 184V (15), L9OM (15), 10)
193L (15)
23N 8 10 10, 3 10, 3 K20T (7), L63S (7)
24N 9 9 10, 2 10, 2
25N 12 15 7,2 13,2 K201 (13), K20T (7), I84L (7) E44D (13), D67N (20), K70A (7), V75L
(7), K103E (7), K103I (7)
26N 9 12 7,2 12,2 L10I (6), L33I (3), L63T (3) T69I (16), V751 (19), M184V (3), K219T

(19), K219Q (3)

“ Mutations in retroviral codons associated with drug resistance as designated by the Stanford database (24).
® Mutations in boldface type are considered drug resistance mutations as designated by the Stanford database; parentheses show percentages of genomes containing

mutations. NNRTT resistance mutations are underlined.

¢ Numbers of NNRTI resistance mutations are underlined; numbers of NRTI mutations are not underlined.
@ All patients but one had failed a treatment regimen containing at least one PI and at least two NRTTs. Patients indicated by an N had also been treated with at
least one NNRTI. Patient 20 was untreated but was infected with a multidrug-resistant strain.

¢ PR, protease.

extensions of runs of adenines being the most common errors
observed (45). Although errors also introduced by T7 RNA
polymerase during synthesis of the control templates could not
be excluded, the actual substitution rate of the assay can only
be less than or equal to that observed (0.011%).

To assess recombination during the SGS assay, we per-
formed control experiments in which transcripts from two dif-
ferent HIV-1 genotypes were mixed in equal portions and used
as a template for the SGS method. These control studies re-
vealed no crossovers in 50 genomes sequenced, consistent with
an assay recombination rate of <1/66,000 nucleotides ana-
lyzed. These control data indicate that the genetic diversity
observed among sequences derived from patient samples is not
due to assay-related errors or recombination. This conclusion
is strongly supported by the presence of linked drug resistance

mutations in sequences from patients 1 and 22 (Tables 4 and 5)
and several others that we have analyzed (data not shown). We
also observed no cases of intragenic recombination in the form
of deletion or duplication of sequence.

The absence of bias due to resampling is supported by the
observation that in over 2,700 sequences obtained from pa-
tients with long-term, untreated infection by this method, in-
cluding in some cases over 60 sequences from the same plasma
sample, no two identical sequences have been observed.

Based on the results of others (29), we believe that the rates
of assay-based mutation and recombination are significantly
lower in SGS than in methods based on cloning PCR products.
To our knowledge, however, comparable control studies at
single-copy sensitivity have not been reported for these other
approaches. Furthermore, the SGS assay is reproducible, and
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TABLE 3. Drug resistance mutations in the RT sequence of

patient 19
Mutation at codon”:
Genotype
41 67 103 118 210 215
Wild type M D K \'% L T
Standard L N 1 w Y
SGS
19-1 L N W Y
19-2 L N W Y
19-3 L N W Y
19-4 L N N W Y
19-5 L N W Y
19-6 L N 1 W Y
19-7 L N W Y
19-8 L N W Y
19-9 L N W Y
19-10 L N N 1 W Y
19-11 L N W Y
19-12 L N 1 W Y
19-13 L N 1 W Y
19-14 L N 1 W Y
19-15 L N W Y
19-16 L N W Y
19-17 L N W Y
19-18 L N W Y
19-19 L N W Y
19-20 L N N W Y
19-21 L N W Y
19-22 L N N W Y
19-23 L N N W Y

“ NNRTI resistance mutations are underlined.

separate analyses of the same sample reveals similar minority
variants. For example, in the case of patient 26, the original
dilution used for SGS analysis was too high and only 11 single
genomes were amplified from this dilution, of which six low-
frequency mutations in retroviral codons associated with drug
resistance where identified. SGS analysis of this sample at a
lower dilution produced 21 additional single genomes, and
four of the six low-frequency mutations found in the earlier
SGS analysis were also found in low frequencies in this second
sampling (data not shown).

The amplicon selected for the SGS analysis was an approx-
imately 1,300-bp sequence, flanked by highly conserved primer
sites, extending from the p6 region of gag through pro and 300
codons of pol. This region includes the sites of all mutations
giving rise to PI resistance as well as most RT inhibitor resis-
tance mutations. It is also much better conserved among iso-
lates than sequences in env, making evolutionary analysis more
straightforward.

As we anticipated, SGS was more sensitive than standard
genotype analysis for detection of a broad range of clinically
important drug resistance mutations in pro and pol. In our
analysis of 26 antiretroviral drug-experienced patients, 24 of
the plasma samples analyzed contained between 1 and 10 drug
resistance mutations identified by SGS that were not detected
by standard genotype. Many mutations detected only by SGS
were primary mutations that appear early in the evolution of
resistance to a particular inhibitor. Drug resistance mutations
present in less than 10% of single genomes were almost never
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detected by standard genotype analysis, and mutations present
in 10 to 35% of single genomes were more often missed (75%
of the time) than detected (25% of the time). These findings
agree with the results of a previous study of standard genotypes
that showed highly variable detection of mutants in plasma
samples containing 25% mutant virus (40). Our results also
support the finding that there is a profound underestimation of
HIV-1 resistance mutations when standard genotype analysis is
used (29). While it is possible that modifications to the stan-
dard genotyping protocols used here (such as use of random
hexamer primers) could provide greater sensitivity, our goal
was to compare SGS to commonly used analytical methods,
not to improve on them.

Complex patterns of primary and secondary drug resistance
mutations are often detected in plasma samples from treat-
ment-experienced patients by standard genotype analysis.
However, the genetic linkage of resistance mutations within
and between drug classes is poorly defined. The analysis of
multiple single genomes from an individual patient can reveal
patterns of linkage that cannot be discerned in standard geno-
type analysis. Two of the 26 patient samples analyzed by SGS
showed distinct linkage of multiple mutations. The first sample
contained five linked protease inhibitor mutations in 3 of 20
genomes sequenced. Two of the linked mutations were pri-
mary protease mutations (I84V and L90M), and the other
three mutations were secondary mutations (L10V, M461, and
193L). This finding confirms recent predictions based upon
analysis of standard genotypes from many protease inhibitor-
experienced patients that specific protease mutations can be
linked (16, 20).

The second patient sample showed five linked RT inhibitor
mutations in 33% of the genomes sequenced. Four of the five

TABLE 4. Linkage of specific protease codons in patient 22

Mutation at codon:

Genotype
20 36 46 48 54 63 71 82 8 90 93

M M G I L A V I L I

Wild type

-
~

Standard I

<
<
—
a~]
>

SGS
22-1
22-2
22-3
22-4
22-5
22-6
22-7
22-8
22-9
22-10
22-11
22-12
22-13
22-14
22-15
22-16
22-17
22-18
22-19
22-20

e e e
SEEEEEEEEEEEEEREREREKRKLR
<< << < <<< << << <K<
HHEAEEAEA HH A EEE S
ja-Baviia-Raviia-RaviiacBavliacRaviaclaclaclacBavliacBaviiacRaviiae)
<< d << <<d<<g <<
> > > > > > >




412 PALMER ET AL.

TABLE 5. Linkage of specific RT codons in patient 1

Mutation at codon“:

Genotype
98 101 179 181 190 210 215

Wild type A K \'% Y G L T
Standard
SGS

1-1 S E C A Y

1-2

1-3

1-4

1-5 A

1-6 S E C A

1-7

1-8 S E C A W

1-9

1-10 S E C A W

1-11

1-12

1-13

1-14

1-15 S E C A Y

“ NNRTI resistance mutations are underlined.

linked mutations are associated with resistance to nonnucleo-
side reverse transcriptase inhibitors (A98S, K101E, Y181C,
and G190A); the remaining linked mutation (T215Y) is asso-
ciated with resistance to zidovudine, a nucleoside reverse tran-
scriptase inhibitor. This result indicates that linkage of resis-
tance mutations is not limited to only one class of drugs.
Importantly, composite sequencing was unable to identify
these specific mutations or their linkages in either patient.

Our analysis of this highly drug-experienced patient group
reveals that the large majority has mutations conferring resis-
tance to important groups of antiviral drugs at levels substan-
tially less than 100%. Like many patients failing antiviral ther-
apy, this group has a long and complex treatment history with
many changes in the drugs used. It is well known that resis-
tance to specific antiviral drugs declines (albeit at highly vari-
able rates) with time after their discontinuation (1, 11, 25). It
is therefore likely that low levels of resistance mutations ob-
served are due to drugs that have failed in the past and have
been discontinued.

The clinical significance of low levels of mutations confer-
ring resistance to antiviral drugs remains to be fully assessed.
Preliminary evidence suggests that minor drug-resistant vari-
ants which may be missed by standard genotyping can lead to
the failure of subsequent treatment regimens (6, 31, 33).
Clearly, there must be a threshold level below which the risk of
failure declines to that of drug-naive patients. However, the
levels of such variants detected in many patients in this study
are well above those seen in untreated patients (S. Palmer, V.
Boltz, F. Maldarelli, J. Mellors, and J. M. Coffin, unpublished
results). Furthermore, the risk of failure is almost certainly
much greater if mutations conferring resistance to multiple
drugs are linked on the same genomes, as is the case with some
of the patients analyzed here. Further studies designed to
relate the presence, frequency, and linkage of mutations de-
tected by SGS to virologic response are under way.

In conclusion, we have developed a single-genome sequenc-

J. CLIN. MICROBIOL.

ing method that is more sensitive than standard genotyping
methods for the identification of minor populations of drug-
resistant mutations in patient samples. In addition to its
greater sensitivity, SGS permits detection of linked mutations
that confer high-level drug resistance. Analysis of multiple
single genomes provides a new level of sensitivity for under-
standing the evolution of viral populations and response to
antiretroviral therapy.
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