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Abstract
Objective—Our objective was to analyze the pathways leading to resistance of HIV to the
integrase (IN) inhibitor raltegravir (RAL).
Design—Three HIV-infected individuals exhibiting RAL resistance pathway switching were
characterized using longitudinal analysis of viral samples from plasma.
Methods—454/Roche pyrosequencing was used to generate approximately 74 000 sequence
reads from the integrase coding region. Effects of error were controlled by denoising with
Pyronoise, and by comparison to approximately 142 000 control reads from HIVNL4-3. Viral
lineages were modeled quantitatively using viral serial pathway analysis (vSPA).
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Results—All three patients showed transitions from the N155H pathway to the Q148H/G140S
pathway. Analysis with vSPA revealed complex pathways to the final genotype, probably
involving both de-novo mutation and recombination. No reads contained both the N155H and
Q148H drug resistance mutations (DRMs), indicating that the double mutant is not a prominent
intermediate, consistent with low fitness. To characterize possible drug-resistant variants
circulating prior to therapy, we sequenced approximately 70 000 reads from samples collected
prior to initiating treatment. Although some preexisting drug-resistant variants were detected,
N155H, the first major DRM present after initiating RAL therapy, was not detected.
Conclusion—The main DRMs are present at very low levels if at all prior to initiating therapy.
We also outline general methods for deep sequence analysis of DRMs in longitudinal HIV
samples.
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Introduction
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The high mutation rate of HIV can result in rapid development of drug resistance [1,2]. For
raltegravir (RAL), which inhibits DNA strand transfer by integrase (IN) [3-5], resistance
mutations typically arise in the part of the integrase gene encoding the catalytic domain
[6-8]. Three codons can mutate to generate primary resistance mutations, which encode
Y143R/C/H, Q148H/R/K, and N155H. Each primary drug-resistance mutation (DRM) is
associated with a preferred set of accessory mutations [9,10].
Patients who exhibited virologic failure following RAL treatment often switch from one
resistance pathway to another [10,11]. Specifically, the N155H pathway is commonly
replaced by the Q148H/R/K pathway, resulting in reduced susceptibility to RAL and
improved viral replication capacity [9,10]. However, questions remain regarding the nature
of the switch, such as whether resistance mutations were present before treatment, and the
nature of intermediates during pathway switching.
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Here we investigated three patients for whom conventional viral population genotyping
identified an N155H to Q148H pathway switch. Longitudinal analysis of viral population
evolution under RAL pressure was performed using 454/Roche pyrosequencing [12], which
is well suited to tracking viral variants in complex populations [13-20]. We used the
Pyronoise preclustering method for controlling error [21] and performed longitudinal
analysis of serially sampled viral populations using viral serial pathway analysis (vSPA)
[22] for rigorous lineage analysis. Particularly deep sequencing was also carried out on
pretreatment samples and controls to investigate the abundance of possible preexisting
resistance mutations.

Methods
Deep sequencing of viral populations
Plasma samples were obtained from patients at multiple time-points and sequenced
(Supplementary Tables 1-3, http://links.lww.com/QAD/A165). Details of sample
preparation are in the Supplementary Methods section, http://links.lww.com/QAD/A165
[23]. For the analysis below, we assume that losses during the viral isolation and cDNA
synthesis steps are negligible (personal communication from manufacturer). All
pyrosequence reads are available from our laboratory (at this writing, there is no public
database accepting deep sequencing data). Sample metadata according to the MIMARKS
standard [24] is available in Supplementary Table 4, http://links.lww.com/QAD/A165.
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Bioinformatic analysis
All pyrosequence reads were filtered for exact matches to barcodes and primers, and to
remove shorter reads (<200 bases long) and reads with more than two ambiguous base calls,
which are often error-prone [25]. Output sequences were assigned to each patient/time-point
combination using DNA bar codes embedded in the amplification primers. Details of data
processing including implementation of Pyronoise and vSPA, as well as simulation-based
statistical procedure for identifying DRMs can be found in the Supplementary Methods
section, http://links.lww.com/QAD/A165.
Computation was carried out on a Dell Power Edge Cluster with 32 cores. Simulations and
statistical tests were carried out using R.
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Re-sampling statistics for numbers of starting genomes assayed in sequencing
experiments after PCR amplification
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Given an initial sample of n viral genomes, amplified by f PCR cycles for an amplification
factor 2f, and sequenced to yield s sequences, how many of the n original genomes will be
detected among the s sequences? Let this quantity be defined by a random variable Y.
It can be shown that Y has a mean

and variance
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These formulae assume sampling with replacement, which is reasonable given the large
number of amplified genomes from which we are sampling. This approximation is validated
by comparisons in each case with 100 sampling simulations without replacement for 35 PCR
cycles (Supplementary Table 2, http://links.lww.com/QAD/A165; values labeled
‘Simulations’ and ‘Formula’). Further, the equations are independent of f in the limit of 2f
→ ∞, which too was validated with simulations in the ranges of n and f studied (data not
shown). These equations, thus, provide a concrete measure of the completeness of sampling
and the extent of possible over-sampling due to oversequencing. To calculate the proportion
of sequence reads corresponding to independent viral templates in the starting plasma
sample, we used (Y/s), which has mean E(Y)/s and variance (Var(Y)/s2). Oversampling is
then simply 1 – (Y/S).

Results
Participants studied
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The three patients studied showed a drop in the viral load in the first few weeks of RAL
treatment, followed by a rebound with development of resistance. Population genotyping
with Sanger sequencing identified N155H as one of the first integrase DRMs to appear, but
later the Q148H mutant predominated. For each patient, we studied a baseline sample,
obtained just prior to RAL initiation, and several time-points after initiating therapy
(Supplementary Tables 1 and 2, http://links.lww.com/QAD/A165).
Longitudinal samples assayed using pyrosequencing
HIV RNA was extracted from each plasma sample, reverse-transcribed, and PCR amplified
to examine bases 3906 through 4288 (numbering of the HIV-1NL4-3 genome). This
corresponds to integrase codons 45–171, which span the reported major DRM sites. PCR
products were purified and then sequenced using 454/Roche pyrosequencing. RNA and
DNA controls from HIV-1NL4-3 were also included in this experiment. All samples analyzed
are summarized in Supplementary Table 1, http://links.lww.com/QAD/A165.
Control of error is central to studies of the low abundance resistance mutations. Error in this
study could originate from the reverse transcription step, the PCR step, or the sequence
determination step. We used Pyronoise for control of sequencing error [21]. Pyronoise
operates in a Bayesian framework to cluster sequence reads as light intensity values
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(flowgrams) prior to interpretation as base calls. The resulting clusters are termed OTUs.
The number of Pyronoise OTUs was then interpreted as the number of unique variants at
each time-point (Supplementary Table 1, http://links.lww.com/QAD/A165). No single OTU
occurred in more than one patient and no HIV-1NL4-3 control OTU was detected in any
patient. Thus, there was no detectable contamination between samples.
To determine the optimal parameters for use in the Pyronoise analysis, we generated a first
set of parallel HIV-1NL4-3 controls (443 reads; Supplementary Table 1,
http://links.lww.com/QAD/A165), wherein the correct number of OTUs is known to be one
(Fig. 1a and b). Under the parameters used, the two HIV-1NL4-3 RNA read sets (one each for
forward and reverse direction sequencing) each yielded one OTU, whereas the HIV-1NL4-3
DNA sets yielded one and two OTUs. Examination of the output showed that an artifact at
the extreme edge of the sequence reads led to the formation of two OTUs in one DNA
control set. Thus, we conclude that Pyronoise processing resulted in effective though not
perfect control of inflation of OTU numbers due to sequencing error. A much larger set of
141 582 HIV-1NL4-3 reads was generated for comparison to the deeply sequenced sets for
pretreatment time-points and is discussed below.
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We estimated the error for the reverse transcription step to be 2e–4 base substitutions per
nucleotide by comparing the HIV-1NL4-3 DNA and RNA sets. For PCR, the error rate
(estimated by the manufacturer) is 1e–5 base substitutions per nucleotide per replication
cycle, which results in 1.75e–4 base substitutions per nucleotide over 35 cycles of PCR.
Thus, presequencing misincorporations add up to 3.75e–4 per nucleotide. Comparison to the
measured overall rate leaves approximately 8e–4 base substitutions per nucleotide resulting
from the pyrosequencing procedure. This is applicable to the highest quality portion of the
reads over which such errors are uniform. In the 3′ part of the reads, the error rate rises
sharply, illustrated in Figure 1c and d with data generated from re-sequencing of HIVNL4-3.
The presence of homopolymers had no influence on base substitution frequency with our
alignment protocol. Our pyrosequencing error is slightly lower than that in previous studies,
which used full reads and not just high-quality regions [14,15,26].
An MSA was constructed with de-noised OTUs. Positions of codon polymorphisms within
each patient over time are shown in Fig. 2a–c. The sequence reads were then translated in
silico, and the known integrase DRM sites were abstracted to create an integrase resistance
amino acid profile for each patient (Supplementary Figure 1, A-C,
http://links.lww.com/QAD/A165).
Longitudinal analysis of drug resistance pathways
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In the pyrosequence data, the majority of early primary mutations encoded N155H in all
three patients, whereas the majority of later primary mutations encoded Q148H, confirming
the pathway switch inferred from population genotyping. There was no evidence of any
double mutant variants harboring both 155 and 148 pathway primary mutations. All DRMs
detected by population genotyping (Supplementary Table 1,
http://links.lww.com/QAD/A165) were also detected by deep sequencing. A methodological
concern is that recombination during RT-PCR in vitro may link DRMs artifactually, but no
recombinants encoding both substitutions were observed. We did not find evidence of
preexisting integrase inhibitor-related primary mutations (positions 143, 148, and 155) prior
to initiating therapy in this first pass analysis.
To track the evolution of drug-resistance lineages in a rigorous fashion, we used the vSPA
algorithm [22]. For each sequence, a normalized distance vector over all other sequences is
used to construct a correlation matrix. Sequences with more than a threshold correlation
coefficient are clustered together based on a distribution of such matrices obtained from
AIDS. Author manuscript; available in PMC 2012 June 06.
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permuted datasets, and clusters across serial samples are linked based on average genetic
distance to yield a longitudinal phylogenetic network (Fig. 3).
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In patient 1 at month 3 after initiating treatment, N155H predominated, though there were
rare variants with Q148R and Q148H present (Figs 2a and 3a). Some but not all of the
Q148H codons were associated with G140S (middle of month 3 panel in Figs 2a and 3a).
Even though the most common substitution at position 148 at month 3 encodes Q148R, it
does not occur together with any accessory mutations at codon 138 or 140. Two separate
lineages were detected at all three time-points, distinguished by polymorphisms at codons
encoding amino acids 124, 125, 129, 130, and 139 (Figs 2a and 3a). Each of the collections
of DRMs (N155H, Q148R, and Q148H + G140S) was found on both backgrounds. For most
of the mutations, it is simplest to assume that the mutations arose once and recombined onto
the different backgrounds. However, for the G140S mutation, the codon is directly adjacent
to the polymorphic codon 139, so in this case, recombination would need to break exactly
between the two codons to generate the observed genotypes. Thus, independent mutation to
generate the G140S substitution on the two backgrounds seems more likely.
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Patient 2 also showed N155H switching to Q148H + G140S, but N155H was still detected at
low abundance even after 8 months of therapy and a complex collection of
intermediateswere detected over the period sampled. After 3 months of therapy, N155H,
Q148K, and Q148R all coexisted (Figs 2a and 3b). The Q148K + E138K combination was
evident at month 3, and though this combination is reported to be a potent RAL escape
variant [8], it was not detected subsequently. By month 4, only the N155H variants were
detected, whereas by month 8 Y143R, Q148H, and N155H all were detected. At month 12,
Q148H was the majority but N155H was still detectable, whereas Y143R was not. Patient 2
was the only participant in whom Y143R and N155H were detectable at later time-points.
Tracking the origin of drug resistance lineages using vSPA indicated that all primary DRMs
derived from a single ancestral cluster present before initiation of therapy. We also detected
T97A, an accessory mutation for Y143R, and L74M and E92Q, accessory mutations for
N155H, from the forward read sets (data not shown).
In patient 3, three clusters were detected at time 0, one of which went on to give rise to the
N155H drug-resistant lineages by month 3. A different lineage derived from the same
ancestral group emerged at month 5 and acquired the Q148H + G140S mutations, which
persisted there-after. Q148H replaced N155H after 5 months.
In-depth analysis of pretreatment time-points
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An important question in understanding the origin of RAL resistance is whether resistance
mutations were present in the viral population prior to initiation of therapy. We, thus, carried
out deeper sequencing analysis of the pretreatment time-points. RT-PCR products were
sequenced in both directions, yielding 69 862 sequence reads, ranging from approximately
18 000 to approximately 26 000 for each of the three participants.
In designing such a study, it is desirable to avoid sequencing multiple PCR products derived
from a single viral genome, as this would waste sequencing effort and potentially confuse
the analysis. To minimize this potential problem, the number of viral RNA templates in each
RT-PCR reaction was arranged to be greater than the number of pyrosequence reads
ultimately determined (Supplementary Table 2, http://links.lww.com/QAD/A165). For each
sample, 800 μl of plasma was used for RNA purification, and all was used for RT-PCR, so
the predicted numbers of templates (assuming full recovery of RNA) were 27 440, 32 560,
and 29 440 for patients 1-3, respectively. The numbers of sequences for each sample were
lower, 24 937, 16 461, and 24 943 respectively, and distributed between the forward and
reverse directions (Supplementary Table 2, http://links.lww.com/QAD/A165).
AIDS. Author manuscript; available in PMC 2012 June 06.
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An important question centers on how many of our sequence reads corresponded to different
viral genomes present in the initial preamplification sample, and how many were duplicates
generated during PCR. We devised a general formula relating the number of viral genomes
in the starting sample to the number observed in the sequence output (Methods section). For
the three pretreatment samples, we calculated 72–93% of the sequence reads corresponded
to independent viral genomes from the starting RNA sample (Supplementary Table 2,
http://links.lww.com/QAD/A165).
We next investigated the numbers of variants present in the pretreatment samples. To assess
reproducibility, the results from the first pass low coverage analysis of the pretreatment
samples were compared to the second much deeper analysis. OTU sets were reconstructed
and analyzed for the high accuracy 5′ part of the reads for both experiments. We plotted the
proportion of reads contributed by each OTU within each participant in the two experiments
(Fig. 4a). OTUs mostly fell near a line from lower left to upper right, indicating rough
reproducibility between experiments. To assess concordance, we divided OTUs into those in
the upper 95% of abundance or lower 5% in each experiment (Fig. 4a, indicated by red
lines) and asked how many OTUs were concordant between experiments (that is present in
the lower left and upper right quadrants). We found that 4050 out of 4062 or 99.7% of OTUs
were concordant between experiments by this measure.
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454/Roche pyrosequence determination is error-prone, making identification of low-level
DRMs challenging. We used two strategies to distinguish low-level authentic DRMs in
patient samples from spurious DRMs arising from error. In the first, we determined an
additional 141 582 reads for the same amplicon on a homogeneous HIVNL4-3 template,
calculated the frequency of false calls of DRMs on HIVNL4-3, and then compared these
frequencies to those observed in patient baseline samples. In the second strategy, we
measured the error frequencies in the HIVNL4-3 data and then used the frequencies to model
the expected frequency of spurious DRMs in the patient samples. The first approach has the
advantage of modeling all aspects of the sequence acquisition process, whereas the second
method allows larger numbers of in silico generated control sequences to be compared to the
patient sequences. For both, only the reverse reads were used because these had the highest
quality sequence over the relevant 143–155 coding positions.

NIH-PA Author Manuscript

Figure 4b shows the P values for detection of the major DRMs at amino acids 143, 148, and
155 in pretreatment patient samples when compared to the HIVNL4-3 empirical control. The
results are compared for both the raw sequence data and de-noised data. A few substitutions
show potential significance, including Y143H in all participants and Q148R in participant 3
(Fig. 4b, pink and red shading). However, after correction for multiple comparisons, only
Y143H in participant 3 maintained significance (Fig. 4b, red shading).
A similar analysis was carried out comparing the pretreatment patient sequencing data to
simulations of DRM accumulation due to error (Supplementary Table 5,
http://links.lww.com/QAD/A165). For this, the error rate of 1.2e–3 was used to generate a
set of codons equal to the number sampled for each patient at each codon. A total of 10 000
such simulations were carried out, and the relationship of the observed data to simulated
data assessed. Following correction for multiple comparisons, Y143H attained significance
in both patient 1 and 3, but no other positions survived the test for multiple comparisons.
In all three patients, N155H, which was the first DRM to arise after Raltegravir therapy, as
well as Q148H, which was the majority primary DRM after pathway switch, were not
significantly enriched in the pretreatment samples. Thus, preexisting mutations did not
contribute detectably to treatment failure.

AIDS. Author manuscript; available in PMC 2012 June 06.

Mukherjee et al.

Page 7

Discussion
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We analyzed the evolutionary dynamics of RAL DRMs for three patients who showed a
switch from the N155H to the Q148H pathway. We describe an analytical pipeline based on
Pyronoise and vSPA that may be useful for longitudinal tracking of DRMs in the future,
though we note that computational feasibility becomes an issue with larger datasets. The
pathways leading to the final states were complex, probably involving multiple rounds of
point mutation to generate new variants and recombination to assemble variants on a single
genome.
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Following our initial survey, we sequenced deeply into the pretreatment time-points to
assess whether genomes containing DRMs that became abundant after treatment were
detectable before treatment. Comparisons to control sequences from HIVNL4-3 or to results
of simulations showed that most DRMs were not convincingly detectable above the error
background. We did find significant enrichment for Y143H in one participant by all
measures and possible enrichment in a second (marginally significant relative to HIVNL4-3
and significant relative to simulated data). The Y143C and Q148R substitutions were
marginally significant by some measures but did not survive correction for multiple
comparisons. Codoner et al. [26] also investigated RAL resistance using 454 sequencing and
reported detection of Y143H, Y143C, and Q148R prior to initiation of therapy. Our findings
taken together support the idea that Y143H, and possibly Y143C and Q148R, are authentic
replication-competent polymorphisms that are present in viral populations in the absence of
RAL.
One of the main questions in initiating this analysis was whether the first resistance mutation
to arise, N155H, was present prior to initiating therapy. We found a single read for this
DRM over all patients, which is readily attributable to error. Thus, the primary DRM that
appeared immediately after treatment initiation was not detectable before treatment
initiation, despite sequencing to a depth of approximately 19 000 reads in the reverse
direction, wherein the DRM positions are of highest quality. Similarly for Q148H, the major
form at the last time-point, only three reads were detected, a number also attributable to
error. This is consistent with the idea that viruses with N155H or Q148H substitutions are
considerably less fit than wild-type and so are very low in abundance in the absence of
pressure from RAL.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Results of denoising control data using Pyronoise

RNA from HIV-1NL4-3 particles was purified, amplified by RT PCR, and analyzed by 454/
Roche pyrosequencing. After filtering for error-prone reads, sequences were de-noised using
Pyronoise, which preclusters reads based on light intensity values for each flow prior to
interpretation as base calls. Alignments of a subset of reads are shown before denoising (a)
and after denoising (b). The effects of denoising were also compared at each position in the
HIV-1NL4-3 sequences studied (c and d). Shown are sequences from the forward reads. The
base position is shown on the x-axis and the error rate is shown on the y-axis. Positions are
assigned a homopolymer index of 1-5 (refer key) based on their location on a homopolymer.
For example, a position with index 3 carries a base that occupies the third place on a
homopolymer with a minimum length of 3. Results are compared before denoising (c) and
after denoising (d). The error rates in the high-quality parts of the reads were 1.2e–3 before
denoising and 5e–4 after denoising.
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Fig. 2. Sequence analysis of HIV populations in three participants treated with raltegravir and
undergoing pathway switches from N155H to Q148 + G140S

Nucleic acid sequences are shown for the three participants: (a) patient 1; (b) patient 2; and
(c) patient 3. For economy of display, only codons with polymorphisms over the time course
studied are shown. The display shows the sequence of each operational taxonomic unit
(OTU) detected without reference to their abundance. The numbers to the left of each panel
show the cumulative number of OTUs and the numbers to the right indicate the number of
months since initiating therapy. A key to nucleic acid designations is shown at the bottom.
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Fig. 3. Evolutionary network of mutations following raltegravir treatment inferred using viral
serial pathway analysis

(a) Patient 1. (b) Patient 2. (c) Patient 3. The color of the cluster corresponds to the
frequency of its membership from among sequences in that time-point (see color code).
Viral serial pathway analysis (vSPA) reports all mutations relative to a baseline (in this case,
month 0) ancestral cluster that arise at a level 2× or more in a descendent cluster. Primary
mutations are in red, accessory ones in black, and others in green (shown as the encoded
amino acids). Mutations marked with an asterisk are not known to be associated with any
primary drug resistance mutation (DRM). Clusters can contain one or many operational
taxonomic units (OTUs). The proportion of OTUs within a cluster carrying a particular
mutation is indicated in parenthesis.
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Fig. 4. Analysis of possible drug resistance mutation substitutions present in participants prior to
initiation of raltegravir therapy

(a) Analysis of reproducibility of operational taxonomic unit (OTU) recovery in duplicate
analyses of the pretreatment samples. In this study, the pretreatment time-points were
analyzed twice, once in the low depth first pass analysis and then again in our deeper resequencing study, allowing a comparison of the OTUs recovered. The x and y-axes show the
relative proportion of each OTU in the two experiments. The red lines indicate the 5%
abundance cut-off. To compare consistency, we asked for how many OTUs did the
placement in less than 5% or more than 5% abundance cut-off groups agree (that is, in how
many cases were samples in the lower left or upper right quadrants, indicating concordance).
A total of 4050 OTUs showed concordance, or 99.7% of the total. (b) Table showing P
values for the comparison of drug resistance mutations (DRMs) at 143, 148, and 155 in the
pretreatment samples to error rate measured with the HIV-1NL4-3 sequence controls.
Analysis was carried out both before and after denoising with Pyronoise.
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