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Abstract

The presence of many highly unusual HIV-1 mutations at a minority variant threshold by next-generation
sequence (NGS) may indicate that a high proportion of variants at or just above the threshold represent PCR
errors. The validity of this hypothesis depends on the concept that highly unusual mutations detected by
population-based sequencing are also highly unusual within a person’s virus population. Highly unusual mu-
tations were defined as mutations with a prevalence <0.01% in group M HIV-1 direct PCR population-based
Sanger sequences in the Stanford HIV Drug Resistance Database. Single genome Sanger sequences [single
genome sequences (SGSs)] were analyzed because they are not subject to PCR error. Permutation analyses
compared the proportion of highly unusual mutations in SGSs with the empirical frequencies of these mutations
in repeated random selections of population-based sequences. We created a database of 11,258 pol SGSs in 963
plasma samples from 345 persons with active virus replication and analyzed the subset of samples containing 10
or more SGSs. Highly unusual mutations occurred more commonly in samples undergoing SGS compared with
population-based sequencing in protease (3.9% vs. 0.8%; p<.001), reverse transcriptase (6.5% vs. 1.5%;
p<.001), and integrase (5.0% vs. 1.8%; p<.001). Highly unusual mutations occur more commonly in SGSs
than in population-based sequences. However, they comprise a small proportion of all SGS mutations sup-
porting the concept that the presence of many highly unusual mutations just above an NGS threshold suggests

that the threshold is too low.

Keywords: next-generation sequencing, HIV-1 pol, mutation, single genome sequencing, PCR

Introduction

NEXT—GENERATION SEQUENCING (NGS) is increasingly
performed for HIV-1 genotypic resistance testing.'
However, low levels of plasma viremia and/or inefficient
RNA extraction, reverse transcription, or PCR amplification
may result in a low number of amplifiable cDNA templates.
In such scenarios, as well as when the threshold for detecting
low abundance variants is set too low, much of the observed
variability in an NGS sequence may reflect PCR error rather
than authentic mutations.”> Distinguishing between these
possibilities is important for interpreting the results of deep
NGS.

We have previously hypothesized that an excess of highly
unusual mutations—mutations rarely observed by population-
based dideoxynucleoside Sanger sequencing in public se-
quence databases—at a particular NGS threshold suggests
that the unusual mutations reflect PCR error rather than au-
thentic variants. In this scenario, we have suggested that a
higher NGS threshold should be used for detecting low

abundance variants because both the unusual and usual mu-
tations above the original threshold are likely at increased
risk of being PCR artifacts.> This hypothesis depends, in
part, on the concept that mutations that are highly unusual by
population-based sequencing are also highly unusual even at
low levels within a person’s virus population.

To determine whether the distribution of mutations at low
levels in a person’s virus population differs from the distri-
bution of mutations in public sequence databases, we cata-
logued the distribution of amino acids observed in published
single genome sequencing (SGS) studies. SGSs were studied,
as the limiting dilution step down to one cDNA molecule
before PCR amplification prevents SGSs from containing
PCR errors. In contrast, PCR errors are often the main cause
of artifactual mutations detected at low thresholds by NGS.%’
Therefore, most of the amino acid variants detected by SGS
are likely to be authentic even if they are present at low levels,
whereas the same cannot be said for low abundant variants
detected by most NGS studies, particularly those that do not
contain a unique tag for each cDNA molecule.”
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To perform this study, we created a publicly available
database of published SGSs and determined whether the
distribution of amino acid variants in SGSs differs from the
distribution of such variants in published population-based
sequences in the Stanford HIV Drug Resistance Database
(HIVDB).

Methods
Identification of studies with SGSs

A TBLASTN search of the NCBI-GenBank virus se-
quence database (release date February 15, 2019) was per-
formed using the HIV-1 subtype B consensus pol amino acid
sequence. BLAST hits with an e-value <10 were aggre-
gated into submission sets sharing the same GenBank TITLE
and AUTHORS fields. All submission sets were then re-
viewed for those in which multiple clones were sequenced for
the same plasma sample using dideoxynucleoside Sanger
sequencing. Studies in which cloning was done by limiting
dilution before PCR amplification (i.e., SGS) were distin-
guished from those studies in which cloning was done after
PCR amplification (i.e., molecular cloning).

Studies that contained =100 pol SGSs were added to a
database containing (i) the PubMed ID and associated refer-
ence metadata; (ii) each nucleotide sequence annotated with
the GenBank accession number, gene(s), collection date,
personal identifier, and specimen source, and (iii) the anti-
retroviral treatment (ART) experience of the person from
whom viruses underwent sequencing, including whether the
person was virologically suppressed. The number of nucleo-
tide ambiguities for each sequence was determined; SGSs
containing more than two ambiguities in pol were excluded as
nucleotide ambiguities should occur only very rarely in SGSs.

Definition of highly unusual mutations

Highly unusual mutations were defined using a procedure
described in a GitHub repository (https://github.com/hivdb/
hivfacts) that contains HIV-1 group M mutation prevalence
data retrieved from HIVDB. The prevalence data were de-
rived from database queries of population-based virus se-
quences, from which poor quality sequences had been
filtered. The complete dataset included (i) protease (PR) se-
quences from 186,116 persons, of which 55.0% belonged to
subtype B and 45.0% belonged to a non-B subtype; (ii) re-
verse transcriptase (RT) sequences from 189,748 persons, of
which 52.7% belonged to subtype B and 47.3% belonged to a
non-B subtype; and (iii) integrase (IN) sequences from
22,868 persons, of which 55.2% belonged to subtype B and
44.8% belonged to a non-B subtype. Sequences from ARV-
naive and experienced persons were pooled. The prevalence
of each amino acid at each position was calculated by di-
viding the number of occurrences of all nonmixed amino
acids by the total number of sequences encompassing a po-
sition. Each mutation was counted once per individual. Mu-
tations with a prevalence <0.01% were classified as highly
unusual mutations unless they had been associated with re-
duced ARV susceptibility.

Sequence analyses

Only those SGSs obtained from plasma in patients without
virological suppression were included as plasma viruses in
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virologically suppressed patients are often derived from a
small number of clonally expanded latently infected cells.’”
For each sequence, the HIV-1 subtype and list of mutations
defined as differences from the subtype B consensus se-
quence were determined. Only RT positions 1-240, the most
commonly sequenced, were analyzed: HIVDB contains ex-
tensive prevalence data on the mutations in this region, but
less prevalence data for the more downstream parts of the RT
gene. Signature APOBEC mutations defined as those specific
for APOBEC-mediated RNA editing were determined, with
the presence of three or more being associated with a high
probability of G-to-A hypermutation.* Highly unusual mu-
tations, defined as those having a prevalence of <0.01% in
HIVDB, were also identified.

Each distinct mutation observed in the SGS dataset was
catalogued according to whether the mutation was observed
in a single SGS compared with two or more SGSs in the
complete dataset. The rationale for this distinction is as fol-
lows: although SGS should not contain PCR errors, errors
may be introduced when extracted RNA is reverse tran-
scribed to cDNA (RT error). Such errors have been estimated
to occur at frequencies of between 1 in 10° and 1 in 10*
nucleotides, depending on the commercial enzyme used for
reverse transcription and on the RNA sequence context.
However, compared with mutations observed in a single
SGS, those occurring in 22 SGSs would be much less likely
to represent RT errors.

Compatrison of SGS dataset mutations
with population-based sequencing mutations

Permutation analyses for PR, RT, and IN were performed to
determine whether the numbers of mutations and highly un-
usual mutations differ between SGSs compared with previ-
ously published population-based dideoxynucleoside Sanger
sequences obtained from an equal number of persons. This
analysis involved repeatedly sampling, 1,000 times for each
gene, population-based sequences from HIVDB equal to the
number of samples from which PR, RT, and IN SGSs had been
obtained. Each sampling was designed to have the same dis-
tribution of subtypes and ART history as the sequences in the
SGS dataset. For each population-based sequence, the total
number of mutations, highly unusual mutations, and the pro-
portion of mutations that were highly unusual was calculated.

To determine whether the total number of mutations,
highly unusual mutations, and proportions of highly unusual
mutations per person undergoing SGS differed from these
proportions in population-based sequences, we compared the
means of these values in the SGS dataset with the distribution
of these values in the 1,000 samplings of population-based
sequences. The uncorrected p-value was the tail probability
of the mean values for the SGS dataset relative to the em-
pirical distribution of the mean values for the population-
based sequences.

Results
Description of published SGS studies

Twenty-six published studies containing data from 963
plasma samples, from 345 persons with active virus repli-
cation (i.e., not virologically suppressed) were identified. The
studies contained 8,976 PR SGSs in 681 samples from 310
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TABLE 1. MEAN NUMBER OF MUTATIONS AND HIGHLY UNUSUAL MUTATIONS PER SAMPLE CONTAINING =10 SINGLE
GENOME SEQUENCES

Number Highly unusual Proportion
samples SGSs per Mutations per mutations per highly unusual
Gene (total) sample (mean) sample (mean) sample (mean) mutations (mean), %
PR 404 19.4 9.1 0.35 3.9
RT 429 19.8 13.8 0.90 6.5
IN 253 17.8 17.1 0.85 5.0

RT, reverse transcriptase; PR, protease; IN, integrase; SGS, single genome sequence.

persons, 10,267 RT SGSs in 929 samples from 328 persons,
and 5,438 IN SGSs in 422 samples from 233 persons. After
excluding samples with fewer than 10 SGSs, the dataset in-
cluded 7,831 PR SGSs in 404 samples from 195 persons,
8,493 RT SGSs in 429 samples from 206 persons, and 4,506
IN SGSs in 253 samples from 143 persons. Of the RT SGSs,
78.5% encompassed positions 1-240. Around 67.9% of pa-
tients had one sample and 32.1% had two or more samples.
There was a mean of 20.7 (range: 10—-166) and a median of 18
SGSs (interquartile range: 12-23) per sample. Around 65.7%
of SGSs belonged to subtype B; 23.1% to subtype C; and
11.2% to other subtypes or circulating recombinant forms.
The complete set of sequences from these studies is available
at https://hivdb.stanford.edu/project/sgs

Characterization of SGS mutations

The mean number of SGS mutations per sample was 9.1
for PR, 13.8 for the first 240 positions of RT, and 17.1 for IN
(Table 1). Overall, 3.9% of PR, 6.5% of RT, and 5.0% of IN
SGS mutations per sample were highly unusual (Table 1).

There was a strong correlation between the prevalence of
each SGS mutation and its prevalence in population-based
sequences in HIVDB: PR (r%; Pearson correlation coeffi-
cient)=0.92, RT (+*)=0.86, and IN (+*)=0.88 (Table 2).
While similar high correlations were observed when the
analysis was confined to ART-naive persons, the correlations
in PR and RT were somewhat lower when the analysis was
confined to ~10% of persons who received ART: PR
(r*)=0.66 and RT (+*)=0.69 (Table 2). Similar high levels of
correlation were found when the analysis was done separately
for subtype B, subtype C, and subtypes other than B and C
(Table 2).

TABLE 2. CORRELATION OF MUTATION PREVALENCE
(R*) IN SINGLE GENOME SEQUENCES VERSUS
POPULATION-BASED SEQUENCES

PR RT IN

All 0.92,95 0.86506 0.8843
By subtype

Subtype B 0.88130 0.75140 0~7481

Subtype C 0.9744 0.9445 0.9245

Other subtypes 0.76,3 0.78,, 0.8059
By antiretroviral exposure

Naive 0.85178 0.69189 0.7314()

Treated 0.6618 0~6918 0394

The subscript contains the number of persons from whom
sequences were obtained.

Table 3 shows that mutations occurring in a single SGS
were significantly more likely to be highly unusual compared
to those occurring in =2 SGSs. In addition, 44/78 (56.4%) of
highly unusual PR mutations, 146/247 (59.1%) of highly
unusual RT mutations, and 117/161 (72.7%) of highly un-
usual IN mutations occurred in just a single SGS. Supple-
mentary Tables S1-S3 list each of the highly unusual PR, RT,
and IN mutations that occurred in =3 persons and show their
overall number of occurrences. With few exceptions, these
mutations resulted from transitions. They also did not appear
to result from any consistent pattern of nucleotide substitu-
tions as has been observed with APOBEC3F and 3G-
mediated RNA editing.

Comparison of SGS dataset mutations
with population-based sequencing mutations

The distribution of the number of mutations, number of
highly unusual mutations, and proportion of mutations that
were highly unusual for the 1,000 repeated samples of PR
sequences from 404 virus samples is shown in Figure 1: the
distribution had a mean of 7.7 mutations, of which 0.056
(0.73%) were highly unusual. Among the SGS samples, the
mean number of mutations (9.1), mean number of highly
unusual mutations (0.35), and the proportion of mutations
that were highly unusual (3.9%) were higher than the corre-
sponding numbers detected in all of the 1,000 samplings of
population-based PR sequences from an equal number of
samples (p <.001 for all three comparisons).

The distribution of the number of mutations, number of
highly unusual mutations, and proportion of mutations that

TABLE 3. NUMBERS AND PERCENTS OF DISTINCT HIGHLY
UNUSUAL MUTATIONS IN THE COMPLETE SINGLE
GENOME SEQUENCING DATASET

Distinct Distinct
mutations mutations
occurring occurring
in 1 SGS in 22 SGSs
Highly Highly
unusual unusual
Gene Total number (%) Total number (%) p*
PR 102 44 (43.1) 217 34 (15.7) <1x107°
RT 267 146 (54.7) 552 101 (18.3) <1x107°
IN 243 117 (48.1) 363 44 (12.1) <1x10°°

Highly unusual mutations were defined as mutations with a
prevalence <0.01% in the Stanford HIV Drug Resistance Database.
“Fisher’s exact test.
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Distribution of the expected numbers of mutations, numbers of highly unusual mutations, and proportions of

mutations that are highly unusual in 1,000 direct PCR population-based sequences of HIV-1 protease from 404 virus
samples, from 195 persons matched for subtype and antiretroviral treatment exposure to the SGS dataset. Histograms:
sampling distribution. Dahsed line: mutations present in =1 SGSs. SGS, single genome sequence.

were highly unusual for the 1,000 repeated samples of RT
sequences from 429 virus samples is shown in Figure 2: the
distribution had a mean of 10.0 mutations, of which 0.153
(1.53%) were highly unusual. Among the SGS samples, the
mean number of mutations (13.8), mean number of highly
unusual mutations (0.90), and the proportion of mutations
that were highly unusual (6.5%) were higher than the corre-
sponding numbers detected in all of the 1,000 samplings of
population-based RT sequences from an equal number of
samples (p <.001 for all three comparisons).

The distribution of the number of mutations, number of
highly unusual mutations, and proportion of mutations that
were highly unusual for the 1,000 repeated samples of IN
sequences from 253 virus samples is shown in Figure 3: the
distribution had a mean of 12.1 mutations, of which 0.195
(1.62%) were highly unusual. Among the SGS samples, the
mean number of mutations (17.1), mean number of highly
unusual mutations (0.85), and the proportion of mutations
that were highly unusual (5.0%) were higher than the corre-
sponding numbers detected in all of the 1,000 samplings of
population-based IN sequences from an equal number of
samples (p <.001 for all three comparisons).

Signature APOBEC mutations and stop codons

Among the PR SGSs, there were a total of 54 signature
APOBEC mutations, of which 13 were stop codons. In ad-
dition, there were five stop codons in PR that did not occur in
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an APOBEC3F (GA — AA) or APOBEC3G (GG — AQG)
context. Among the RT SGSs, there were a total of 156 sig-
nature APOBEC mutations, of which 35 were stop codons. In
addition, there were 21 stop codons in RT that did not occur
in an APOBEC3F or 3G context. Among the IN SGSs, there
were a total of 95 signature APOBEC mutations, of which 3
were stop codons. In addition, there were seven stop codons
in IN, which did not occur in an APOBEC3F or 3G context.
Overall, 1 (0.01%), 10 (0.11%), and 7 (0.08%) of PR, RT, and
IN SGSs had three or more signature APOBEC mutations.

Discussion

This study showed that highly unusual mutations in HIV-1
PR, RT, and IN occur in higher numbers and in higher pro-
portions in SGSs compared with population-based sequences.
Depending on the gene, ~4% to 6.5% of mutations in SGSs
were highly unusual, a proportion three to five times higher
than that observed by population-based sequencing. This
likely reflects the fact that single genome sequencing detects
low-abundance variants with reduced fitness that are less likely
to reach levels at which they would be detected by population-
based sequencing, which usually requires that a variant be
present in >20% of the virus population in a plasma sample.

However, despite the greater propensity for SGSs to con-
tain highly unusual mutations, only a small proportion of
mutations were highly unusual and there was a strong cor-
relation between the prevalence of mutations within SGSs
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FIG. 2. Distribution of the expected numbers of mutations, numbers of highly unusual mutations, and proportions of
mutations that are highly unusual in 1,000 direct PCR sequences of HIV-1 RT from 429 virus samples, from 206 persons
matched for subtype and antiretroviral treatment exposure to the SGS dataset. Histograms: sampling distribution. Dashed

line: mutations present in =1 SGSs. RT, reverse transcriptase.
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FIG. 3. Distribution of the expected numbers of mutations, numbers of highly unusual mutations, and proportions of
mutations that are highly unusual in 1,000 direct PCR sequences of HIV-1 integrase from 253 virus samples, from 143
persons matched for subtype and antiretroviral treatment exposure to the SGS dataset. Histograms: sampling distribution.

Dashed line: mutations present in =1 SGSs.

and within population-based sequences. Our findings there-
fore support the concept that the presence of many highly
unusual mutations at a low NGS threshold is more consistent
with PCR artifact rather than the likelihood that highly un-
usual mutations are numerous at low levels in plasma virus
populations.

Although SGSs are not subject to PCR error, they are
subject to errors when extracted RNA is reverse transcribed
to cDNA. The estimated RT error rate has been reported to be
between 1 in 10* and 1 in 10° nucleotides, but in contrast to
PCR errors, RT errors are not compounded during multiple
cycles of amplification.® Therefore, it is possible that some
proportion of the highly unusual mutations detected by SGS
represents RT errors. This possibility, however, would not
substantially alter the results of our analysis and would only
strengthen our conclusion that highly unusual mutations re-
main uncommon even among SGSs.

Empirical thresholds for reporting mutations detected by
NGS are usually between 0.5% and 5%. The use of lower
thresholds in this range has usually been based on NGS
workflow error rates estimated by amplifying and sequencing
plasmid clones. When plasmid clones are sequenced, ob-
served differences from the plasmid sequence represent ar-
tifacts most commonly resulting from PCR amplification and
less commonly from the RT step or the sequencing plat-
form 61011

The use of higher thresholds in this range has usually been
based on at least two observations. First, clinical samples
often have lower cDNA copy numbers than plasmid DNA
preparations and thus undergo more amplification during
PCR (i.e., the higher DNA copy number in plasmids results in
early saturation and fewer cycles in which nucleic acid am-
plification occurs). Second, PCR enzymes vary markedly in
their error rates,6’“’12 and, in clinical settings, the specific
PCR enzymes used and/or their error rates may not be known
to those performing sequence analysis.

Two factors suggest that examining the proportion of
highly unusual mutations at different thresholds could be
useful for identifying thresholds that carry a high risk of
detecting mutations produced by PCR error rather than by
virus replication. First, PCR errors are more likely to produce
highly unusual mutations because in contrast to authentic
biological variants, they do not need to be consistent with
successful virus replication. Second, as the threshold for

calling minority variants is lowered, there is an increased
likelihood that a mutation at or just above the threshold re-
flects a PCR error versus an authentic biological variant.
Therefore, a marked change in the proportion of highly un-
usual mutations as the minority variant threshold is lowered
suggests a shift from a process in which nearly all mutations
result from virus replication to one in which an unacceptably
high proportion of mutations result from PCR error.

Studies of PR, RT, and IN SGSs have provided insight into
HIV-1 quasispecies in many clinical contexts such as fol-
lowing initial infection,'*'* during suppressive antiretroviral
therapy,'® and following discontinuation of suppressive an-
tiretroviral therapy.'® However, the SGSs from these diverse
studies have not been catalogued or analyzed in a systematic
manner. This study describes the creation of an online data-
base containing the majority of published studies containing
HIV-1 pol SGSs in GenBank and the first meta-analysis of
such sequences. This meta-analysis sought to determine
whether mutations that are highly unusual in population-
based sequences are also unusual at the lower frequencies,
which can be detected by single genome sequencing. Our
results demonstrate the usefulness of HIV-1 pol SGSs for
answering questions about mutation prevalence in HIV-1
quasispecies and have relevance for choosing minority var-
iant thresholds for NGS genotypic resistance testing.
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