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Abstract

A long-standing question of human immunodeficiency virus (HIV) genetic variation and evolution
has been whether differences exist in mutation rate and/or mutation spectra among HIV types (i.e.,
HIV-1 versus HIV-2) as well as among HIV groups (i.e., HIV-1 groups M-P and HIV-2 groups A-
H) and HIV-1 Group M subtypes (i.e., subtypes A-D, F-H, and J-K). To address this, a new single-
strand consensus sequencing assay was developed for the determination of HIV mutation
frequencies and spectra using the Illumina sequencing platform. This assay enables parallel and
standardized comparison of HIV mutagenesis among various viral vectors with lower background
error than traditional methods of Illumina library preparation. We found significant differences in
viral mutagenesis between HIV types but intriguingly no significant differences among HIV-1
Group M subtypes. More specifically, HIV-1 exhibited higher transition frequencies than HIV-2,
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due mostly to single G-to-A mutations and (to a lesser extent) G-to-A hypermutation. These data
suggest that HIV-2 RT exhibits higher fidelity during viral replication, and, taken together, these
findings demonstrate that HIV type but not subtype significantly affects viral mutation frequencies
and spectra. These differences may inform antiviral and vaccine strategies.
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Introduction

Human immunodeficiency virus type-1 (HIV-1) has typically been found to mutate on the
order of 1074-107 (average of ~3.6x10~°) mutations/base pair/cycle (m/bp/c) in cells [1-4],
a rate approximately 10,000-100,000 times faster than eukaryotic genomic DNA [5]. The
fidelity of HIV-1 replication can be modulated by a variety of viral and cellular factors.
HIV-1 reverse transcriptase (RT) is thought to be a key driver of viral mutagenesis, primarily
due to its high error rates in vitro (typically ~10™* m/bp) [6]. Further, the intermediates of
reverse transcription (RNA-DNA hybrids in the cytosol) are thought to avoid host repair
processes. RNA polymerase Il can also generate mutations when transcribing viral genomic
RNA from integrated proviral DNA, but limited evidence suggests this is a lesser source of
error than RT [2]. Cellular DNA polymerases could theoretically introduce mutations when
replicating the integrated provirus during cell division, but the high fidelity of cellular DNA
replication (<10~ m/bp/c) argues that this is a relatively minor source of virus variation.

In addition to RNA and DNA polymerases, the APOBEC3 family of DNA deaminases can
induce mutations in HIV-1 by performing C-to-U editing of minus strand viral DNA during
reverse transcription [7, 8]. Ultimately, APOBECS3 editing leads to fixation of multiple G-to-
A mutations on the plus strand viral DNA, a process referred to as G-to-A hypermutation.
Although the viral accessory protein Vif counteracts most APOBEC3 activity, multiple lines
of evidence demonstrate that Vif-mediated protection is not absolute. In cell culture,
expression of Vif often does not fully restore the infectivity of virus produced in the
presence APOBECS3 proteins [9-11]. Further, Vif alleles from different virus isolates have
been shown to vary widely in their abilities to counteract various APOBEC3 proteins, which
appears to at least partially depend on the HIV-1 Vif subtype [10, 12]. Vif variants that are
partially or fully defective against specific APOBEC3 proteins can be readily identified in
patient samples [11]. In addition, G-to-A hypermutants have often been observed in proviral
DNA from patient samples [11, 13-19], which provides strong evidence that APOBEC3-
mediated editing occurs /n vivo. Some evidence suggests that APOBECS3 proteins may
promote HIV-1 variation by sub-lethal mutation or by recombination between hypermutated
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and non-hypermutated viruses [20-23]. However, a recent study demonstrated that
APOBEC3-mediated hypermutation likely contributes substantially less to HIV-1 variation
than RT [24]. Lastly, there is some evidence that adenosine deaminases acting on RNA
(ADARS) perform A-to-l editing of HIV-1 RNAs, although the frequency and functional
consequences of such editing events remain unclear [4, 25-30].

While HIV-1 is the major cause of the worldwide pandemic, human immunodeficiency virus
type-2 (HIV-2) infects ~1-2 million individuals globally, primarily in West Africa [31].
HIV-2 is likely less prevalent due to its reduced transmissibility, which has been
demonstrated for both sexual transmission and mother to child transmission [32-34].
Further, HIV-2 is generally less pathogenic than HIV-1, leading to AIDS in only ~25% of
untreated individuals (compared to >95% for HIV-1) [35, 36]. The reduced transmissibility
and attenuated pathogenicity of HIV-2 are associated with much lower viral loads for HIV-2
than HIV-1, both in plasma and in genital secretions [34, 37-39]. We previously
hypothesized that HIV-2 would exhibit a lower mutation frequency than HIV-1, which might
limit its ability to diversify and thus reduce viral fitness and/or pathogenicity [40]. We found
that HIV-2 exhibited lower total, substitution, and transition mutation frequencies than
HIV-1, primarily due to reduced levels of G-to-A hypermutants indicative of APOBEC3
activity. However, the previous work was limited by the relatively high levels of background
errors due to PCR and/or sequencing. Further, replication fidelity was only compared
between a single molecular clone of HIV-1 and HIV-2, which may not be truly
representative of their respective viral types. Most importantly, replication fidelity was not
compared between HIV-1 Group M subtypes (i.e., A-D, F-H, and J-K), even though the
extent to which mutation frequencies and spectra differ between subtypes has remained a
longstanding question within the field of HIV genetic variation and evolution.

To overcome these limitations, we developed a new standardized assay, called single-strand
consensus sequencing (SSCS), for comparison of HIV mutation frequencies and spectra in a
high-throughput and parallel manner. We found that HIV-1 exhibited an ~1.8-fold higher
transition frequency than HIV-2. For both HIV-1 and HIV-2, rare G-to-A and A-to-G
hypermutants were observed, likely due to APOBEC3 or ADAR-mediated editing,
respectively. The lower transition frequency of HIV-2 was primarily due to fewer single G-
to-A mutations (rather than hypermutation), arguing that differences in viral mutation
frequencies were primarily caused by greater fidelity of HIV-2 RTs. Intriguingly, there were
no significant differences between HIV-1 subtypes in terms of mutation frequencies or
spectra. Taken together, these findings demonstrate that HIV type but not subtype
significantly impacts viral mutation frequencies and spectra. These differences may affect
the relative abilities of HIV-1 and HIV-2 to diversify or evolve within infected individuals
and inform strategies for vaccines and antiviral treatments.

Development of an assay to measure HIV-1 and HIV-2 mutation frequencies and spectrain
a comparative and parallel manner

To compare viral mutagenesis in a standardized manner, multiple HIV-1 and HIV-2 RTs
were cloned into parental HIV-1 (pNL4-3 MIG) or HIV-2 (pROD14 MIG) vectors,
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respectively. The HIV-2 ROD14 RT was also swapped into pNL4-3 MIG (or vice versa), but
the resulting HIV-1/HIV-2 chimeric viruses were non-infectious. RT swapping was
performed in a near-isogenic manner, with only the last 20-25 amino acids of protease and
the first amino acid of integrase exchanged in addition to RT. This experimental strategy
helped standardize the assay (within HIV-1 or HIV-2) by eliminating differences in
accessory genes (e.g. vif) and template sequences. In total, 10 HIV-1 vectors and 6 HIV-2
vectors were constructed (Table 1). On average, HIV-2 RTs shared ~62% amino acid identity
with HIV-1 NL4-3 RT, whereas HIV-1 RTs from non-B subtypes shared ~90-93% identity
with NL4-3 RT and other subtype B RTs shared ~97% identity with NL4-3 RT. Viral stocks
were produced by co-transfecting the HIV-1 and HIV-2 vectors with pNL4-3 Env or
pROD10 Env, respectively, into 293T cells (Figure 1). Viruses were then DNasel-treated,
titered, and used to infect 100,000 U373-MAGI cells at an MOI of 1.0. In this assay, the
producer cells and target cells cannot be re-infected (due to a lack of CD4 or Env expression,
respectively), and thus viruses were limited to a single round of replication. Genomic DNA
was purified 72 h later and subjected to single-strand consensus sequencing (SSCS), a
method previously described by several other research groups that allows identification and
exclusion of most background errors due to PCR and sequencing [41-44]. Notably, an
SSCS-related method, termed Primer ID, has already been developed for sequencing of
HIV-1 viral RNA [44], but a similar method for consensus sequencing of proviral DNA has
not yet been reported. Briefly, SSCS was performed by assigning unique identifier tags
(UIDs, strings of 14 degenerate bases) to starting templates by linear extension (Figure S1).
Linear extensions were then bead-purified, reverse- extended, bead-purified again, and
amplified by PCR. Illumina Nextera XT libraries were prepared from the PCR products,
pooled in an equimolar manner, and redundantly sequenced on the Illumina HiSeq 2500
using 2x250 paired-end sequencing. Consensus sequences were constructed by aligning
reads with identical UIDs (Figure S1). Consensus families were required to contain at least
three reads, and bases (whether wild-type or mutations) had to be present in at least 75% of
reads to be represented in the consensus sequence. Ambiguous positions were converted to
uncalled bases and were not included in subsequent analysis of mutational events.
Consensus sequences were then mapped to the appropriate reference sequence, and mutation
frequencies and spectra were calculated as described before [40]. Note that mutations
detected by this method should have originated from the non-coding (i.e. antisense) strand of
proviral DNA, as the original primer used in linear extension was in the forward (i.e. sense)
orientation. SSCS was performed on homologous regions of HIV-1 and HIV-2 integrase
(200 bp in length, not including UIDs or primer sequences), which share ~71% nucleotide
identity. SSCS was also performed using purified plasmids (diluted into genomic DNA from
uninfected cells) to measure the background mutation frequency of the assay.

Comparison of mutation frequencies and spectra between HIV-1 and HIV-2

After performing SSCS, HIV-1 and HIV-2 mutation frequencies were calculated for each
possible type of mutation and compared to the corresponding plasmid controls to determine
the types of mutations that could be detected at levels significantly higher than the
background. Unfortunately, even using SSCS, for both viruses transversions, insertions, and
deletions were not detected at significantly higher levels in the biological samples than in the
plasmid controls. However, transitions (and larger categories of mutations including

J Mol Biol. Author manuscript; available in PMC 2018 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rawson et al. Page 5

transitions, i.e., substitutions and total mutations) were detected at significantly higher levels
in the biological samples than in the plasmid controls (p= 0.024 [HIV-1] or 0.014 [HIV-2]),
and many previous studies have demonstrated that transitions comprise the majority of
mutations during HIV-1 replication [1, 2, 4, 45-48]. Thus, further mutational analyses
focused exclusively on transition mutations. Overall, HI\V-1 demonstrated an ~1.8-fold
higher transition frequency than HIV-2 (4.6x107° vs. 2.6x107> m/bp) (p = 0.020; Figure
2A), but transition frequencies varied depending on the specific RT and in some cases
biological replicate (i.e., NL4-3 and 92NG003.1). Although NL4- 3 exhibited a particularly
high transition frequency, HIV-1 still demonstrated an ~1.5-fold higher transition frequency
than HIV-2 in the absence of NL4-3 (p= 0.009). Transition frequencies did not vary
significantly among HIV-1 Group M subtypes (o = 0.41). Next, transition spectra were
compared between HIV-1 and HIV-2 by determining the relative percentage of each
transition type (G-to-A, A-to-G, C-to-T, or T-to-C). HIV-1 exhibited a transition spectrum
much more biased toward G-to-A transitions than HIV-2 (58% vs. 29%; Figure 2B), as we
observed previously for HIV-1 NL4-3 and HIV-2 ROD14 [40]. In contrast, HIV-2 exhibited
higher relative levels of A-to-G and T-to-C transitions, while the relative level of C-to-T
transitions was similar between HIV-1 and HIV-2.

HIV-1 exhibits higher levels of G-to-A transitions than HIV-2

To compare viral mutagenesis across HIV-1 and HIV-2 RTs in more detail, transition
frequencies were calculated for each type of transition and each specific HIV-1 or HIV-2
vector. On average, HIV-1 and HIV-2 exhibited G-to-A transition frequencies of 2.4x107°
and 7.1x1076 m/bp, respectively, so that HIV-1 demonstrated a 3.4-fold higher frequency of
G-to-A transitions than HIV-2 (p = 0.0006; Figure 3). Importantly, this trend was observed
fairly consistently across the different HIV-1 and HIV-2 vectors. HIV-1 and HIV-2 exhibited
less than 2-fold differences in frequencies of the other three types of transitions, and none of
these differences were statistically significant (C-to-T: p=0.52; A-to-G: p=0.30; T-to-C: p
= 0.18). Additionally, these differences were not observed as consistently across the various
HIV-1 or HIV-2 RTs. NL4-3 exhibited a very high (but variable) A-to-G frequency, which
was later found to be due to several extensively A-to-G hypermutated sequences in one
particular experimental replicate for NL4-3. HIV-1 RTs from different subtypes did not
exhibit significantly different transition frequencies. Overall, the most pronounced difference
in viral mutagenesis across HIVs was the 3.4-fold lower frequency of G- to-A transitions for
HIV-2, which could be due to reduced G-to-A hypermutation (resulting from the activity of
APOBEC3 proteins) or reduced fidelity of HIV-1 RTs.

HIV-1 and HIV-2 exhibit G-to-A hypermutation consistent with APOBEC3 editing

Previously, HIV-1 and HIV-2 were found to exhibit G-to-A hypermutants consistent with the
activity of APOBECS3 proteins, although little APOBEC3 activity was expected due to the
presence of Vif and the low expression levels of restrictive APOBEC3 proteins in 293T cells
[40]. G-to-A hypermutation was mostly (but not completely) responsible for the higher G-
to-A frequency for HIV-1. To address whether the higher G-to-A frequency observed for
HIV-1 in this study was also due to hypermutation, we determined G-to-A mutation
frequencies due to G-to-A hypermutants for HIV-1 and HIV-2. G-to-A hypermutants were
defined as individual consensus reads (200 bp in length after processing) containing two or

J Mol Biol. Author manuscript; available in PMC 2018 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rawson et al.

Page 6

more G-to-A transitions. G-to-A mutations from hypermutants were observed for most viral
vectors (13/16) and were detected at levels significantly higher than background (o < 0.0001
for both HIV-1 and HIV-2; Fisher’s exact test) but were extremely rare events (HIV-1:
2.4x1074, or ~2.4 in 10,000 reads; HIV-2: 4.4x107°, or ~0.4 in 10,000 reads), consistent
with the expectation of little APOBECS3 activity in this particular experimental system. On
average, HIV-1 exhibited a 5.2-fold higher G-to-A mutation frequency from hypermutants
than HIV-2 (6.0x1078 vs. 1.2x1075, p= 0.012) (Figure 4A), demonstrating that G-to-A
hypermutants were at least partially responsible for the higher frequency of G-to-A
transitions observed for HIV-1. Although HIV-1 92NG003 exhibited a particularly high
frequency of G-to-A mutations from hypermutants, HIV-1 still displayed an ~3.7-fold higher
frequency of G-to-A mutations from hypermutants than HIV-2 even in the absence of
92NG003 (4.3x1076 vs. 1.2x1076, p=0.038). HIV-1 G-to-A hypermutants contained
between 2 and 5 G-to-A transitions (mean of 2.6), while HIV-2 G-to-A hypermutants
contained between 2 and 8 G-to-A transitions (mean of 3.8) (Figure 4B). For HIV-1, G-to-A
mutations within hypermutants were heavily biased toward GA and, to a lesser extent, GG
dinucleotides, whereas for HIV-2 G-to-A mutations within hypermutants were almost
exclusively located at GA dinucleotides (Figure 4C). These patterns are consistent with the
known editing preferences of APOBEC3 proteins [9, 49-52]. In contrast, G-to-A mutations
in single mutants (i.e., nonhypermutants) were not strongly biased toward GA dinucleotides
(Figure 4C), ruling out the possibility that G-to-A mutations were generally biased toward
GA dinucleotides in this particular integrase amplicon. These biases were not significantly
altered by normalization of the dinucleotide context frequencies to the dinucleotide counts
within the integrase amplicon sequences (Figure S2), demonstrating that these biases were
not simply due to more GA and/or GG dinucleotides (relative to GT/GC) within the
integrase amplicon sequences. Because the extent of APOBEC3 editing has been shown to
depend on the speed of reverse transcription [53], we also compared the relative rates of
HIV-1 and HIV-2 reverse transcription using a time- of-addition assay with two different
reverse transcription inhibitors (Figure S3). After infection, HIV-1 and HIV-2 progressively
lost susceptibility to reverse transcription inhibitors in a time- dependent manner that was
not significantly different between the two viruses, suggesting that the timing of reverse
transcription is similar for HIV-1 and HIV-2. Further, we performed gPCR to measure levels
of three different RT products at various time points post-infection, and we did not detect
any significant difference between HIV-1 and HIV-2 in the rate of RT product accumulation
(Figure S4). In sum, the data from these two experiments indicate that HIV-1 and HIV-2
reverse transcription proceed at similar rates in this particular experimental system and, thus,
that the speed of reverse transcription is unlikely to significantly contribute to the observed
differences in HIV-1 and HIV-2 G-to-A hypermutation.

HIV-1 and HIV-2 exhibit A-to-G hypermutants potentially induced by ADAR-mediated

editing

Several previous groups have reported that the adenosine deaminases acting on RNA
(ADAR-1 and 2) proteins perform editing of HIV-1 RNAs, although reports differ about
whether editing suppresses or promotes viral infectivity [25-30]. While these groups did not
analyze virion RNA (i.e., packaged RNA) or proviral DNA for mutations indicating ADAR
editing, another group has observed A-to-G hypermutation within proviral DNA potentially
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due to ADAR- mediated editing [4]. To determine whether A-to-G hypermutation
contributed to HIV-1 or HIV-2 mutagenesis within our experimental system, A-to-G
mutation frequencies from A-to-G hypermutants were calculated for all HIV-1 and HIV-2
vectors. Like G-to-A hypermutants, A-to- G hypermutants were defined as consensus reads
containing two or more A-to-G mutations. A- to-G hypermutants were observed for most of
the viral vectors (13/16), while no A-to-G hypermutants were observed in the plasmid
controls (Figure 5A). Both HIV-1 and HIV-2 exhibited levels of A-to-G mutations from
hypermutants that were significantly higher than the plasmid control (p < 0.0001; Fisher’s
exact test). HIV-1 and HIV-2 both exhibited average A-to- G hypermutant frequencies of 1.1
%1074, or ~1 in 10,000 reads. HIV-1 and HIV-2 did not exhibit significantly different
frequencies of A-to-G transitions from hypermutants (6.8x107% vs. 4.6x1076, p= 0.245).
Although NL4-3 exhibited a very high average A-to-G hypermutant frequency, this was due
to a large number of hypermutated sequences in one specific experimental replicate, and
HIV-1 and HIV-2 A-to-G transition frequencies from hypermutants did not significantly
differ even when this replicate was excluded (p = 0.074). Next, the numbers of A-to-G
mutations within hypermutants were examined to determine whether these reads were all
simply double or triple mutants (which could occur at low levels due to combinations of RT,
RNA polymerase I1, and/or background errors) or more extensive hypermutants, which
would more strongly implicate ADAR-mediated editing. While some hypermutants
contained lower levels of A-to-G mutations (2 to 5 mutations/read), others contained
intermediate (7 to 10 mutations/read) or very high levels (15+ mutations/read) of A-to-G
mutations (Figure 5B). Further examination of some of the most heavily A-to-G
hypermutated reads demonstrated that they cannot simply be attributed to generally error-
prone or poor-quality reads, as most of them do not contain any uncalled bases or any
mutations besides A-to-G mutations (Figure S5). Further, A-to-G mutations within
hypermutants were biased toward TA and AA dinucleotides, more so than A-to- G mutations
from single mutants (i.e., non-hypermutants), consistent with the known editing preferences
of ADAR-1 and 2 proteins (Figure 5C) [54, 55]. These biases could potentially be due to
higher numbers of TA and AA dinucleotides (as opposed to CA and GA) within the
integrase amplicon sequences. However, after normalizing the data to the numbers of the
various dinucleotides within the amplicon sequences, A-to-G hypermutants were still biased
toward TA and AA dinucleotides, with ~91% of all A-to-G mutations occurring in these
specific contexts (Figure S6).

HIV-1 exhibits a higher frequency of G-to-A transitions than HIV-2 even in the absence of
G-to-A hypermutation

To further compare viral mutagenesis between HIV-1 and HIV-2, transition frequencies and
spectra were re-examined after excluding all transition hypermutants, defined as reads
containing two or more of the same type of transition mutation (G-to-A, A-to-G, C-to-T, or
T-to-C). This analysis was performed to compare the general fidelity of viral replication (i.e.,
due to RNA polymerase Il and RT) in the absence of hypermutation likely resulting from the
activities of APOBEC3 and ADAR-1 or 2 enzymes. Additionally, hypermutants might
greatly skew the mutation frequencies of specific samples, as some contained very large
numbers of mutations. In practice, only G-to-A and A-to-G transition frequencies were
substantially altered by excluding transition hypermutants, as they comprised 97% (200/206)
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of all hypermutants observed. After removal of hypermutants, HIV-1 and HIV-2 exhibited
transition frequencies of 3.3x107° and 2.0x10™> m/bp, respectively, such that HIV-1 still
demonstrated a 1.6-fold higher average transition frequency than HIV-2 (p = 0.006; Figure
6A). As HIV-1 demonstrated only a 1.8-fold higher transition frequency than HIV-2 in the
presence of hypermutants (Figure 2A), this analysis indicates that differences in transition
frequencies between HIV-1 and HIV-2 are driven primarily by single mutations. Further,
HIV-1 still demonstrated a 3.1-fold higher frequency of G-to-A transitions than HIV-2 even
after removing hypermutants (Figure 6B, p= 0.016), compared to a 3.4-fold difference in
the presence of hypermutants (Figure 3). The frequencies of the other three types of
transitions did not differ significantly between HIV-1 and HIV-2 in the absence of
hypermutants. Even in the absence of hypermutants, HIV-1 retained a mutation spectrum
much more heavily biased toward G-to-A transitions than HIV-2 (Figure 6D). In sum, these
findings indicate that HIV-1 exhibits a higher transition frequency than HIV-2 primarily due
to greater levels of single G-to-A mutations. As reads with single G-to-A mutations likely
arise primarily through RT-mediated errors, these data argue that HIV-2 RT exhibits higher
fidelity than HIV-1 RT during viral replication.

Discussion

A long-standing question regarding HIV genetic variation and evolution has been whether
HIV types, groups, and/or subtypes differ in terms of mutation frequencies or spectra. To
address this, we developed a new high-throughput assay based on the concept of single-
strand consensus sequencing (SSCS), a method that has previously been reported to greatly
reduce background error rates due to PCR and sequencing in other systems [41-44]. During
Illumina sequencing experiments, background error rates are typically ~10~2 m/bp for raw
sequencing data and ~1073-10~* m/bp for stringently filtered data [56-62], although it
should be noted that these previous studies were completed using a variety of sample types,
PCR conditions, and Illumina sequencing instruments. In this study, the background error
frequency (using SSCS) was measured using the plasmid controls as ~2x10~> m/bp,
demonstrating that SSCS significantly reduced levels of background errors. Unfortunately,
even using SSCS, transversion frequencies could not be compared between HIV-1 and
HIV-2, as the relative levels of background transversion errors were still too high. During
SSCS, background errors may persist for several reasons: 1. Errors during the initial linear
extension or during the first few cycles of exponential PCR may be frequent enough within
consensus families to be represented in consensus sequences; 2. Specific positions may act
as hotspots for PCR and/or sequencing errors, so that these errors independently occur often
enough to be represented in consensus sequences; and 3. Errors within the unique identifier
tags may lead to new consensus families that contain PCR errors [63]. Additional error-
correcting methods have more recently been introduced, such as duplex consensus
sequencing (DCS) [64], circular resequencing (CirSeq) [65, 66], and cypher sequencing
(CypherSeq) [67], which should further reduce background error rates and thus facilitate the
use of next-generation sequencing for examining viral variation.

Intriguingly, HIV-1 transition frequencies did not significantly differ between Group M
subtypes, regardless of whether hypermutants were included or excluded. The average
HIV-1 transition frequency was 4.6x10~> m/bp, while the HIV-1 plasmid control transition
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frequency was 9.5x10~6 m/bp, leading to an estimate of 3.7x10~> m/bp for the true mutation
rate of HIV-1. These results are comparable to the mutation rate originally reported for
HIV-1 of 2.3x107> m/bp for transitions and 3.4x10~> m/bp for all mutations [1]. Overall,
HIV-1 demonstrated an ~1.8-fold higher transition frequency than HIV-2 (4.6x107° vs.
2.6x107° m/bp) (Figure 2A), due primarily to a higher level of single G-to-A mutations and
(to a lesser extent) G-to-A hypermutation. Although HIV-1 and HIV-2 RTs share only ~62%
identity at the amino acid level (Table 1), nearly all the residues known to impact HIV-1 RT
fidelity are completely conserved across the 16 RTs analyzed in this study (Figure S7).
There are two notable exceptions: First, HIV-2 RT contains a highly conserved V75I
polymorphism, which is a drug resistance-associated mutation in HIV-1 that has been found
to improve HIV-1 RT fidelity 2 to 3-fold /in vitro [68, 69]. This polymorphism is found in all
6 HIV-2 RTs analyzed in this study, as well as all 30 HIV-2 RTs in a pre-constructed Pol
alignment from the HIV sequence database at Los Alamos National Laboratory
(www.hiv.lanl.gov). Second, HIV-2 RT also contains a highly conserved K263V
polymorphism, and K263A has been shown to reduce HIV-1 RT fidelity by ~1.5-fold /n
vitro [70]. Additional studies will be required to determine whether V751 or K263V
polymorphisms contribute to the differences we observed here between HIV-1 and HIV-2
mutagenesis. Notably, none of the RT residues known to impact replication fidelity vary
among the 10 HIV-1 RTs examined here (Figure S7), consistent with our finding that HIV-1
subtypes did not exhibit significantly different mutation frequencies or spectra.

Unexpectedly, HIV-1 and HIV-2 exhibited rare A-to-G hypermutants (~1 in 10,000 reads;
Figure 5A), although these hypermutants did not contribute significantly to the difference in
transition frequencies between HIV-1 and HIV-2 (Figure 2A). These A-to-G hypermutants
were biased toward AA and TA dinucleotides (Figure 5C), consistent with the editing
preferences of ADAR-1 and 2 proteins [54, 55], and in some cases contained more than 15
A-to-G mutations in a single read (Figure 5B, Figure S5). These data implicate editing by
ADAR-1 and 2 proteins, but formally testing this hypothesis will require additional studies
using viruses produced from cells without ADAR expression. While several groups have
examined the effects of ADAR-1 and 2 proteins on HIV-1, some have reported positive
effects of ADAR proteins on virus production or infectivity while others have reported
antiviral effects [25-30]. Thus, it is still unclear whether ADARs promote or suppress HIV-1
infectivity, whether ADARSs edit HIVV RNAs in physiologically relevant contexts, or whether
the effects of ADAR proteins on HIV-1 are editing-dependent or independent. Although A-
to-G hypermutants were very rare in our study, they might be observed at higher frequencies
in other experimental systems, such as in primary T-cells or macrophages untreated or
treated with interferon (as ADAR-1 is interferon-inducible) [71, 72]. Also, viral RNAs from
producer cells would likely exhibit much higher frequencies of A- to-G hypermutation than
proviral DNA, as hypermutation could interfere with RNA splicing, export, or packaging.
Additional studies are clearly warranted to determine whether ADAR proteins caused the A-
to-G hypermutants observed in this study and whether such hypermutants are relevant to
variation of HIV-1 and HIV-2.

In a previous study [40], HIV-1 (NL4-3) and HIV-2 (ROD14) mutation frequencies and
spectra were compared in U373-MAGI cells using standard PCR and Illumina sequencing of
five amplicons: Gag, Vif, HSA (heat stable antigen), EGFP-1 and EGFP-2 (representing
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nonoverlapping regions of the egfp gene). HIV-1 exhibited a higher mutation frequency than
HIV-2, primarily due to a higher frequency (~28-fold, averaged across all amplicons) of G-
to-A hypermutants for HIV-1. In the absence of G-to-A hypermutants, HIV-1 and HIV-2 did
not exhibit significantly different total mutation frequencies. However, HIV-1 still exhibited
an ~1.8- fold higher frequency of G-to-A transitions than HIV-2 in the absence of
hypermutants, as well as a higher relative percentage of G-to-A transitions [40]. In the
present study, HIV-1 exhibited an ~1.8-fold higher frequency of transition mutations than
HIV-2 (Figure 2A), consistent with an ~3.4-fold higher frequency of G-to-A transitions
(Figure 3) and an ~5.2-fold higher frequency of G-to-A transitions from hypermutants
(Figure 4A). However, even in the absence of transition hypermutants, HIV-1 displayed
~1.6-fold and ~3.1 -fold higher frequencies of all transitions and G-to-A transitions,
respectively, and a mutation spectrum much more heavily biased toward G- to-A transitions
(Figure 6). Thus, relative to the previous study [40], the differences between HIV-1 and
HIV-2 in viral mutagenesis reported here are more attributable to single G-to-A mutants than
to G-to-A hypermutants. These differences may be due to the reduced G-to-A hypermutant
frequencies observed in the present study, which were ~33-fold lower for HIV-1 (7.9x1073
vs. 2.4x1074) and ~6.4-fold lower for HIV-2 (2.8x1074 vs. 4.4x107°). Notably, even in the
previous study, G-to-A hypermutant frequencies varied significantly depending upon the
specific amplicon analyzed, ranging from 7.6x10~* (Gag) to 2.4x1072 (EGFP-1) for HIV-1
and from 8.0x107° (Gag) to 5.7x10~4 (EGFP-1) for HIV-2 [40]. Additional studies will be
required to determine whether the lower hypermutant frequencies observed in the present
study were due to the specific region of the genome that was examined, ideally using near
full-genome sequencing to compare HIV-1 and HIV-2 mutagenesis across the viral genome.
Furthermore, studies should be performed to compare HIV-1 and HIV-2 mutagenesis in
primary CD4+ T-cells and macrophages, as these cell types express more physiologically
relevant levels of host factors (APOBEC3, ADARs, SAMHDZ1) that might influence viral
mutagenesis.

In sum, these data demonstrate that HIV-1 exhibits an ~1.8-fold higher transition frequency
and an ~3.4-fold higher frequency of G-to-A transitions than HIV-2. Low levels of G- to-A
and A-to-G hypermutants were observed for both HIV-1 and HIV-2, indicative of rare
editing by host immune proteins. However, differences in HIV-1 and HIV-2 replication
fidelity were primarily driven by fewer single G-to-A mutations (rather than hypermutation)
for HIV-2. These data imply that HIV-2 reverse transcription is less error-prone than HIV-1
reverse transcription, as reads with single G-to-A mutations most likely result from error-
prone reverse transcription. This could be due in part to the aforementioned conserved V75I
polymorphism in HIV-2 RT. Nonetheless, additional studies should be performed to compare
HIV-1 and HIV-2 mutagenesis in the complete absence of APOBEC3 proteins, which would
enable more direct comparison of reverse transcription fidelities. While HIV-1 exhibited
only an ~1.6-fold higher transition frequency than HIV-2 in the absence of hypermutants,
other studies have demonstrated that RNA virus variants with even modest increases in
replication fidelity (i.e. 1.4 to 2.5-fold) can significantly impair viral infection, replication,
and/or pathogenicity /in vivo [73-76]. For example, a chikungunya virus variant with a single
mutation (C483Y) in its RNA-dependent RNA-polymerase (RdRp) exhibited a 1.4-fold
lower mutation frequency and did not affect viral fitness in cell culture, but led to
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significantly lower infection and dissemination titers in mosquitos as well as abbreviated
viremia and reduced organ titers in mice [73]. Similar findings have been observed with
RdRp mutants of other RNA viruses, including West Nile virus, foot- and-mouth disease
virus, and enterovirus 71 [74-76]. Thus, the difference in HIV-1 and HIV-2 fidelity observed
here could plausibly contribute to the reduced fitness and pathogenicity of HIV- 2 observed
clinically. On the other hand, we did not observe significant differences between HIV-1
Group M subtypes in terms of mutation frequencies or spectra. Taken together, these
findings reveal an association between phylogenetic differences and differences in mutation
frequency and spectra only when comparing HIV types (i.e., HIV-1 versus HIV-2). These
differences may help explain the unique features of HIV-2 infection /7 vivoand inform
antiviral and vaccine strategies.

Materials and Methods

Plasmids, cell lines, and reagents

The HIV-1 vector, pNL4-3 MIG, and the HIV-2 vector, pPROD14 MIG, have already been
previously described [77, 78]. These vectors contain cassettes inserted within nefthat
encode mCherry, an internal ribosomal entry site (IRES), and enhanced green fluorescent
protein (EGFP). Both HIV-1 and HIV-2 vectors contain intact open reading frames for all
genes except for envand nef. HIV-1 and HIV-2 vectors with swapped RTs were created by
first amplifying RTs from a variety of plasmids and infected cell lines. The following
plasmids and viruses were obtained from the NIH AIDS Reagent Program, NIAID, NIH:
p94CY017.41 from Drs. Stanley Trask, Feng Gao, Beatrice Hahn, and the Aaron Diamond
AIDS Research Center [79]; pYU-2 and pBH10 from Drs. Beatrice Hahn and George Shaw
[80-82]; p93BR029.4, p94UG114.1.6, and p92NG003.1 from Drs. Beatrice Hahn, Feng
Gao, and the UNAIDS Network for HIV Isolation and Characterization [83]; pMJ4 from
Drs. Thumbi Ndung’u, Boris Renjifo, and Max Essex [84]; p96ZM651.8 and p981S002.5
from Drs. Cynthia Rodenburg, Beatrice Hahn, Feng Gao, and the Zambian-UAB HIV
Research Project [85]; pHIV- 2/ST from Drs. Beatrice Hahn and George Shaw [86, 87];
HIV-2D194/HUT-78 from Dr. Hagen von Briesen [88, 89]; HIV-2 CBL-20/H9 from Dr.
Robin Weiss [90]. HIV-2 ST and D194 cell-free virus stocks from the AIDS Reagent
Program were used to infect CEM-GFP cells (provided to the AIDS Reagent Program by Dr.
Jacques Corbeil) [91] followed by purification of genomic DNA (~1 week later) and PCR.
The HIV-2 ISY molecular clone was a gift from Dr. Genoveffa Franchini (Animal Models &
Retroviral Vaccines Section, National Cancer Institute, Bethesda, MD) [92]. The HIV-2
GH123 molecular clone was a gift from Dr. Akio Adachi (The University of Tokushima
Graduate School, Tokushima, Japan) [93]. All HIV-1 viral stocks were produced by co-
transfection with pNL4-3 Env, a gift from Dr. Eric Freed (HIV Dynamics and Replication
Program, Center for Cancer Research, National Cancer Institute, Frederick, MD). HIV-2
viral stocks were produced by co-transfection with pROD10-Env [94], a gift from Dr. Paula
Cannon (University of Southern California, Los Angeles, CA). The human embryonic
kidney (HEK 293T) cells were purchased from American Type Culture Collection
(Manassas, VA) and maintained in Dulbecco's Modified Eagle's Medium (DMEM) from
Cellgro (Manassas, VA) with 10% HyClone FetalClone Il (FC3) from Thermo Scientific
(Waltham, MA) and 1% penicillin/streptomycin from Life Technologies (Grand Island, NY).
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U373-MAGI-CXCR4cgpm cells were obtained from Dr. Michael Emerman through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH [95]. U373-MAGI cells were
maintained similarly to 293T cells but with addition of 1.0 ug/mL puromycin, 0.1 mg/mL
hygromycin B, and 0.2 mg/mL G418 to the medium. For transfections, poly-L-lysine was
from Newcomer Supply (Middleton, WI) and polyethylenimine (PEI) was from
Polysciences, Inc. (Warrington, PA).

Construction of HIV-1 and HIV-2 vectors with swapped RTs

To compare viral mutagenesis in a standardized manner, HIV-1 RTs were swapped with the
NL4-3 RT in pNL4-3 MIG and HIV-2 RTs were swapped with the ROD14 RT in pROD14
MIG in a near-isogenic manner. Briefly, new restriction sites (Rsrll and Xbal for HIV-1,
BssHII and Xbal for HIV-2) were engineered flanking the RT regions by site-directed
mutagenesis using the QuikChange 1l XL kit (Agilent Technologies, Inc.; Santa Clara, CA).
These restriction sites did not alter the protein sequence or any important known RNA
structures, and these viruses exhibited infectivities similar to the parental viruses. Next,
HIV-1 and HIV-2 RTs were amplified by PCR from a variety of molecular clones or from
genomic DNA purified from infected cells. Both the PCR products and vectors were
digested with the indicated restriction enzymes, and the appropriate fragments were ligated
using T4 DNA ligase. The resulting vectors were verified by DNA sequencing to confirm
that the correct RT had been amplified and ligated and to confirm that additional mutations
had not been introduced into the parental vector or into RT. None of the viruses described in
this manuscript exhibited major infectivity defects relative to the parental viruses. In HIV-1,
this cloning strategy swapped the last 20 amino acids of protease, all of RT (560 amino
acids), and the first amino acid of integrase. In HIV-2, this cloning strategy swapped the last
26 amino acids of protease, all of RT (559 amino acids), and the first amino acid of
integrase.

Preparation of HIV-1 and HIV-2 proviral DNA

HIV-1 and HIV-2 viral stocks were produced, concentrated, DNasel-treated, and titered in
U373-MAGI cells as described previously [40], but without column concentration. Next,
virus stocks were used to infect 100,000 U373-MAGI cells at a multiplicity of infection
(MOI) of 1.0. Uninfected cells were included as negative controls. All infections were
performed three times, using independently produced viral stocks. Cells were collected at 72
h post-infection, and genomic DNA was purified using the High Pure PCR Template
Preparation Kit (Roche; Basel, Switzerland), eluting in 50 pL buffer. The level of plasmid
carryover in genomic DNA was assessed by a previously described method [40]. Briefly,
quantitative PCR was used to measure the starting quantities of the ampicillin resistance
gene and of HIV-1 or HIV-2 integrase (using untailed primers to amplify the same integrase
region that was later subjected to Illumina sequencing). The level of plasmid carryover was
calculated by dividing the resulting starting quantities and was found to range from ~0.5—
5.0%, a level that would not significantly alter mutation frequencies or spectra.

Assignment of unique identifiers (UIDs) by linear extension

To prepare samples for SSCS, 50 pL linear extensions were performed using 26 pL water, 10
pL genomic DNA, 10 puL 5X HF buffer, 1 pL. dNTPs (10 mM), 2.5 pL forward primer (10
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uM), and 0.5 pL Phusion Hot Start Il High-Fidelity DNA Polymerase (Thermo Fisher
Scientific; Waltham, MA). The cycling conditions used were an initial denaturation of 98 °C
30 s, and 10 cycles of 98 °C 10 s/61 °C 30 s/72 °C 30 s. Extensions were performed without
template or with plasmid (10° copies pNL4-3 MIG or pROD14 MIG) as negative or positive
controls, respectively. Although it would be preferable to use a single cycle of linear
extension (to minimize re-extension from the same starting template), extension efficiencies
in a single cycle were usually very low (~1-5%), necessitating multiple extension cycles.
The forward primers in these reactions contained a region specific to integrase, a UID
composed of 14 degenerate bases (Ns), and Illumina adapter sequence (Table S1). HIV-1
and HIV-2 primers were homologous in sequence.

The newly synthesized and tagged strand was purified to remove free primers. Free primers
could lead to further extension from proviral DNA and also lead to the formation of primer
heterodimers that would be difficult to remove, a common problem when using long primers
containing lllumina adapter sequences (due to partial complementarity between the adapter
sequences). The tagged strand was purified using AMPure XP beads (Beckman Coulter;
Brea, CA) at a 0.8:1 (beads:DNA) ratio and eluted in 42 pL water, followed by transfer of 36
uL/sample to a new 96-well plate. Next, the complementary strand was synthesized using a
reverse primer specific to integrase by mixing 36 uL purified DNA, 10 L 5X HF buffer, 1
ML dNTPs, 2.5 pL primer, and 0.5 pL Phusion. The reaction was incubated at 98 °C 40 s,

58 °C 30 s, and 72 °C 30 s. During this step, the reverse primer added part of the Illumina
adapter sequence as well. Lastly, the DNA was again purified using AMPure XP beads at a
0.8:1 ratio to remove free primer, eluting in 41 pL water. In principle, reverse extension
could be omitted, and forward extensions could be used directly for exponential PCR with
an extremely long reverse primer containing adapter and integrase sequences. However, we
empirically found that reverse extension followed by exponential PCR with shorter primers
was more efficient, leading to amplification of a higher proportion of the starting template
(as assessed by qPCR).

Exponential PCR of tagged DNA

Tagged DNA was next subjected to exponential PCR using primers specific to the tails of
earlier primers, which represent Illumina adapter sequences (Table S1). Thus, templates
lacking one or both tags could not be exponentially amplified. First, the two extensions (~35
pL each) from the same genomic DNA sample were pooled together (~70 L in total). Next,
quadruplicate exponential PCR reactions were performed by mixing 15 pL water, 16 uL
template, 10 uL 5X HF buffer, 1 uL dNTPs, 2.5 uL each primer, 2.5 uL SYBR Green |
(diluted 1:2000 in DMSQ), and 0.5 pL Phusion polymerase. SYBR Green | was included in
the exponential PCR reactions in order to measure the starting quantity of tagged extensions,
which was used as a predictor of consensus family size. The reactions were performed on a
Bio-Rad C1000 thermal cycler attached to a CFX96 real-time PCR detection system, using
the following cycling conditions: 98 °C 30 s, 30 cycles of 98 °C 10 s/70 °C 30 s/72 °C 30 s,
and a final extension of 72 °C 2 min. PCR reactions were then purified using AMPure XP
beads at a 1:1 ratio, and quadruplicate reactions were eluted from the magnetic beads using
the same 30 pL of water (in order to avoid excessive dilution of the DNA). The purified
DNA was then quantified by the Qubit dsSDNA HS assay, normalized to a concentration of 1
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ng/L, and submitted to the University of Minnesota Genomics Center for library
preparation and sequencing.

Library preparation and Illlumina sequencing

The University of Minnesota Genomics Center performed additional PCR on the purified
amplicons in order to add library indices and remaining Illumina adapter sequences. These
amplifications were performed using 5 pL template DNA, 1 uL water, 2 uL 5x KAPA HiFi
buffer (Kapa Biosystems, Woburn, MA), 0.3 pL dNTPs (10 mM), 0.5 pL DMSO, 0.5 pL
each primer (10 puM), and 0.2 uL KAPA HiFi Polymerase (Kapa Biosystems). The cycling
conditions were 95 °C for 5 min, followed by 10 cycles of 98 °C for 20 s, 55 °C for 15 s,
72°C for 1 min, and a final extension at 72 °C for 10 min. The primers used were standard
Illumina dual-indexing primers (Table S1). PCR products were quantified using the
PicoGreen dsDNA Assay Kit (Life Technologies), and the libraries were normalized,
pooled, purified with 1.8X AMPure XP beads, and eluted in 20 pL of EB buffer (10 mM
Tris-HCI, pH 8.5). The final library pool was again quantified using the PicoGreen dsDNA
Assay Kit and further assessed using a Bioanalyzer High Sensitivity chip (Agilent
Technologies, Inc. Santa Clara, CA). The library pool was denatured with 0.2N NaOH,
diluted to 8 pM, spiked with 15% PhiX to improve sequence diversity and quality, and
subjected to 2x250 paired-end sequencing on the Illumina HiSeq 2500.

Bioinformatics processing of sequencing data

Samples were demultiplexed using the standard indices added during library preparation.
Illumina adapters were trimmed using cutadapt [96], and paired-end reads were merged
using PANDAseq [97]. The amplicons were small enough (~254 bp, not including Illumina
adapter sequences) such that forward and reverse reads were almost totally overlapping. If a
base did not match between forward and reverse reads, the base with higher quality was
chosen by PANDASseq. Next, consensus families were generated using BioPython [98] and a
custom Python script. The script was used to create a list of the unique identifier (UID)
sequences corresponding to the first 14 bp of each merged read. For each UID that was
present at least three times in the dataset, a list of sequences containing the UID was
generated and the consensus sequence at each position was determined by a simple pileup.
The threshold used for making a consensus call was 75%. In cases where there was not a
consensus base, the position was converted to an uncalled base (X) and was not considered
during mutational analysis. Consensus reads were mapped to the appropriate reference
sequence (pNL4-3 MIG or pROD14 MIG) using GSNAP [99], and a small number of
misaligned reads were discarded. Mutation frequencies and hypermutant frequencies were
determined using a custom algorithm based on the Genome Analysis Toolkit walker
framework [100]. All primer sequences were excluded from mutational analysis, as errors
within primers would not represent biologically meaningful mutations. Additionally,
plasmid error hotspots (defined as upper outliers within the plasmid control raw data [i.e.,
prior to consensus-building] based on the 1.5 x interquartile range rule) were masked, a
strategy previously used to reduce the level of background error [40]. Rather than masking
all mutational types at hotspot positions, only the problematic type(s) (i.e., C-to-A) were
masked at error hotspots.
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Statistical analyses

Most mutation frequencies were compared between groups using generalized linear mixed
effects models (exceptions are described below). For each analysis, the raw count of one
kind of mutation (e.g., transitions or G-to-A mutations) was modeled as a Poisson random
variable with logarithmic link, as is standard for Poisson outcomes, with the log of the total
number of reference bases as the offset. All analyses used penalized quasilikelihood to
compute estimates, standard errors, and tests [101]. Computations were done in R (v 3.2.2,
R Core Team 2015) using the gimmPQL function in the MASS package v 7.3-43 [102]. For
all analyses, variance components (random effects) included variation between viral strains
(of a virus type and subtype), variation between biological replicates, and remaining extra-
Poisson variation (“error”). Features specific to individual analyses are as follows. For
comparing HIV-1 subtypes, the analysis included only HIV-1 subtypes and the fixed effect
was HIV-1 subtype. For comparing plasmid controls vs. virus, HIV-1 and HIV-2 were
analyzed separately; for each virus type, the fixed effect was plasmid control vs. virus. For
comparing HIV-1 vs. HIV-2, plasmid controls were excluded and the fixed effect was HIV-1
vs. HIV-2. For the latter two comparisons, a further random effect was added, describing
variation between subtypes within HIV-1. For mutations with very low or zero counts (e.g.,
G-to-A and A-to-G mutations from hypermutants for virus vs. plasmid control),
comparisons used Fisher's exact test rather than generalized linear mixed effects models
because the latter were not feasible. All P-values are presented without adjustment for
multiple comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

Studied if differences exist in mutation rate and/or mutation spectra among
HIV types/subtypes

A new single-strand consensus sequencing assay was developed

Significant differences found in viral mutagenesis between HIV types but not
among subtypes

HIV type but not subtype significantly impacts viral mutation frequencies and
spectra
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Figure 1. Experimental strategy to measure HIV-1 and HIV-2 mutation frequencies and spectra
by single-strand consensus sequencing

Viral stocks were produced by co-transfecting 293T cells with Env-deficient HIV-1 or HIV-2
vectors containing various HIV-1 or HIV-2 RT genes (Table 1), respectively, and HIV-1 or
HIV-2 CXCR4-tropic Env expression constructs. Virus stocks were concentrated, DNase I-
treated to minimize plasmid carryover, and titered in U373-MAGI-CXCR4 cells. Next,
100,000 U373-MAGI cells/sample were infected at an MOI of 1.0, and genomic DNA was
purified from cells collected 72 h post-infection. Producer cells and target cells cannot be re-
infected due to a lack of receptor or Env expression, respectively, such that viruses were only
able to perform a single cycle of replication in this assay. Using the genomic DNAs, single-
strand consensus sequencing (SSCS) was performed of homologous HIV-1 and HIV-2
integrase amplicons by uniquely tagging, exponentially amplifying, and redundantly
sequencing starting templates on the lllumina HiSeq 2500, as described in Methods and
Figure S1. The resulting data were used to build consensus families and determine
consensus sequences, allowing identification and exclusion of PCR and sequencing errors.
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Figure 2. Comparison of transition frequencies and spectra between HIV-1 and HIV-2
A. Transition frequency analysis. Transition frequencies were calculated by dividing the

number of transition mutations by the number of reference bases (mutations + wild-type
bases) and are expressed as mutations/bp. Transition frequencies were determined for 10
HIV-1 vectors and 6 HIV-2 vectors, as well as for plasmid controls, which indicate the level
of residual background error. The data represent the average of three independent biological
replicates, with error bars indicating standard deviation. HIV-1 and HIV-2 transition
frequencies were compared statistically using generalized linear mixed effects models (see
Methods). In these tests, data were not pooled across viral isolates or biological replicates.
B. Transition spectra analysis. Transition spectra were determined by dividing the frequency
of each type of transition by the total transition frequency, with the results expressed as a
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percentage of total transitions. The data represent the average transition spectra across all
HIV-1 or HIV-2 vectors.
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Figure 3. HIV-1 exhibits higher levels of G-to-A transition mutations than HIV-2
To compare the mutagenesis of HIV-1 and HIV-2 in greater detail, mutation frequencies

were calculated for each type of transition for all HIV-1 and HIV-2 viral vectors. Mutation
frequencies were calculated by dividing the number of mutations (of the indicated type) by
the number of reference bases (mutations + wild-type bases) and are expressed as
mutations/bp. The data represent the average of three independent biological replicates, with
error bars indicating standard deviation. Individual transition frequencies were compared
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between HIV-1 and HIV-2 using generalized linear mixed effects models (see Methods).
Data were not pooled across viral isolates or biological replicates in these analyses.
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Figure 4. HIV-1 and HIV-2 generate G-to-A hypermutants consistent with APOBEC3 editing
A. G-to-A hypermutation analysis. The frequencies of G-to-A mutations from hypermutants

were determined for all HIV-1 and HIV-2 vectors as well as for plasmid controls. For this
analysis, hypermutants were defined as consensus reads (200 bp in length after
bioinformatics processing) containing two or more G-to-A mutations. G-to-A mutation
frequencies from hypermutants were then calculated by dividing the number of G-to-A
mutations (in hypermutants only) by all reference bases. HIV-1 and HIV-2 G-to-A mutation
frequencies were compared statistically using generalized linear mixed effects models
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without pooling data across viral isolates or biological replicates (see Methods). Further, the
data were analyzed with or without the outlier HIV-1 92NG003.1. B. The degree of G-to-A
hypermutation was assessed by determining the numbers of G-to-A mutations within
hypermutant reads. C. The 3’ dinucleotide contexts of G-to-A mutations from G-to-A
hypermutants or non-hypermutants (i.e., single mutants) was determined and expressed as a
percentage of the total. Sites of mutation are underlined (e.g., GG). In panel A, the data
represent the average of three independent biological replicates, with error bars indicating
standard deviation, while the data in panels B and C represent total (i.e., compiled) data.
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Figure 5. HIV-1 and HIV-2 generate A-to-G hypermutation that is consistent with ADAR-
mediated editing

A. A-to-G hypermutation analysis. The frequencies of A-to-G mutations form hypermutants
were determined for all HIV-1 and HIV-2 vectors as well as for plasmid controls. For this
analysis, hypermutants were defined as consensus reads (200 bp in length after
bioinformatics processing) containing two or more A-to-G mutations. A-to-G mutation
frequencies from hypermutants were then calculated by dividing the number of A-to-G
mutations (in hypermutants only) by all reference bases. HIV-1 and HIV-2 A-to-G mutation
frequencies were compared statistically using generalized linear mixed effects models
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without pooling data across viral isolates or biological replicates (see Methods). Further, the
data were analyzed with or without the outlier HIV-1 NL4-3. B. The extent of A-to-G
hypermutation was assessed by determining the numbers of A-to-G mutations within
hypermutant reads. C. The 5’ dinucleotide contexts of A-to-G mutations from A-to-G
hypermutants or non-hypermutants (i.e., single mutants) were determined and expressed as a
percentage of the total. Sites of mutation are underlined (e.g., AA). In panel A, the data
represent the average of three independent biological replicates, with error bars indicating
standard deviation, while the data in panels B and C represent total (i.e. compiled) data.
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Figure 6. HIV-1 exhibits a higher frequency of G-to-A transition mutations than HIV-2 in the
absence of G-to-A hypermutants

To determine the extent to which transition hypermutants contributed to mutagenesis of
HIV-1 and HIV-2 (as well as observed differences between HIV-1 and HIV-2), transition
frequencies and spectra were re-calculated after exclusion of all transition hypermutants,
defined as reads containing two or more G-to-A, A-to-G, C-to-T, or T-to-C mutations. Only
G-to-A and A-to-G transition frequencies were substantially altered by excluding transition
hypermutants, as they comprised ~97% (200/206) of all hypermutants. After removing all
transition hypermutants, mutation frequencies were re-calculated for all transitions (A), G-
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to-A transitions (B), and A-to-G transitions (C). Mutation frequencies were determined by
dividing the number of the indicated type of mutation by the number of reference bases
(mutations + wild-type bases) and are expressed as mutations/bp. The data represent the
average of three independent biological replicates, with error bars indicating standard
deviation. D. Transition spectra analysis. Transition spectra were re-determined after
excluding transition hypermutants by dividing the frequency of each type of transition by the
total transition frequency, with the results expressed as a percentage of total transitions. The
data represent the average transition spectra across all HIV-1 or HIV-2 vectors.
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