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ABSTRACT

Resistance to combined antiretroviral therapy (cART)
in HIV-1-infected individuals is typically due to non-
synonymous mutations that change the protein se-
quence; however, the selection of synonymous or
‘silent’ mutations in the HIV-1 genome with cART has
been reported. These silent K65K and K66K muta-
tions in the HIV-1 reverse transcriptase (RT) occur
in over 35% of drug-experienced individuals and are
highly associated with the thymidine analog muta-
tions D67N and K70R, which confer decreased sus-
ceptibility to most nucleoside and nucleotide RT in-
hibitors. However, the basis for selection of these
silent mutations under selective drug pressure is un-
known. Using Illumina next-generation sequencing,
we demonstrate that the D67N/K70R substitutions
in HIV-1 RT increase indel frequency by 100-fold at
RT codons 65–67, consequently impairing viral fit-
ness. Introduction of either K65K or K66K into HIV-1
containing D67N/K70R reversed the error-prone DNA
synthesis at codons 65–67 in RT and improved viral
replication fitness, but did not impact RT inhibitor
drug susceptibility. These data provide new mecha-
nistic insights into the role of silent mutations se-
lected during antiretroviral therapy and have broader

implications for the relevance of silent mutations in
the evolution and fitness of RNA viruses.

INTRODUCTION

Nucleoside and nucleotide reverse transcriptase (RT) in-
hibitors (NRTIs) and nonnucleoside reverse transcriptase
inhibitors (NNRTIs) are essential components of combined
antiretroviral therapy (cART) to control human immunod-
eficiency virus (HIV) infection (1). NRTIs such as zidovu-
dine (ZDV), stavudine (d4T), lamivudine (3TC), emtric-
itabine and tenofovir (TFV) are analogs of naturally occur-
ring deoxyribonucleoside triphosphates (dNTPs), which in-
hibit HIV RT DNA polymerization by acting as chain ter-
minators of nucleic acid synthesis (2). In contrast, NNRTIs
such as nevirapine (NVP) are a group of amphiphilic com-
pounds that function as allosteric inhibitors of HIV type 1
(HIV-1) RT DNA polymerization (2).

Despite the efficacy of cART, HIV can rapidly evolve
to become drug resistant, a process that is potentiated by
suboptimal adherence. In resource-rich settings such as
North America and Europe, recent data estimate between
9 and 15% of transmitted drug resistance in virus isolated
from HIV-1-infected, antiretroviral-naive individuals (3,4).
Furthermore, in low- and middle-income countries where
cART is being rapidly scaled up, restricted drug options and
access to cART, inconsistencies in drug supply and subopti-
mal levels of viral load testing for monitoring (5) contribute
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to the emergence and transmission of drug-resistant HIV-1,
which represents a major limiting factor in the efficacy of
cART (6). Despite advances in the development of HIV-1
inhibitors, the majority of individuals in low- and middle-
income countries are still receiving first-line regimens con-
taining thymidine analogs ZDV and d4T (7) and as such, the
emergence of thymidine analog mutations (TAMs) threat-
ens the efficacy of cART in these populations (7).

The emergence of HIV with reduced drug susceptibility
is typically due to the selection of nonsynonymous muta-
tions in the nucleotide sequence that result in amino acid
changes in viral proteins targeted by drugs. Treatment with
ZDV and d4T leads to the emergence of TAMs at RT
codons 41, 67, 70, 210, 215 and 219 (8–11). Importantly,
the accumulation of TAMs confers cross-resistance to most
NRTIs (12). While HIV drug resistance mutations con-
fer a replication advantage in the presence of drug, they
typically decrease viral fitness in the absence of inhibitor
(13–15). Consequently, additional nonsynonymous com-
pensatory mutations are often selected that potentiate drug
resistance and/or increase viral fitness, e.g. L210W (10,11)
and K219Q/E (9) that potentiate ZDV resistance in the con-
text of other TAMs (16–18).

In addition to nonsynonymous or ‘amino acid chang-
ing’ TAMs, we have previously shown that synonymous RT
mutations, namely K65K and K66K, in HIV-1 subtype B
are more prevalent in cART-experienced compared to naive
individuals and are strongly co-selected with TAMs (19).
While these silent mutations, comprising a codon change
from AAA to AAG, are selected in subtype B strains during
cART (19), they exist as a natural polymorphism in HIV-1
subtype C isolates (20). These polymorphisms are reported
to be associated with a more rapid selection of the K65R
TFV-resistance mutation in HIV-1 subtype C compared to
subtype B (20). This increased selection of K65R is medi-
ated by a template-dependent dislocation mechanism dur-
ing plus-strand DNA synthesis occurring on a homopoly-
meric run of six A-nucleotides at RT codons 63–65 (21). In
contrast, the corresponding homopolymeric stretch of A’s in
HIV-1 subtype B spans codons 65–66 of RT. Similar to sub-
type B, an identical mononucleotide run features in HIV-1
subtypes A, D, G, CRF AG and CRF AE, which together
with subtype B, constitute a significant proportion of the
HIV-1 burden worldwide (22). Emergence of drug-resistant
viruses containing the TAMs D67N/K70R in these sub-
types creates a run of eight A nucleotides in the RNA tem-
plate between nucleotides 2742 and 2749 (relative to HXB2)
of RT. The presence of the K65K or K66K silent mutations
disrupts this homopolymeric A region, and we have demon-
strated that these mutations alleviate recombinant HIV-1
RT pausing during cDNA synthesis of this region in vitro
(19), although the impact of our biochemical findings on
HIV-1 replication is unknown.

The emergence of the K65K/K66K silent mutations dur-
ing drug therapy (19) supports the notion that these muta-
tions confer a replicative advantage. Possible advantages to
viruses harboring K65K or K66K are that they increase fit-
ness of HIV-1 subtype B strains and/or decrease their sus-
ceptibility to antiviral drugs. In this study, we investigated
whether K65K and K66K affect viral fitness as well as sus-
ceptibility to RT inhibitors in the context of TAMs. We

show that these silent mutations confer a fitness advantage,
even in the absence of drug selection pressure and that they
do not affect drug susceptibility. Consistent with the abil-
ity of silent mutations to reverse RT pausing observed in
biochemical assays due to the TAMs D67N/K70R (19), we
demonstrate that K65K and K66K decrease the frequency
of deleterious insertion and deletion mutations (i.e. indels)
introduced in the HIV-1 genome during virus replication
that consequently could alleviate the fitness defect due to
TAMs. This is the first study to report that silent muta-
tions, selected in vivo, mediate their effects on the viral RNA
primary sequence to directly impact RT function and virus
replication.

MATERIALS AND METHODS

Cell culture

MT-2 cells obtained through the NIH AIDS Research
Reagent Program (NIH ARRRP), Division of AIDS, NI-
AID, NIH from Douglas Richman, were maintained in
RF-10 medium comprising Roswell Park Memorial Insti-
tute (RPMI) 1640 (Invitrogen Life Technologies, Carls-
bad, CA, USA), 10% (v/v) heat-inactivated fetal bovine
serum (Sigma-Aldrich, Castle Hill, NSW, Australia), 100
U/ml penicillin, 100 �g/ml streptomycin and 2 mM L-
glutamine. TZM-bl cell line was obtained from the NIH
ARRRP contributed by Dr John C. Kappes, Dr Xiaoyun
Wu and Tranzyme Inc. The 293 cell line was obtained
from the NIH ARRRP contributed by Dr Andrew Rice.
The 293T cell line (CRL-3216) was obtained from Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA).
TZM-bl, 293 and 293T cells were maintained in DMEM-
10 medium comprising Dulbecco modified Eagle medium
(DMEM) supplemented as above. Human peripheral blood
mononuclear cells (PBMC) were isolated from buffy coats
(obtained from the Australian Red Cross Blood Bank,
Melbourne, Australia) using Ficoll-Paque (Amersham Bio-
sciences, Piscataway, NJ, USA) as previously described (23).
Isolated PBMC were stimulated in RF-10 medium supple-
mented with 10 U/ml recombinant interleukin-2 (Roche,
Basel, Switzerland) and 10 �g/ml of 0.2 �m filter-sterilized
phytohaemaglutinin-P (PHA-P; Remel Inc., Lenexa, KS,
USA) in a dry-heat sterilized silicon-coated polytetrafluo-
roethylene (Teflon) pot (Savillex, Minnetonka, MN, USA)
to elicit cell activation and proliferation over 2–4 days.

Drugs

ZDV, TFV, abacavir (ABC), NVP and saquinavir (SQV)
were obtained through the NIH ARRRP and prepared as
10 mM stocks in dimethyl sulfoxide except for TFV, which
was solubilized in dH2O. Stocks were stored at −20◦C until
use.

Plasmids and virus production

The pDRNLXN construct, derived from pDRNL that
contains the subtype B NL4.3 infectious molecular clone
of HIV-1 (24), was engineered with silent mutations
that introduce XbaI and NotI restriction sites at nu-
cleotides 2319 and 3938, respectively (25). HIV-1 molecular
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clones containing mutations in the RT coding region of
pDRNLXN were generated by site-directed mutagenesis
using the QuikChange Multi Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA, USA) according to the
manufacturer’s instructions. Mutagenic oligonucleotide
‘RH1’ (5′-AAAGAAAAAAAACAGTACTAGATG
GAGAAAATTAGTAGATTTCAG-3′) was used to
introduce the TAMs D67N (GAC- AAC) and K70R
(AAA-AGA) in the RT coding region to generate the
construct pHIVTAM. pHIVTAM was used as the template
to generate pHIVTAMK65K and pHIVTAMK66K containing
D67N/K70R and the additional silent mutation at codon
65 (AAA to AAG) and codon 66 (AAA to AAG), using
the oligonucleotides ‘RH3’ (5′-CCAGTATTTGCCAT
AAAGAAGAAAAACAGTACTAGATGGAG-3′) and
‘RH2’ (5′-AAGAAAAAGAACAGTACTAGATGGAG
AAAATTAGTAGATTTCAG-3′), respectively. All HIV-1
constructs were verified by nucleotide sequencing.

Generation of HIV-1 by transfection of 293T cells

Twenty-four hours prior to transfection, 3.5 × 106 293T
cells in 10 ml of DMEM-10, were seeded in 75 cm2 tis-
sue culture flasks. Ten micrograms of pDRNLXN (here-
inafter referred to as pHIVWT), pHIVTAM, pHIVTAMK65K
and pHIVTAMK66K were introduced into 293T cells by the
calcium phosphate co-precipitation method as published
(26) with the following modifications: supernatants were
clarified by low-speed centrifugation at 700 x g for 30 min,
followed by filtration through a 0.2-�m Minisart filter (Sar-
torius, Goettingen, Germany) and stored at −80◦C until
use.

Infectivity assays

The titer of HIV-1 stocks generated by transfection was
determined by end-point dilution in MT-2 cells as pre-
viously described (26). Cells were scored as either posi-
tive or negative for virus-specific cytopathic effects (CPE)
at day 6 postinfection. The 50% tissue culture infectious
dose (TCID50) was calculated using the Kärber formula
(27). Virus infectivity was also determined by quantify-
ing the number of blue forming TZM-bl cells using a �-
galactosidase assay as published (26). Virus production
was quantified using the RETRO-TEK HIV-1 p24 Antigen
ELISA kit (Zeptometrix Corporation, Buffalo, NY, USA)
according to manufacturer’s instructions.

Phenotypic drug susceptibility assays

Virus at 100 TCID50 was used to infect MT-2 cells (6000
cells/well) in the presence of noncytotoxic concentrations
of ZDV, TFV, ABC and NVP. Drug susceptibility of
HIVWT and mutant viruses (HIVTAM, HIVTAMK65K and
HIVTAMK66K) was determined by measuring cell viability
as the readout for virus replication as previously described
(23). Percentage inhibition of virus replication was calcu-
lated at each drug concentration as published (28). Drug
susceptibility assays were also performed in TZM-bl cells
using luciferase activity as the readout for virus replication
as published (23). The 50% effective concentration (EC50)

was determined by the sigmoidal dose response, variable
slope nonlinear regression analysis of the log10 concentra-
tion of inhibitor versus the percentage inhibition of virus
replication using GraphPad Prism (Version 6.0a) as pub-
lished (23).

Growth competition assays in MT-2 cells and PBMC

Growth competition of HIV-1 strains was performed in
MT-2 cells and in PBMC isolated from multiple donors
with the same pool of cells used for each set of assays us-
ing methods based on a previous study (29). To initiate the
competition assay, MT-2 cells at 2 × 106 cells/ml were in-
fected with 1000 TCID50 of each competing virus for 2 h
at 37◦C in 5% CO2. Following infection, the volume was
increased to 10 ml with RF-10 without drug or contain-
ing 2 �M ZDV or 5 �M TFV. Cells were monitored by
microscopy over 3–6 days and once virus-specific CPE af-
fected 75% of the cells, supernatants were clarified and cells
harvested for subsequent purification of genomic DNA and
sequencing of total viral DNA. Progeny viruses in culture
supernatants were serially passaged by inoculating 2 × 106

uninfected MT-2 cells with 0.9 ml supernatant from the pre-
vious passage in the absence or presence of drug. Initiation
of growth competition assays in PBMC was achieved by in-
fecting cells with a 0.2 multiplicity of infection (MOI) of
HIVTAM and either HIVTAMK65K or HIVTAMK66K in the ab-
sence or presence of drug and cultured for 7 days at 37◦C
in 5% CO2. An equal volume of cell suspension was har-
vested for genomic DNA extraction and sequencing, and
the culture supernatant was used for the next passage. Un-
infected PHA-stimulated PBMC (2.5 × 106) from the same
HIV seronegative donor and 5 ml of IL-2 media (RF-10
supplemented with 10 U/ml recombinant IL-2) were added
to propagate the culture weekly.

The RT region of the initial virus inoculum was se-
quenced to confirm the proportions of competing viral
strains. The QIAamp Viral RNA Mini Kit (Qiagen, Hilden,
Germany) was used to purify HIV-1 genomic RNA from the
inoculum after treatment with 10 U/ml of DNase I and 40
U/ml of Benzonase for 1 h at 37◦C to remove plasmid DNA
carryover. Reverse transcriptase-polymerase chain reaction
(RT-PCR) was performed with the primers 5′V3-NL (5′-
GTAGGACAGTATGATCAGATA-3′) and 3′V2-NL (5′-
TTGTAGGGAATGCCAAATTCC-3′) using the Master-
cycler Nexus Gradient Thermal Cycler instrument (Eppen-
dorf, Hamburg, Germany) as follows: 30 min RT reaction
at 50◦C, 2 min Superscript III Platinum Taq enzyme acti-
vation at 94◦C, followed by 35 cycles at 94◦C for 15 s, 52◦C
for 30 s and 68◦C for 2 min, and a final extension at 68◦C
for 5 min. DNA sequencing was performed on viral DNA
present in extracted total cellular DNA from each passage
to determine the proportions of each virus. Total DNA was
extracted using the QIAamp DNA Blood Mini Kit (Qia-
gen) and a 2.2 kb region spanning the HIV-1 RT coding re-
gion was amplified by PCR with HotStarTaq Plus (Qiagen)
and primers 5′V3-NL and 3′V2-NL using the following cy-
cle conditions: 95◦C for 5 min, followed by 40 cycles at 95◦C
for 30 s, 50◦C for 30 s and 72◦C for 2 min and a final exten-
sion of 72◦C for 7 min. PCR products were purified using
the High Pure PCR Product Purification Kit (Roche, Basel,
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Switzerland) and sequenced using the primers Sp1aV2 (5′-
CTGAAAATCCATACAATACTC-3′), RSp2a (5′-CACA
TCCAGTACTGTTAC-3′), Rev3041 (5′-CTAAAAGGCT
CTAAGATTTTTGTC-3′) and ST3246-NL (5′-GAACTC
CATCCTGATAAATG-3′). Levels of competing virus were
determined as described previously (29,30) by calculating
the peak height of nucleotides on electropherograms at RT
codons 65 or 66 as a proportion of the sum of the peak
heights using the formula Pn = Mn / (Wn + Mn) where Pn
represents the relative proportion of the mutant at day n, W
represents the peak height for the WT nucleotide and M is
the mutant peak height at the corresponding nucleotide po-
sition. ‘Pn’ values were utilized to generate fitness vectors,
whereby the ratio Pn/P0, was plotted as a function of time
expressed as days in culture, where P0 is the relative pro-
portion of the mutant at day 0. Linear regression analyses
were performed to determine the line of best fit for n ≥ 3 in-
dependent assays for each condition and to assess whether
the slopes were significantly different from the neutral case
(i.e. m = 0). The Runs test was performed for each inde-
pendent assay to confirm that the data did not significantly
deviate from linearity. A 2.1 kb fragment spanning gag from
nucleotides 496 to 2589 (relative to HXB2 coordinates) was
amplified using the cycling conditions for HIV-1 RT PCR
amplification with primers, M667 (5′-GGCTAACTAGGG
AACCCACTG-3′) and 3′RSpPR, (5′-GCTTTAATTTTA
CTGGTACAG-3′). The amplimer was sequenced using
the primer, Int-2A5 (5′-GTAATACCCATGTTTTCAGC
ATTA-3′) to confirm the absence of extraneous mutations
selected in gag during virus passage.

Analysis of intracellular RT efficiency by quantitative PCR

MT-2 cells (2 × 105) were infected with 0.1 MOI of HIVWT,
HIVTAM, HIVTAMK65K or HIVTAMK66K. Viral stocks were
pre-treated with DNase I and Benzonase as above to re-
move plasmid DNA carryover from transfections. An ad-
ditional viral sample was heat-inactivated at 65◦C for 45
min and served as a negative control to indicate DNA car-
ryover. Treated viral stocks were added to cells in a 48-well
plate in a final volume of 200 �l of RF-10 for 2 h and then
media volume was increased to 700 �l for the remainder of
the infection. Cells were harvested at the appropriate time
points by centrifugation at 1000 x g for 5 min and washed
with phosphate buffered saline without magnesium and cal-
cium [PBS(-)]. Total DNA was extracted from cell pellets us-
ing the QIAamp DNA Blood mini kit (Qiagen) and DNA
eluted in 100 �l Buffer AE. DNA was treated with a fi-
nal concentration of 0.1 units/�l of DpnI at 37◦C for 2 h
prior to analysis of RT intermediates by quantitative PCR
(qPCR).

The production of early and late reverse transcription
(RTn) intermediates was determined by qPCR using primer
pairs targeting the RU5 (hRU5-F2: 5′-GCC TCA ATA
AAG CTT GCC TTG A-3′ and hRU5-R: 5′-TGA CTA
AAA GGG TCT GAG GGA TCT-3′) and U5� (MH531:
5′-TGT GTG CCC GTC TGT TGT GT-3′ and MH532: 5′-
GAG TCC TGC GTC GAG AGA TC-3′) regions, respec-
tively (31). qPCR amplifications were performed using 1 x
Brilliant II SYBR qPCR Master Mix (Agilent Technolo-
gies, Santa Clara, CA), 300 nM of each primer, 30 nM ROX

reference dye and 20 ng of DNA in a final reaction volume
of 25 �l. Samples were amplified using a MX3000 cycler at
95◦C for 10 min, 40 cycles at 95◦C for 30 s and 60◦C for 1
min followed by melt-curve analysis. Standard curves were
created from pHIVWT for early and late HIV-1 RTn prod-
ucts, which were serially diluted in carrier genomic DNA
derived from MT-2 cells at a final concentration of 10 ng/�l.

Single- and multiple-cycle infections

MT-2 cells (1 × 106) were infected with HIVWT, HIVTAM,
HIVTAMK65K or HIVTAMK66K (pre-treated to remove con-
taminating DNA as described above) at an MOI of 1 for
4–6 h at 37◦C. Following infection, the virus inoculum was
removed by centrifuging cells at 1000 x g for 5 min, fol-
lowed by washing cells with PBS(-), and replenishing with
RF-10. At 30 h postinfection, culture supernatant was har-
vested for subsequent p24, infectivity and RT activity anal-
ysis. The cell pellet was washed with PBS(-) and stored at
−80◦C. Cells infected with heat-inactivated virus or infected
in the presence of 2 �M SQV were included as controls. For
multiple-cycle infections, 2 × 106 MT-2 cells were infected
with 1000 TCID50 units of HIVWT, HIVTAM, HIVTAMK65K
and HIVTAMK66K. For propagation over 19 days, 900 �l of
virus supernatant was transferred from the previous passage
to uninfected MT-2 cells every 3–4 days.

DNA preparation for next-generation amplicon sequencing

Total DNA was purified from HIV-1-infected MT-2 cells
and DpnI treated as described above using the QIAamp
DNA Blood mini kit (Qiagen). A 156 bp fragment en-
compassing the silent mutations in the RT coding region
(2659 to 2815 of HXB2) was amplified using the primers
DSFwd (5′-TCG TCG GCA GCG TCA GAT GTG TAT
AAG AGA CAG ATTTGT ACA GAA ATG GAA AAG
GAA G-3′) and DSRev (5′-GTC TCG TGG GCT CGG
AGA TGT GTA TAA GAG ACA GCCCAG AAA TCT
TGA GTT CTC-3′), which incorporated nucleotide se-
quences (Nextera adapters, underlined) required for subse-
quent deep sequencing analysis. PCR amplifications were
performed under conditions specifically designed to limit
PCR errors and recombination (32). Reactions contained
200 �M dNTPs, 1 �M each primer, 0.8 units of Phusion
Hotstart II DNA polymerase (Thermo Fisher Scientific,
Waltham, MA), 10 �l of extracted genomic DNA and 1 x
Phusion HF buffer in a final volume of 20 �l. Cycle condi-
tions were 98◦C for 30 s, 25 cycles at 98◦C for 10 s, 65◦C
for 20 s and 72◦C for 30 s, followed by a final extension
at 72◦C for 10 min. To minimize PCR founder effects and
costs, each sample from the single-cycle infections was am-
plified in triplicate and a total of nine reactions from trip-
licate amplifications from three independent experiments
were pooled for deep sequencing analysis as previously pub-
lished (33,34). The target sequence was amplified as above
from total DNA in triplicate and pooled. To determine
the background nucleotide substitutions and ‘indels’ (inser-
tions and deletions) introduced by the PCR and deep se-
quencing conditions, the 156 bp RT region from plasmids
pHIVWT, pHIVTAM, pHIVTAMK65K and pHIVTAMK66K (150
ng) was amplified in triplicate with the DSFwd and DSRev
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primers under identical PCR conditions used for the total
DNA template and pooled. qPCR analysis was used to con-
firm that this input amount of plasmid DNA was within the
log-linear phase of amplification after 25 PCR cycles, ensur-
ing that template saturation did not occur. Library prepara-
tion was performed by addition of unique Illumina Nextera
XT adapters to each pooled PCR sample using Q5 High
Fidelity DNA polymerase (New England Biolabs, Ipswich,
MA, USA). DNA sequencing was performed using 150
bp paired-end reads on an Illumina MiSeq instrument at
Micromon Next-Generation Sequencing Facility (Monash
University, Melbourne, Australia).

Next-generation sequencing analysis

Verification of read quality, read trimming and mutation
frequency was performed using CLC Genomics Workbench
version 6.5.1 (CLC bio, Aarhus, Denmark). First, sequence
data quality for each paired-end dataset was assessed us-
ing the Create Sequencing QC Report tool. Next, the CLC
Genomics Workbench Trim Sequences algorithm was used
to remove the Illumina Nextera adapter sequences followed
by the RT primer sequences. The Merged Overlapping Pairs
algorithm was used to merge the forward and correspond-
ing reverse sequence reads to produce a 100% overlap, re-
sulting in improved confidence of the read quality. Median
PHRED quality score in the region of interest (i.e. 108 bp
sequence representing HXB2 nucleotides 2685–2792) was
greater than 60, where there is a 1 in a million probabil-
ity that a base call is incorrect. Unmerged sequences were
discarded. The merged paired-end reads were then trimmed
based on read quality using the Trim Sequences algorithm
using the default settings except that Quality Limit was set
at 0.001, ‘yes’ was selected for Quality Trim and the reads
were not trimmed on ambiguous nucleotides. Selected reads
matching the region of interest were sorted so that all reads
were a uniform length of 108 bp starting from the same posi-
tion in the RT sequence. Finally, the quality of the trimmed
reads was assessed using the Create Sequencing QC Report
algorithm. The number of high-quality merged paired-end
reads remaining ranged from 215 139 to 1.25 × 106 after
sequence trimming.

To analyze mutations introduced during intracellular
RTn and their frequencies, the reads were mapped to their
corresponding reference sequence (e.g. reads from infec-
tions with HIVWT were mapped to the WT RT sequence)
using the Map Reads to Reference algorithm in CLC Ge-
nomics Workbench. The default settings were used except
that nonspecific handling was set to ‘ignore’. The Quality-
Based Variant Detection algorithm was then used to de-
tect insertions, deletions, single nucleotide variants (SNV)
and multiple nucleotide variants (MNV) using the default
CLC Genomics Workbench settings except that minimum
variant frequency was set to 0.005%, variant filter was de-
selected and ploidy was set at 1. The overall mutation fre-
quency within the 108 bp RT region for HIVWT and mutant
strains subjected to single-cycle and long-term culture were
calculated by dividing the sum of the frequencies of indels,
SNV and MNVs by the length of the sequenced amplimer
(Supplementary Table S2).

Statistical analyses

The Wilcoxon rank-sum test was used to determine whether
there were significant differences between RT inhibitor
EC50 values for HIV-1 mutants in drug susceptibility as-
says and differences in viral protein production, infectiv-
ity and RTn intermediates. Binomial z-tests were performed
to determine the statistical difference in the mutation fre-
quency at specific nucleotide positions in the viral genome.
To account for the multiple post-hoc comparisons and im-
plied increase in Type-I error, Bonferroni correction was
applied to inferential tests and statistical significance as-
sessed at P < 0.005. Where joint effects were sought for
a mutation, weighted (by reads) generalized linear model-
ing (assuming a binomial distribution and log link func-
tion) was performed and postestimation Wald tests used
to determine both joint effects and the differences between
mutation types. All statistical analyses were performed us-
ing GraphPad Prism version 6.0a (GraphPad Software Inc.)
and Stata version 13 (StataCorp L.P.).

RESULTS

RT silent mutations K65K or K66K do not potentiate resis-
tance to RT inhibitors in the context of TAMs D67N/K70R

TAMs including D67N and K70R are significantly associ-
ated with K65K or K66K, suggesting that these silent mu-
tations contribute to strategies employed by the virus to es-
cape from the inhibitory effects of antiretroviral drugs in
vivo (19). Accordingly, we investigated whether HIV-1 har-
boring K65K or K66K (AAA to AAG change) in the pres-
ence of the TAMs, D67N and K70R (HIVTAMK65K and
HIVTAMK66K, respectively), potentiated resistance to RT in-
hibitors.

The susceptibility of HIVTAMK65K and HIVTAMK66K was
evaluated in the TZM-bl reporter cell line against the an-
tiretroviral drugs, TFV and ZDV that target RT, in par-
allel with WT (HIVWT) and mutant virus carrying the
TAMs D67N/K70R alone (HIVTAM; Table 1). We found
that HIVTAM was 2.6- and 1.9-fold less susceptible to ZDV
(P = 0.004, n = 5) and TFV (P = 0.03, n = 6), respec-
tively, compared to HIVWT, consistent with previously pub-
lished data (35). However, we found no significant differ-
ences in the TFV or ZDV susceptibility of HIVTAM and ei-
ther HIVTAMK65K or HIVTAMK66K (P > 0.05, n ≥ 3 for both)
(Table 1). To increase our ability to detect small changes in
drug susceptibility under conditions of multiple rounds of
virus infection, we performed assays in MT-2 cells. In addi-
tion to testing susceptibility to TFV and ZDV, we expanded
the drugs to include ABC and NVP. The TFV and ZDV
susceptibility data were similar to that obtained in TZM-
bl cells, while none of the mutants demonstrated decreased
susceptibility to ABC and NVP compared with HIVWT (Ta-
ble 1). Taken together, these data demonstrate that neither
the K65K nor the K66K silent mutation potentiates drug
resistance conferred by TAMs.

RT silent mutations K65K or K66K alleviate a fitness defect
conferred by the TAMs D67N/K70R

Based on our previous data showing that K65K and
K66K alleviate pausing of recombinant HIV-1 RT during
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cDNA synthesis of a synthetic RNA template containing
D67N/K70R (19), we hypothesized that these silent mu-
tations overcome a HIV-1 fitness defect conferred by the
TAMs D67N/K70R. Accordingly, we performed growth
competition assays in MT-2 and PBMC with HIVTAM and
the HIVTAMK65K or HIVTAMK66K mutants in both the pres-
ence and absence of TFV or ZDV.

HIVTAMK65K (Figure 1A) and HIVTAMK66K (Figure 1B)
were more fit relative to HIVTAM in both the absence
and presence of TFV and ZDV in assays performed in
MT-2 cells. To generate fitness vectors, the proportion of
HIVTAMK65K or HIVTAMK66K relative to HIVTAM at each
passage was expressed relative to their respective propor-
tions at day 0 for each independent assay (36). Linear re-
gression analyses were performed to determine the line of
best fit for data derived from n ≥ 3 independent growth
competition assays for HIVTAMK65K and HIVTAMK66K (i.e.
fitness vectors) and to assess whether the slopes were signif-
icantly different from the neutral case (i.e. m = 0). Analysis
using the Runs test confirmed no significant deviations from
linearity in the datasets analyzed. Positive slopes were ob-
served for all HIVTAMK65K and HIVTAMK66K fitness vectors
in assays performed in MT-2 cells (Figure 1C and D, respec-
tively), indicating that these viral strains are more fit relative
to HIVTAM. Linear regression analysis revealed all vector
slopes (m) were significantly different (P ≤ 0.001) from the
neutral case where m = 0 (Table 2). Although consistently
observed in replicate in vitro assays, the effect of the silent
mutations was subtle, and typically required multiple pas-
sages to become apparent. This was in contrast to the fitness
defect conferred by the HIVTAM mutant, which was out-
competed by HIVWT much more rapidly (Figure 1E) and
resulted in a steeper, negative slope for the HIVTAM fitness
vector relative to HIVWT (m = -0.051 ± 0.004, n = 3; Fig-
ure 1F and Table 2).

A similar fitness trend was observed in growth compe-
tition assays performed in PBMC where HIVTAMK65K and
HIVTAMK66K outcompeted HIVTAM in the absence (Fig-
ure 2A and B) and presence of either ZDV or TFV (Sup-
plementary Figure S1). The fitness vectors for HIVTAMK65K
and HIVTAMK66K relative to HIVTAM in growth competition
assays performed in PBMC in the absence and presence of
RT inhibitors were all positive (Figure 2C and D) and the
vector slopes were significantly different (P ≤ 0.001) from 0
(Table 2), supporting our initial observation in MT-2 cells.

Sequencing of the entire RT coding region in samples
from the final passage of each growth competition assay
in MT-2 cells and PBMC confirmed both the retention of
the silent mutations and TAMs and the absence of any
additional mutations that may have arisen during mul-
tiple rounds of infection, particularly in the presence of
drug. In addition, part of the capsid coding region was se-
quenced, which confirmed the absence of the H87Q mu-
tation reported to confer a replication advantage to HIV-
1 in cyclophilin A-rich cells such as MT-2 (37). Taken to-
gether, these data demonstrate that the emergence of the
K65K or K66K silent mutations in the context of TAMs
D67N/K70R in subtype B HIV-1 alleviates the fitness de-
fect caused by these TAMs in the absence or presence of
AZT and TFV.
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Figure 1. Growth competition dynamics between HIVTAM and HIVTAMK65K or HIVTAMK66K and between HIVWT and HIVTAM in MT-2 cells. Repre-
sentative plots from n = 1 growth competition assays performed in MT-2 cells with (A) HIVTAM and HIVTAMK65K or (B) HIVTAM and HIVTAMK66K,
passaged in the absence or presence of either 5 �M TFV or 2 �M ZDV as indicated. Average fitness vectors representing the rate of change in the propor-
tion of (C) HIVTAMK65K and (D) HIVTAMK66K relative to HIVTAM compared to their ratio in the initial inoculum (day 0) plotted relative to the days in
culture. The relative fitness measure, which represents the vector slope, or linear coefficient (m), was determined by linear regression by plotting the ratios
of mutant virus over time relative to their starting proportion in culture using data from n ≥ 3 independent growth competition assays performed in MT-2
cells. Line of best fit is presented across time points for which there were n ≥ 3 data points for each assay condition. The Runs test was performed on
data from independent assays and revealed no significant deviations from linearity. A positive or negative linear coefficient indicates a fitness gain or loss,
respectively. (E) Representative plot from growth competition assays with HIVWT and HIVTAM. Average fitness vector representing the rate of change in
the proportion of (F) HIVTAM relative to HIVWT compared to the ratio in the initial inoculum (day 0) and plotted relative to the days in culture.
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Table 2. Relative fitness of TAM mutants

Variant Cells Mutations Fitness (vector slope) ± SEc

No drug ZDV (1 �M) TFV (5 �M)

HIVTAM
a MT-2 D67N/K70R -0.051 ± 0.004d* - -

HIVTAMK65K
b MT-2 D67N/K70R/K65K 0.009 ± 0.001d* 0.010 ± 0.001d* 0.018 ± 0.002d*

HIVTAMK66K
b MT-2 D67N/K70R/K66K 0.018 ± 0.002d* 0.009 ± 0.002d* 0.010 ± 0.002d*

HIVTAMK65K
b PBMC D67N/K70R/K65K 0.008 ± 0.0004e* 0.005 ± 0.0007e* 0.017 ± 0.002e*

HIVTAMK66K
b PBMC D67N/K70R/K66K 0.005 ± 0.0003e* 0.007 ± 0.0004e* 0.006 ± 0.001e*

aRelative to HIVWT.
bRelative to HIVTAM.
cSE, standard error of the slope.
dn ≥ 3 independent assays.
en = 2 independent assays.
*P < 0.001, significance of deviation from m = 0 calculated by linear regression analyses using the mean relative ratios from n ≥ 2 independent assays.

Figure 2. Growth competition dynamics between HIVTAM and HIVTAMK65K or HIVTAMK66K mutants in PBMC. Representative plots from growth com-
petition assays performed in PBMC for (A) HIVTAM and HIVTAMK65K and (B) HIVTAM and HIVTAMK66K passaged in the absence of drug. Fitness vectors
for (C) HIVTAMK65K and (D) HIVTAMK66K mutants were calculated from growth competition assays performed in the presence and absence of either 5
�M TFV or 1 �M ZDV. Data were from n = 2 independent assays.

TAMs D67N/K70R in the absence or presence of silent muta-
tions decrease the production of early and late RTn products

HIV-1 harboring TAMs D67N/K70R in the absence or
presence of the K65K or K66K silent mutations generated
by transfection did not lead to significant decreases in vi-
ral infectivity, steady-state virion-associated RT protein lev-
els or RT activity relative to WT virus (Supplementary Fig-

ures S2 and S3). In contrast, viruses containing TAMs did
show reduced infectivity and virion-associated RT activ-
ity relative to WT virus in a single-cycle infection of MT-
2 cells (Supplementary Figure S4) consistent with our fit-
ness data in Figure 1E and F. However, there was no signifi-
cant difference among the HIVTAM mutants in their virion-
associated RT activity relative to p24 due to the presence
of the silent mutations (Supplementary Figure S4B). This
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might be explained by the smaller effect of the silent mu-
tation containing variants, HIVTAMK65K and HIVTAMK66K
relative to HIVTAM observed by fitness vectors (Figure 1C
and D) compared to the fitness vector for HIVTAM relative
to HIVWT (Figure 1F).

We next assessed whether the D67N/K70R TAMs confer
an intracellular RTn defect, and whether this defect is re-
versed by K65K or K66K. Early (minus strand strong stop)
and late RTn intermediates were detected by qPCR at var-
ious times after a single-cycle infection of MT-2 cells (Fig-
ure 3). We observed a significant decrease in the production
of early (Figure 3A) and late (Figure 3B) RTn products for
HIVTAM compared to HIVWT (P = 0.04 and P = 0.006,
respectively, n ≥ 3). However, no significant differences in
the production of early or late RTn products were detected
between HIVTAM and either HIVTAMK65K or HIVTAMK66K
(P = 0.33 and P = 0.20, respectively, n ≥ 3). Furthermore,
the ratio of early to late RTn products did not reveal al-
terations to the overall efficiency of production of RTn in-
termediates between these viruses (data not shown). Heat-
inactivated controls were routinely negligible for detection
of HIV-1 DNA by qPCR. These data show that the TAMs
D67N/K70R decrease RTn efficiency. However, our data
indicate that either the fitness advantage conferred by silent
mutations does not affect RTn efficiency or that the single-
cycle infection assay we employed lacked the sensitivity to
measure subtle effects conferred by K65K and K66K.

K65K and K66K rescue increased frequency of indels caused
by TAMs during single- and multiple-cycle infections

Introduction of the TAM D67N in the HIV-1 RT of clade B
isolates extends a homopolymeric run of A nucleotides from
six to eight (Figure 4). We have previously reported that this
substantial homopolymeric stretch causes the clade B HIV-
1 RT to pause during DNA synthesis on RNA templates
harboring D67N/K70R in cell-free assays (19). Moreover,
introducing either K65K or K66K in this sequence dis-
rupts the homopolymeric stretch (Figure 4), which allevi-
ates RT pausing in vitro (19). Given that we did not ob-
serve differences in RTn efficiency due to silent mutations
in a single-cycle infection (Figure 3) and that homopoly-
meric nucleotide regions are associated with increased rates
of synthesis errors (38,39), we next considered the possibil-
ity that the change in nucleotide sequence impacts on the
fidelity of RTn.

Accordingly, we examined whether the TAMs
D67N/K70R increase errors introduced by HIV-1 RT
during intracellular RTn that are alleviated by silent
mutations K65K and K66K. To investigate this, we per-
formed both single- and multiple-cycle (over 19 days)
infections of WT and TAM mutant viruses in MT-2
cells and sequenced total HIV-1 DNA from infected cells
using the Illumina next-generation sequencing platform to
determine the presence of mutations in a 108 base pair (bp)
amplimer containing the RT region of interest. Plasmid
proviral clones pHIVWT, pHIVTAM, pHIVTAMK65K and
pHIVTAMK66K were subjected to the same PCR ampli-
fication and deep sequencing protocols as DNA from
virus-infected cells to control for mutations introduced
during the amplification/sequencing steps. The input plas-

mid concentration was confirmed to be below that required
for template saturation because DNA was extracted at a
cycle number within the log-linear phase of amplification
(data not shown). The raw reads for each condition were
evaluated to select those of the highest quality, utilizing a
strict cut-off to control for base calling accuracy, trimmed
to remove the Nextera adapters and locus-specific primer
sequences, followed by merging forward and the corre-
sponding reverse sequence reads to further enhance read
quality. Our analysis included a minimum of 215 139
overlapping merged reads, with a median of 931 644 reads
per template. The overall mutation frequency, including
insertions, deletions, SNV and MNV within the 108 bp
RT region for HIV-1 strains was determined (Supple-
mentary Table S1). The average mutation frequency for
HIVWT in a single-cycle infection was 0.059% (i.e. 0.00059
mutations/bp). Accordingly, mutations were considered
above background if their frequency was >0.06%. This
stringent threshold is ∼40 times greater than the error rate
for HIV-1 RT determined using a HIV-1 vector containing
the LacZ � reporter gene (40).

Analysis of HIVWT and mutant strains subjected to
single- and multiple-cycle infections revealed that most of
the indel mutations that were present above background
levels were located in our region of interest between nu-
cleotides 2742 and 2750 corresponding to RT codons 65–67
(Figure 5A and B, respectively, underlined). Likewise, the
highest frequencies of SNV/MNV for single- and multiple-
cycle infections were detected within the region spanning
RT codons 65–70 (nucleotides 2742–2759; Figure 5C and D,
respectively, underlined). Unsurprisingly, the differences in
SNV and MNV frequencies within RT codons 65–70 com-
pared to the flanking regions observed for multiple-cycle in-
fections were less dramatic than those for single-cycle infec-
tions likely due to mutations not being advantageous in the
absence of drug (and thus potentially reverting to WT) and
the increased frequency of other nondeleterious mutations
that accumulate in multiple-cycle infections (Figure 5C and
D). Also, the pattern of appearance of indels for all viruses
at nucleotide 2742, corresponding to the first nucleotide of
the homopolymeric stretch of nucleotides commencing at
codon 65, remained comparable between the two infection
conditions (Figure 5A and B).

Infection with HIVTAM resulted in a 101-fold (single-
cycle, P < 0.0001) and 61-fold (multiple-cycle, P < 0.0001)
increase in indels at nucleotide 2742 compared to HIVWT,
which was completely reversed by the presence of silent
mutations at either K65K or K66K (Figure 5A and B,
inset). In a single-cycle infection assay, HIVTAM showed
a greater frequency of A insertions (1.91%; comprising
1.86% single A and 0.05% double AA insertions) within
the eight-base homopolymeric run at RT codons 65–67
(nucleotides 2742–2750) compared to HIVWT (0.02%, P <
0.0001), HIVTAMK65K (no detected insertions, P < 0.0001)
and HIVTAMK66K (0.007%, P < 0.0001) (Figure 5A and
Supplementary Table S2). This represents a 96-fold increase
in single and double A insertions for HIVTAM compared
to HIVWT. For the long-term 19-day infection, a 71-fold
increase in the frequency of A insertions was observed at
the corresponding nucleotides for HIVTAM L as compared
to HIVWT L (6.42 versus 0.09%, P < 0.0001) (Figure 5B
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Figure 3. Production efficiency of early and late RTn intermediates. Expression of (A) early RTn products and (B) late RTn products, relative to HIVWT
(WT) as determined by qPCR. The RTn intermediates produced from purified total DNA extracted from cells were assessed at 4, 8, 12 and 24 h postinfection
from n ≥ 3 independent assays. Error bars represent SEM. The expression of early and late RTn intermediates for all mutants was significantly different
from HIVWT (P < 0.05). No significant differences were observed between HIVTAM and HIVTAMK65K or HIVTAMK65K (P > 0.05). Statistical analysis was
performed using the Wilcoxon rank-sum test.

Figure 4. Nucleotide sequence of RT codons 62–70 for WT and mutant HIV-1. Nucleotide sequence showing D67N and K70R and the single nucleotide
changes resulting in K65K and K66K. The homopolymeric stretch of six adenines in HIVTAM and eight adenines in HIVTAM are shown in boldface
and underlined. The introduction of a silent mutation at either codon 65 (HIVTAMK65K) or 66 (HIVTAMK66K) disrupts this homopolymeric stretch of
nucleotides. The D67N and K70R mutations are shown in green.

inset and Supplementary Table S3). These included sin-
gle, double, triple and quadruple A insertions observed
at frequencies of 5.77, 0.55, 0.09 and 0.01%, respectively.
Similar to the single-cycle infections, insertions detected
for HIVTAMK65K L (0.00985%) and HIVTAMK66K L (0.03%)
were comparable to HIVWT L (0.09%) and were significantly
lower (P < 0.0001 for both) than the frequency observed for
HIVTAM L (6.42%).

In addition to insertions, we also observed an increase in
the frequency of single A nucleotide deletions in HIVTAM
compared to HIVWT at nucleotide 2742 for both single-
(Figure 5A inset; 0.11% versus no detected insertions, P <
0.0001) (Supplementary Table S2) and multiple-cycle infec-
tions (Figure 5B inset; 0.26 versus 0.02%, P < 0.0001) (Sup-
plementary Table S3). In sharp contrast to HIVTAM, the fre-
quency of deletions in HIVTAMK65K and HIVTAMK66K for
both single- and multiple-cycle infections observed in the
homopolymeric run of A nucleotides at codons 65–67 were
similar to the deletion frequency observed for HIVWT (Fig-
ure 5A and B). Taken together, these data demonstrate that
the TAMs D67N/K70R significantly increase the frequency
of indel mutations at the homopolymeric region starting at
nucleotide 2742, by up to 101-fold compared to WT, which
is completely reversed by the presence of the silent muta-
tions K65K or K66K.

Increase in indels observed at other homopolymeric regions in
RT

In HIVWT, a homopolymeric region of six adenines ex-
ists at RT codons 65 and 66 that would be disrupted by
K65K and K66K (Figure 4). In virus subjected to long-term
passage we observed an elevated frequency of indels for
HIVWT L (0.11%) compared to HIVTAMK65K L (0.01%) and
HIVTAMK66K L (0.06%) at nucleotide 2742 (Figure 5B and
Supplementary Table S3). Further supporting our findings
that homopolymeric regions promote indel mutations, we
observed an elevated frequency of indels (although around
the background frequency of 0.06%) for HIVWT at an up-
stream homopolymeric region of five adenines commencing
at nucleotide 2693 during multiple-cycle infections (see Fig-
ure 5B). Notably, the indel frequency for all three mutant
viruses at the identical region was comparable to HIVWT
(Figure 5B: mean frequency of 0.058 ± 0.003% SEM).
Although below the defined threshold (0.06%), a similar
pattern of increased indel frequency at the correspond-
ing homopolymeric region was observed for the majority
of viruses subjected to single-cycle infections (Figure 5A:
mean = 0.018 ± 0.006% SEM at nucleotide 2693). The
only other increase in indel frequency above background
occurred at the third nucleotide of codon 63 (nt 2738) in
HIVTAM (0.089%) during the multiple-cycle infection (Fig-
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Figure 5. Frequency of indels and single/multiple nucleotide changes in RT codons 46–81 observed in HIV-1 mutants. Next-generation amplicon sequenc-
ing data were generated by amplifying a 156 bp region of HIV-1 RT using total DNA purified from MT-2 cells subjected to a single-cycle or multiple-cycle
infection with HIVWT, HIVTAM, HIVTAMK65K or HIVTAMK66K. The frequency of reads (defined as the percentage of validated reads that has a mutation
compared to the reference sequence) containing indel mutations spanning RT codons 46–81 (HXB2 coordinates 2685–2792) during (A) single-cycle infec-
tions and (B) multiple-cycle infections are shown. The sum of all insertions (single, double, triple and quadruple insertions) or deletions at a particular
nucleotide is shown. Inset graphs show the frequencies of insertions and deletions arising during (A) single-cycle and (B) multiple-cycle infections located
at nucleotides 2741–2750 corresponding to RT codons 65–67 (underlined) with the HIVWT sequence shown below the x-axis. The sum of all insertions
(single, double and triple insertions) or deletions at each nucleotide is shown. The frequency of reads containing either single and/or multiple nucleotide
variants spanning RT codons 46–81 (HXB2 coordinates 2685–2792) during (C) single-cycle infections and (D) multiple-cycle infections. The sum of the
frequency of all mutations at each nucleotide for each virus is shown. The mutation frequency was determined by mapping all reads to the corresponding
reference sequence and subtracting the mutation frequency detected in the cognate plasmid control at each nucleotide. Frequencies >0.06% were designated
as above background (dotted line).

ure 5B). In HIVTAM the A nucleotide at position 2738 marks
the beginning of a stretch of 11 A’s interrupted by a single
G nucleotide at position 2741 (codon 64) flanked by three
upstream and eight downstream A’s (Figure 4). This is in
contrast to HIVWT, HIVTAMK65K and HIVTAMK66K, which
have only six, two and five A’s immediately downstream of
the G at nt 2741 (Figure 4). Similar to our observations in
the proximal homopolymeric region spanning codons 65–
67, the indel frequency detected for HIVWT, HIVTAMK65K
and HIVTAMK66K at nt 2738 was below background (0.04,
0.0016 and 0.02%, respectively). Our observation that the
indel frequency increases at other, albeit less extensive, ho-
mopolymeric A regions in HIV-1 RT suggests that the in-
crease in indels is likely a general phenomenon and not nec-
essarily specific to the homopolymeric run introduced by
D67N/K70R TAMs.

HIV-1 harboring TAMs with and without silent mutations do
not demonstrate an increase in SNV or MNV compared to
WT virus

In contrast to indels, we did not detect any increases in SNV
or MNV above the background mutation frequency follow-
ing a single-cycle infection of HIVTAM that could poten-
tially be alleviated by silent mutations (Figure 5C and D).
Surprisingly, the highest nucleotide substitution frequencies
above background were observed in HIVWT. We detected
the G to A mutation at nucleotide position 2748 at a fre-
quency of 2.4% for single-cycle infections (Figure 5C and
Supplementary Table S2) resulting in the D67N substitu-
tion. We also observed an A to G change at nucleotide 2758
in HIVWT at a frequency of 3.2% resulting in the emergence
of the K70R TAM (Figure 5C and Supplementary Table
S2). In each case, the frequency of SNV for HIVWT was
significantly higher than that observed in the TAM mutant
strains, which already contain mutations at these positions
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(P < 0.0001 for nt 2748 and P < 0.0001 for nt 2758 rel-
ative to all TAM mutants; Supplementary Table S2). We
observed a similar trend of identical SNV occurring at the
same nucleotides resulting in the D67N (0.39% at nt 2748,
P < 0.0001) and K70R (0.29% at nt 2758, P < 0.0001)
in multiple-cycle infections (Figure 5D and Supplementary
Table S3). Additionally, MNVs emerged in HIVWT during
single-cycle infections, with the most frequent MNV located
at nucleotide 2744 (RT codon 65) culminating in the emer-
gence of K65K and D67N in the same read (0.3%; Fig-
ure 5C and Supplementary Table S2). Taken together, these
data demonstrate that an increase in indel frequency but
not SNV or MNV is associated with decreased fitness con-
ferred by the TAMs D67N/K70R, and that silent mutations
K65K or K66K completely reverse this indel formation.

DISCUSSION

This is the first description of synonymous mutations se-
lected in vivo in the coding region of a critical HIV-1 en-
zyme that promote viral fitness. Our data support a novel
mechanism underlying the fitness advantage conferred by
these synonymous mutations where their effects are me-
diated through the primary sequence of the viral genome
to influence RT functionality. These mutations can directly
impact RT activity by increasing the fidelity of DNA syn-
thesis from the viral nucleic acid template. Specifically, the
synonymous mutations, K65K and K66K, in the RT of
HIV-1 subtype B alleviate fitness defects conferred by the
TAMs D67N/K70R. We show using next-generation deep
sequencing that the D67N/K70R TAMs in subtype B HIV-
1 conferred an approximately 100-fold increase in the fre-
quency of indel mutations within a homopolymeric region
at nucleotides spanning RT codons 65–67 during single-
cycle infections and approximately 61-fold increase in in-
dels during multiple-cycle infections relative to HIVWT.
Strikingly, the introduction of either K65K or K66K into
the RNA template containing D67N/K70R reversed the
propensity for RT to introduce indel mutations that could
otherwise lead to the production of defective provirus.
Prior in vitro studies conducted by Harrigan et al. (19) re-
vealed that RT pauses on the homopolymeric tract of eight
adenines introduced by D67N/K70R, and that the silent
mutations K65K or K66K alleviate this pause. Initially, we
anticipated that this would decrease the overall efficiency of
reverse transcription. However, the pausing could also be
likely due to misincorporation events that temporarily slow
reverse transcription and contribute to the decrease in HIV-
1 fitness that was observed in this study.

Our studies demonstrate a definitive role for K65K and
K66K in rescuing a viral fitness defect mediated by the
TAMs, D67N/K70R while having no effect on potentiat-
ing NRTI and NNRTI resistance in the context of TAMs.
Our finding that D67N/K70R confer a fitness defect in
the absence of drug is consistent with previous studies (41–
42,35), although the underlying mechanism for this defect
is not well described. Quantitative analysis of competition
assays revealed that the fitness gains for HIVTAMK65K and
HIVTAMK66K relative to HIVTAM were remarkably similar
with and without drug (Table 2). This indicates that silent
mutations reverse a defect in HIV-1 replication unrelated

to the ability of TAMs to decrease drug susceptibility. This
is consistent with our data demonstrating that K65K and
K66K in the context of D67N/K70R do not alter the sus-
ceptibility of virus to ZDV, TFV, ABC or NVP (Table 1).
K65K and K66K are located in the coding region of a vi-
tal HIV-1 enzyme and act by altering RTn through effects
on the primary viral genome sequence. This contrasts with
synonymous mutations previously reported in HIV-1, such
as Q41 and L44 in gp41, which act to compensate for fitness
defects due to enfuvirtide resistance mutations by stabiliz-
ing the RNA secondary structure of the Rev-response ele-
ment (43). Although the size of the fitness gains mediated by
K65K or K66K is relatively small compared to that of drug
resistance mutations under selective pressure (e.g. D67N
relative to WT in the presence of ZDV (35)), over multiple
cycles of replication in vivo these small fitness gains are likely
to be amplified and have clinical implications. Indeed, our
initial observation that K65K and K66K are commonly se-
lected in drug-treated individuals (19) provides compelling
support for this assertion.

HIV-1 RNA secondary structure can alter protein trans-
lation rate and folding (44). However, our previous RNA
secondary structure modeling focusing on short HIV-1
RT templates representing codons 55–75 places K65K
and K66K in a single-stranded region (19). Our previous
mRNA folding prediction analyses are in agreement with
the location of RT codons 65 and 66 in a single-stranded
loop region in the structure of the entire HIV-1 genome
postulated by Watts et al. (44). This is consistent with
the observation that highly-structured regions of the HIV-
1 genome tend to be G-rich, whereas A-rich nucleotide
stretches are more likely to be unpaired (45). Taken to-
gether, these in silico observations suggest that a mechanism
involving changes in RNA secondary structure is unlikely
to account for the fitness phenotype. However, while we re-
port that the significantly higher indel frequency (e.g. 101-
fold for single-cycle infection) observed for HIVTAM is com-
pletely reversed by either the K65K or the K66K silent mu-
tation (Figure 5 and Supplementary Tables S2 and S3), we
did not observe restoration of HIVTAM infectivity to WT
levels in the presence of either silent mutation in a single-
cycle assay (Supplementary Figure S4A). Consequently, in
light of these infectivity data and the absence of physical
experimental data on RNA secondary structure, we can-
not exclude the possibility that additional mechanisms (e.g.
RNA secondary structure) could contribute to the fitness
defect conferred by TAMs and the compensatory effects of
silent mutations.

In addition to altering protein translation rate and fold-
ing (44), synonymous mutations are known to affect protein
expression and ultimately protein function due to altered
mRNA splicing (46), changes in mRNA thermodynamic
stability (47) and codon usage biases (48). However, the
TAMs D67N/K70R and silent mutations are not located
near known splice sites in HIV-1 (49) and are unlikely to
generate strong splice sites (unpublished data). While there
is a consensus exonic splice enhancer (50) that overlaps RT
codons 65–70, we did not find that it was appreciably al-
tered by either of the silent mutations (unpublished data).
Relevant to codon usage, the HIV-1 RNA genome has a
nucleotide composition that is biased toward more A nu-
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cleotides (36%) with only 17% C (51). The selection of silent
mutations at RT codons 65 and 66 results in an AAA to
AAG change, which in humans, are present at frequencies of
24 and 32%, respectively (52). Thus, AAG represents a pre-
ferred lysine codon used in humans that could potentially
affect viral protein translation in the context of Gag-Pol.
Given the subtle effect of the fitness advantage conferred
by the silent mutations K65K and K66K that emerges over
multiple rounds of infection, it was not surprising that we
were unable to detect any differences between HIVTAM and
the silent mutation-carrying variants in infectivity, steady-
state levels of virion-associated RT and RT activity in virus
produced by transfection (Supplementary Figures S2 and
S3). Assessment of HIV-1 infectivity and virion-associated
RT activity of these mutants in single-cycle infection assays
similarly did not reveal any differences, as expected (Sup-
plementary Figure S4). As such, these data do not appear
to support the notion that effects on translation, expression
or function of RT or codon usage biases are acting to alle-
viate the fitness defects caused by D67N/K70R. Our qPCR
analysis also failed to dissect differences in the efficiency of
RTn intermediate production among TAM mutants with
and without silent mutations (Figure 3). Thus, we cannot
exclude the possibility that the assays we employed may not
have the sensitivity to detect subtle effects of silent muta-
tions on protein expression and virus infectivity that may
become apparent during multiple rounds of virus replica-
tion if cells are multiply infected, which is likely to occur in
MT-2 cells that undergo cell-to-cell fusion (53).

Our study is the first to evaluate RTn errors introduced in
the HIV-1 proviral DNA during virus replication mediated
by the D67N/K70R TAMs and the in vivo selected K65K
and K66K silent mutations using Illumina next-generation
amplicon sequencing. We observed a dramatic 100-fold in-
crease in the frequency of indels, but not nucleotide sub-
stitutions at RT codons 65–67 in HIVTAM compared to
HIVWT in a single-cycle infection. The algorithm we used
to determine mutation frequency positioned all A-indels at
the beginning of the 8 A-homopolymeric run commencing
at the first nucleotide of RT codon 65. Hence, where the RT
slippage or dislocation occurred and the exact location of
the indels within this region is unknown.

Our next-generation amplicon sequencing approach min-
imized both intra- and interassay variability by addressing
several potential confounding factors. First, data for each
mutant were derived from three independent infections to
minimize infection-related variation. PCR amplifications
were performed in triplicate for each independent assay and
pooled to minimize PCR-related errors and founder effects.
Plasmid DNA of an identical sequence was also analyzed in
parallel and background mutations subtracted from each
sample to control for experimental errors and mutations
introduced by polymerases during the PCR amplification
and deep sequencing steps. The Illumina platform has min-
imal interassay variation and the occurrence of Illumina-
specific indel error rates is considerably lower (<0.001 per
100 bases) than other platforms such as 454, making it
highly suitable for this type of analysis (54,55). Finally, only
the highest quality paired reads were analyzed, where the
probability of an incorrect base call was 1 in a million.

Our findings differ from those of a previous study that
found that the majority of mutations mediated by ZDV-
resistant HIV-1 are either SNV or MNV (56). In contrast
to our study, the investigators evaluated the forward muta-
tion rate using a HIV-1 vector containing the LacZ� gene
as a reporter. Notably synonymous mutations cannot be de-
tected using the LacZ� method (57). A report by Mulder
et al. (58) is consistent with our findings of mutation fre-
quencies in HIVWT of 0.059 and 0.047% during single- and
multiple-cycle infections, respectively. The investigators per-
formed a 15-day infection of PBMC that yielded a muta-
tion frequency of 0.083 ± 0.02% in WT virus (HIVNL4.3).
Their mutation frequency is in a similar range to ours, even
though it was determined using orthogonal methods involv-
ing molecular cloning and Sanger sequencing.

Distinct to our observation regarding the introduction
of indels, we did not observe an increase in the frequency
of SNV or MNV in HIVTAM that could potentially be re-
versed by silent mutations. However, we did detect an in-
crease in the frequency of SNV resulting in the emergence
of both D67N (2.37%) and K70R (3.2%) in HIVWT (Fig-
ure 5C). This is consistent with D67N and K70R substitu-
tions being among the first to appear in vivo (59). A similar
trend was detected independently in the multiple-cycle in-
fections (Figure 5D). Furthermore, the increased frequency
of MNV resulting in the simultaneous emergence of D67N
and K65K but not K70R in HIVWT during single-cycle in-
fections suggests that this observation is unlikely to be a re-
sult of contamination with our D67N/K70R TAM contain-
ing mutants during the deep sequencing protocol. Notably,
the G to A mutation at 2748 (leading to D67N change) in
HIVWT during single-cycle infections is 6-fold higher than
the frequency observed in the multiple-cycle infection. The
differences in mutation frequency are likely due to the re-
verse A to G change occurring at nucleotide 2748 during
multiple cycles of infection, with the mutation frequency af-
ter 19 days reflecting the equilibrium of G to A and A to G
during culture. Transition mutations (i.e. A↔G) are com-
mon in HIV replication (60), but in the absence of drug,
there is no selective pressure for the retention of either the
G to A mutation that leads to the D67N change or indeed
the A to G change that results in K70R at nucleotide 2758
(Figure 5C); consequently, it is unlikely that these mutations
would be overrepresented in multiple-cycle infections.

In agreement with our finding that the homopolymeric
stretch of eight nucleotides at RT codons 65–67 leads to
a significant increase in indel mutations, our analysis re-
vealed an upstream homopolymeric nucleotide stretch of
five adenines (spanning RT codons 48–50) that also resulted
in increased indels. This observation was consistent among
all HIV-1 variants, supporting its legitimacy. These data are
congruent with the dramatically increased indels associated
with HIVTAM infection and the ability of HIVTAMK65K and
HIVTAMK66K to rescue this defect being a component of the
underlying mechanism by which silent mutations can alle-
viate fitness defects conferred by D67N/K70R.

Drug resistance mutations change the primary sequence
of HIV-1, which can alter the length of homopolymeric
stretches of nucleotides, as is the case for D67N in subtype
B. Mononucleotide tracts are known to promote template
switching, misalign the template-primer and result in single
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nucleotide deletions or misincorporations (57,61–62). HIV-
1 RT template-switching may occur as the enzyme exhibits
a tendency to pause at this homopolymeric stretch of eight
nucleotides (19). Template-switching could lead to an in-
crease in recombination (62), although this was not eval-
uated in our study. The propensity of HIV-1 RT to pause at
homopolymeric regions in both DNA and RNA templates
is mediated by the template sequence rather than either
primer position, RT subtype origin, or RT concentration
(19,61). Our findings support the observation that stretches
of iterated nucleotides do not normally extend beyond six
in the HIV-1 genome because they are likely deleterious to
the virus.

The emergence of synonymous mutations in the RNA
genome can have either deleterious or advantageous effects
on viral fitness. The genomes of RNA viruses feature nu-
merous functional properties beyond protein coding that
are critical in their replication cycle. These regions show
strong purifying selection against synonymous mutations
suggesting their functional role in virus replication (63,64).
Some of these functions, including alternative translation
initiation, splicing reactions, genome packaging and repli-
cation rely on secondary or higher order RNA structures
(65,66). Synonymous mutations that alter these cis-acting
elements are often detrimental to virus replication (67).
Other synonymous mutations have also been linked to ad-
vantages that lead to their selection in viral RNA genomes.
For example, the synonymous mutation, A759G, becomes
fixed in quasispecies of the ssRNA virus, puumala virus,
conferring a transmission advantage to the virus in ro-
dent populations (68). Similarly, the synonymous mutation
A1869G, selected in cell culture, improves the genetic stabil-
ity of the nonsynonymous 627K mutation, a known mam-
malian adaptation motif of the highly pathogenic clade 2.2
Eurasian lineage H5N1 avian influenza virus (69). However,
the mechanisms by which these silent mutations confer an
advantage at the molecular level remain to be elucidated.

Our study provides the first evidence that silent muta-
tions in the HIV-1 subtype B RT selected during drug ther-
apy in vivo can directly alleviate fitness defects in virus con-
currently encoding the TAMs, D67N/K70R. The sharp in-
crease in indel frequency due to TAMs is dramatically res-
cued with the introduction of a silent mutation at codon
65 or 66 of the HIV-1 subtype B RT template, supporting
their role as novel compensatory mutations. To the best of
our knowledge, this mechanism has not been previously re-
ported in the literature, nor has the use of next-generation
sequencing been employed to this effect. We postulate that
the fitness defect associated with increased indel frequency
may occur at other homopolymeric stretches of nucleotides
in connection with RT pausing. This study presents com-
pelling evidence for investigating the selection of other syn-
onymous mutations that may act as compensatory muta-
tions that contribute to increased viral fitness.
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