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Molecular surveillance is essential to monitor HIV diversity and track emerging strains. We have developed a universal library
preparation method (HIV-SMART [i.e., switching mechanism at 5’ end of RNA transcript]) for next-generation sequencing that
harnesses the specificity of HIV-directed priming to enable full genome characterization of all HIV-1 groups (M, N, O, and P)
and HIV-2. Broad application of the HIV-SMART approach was demonstrated using a panel of diverse cell-cultured virus iso-
lates. HIV-1 non-subtype B-infected clinical specimens from Cameroon were then used to optimize the protocol to sequence
directly from plasma. When multiplexing 8 or more libraries per MiSeq run, full genome coverage at a median ~2,000X depth
was routinely obtained for either sample type. The method reproducibly generated the same consensus sequence, consistently
identified viral sequence heterogeneity present in specimens, and at viral loads of =4.5 log copies/ml yielded sufficient coverage
to permit strain classification. HIV-SMART provides an unparalleled opportunity to identify diverse HIV strains in patient spec-
imens and to determine phylogenetic classification based on the entire viral genome. Easily adapted to sequence any RNA virus,

this technology illustrates the utility of next-generation sequencing (NGS) for viral characterization and surveillance.

Molecular characterization of human immunodeficiency vi-
rus type 1 (HIV-1) has revealed an exceptional level of se-
quence diversity. Inherent factors such as an error-prone reverse
transcriptase (RT) along with high rates of replication and recom-
bination all contribute to this variability, reaching as high as 10%
within a single individual (1, 2). While a limited number of sub-
types and circulating recombinant forms (CRFs) predominate in a
particular geographical region, global diversification of HIV is
continually being driven by the movement of people around the
world and social changes (3-5). Surveillance is essential to moni-
tor global HIV diversity and to identify newly emerging strains,
since this will have significant implications from the perspective of
screening, diagnostic testing, patient monitoring (e.g., viral load
assays), drug resistance, and vaccine development.

The utility of next-generation sequencing (NGS) has been
demonstrated for a variety of applications related to HIV patient
monitoring, including identification of drug resistance mutations
(6-10) and prediction of coreceptor tropism (11, 12). Examples
generally entail sequencing only of pol or env amplicons, respec-
tively, to a depth necessary to identify low-level variants. However,
full genomes are also of interest for detection of quasispecies and
tracking immune evasion through variation in CD8 T lymphocyte
epitopes with linkage elsewhere in the genome (13, 14). We re-
cently implemented a randomly primed NGS approach to con-
duct HIV surveillance and characterize clinical specimens for
coinfecting viruses (15). For specimens with viral loads of >4.8
log,, copies/ml, full genomes were obtained 70% of the time;
however, the percentage of HIV reads varied significantly among
specimens (0.002 to 4.11%).

cDNA synthesis with primers specific for HIV could poten-
tially yield greater overall coverage and sequencing depth. In an
article by Henn et al. (16), for example, subtype B-specific primers
were used to generate 4 overlapping amplicons (2 to 3 kb in
length) that cover the entire genome and were then sequenced by
454 pyrosequencing. A similar strategy for simian immunodefi-
ciency virus (SIV) has been applied using Nextera prior to pyro-
sequencing (14, 17). Notably, in each approach the strain was
known and primers were designed accordingly. From the stand-
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point of conducting surveillance and characterization of speci-
mens infected with unknown strains, this is not possible. Indeed,
HIV-1 is classified into four highly divergent groups: M (major),
O (outlier), N (non-M, non-0O), and P. The group M pandemic
branch is divided into nine subtypes (A to D, F to H, J, and K) and
more than 70 CRFs from intersubtype and inter-CRF recombina-
tion (Los Alamos National Lab HIV Sequence Database [www.hiv
Janl.gov]); CRFs account for nearly 20% of infections worldwide
(18). A large-scale analysis of 2,996 genomic full-length sequences
revealed the average nucleotide diversities are 37.5% between
groups, 14.7% between subtypes, and 8.2% within subtypes (19).

A universal method for full genome characterization that reli-
ably captures HIV sequence heterogeneity is needed. Gall et al.
recently reported a strategy that permits amplification and ge-
nome assembly of a wide variety of HIV-1 strains (20). It is similar
to the strain-specific approaches in that long individual amplicons
must be generated and purified before NGS libraries are gener-
ated. Here, we describe a much simpler approach that can be used
directly on patient samples and demonstrate its applicability for
HIV-1 group M, including numerous subtypes, CRFs, and unique
recombinant forms (URFs), as well as for group O, N, and P
strains and HIV-2.
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MATERIALS AND METHODS

Clinical specimens. HIV-infected blood donations were obtained from
blood banks in Cameroon, South Africa, and Thailand. Collection of dis-
carded, deidentified blood donations for research purposes was approved
by local ethics committees, and informed consent was obtained. Prelimi-
nary strain classification was based on reverse transcriptase PCR (RT-
PCR) amplification of RNA extracted from plasma followed by popula-
tion sequencing by Sanger and phylogenetic analysis of subgenome
regions of gag, pol, and env as previously described (21). HIV-1 viral loads
were determined using the RealTime HIV-1 assay on the m2000 system
following the manufacturer’s instructions (Abbott Molecular, Des
Plaines, IL).

Virus isolates. HIV strains representing a wide range of HIV-1 group
M subtypes and CRFs, groups N, O, and P, and HIV-2 were isolated from
patient specimens and propagated in cell culture; patient information and
GenBank accession numbers for previously reported viral sequences are
provided in Table S1 in the supplemental material. For the group M vi-
ruses, preliminary HIV-1 strain classification was based primarily on ei-
ther gag or pol (PR/RT) sequences. For the group N and P strains, com-
plete genome sequences had been determined, and for the group O
strains, partial genome sequences were available. For cell culture propa-
gation, patient plasma or peripheral blood mononuclear cells (PBMCs)
were incubated with human PBMCs that were previously activated with
phytohemagglutinin (PHA) for 3 days in RPMI buffer containing 10%
complement-inactivated fetal bovine serum (FBS). Twice per week, cul-
tured cells were resuspended in fresh RPMI medium supplemented with
interleukin-2 (IL-2) (10 wl/liter), gentamicin (50 pg/ml), Polybrene (2
pg/ml), and 10% FBS. Peak viral replication was monitored by measuring
reverse transcriptase activity (Cavidi, Uppsala, Sweden). Cell-free culture
supernatant was harvested and stored at —80°C. To determine HIV-1
virus titer, culture supernatant was diluted into HIV-uninfected human
plasma (normal human plasma [NHP]), and viral loads were measured
using the RealTime HIV-1 assay. For the HIV-2 isolate, the viral load was
measured on the m2000 system using a research assay as previously de-
scribed, except that a pumpkin-derived RNA was used as an internal con-
trol and RNA extracted from electron microscopy-quantified virus parti-
cles of the HIV-2 NIH-Z strain was used as the HIV-2 calibrator (22).

RNA extractions. For virus isolate library construction, culture super-
natants were diluted in normal human plasma (NHP) and automated
RNA extractions were performed either with the QIAamp DNA blood
minikit on the QiaCube (Qiagen, Carlsbad, CA) for total nucleic acid or
on an m2000sp instrument using the Abbott RNA sample preparation
system (Abbott Molecular; Des Plaines, IL) according to the manufactur-
er’s instructions. Sample volumes were 200 l and 500 or 600 wl with
elution volumes of 100 wl and 70 pl, respectively. The resulting RNA
inputs ranged from 8,019 to 385,592 copies for each cDNA reaction and
are listed in Table 1.

For clinical specimens, plasma was pretreated with benzonase as de-
scribed below. The m2000sp extraction used 500 or 600 pl of sample with
RNA elution in 70 pl. Where noted, manual extractions were also per-
formed using the MagMax kit (Life Technologies, Grand Island, NY),
Qiagen viral minikit, Ultra Sens virus kit (Qiagen), and PureLink kit (Life
Technologies) or automated extractions as described above according to
the manufacturer’s instructions. To assess RNA recovery from manual
RNA extraction kits, extracted material was substituted for m2000sp elu-
ate prior to RT-PCR master mix addition, and real-time fluorescence
detection on the 120007t instrument with the RealTime HIV-1 assay was
performed.

Clinical specimen pretreatment. Clinical plasma specimens were
spun at 5,000 rpm (2,650 X g) for 5 min at room temperature, and super-
natants were transferred to fresh tubes. One-tenth volume of 10X benzo-
nase buffer (200 mM Tris-Cl [pH 7.5], 100 mM NaCl, 20 mM MgCl,) and
250 U/ml ultrapure benzonase (Sigma, St. Louis, MO) were added to 0.9
volume of plasma to degrade free DNA and RNA (23, 24). Samples were
incubated at 37°C for 3 h and as noted were then filtered by centrifugation
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(5,000 rpm) through 0.22-pm-pore spin filters (Millipore, Billerica, MA)
before extraction. Where also noted, postextraction treatments were per-
formed with Turbo DNase (Life Technologies) by adding 6.5 pl of 10X
Turbo buffer and 1 pl of DNase to 60 pl of RNA. Following a 25-min
incubation at 37°C, reaction mixtures were inactivated with 6.5 pl of
inactivation bead solution for 5 min at room temperature and then cen-
trifuged at 10,000 rpm for 1.5 min before the supernatant was transferred
to a fresh tube.

HIV-SMART library preparation. Libraries were prepared using the
SMARTer PCR cDNA synthesis kit essentially as described by the manu-
facturer (Clontech, Mountain View, CA), with the following modifica-
tions. The HIV-SMART (i.e., switching mechanism at 5" end of RNA
transcript) fusion primers, which have the SMART sequence (5'-AAGCA
GTGGTATCAACGCAGAGTAC-3") added to the 5" end of each HIV-
specific reverse primer listed in Table 2, were used for cDNA synthesis.
First-strand synthesis reaction mixtures consisting of 3.5 ul of RNA, 0.5 .l
of 24 M SMART primer mix (1.2 wM final concentration for each [de-
scribed below]), and 0.5 pl of 12 uM 3’SMART CDS primer IT A (0.6 uM
final concentration) were heated at 72°C for 3 min, and then the temper-
ature was lowered to 47°C for 2 min before the addition of 5.5 pl of master
mix (2 wl of 5X first-strand buffer, 0.25 pl of 100 mM dithiothreitol
[DTT], 1 pl of 10 mM deoxynucleoside triphosphate [dNTP] mixture, 1
pl of 12 uM SMARTer II A oligonucleotide, 0.25 nl of 40 U/l RNase
inhibitor, and 1 pl of 100 U/l SMARTScribe reverse transcriptase).
cDNA synthesis reaction mixtures of clinical specimens were incubated at
47°C for a total of 90 min (42°C for virus isolates), terminated at 70°C for
10 min, and brought to 4°C before the addition of 0.25 wl RNAse H (2
U/l [Life Technologies]). Reaction mixtures were incubated at 37°C for
20 min, returned to 4°C, and diluted to 50 pl with water.

The HIV-SMART primer mixtures were combined as follows: for N4,
HS15, HS55, HS85, and HS99; for N6, HS15, HS30, HS55, HS65, HS85,
and HS99. The N10 mixture included all primers shown in Table 2. The
N6 mixture was used for all virus isolates and clinical specimen libraries
unless indicated. SMART cDNA was amplified by long-distance PCR on a
thermocycler as follows using Advantage II reagents (Clontech): 7.5 pl
SMART cDNA, 7.5 pl 10X Advantage 2 PCR buffer, 1.5 pl 50X dNTP
mix (10 mM), 1.5 ul 5" PCR primer IIA (12 pM), 1.5 pl 50X Advantage 2
polymerase mix, and 55.5 pl water (total of 75 pl). Reaction mixtures
were cycled as follows: step 1, 95°C for 1 min; step 2, 95°C for 15s, 65°C for
30 s, and 68°C for 3 min followed by hold at 4°C. Unless indicated, 35
cycles of step 2 were performed. Amplified HIV-SMART cDNA was pu-
rified with AMP-Pure magnetic beads (Beckman Coulter, Indianapolis,
IN) using a ratio of 1.8 X beads to sample (e.g., 135 ). Incubation times
and washes followed the manufacturer’s recommendations. Libraries
were eluted in 30 pl of 10 mM Tris-Cl (pH 7.5) and then quantified on a
Qubit instrument (Invitrogen) using double-stranded DNA (dsDNA)
broad-range detection kit reagents (Life Technologies).

NGS library preparation. The purified cDNA SMART libraries were
diluted to 0.2 ng/ul with water, and 5 pl (e.g., 1-ng input) was added to
Nextera XT reaction mixtures (Illumina, San Diego, CA). Compatible
barcodes were selected, and the manufacturer’s protocol was followed,
except that 16 cycles of PCR were performed instead of 12. Libraries were
purified once more with 0.7X AMP-Pure beads (35 1) and eluted in 30 pl
of Illumina resuspension buffer (RSB). Library concentrations were mea-
sured on a BioAnalyzer 2200 TapeStation using a D1K screentape (Agilent
Technologies, Santa Clara, CA) based on integration of peaks from 150 to
700 nucleotides (nt) and then adjusted to a 1 nM final concentration
before multiplexing. Libraries were combined in equal volumes, dena-
tured with 0.1 N (final concentration) NaOH for 5 min, and diluted to 20
pM with HT1 buffer. The multiplex library was diluted once more with
HT1 to 12 pM, and 1% PhiX loading control was added. The multiplex
library was denatured at 96°C for 2 min, snap-chilled on ice, and then run
on a MiSeq instrument using a 500-cycle MiSeq reagent kit v2 (Illumina).

NGS analysis. Barcodes were parsed on the MiSeq instrument, and
reads were filtered for Q-scores above 30. Fastq files were imported into
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TABLE 1 Summary of virus isolate NGS results”

No. of reads: % of:
Specimen Control expt no. Viral RNA input Genome Sequence Depth
ID or HIV group Subtype (no. of copies) Total HIV HIV reads coverage depth (X) SD (X)
LA09 1 CRFO01 33,583 2,445,293 1 0 0.5 ND ND
LA09 2 CRF01 33,583 1,374,471 10,615 0.77 99 231 392
LA09 3 CRFO01 33,583 1,204,284 43,305 3.6 99 853 510
LA09 4 CRFO01 33,583 1,105,601 120,937 10.9 99 2,541 1,851
LA09 5 CRFO01 33,583 118,422 32 0.03 24 2.4 1.6
LA09 6 CRFO01 33,583 723,407 1,837 0.25 84 40 43
LA51 1 (€] 42,076 1,698,542 14 0 14 0.2 0.5
LA51 2 (6] 42,076 1,556,269 181,343 11.6 100 3,812 7,714
LA51 3 (6] 42,076 1,177,271 129,330 11.0 100 2,502 1,727
LA51 4 (6] 42,076 1,669,639 670,727 40.2 100 12,934 10,999
LA51 5 (6] 42,076 192,466 69 0.04 34 1.1 2.3
LA51 6 (6] 42,076 649,493 1,114 0.17 93 20 17
LAO1 HIV-M A 160,741 2,570,888 268,802 10.5 100 5,684 2,901
LA02 HIV-M B 86,324 2,475,214 238,949 9.7 100 4,950 2,284
LAO3 HIV-M B 211,897 2,302,602 96,464 4.2 100 1,449 1,272
LA04 HIV-M B 116,445 2,682,766 396,688 14.8 100 8,401 4,750
LAO5 HIV-M B 153,507 2,411,778 345,127 14.3 100 7,095 5,210
LAO6 HIV-M B 150,014 2,459,618 475,929 19.3 100 10,060 5,207
LAO7 HIV-M C 12,194 2,278,578 544,430 23.9 100 11,351 5,916
LAO8 HIV-M C 70,168 2,357,246 96,126 4.1 100 2,011 915
LA17 HIV-M D 188,853 329,806 110,622 33.5 99 2,319 1,628
LA18 HIV-M D 385,592 1,343,884 73,603 5.5 100 1,340 979
LA19 HIV-M H 29,789 755,902 82,593 10.9 100 1,742 1,770
LA20 HIV-M F 46,358 571,138 350,627 61.4 100 7,338 4,644
LA21 HIV-M F1 67,008 983,916 306,748 31.2 100 6,359 4,454
LA22 HIV-M F1 92,498 967,966 50,825 5.3 100 1,020 518
LA23 HIV-M G 127,680 1,420,142 84,297 59 100 1,623 1,231
LA24 HIV-M G 90,391 1,606,488 111,036 6.9 100 2,063 1,409
LA57 HIV-M G 80,174 1,057,838 115,153 10.9 100 2,171 1,850
LA25 HIV-M H 24,213 1,357,150 24,151 1.8 100 474 304
LA26 HIV-M ] 237,755 1,400,214 101,588 7.3 100 1,952 1,189
LA09 HIV-M CRFO01 33,583 2,123,166 41,644 2.0 100 898 436
LA10 HIV-M CRF02 153,507 699,406 477,506 68.3 100 10,240 6,315
LA11 HIV-M CRF02 42,280 809,298 363,898 45.0 100 7,738 4,818
LA12 HIV-M CRF02 12,135 1,449,450 164,538 11.4 100 3,447 2,761
LA13 HIV-M CRF06 130,655 1,129,112 22,376 2.0 100 444 656
LA14 HIV-M CRF06 197,757 1,196,210 47,768 4.0 100 935 583
LA58 HIV-M CRF06 383,735 1,013,130 546,977 54.0 100 10,025 6,402
LA15 HIV-M CRF11 292,502 910,784 145,379 16.0 100 2,848 1,484
LA56 HIV-M URF 149,290 1,201,436 474,347 39.5 100 8,568 5,668
LA27 HIV-N 38,800 1,912,588 578,940 30.3 100 14,376 7,049
LA28 HIV-N NT 1,564,286 155,741 10.0 100 3,422 1,604
LA29 HIV-O NT 1,166,164 22,650 1.9 100 467 282
LA30 HIV-O NT 1,508,470 105,088 7.0 100 2,124 1,206
LA31 HIV-O NT 1,108,592 1,604 0.1 100 33 22
LA32 HIV-O 40,750 3,916,336 325,129 8.3 100 7,354 5,601
LA33 HIV-O 18,456 940,134 23,171 2.5 100 485 429
LA34 HIV-O 8,019 1,336,488 50,865 3.8 100 986 589
LA45 HIV-O 65,168 142,776 50,083 35.1 100 1,088 1,563
LA46 HIV-O 167,506 129,252 70,585 54.6 100 1,452 1,820
LA47 HIV-O 73,119 1,208,542 576,658 47.7 100 11,189 9,229
LA48 HIV-O 105,689 201,200 118,043 58.7 100 2,527 3,410
LA49 HIV-O 136,154 398,948 123,981 31.1 100 2,461 3,002
LA50 HIV-O 225,960 118,364 32,685 27.6 100 638 850
LA51 HIV-O 42,076 1,700,174 362,061 21.3 100 6,500 6,260
LA52 HIV-O 87,909 2,270,530 608,102 26.8 100 10,625 8,983
LA53 HIV-O 54,204 2,124,180 644,939 30.4 100 11,960 8,888
LA54 HIV-O 136,154 1,719,776 790,881 46.0 100 14,826 13,213
LA55 HIV-O 13,306 1,824,796 1,013,709 55.6 100 18,650 13,996
LA35 HIV-P 40,000 1,979,032 350,522 17.7 100 8,228 4,928
LA36 HIV-2 A 28,469 1,035,972 165,620 16.0 100 3,489 2,658

“ Listed for each specimen are the HIV group, the subtype determined by full genome sequences, and the calculated viral RNA input (copies/reaction) for each HIV-SMART cDNA
reaction. Control experiments numbered 1 to 6 are listed in the second column. Reported for NGS are the total unprocessed reads, reads aligning to the HIV genome, percentage of
HIV reads of the total, percentage of genome coverage, average sequence depth, and the standard deviation of the sequence depth. ND, not determined; NT, not tested. Additional
information for isolates containing demographic data and references is found in Table S1 in the supplemental material.
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TABLE 2 HIV-SMART primer names along with positions relative to the HXB2 reference genome*

Primer included in:

Primer name Position N4 N6 N10 Primer sequence

HS10 682-703 \V 5'-AAGCAGTGGTATCAACGCAGAGTACAGCCGAGTCCTGCGTCGAGAGA-3'
HS15 1825-1847 \V \ \ 5'-AAGCAGTGGTATCAACGCAGAGTACACTCCCTGRCAKGCTGTCATCAT-3’
HS20 2077-2096 vV 5'-AAGCAGTGGTATCAACGCAGAGTACTTCCCTAAAAAATTAGCCTG-3'

HS25 2376-2395 \V 5'-AAGCAGTGGTATCAACGCAGAGTACCCTATCATTTTTGGTYTCCA-3’

HS30 3303-3325 \ \V 5'-AAGCAGTGGTATCAACGCAGAGTACTTYTGTATRTCATTGACAGTCCA-3'
HS45 4395-4420 vV 5"-AAGCAGTGGTATCAACGCAGAGTACTCTARTTGCCATATYCCTGGACTRCA-3’
HS55 5195-5218 vV AV \V 5'-AAGCAGTGGTATCAACGCAGAGTACCTARTGGGATRTGTACTTCTGAAC-3’
HS65 6203-6229 \ \ 5'-AAGCAGTGGTATCAACGCAGAGTACCTCRTTDCCACTGTCTTCTBCTCTTTC-3’
HS85 8346-8365 vV vV vV 5'-AAGCAGTGGTATCAACGCAGAGTACGGTGARTATCCCTKCCTAAC-3’

HS99 9607-9628 vV \V \V 5'-AAGCAGTGGTATCAACGCAGAGTACTCAAGGCAAGCTTTATTGAGGC-3’
3'SMART CDS 1A Poly(A) vV \ \ 5'-AAGCAGTGGTATCAACGCAGAGTACT(30)N-1N-3’

@ The HXB2 reference genome accession number is K03455. In each reverse primer, the SMART adaptor precedes the sequence complementary to HIV. Checks indicate which

primers are included in the N4, N6, and N10 mixtures.

CLC Genomics Workbench 8.0 software (CLC bio/Qiagen, Aarhus, Den-
mark), Illumina paired-end reads 1 and 2 were merged (paired-end dis-
tance of 100 to 250 nt), and duplicate reads were removed. Reads were
trimmed for quality (limit = 0.05) and ambiguity (2-nt maximum), and
the SMART adaptor sequence was removed. Reads below 50 nt were dis-
carded; paired-end reads and broken pairs were aligned to a selected HIV
reference sequence. The following alignment settings were applied: mis-
match = 2, insertion = 3, deletion = 3, length fraction = 0.7, and simi-
larity fraction = 0.8. The preliminary strain classification using RT-PCR
and population sequencing by the Sanger method performed in advance
of NGS studies guided the selection of the reference genome used for the
initial alignment of NGS data; however, HXB2 can substitute for another
HIV-1 group M strain when no information is available. The consensus
sequence obtained from the first alignment then served as a reference to
refine the consensus in a second round of alignment, which was typically
sufficient to arrive at the final sequence when no gaps in coverage were
present. When gaps in coverage were observed, the data were aligned to
one or more additional reference genomes. HIV-mapped reads were then
extracted from each alignment, combined, and de novo assembled. Should
contigs be formed that bridged these gaps, these sequences were merged
with NGS data in Sequencher 5.2.3 software to create a final consensus
sequence. The raw NGS data were realigned to the final consensus se-
quence to generate the NGS statistics. Open reading frames were verified
and annotated using SeqBuilder (DNASTAR Lasergene v11.2).

Minor variant analysis. Values for the conservation of each consensus
base call were determined in CLC-Bio for each nucleotide position in the
NO05-5 genome and averaged, and the standard deviation (SD) was calcu-
lated for 14 experiments having an average sequence depth of =400X.
The Low Frequency Variant Detection tool in CLC Bio was used to esti-
mate a sequencing error rate and identify significant alleles and their fre-
quencies. The statistical model for error is based on quality scores at each
position, and no assumption is made about the ploidy of the sample when
predicting variants. The cutoff for significance was set at 1%, and the
minimum frequency for variants was set at 5.0% for global detection (see
Table S3 in the supplemental material) and at 2% for the region shown in
Fig. 6C. Default settings for error rate calculations were chosen.

Phylogenetic analysis. Final genomic sequences were aligned with a
subset of the Los Alamos HIV Database full genome alignment (www.hiv
Janl.gov). The alignments were gap-stripped and converted to PHYLIP
format using BioEdit Sequence Alignment Editor (version 5.0.9; Tom
Hall, North Carolina State University, Raleigh, NC). Phylogenetic analysis
was performed with the PHYLIP software package (version 3.5¢; J.
Felsenstein, University of Washington, Seattle, WA). Evolutionary distances
were estimated with DNADIST (Kimura two-parameter method), and phy-
logenetic relationships were determined by NEIGHBOR (neighbor-joining
method). Branch reproducibility of trees was evaluated using SEQBOOT
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(100 replicates) and CONSENSE. Programs were run with default param-
eters. Trees were constructed using TreeExplorer (version 2.12; Koichiro
Tamura of Tokyo Metropolitan University, Tokyo, Japan). Viral se-
quences were individually analyzed for evidence of recombination using
SimPlot (version 3.5.1; S. Ray, Johns Hopkins University, Baltimore, MD)
(25, 26). SimPlot calculates and plots the percentage of identity of the
query sequence to a panel of reference sequences in a sliding window,
which is moved across the alignment in steps, to identify intersubtype
mosaicism. If recombination was indicated, BOOTSCAN and FINDSITE
were performed, and breakpoints were confirmed by constructing phylo-
genetic trees for each subfragment.

Nucleotide sequence accession numbers. Full-genome consensus se-
quences have been deposited into GenBank under the following accession
numbers: KU168256 (LA01), KU168257 (LA02), KU168258 (LA03),
KU168259 (LA04), KU168260 (LA05), KU168261 (LA06), KU168262
(LA07), KU168263 (LA08), KU168264 (LA09), KU168265 (LA10),
KU168266 (LA11), KU168267 (LA12), KU168268 (LA13), KU168269
(LA14), KU168270 (LA15), KU168271 (LA17), KU168272 (LA18),
KU168273 (LA19), KU168274 (LA20), KU168275 (LA21), KU168276
(LA22), KU168277 (LA23), KU168278 (LA24), KU168279 (LA25),
KU168280 (LA26), KU168281 (LA29), KU168282 (LA30), KU168283
(LA31), KU168284 (LA32), KU168285 (LA33), KU168286 (LA34),
KU168287 (LA36), KU168288 (LA45), KU168289 (LA46), KU168290
(LA47), KU168291 (LA48), KU168292 (LA49), KU168293 (LA50),
KU168294 (LA51), KU168295 (LA52), KU168296 (LA53), KU168297
(LA54), KU168298 (LA55), KU168299 (LA56), KU168300 (LA57),
KU168301 (LA58), KU168302 (44-10), KU168303 (10-10), KU168304
(1193-8), KU168305 (54-7), KU168306 (62-15), KU168307 (1031-19),
KU168308 (8119636), KU168309 (10047107229), KU168310 (100-17),
and KU168311 (N05-5).

RESULTS

Design and construction of HIV-SMART libraries for NGS.
Highly conserved stretches of HIV-1 sequence were identified
through an alignment of selected reference genomes containing
HIV-1groups M, N, and O. Sites spaced approximately 1.5 to 2 kb
from one another were selected to design degenerate primers for
initiation of virus-specific cDNA synthesis (Fig. 1; Table 2). In
these primers, viral sequences (20 to 30 nt) were fused to a com-
mon adaptor sequence (SMART [25 nt]) to make use of the
SMARTer PCR kit for cDNA synthesis (red-blue arrows). In place
of the oligo(dT)-SMART fusion primer, mixtures of HIV-SMART
oligonucleotides are substituted that hybridize to viral RNA to
initiate reverse transcription of HIV genomes. The terminal trans-
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FIG 1 The HIV-SMART protocol workflow. Benzonase treatment is required for clinical specimens prior to RNA extraction. The HIV-1 genome is shown with
the locations of six HIV-SMART fusion primers that initiate reverse transcription of viral RNA. In the cDNA reaction, nontemplated bases (XX) are added to the
ends of nascent cDNA, to which the SMART oligonucleotide anneals. The RT polymerase switches strands to transcribe the complement of the oligonucleotide,
leaving the SMART adaptor at both ends of cDNA. Long-distance PCR with a single SMART primer amplifies libraries and is followed by fragmentation and

addition of Illumina primer and barcode sequences with Nextera XT reagents.

ferase activity of reverse transcriptase (RT) adds nontemplated
bases (5'-CCCAU-3'; shown as XX) to the 3’ end of nascent
cDNA, to which anneals an oligonucleotide containing the com-
plement of these bases fused to the SMART sequence. The poly-
merase switches strands to fill in the adaptor so that the SMART
sequence is now present at both ends of cDNA, allowing for PCR
amplification of libraries with a single SMART primer (Fig. 1).
Following bead purification and fluorometric quantification, li-
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braries are then “tagmented” with Nextera XT reagents, whereby
topoisomerases cleave double-stranded cDNA at ~300-bp inter-
vals to covalently link Illumina sequencing primer binding sites,
sample indices, and flow cell adaptors (Fig. 1). A low number of
PCR cycles generates highly concentrated libraries (>50 nM) with
asize range of 200 to 700 bp (peak at ~330 bp) and average inserts
size of ~190 bp, which are then multiplex sequenced in a 2- by
250-bp paired-end MiSeq run.
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FIG 2 (A) Coverage maps of control libraries for LAO9-CRF01_AE and LA51-group O. cDNA synthesis (with the corresponding control experiment number in
Table 1 given in parentheses) was with oligo(dT)-SMART only (experiment 2), N6 HIV-SMART primers only (experiment 3), N6 HIV-SMART +oligo(dT)-
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(B) Neighbor-joining phylogenetic tree of HIV-1 isolate sequences (indicated in red by LA number only); alignment was 8,001 nt in length after gap stripping,

and bootstrap values of 100% are shown.

Full genome sequencing and characterization of virus iso-
lates by HIV-SMART. To demonstrate the principle and specific-
ity of the method, control libraries were made from virus culture
supernatants infected with either a CRF01_AE recombinant
(LA09) or a group O strain (LA51). NGS statistics are reported in
Table 1, and coverage maps are shown in Fig. 2A. HIV packages 2
copies of (+) single-stranded RNA (ssRNA) genomes that are 5’
capped, unspliced, and 3’ polyadenylated, and therefore we rea-
soned that priming with oligo(dT) should facilitate cDNA synthe-
sis (16). This indeed yielded complete sequences for both isolates;
however, there was an obvious 3’ bias in coverage, with multiple
regions having =<10X depth. The average depths for nt 1 to 8400
compared to the 8400 end were 99X versus 1,158 X for LA09 and
1,315X versus 19,132X for LA51. In comparison, use of the N6
mixture of HIV-SMART primers produced more uniform cover-
age and the same or greater average depth: e.g., LA09, 853X =
510X for HIV-SMART versus 231X * 391X for oligo(dT). Ad-
dition of these primer sets together had a highly synergistic effect,
yielding 14- and 3-fold greater percentages of HIV reads for LA09
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and 3.4- and 3.6-fold greater percentages for LA51 compared to
oligo(dT) and the HIV-SMART mixture alone, respectively.
When no RT primers were used (not shown; experiment 1) or the
SMART amplification step was omitted, both control libraries
were extremely dilute and had <70 HIV reads. The use of cDNA
directly in the Nextera step yielded <0.04% HIV reads for both
isolates, with 24 to 34% genome coverage at 1.1X to 2.4X depth.
In contrast, including the HIV SMART amplification step pro-
duced full genomes with a 365- to 1,004-fold increase in percent-
age of HIV reads and a 1,058- to 11,246-fold increase in coverage
depth. Finally, reverse transcription with six SMART primers de-
signed against an unrelated RNA virus, while still achieving =84%
coverage for each isolate, had percentage of HIV reads and cover-
age depths that were 14- to 65- and 21- to 124-fold less than those
of HIV-SMART primers alone, respectively, suggesting the
method tolerates mismatches but requires sequence specificity for
optimal performance.

To assess the broad utility of this method, a panel of highly
diverse virus isolates was selected, including 28 group M (different
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subtypes and CRFs), 2 group N, and 17 group O strains, 1 group P
strain, and 1 HIV-2 strain, all diluted into NHP to viral loads
ranging from 5.61 to 7.74 log,, copies/ml. Three consecutive
MiSeq runs were performed, multiplexing 12, 14, or 23 libraries,
and all 49 libraries achieved 99 to 100% genome coverage in a
single attempt. The percentage of HIV reads (median, 14.8%;
145,379 reads) and the sequence depth (median, 2,848 X) for each
isolate are reported in Table 1. Sequence coverage was broadly
uniform across the genome, reflected by the low standard devia-
tion values relative to the mean (Table 1). Equivalent results were
obtained irrespective of HIV-1 group (see Fig. S1 in the supple-
mental material), with median percentages of HIV-1 reads and
sequence depths of 10.9% and 2,583 X for group M, 20.1% and
8,899X for group N, and 27.6% and 2,460 X for group O (Table
1). Despite the high sequence divergence from HIV-1 group M,
both the group P and HIV-2 samples performed exceedingly well
with this approach, each obtaining full genome coverage from
17.7% and 16.0% of the total reads, respectively.

Focusing on the multiplexed run of 23 libraries, a median of
onlyl.1 million total reads was obtained per barcode, yet this was
more than sufficient to yield full genome sequences for each
strain. The percentage of reads aligning to HIV varied from 0.14%
to 68.3%, with a median of 6.97% (101,588 reads), corresponding
to a median sequence depth of 1,952 X (range of 33.3 to 10,240 X)
reads per nucleotide.

We compared all of the NGS consensus sequences to the avail-
able subgenomic sequences (not shown) as well as to published
sequences for YBF30 (group N, LA27) and RBF168 (group P,
LA35) and observed 99.5% and 98.3% concordance, respectively,
between the NGS- and Sanger-generated sequences (see Table S1
in the supplemental material). The majority of differences in-
volved degenerate nucleotides (e.g., Y or R) obtained by popula-
tion sequencing, which the depth of the NGS data now afforded
the ability to confirm or resolve.

A neighbor-joining phylogenetic tree derived from virus iso-
late sequences is shown in Fig. 2B. The majority of full-length
sequences clustered tightly with reference sequences corre-
sponding to their preliminary classification based on subge-
nome sequences. Notable among these new genomes are LA19
(subtype H), LA25 (subtype H), and LA26 (subtype J), rare
pure subtypes for which few database entries are available.
While LA19 is basal on the H branch and was preliminarily
classified as subtype H in gag and F in pol RT, SimPlot shows it
is subtype H across the entire genome (see Fig. S2A in the
supplemental material) and BOOTSCAN analysis failed to
show evidence of recombination (data not shown). Similarly,
LAO8 branches basally with subtype C, but no recombination
was observed (see Fig. S2B). For isolates LA0O3 and LA06, in
which classification was initially uncertain based on subgenomic pol
PR/RT sequence, the aid of full genome sequences now dem-
onstrated they both cluster tightly with subtype B and show no
evidence of recombination (Fig. 2B; see Fig. S2C and S2D).
LA57 was classified as CRF14_BG based on pol PR/RT sequence
but is subtype G throughout the genome (see Fig. S2E); the
isolate sequence is most closely related to the subtype G parent of
CRF14, but there is no subtype B sequence in env. Only LA56 was
determined to be a URF comprised of alternating CRF02_AG and
CRF06_cpx sequence. SimPlots, bootscanning, and individual trees
describing its genomic structure are found in Fig. S3 in the supple-
mental material.
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Optimization of HIV-SMART protocol for clinical speci-
mens. Application of this technique directly to patient specimens
will be of the greatest utility. Surprisingly, despite the use of virus-
specific primers and HIV-infected plasma specimens with viral
loads of =5 log,, copies/ml, the same protocol used for the virus
isolates yielded poor genome coverage and <0.1% HIV-1 reads
on several clinical specimens tested (data not shown). For exam-
ple, following RNA extraction (Ultra Sens virus kit) of specimen
CHU1756, a CRF02_AG infection, and cDNA synthesis with ei-
ther 100 nM or 1 wM SMART primers (final concentration of each
primer in the reaction mixture), only percentages of coverage of 9%
and 55% were achieved, respectively (Fig. 3A, first and third panels).
Therefore, efforts were undertaken to optimize the method for clin-
ical specimens using high-titer, non-subtype B HIV-1-infected
plasma specimens collected in Cameroon.

To enrich for viral reads and reduce the contribution of human
background, nuclease treatments were evaluated before and after
RNA extraction of CHU1756, and NGS was performed. Pretreat-
ment for 3 h with benzonase, which cleaves both free RNA and
DNA, improved sequence coverage dramatically, increasing it
from 9% to 63% and from 55% to 83% with 100 nM and 1 wuM N6
primer mixtures, respectively. Measurement of HIV-1 viral loads
showed that benzonase did not alter recovery of viral nucleic acid
(Fig. 3B, lanes 1 and 2). The addition of carrier RNA [e.g., yeast
tRNA or oligo(A)] helped the recovery of HIV-1 RNA for the
Ultra Sens virus kit and other manual extraction methods but was
not necessary for the m2000 extraction method (see Fig. S4A in the
supplemental material); linear acrylamide did not substitute for
carrier RNA (Fig. 3B, lanes 2 to 4). With a postextraction Turbo
DNase step, HIV-1 recovery was either poor or highly variable
(Fig. 3B, lanes 5 to 7; see Fig. S4), and specimen filtration
(0.22-pm pore) had a neutral effect (data not shown). The pre-
treatment regimen therefore included an initial clarifying spin and
a 3-h preincubation with benzonase.

Two additional high-titer clinical specimens (N05-5 and
CHU2727) were selected to determine the most suitable extrac-
tion method(s). Automated extraction performed on the 112000sp
or manually with MagMax or Qiagen viral minikits (using yeast
tRNA carrier) produced equivalent results, recovering =100%
HIV-1RNA compared to the starting specimen viral load (see Fig.
S4A in the supplemental material). Using the HIV-SMART cDNA
synthesis conditions described below, N05-5 RNA from the
m2000, MagMax, and Qiagen viral minikit extractions all yielded
100% genome coverage, 1.6 to 2.6% HIV-1 reads, and >800X
depth (Fig. 4B; see Fig. S4B). The percentages of RNA recovery
from the Ultra Sens virus kit [with poly(A) carrier] used in the
initial experiments shown in Fig. 3 were only 2.5% for N05-5 and
0.98% for CHU2727 and were approximately 7% and 24% of the
starting amount for each virus with the DNA blood (on QiaCube)
and PureLink (manual) kits, respectively. Libraries prepared from
these extractions all suffered from gaps in coverage (68 to 99%)
and low depth (39X to 139X). Thus, NGS results correlated di-
rectly with extraction recovery data (see Fig. S4B).

The remainder of the HIV-SMART ¢DNA synthesis protocol
was dissected using N05-5 RNA extracted by the MagMax or
m2000 methods (Fig. 4). The number, and therefore the distance,
between HIV-SMART primers proved an important consider-
ation (Fig. 4A). Mixtures of N4 and N6 primers yielded 100%
genome coverage, 1.1 to 2.5% HIV-1 reads, and an average depth
ranging from 842X to 1,806 X. Counterintuitively, the use of addi-
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mixtures of HIV-SMART primers. For coverage plots, the x axis shows the nucleotide position and the y axis shows sequence depth. (B) HIV-1 RNA recovery.
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tional primers (N10) produced numerous gaps in genome coverage
(84%) and led to a dramatic loss in HIV-1 reads (0.01%) and se-
quence depth (12X). Using the N10 primers, primer extension was
poor, resulting in 83% of HIV-containing reads lost to trimming
(e.g., <50 nt). Due to the more uniform coverage produced, the N6
primer mixture was used for the remaining optimization experi-
ments (Fig. 4A and B; see Table S2 in the supplemental material).

Full genome coverage at an average depth of 712X to 1,598 X
was obtained over a range of primer concentrations (100 nM to 1
puM), but at 3 wM, genome coverage decreased to 91%, with a
substantial decrease in sequence depth (11X) (Fig. 4B; see Fig.
S5A in the supplemental material). A 100-fold dilution of the
NO05-5 RNA yielded similar trends at these primer concentrations
(see Fig. S5B and Table S2 in the supplemental material), and thus
a 1 wM primer mixture was selected as optimal.

An increase in reverse transcription temperature from 42°C to
47°C was the decisive factor that led to a 4-fold increase in HIV-1
reads from 1.6% to 6.6% and increased coverage depth by over
7-fold to 6,119X (Fig. 4A and B). Lowering the temperature to
37°C provided no advantage. Raising it to 52°C elevated the per-
centage of HIV-1 dramatically to 28% and sequence depth to
43,639 X, but genome coverage dropped to 47% due to cDNA
synthesis initiating from only 3 of 6 primers and reduced read
lengths (Fig. 4A and B).

Other parameters tested that showed a modest impact on re-
sults are summarized in Fig. 4B and Table S2 in the supplemental
material. The addition of the oligo(dT)-SMART primer in a clin-
ical sample setting had only a minimally positive effect (~2-fold),
and incorporation of an RNase H cleavage step after cDNA syn-
thesis also proved beneficial (data not shown). As few as 8 cycles of
SMART PCR yielded 100% genome coverage at 200X depth.
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However, the initial choice of between 25 and 35 cycles proved
ideal: both obtained ~1% HIV-1 reads and ~800X depth, while
% HIV-1 reads and depth plateaued beyond 35 cycles (Fig. 4B).
The resulting optimized protocol for clinical specimens is de-
scribed in detail in Materials and Methods.

Sequencing clinical specimens with HIV-SMART. To evalu-
ate the robustness of the HIV-SMART clinical protocol, we se-
lected a diverse set of high-titer HIV-1 group M specimens (>5
log,, copies/ml) for which we had preliminary strain classification
based on subgenomic sequences. The 8 specimens included
CRF02_AG, subtype G and URFs from Cameroon, a subtype C
specimen from South Africa, and a CRFO1_AE specimen from
Thailand. From a single MiSeq run of the eight libraries, a median
of 4.7 million reads was obtained for each specimen, and between
0.63 and 6.74% of reads aligned to an HIV-1 reference sequence
(see Table S2 in the supplemental material). Importantly, all
achieved between 95 and 100% genome coverage, with average
sequence depths ranging from 494X to 6,481 X (Fig. 4C and D).
The relatively low standard deviation for each sample (Fig. 4D) is
indicative of the uniformity of coverage achieved and the toler-
ance of the method for sequence diversity, seen initially with virus
isolates and now also with clinical specimens.

Phylogenetic trees of full-length genomes were constructed for
strain classification (see Fig. S6 in the supplemental material).
Sequences for 10-10 and 1031-19, which are basal on the CRF02
branch, and 62-15, which is basal on the subtype G branch, were
analyzed further by SimPlot and bootscanning. Specimen 1031-19
did not exhibit recombination; however, 10-10 is a URF consisting
of subtype D and CRF02 (see Fig. S7 in the supplemental mate-
rial). Specimen 62-15 appeared to be a recombinant of subtype G
and CRF02, but bootscanning and subregion trees show it is sub-

jcm.asm.org 875


http://jcm.asm.org

Berg et al.

A.

Number of Primers

100000 N4 HS 100000 N6 HS 100000 N10 HS
10000 10000 10000
1000 1000 1000
100 100 100
10 10 10
1 1 1
A 0.1 0.1
RT Temperature
o o o
1000000, 37°C 1000000, 42°C 1000000 1000000, 92°C
100000 100000 100000 100000
10000 10000 10000 10000
1000 1000 1000 1000
100 100 100 100
10 10 10 10
1 1 1 1
0.1 0.1 I 0.1 012 - - = = = = =
5 5 5 5 5 & 5 5 & S5 5 5 & 5 5 5 5 5 5 5 &5 & 5 53 5 5 5 & 5
- d @ ¥ 6 6 K & o < & o < < 4 o ¥ 6 6 K & o o ¥ 6 6 KN & o
B. D.
o 110 # of primers  [primer] [oligo(dT)] PCR cycles RT temp Extraction 110
®
§ 100 £ 100
2 90 g 9
S 80 o a0
E 70 E 70
5 60 s 60
9 50 © s
N 40 e 40
100 100
g 10 2 10
& 1 e 1
Y ERR
= 001 £ o001
0.001 0.001
100000 100000
ﬁ‘woooo %10000
[=}
2 1000 2 1000
s 3
£ 100 g 100
ST 10
1 1
aaa =Z=Z=ZZE === 28 8 8 ©0OOO 8 2 E ¥£3 S o N VWO ® Y9
@» 0 0 T €33 TTETE 2222 g 5= 5 8 - ]
$88 gg°% Sgg 28338 BY¥EH 84244 e3P gp885
e = = @08 = £sea g = s 5
S ¢ a 3
c 8 P 8
-2 o} s
g5 g
] S
C.
10-10_URF 44-10_G 54-7_A1 62-15_URF
100000 100000 100000 100000
10000 10000 10000 10000
1000 1000 1000 1000
100 100 100
10 10 10
1 1 1
X X 01% 0.1
T 5 5 5 5 5 & & & & T 5 5 5 &2 & & & & & S & & & & & & & o T 5 5 3 &5 5 5 & & &
o o [S] [S] [S] [S] [S] [S] [S] S [S] [S] o o [S] [S] [S] o o o o o =3 o =3 o o S [S] S [S] [S] [S] S o S
- @& ® ¥ 6 6 K © o - d o ¥ 6 6 K © o - d ® ¥ 86 6 N o o - d o ¥ 6 6 N % o
1031-19_CRF02 1193-8_CRF02 8119636_C 10047107229_CRF01
100000 100000 100000 100000
10000 10000 10000 10000
1000 1000 1000 1000
100 100 100
10 10 10
1 1 1
X 0.1 018 0.1

3

)
8
N

3
8 8 &
~ =

FIG 4 (A) NGS coverage plots of N05-5 are shown for increasing numbers of HIV-SMART primers (top) and temperature for RT (bottom). (B) Histograms
summarizing N05-5 optimization experiments. Shown are the percentages of genome coverage (top) and HIV reads of total (middle) and median (£SD)
(bottom) sequence depth. Red indicates the condition(s) chosen for the optimized protocol. (C and D) NGS coverage plots for 8 clinical specimens prepared with
the optimized protocol (C) and histograms of NGS results (D) (as in panel B). The specimen ID and strain classification are shown.

type G throughout (see Fig. S8 in the supplemental material). HIV-SMART sensitivity. For clinical specimens, the HIV-
Analysis of the N05-5 specimen classified it as a URF, consistingof ~ SMART approach must work over a range of viral loads. The sen-
subtype A, D, and unclassified sequence (see Fig. S9 in the supple-  sitivity of the method was ascertained by taking RNA extracted
mental material). from a CRF02-infected plasma specimen (100-17), serially dilut-
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FIG 5 Coverage plots of HIV-SMART NGS data for CRF02-infected clinical specimens. (A) Serial dilution of 100-17 neat and at 1:10, 1:100, and 1:1,000 with
the calculated viral load shown; coverage is based on reads aligned to the 100-17 consensus genome sequence. (B) Patient specimens (ID indicated) with viral
loads varying from 3 to 4.5 log,, copies/ml. Coverage is based on reads aligning to the CRF02 reference, GHNJ188. (C) SimPlot analysis was performed with
gap-stripped alignments of partial genomes using a 400-bp window, 20-bp step, and Kimura 2-parameter test, with a transition/transversion (7/t) value of 2.0
for specimens 1454-09 (4.08 log, ; 2,104-bp alignment) and 339-31 (3.04 log, ; 4,923-bp alignment).

ing it into RNA extracted from an HIV-negative Cameroonian
specimen to maintain a consistent level of host nucleic acid back-
ground, and then performing the HIV-SMART protocol. The
starting viral load of specimen 100-17 was 5.79 log, , copies/ml, for
an estimated cDNA synthesis input of 13,100 RNA copies. For
the neat sample, a full genome sequence with an average depth
of 3,427 X was generated from the 2.08% of the total reads that
mapped to HIV (Fig. 5A). At the 1:10 dilution, an input of
1,310 RNA copies yielded 0.34% HIV-1 reads to achieve 93%
genome coverage at 570X depth. At the 1:100 dilution, 130
copies was sufficient to obtain 47% genome coverage, and at
the 1:1,000 dilution (13 copies), 27% of the genome was ob-
tained. The dilution series of 100-17 demonstrated a linear
correlation between input viral RNA copy number and genome
coverage for the HIV-SMART assay (see Fig. S10A in the sup-
plemental material).

To evaluate method sensitivity on several distinct specimens,
eight CRF02-infected specimens were selected with viral loads of
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approximately 3.0 (339-31 and 612-22), 3.5 (ADB1004-42 and
915-58), 4.0 (409-18 and 1454-09), and 4.5 (421-10 and 560-22)
log,, copies/ml. These corresponded to approximately 21, 67,212,
and 672 copies of input RNA per cDNA reaction, respectively. A
representative coverage plot for each viral load tested is shown in
Fig. 5B, with all results detailed in Table S2 in the supplemental
material. Within the range of 3.0 to 4.5 log,, copies/ml, genome
coverage varied between 13 and 61%, regardless of the viral load,
although the sequence depth was markedly improved for the high-
er-titer specimens (e.g., ~4.3X at 3 log versus >1,200X at 4.0 to
4.5 log). In contrast to the serial dilution of 100-17, the relation-
ship between viral load and genome coverage was nonlinear (see
Fig. S10B in the supplemental material). Nevertheless, despite the
lack of full coverage, we were still able to determine subtype clas-
sification. SimPlot analysis was performed on gap-stripped align-
ments of two strains with as little as 2,104 nt (1454-09) or 4,923 nt
(339-31) of sequence, and each was determined to be CRF02_AG
(Fig. 5C).
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FIG 6 (A) The reproducibility of consensus base call percentages in 14 N05-5 experiments. Histograms report the proportions of nucleotides in the genome
(9,603 bp) by their ranges of base call frequency standard deviations. (B) The N05-5 pol integrase sequence was analyzed. Histograms (above) represent consensus
base call frequencies (£SD) at each position accumulated over 14 experiments (also represented in the consensus sequence). Scatter plots (below) show the
frequency versus position of minor variants present at =2% for each experiment.

HIV-SMART reproducibility and variant detection. To assess
HIV-SMART reproducibility, we examined a total of 14 distinct
NGS data sets derived from specimen N05-5 RNA in which we
obtained 100% coverage and =400 X sequence depth (Fig. 4A and
B; see Table S2 in the supplemental material). With rare excep-
tions, all base calls were 100% identical and generated the same
consensus sequence. At each nucleotide position in the genome, a
percentage of frequency of the consensus base call was determined
in CLC-Bio for each experiment. The standard deviation of this
frequency was calculated based on all 14 libraries (Fig. 6A). For
83% of consensus base calls, the standard deviation was less than
1%, and for only 1.4% of calls it was =5%, indicating positions
that are generally polymorphic.

An overall depth of 400X allowed minor variants present at
=5% to be detected at a minimum of 20X depth (27). Using a
CLC-Bio algorithm that does not assume organism ploidy and
estimates a probabilistic error rate, we report in Table S3 in the
supplemental material the frequency (occurrence/depth) of statis-
tically significant (P > 0.01) minor variants present globally at
>5% in the 14 N05-5 sequencing experiments. Focusing on a
region of Pol integrase with a median of >650X depth as an ex-
ample: nt 4768 is an A 82.2% =* 6.9% of the time, nt 4773 isa C
93.6% * 4.3% of the time, and nt 4787 is an A 98.0% = 1.8% of
the time; the remainder of the base call frequencies shown ap-
proach 100% and therefore do not change (Fig. 6B, histogram).
While the relative frequency varied (median, 19.3% * 7.0%) be-
tween replicates (Fig. 6B, scatter plot), the same A4768G polymor-
phism was consistently detected at a >2% cutoff in 14/14 experi-
ments. The less abundant C4773T polymorphism was also
detected at the >2% cutoff in 10/14 (median, 6.1% = 2.9%) ex-
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periments. The four samples in which C4773T was not detected
were all sequenced on the same run, each of which also had a
correspondingly lower frequency for A4768G. The A4787G poly-
morphism was present in only 5/14 experiments at a frequency of
4.1% = 1.1%. Therefore, the HIV-SMART method generates a
reproducible consensus sequence from which the same minor
variants can be repeatedly detected depending on their relative
abundance.

Sequence variation was also examined at lower titers, for which
results generally exhibited less depth as well as overall genome
coverage. The partial genome consensus sequences (69 to 75%
coverage) derived from NO05-5 diluted at 1:100 (3.79 log, o; see Fig.
S5B in the supplemental material) were aligned to the full-length
genome and gap-stripped, and the percentage of identity was cal-
culated. The sample obtained at 100 nM primer, with 69% cover-
age (6,612-nt consensus sequence) and an average 33X depth, was
97.5% identical to the N05-5 consensus. Removal of regions with
a depth of 5 or fewer reads (4,629 nt) increased the identity to
99.9%. Similarly, the sample obtained at 300 nM primer, with
75% coverage (7,199 nt) and 22X depth, had 99.1% identity, and
removal of regions with <5 reads (5,812 nt) increased the identity
t099.9%. Even at low coverage, the consensus sequence generated
by HIV-SMART is still highly reliable.

DISCUSSION

We describe here a novel method to obtain full genome sequences
of HIV. The use of conserved HIV-SMART fusion primers to
generate NGS libraries amplified all HIV-1 groups, including sev-
eral M subtypes, CRFs and URFs, and groups N, O, and P. Unex-
pectedly, HIV-2, which is highly divergent from HIV-1 (~50% at
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the nucleotide level) and was not considered in the primer design,
was also successfully sequenced (19). This universal approach
does not require prior knowledge of viral classification and there-
fore obviates the need to design subtype/group-specific reagents.
The method is rapid (2 days) and reliably obtained full coverage at
substantial depths for a diversity of HIV-1 genomes, whether from
cultured virus or clinical specimens. Even at the lower range of
sensitivity, enough genome coverage of reliable sequence was ob-
tained to permit strain classification. Therefore, beyond its dem-
onstrated utility in characterization of HIV-1 sequence diversity,
the HIV-SMART approach offers a viable new alternative for le-
veraging NGS to conduct viral surveillance.

The SMART approach was originally conceived with amplifi-
cation of mRNA in mind, initiating reverse transcription via
priming from the 3’ poly(A) tail of transcripts (28). Here we dem-
onstrated that fusion primers targeting multiple sites of RT initi-
ation throughout the same HIV transcript could generate com-
plete genomic sequences and selectively enrich for viral sequences,
normally present at far lower levels in clinical samples compared
to host background nucleic acid. Cultured virus isolates were used
as a model system to demonstrate the HIV-SMART principle and
the breadth of diversity it could accommodate. A preponderance
of metagenomics papers describing new methods have also relied
on cultured isolates or transfected plasmids with lower host back-
grounds and higher virus titers (13, 29-33). However, sequencing
directly from plasma is the most expedient workflow and reveals
which replication-competent viruses are circulating in the patient.
We optimized the protocol for this purpose and found that the
addition of benzonase prior to extraction increased HIV-1 reads
(~10- to 50-fold) and genome coverage (from 28% to 54%), pre-
sumably by decreasing human background nucleic acid, while a
postextraction DNase treatment was often detrimental (Fig. 3; see
Table S2 in the supplemental material) (24, 30). The selection of
nucleic acid extraction method also drove performance, with
higher HIV-1 RNA recovery correlating with higher genome cov-
erage. Despite a wide variation in extraction efficiencies, the HIV-
SMART protocol still achieved >90% genome coverage from all
but one method for high-titer specimens. While the range of
primer concentrations appears flexible, the number of HIV-
SMART primers is not. Up to 6 primers spaced at least 1.5 to 2
kb apart provided optimal results, while adding more led to
inhibition of cDNA synthesis, possibly due to steric hindrance
on the same transcript or from unanticipated primer-primer
interactions. An increase in cDNA synthesis temperature from
the recommended 42°C to 47°C resulted in a 4-fold increase in
% HIV-1 reads and 7-fold increase in sequence depth. At
higher temperatures (e.g., 52°C), we saw a dramatic increase in
HIV-1 reads coupled to a precipitous (>50%) drop in genome
coverage. It remains to be seen whether increasing primer
melting temperatures—for example, by chemical modification
of the backbone (e.g., locked nucleic acids)—can restore an-
nealing and still yield complete and accurate sequences at ele-
vated temperatures.

The NGS-generated consensus genomes agreed with our prior
population sequencing data and published sequences, were found
to be reproducible between runs (e.g., N05-5), and were reliable
over a range of sequence depths (see Fig. S5B in the supplemental
material). This fidelity and the coverage depths typically achieved
by HIV-SMART allowed us to identify the same polymorphisms
in pol and elsewhere in the genome across multiple experiments,
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despite being done at different times and under slightly different
conditions (Fig. 6B; see Table S3 in the supplemental material).
Although the relative abundance of minor variants fluctuated be-
tween experiments, overall the results consistently identified the
same polymorphism, which suggests that full-genome HIV-
SMART data sets are suitable for qualitative analysis of drug resis-
tance (e.g., protease, RT, and integrase [IN]), immune escape mu-
tations (gp41), and CCR5/CXCR4 tropism. Given that cDNAs
were not assigned an individual primer identification (ID) (34),
the issue of whether reads were resampled was not addressed;
however, variants were filtered using a statistical error rate model.
The current HIV-SMART approach is not amenable to the addi-
tion of primer IDs since the Nextera “tagmentation” step would
cleave these tags off the ends of inserts (Fig. 1) and is therefore not
quantitative.

In astudy by Gall et al., an analogous NGS-based method using
conserved primer sets was described, and it has been used recently
to obtain complete genomes for 85% of subtype C strains from
South African specimens with viral loads of >log, copies/ml (20,
35). A key advantage that the HIV-SMART protocol provides is
the simplicity of one cDNA reaction per sample and amplification
with a single primer, rather than 4 separate RT-PCRs followed by
amplicon purification, quantification, and pooling. Another
study required 2 to 6 cDNA reactions and 5 to 35 separate PCRs to
generate libraries for full-genome sequencing on three different
NGS platforms (13). The speed of Nextera XT, the tremendous
sequence depth, an error rate of 0.1%, and the current read lengths
(v3 = 600 nt) obtained on the ubiquitous Illumina MiSeq are also
preferable to the time-consuming library amplification steps,
lower throughput, and higher error rates associated with other
platforms (11, 36). We estimate the cost of the 12000 extraction,
HIV-SMART library prep, and MiSeq sequencing reagent was ap-
proximately $165 per genome for the multiplex run of 23 libraries.

There is still considerable off-target (non-HIV) amplification
occurring in clinical specimens despite gene-specific priming. As
to whether the HIV-SMART approach represents an improve-
ment over random priming for direct sequencing from patient
samples, a comprehensive side-by-side evaluation has not been
attempted. However, libraries made from comparable non-sub-
type B Cameroonian specimens with viral loads of =4.5 log,,
prepared by RAA/RdB random priming (37-39) yielded a median
of 0.14% * 0.8% HIV-1 reads, whereas those prepared by HIV-
SMART virus-specific priming yielded a median of 2.48% =*
2.33% HIV-1 reads, for a >17-fold increase in viral reads (15).
The HIV-SMART approach is also an improvement relative to
published methods; one reported =311 viral reads for numerous
high-titer (5 to 6 log,, copies/ml) HIV specimens, and another
which started with a larger volume of specimen (4 to 8 ml of
plasma) yielded incomplete coverage and 0.007 to 1.44% viral
reads (24, 40). Our results with the optimized HIV-SMART pro-
tocol (Fig. 4C) are comparable to those obtained for HIV clinical
samples using the Ovation transcriptome sequencing (RNA-seq)
method described by Malboeufetal. (41). In this study, specimens
with =4.5 log,, copies/ml yielded approximately 5 million reads
with 1.1% to 7.1% HIV-1 and full coverage at >600X sequence
depth (41). A noted advantage of the SMART technology is the
ability to consistently sequence the 5" and 3" ends of viruses, chal-
lenging regions often missed by random-primed methods due to
secondary structure (42—-44). Therefore, the HIV-SMART ap-
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proach is an attractive, simple alternative that generally performs
better than current unbiased priming methods.

All told, we deployed HIV-SMART to obtain 56 novel full-
length genomes, including 3 URFs, 3 rare group M subtypes (H
and J), and 17 group O strains. A diverse set of group M clinical
specimens were fully sequenced as long as the viral loads were =5
log,, copies/ml (see Fig. S10 in the supplemental material). While
we showed that shallow sequence depth obtained from lower-titer
samples is still highly reliable, the challenge now is to improve
upon sensitivity in patient specimens. The sensitivity is currently
lower than that achieved by Gall et al.; however, the use of RNA
concentrators after extraction/before cDNA synthesis has led to
the ability to now consistently obtain full genome sequences from
samples having =4.5log, , copies/ml (M. A. Rodgers, A. Vallari, B.
Harris, C. McArthur, L. Sthreshley, and C. A. Brennan, unpub-
lished data). We observed that as viral loads decreased, the likeli-
hood of individual primers failing increased, however, just which
ones appeared largely stochastic, since coverage patterns varied
randomly from one specimen to the next, irrespective of titer (Fig.
5B). Predictably, primer HS85, situated in a highly diverse region
(env) and only 20 nt in length, failed most frequently. The lack of
a direct correlation between titer and coverage has been seen with
other methods and presumably is attributed to the variability in
host backgrounds (41, 45). Indeed, despite benzonase pretreat-
ment, there were still large percentages of host reads sequenced in
these clinical specimens, suggesting this step generally helps but
does not completely eliminate background (data not shown). In
addition, at viral loads of =4.5 log,, copies/ml, the lengths of
cDNAs were highly variable, from as short as 100 nt to >2 kb.

The SMART approach described here for HIV may be easily
adapted to any RNA virus. In addition to the core or NS5B, geno-
typing of hepatitis C (HCV) typically involves interrogating the 5'
untranscribed region (UTR), a region with extensive secondary
structure that this method reliably sequences through (46, 47).
Treatment indications for new direct-acting antiviral (DAA) ther-
apies vary by HCV viral genotype, so it may be important to con-
sider the potential clinical impact of recombination and identify
the specific genotype found at the drug target: i.e., NS3, NS5A, and
NS5B versus the generic genotype identified by the 5" UTR or core
(48). The ability to readily sequence HCV genomes could also
provide a comprehensive view of the presence of resistance-asso-
ciated variants (RAVs), which may have implications for treat-
ment choices—particularly in the retreatment of patients who
have failed to achieve sustained virological response (SVR) on
previous DAA regimens (49-52). To sequence influenza virus rap-
idly by NGS, methods for cloning and sequencing that rely on
amplification from conserved elements at termini of viral sub-
genomic fragments or those requiring multiple individual PCRs as
input could readily be adapted to the SMART approach (53, 54).
As clinical and diagnostic virology in general comes to rely in-
creasingly on NGS, it is necessary to develop reliable, streamlined,
and interchangeable protocols for these and other RNA viruses of
medical importance (36, 55, 56).

The complexity of HIV strains has increased significantly due
to natural evolution and intersubtype recombination; recombi-
nant strains are now prevalent worldwide (57). Thus, it is essential
to monitor HIV diversity accurately within populations and to
determine phylogenetic classification based on the entire viral ge-
nome. The HIV-SMART approach combines the specificity of
HIV-directed priming with a built-in tolerance for extensive se-
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quence diversity, illustrating its utility for viral characterization
and potential for surveillance, particularly when a priori knowl-
edge of the viral strain is absent.
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