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The genetic diversity of human immunodeficiency virus type 1 (HIV-1) has significant implications for diagnosis, vaccine devel-
opment, and clinical management of patients. Although HIV-1 subtype B is predominant in the United States, factors such as
global travel, immigration, and military deployment have the potential to increase the proportion of non-subtype B infections.
Limited data are available on the prevalence and distribution of non-B HIV-1 strains in the United States. We sought to retro-
spectively examine the prevalence, geographic distribution, diversity, and temporal trends of HIV-1 non-B infections in samples
obtained by ARUP Laboratories, a national reference laboratory, from all regions of the United States. HIV-1 pol sequences from
24,386 specimens collected from 46 states between 2004 and September 2011 for drug resistance genotyping were analyzed using

the REGA HIV-1 Subtyping Tool, version 2.0. Sequences refractory to subtype determination or reported as non-subtype B by
this tool were analyzed by PHYLIP version 3.5 and Simplot version 3.5.1. Non-subtype B strains accounted for 3.27% (798/
24,386) of specimens. The 798 non-B specimens were received from 37 states and included 5 subtypes, 23 different circulating
recombinant forms (CRFs), and 39 unique recombinant forms (URFs). The non-subtype B prevalence varied from 0% in 2004
(0/54) to 4.12% in 2011 (201/4,884). This large-scale analysis reveals that the diversity of HIV-1 in the United States is high, with
multiple subtypes, CRFs, and URFs circulating. Moreover, the geographic distribution of non-B variants is widespread. Data
from HIV-1 drug resistance testing have the potential to significantly enhance the surveillance of HIV-1 variants in the United

States.

O ne of the hallmarks of human immunodeficiency virus type 1
(HIV-1) is a high level of genetic diversity. HIV-1 is currently
classified into four distinct lineages designated groups M (major),
O (outlier), N (non-M, non-0O), and P (1, 2). Group M strains,
accounting for the vast majority of global HIV-1 infections, are
further subdivided into subtypes (designated by letters) and sub-
subtypes (denoted by numbers) as follows: Al to A4, B, C, D, F1,
F2,G,H,J,and K (2, 3). Genetic variation in env between subtypes
and groups ranges from 15 to 25% and up to 50%, respectively
(HIV Sequence Database [http://www.hiv.lanl.gov/]). Recombi-
nation further exacerbates the overall HIV-1 diversity (3). Full-
genome sequence characterization of HIV-1 strains has led to the
identification of circulating recombinant forms (CRFs) and
unique recombinant forms (URFs) (4; HIV Sequence Database).
Reflecting the dynamic nature of the HIV-1 pandemic, the num-
ber of recognized CRFs has been increasing steadily, with 51 de-
scribed to date (HIV Sequence Database). Based on recent figures,
CRFs account for 16% of worldwide HIV-1, with total recombi-
nants (CRFs and URFs) estimated at >20% of infections (4). This
trend of increasing diversity and genomic complexity can be an-
ticipated to continue for the foreseeable future.

Analysis of HIV-1 strains has revealed an uneven global distri-
bution of groups, subtypes, and CRFs (4). Subtype B is predomi-
nant in Australia, Europe, and the Americas. In contrast, the dis-
tribution of HIV-1 strains across Africa is quite variable, with
detection of all subtypes and predominantly CRF02_AG in West
Central Africa, subtypes A, C, and D in East Africa, and subtype C
in Southern Africa and India. CRFO1_AE predominates in South
and Southeast Asia (4). HIV-1 genetic diversity has significant
implications for diagnostics, blood screening, patient-monitoring
assays, treatment, clinical progression, and vaccine development
(5-11). Natural polymorphisms occurring within primer and/or
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probe binding sites can result in underquantitation or lack of de-
tection in molecular assays designed for viral load measurement
and blood screening (9, 12-16). Similarly, polymorphisms that
modify or ablate key epitopes can compromise the performance of
serological diagnostic and screening assays (7, 17). Although sub-
type B infections represent only 11% of HIV-1 infections world-
wide (4), most serological and molecular assays and controls (in-
cluding the WHO International Standard) have been developed
and optimized utilizing subtype B strains.

Due to a variety of factors, including immigration, travel, mil-
itary deployment, and commerce, the global distribution and re-
gional prevalence of the various forms of HIV-1 are dynamic and
unpredictable. Non-B subtypes are becoming increasingly com-
mon in countries where subtype B viruses predominate. For ex-
ample, there has been a dramatic increase in HIV-1 diversity in
France over the past 15 years, and based on national surveillance
data, non-B strains account for 48% of newly diagnosed HIV-1
infections (18-21). Although non-B strains were primarily asso-
ciated with African-born persons, a substantial proportion of
French-born individuals (19%) harbored these divergent strains
(20, 21). A national surveillance program in the United Kingdom
yielded similar results, with 25% of HIV-1 infections due to non-B
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subtype or recombinant strains and a strong association with het-
erosexual transmission and birth in Africa (22). Moreover, analy-
sis of nearly 2,800 prospective samples collected between 2002 and
2005 from patients in 20 European countries and Israel revealed
that 33% were non-B infections (23).

The lack of a comprehensive national surveillance program in
the United States has complicated the accurate determination of
the prevalence of non-subtype B HIV-1 infections (24). Most
studies have focused on specific populations, such as military per-
sonnel, immigrants, or blood donors (25-31). There is evidence of
increasing non-B prevalence in the United States, and it may be
higher than generally recognized (29, 32-34). Although data are
limited, studies have shown that the prevalence of non-subtype B
varies greatly depending on the population analyzed, ranging
from 0.6% in a northern California clinic-based setting (35) to
95% in African-born immigrants in Minneapolis, MN (28, 36),
and New York City (27). The largest published population-based
study to date was performed by the Centers for Disease Control
and Prevention. Analysis of 2,030 pol sequences from newly diag-
nosed HIV-1 infections collected in 2006 from 11 U.S. surveil-
lance areas revealed that 3.8% were due to non-B strains (37).
Notably, this survey did not include the five metropolitan areas in
the United States with the highest numbers of African-born im-
migrants, nor did it include the four states (California, Florida,
New York, and Texas) with the highest proportion (>5%) of for-
eign-born arrivals since 2005 (38); thus, it likely underestimates
the prevalence and complexity of these divergent strains. Surveys
among seropositive blood donors indicate that non-B prevalence
has risen from 0% in the 1980s to 2 to 5% in post-2000 evaluations
(30, 31, 39). This increase has occurred despite the implementa-
tion of deferral strategies that exclude donors at risk for infection
with HIV-1 group O (West Central African countries) and at risk
for malaria (regions of Central and South America, Africa, and
Asia).

The goal of this study was to perform a large-scale retrospective
analysis of HIV-1 diversity in the United States and to assess
trends over time.

(Portions of this work were presented in poster form at the
16th Conference on Retroviruses and Opportunistic Infections,
Montreal, Quebec, Canada, February 2009, and at the 28th Clin-
ical Virology Symposium, Daytona Beach, FL, April 2012.)

MATERIALS AND METHODS

HIV-1 genotyping. Samples received by ARUP Laboratories, a national
reference laboratory based in Salt Lake City, UT, for HIV-1 antiretroviral
resistance genotyping were analyzed. HIV-1 pol sequences were generated
from plasma using the ViroSeq HIV-1 Genotyping System, version 2.0
(Celera, Alameda, CA), according to the manufacturer’s instructions.
ViroSeq generates a 1.8-kb PCR amplicon, comprising codons 1 to 99 of
the protease gene and 1 to 335 of the reverse transcriptase gene, which is
sequenced in seven overlapping reactions using redundant sequencing
primers to produce a 1,302-nucleotide consensus sequence.

Study data and scope. The data set contains 24,386 HIV-1 pol se-
quences obtained from specimens received between 2004 and September
2011, including patient age and gender and client geographic informa-
tion. Prior to mid-2007, only New York State specimens were available.
The sequences were deidentified by a third party using established insti-
tutional review board (IRB) protocols and procedures (IRB protocol
31050; University of Utah, Salt Lake City, UT) by removing all protected
health information (PHI) from the database. Duplicate sequences (100%
identical among the entire data set) (40) and sequences with evolutionary
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distances of 0 (among the non-subtype B samples, as assessed by DNA-
DIST) were eliminated. Eighteen samples were removed because their
sequences were 100% identical to another in the database. More-rigorous
phylogenetic analysis of the non-B sequences resulted in the elimination
of another 94 sequences. While these efforts minimize the possibility of
duplicate patient sampling, the required deidentification process pre-
cludes absolute certainty that all duplicates have been eliminated.

HIV-1 subtype assignment and phylogenetic analysis. All sequences
were initially analyzed using the REGA HIV-1 Subtyping Tool, version 2.0
(http://dbpartners.stanford.edu/RegaSubtyping/). Sequences refractory
to subtype determination (results of “Check the Bootscan” or “Sequence
Error”) or reported as non-subtype B by this tool were analyzed using
PHYLIP software (version 3.573; J. Felsenstein, University of Washing-
ton, Seattle, WA). Nucleotide sequences were aligned with reference se-
quences representing HIV-1 group M subtypes and CRFs (1 to 45), HIV-1
groups O and N, and simian immunodeficiency virus (SIV) (HIV Se-
quence Database) and gap stripped using BioEdit (version 7.0.4.1; De-
partment of Microbiology, North Carolina State University, Raleigh,
NC). Evolutionary distances were estimated with DNADIST (Kimura
two-parameter method with a transition-transversion ratio of 2.0). Phy-
logenetic reconstructions were generated with NEIGHBOR using the
neighbor-joining method. Branch reproducibility was evaluated using
SEQBOOT on 100 replicates. Phylogenetic trees were displayed with
TreeExplorer. Bootstrap values of >70 were considered acceptable for
subtype assignment. In cases of subtype assignments that were discordant
between the REGA Subtyping Tool and phylogenetic reconstructions, the
PHYLIP/SimPlot designations were used.

Bootscanning analysis. Nucleotide sequences were examined for in-
tersubtype recombination using SimPlot software (version 3.5.1, http:
//sray.med.som.jhmi.edu/SCRoftware/SimPlot/; S. Ray, Johns Hopkins
University, Baltimore, MD). Putative recombinant sequences were
aligned with one reference sequence for each of the HIV-1 group M sub-
types (A to D, F to H, J to K, and the major CRFs). SimPlot and BootScan
were run with a sliding window of 300 or 400 nucleotides and 20-nucle-
otide steps.

Nucleotide sequence accession numbers. The non-subtype B se-
quences have been deposited in GenBank with accession numbers
JX459972 to JX460769.

RESULTS

Study population. HIV-1 pol sequences generated from 24,386
patient specimens submitted by ARUP clients for resistance geno-
typing between 2004 and September 2011 were analyzed. Se-
quences were derived from samples collected from HIV-1-in-
fected individuals residing in 46 states within the United States.
Prior to mid-2007, only samples obtained from the state of New
York were available. Subsequently, coverage was expanded to in-
clude clients in 46 states, which represented >90% of the total
sequences analyzed (Table 1). Patient ages ranged from newborn
to 85 years (average, 40.9; median, 42), and 70.1% were male,
29.7% female, and 0.2% unknown.

Prevalence of HIV-1 non-subtype B strains in our study pop-
ulation. Of the 24,386 sequences analyzed, 23,588 (96.73%) were
classified as subtype B and 798 (3.27%) as non-subtype B or re-
combinant forms. The prevalence of non-subtype B strains varied
from 0% (0/54) in 2004 to 1.10% (6/546) in 2005, 1.75% (13/742)
in 2006, 2.53% (54/2,132) in 2007, 3.19% (148/4,643) in 2008,
3.07% (188/6,130) in 2009, 3.58% (188/5,255) in 2010, and 4.12%
(201/4,884) in 2011 (Table 1). Of the non-B strains, 353 (44.2%)
were from male patients, 443 (55.5%) were from female patients,
and 2 (0.3%) from patients where gender information was un-
available. Subtype C was the predominant non-B virus identified
and comprised 1.12% of the total and 35.3% of non-B strains in
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TABLE 1 Percentages of HIV subtypes in samples collected in the United States between 2004 and 2011

% of samples” from:

2004 2005 2006 2007 2008 2009 2010 2011 All samples

Subtype (n=54) (n=546) (n=742) (n=2132) (n=4643) (n=6130) (n=5255) (n=4,884) (n=24,386)
A 0.00 0.18 0.00 0.47 0.56 0.83 0.51 0.68 0.61

B 100.00 98.90 98.25 97.47 96.81 96.93 96.42 95.88 96.73

C 0.00 0.00 0.67 0.61 1.31 0.91 1.27 1.45 1.12
CRF02_AG  0.00 0.55 0.27 0.47 0.45 0.54 0.80 0.66 0.59

Other CRFs  0.00 0.37 0.27 0.42 0.26 0.31 0.55 0.55 0.41

URFs 0.00 0.00 0.27 0.19 0.22 0.18 0.10 0.14 0.16

D,F,G 0.00 0.00 0.27 0.38 0.39 0.28 0.30 0.57 0.36
Unclassified 0.0 0.00 0.00 0.00 0.00 0.02 0.04 0.06 0.02

“ The total does not always equal 100 due to rounding. For 2004 to mid-2007, only New York State samples were included. All states were included after mid-2007.

2011 (Table 1). Subtype A and CRF02_AG infections were the
next most common non-B viruses.

Non-B strain diversity. Examination of the 798 sequences des-
ignated non-subtype B or recombinant strains revealed a high
level of diversity (Table 2). A representative phylogenetic recon-
struction with multiple subtypes and recombinant strains is
shown in Figure 1. A subset of 510 (63.9%) were categorized
within the recognized HIV-1 group M subtypes: 148 were subtype
A (133 A1,4A2,10 A3, and 1 A4), 273 subtype C, 42 subtype D, 12
subtype F (11 F1 and 1 F2), and 35 subtype G. Recombinant
strains accounted for 282 (35.3%) of the non-B sequences. Of
these, 243 (86.2%) were recognized CRFs: 143 were CRF02_AG,
52 CRF01_AE, 8 CRF06_cpx, 5 CRF14_BG, 3 CRF19_cpx, 3
CRF05_DF, 3 CRF08_BC, 3 CRFI11_cpx, 3 CRF12_BF, 3
CRF39_BF, 2 CRF09_cpx, 2 CRF15_01B, 2 CRF20_BG, 2
CRF22_01A1, and 1 each of 9 other CRFs. Thirty-nine (13.8%) of
the recombinants were classified as URFs (Table 2). Bootscan
analysis revealed that although some shared similar subtype com-
position, each URF was a distinct recombinant with different re-
combination breakpoints (data not shown). The sequences gen-
erated from six samples were clearly divergent from subtype B
reference strains but could not be reliably classified into any of the
currently recognized forms and were designated U (unclassified).

Geographic distribution of non-B strains. One unique attri-
bute of this study was the scope of sampling, which involved sub-
missions from clients in 46 states over multiple years (Tables 1 and
3). Figure 2 shows the unique non-subtype B and recombinant
HIV-1 specimens identified in each state. The sampling depth
across the states was highly variable. Texas accounted for 3,460
(14.19%) samples, and the next most sampled state was New York,
with 3,066 (12.57%). Non-subtype B infections were detected in
37 states, from all regions across the United States. The percentage
of non-B strains identified for each state ranged from 0 to 100%.
However, the total number of samples from 17 states (for exam-
ple, Hawaii, where the only sample received was CRFO1_AE) was
less than 100 for each. Notably, among the 7 states (California,
Florida, Georgia, Indiana, Massachusetts, New York, and Texas)
that each had >1,000 sequences analyzed, the prevalence of non-B
strains ranged from 0.9% in Georgia to 8.9% in Massachusetts.
More than half of the non-B samples were collected from four
states: Massachusetts (8.9% of 2,028), Texas (3.2% of 3,460), In-
diana (5.0% of 1,731), and New York (1.6% of 3,066). The diver-
sity with respect to the various non-subtype B forms of HIV-1 was
high in all 12 states with a sampling depth of at least 549 sequences
(Fig. 2).
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DISCUSSION

In North America and Europe, HIV-1 subtype B strains were re-
sponsible for the initial spread of HIV-1. The primary modes of
exposure were men who have sex with men and intravenous drug
use. Consequently, the HIV-1 pandemic in these regions was
dominated by subtype B infections. Moreover, since the first
HIV-1 strains to be fully characterized were from these regions,
they formed the basis for the development of diagnostic, screen-
ing, and viral-load assays. With the recognition of the global na-
ture of the HIV-1 pandemic and characterization of strains col-
lected from other parts of the world, it became evident that HIV-1
exhibits a high degree of genetic diversity and that subtype B in-
fections represent a relatively small proportion of infections
worldwide (4; HIV Sequence Database). The first case of non-
subtype B HIV-1 reported in the United States (Alabama) was in
1994 and involved a student from Zaire infected with a subtype D
strain (41). Soon thereafter, the first documented cases of native
U.S. residents becoming infected with non-B subtypes (A, D, and
E [CRF01_AE]) were reported (42). These cases involved Ameri-
can servicemen who had acquired HIV-1 during overseas deploy-
ment. In a subsequent study involving active surveillance of mili-
tary personnel, 7.4% of recent HIV-1 infections were due to
subtype E (CRFO1_AE) strains acquired abroad (25). Nine cases of
non-subtype B infections among military health care beneficiaries
were subsequently identified by astute physicians who suspected
non-B infections based on low or undetectable viral load measure-
ments and either declining CD4 cell counts or history of foreign
travel (43). The first well-documented case of HIV-1 non-B
(CRF01_AE) transmission to a native U.S. resident with no his-
tory of travel abroad was published in 1996 (44). Already by 2001,
there was evidence of indigenous transmission of non-subtype B
strains in rural Georgia (45). Several subsequent studies docu-
mented the presence of non-subtype B infections among immi-
grant residents in various U.S. settings, with a prevalence ranging
from 6 to 95% (27-29, 34, 36, 46, 47). Since the majority of avail-
able data are from specific populations, accurate estimation of the
overall prevalence and diversity of non-B infections in the United
States is challenging.

In the present study, the diversity of HIV-1 in the United States
was evaluated using 24,386 pol sequences generated by resistance
genotyping of patients in 46 states. In addition, the availability of
sequences from specimens collected during the time period from
2004 through September 2011 provided an opportunity to explore
temporal trends. However, since the samples available from 2004
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TABLE 2 Designations and numbers of all non-subtype B strains

No. of specimens

Designation (n=798)

Subtypes

Al 133
A2 4
A3 10
A4 1

C 273
D 42
F1 11
F2 1

G 35
U’ 6

CRFs
CRFO1_AE 52
CRF02_AG 143
CRF05_DF
CRF06_cpx
CRF08_BC
CRF09_cpx
CRF10_CD
CRF11_cpx
CRF12_BF
CRF14_BG
CRF15_01B
CRF16_A2D
CRF17_BF
CRF18_cpx
CRF19_cpx
CRF20_BG
CRF21_A2D
CRF22_01A1
CREF25_cpx
CRF28_BF
CRF29_BF
CRF35_AD
CRF39_BF

W o= = = DN = DN W = = N UT W W = N W 00 W

URFs
URF_02_43
URF_0206
URF_02A3
URF_02B
URF_02D
URF_08B
URE_A1A3
URE_A1IC
URF_A1D
URF_A1DK
URE_AIG
URF_AIH
URE_A1J
URF_A1JK
URF_A3G
URE_AB
URE_BC
URF_BF1
URF_BG
URF_UC

— Ul e R e e O UL e e W) e e

2 U, unclassified.
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FIG 1 A representative phylogenetic neighbor-joining tree for HIV-1 non-
subtype B pol protease-reverse transcriptase sequences. HIV-1 subtypes are
shown in pink, CRFs are shown in blue, and reference strains are shown in
gray. Subtype and CRF designations for reference strains from the Los Alamos
HIV Sequence Database are shown near each branch. Bootstrap values at key
nodes are indicated.

to mid-2007 were from New York State exclusively, the trends
from 2008 to 2011 are the most informative. This analysis suggests
that, although subtype B infections still predominate in the United
States, the prevalence of non-subtype B strains is on the rise. The
overall prevalence was 3.27%, and in 2011, non-B strains repre-
sented 4.12% of this study population (Table 1). Moreover, the
diversity of the non-B variants is high, with an ever-expanding
geographic distribution (Table 3 and Fig. 2). Non-B strains were
detected in 37 of the 46 states from which samples were collected.
The scope of genetic diversity observed is unprecedented for U.S.
studies, with representatives of most HIV-1 group M subtypes (all
sub-subtypes), 23 different CRFs, and 39 URFs. Of the 798 non-B
strains identified, the majority were subtype C (34.2%), followed
by subtype A (18.5%), CRF02_AG (17.9%), and CRF01_AE
(6.5%). These four forms represented more than 77% of all non-B
strains, which is consistent with several other U.S. studies (32, 34,
48). The documentation of 23 different CRFs in this study popu-
lation is indicative of continued introductions of HIV-1 from
many geographic sources. While several of the observed CRFs are
consistent with links to West Central Africa, CRF14_BG was ini-
tially identified in injecting drug users in Spain and Portugal, and
the subtype B/F-derived CRFs were first identified in Brazil (4;
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TABLE 3 Statistics by state”

Proportion (%) of:

Total samples

No. of from state
non-B Total no. of  thatare Allnon-B  All

State  samples  samples non-B samples samples
AL 2 190 1.1 0.3 0.78
AR 8 539 1.5 1.0 2.21
AZ 15 261 5.7 1.9 1.07
CA 40 2,267 1.8 5.0 9.30
CcO 19 378 5.0 2.4 1.55
CT 2 13 15.4 0.3 0.05
FL 13 1,293 1.0 1.6 5.30
GA 19 2,144 0.9 2.4 8.79
HI 1 1 100.0 0.1 0.00
1A 14 289 4.8 1.8 1.19
1D 0 8 0.03
IL 28 730 3.8 3.5 2.99
IN 87 1,731 5.0 10.9 7.10
KS 0 31 0.13
KY 9 239 3.8 1.1 0.98
LA 6 279 2.2 0.8 1.14
MA 181 2,028 8.9 22.7 8.32
MD 6 268 2.2 0.8 1.10
ME 0 90 0.37
MI 16 835 1.9 2.0 3.42
MN 2 7 28.6 0.3 0.03
MO 6 181 3.3 0.8 0.74
MS 0 2 0.01
MT 0 10 0.04
NC 3 397 0.8 0.4 1.63
ND 1 8 12.5 0.1 0.03
NE 17 152 11.2 2.1 0.62
NJ 23 597 3.9 2.9 2.45
NM 0 1 0.00
NV 0 8 0.03
NY 50 3,066 1.6 6.3 12.57
OH 23 590 39 2.9 2.42
OK 1 57 1.8 0.1 0.23
OR 1 55 1.8 0.1 0.23
PA 6 150 4.0 0.8 0.62
RI 1 2 50.0 0.1 0.01
SC 8 510 1.6 1.0 2.09
SD 12 78 15.4 1.5 0.32
TN 21 549 3.8 2.6 2.25
X 111 3,460 3.2 13.9 14.19
uUT 7 112 6.3 0.9 0.46
VA 9 214 4.2 1.1 0.88
WA 12 206 5.8 1.5 0.84
WI 18 346 5.2 2.3 1.42
wWv 0 5 0.02
wy 0 9 0.04
Total 798 24,386 N/A 100.3 99.99

“ The 46 states from which samples were received are shown. For each state, the number
of non-B samples received, the total number of samples received, and the proportions
of non-B samples from that state, of all non-B samples, and of all samples are listed.
NA, not applicable.

b Totals do not equal 100 due to rounding.

HIV Sequence Database). Of interest, although 70.1% of the total
sequences were obtained from males, the majority (55.5%) of
non-subtype B infections were in females. The bias toward females
harboring non-B infections presumably reflects predominantly
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heterosexual transmission of these variants and is consistent with
results from another recent U.S. study (34). However, due to the
design of our study, information on the route of transmission and
patients’ country of origin is not available.

To our knowledge, this is the largest and most comprehensive
survey of HIV-1 non-subtype B strains in the United States to
date. However, this study has several limitations and likely under-
estimates their prevalence and overall diversity in the United
States. First, although >24,000 sequences were analyzed, this rep-
resents only ~2% of the estimated total HIV-1 infections in the
United States. Second, sampling was uneven across the country
and across the states, as it was dependent on the ARUP client base.
Seventeen states each had fewer than 100 sequences represented
(385 sequences, 1.58% of the total), and nine of these states had no
non-B sequences, as shown in Figure 2 and Table 3. The potential
for large regional differences in the proportion of non-subtype B
even within a state has been demonstrated (34). Third, the deter-
mination of subtype is based on analysis of resistance genotyping
sequence information, which is ~15% of the complete HIV-1
genome. To ensure the identification of all recombinants and to
confirm the subtype/recombinant classification, complete-ge-
nome sequencing would be required. Fourth, the sequences were
generated by utilizing a resistance genotyping assay validated for
subtype B; any divergent HIV strains not successfully genotyped
are excluded from our analysis. Fifth, some bias is likely intro-
duced due to capturing data only from patients accessing treat-
ment. It is possible that immigrant or lower-socioeconomic-sta-
tus groups may be underrepresented. Due to the study design, the
treatment status (naive versus experienced) of the patients is un-
known. Finally, the sampling early in the study was from New
York state exclusively, and so diversity in the 2004 to 2007 time
frame is likely underestimated. However, the vast majority
(>90%) of sequences analyzed were collected from a client base in
46 states.

Since the sequence data were deidentified, it is theoretically
possible that some resampling occurred. Analysis of sequence
similarity was performed to reduce this possibility. However, such
a filter does not discern temporal changes in sequence, such as
viral sequence drift, evolution of resistance-associated substitu-
tions, or variability associated with the genotyping assay. Too-
stringent criteria would result in the inadvertent elimination of
transmission cluster sequences. Thus, the determination of an
ideal percentage for identity cutoff is challenging. More-rigorous
phylogenetic analysis of the non-subtype B subset of sequences
resulted in the elimination of ~10% of candidate sequences due to
resampling. This is in line with previous resampling estimates
based on an analysis of a similar database with patient identifiers
(40). A similar level of resampling would be expected for the sub-
type B sequences. Thus, although the non-B prevalence is slightly
underestimated, resampling likely has a minimal impact on the
overall study conclusions.

Although the HIV-1 pol gene sequence is relatively conserved
and sequences can be influenced by antiretroviral drug pressure, it
provides ample resolution for distinguishing between subtype B
and non-B strains (26). The utility of resistance genotyping se-
quences for HIV-1 characterization has been established by nu-
merous studies (23, 26, 34-37, 46—49). Current U.S. guidelines
recommend resistance genotype testing at the initiation of anti-
retroviral therapy and for subsequent patient monitoring (50).
The availability of HIV-1 nucleotide sequence data from resis-
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tance testing provides an opportunity to determine the genomic
form of HIV-1 responsible for infection; unfortunately, this is an
opportunity not generally capitalized on. Online software such as
the REGA Subtyping Tool simplifies mining of subtype informa-
tion from resistance genotyping sequences. Although the perfor-
mance of the REGA Subtyping Tool is not perfect (51), it success-
fully categorized >90% of our sequences. Of the untypeable
sequences, ~90% were subtype B based on subsequent PHYLIP
analysis. Most non-B sequences were categorized correctly, al-
though more-rigorous phylogenetic analysis resulted in the re-
classification of 22. Thus, this automated and widely accessible
online tool provides a useful means for subtype/recombinant
form assignment.

An important issue to be explored is the extent of indigenous
transmission of non-subtype B strains in the United States. Al-
though studies in the 1990s provided evidence that this was al-
ready occurring (44, 45), the degree to which it contributes to
ongoing transmission in U.S.-born patients is unknown. Unfor-
tunately, because of the study design, demographic data related to
country of birth, ethnicity, risk factors, and travel history are not
available, so this issue cannot be addressed here. Increasing move-
ment of non-B viruses from predominantly immigrant popula-
tions to native-born individuals has been documented in France,
the United Kingdom, and Canada (20, 21, 52, 53). A recent study
examining HIV-1 in Maryland revealed that non-B viruses were
responsible for 6.5% of infections in U.S.-born individuals (34).
Interestingly, a recent study encompassing 15 states and one
county that focused on persons whose birthplace was known re-
vealed that, of the non-subtype B variants identified, 28% were in
U.S.-born residents (49). This crossover trend warrants future
monitoring. Since the commercial immunoassays used to diag-
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nose HIV-1 infection are not designed to discriminate between
subtypes and recombinant forms, the spread of these viruses could
go largely undetected.

Among the practical considerations associated with increas-
ing HIV-1 diversity is the potential impact on diagnostic,
screening, and patient-monitoring assays. Natural genetic poly-
morphisms have the potential to modify or ablate epitopes uti-
lized for the detection of p24 antigen and HIV-1-specific antibod-
ies, thereby compromising assay performance characteristics (54,
55). It should be recognized that the performance of fourth-genera-
tion HIV-1 antigen-antibody combination assays used widely
throughout the world varies substantially with respect to the sensitiv-
ity of detection of antibodies and antigens of non-subtype B and
recombinant strains (7, 17). HIV-1 genetic heterogeneity occurring
within primer and/or probe binding sites can also influence the per-
formance of commercial patient-monitoring assays (5, 6, 9, 12-14,
43, 56). Reflecting the degree of challenge that HIV-1 diversity pres-
ents, even simultaneous targeting of two genomic regions for viral
load determination by one commercial manufacturer does not com-
pletely prevent underquantitation in some cases (16, 57). Given the
ongoing diversification and continual redistribution of HIV-1, it has
become increasingly important to utilize assays whose performance is
transparent to group/subtype and recombinant form diversity.

This study shows that the level of HIV-1 strain diversity in the
United States is high, with multiple non-B subtypes and many of
the recognized CRFs, as well as many URFs. Moreover, the geo-
graphic distribution of these HIV variants is widespread. For the
years where the coverage was most comprehensive (2008 to 2011),
there was a general trend of increasing prevalence of non-B strains
in our study population. Factors such as increases in global travel,
shifting immigration policies, and indigenous transmission are
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likely to contribute to an increasing prevalence of non-B variants
in the United States. Given the potential implications for diagnos-
tics, patient monitoring, transmissibility, disease pathogenesis, re-
sponse to treatment, and vaccine development (3, 7-10), contin-
ual and more-comprehensive surveillance of the prevalence and
distribution of HIV-1 variants in the United States would be pru-
dent.
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