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Background. Genetic variations of human immunodeficiency virus (HIV), hepatitis C virus (HCV), and
hepatitis B virus (HBV) can affect diagnostic assays and therapeutic interventions. Recent changes in prevalence of
subtypes/genotypes and drug/immune-escape variants were characterized by comparing recently infected vs more
remotely infected blood donors.

Methods. Infected donors were identified among approximately 34 million US blood donations,
2006-2009; incident infections were defined as having no or low antiviral antibody titers. Viral genomes
were partially sequenced.

Results. Of 321 HIV strains (50% incident), 2.5% were non-B HIV subtypes. Protease and reverse
transcriptase (RT) inhibitor resistance mutations were found in 2% and 11% of infected donors, respectively.
Subtypes in 278 HCV strains (31% incident) yielded 1a>1b>3a>2b>2a>4a>6d, 6e: higher frequencies of 3a in
incident cases vs higher frequencies of 1b in prevalent cases were found (P = .04). Twenty subgenotypes among
193 HBV strains (26% incident) yielded higher frequencies of A2 in incident cases and higher frequencies of
Al, B2, and B4 in prevalent cases (P = .007). No HBV drug resistance mutations were detected. Six percent of
incident vs 26% of prevalent HBV contained antibody neutralization escape mutations (P = .01).

Conclusions. Viral genetic variant distribution in blood donors was similar to that seen in high-risk US
populations. Blood-borne viruses detected through large-scale routine screening of blood donors can complement
molecular surveillance studies of highly exposed populations.

Volunteer (nonremunerated) blood donors provide
whole blood and apheresis blood components used for
transfusions as well as plasma for manufacture into
therapeutic plasma derivatives. Past injection drug users
(IDUs) and men who have had sex with men (MSM)
since 1977 are currently excluded from donating. All
donations in the United States are screened for
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antibodies to human immunodeficiency virus (HIV),
hepatitis C virus (HCV), and hepatitis B virus (HBV), as
well as for HIV and HCV RNA and HBV surface antigen
(HBsAg); HBV DNA screening was widely implemented
in 2009. Antibody and/or RNA/DNA/antigen-positive
donors are notified, counseled, and excluded from further
donation; all donations from viral marker-reactive donors
are destroyed or used for research.

Blood donor screening can provide an efficient
geographic and demographic sampling of individuals in-
that differ from the
predominantly high-risk MSM and IDU populations

fected with these viruses

that are the subjects of most viral molecular epidemio-
logical studies. By routinely identifying recently acquired
or incident infections, blood donation screening also

HIV, HCV, and HBV Genetic Diversity in US Blood Donors e JID 2012:205 (15 March) e 875



provides an opportunity to analyze very recently transmitted
viral strains at the forefront of currently active transmission
chains. In this study, plasma samples from donors containing
HIV, HBV, and HCV nucleic acids were classified as either
recently acquired (incident) infections containing no or low
concentrations of viral antibodies, or longer-term seropositive
(prevalent) infections. Viral subtypes, drug resistance, and
immune escape mutations were determined from representative
incident and prevalent infections.

MATERIALS AND METHODS

Subjects, Specimens, and Case Definitions

This study included qualifying donations from 1 January 2006
through 31 December 31 2009 from 3 Retrovirus Epidemiology
Donor Study-II (REDS-II) blood centers (Blood Centers of the
Pacific, Blood Center of Wisconsin, and Hoxworth Blood
Center/University of Cincinnati), all American Red Cross (ARC)
Blood Services regions with data and samples provided through
the Scientific Support Office in Gaithersburg, Maryland, and
United Blood Services regions and the New York Blood Center
(NYBC), with samples provided by Blood Systems Laboratory
in Tempe, Arizona. Together, these centers account for
approximately 70% of the US blood supply.

Data provided for all confirmed-positive donations included
the date of donation, first-time/repeat donor status, date of
birth, state of residency, race/ethnicity (if available), and sex.
Screening and confirmatory test results for HIV and HCV nu-
cleic acid testing (NAT), HIV and HCV antibody (Ab), HBsAg,
and anti-HBV core antibody (anti-HBc) were also provided.
Serologic and NAT screening and confirmatory testing were
performed according to previously described algorithms using
Food and Drug Administration (FDA)-licensed assays with
documented performance characteristics including analytical
sensitivities of NAT assays ([1—4]; see Appendix). Centers were
requested to send residual test samples or samples from retrieved
plasma units for all donors who qualified for study. Samples
were stored at =—20°C prior to testing.

Informed Consent and IRB Approvals

Institutional review board (IRB)-approved information sheets
were provided to donors explaining that (1) surplus samples of
their donations may be used for research purposes, (2) future
research may be performed with the donor’s blood without
further consent if the IRB considers the research to be of neg-
ligible risk, (3) he or she will be contacted for additional consent
depending on the nature of further research as determined by
the IRB, and (4) the donor will be notified of any medically
relevant information. IRBs representing each blood organi-
zation and the REDS-II Data Coordinating Center (Westat)
approved the study protocol and determined that data re-
lated to HIV drug resistance mutations should be provided

to donors as this may impact their treatment strategies;
blood donors were not notified of other study results.

Sample Selection

The goal was to sequence samples from 150 incident and 150
prevalent cases for each virus over the 4-year study period.
Samples with adequate volume from cases were consecutively
selected from the contributing sites starting with donations
made on January 1 2006 until the desired number of cases from
a site was reached. Due to large numbers of HCV- and HBV-
prevalent cases, site-specific sample numbers were based on
proportions established by weighting the number of such
donations detected by center in 2004 prior to study initiation.
For donors selected for study with reported coinfections, each
infecting virus was sequenced.

Viral Nucleic Acid Testing

Qualitative assays for HBV DNA (HBV Ampliscreen; Roche) were
performed on HBsAg-positive/anti-HBc—negative donations to
exclude possible incident cases that were likely due to false HBsAg
positive results [1]. Viral load distributions were determined for all
available samples that could not be amplified for sequence anal-
ysis, as well as a representative subset of successfully genotyped
cases (Abbott RealTime HIV-1, HCV, and HBV Assays, Abbott
Laboratories). All tests for this study, except for viral load deter-
minations performed at Abbott Laboratories and routine donor
screening and confirmation performed at blood center testing labs,
were performed at the Blood Systems Research Institute.

Incidence Testing

Incident infections among HIV RNA-positive donors were
defined as samples that were HIV-antibody negative or
HIV-antibody positive with a less sensitive (LS) or “detuned”
enzyme immunoassay (EIA: Vironostika HIV-1 MicroElisa;
bioMérieux) with standardized-optical-density (SOD) ratio
<1.0 using the serologic testing algorithm for recent HIV
seroconversion, indicating that the infection was probably
acquired <6 months prior to blood donation [5-7]. Con-
versely, HIV antibody—positive donations from first-time
donors with LS-EIA SOD ratios =1.0 were defined as HIV-
prevalent infections [8]. HCV RNA-positive and HBsAg-
positive donations were classified as incident if anti-HCV and
anti-HBc antibody tests, respectively, were nonreactive. HCV
RNA and antibody positive donations were considered HCV-
prevalent cases. HBsAg-positive/anti-HBc-reactive donations
were considered HBV-prevalent infections. Starting with 2008
donations, HBV- and HCV-seropositive samples from repeat
donors with a prior negative donation within the prior 2 years
were also included as incident cases.

HIV, HCV, and HBV Sequencing
Total nucleic acid was extracted from 140 to 280 pL of plasma
with QiaAMP Viral RNA Mini Kit or on a 96-well robotic
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platform (QIAxtractor with Reagent Pack VX, Qiagen).
Complementary DNA for HIV and HCV was synthesized
using M-MLV reverse transcriptase and random primer
(0.5 pg/pL) according to the manufacturer’s instructions
(Promega) and stored at —20°C.

Nested PCR was used to amplify an informative region of
each virus. For HIV, a fragment of 1275 base pairs (bp) was
amplified, including the protease and reverse transcriptase
genes, using previously described PCR primers and conditions
[9]. For HCV, a fragment of 363 bp in the core gene was am-
plified [10]. For HBV, a fragment of 2015 bp, including the
envelope and polymerase genes, was amplified (Supplementary
Methods in Appendix).

Sequence Analysis

Sequences were edited using Sequencher (version 4.9, Gene Co-
des Corporation). For HIV, the calibrated population resistance
tool [11, 12] available through the Stanford University HIV Drug
Database [13, 14] (http://cpr.stanford.edu/
cpr.cgi) was used to determine subtype and identify trans-

Resistance

mitted drug resistance mutations in untreated persons.
Mutations listed as causing or contributing to resistance are
nonpolymorphic in untreated persons and apply to all HIV-1
subtypes in accordance with World Health Organization
guidelines.

HCV sequences were subtyped using 2 online tools: the
Oxford HCV subtyping tool (http://www.bioafrica.net/rega-
genotype/html/subtypinghcv.html), a method based on phy-
logenetic analysis, and the NCBI viral genotyping tool, based
on a sliding-window BLAST comparison (http://www.ncbi.nlm.
nih.gov/projects/genotyping/formpage.cgi).

HBV genotypes were determined using 2 online tools: Oxford
HBV subtyping tool (http://www.bioafrica.net/rega-genotype/
html/citetoolhbv.html), a method based on phylogenetic anal-
ysis [15, 16], and the STAR genotyping tool available online
at the University College London Center for Infection and Im-
munity (http://www.vgb.ucl.ac.uk/starn.shtml). The STAR tool
uses distances to reference genomes and a statistical model to
assign genotypes [17]. The polymerase sequence was checked
for drug resistance mutations using the mutation annotator
tool available online at the HepSEQ-Research Database System
website  (http://www.hepseq.org/Public/Web_Front/main.php).
To identify potential antibody neutralization escape muta-
tions, a list of mutations from the literature was compiled [18,
19], and sequences were manually aligned and compared with
the reference list. GenBank accession numbers are JN214594-
JN215208 and JN604118-JN604319.

Statistical Methods

Fisher exact test was used to compare the variant (subtype,
genotype, and drug resistance mutation) distribution among
incident cases to that among prevalent cases for each virus. Be-
cause molecular characterization could not be performed for all

submitted cases, logistic regression was used to assess the ability to
successfully characterize viral strains as a function of viral load and
donor type (ie, incident vs prevalent cases). Analyses were con-
ducted using SAS 9.2 software (SAS Institute).

RESULTS

HIV, HCV, and HBV Infection Rates and Demographic
Characteristics

From 1 January 2006 through 31 December 2009, the par-
ticipating blood organizations screened 33 947 146 allogeneic
donations, including 5 968 986 (17.6%) from first-time and
27 950 520 (82.3%) from repeat donors; prior donation status
information was not provided for 27 640 (0.1%) donations.
For each virus, frequencies were generated by donor status
(first-time vs repeat) and donor demographic characteristics
(sex, race/ethnicity, geographic region, and age) (Table 1).
A disproportionate risk of infection by all 3 viruses was noted
for first-time, male, black, and Hispanic donors, except for
HBV where infection rates were the highest among Asians,
consistent with prior findings (Table 1) [1, 2, 20-22].

HIV Subtypes and Drug Resistance Profiles

A total of 438 donation samples from HIV confirmed-positive
donors were selected for sequencing from the 1056 submitted
samples (Figure 1A). The 200 incident cases selected for
viral sequencing included 34 RNA-positive, antibody-negative
(NAT vyield) donations and 166 of 210 donations classified
as recent seroconvertors based on low antibody titers by
LS-EIAtesting. A total of 238 of 320 prevalent HIV infections from
first-time donors with high-titer antibody reactivity indicating
long-standing infections were selected for further testing.

Of the 438 processed samples, 321 (73%) were successfully
amplified and sequenced including 159 incident and 162 prev-
alent cases. Successful PCR amplification correlated with the
viral load (P < .0001) Incident infections were 2.8-fold (95%
confidence interval, 1.6-4.7) more likely to be genotyped than
prevalent infections due to their higher viral loads (Figure
1B). Combining incident and prevalent cases, the success of
obtaining sequences was approximately 10% if viral load was
<1000 copies/mL, approximately 50% at 1000—10 000 cop-
ies/mL, and >90% if >10 000 copies/mL.

Of sequenced HIV strains, 97.5% (313) belonged to subtype
B and 2.5% (n = 7) belonged to non-B subtypes: 4 subtype C
(3 prevalent and 1 incident), 2 recombinant subtype CRF-02
(both incident) and 1 subtype D (incident) (Figure 1C). The
number of non-B subtypes was too low to evaluate differ-
ences in frequency between incident and prevalent cases.

Four strains, all from incident cases, contained only protease
inhibitor resistance mutations, and 33 strains (21 incident and 12
prevalent cases) contained only reverse transcriptase (RT) in-
hibitor resistance mutations (including 18 strains with only
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Table 1.

Numbers and Rates of Total Allogeneic Donations From Human Immunodeficiency Virus, Hepatitis C Virus, and Hepatitis B

Virus Confirmed-Positive Donors by Donor Status (First-Time, Repeat) and Donor Demographic Characteristics Collected From 2 January

2006 Through 31 December 2009

Total Allogeneic All HIV Rate per 100 000  All HCV Rate per 100 000  AllHBV  Rate per 100 000
Characteristics Donations Positive Donations Positive Donations Positive Donations
Total 33947 146 1056 3.1 8015 23.6 3061 9.0
Donor status®
First-time donors 5 968 986 633 10.6 6741 112.9 2561 42.9
Repeat donors 27 950 520 423 1.5 1274 4.6 500 1.8
Sex?
Female 15 850 421 251 1.6 3047 19.2 1063 6.7
Male 18 054 540 805 4.5 4968 27.5 1995 11.0
Race or ethnicity®
White 27 112 643 331 1.2 4399 16.2 651 2.4
Asian 510 633 24 4.7 81 15.9 848 166.1
Black 1242 416 366 29.5 916 73.7 543 43.7
Hispanic 1 354 391 81 6.0 668 49.3 166 12.3
Other 628 302 37 5.8) 211 33.6 189 30.1
Not available 3071121 217 7.1 1740 56.7 664 21.6
CDC regions?®
Midwest 10 523 749 172 1.6 900 8.6 292 2.8
Northeast 8 226 559 210 2.6 1957 23.8 913 11.1
South 8911822 474 5.3 3327 37.3 933 10.5
West 5901 802 149 25 1760 29.8 900 15.2
Other 353 635 50 14.1 66 18.7 19 5.4
Age categories, years?®
<20 4782 307 196 4.1 422 8.8 653 13.7
20-29 4547 134 309 6.8 779 171 655 14.4
30-39 4367 417 224 5.1 1023 23.4 576 13.2
40-49 7 080 519 201 2.8 2486 35.1 521 7.4
50-59 7 730 474 96 1.2 2696 34.9 428 5.5
60-69 3927177 26 0.7 478 12.2 163 4.2
=70 1482 979 4 0.3 131 8.8 65 4.4

Abbreviations: CDC, Centers for Disease Control and Prevention; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus.

@ Donations that did not have information for donor status, sex, race/ethnicity, CDC region, or age were excluded.

non-nucleoside reverse transcriptase inhibitor resistance mutation
K103N). Two prevalent infections contained both protease
and RT inhibitor resistance mutations (pro-M46L,184V,L90M and
RT-M41L,D67N,Y181C,M184V,G190A,L210W,T215Y; and pro-
M461,1L90M and RT-M41L,Y181C,T215D). Overall, 39 of 321
(12%) sequenced HIV strains showed the presence of a drug re-
sistance mutation, including 6 (2%) directed to protease in-
hibitors and 35 (11%) to RT inhibitors; these were from 25 of 159
(15.7%) incident and 14 of 162 (8.6%) prevalent cases (P = .06).

HCV Subtypes

A total of 320 donation samples were selected for sequencing
from 8015 HCV confirmed-positive donations (Figure 2A),
including 112 of 153 HCV antibody-negative incident cases that
had plasma aliquots available for testing. In addition, 12 incident
cases were included based on antibody seroconversion within

the previous 2 years, resulting in a total of 124 incident HCV
cases. Of the 5446 HCV RNA and antibody-positive donations
from first-time donors with prevalent infections, 196 repre-
sentative samples were selected for molecular testing.

Of the 320 samples processed for PCR amplification, 278
(87%) were successfully amplified and sequenced including 85
of 112 (68.5%) incident and 193 of 196 (99%) prevalent cases.
Two of the successfully amplified HCV prevalent cases were
coinfections; one donor also had an incident HIV infection and
the second had a prevalent HBV infection. The probability of
successful PCR amplification and sequencing was associated
with viral load in the donors’ plasma for both incident and
prevalent cases (P < .0001) but not with whether the donor was
classified as a prevalent or incident case (Figure 2B). All samples
with viral loads <100 copies/mL were negative for HCV core
amplicons, approximately 50% of samples with viral loads of
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Figure 1. A, Algorithm for classification of human immunodeficiency virus (HIV)—-positive donations as incident or prevalent infections
for selection of cases for sequencing. Boxes in gray indicate the donations from which samples were selected for sequencing for this study.
B, Histograms showing success of polymerase chain reaction (PCR) relative to viral loads; frequencies of donations from incident and prevalent
cases are shown separately. C, HIV subtypes of sequenced samples by incident and prevalent case status. Abbreviations: IFA, immunofluorescence
assay; NAT, nucleic acid testing; WB, Western blot.
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of polymerase chain reaction (PCR) relative to viral loads; frequencies of donations from incident and prevalent cases are shown separately. C, HCV
subtypes of sequenced samples by incident and prevalent case status. Abbreviations: NAT, nucleic acid testing; RIBA, recombinant immunoblot
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subgenotypes of sequenced samples by incident and prevalent case status. Abbreviations: HBc, anti-HBV core antibody; HBsAg, HBV surface antigen.

100-1000 copies/mL were successfully amplified and sequenced,
and all samples with viral loads >1000 copies/mL yielded
sequence data.

Eight subtypes of HCV were present with la being the
dominant type in both incident and prevalent cases. The subtype
distribution was 55% (n = 154) 1a, 15% (n = 41) 1b, 13% (n =
36) 3a, 11% (n = 31) 2b, 3% (n = 9) 2a, 2% (n = 5) 4a, and
<1% 6d or 6e (n = 1 each) (Figure 2C). Incident donors had

significantly more subtype 3a strains (21% vs 9%) but signifi-
cantly fewer subtype 1b strains (8% vs 18%) than did prevalent
donors (P = .04).

HBV Genotype, Drug Resistance, and Inmune Escape Profiles

Of 3061 confirmed HBsAg-positive donations, 321 were
anti-HBc-nonreactive and available (Figure 3A). However,
only 52 of these possible incident infections were HBV DNA
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positive, whereas 235 tested HBV DNA negative, indicating
either false-positive HBsAg neutralization results or recent
receipt of the HBV vaccine with detection vaccine-derived
HBsAg [1]. The 52 DNA-positive donations, plus the re-
maining 34 that were not tested for HBV DNA, along with
2 additional cases where HBV seroconversion occurred within
2 years of the index donation, comprised the 88 incident cases.
Of the 2432 HBsAg confirmed-positive, anti-HBc-reactive
donations from first-time donors, 186 representative samples
were selected as prevalent infections for molecular testing.

Of the 274 HBsAg-positive plasma samples selected, 193
(70%) had successful amplification and sequencing of the
envelope and polymerase regions. As with HIV and HCV, the
probability of successful PCR amplification and sequencing
correlated with viral load (P < .0001) but not with incident/
prevalent status. Approximately 50% of samples that had
<100 copies/mL were negative for HBV PCR amplicons; in
contrast, 70% of samples with 100-1000 copies/mL and 98% of
those with >1000 copies/mL yielded informative sequence data.

The 193 donor strains successfully sequenced included 51
(26%) antibody-negative incident cases and 142 seropositive
prevalent cases (Figure 3B). A total of 20 HBV subgenotypes were
identified consisting of 72 A2, 22 A1, 16 B4, 13 B2, 13 C1, 11 C2,
8 D1, 8 D2,6 D3,5F1,4 D4, 4 F1, 3 H, 2 B3, and 1 each of the
following subgenotypes: A3, B5, C3, C5, F3, and G (Figure 3C).
Incident donors had significantly higher frequencies of sub-
genotype A2 (67%) vs those in prevalent donors (27%) who
showed higher frequencies of subgenotypes Al, B2, Cl1, and
D2 (8%-14% vs 0%—4%; P = .007).

Sequence analysis of the polymerase region of the 193 HBV
strains did not detect any drug resistance—associated muta-
tions. In the envelope sequences, 34 strains showed antibody
neutralization escape—associated mutations, including 31 of
142 (22%) prevalent cases and a significantly lower proportion
(3 of 52 [6%]) of incident cases (P = .01).

DISCUSSION

HIV subtype distribution varies in the United States de-
pending on the population screened. Generally, the fre-
quency of non-B subtypes has remained low in high-risk
groups such as MSM and IDUs, as well as in non-IDU het-
erosexuals and blood donors [20-23]. The frequency of non-B
subtype infections was greater in populations enriched for
immigrants from nonclade B epidemic countries or military
personnel who became infected overseas [24-28]. The fre-
quency of non-B subtype in blood donors appears to be in-
creasing at only a modest rate over the last 2 decades. Studies
from the 1980s of seropositive donors and recipients of
blood products found no nonclade B infections [23], whereas
studies of seropositive donors from the 1990s identified
approximately 1% nonclade B infections [7]; more recent

studies of infected donors identified since 2000 reported
rates of nonclade B infection in the 2%-5% range [3, 20, 22],
similar to the 2.5% rate documented here.

Because the samples analyzed here were from asymptomatic
blood donors who denied knowledge of their HIV infection,
their drug resistance mutations are likely attributed to resistant
virus acquired from their sources of infection who are presumed
to have been on antiviral therapies. The frequency of HIV drug
resistance mutations among blood donors trended but was not
significantly higher in incident vs prevalent infections (P = .06).
A stable frequency of drug resistance mutations also applied
when resistance to the more recently introduced protease and
the longer used RT inhibitors were analyzed separately. The
frequency of transmitted drug resistance mutations appears to
be stable among blood donors based on comparisons of rates
among incident and prevalent infections in this study and in
prior studies of HIV in US blood donors [3, 7, 20], an ob-
servation in keeping with reported rates of transmitted drug
resistance mutations in high-risk untreated groups [29-32].

There are currently 7 HCV genotypes that are further sub-
divided into 83 subtypes (http://hcv.lanl.gov/content/sequence/
HCV/classification/genotable.html) [33] that can vary widely in
their geographic distribution (http://hcv.lanl.gov/components/
sequence/HCV/geo/geo.comp). In high-risk groups in the
United States, subtypes 1a and 1b predominate, whereas in most
other countries the majority of HCV infections belong to other
subtypes. Because HCV transmissions in the United States occur
mainly among young IDUs [34] and reinfections can displace
the original resident strain [35, 36], the distribution of HCV
genotypes may rapidly change. Eight HCV subtypes were iden-
tified here with la (55%) and 1b (15%) predominating.
The subtype distribution in prevalent cases was nearly identical
to that reported for HCV-seropositive samples collected in
1988-1994 from a population reflecting that of the US [37],
which supports the validity of our sampling strategy. In this
study, we document a higher frequency of subtype 3a (21% vs
9%) and a lower frequency of 1b (8% vs 18%) in incident vs
prevalent donors in keeping with a recent analysis showing
decreasing genotype 1 frequencies in younger vs older IDUs
[38].

HBV genotypes also vary greatly in their geographic dis-
tribution. Currently there are 8 genotypes that can be further
subdivided into at least 24 subgenotypes defined as having
>4% nucleotide difference [39]. Twenty of these 24 sub-
genotypes were identified among the 193 sequenced HBV
strains. When the frequencies of the subgenotypes were
compared, A2 occurred more frequently in incident cases
(67% vs 27%) while A1, B2, and B4 frequencies were higher in
prevalent cases (8%—-14% vs 0%—4%).

No HBV antiviral drug resistance mutations were ob-
served. Drug-resistant HBV variants may be inefficient at
transmission and/or establishment of a chronic infection
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or may be underrepresented in the pool of HBV being actively
transmitted by sexual or parenteral routes. Neutralization escape
mutations in the HBV envelope protein were heavily over-
represented in prevalent vs incident HBV infections (22% vs
6%). This observation is consistent with these mutations
having been more strongly selected for in long-term infected
donors in whom a strong antibody response develops than in
very recent, anti-HBc—negative incident cases [40—43].

This study of viral diversity has several limitations. First, the
analysis was restricted to infections detected as NAT or HBsAg
positive by current blood supply screening assays, most of which
were also confirmed antibody positive. Consequently, infections
by highly divergent variants that would not be detected by
these assays would not be identified. Given efforts of test
manufacturers and regulators to ensure that blood donor
screening and confirmatory tests are sensitive to viral variants,
we believe that this issue has limited impact on our findings.
Second, a moderate proportion of donations selected for
molecular analysis were not able to be characterized due to
failure of long-amplicon PCR. These results were largely ex-
plained by absence of detectable nucleic acid or lower viral
load in the PCR-refractory samples. It is also well recognized
that all donor screening assays have low but significant rates
of false positivity, especially if the classification is made only
upon the routine testing results and does not include further
testing of an independent sample such as the retrieved frozen
plasma unit or follow-up donor sample. This is a particular
problem with possible NAT yield samples (ie, seronegative
and reactive by a single NAT assay), as evidenced by the high
rate of incident cases with negative PCR results in this study
(Figure 2B), many of which are likely due to false- NAT re-
sults. Third, we performed bulk sequencing of PCR products
and therefore may not have detected cases of dual infection or
minor populations of drug resistance or immune escape
variants represented in viral quasi-species.

Overall, our analysis indicates that the HIV epidemic is rela-
tively stable in terms of subtypes and transmitted drug resistance
mutations. The HCV data provide evidence of differences in
subtypes between incident and prevalent cases that may be sto-
chastically driven by random founder effects and/or result from
immigration of infected individuals to the United States. The
HBV subgenotypes also showed evidence of change, possibly
driven by similar epidemiological factors. The relative fre-
quencies of different viral genetic clades and resistance patterns
observed in our study population showed general concordance
with those in populations with admitted high-risk behavior
[44, 45]. Molecular characterization of recently transmitted
blood-borne viruses detected through the large-scale routine
NAT and antibody screening of blood donors is therefore
a good complement to studies in highly exposed populations.
As predominant viral strains change over time, sequence data
generated by such blood donor molecular surveillance studies

may be of use to adjust primers used in nucleic acid detection
methods [46, 47], as well as the specificities of antibodies and
antigens used in serologic assays [48—50] in order to maintain
the high sensitivity of blood donation screening assays.
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