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Herpes simplex virus type 2 (HSV-2) is the most common cause of genital ulcer disease and is a cofactor for
HIV-1 acquisition and transmission. We analyzed specimens from three separate phase III trials of acyclovir
(ACV) for prevention of HIV-1 acquisition and transmission to determine if failure of ACV to interrupt HIV
acquisition and transmission was associated with genotypic ACV resistance. Acyclovir (400 mg twice daily) or
placebo was provided to HSV-2-infected persons at risk of HIV-1 infection in the Mwanza and HPTN 039 trials
and to persons dually infected with HSV-2 and HIV-1 who had an HIV-negative partner in the Partners in
Prevention study. We extracted HSV DNA from genital ulcer swabs or cervicovaginal lavage fluids from 68
samples obtained from 64 participants randomized to ACV and sequenced the HSV-2 UL23 gene encoding
thymidine kinase. The UL23 sequences were compared with published and unpublished data. Variants were
observed in 38/1,128 (3.4%) nucleotide positions in the UL23 open reading frame, with 58% of these encoding
amino acid changes. No deletions, insertions, or mutations known to be associated with resistance were
detected. Thirty-one of the variants (81.5%) are newly reported, 15 of which code for amino acid changes.
Overall, UL23 is highly polymorphic compared to other loci in HSV-2, but no drug resistance mutations were
detected that could explain the failure to reduce HIV incidence or to prevent HIV-1 transmission in these
studies.

Herpes simplex virus type 2 (HSV-2) is one of the most
common sexually transmitted infections. The prevalence of
infection is higher in many parts of the developing world,
especially in some settings in sub-Saharan Africa, where up to
75 to 80% of women may be infected by the age of 35 years
(26).

The standard treatment for symptomatic primary and recur-
rent genital herpes and for suppression of genital herpes has
primarily been acyclovir (ACV), a guanosine nucleoside ana-
logue that inhibits replication of HSV. The inactive prodrug is
phosphorylated to ACV triphosphate by HSV-encoded thymi-
dine kinase. The active ACV triphosphate then inhibits viral
DNA polymerase. Thymidine kinase is encoded by the HSV

UL23 gene. The frequency of ACV resistance is increased in
ACV-treated, immunosuppressed individuals and may reach
5% (25). However, ACV resistance has also occasionally been
documented in immunocompetent persons in both the absence
and presence of ACV therapy (8, 28a). Up to 95% of clinically
significant ACV resistance is caused by mutations in the UL23
gene that limit thymidine kinase enzymatic activity and thus
prevent initial phosphorylation of the drug (1a). These are
typically insertions or deletions of a single nucleotide in a
poly(G) or poly(C) tract, leading to a frameshifted open read-
ing frame with a carboxy-terminal nonsense polypeptide and
premature termination (1a). Point mutations that prevent or
reduce recognition of ACV as a substrate occur at lower fre-
quencies (1a). Compared to the much greater understanding
of human cytomegalovirus (CMV) and ganciclovir resistance,
and HIV-1 and resistance to HIV antiretroviral therapy, the
total database of resistance-associated HSV UL23 point mu-
tations is small. Therefore, hot spots for ACV resistance-asso-
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ciated point mutations have not yet been identified in UL23 of
HSV-2.

Until recently, ACV therapy was used predominantly in
developed countries. However, with the recognition that an
increasing proportion of genital ulcers in developing countries
are now caused by HSV (3), the World Health Organization
has recommended that treatment for HSV now be included in
first-line therapy for genital ulcer disease (32). In addition
HSV-2 shares a synergic relationship with HIV, since it en-
hances HIV acquisition and transmission (1, 30). Suppression
of HSV-2 was therefore evaluated to determine if this could be
a potential strategy to reduce HIV acquisition or transmission,
or both.

Three phase III randomized controlled trials (RCTs) of
HSV-2-suppressive therapy for the control of HIV have re-
cently been completed in North and South America and Af-
rica. Two of these trials, the Mwanza HSV trial and HPTN 039,
examined the hypothesis that ACV (400 mg twice daily) given
to HSV-2-seropositive, HIV-seronegative individuals would
prevent HIV acquisition. The Mwanza HSV trial also exam-
ined the effects of ACV on the HIV and HSV genital viral load
in dually HSV-2-infected, HIV-seropositive women. The third
trial, the Partners in Prevention HSV/HIV Transmission
Study, enrolled HIV-serodiscordant couples and examined the
effect of the same regimen of ACV given to HIV/HSV-2 dually
infected persons on HIV transmission to their non-HIV-in-
fected partners. The trials found no effect of suppressive treat-
ment with ACV on HIV acquisition or transmission (4, 4a, 31).
Given these results, we conducted detailed examination of the
UL23 sequence of a representative subset of HSV-2 specimens
from subjects in the ACV arm. This is the first study to exam-
ine ACV resistance in developing countries in the setting of
HSV-suppressive therapy.

MATERIALS AND METHODS

Each of the three RCTs received approval from the appropriate institutional
review boards (IRB) (4, 4a, 31). IRB approval for use of specimens for the
studies described in this paper was either explicitly obtained or inherent in
the originating trials. Specifically, the Mwanza trial protocol was approved by the
National Ethics Committee of Tanzania and the London School of Hygiene and
Tropical Medicine, and the HPTN 039 and Partners in Prevention studies were
approved at each participating trial site and by the University of Washington
Human Subjects Review Committee.

Study enrollment. (i) Mwanza HSV trial (International Standard Random-
ized Controlled Trial number [ISRCTN] 35385041). Women aged 16 to 35 years
working as food handlers or in bars, guesthouses, and similar facilities in 19
communities in northwest Tanzania were invited to attend a mobile study clinic
for HSV-2 and HIV-1 antibody screening, as previously described (29a, 31). The
women returned 8 to 12 weeks later for their HSV-2 results and were eligible for
enrollment if they were aged 16 to 35 years at screening, were HSV-2 seropos-
itive, and planned to stay in the area. Women were not enrolled if they were
pregnant. Knowledge of HIV status was not required for enrollment, and women
were enrolled regardless of HIV status. The participants were randomized to
ACV (400 mg twice daily) or matching placebo tablets. They attended the study
clinic every 3 months. CD4 T-cell counts were collected at some visits and, if
available, were reported from the visit closest to collection of the HSV sample
analyzed in this study. Cervicovaginal lavage (CVL) specimens were collected at
enrollment and at the 6-, 12-, and 24-month visits, and participants were followed
for up to 30 months.

(ii) HPTN 039 (ClinicalTrials.gov number NCT00076232). A total of 3,127
HIV-negative, HSV-2 antibody-positive participants were enrolled in HPTN 039.
Men who had sex with men (MSM) were enrolled at sites in the United States
and Peru, and women were enrolled at sites in Harare, Zimbabwe; Lusaka,
Zambia; and Johannesburg, South Africa, as detailed previously (4a).

The participants were randomized to receive ACV (400 mg twice daily) or

matching placebo tablets and were seen monthly for 12 to 18 months. Clinicians
performed a genital examination at all quarterly study visits and at any monthly
or interim study visit if a genital ulcer was reported. The study staff obtained
swabs from lesions clinically consistent with a herpes recurrence.

(iii) Partners in Prevention (ClinicalTrials.gov number NCT00194519). HIV-
1-seropositive persons who were also seropositive for HSV-2 were enrolled in an
RCT of ACV as HSV-2-suppressive therapy, along with their HIV-1-seronega-
tive heterosexual partners (4). HIV-1-positive persons were randomized to ACV
(400 mg twice daily) or matching placebo tablets. The Partners in Prevention
HSV/HIV Transmission Study was conducted at 14 sites in 7 African countries
(Botswana, Kenya, Rwanda, South Africa, Tanzania, Uganda, and Zambia), and
the participants were followed for up to 24 months. At the time of enrollment,
the HIV-1- infected partners were �18 years of age, were HIV-1 and HSV-2
seropositive, had a CD4 count of �250 cells/mm3 and no history of AIDS-
defining conditions, and were not receiving antiretroviral therapy (ART). The
HIV-1-infected partners were seen monthly for provision of the study drug,
evaluation of clinical status, and behavioral risk assessment. Clinicians per-
formed a genital examination at the quarterly study visits and at any monthly or
interim visit if symptoms of genital ulcers were reported. The study staff obtained
swabs from lesions clinically consistent with a herpes recurrence.

Clinic procedures and sample selection. (i) Mwanza HSV trial. After centrif-
ugation at 3,500 rpm for 10 min, CVL supernatant aliquots were frozen at �20°C
for 2 to 3 weeks and later at �80°C. HSV DNA was quantified in the CVL
supernatants by real-time PCR (31). Enrollment HSV DNA-positive CVL sam-
ples were typed (3a), and all were HSV-2. HSV DNA quantifications were done
with an ABI 7300 PCR instrument (Applied Biosystems, Courtaboeuf, France)
and a commercial HSV-1/HSV-2 typing/quantification standard (HSV-1/HSV-2
Clear QC Panel; Argene, Verniolle, France).

CVL supernatant samples were selected for UL23 sequencing from women
who were randomized to ACV, who had not been withdrawn from tablets, and
whose genital HSV load was �104 per milliliter. Samples were selected at
enrollment to assess whether resistance to ACV was present at baseline and from
the 12- and 24-month visits. At enrollment, 3 HIV-negative and 19 HIV-sero-
positive women met the selection criteria. Baseline CVL samples from each
HIV-negative woman and seven random HIV-seropositive women were ana-
lyzed. At the 12- and 24-month visits, during ACV therapy, 5 HIV-negative and
15 HIV-seropositive women met the selection criteria, and CVL samples from
each were tested. Overall, 10 baseline and 20 follow-up CVL samples from 8
HIV-negative and 22 HIV-seropositive subjects were selected for testing.

(ii) HPTN 039 and Partners in Prevention. Swabs obtained from genital
lesions clinically consistent with a herpes recurrence were obtained at enrollment
and periodically thereafter as described previously (4, 4a). These swabs were
placed into PCR media, frozen, and shipped to the University of Washington
Virology Laboratory. We selected archived swab-derived DNA from specimens
with previously detectable HSV-2 DNA using quantitative real-time PCR (21)
from time points at which subjects were receiving ACV.

Laboratory methods. For Mwanza CVL specimens, replicate 1-ml aliquots
were transported to the University of Washington, and DNA was prepared
manually from 200 �l of specimen using 96-well high-throughput blood kits and
the instructions for cell-free fluids (Qiagen, Valencia, CA). This kit extracts
principally DNA. The presence of HSV-2 DNA was evaluated using our in-house
PCR targeting the glycoprotein B gene exactly as described previously (14). A
portion of the DNA from each CVL specimen yielding a positive result for
HSV-2 DNA was submitted for sequencing. HPTN 039 and Partners in Preven-
tion genital swabs were collected, and DNA was extracted and analyzed for
HSV-2 DNA as described previously (4, 4a). A portion of the extracted DNA
from selected positive swabs was submitted for sequencing.

The full-length sequence of the UL23 gene was determined. The primers
primarily used for amplification were 5�GTGGCGTTGAACTCCCGCACC
TC3� and 5�CTGTTCTTTTATTGCCGTCATCG3�. PCR mixtures (50 �l) con-
tained 5 �l High Fidelity Taq buffer, 1 �l of 10 mM deoxynucleoside triphos-
phates (dNTPs), 2 �l of 50 mM MgSO4 providing a final Mg2� concentration of
2.2 mM, 0.2 �l High Fidelity Taq Platinum thermostable polymerase compound
containing Pyrococcus GB-D polymerase, 20 picomoles of each primer (all from
Invitrogen, Carlsbad, CA), 5 to 10 �l of template DNA, 3 �l dimethyl sulfoxide
(DMSO), and water as needed. The tubes were heated to 95°C for 30 s and then
cycled 35 times for 30 s at 95°C, 30 s at 56°C, and 2 min at 68°C, followed by
terminal extension for 7 min at 68°C. PCR products were checked for the
predicted molecular weight by gel electrophoresis and gel purified (Qiaquick;
Qiagen, Valencia, CA). Separate sequencing reactions used the following am-
plification primers and additional primers: 5�CTGACGAACATCTACAACAC
GC3�, 5�GATATGAGGAGCCAAAACGGCGTC3�, 5�CTTGACCTGGCCAT
GCTGTC3�, and 5�CTGCAGGTACCGCACCGTGTTG3�. Some templates
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were amplified by nested PCR using the original amplification primers. This first
round used either the amplification primers listed above or the laterally flanking
primers 5�CGAGGTCCACTTCGCATATT3� and 5�CGCTTATGGACACACC
ACAC3�. PCR products from the first round were gel or spin column purified
(Qiaquick), and a portion was submitted for second-round amplification as
described above. For both one-round and nested PCRs, a water control template
was always submitted and coprocessed through each step. All amplicons from
any run in which water controls yielded a PCR product were discarded. Sequenc-
ing by dideoxy chain termination with BigDye3.0 kits (ABI, Foster City, CA) was
performed at the Fred Hutchinson Cancer Research Center Shared Resource
laboratory, and all regions received at least double coverage.

Contigs were assembled, ambiguities were resolved by manual review of chro-
matograms, and alignments were done (Clustal W algorithm) using Lasergene
V8 software (DNAStar, Madison, WI). To ascertain previous HSV-2 UL23
sequences, GenBank accession numbers NC_001798, AB178228, AB178229,
AB178230, AB009256, AB009257, AB009261, AB009262, AB009263.2,
AY038368, AY038369, DQ372963, EF522120, M29940, M29941, M29943,
X01712, S63520, and S46174 and partial sequence information available from 40
strains that have not been submitted to GenBank (12, 16, 27, 27a) were manually
reviewed. Unpublished complete coding sequences of UL23 genes from HSV-2
strains 26 through 54 (6) were kindly provided by Doris Chibo, Victorian Infec-
tious Diseases Reference Laboratory, North Melbourne, Victoria, Australia.
Nucleotide and amino acid variations are named AXB/CXY or AXB/NC, where
A is the nucleotide in reference strain HG52 (10); X is the numerical position in
the sequence related to A in the ATG start codon; B is the nucleotide in the
study strain; C, X, and Y are similar but refer to amino acids; and NC indicates
noncoding. We used strain HG52 as our reference strain for variation naming
and numbering. The ratio of nonsynonymous to synonymous nucleotide changes
(average dN/average dS) was calculated using SNAP (17; http://www.hiv.lanl
.gov). A maximum-likelihood phylogenetic tree using a general time reversible
plus gamma distribution plus invariant sites (GTR�G�I) model and a tree-
bisection-reconnection swapping algorithm with laboratory strain HG52 as the
outgroup was estimated in PAUP* version 4.0b10 (Sinauer Associates, Inc.,
Sunderland, MA).

Nucleotide sequence accession numbers. UL23 gene sequences were uploaded
to GenBank under accession numbers GU057918 to GU057982.

RESULTS

Full-length HSV-2 UL23 sequences were obtained from 68
specimens from 64 subjects (Table 1). Specimens with se-
quence data were obtained from diverse locations in Africa, as
well as from three locations in Peru, with a single specimen
from North America.

Overall, 19 of 64 participants (29.7%) were men and 45
(70.3%) were women. At the time of specimen collection, 26
(40.6%) were HIV infected. CD4 counts were available for 20
of the 26 (77%) HIV-infected subjects. The overall mean CD4
level was 395 cells/�l (range, 102 cells/�l to 1,037 cells/�l).
Fifty-four participants (84.4%) were receiving ACV at the time
of specimen collection. Because some subjects had more than
one specimen (below), a total of 58 of 68 (85.3%) specimens
were collected during ACV administration. Among the 58
specimens collected from the 54 subjects who were receiving
ACV at the time of collection, the mean duration of ACV
therapy prior to specimen collection was 12.1 months. Among
the subset of 26 specimens obtained from HIV-infected sub-
jects, 14 source subjects (54%) were receiving ACV at the time
of specimen collection, with a mean duration of 16.4 months.
The 10 specimens collected from subjects prior to initiation of
ACV therapy were from nine persons (seven HIV positive)
from Mwanza and one HIV-positive subject from a Partners in
Prevention site in Kenya.

There were 18 additional samples originally selected for
analysis from which UL23 sequence data were not obtainable.
They included 17 samples in which we could not amplify UL23
for sequencing: 1 from HPTN 039, 11 from Partners in Pre-
vention, and 5 from Mwanza. These specimens had between 6
and 14,144 HSV-2 DNA copies/specimen. The 68 specimens
that were successfully sequenced ranged between 27 � 1010

and 2.4 � 1010 copies/specimen. One additional CVL fluid
specimen from Mwanza contained no detectable HSV-2 DNA
when analyzed in the University of Washington laboratory
(21), so sequencing was not attempted.

We observed that the UL23 protein-coding region was 1,128
bp in length for each of the 68 sequences we obtained. This is
in agreement with HSV reference strain HG52 (10). Overall, 6
of the 68 sequences, obtained from 6 of the 64 participants,
were identical to that of HG52 (Fig. 1). In the remaining 62
sequences, we detected changes in 38 of 1,128 (3.4%) nucleo-
tide positions compared with HG52. Overall, 22 (58%) of the

TABLE 1. Demographic characteristics of subjects from whom HSV-2 UL23 sequences were obtained

Study Location HIV
statusa

No. of
subjects Gender (%) Age

(mean yr)
ACV

therapy (%)b
Duration of ACV
(mean no. of moc)

Baseline CD4
(meand)

HPTN039 Peru Neg 17e Male (100) 28 100 9.1
HPTN039 San

Francisco
Neg 1 Male (100) 35 100 8.2

HPTN039 South
Africa

Neg 3 Female (100) 25 100 6.9

HPTN039 Zambia Neg 6e Female (100) 32 100 12.2
HPTN039 Zimbabwe Neg 8e Female (100) 30 100 11.7
PIPf Kenya Pos 3 Female (67) 35 67 20.4 550

Male (33)
PIP Uganda Pos 2 Female (100) 30 100 6.0 484
Mwanza Tanzania Neg 3 Female (100) 23 33 12
Mwanza Tanzania Pos 21 Female (100) 27 67 17.1 352

a At the time of specimen collection. Pos, positive; Neg, negative.
b Percentage of subjects assigned to receive ACV at the time of specimen collection.
c Among subjects assigned to receive ACV at the time of specimen collection. The totals in boldface exclude one Partners in Prevention subject, two Mwanza

HIV-negative subjects, and seven Mwanza HIV-positive subjects who had not been started on acyclovir when the specimen was collected. These subjects were not
included in calculations of means.

d Among subjects who were HIV infected at the time of specimen collection. CD4 counts were available for all Partners in Prevention subjects and 15 of the 21
HIV-positive subjects from the Mwanza study.

e One subject each from Zambia and Zimbabwe contributed two specimens each, and one subject from Peru contributed three specimens.
f PIP, Partners in Prevention.
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38 variant nucleotide loci encoded amino acid changes, while
the remaining 16 (42%) were noncoding variants. We did not
detect any deletions or insertions.

Seven (18%) of the variants observed have been previously
reported either in GenBank (19 full-length HSV-2 UL23 se-
quences), in partial sequence information published for a fur-
ther 36 specimens (12, 27), or in full-length sequences of 29 of
these strains made available by D. Chibo (see Materials and
Methods). In contrast, 31 (82%) of the variants detected were
not previously reported. The previously described variants, at
nucleotides 79, 85, 116, 232, 420, 476, and 643, each encode an
amino acid change: A27T, S29A, G39E, N78D, L140F, T159I,
and A215D, respectively (Table 2). Among the 31 newly re-
ported changes, 15 coded for amino acid changes and 16 were
noncoding. At three variable loci, the allele frequenciesy of the
rare alleles were greater than 10%. These loci are A232G,
G420T, and G116A, in each of which the HG52 laboratory
strain has the rare allele.

The 22 coding sequence variations detected in this survey were
compared to the available medical literature and GenBank se-
quences in order to determine if they had been previously
associated with possible ACV resistance. Several point muta-
tions have been implicated in the development of resistance to
ACV. They include R34C, G56E, T131P, R177W, S182D,
T202A, R223H, D229H, T288M, and C336Y; a contiguous
triad of R271V/P272S/D273R; and a dispersed triad of P85S,
N100H, and V192M (6a, 8, 12, 16, 23a, 25a, 27, 29). We did not
detect any exact overlap between the coding variants in our
specimen set and these previously reported resistance-associ-
ated sequences. We then searched for variants close in the
linear amino sequence to known resistance-associated muta-
tions. One of the variants we detected, L228I, immediately
adjacent to the resistance-associated mutation D229H (27),
was detected in a baseline specimen from a 17-year-old HIV-
negative woman from Masumbwe, southwest of Mwanza, Tan-
zania, before she was randomized to ACV or placebo. The

FIG. 1. Neighbor-joining dendrogram for UL23 sequences from this study and reference strain HG52. The bar represents 0.05% variation
between sequences. The country and, if available, the region of origin are indicated. Identical sequences from the same subject are included only
once.
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L228I mutation is quite conservative, in contrast to D229H,
which carries a change in the charge of the amino acid residue
and thus is probably less likely to be associated with ACV
resistance. A second mutation, R338Q, was present 2 amino
acids away from the resistance-associated mutation C336Y
(12). This variant was detected in a sample from an HIV-
negative man from Iquitos, Peru, who had been on ACV for
almost 17 months. The R338Q mutation from a positively
charged to a polar uncharged amino acid residue is quite non-
conservative.

Among the 31 separate UL23 sequence variants that are
newly reported, 24 are present in only 1 of the 68 specimens
(Table 2). We manually resequenced six random specimens,
each of which contained one or two unique sequence variants

not present in any of the other specimens or in the literature.
The variants at C87T, G183T, G199A, C842G, C663A, and
C682A (present in the same specimen), G1039A, and C1101T
were each confirmed as present.

We had a limited opportunity to examine UL23 among
paired specimens from individuals. From one participant from
Zambia, 2 specimens were collected 6 months apart, and from
one participant from Lima, Peru, 3 specimens were collected
over 10 months. The UL23 sequences were identical for each
specimen from the same subject. However, for a participant
from Zimbabwe, differences between the two strains were
noted at 3 loci (nucleotides 207, 232, and 449) for specimens
collected 10 weeks apart. Detailed anatomic site information is
not available for these specimens. Repeat sequencing con-
firmed these differences. Similar to previous reports (28), these
data are consistent with infection with more than one strain of
HSV-2.

A phylogenetic tree was constructed to determine if the
UL23 sequences clustered in a pattern that might reflect the
geographic origins of the specimens (Fig. 1). The sequence of
laboratory strain HG52 (10) was included as a reference. Over-
all, there was pronounced admixture of strains from South
America and various locations within sub-Saharan Africa. The
one North American sequence was unique but clustered with
selected strains from South Africa and Peru. Several identical
sequences were recovered from various locations in Africa and
Peru. Among the four strains that each had several unique
nucleotide changes compared to the others (strains 25, 30, 33,
and 59 [Fig. 1]), three were from Peru and one was from
Tanzania. The average dN/average dS ratio for the set of 65
unique sequences from 64 persons, including the HG52 refer-
ence strain, was 0.71, implying the presence of evolutionary
constraints on amino acid changes in thymidine kinase.

DISCUSSION

This is the first evaluation of the UL23 thymidine kinase
gene of HSV-2, associated with ACV resistance, that focuses
on specimens from the developing world, mostly Africa. Most
of the subjects were receiving daily suppressive ACV therapy,
for a mean duration of 12.1 months, at the time that HSV-2
DNA was recovered from a genital site. Slightly under half
(40.6%) of the subjects had a known risk factor for ACV
resistance, HIV infection, at the time of specimen collection
(25). We found no evidence of known genotypic mutations
associated with decreased susceptibility to ACV among 68
specimens collected from 64 individuals during three phase III
RCTs. Although we did not detect genotypic evidence of ACV
resistance in any sample, we documented marked genetic vari-
ation that was higher than that observed in any other HSV
locus.

The mainstays of anti-HSV therapy are ACV; its prodrug,
valacyclovir; and the related drug famciclovir. ACV resistance
is readily diagnosed by classical virologic methods, using
graded concentrations of ACV and one of several cell culture-
based readouts (23). However, such testing for resistance is
feasible only if a live viral isolate is available. For our study,
only DNA specimens were obtained, due to storage and trans-
port issues at geographically remote sites. This limited our
ability to easily interpret the significance of the amino acid

TABLE 2. Nucleotide variations in HSV-2 UL23 detected in
this study

Nucleotidea Amino
acida

No. of strains
(of 68) in which

variant was
detected

Frequency of
rare allele

(%)

Previously detected variants
G116A G39E 58 14.7b

A232G N78D 31 45.6
G420T L140F 11 16.2
G79A A27T 3 4.4
G643A A215T 2 2.9
C476T T159I 1 1.5
T85G S29A 1 1.5

Newly detected variants
T90C NCc 5 7.4
A660G NC 5 7.4
C783T NC 3 4.4
G207A NC 2 2.9
A307G N103D 2 2.9
G449A G150D 2 2.9
C582T NC 2 2.9
C52T R18C 1 1.5
C87T NC 1 1.5
G183T NC 1 1.5
G199A A67T 1 1.5
A256C M86L 1 1.5
G286A E96K 1 1.5
C471A NC 1 1.5
C493G H165D 1 1.5
T565C NC 1 1.5
T621C NC 1 1.5
C663A NC 1 1.5
C682A L228I 1 1.5
C729T NC 1 1.5
C787T NC 1 1.5
C811A P271T 1 1.5
C842G S281C 1 1.5
C895T NC 1 1.5
C942T NC 1 1.5
G1013A R338Q 1 1.5
G1039A G347R 1 1.5
A1063G T355A 1 1.5
C1068T NC 1 1.5
C1101T NC 1 1.5
A1125C NC 1 1.5

a The nucleotide and amino acid in strain HG52 (10) is listed before the
relevant position in the HG52 sequence, followed by the sequence detected in
this study.

b The rare allele, G at position 116, was present in the prototype HG52 strain.
c NC, noncoding variation.
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coding variants that we observed. One strength of analyzing
DNA collected directly from subjects, however, is that poten-
tial changes in DNA sequences associated with passage in vitro,
as has been documented for some HSV loci (20), are avoided.

Even with the use of direct swabs, it is still possible for
sequence errors to result from PCR. The reported error rate
for Taq polymerase is on the order of 1 error per 10�4 nucle-
otides per duplication cycle (or less) (2). With 35 cycles of
amplification and an amplicon length of 1,128 bp, we estimated
about 3.5 errors per amplicon. The proofreading function in
specific thermostable polymerase products used in this project
is reported to decrease the error rate by 6- to 8-fold, leading to
an estimated 0.5 errors per final sequence. We believe that
most of our newly reported variants are accurate for the fol-
lowing reasons. First, the newly reported sequence variants
that we observed independently in more than one specimen
(T90C, A660G, C783T, G207A, A307G, G449A, and C582T)
(Table 2) are likely to be real polymorphisms, because identi-
cal PCR errors are very unlikely to have arisen independently
in separate reactions. Second, some of the variants observed
only once, such as T621C, C811A, and C895T, were all found
in the same specimen from Pucallpa in mid-Amazonia in Peru
(strain 33 in Fig. 1). It is very unlikely that PCR would intro-
duce three separate changes into a single amplicon of this
length. This is likely a unique, geographically isolated strain.
Third, some of the UL23 variants we observed only once
(G79A, T85G, C476C, and G643A) were also detected in a
previous survey (6) of Australian HSV-2 cultures that used a
less stringent polymerase. While PCR artifacts occur nonran-
domly, it is unlikely that the same exact errors would occur
independently.

It is also possible that we missed some mutations associated
with acyclovir resistance because of our focus on UL23.
Changes in the HSV DNA polymerase gene can alter its inhi-
bition by ACV triphosphate. These mutations make a minor
contribution to clinical ACV resistance (1a).

We did not detect any obvious resistance-associated frame-
shift mutations, but we did detect a large number of novel
coding mutations. Coding point mutations associated with
ACV resistance have also been described (6a, 8, 12, 23a, 23b,
25a, 29), but unlike in the example of human CMV and gan-
ciclovir resistance (18), obvious clustering of such resistance-
associated point mutations in hot spots has not yet been rec-
ognized. We did detect two point mutations (L228I and
R338Q) that map near known ACV resistance-associated se-
quence variants (D229H and C336Y, respectively) (12, 27). In
addition, the H165D amino acid substitution, which carries a
charge change from positive to negative, observed in a speci-
men collected in Zambia from an HIV-seronegative subject in
the HPTN 039 study after 267 days of ACV therapy, is near the
putative nucleoside binding domain of HSV-2 thymidine ki-
nase at amino acids 169 to 177 (29). Unfortunately, technical
limitations precluded the storage or direct recovery of viable
virus strains suitable for direct testing of ACV susceptibility.
There are technologies available to determine the possible
functional significance of the coding variations we have de-
tected. They include the expression of recombinant protein
and ACV phosphorylation assays in vitro (13) or the creation of
chimeric viruses containing the UL23 sequences from this

study inserted into a thymidine kinase-deficient strain, fol-
lowed by phenotypic resistance testing.

Studies from developed countries have documented in vitro
ACV resistance in approximately 0.28 to 0.33% of HSV iso-
lates from immunocompetent individuals (5, 7, 23, 24). Inter-
estingly, ACV use is not generally associated with drug resis-
tance in immunocompetent persons at either the individual or
population level (1a). The frequency of resistance is typically
higher in immunocompromised individuals, including those
with HIV infection, where 4 to 7% of isolates in developed
countries may be resistant to ACV (25), although most source
patients are also without clinical evidence of resistant disease.
These strains are generally felt to arise due to selective pres-
sure from ACV in the absence of a strong antiviral contribu-
tion from host immunity.

We did not detect sequence clusters that correlated with the
geographic origins of our specimens. This contrasts with data
from Norberg et al., who sequenced regions of the HSV-2
genes US7 and US8 from 20 isolates from Scandinavia and 27
isolates from Tanzania. Two straggling clades were detected,
one of which contained only Tanzanian strains while the other
included sequences from both regions (22). In our data set,
sequences from Peru were admixed with African sequences in
all major branches of the UL23 neighbor-joining tree. Kaneko
et al. sequenced 36 HSV-2 genes from 36 subjects in Japan
(15). They analyzed UL3, US1, and US4, their most divergent
loci, as trees and noted that they had differing topologies.
These data, and coanalysis of US4 data with the US7/US8 data
set by Norberg et al., are consistent with crossovers and re-
combination in HSV-2 molecular evolution (22).

The UL23 locus studied in this report seems particularly
useful for strain tracking, with variants detected at 3.4% of
nucleotides among 68 sequences. The most divergent strains,
31 (Pucallpa, Peru) and 57 (Mwanza, Tanzania), differed at
0.7% of the nucleotides. Several variable loci have rare alleles
that are reasonably prevalent, so that single-nucleotide poly-
morphism (SNP) typing schemes could be useful. This varia-
tion is higher than the maximal 0.4% variance noted by Norb-
erg et al. among 47 strains sequenced in the US4, US7, and
US8 regions. Kaneko et al. noted that many HSV-2 genes were
completely invariant in Japan (e.g., UL4, UL5, UL12, and 9
other genes) (15). The low dN/dS ratio observed for UL23 is
consistent with active selection to preserve certain amino acid
sequences despite the apparent tolerance for amino acid
changes in many locations.

The HIV-infected persons we studied had relatively pre-
served CD4 T-cell counts, in contrast to the advanced immune
deficiency typically reported in HIV/HSV-2-coinfected persons
who develop clinically ACV-resistant HSV-2 (9). These find-
ings are encouraging, given the recommendation by WHO to
add ACV to the treatment regimen for genital ulcer disease
(32). Although the clinical trials from which our specimens
came did not detect a decrease in HIV transmission, there
were beneficial effects of ACV, such as decreased disease pro-
gression among HIV-infected persons being treated with ACV
in the Partners in Prevention trial and a reduced frequency of
genital ulcerations (19). Recent biological findings that may
explain the poor biological activity of ACV at the doses used in
the recent trials include the observation of frequent shedding
of HSV-2 in the genital tract despite administration of stan-
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dard doses of antiherpesviral drugs (A. Wald, C. Johnston, M.
Saracino, L. Olin, K. Mark, S. Selke, M. Huang, and L. Corey,
presented at the 18th Meeting of the International Society for
Sexually Transmitted Diseases Research, London, England, 28
June to 1 July 2009) and the persistence of HIV-susceptible,
CCR5- or CXCR4-expressing, HSV-2-specific CD4 T cells in
the genital skin at sites of previous HSV-2 lesions despite
several months of antiherpesvirus therapy (33). In addition,
ACV suppression of genital shedding of HSV-2 was not as
effective at South American and African sites as at North
American sites within the HPTN 039 study, for unknown rea-
sons (11). Improved antiherpesvirus regimens might show ac-
tivity against HIV transmission, and clinical trials should con-
tinue to monitor for the possible development of resistance to
anti-HSV drugs in geographically distinct populations.
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