
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Nov. 2010, p. 4833–4842 Vol. 54, No. 11
0066-4804/10/$12.00 doi:10.1128/AAC.00669-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Genotypic Characterization of UL23 Thymidine Kinase and UL30
DNA Polymerase of Clinical Isolates of Herpes Simplex

Virus: Natural Polymorphism and Mutations
Associated with Resistance to Antivirals�

Sonia Burrel, Claire Deback, Henri Agut, and David Boutolleau*
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The molecular mechanisms of herpes simplex virus (HSV) resistance to antiviral drugs interfering with viral
DNA synthesis reported so far rely on the presence of mutations within UL23 (thymidine kinase [TK]) and
UL30 (DNA polymerase) genes. The interpretation of genotypic antiviral resistance assay results requires the
clear distinction between resistance mutations and natural interstrain sequence variations. The objectives of
this work were to describe extensively the natural polymorphism of UL23 TK and UL30 DNA polymerase
among HSV-1 and HSV-2 strains and the amino acid changes potentially associated with HSV resistance to
antivirals. The sequence analysis of the full-length UL23 and UL30 genes was performed. Ninety-four drug-
sensitive clinical isolates (43 HSV-1 and 51 HSV-2) and 3 laboratory strains (KOS, gHSV-2, and MS2) were
studied for natural polymorphism, and 25 clinical isolates exhibiting phenotypic traits of resistance to
antivirals were analyzed for drug resistance mutations. Our results showed that TK and DNA polymerase are
highly conserved among HSV strains, with a weaker variability for HSV-2 strains. This study provided a precise
map of the natural polymorphism of both viral enzymes among HSV-1 and HSV-2 isolates, with the identifi-
cation of 15 and 51 polymorphisms never previously described for TK and DNA polymerase, respectively, which
will facilitate the interpretation of genotypic antiviral-resistant testing. Moreover, the genotypic characteriza-
tion of 25 drug-resistant HSV isolates revealed 8 new amino acid changes located in TK and potentially
accounting for acyclovir (ACV) resistance.

Herpes simplex virus type 1 (HSV-1) and HSV-2 are respon-
sible for a variety of clinical manifestations (10). In immuno-
competent individuals, the symptoms are usually self-limited,
whereas severe diseases, sometimes life-threatening, may oc-
cur in immunocompromised patients (14, 17, 26). The discov-
ery of acyclovir (ACV), almost 30 years ago, represents a
milestone in the management of HSV infections. The antiviral
activity and selectivity of ACV is based on the phosphorylation
to its monophosphate form by the virus-encoded thymidine
kinase (TK). Then ACV monophosphate is further phosphor-
ylated by cellular thymidilate kinases to the triphosphate form
and is incorporated into the growing DNA chain by the viral
DNA polymerase, thereby inhibiting replication through chain
termination. The decreased activity of TK confers HSV resis-
tance to ACV, resulting in the inability of the drug to inhibit
viral replication. Alternative drugs, like foscarnet (FOS), are
effective without the requirement of phosphorylation by viral
TK. FOS inhibits directly the viral DNA polymerase as a sub-
strate analogue of the pyrophosphate formed during DNA
synthesis (23).

HSV TK is a 376-amino-acid protein, encoded by the UL23
gene, containing an ATP binding site (codons 51 to 63), a
nucleoside binding site (codons 168 to 176 for HSV-1 and 169

to 177 for HSV-2), and a highly conserved cysteine residue at
position 336 for HSV-1 and 337 for HSV-2 (2, 13, 28). HSV
DNA polymerase, 1,235 amino acids long for HSV-1 and 1,240
amino acids long for HSV-2, is encoded by the UL30 gene and
constitutes the target of ACV and FOS. Comparison between
the sequences of herpesvirus and eukaryotic DNA polymerases
revealed a series of 8 conserved domains, named I to VII and
delta-C (27, 54, 55).

HSV infections that are resistant to ACV and/or FOS usu-
ally occur in immunocompromised individuals, especially
AIDS patients and transplant recipients. The degree of immu-
nodepression and the prolonged therapy are considered im-
portant factors for the development of drug resistance (12, 17,
26, 36). To date, several mechanisms of resistance to ACV
have been evidenced among HSV strains. The most frequent
(95% of ACV-resistant isolates) results in the defective pro-
duction of TK (TK-deficient virus) or in the alteration of TK
substrate specificity (TK-altered virus). These phenotypes are
the consequence of either single-base insertions/deletions oc-
curring in guanosine (G) or cytidine (C) homopolymer repeats,
leading to the shift of the translational reading frame of UL23
TK, or missense point mutations (21, 37, 45, 46). The third
mechanism is an alteration of DNA polymerase activity due to
nonsynonymous mutations within the UL30 gene. The latter
mechanism may contribute to a high level of drug resistance
and may induce ACV and FOS cross-resistance. Resistance
mutations are located mainly in catalytic or conserved domains
of TK and DNA polymerase (11, 22, 48, 51).
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Currently used methods for testing the in vitro susceptibility
of HSV to antivirals consist of the measurement of the 50%
effective concentration (EC50) in cell culture. The plaque re-
duction assay (PRA) is generally considered to be the refer-
ence standard, but PRA is relatively tedious and time-consum-
ing to perform. Genotypic assays based on the identification of
mutations in the UL23 and UL30 genes represent an attractive
approach to detecting drug resistance in a clinically relevant
time frame. However, the interpretation of genotypic assays
requires differentiating clearly resistance-associated mutations
from natural interstrain sequence variations. To date, the nat-
ural polymorphism of HSV TK and DNA polymerase has not
been investigated extensively, especially among HSV-2 strains
(10, 31, 37).

The objectives of the work presented here were (i) to de-
velop new tools to perform the sequencing of the entire UL23
and UL30 genes for both HSV-1 and HSV-2, (ii) to define
precisely the natural polymorphism of TK and DNA polymer-
ase among drug-sensitive clinical isolates, and (iii) to perform
the genotypic study of 25 well-characterized drug-resistant
clinical isolates in order to evidence new potential resistance
mutations within TK and DNA polymerase.

MATERIALS AND METHODS

Viral strains, biological samples, and cell cultures. A total of 94 HSV clinical
isolates and 3 HSV laboratory strains (KOS, gHSV-2, and MS2) were included
in the present study in order to describe the natural polymorphism of TK and
DNA polymerase. Forty-two clinical isolates (17 HSV-1 and 25 HSV-2) were
characterized as ACV sensitive and FOS sensitive by PRA (method described
below), and 52 clinical isolates (26 HSV-1 and 26 HSV-2) were collected from
patients who had not received any prior anti-HSV therapy. All isolates were
obtained from patients suffering from HSV-induced disease. The biological sam-
ples collected were mainly mucocutaneous lesions: swabs from skin (n � 16),
oro-facial (n � 14), or ano-genital (n � 48) vesicles and keratitis lesions (n � 2)
suspected to be due to HSV infection. Moreover, 14 HSV isolates were collected
from bronchoalveolar lavage (BAL) fluids. In addition, 25 drug-resistant clinical
isolates (11 HSV-1 and 14 HSV-2) were studied in detail by genotypic antiviral
resistance testing. According to PRA, 24 isolates were ACV resistant and FOS
sensitive, and one isolate exhibited cross-resistance to ACV and FOS. All isolates
but one were recovered from immunocompromised patients: HIV-infected pa-
tients (n � 12), bone marrow transplant (BMT) recipients (n � 8), patients with
leukemia (n � 3), and patients with Wiskott-Aldrich syndrome (n � 1). The
remaining isolate was obtained from an immunocompetent patient with recur-
rent herpetic keratitis. These resistant HSV isolates were recovered from the
following biological samples: BAL fluid (n � 1), blood (n � 1), and swabs from
cutaneous (n � 1), ocular (n � 1), oro-facial (n � 7), and ano-genital (n � 14)
sites. The age of the patients from whom the resistant HSV isolates were recov-
ered ranged from 8 to 77 years and from 34 to 70 years for HSV-1 and HSV-2,
respectively. Antiviral treatment information was unavailable for the isolates
from 13 patients sent to us by outside physicians. Regarding the remaining
patients, antiviral treatment during which drug-resistant HSV was isolated con-
sisted of either intravenous ACV and/or oral valacyclovir (n � 8) or successive
courses of intravenous ACV and FOS treatments (n � 4).

HSV isolates were propagated in Vero cells cultivated in RPMI 1640 (Invitro-
gen, Cergy-Pontoise, France) supplemented with 2% fetal bovine serum (Invitro-
gen), 2 mM glutamine (Eurobio, Courtaboeuf, France), 20 �g/ml vancomycin
(Lilly, Suresnes, France), and 20 �g/ml amikacin (Bristol Myers Squibb, Rueil-
Malmaison, France).

Virus drug susceptibility assay. The susceptibility of HSV isolates to antiviral
drugs was determined by PRA in Vero cell culture, as previously described (53).
Laboratory strains KOS (HSV-1) and gHSV2 (HSV-2) were used as susceptible
controls in each assay. HSV susceptibility was tested toward ACV (Merck, Lyon,
France) and FOS (AstraZeneca, Rueil-Malmaison, France). HSV isolates were
considered resistant at EC50 values of �7 �M and 330 �M for ACV and FOS,
respectively (53). The determination of HSV type was performed by means of an
immunofluorescence assay using type-specific monoclonal antibodies (Trinity
Biotech Plc, Wicklow, Ireland).

Genotypic antiviral resistance testing. (i) DNA extraction. Viral DNA was
extracted directly from 200 �l of viral stock (clinical isolates and laboratory
strains) by using a QIAamp DNA blood minikit (Qiagen, Courtaboeuf, France),
according to the manufacturer’s instructions. The purified nucleic acids were
eluted in 100 �l of elution buffer and stored at �20°C until used.

(ii) TK and DNA polymerase gene amplification and sequencing. All primers
used for gene amplification and sequencing are listed in Tables 1 and 2. The
full-length TK (UL23) gene (1,195 bp) and UL30 (DNA polymerase) gene (3,708
bp for HSV-1 and 3,723 bp for HSV-2) from all HSV clinical isolates and
laboratory strains were amplified using HSV type-specific PCR systems. For each
gene, the first PCR was performed with 10 �l of DNA extract using the proof-
reading enzyme Expand High Fidelity (Roche, Meylan, France) in a mix con-
taining 1� buffer, 1.5 mM MgCl2, 800 �M dNTP, and 300 �M forward and
reverse outer primers. The nested PCR was carried out with 5 �l of the first PCR
product using inner primers in a mix identical to that of the first PCR. UL23
amplification conditions for the first PCR included an initial denaturation step of
5 min at 94°C followed by 40 cycles of 1 min at 94°C, 1 min at 60°C, and 3 min
at 72°C, with a final extension step of 10 min at 72°C. UL23 nested PCR was
performed with the same conditions, but with an annealing temperature of 57°C.
Cycling conditions for both UL30 first and nested PCRs were as follows: 2 min
at 96°C, followed by 40 cycles of 1 min at 96°C, 1 min at 59°C, and 6 min at 68°C,
with a final extension of 10 min at 68°C. Cycling conditions for UL23 and UL30
genes were the same for both HSV-1 and HSV-2. All PCRs were performed
using an Eppendorf thermal cycler (Eppendorf, Le Pecq, France). Amplified
products were sequenced with the Prism BigDye Terminator cycle sequencing
ready reaction kit (Applied Biosystems, Courtaboeuf, France) and analyzed with
the automated sequencer ABI PRISM 3730 genetic analyzer (Applied Biosys-
tems).

Nucleotide sequence accession numbers. All nucleotide and amino acid se-
quencing results were compared with published sequences of the reference
strains 17 (HSV-1) and HG52 (HSV-2) (GenBank accession numbers X14112
and Z86099, respectively) using Seqscape version 2.5 software (34, 35). TK and
DNA polymerase sequences determined in this study from phenotypically char-
acterized drug-sensitive (n � 42) and drug-resistant (n � 25) HSV clinical
isolates have been deposited in the GenBank database under accession numbers
HQ123046 through HQ123129 and HQ123130 through HQ123179, respectively.

RESULTS

Sensitivity of UL23 and UL30 PCRs. The sensitivity of the
UL23 and UL30 nested PCRs for both HSV-1- and HSV-2-
specific PCR systems was assessed by testing serial dilutions of
quantified genomes from laboratory strains KOS and gHSV2.
After optimization, regarding the UL23 gene, the detection
thresholds were 300 and 3,000 copies/ml for HSV-1 and
HSV-2, respectively, and regarding the UL30 gene, the detec-
tion thresholds were 30,000 and 300,000 copies/ml for HSV-1
and HSV-2, respectively.

Natural polymorphism. The natural polymorphism of HSV TK
and DNA polymerase was investigated among 94 clinical isolates and
3 laboratory strains. The overall results are presented in Tables 3 and
4 and in Fig. 1.

(i) TK analysis. At the nucleotide level, the interstrain iden-
tity of the UL23 gene ranged from 97.5% to 99.2% for HSV-1
and from 99.6 to 100% for HSV-2. In comparison with the
gene sequences from the corresponding reference strains, 72
and 25 nucleotide mutations were identified for the HSV-1 and
HSV-2 strains, respectively, within the 1,195-bp coding se-
quence. For each strain, the number of nucleotide mutations
ranged from 0.8 to 2.5 per 100 bp (mean of 1.2) for HSV-1 and
from 0 to 0.4 per 100 bp (mean of 0.2) for HSV-2 (Table 3). At
the amino acid level, TK revealed �97.3% peptide sequence
identity. Overall, the number of amino acid changes related to
natural polymorphism was 30 for HSV-1 and 8 for HSV-2,
which represents 8% and 2.1% of the total codons of the
protein, respectively (Table 3). The amino acid changes within
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the TK related to natural polymorphism and identified in this
study are represented in Fig. 1A. All these changes were lo-
cated within nonconserved domains of the viral protein, except
the previously identified natural polymorphism D286E, which
was detected in 9/44 (20.5%) HSV-1 clinical isolates. A total of
12 and 3 new polymorphisms never previously described were
identified within HSV-1 and HSV-2 TK, respectively (Table 4).

(ii) DNA polymerase analysis. The analysis of the UL30
gene evidenced an interstrain identity ranging from 99.4% to
99.8% and from 99.7 to 100% for HSV-1 and HSV-2, respec-
tively. Surprisingly, with HSV-1 isolates, 156 nucleotide muta-
tions, of which 73.7% produced silent mutations, were evi-
denced, whereas in HSV-2 isolates, only 51 nucleotide
mutations were identified, and of them, 51% produced silent
mutations. The average number of nucleotide mutations per
strain was 0.4 and 0.1 per 100 bp for HSV-1 and HSV-2,
respectively (Table 3). The overall amino acid identity of DNA
polymerase ranged from 99.3% to 100%. Forty-one and twenty-
five amino acid changes distributed along the DNA polymerase
were identified for HSV-1 and HSV-2, respectively, corre-
sponding to 3.3% and 2% of the total codons of the protein
(Table 3). Of note, 7 (13.2%) HSV-2 isolates harbored amino
acid insertions or deletions in two distinct regions of the UL30
DNA polymerase (codons 679 to 686 and codons 1106 to 1111)
that accounted for natural polymorphism (Table 4). This nat-
ural polymorphism was unevenly distributed alongside the viral
protein. Indeed, amino acid changes were located mainly out-
side the defined conserved domains, except D703N and N711K

changes, which were located in conserved catalytic region II of
the DNA polymerase (Fig. 1B). For HSV-1 isolates, the great-
est numbers of polymorphisms were strongly clustered at both
the UL30 N terminus (codons 12 to 138) and C terminus
(codons 1082 to 1219). In this study, 33 and 18 novel polymor-
phisms unreported before were identified in the DNA poly-
merase of HSV-1 and HSV-2 clinical isolates, respectively (Ta-
ble 4).

Genotypic characterization of drug-resistant HSV clinical
isolates. The genotypic characterization of TK and DNA poly-
merase from 24 ACV-resistant/FOS-sensitive isolates and one
ACV- and FOS-resistant isolate of HSV-1 (n � 11) and HSV-2
(n � 14) was performed (Table 5).

Among 18 isolates, the reduced susceptibility to antivirals
evidenced by PRA was confirmed by the genotypic analysis
(HSV-1 isolates 4 to 11 and HSV-2 isolates 15 to 25). Regard-
ing TK, 13 clinical isolates harbored a C or G insertion/dele-
tion in homopolymer repeats, leading to the creation of either
a frameshift (isolates 4 and 5) or a premature stop codon
(isolates 6 to 9 and 18 to 24). Isolates 16 and 17 presented
nucleotide mutations producing stop codons (D137Stop and
Q222Stop, respectively). Isolates 10 and 15 harbored amino
acid changes (C336Y and R221H, respectively) previously as-
sociated with ACV resistance. Isolate 11 contained an S724N
change within DNA polymerase associated with cross-resis-
tance to ACV and FOS. This isolate was recovered from a
patient who received successive courses of intravenous ACV
and FOS treatments. Isolate 25 harbored a D785N change in

TABLE 1. Primers used for amplification and sequencing of HSV-1 UL23 and UL30 genes

Target gene Function Name Sequence (5�33�)a

UL23 First-round PCR (outer primers) TK1-F1 F: TAACCCCCACGAACCATAAA
TK1-R1 R: CGAATTCGAACACGCAGAT

Second-round PCR (inner primers) TK1-F2 F: GGTGGGGTATCGACAGAGTG
TK1-R2 R: GATCTTGGTGGCGTGAAACT

Sequence reaction TK1-A R: TATGGGCTGCTTGCCAATAC
TK1-B F: GTTATACAGGTCGCCGTTGG
TK1-C R: CCTCGACCAGGGTGAGATA
TK1-D F: GGTCGAAGATGAGGGTGAGG
� TK1-F2 and TK1-R2

UL30 First-round PCR (outer primers) POL1-F1 F: CGGCTACGTCACTCTCCTGT
POL1-R1 R: CGGAGATTCCGACCGTGT

Second-round PCR (inner primers) POL1-F2 F: GCCGACGCGAATAAACC
POL1-R2 R: GGCCGCAGACATTTATTGTAA

Sequence reaction POL1-A R: GCTTGAGGTGACCGTCGT
POL1-B F: CGTACTATAGCGAATGCGATGA
POL1-C R: GAAGTGGTCCGCGGAGAT
POL1-D F: GGTCGACAGGCACCTACAAT
POL1-E R: ACCGGAAAGGCCAGCTC
POL1-F F: AGGACGAGCTGGCCTTTC
POL1-G R: CACGGCGTTGAGCTTGTAG
POL1-H F: GTGTGGGACATAGGCCAGAG
POL1-I R: GTCCTCCCCCTCCTCCTC
POL1-J F: CCGACCAGAAGGGCTTTATT
POL1-K R: GCTGCTTGTCCAGGAGCAC
POL1-L F: CCATGCGAAAGCAGATCC
POL1-M R: TCTTACCCCCGTAGATGACG
POL1-N F: ATCAAACTCGAGTGCGAAAA
POL1-O R: GCGACCGTCTCCTCTACCTC
POL1-P F: CAGGTCCCGTCCATCAAG
� POL1-F2 and POL1-R2

a F, forward; R, reverse.
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conserved domain VI of the DNA polymerase which is in-
volved in the acquisition of drug resistance.

Apart from the mutational changes surely conferring drug
resistance, several amino acid changes associated with natural
polymorphism, either previously reported in the literature or
newly identified in the first part of this study, were detected in
both TK and DNA polymerase from all those 18 HSV clinical
isolates. Moreover, new potential natural polymorphisms lo-
cated outside conserved domains were evidenced in TK (S29A,
isolate 18) and in DNA polymerase (H98Y, isolate 5; V117L
and L267M, isolate 11; A870G, isolate 7; L1188F, isolate 4;
R1229I, isolate 6). Regarding HSV-2 DNA polymerase, new
polymorphisms were located within both nonconserved regions
(I291V, isolate 23) and conserved domains (Exo III motif

[V544A, isolate 25] and region III [Y823C, isolate 22; H837R,
isolate 24]). Furthermore, 2 amino acid deletions, del DD 676
and 677 and del DGDE 683 to 686, located between domains
delta-C and II of the DNA polymerase in isolates 18 and 19,
respectively, were evidenced. These modifications have been
associated previously in our study with natural polymorphism
among susceptible HSV-2 clinical isolates.

Several HSV-1 clinical isolates harbored amino acid changes
not previously described in the literature and potentially con-
ferring drug resistance. Indeed, the 3 novel changes A207P,
L170P, and Y53D of unknown phenotype were evidenced in
TK from ACV-resistant HSV-1 isolates (isolates 1, 2 and 3,
respectively), whereas no additional mutation in DNA poly-
merase could be found. Moreover, in addition to the S724N

TABLE 2. Primers used for amplification and sequencing of HSV-2 UL23 and UL30 genes

Target gene Function Name Sequence (5�33�)a

UL23 First-round PCR (outer primers) TK2-F1 F: GTACCCACGGCCCAAAGAG
TK1-R1 R: CGAATTCGAACACGCAGAT

Second-round PCR (inner primers) TK2-F2 F: CTATCGGAGGCCCTTTGTTG
TK2-R2 R: CGAGGTCCACTTCGCATATT

Sequence reaction TK2-A R: ATCGAGGACACGCTGTTTG
TK2-B F: AAGACCCAGGCAAAAATGTG
TK2-C R: AGCGCCCAGATAACAATGAG
TK2-D F: CCGATATGAGGAGCCAAAAC
� TK2-F2 and TK2-R2

UL30 First-round PCR (outer primers) POL2-F1 F: GACACCACACACTGGCTCTC
POL2-R1 R: AGACGCAACGCAGAGAAAC

Second-round PCR (inner primers) POL2-F2 F: ATCCCACCCCGAGCTGTT
POL2-R2 R: GTCGGCCGCAGACATTTAT

Sequence reaction POL2-A R: TACACGTGGAAGACGGTGAC
POL2-B F: CGCCCCTAAGGTGTACTGC
POL2-C R: CCCCTCGTACTTCCTGATCG
POL2-D F: ACTTCGAGGCGGAGGTG
POL2-E R: ATCCGAGCGAAAACAGGAG
POL2-F F: GGAAGACCTCGTCATCCAGA
POL2-G R: GATGTCGCGGTAGCTCAGAT
POL2-H F: CCGACAAGGTCAAACTCTCC
POL2-I R: AGGCTGGCAAAGTCAAACAC
POL2-J F: GATAAGGACGACGACGAGGA
POL2-K R: CCAGCAGCTGATCGAACTC
POL2-L F: GGTGCAGCACGGTCTTCT
POL2-M R: GATGGGCGTCTACGAGGA
POL2-N F: CTGGTGCGCAAAAACAACT
POL2-O R: CCAGCAGGTGCGAGAAGTA
� POL2-F2 and POL2-R2

a F, forward; R, reverse.

TABLE 3. TK and DNA polymerase comparison, at both nucleotide and amino acid levels, among 94 clinical isolates and 3
laboratory strains of HSV-1 and HSV-2

Parametera
TK DNA polymerase

HSV-1 (n � 44) HSV-2 (n � 53) HSV-1 (n � 44) HSV-2 (n � 53)

Nucleotide identity (%) 97.5–99.2 99.6–100 99.4–99.8 99.7–100
Nucleotide mutations (no.) 72 25 156 51
Frequency per 100 bp (mean) 0.8–2.5 (1.2) 0–0.4 (0.2) 0.2–0.6 (0.4) 0–0.3 (0.1)
Silent mutations (%) 61.1 68 73.7 51
Amino acid identity (%) 97.3–98.9 98.9–100 99.4–99.8 99.3–100
Amino acid changes (no.) 30 8 41 25
Frequency per 100 aa (mean) 1.1–2.7 (1.6) 0–1.1 (0.4) 0.2–0.6 (0.4) 0–0.7 (0.3)
Variation of the total codons (%) 8 2.1 3.3 2

a aa, amino acids.
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TABLE 4. Natural polymorphisms within TK and DNA polymerase identified among 94 clinical isolates and 3
laboratory strains of HSV-1 and HSV-2a

Virus

TK DNA polymerase

Amino acid
change

No. of
isolates (%) Reference Amino acid change No. of

isolates (%) Reference

HSV-1 (n � 44) C6G 14 (31.8) 31, 47 G12E 1 (2.3)
A12P 1 (2.3) F23I 1 (2.3)
R20S 1 (2.3) S33G 40 (90.9) 10, 47
N23S 44 (100) 31, 47 Q42K 1 (2.3)
R30C 1 (2.3) E70D 1 (2.3)
K36E 44 (100) 31, 47 A102T 1 (2.3)
K36D 1 (2.3) R116H 1 (2.3)
R41H 1 (2.3) 10, 47 G132C 1 (2.3)
L42P 15 (34.1) 31, 47 P137Q 1 (2.3)
R89Q 26 (59.1) 31, 47 A138V 1 (2.3)
E111K 1 (2.3) A330R 44 (100) 10, 47
V138I 1 (2.3) 15 I352V 1 (2.3)
E146G 1 (2.3) E421D 1 (2.3)
V191A 1 (2.3) N425T 5 (11.4)
A192V 2 (4.5) 37, 47 T434M 1 (2.3)
G240E 11 (25) 31, 47 A646T 3 (6.8) 50
A243S 1 (2.3) 18 D660E 1 (2.3)
G251C 9 (20.5) 37, 47 D672N 3 (6.8)
A265T 43 (97.7) 31, 47 E675A 1 (2.3)
V267L 8 (18.)2 31, 47 D703N 1 (2.3)
P268T 12 (27.3) 31, 47 N711K 1 (2.3)
E273Q 1 (2.3) G749D 1 (2.3)
E273K 1 (2.3) L753M 1 (2.3)
D286E 9 (20.5) 31, 47 P875S 1 (2.3)
H323Y 1 (2.3) V905M 33 (75) 18, 47
A334T 1 (2.3) P920S 4 (9.1) 3, 40
V348I 9 (20.5) 10, 47 A995T 1 (2.3)
S357C 1 (2.3) E1082K 1 (2.3)
N376H 4 (9.1) 10, 37 A1099T 1 (2.3)
N376P 3 (6.8) 10, 31 E1104D 1 (2.3)

S1113C 1 (2.3)
S1123L 1 (2.3)
P1124H 17 (38.6) 10, 47
G1129V 1 (2.3)
E1194D 1 (2.3)
P1199Q 2 (4.5)
A1203T 2 (4.5) 10, 47
A1204T 1 (2.3)
T1208A 37 (84.1) 10, 47
A1209T 1 (2.3)
T1219M 1 (2.3)

HSV-2 (n � 54) A27T 2 (3.8) 10 A9T 49 (92.5) 1, 10
G39E 40 (73.6) 10 P15S 49 (92.5) 10, 47
N78D 19 (34) 10 P37L 1 (1.9)
E96D 1 (1.9) R41H 8 (15.1)
A135P 1 (1.9) Q43R 1 (1.9)
D137E 1 (1.9) H49Y 1 (1.9)
L140F 16 (28.3) 10 L60P 49 (92.5) 1
A215T 2 (3.8) 10 E139K 16 (30.2) 10, 47

A232T 6 (11.3) 47
G324E 2 (3.8)
Q507H 1 (1.9)
D671N 1 (1.9)
D676N 1 (1.9)
D676G 4 (7.5)
E678G 11 (20.8) 16, 44
G680R 1 (1.9)
E682K 1 (1.9)
Q799R 1 (1.9)
T801P 6 (11.3) 10, 47
T903M 1 (1.9)
A1000T 1 (1.9)
A1083T 1 (1.9)

Continued on following page
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change in DNA polymerase, isolate 11 contained the change
R176W in TK. This change likely confers ACV resistance since
the R177W change in HSV-1 TK has been identified previ-
ously in strains exhibiting ACV resistance. Potential novel
amino acid changes related to drug resistance have also been
identified among HSV-2 isolates. S66P, A72S (isolate 12), and
M183I (isolate 14) were the only changes located within TK
likely to confer ACV resistance. In HSV-2 isolate 15, the
A724V change in DNA polymerase might be associated with
ACV resistance. Therefore, the M70R change, located outside
conserved domains of the TK, presumably reflected natural
polymorphism.

DISCUSSION

In this study, new techniques for the sequencing of the entire
UL23 and UL30 genes from HSV-1 and HSV-2 clinical isolates
for rapid genotypic antiviral resistance testing were developed.
This molecular approach shortens the time for the detection of
drug resistance mutations compared to the PRA. In this work,
gene sequencing was performed from viral stocks obtained
after propagation in cell culture. However, in accordance with
previous results, the detection thresholds allow the amplifica-
tion and sequencing of the UL23 gene directly from most of
the clinical samples (18). Conversely, the higher detection

TABLE 4—Continued

Virus

TK DNA polymerase

Amino acid
change

No. of
isolates (%) Reference Amino acid change No. of

isolates (%) Reference

A1114V 1 (1.9)
E1149G 1 (1.9)
A1223V 1 (1.9)
del DGDE (683–686) 2 (3.8)
del GD (681–682) 1 (1.9)
del DD (676–677) 1 (1.9)
del DED (677–679) 1 (1.9)
del PGDEPA (1106–1111) 1 (1.9)
ins DGDE (683–686) 1 (1.9)

a del, deletion; ins, insertion. Amino acid changes never previously reported are in bold.

FIG. 1. Natural polymorphism map (to scale) of thymidine kinase (TK) (A) and DNA polymerase (B) among HSV-1 and HSV-2 strains. For
each viral enzyme, conserved regions and functional domains are indicated by the black boxes, and natural polymorphisms are represented
separately for HSV-1 (top) and HSV-2 (bottom). Amino acid changes related to natural polymorphism are indicated by vertical bars: short vertical
bars correspond to changes previously reported, long vertical bars labeled with amino acid change correspond to changes newly described in this
study. Regarding HSV-2 DNA polymerase, hatched boxes indicate amino acid insertions or deletions related to natural polymorphism.
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thresholds obtained for the UL30 gene (30,000 and 300,000
copies/ml for HSV-1 and HSV-2, respectively), related to the
size of the gene (about 3,700 bp), deserve some modifications
to improve the sensitivity of these techniques for direct gene
sequencing from clinical samples.

The genetic variability of the HSV genome has been de-
scribed previously (6, 7, 25, 42, 43). Our results concerning 94
drug-sensitive clinical isolates and 3 laboratory strains (KOS,
gHSV2, and MS2) confirmed that UL23 and UL30 genes are
highly conserved. The interstrain identity was �97.5% at the
nucleotide and the amino acid levels for both genes among all
HSV strains investigated. Nevertheless, a weaker variability
was evidenced for HSV-2. Thus, the total number of nucleo-
tide mutations was about 3-fold higher in UL23 and UL30
genes in HSV-1 strains than in HSV-2 strains, and the same
trend was observed when considering the amino acid changes.
Moreover, the amino acid variation of the total codons of TK
and DNA polymerase in HSV-1 strains was about 4-fold and
2-fold higher, respectively, than in HSV-2 strains (Table 3).
Our results are in agreement with previous reports (9). A
higher GC content could account for higher polymorphism
(38). Nevertheless, HSV-1 and HSV-2 genomes harbor similar
GC contents, around 70% (16). Moreover, UL23 and UL30
genes exhibit nearly identical GC contents for the GenBank
reference strains 17 (HSV-1) and HG52 (HSV-2) (data not
shown). The explanation of the higher variability of the HSV-1
genome compared to the HSV-2 genome remains unclear and
needs further investigation.

One objective of this work was to determine the natural
polymorphism of TK and DNA polymerase among drug-sen-
sitive HSV strains. Thus, to date, few studies have described
extensively the degree of HSV DNA polymerase polymor-
phism, especially concerning HSV-2 (10, 18, 47). In the present
study, 12 and 3 novel polymorphisms within TK and 33 and 18
novel polymorphisms within DNA polymerase have been evi-
denced among HSV-1 and HSV-2 isolates, respectively (Table
4). The precise role of some mutations remains unclear. The
R41H change has been reported previously in TK from both
ACV-sensitive and ACV-resistant HSV-1 strains (5, 10, 15, 47,
49, 51). Here, this change was evidenced in only one sensitive
isolate. Despite that this change is located outside conserved
regions, its role regarding TK activity must be clarified. In
DNA polymerase, the E678G change has been described pre-
viously in resistant HSV-2 strains (16, 44). In our study, this
change has been found among 5 different ACV- and FOS-
sensitive HSV-2 isolates. Moreover, it is located in a noncon-
served region of the DNA polymerase, between �-region C and
region II. All together, these data indicate that the E678G
change is likely to be related to natural polymorphism. The
D672N change has been identified among 3 HSV-1 isolates
obtained from patients without any previous antiviral treat-
ment, whereas it was recently evidenced among 3 phenotypi-
cally characterized ACV- and FOS-resistant HSV-1 isolates
(47). This discrepancy deserves further studies to assess the
exact role of the D672N change within HSV-1. Amino acid
deletions and insertions located within 2 different regions of
the DNA polymerase were identified among phenotypically
characterized drug-sensitive HSV-2 isolates. This phenomenon
has never been reported previously. With regard to the crystal
structure of HSV DNA polymerase, these amino acid inser-

tions or deletions might not interfere with the catalytic and
functional sites of the enzyme (33). Thus, they are likely re-
lated to the HSV-2 DNA polymerase natural polymorphism.
Overall, this part of our study permitted us to draw a more
detailed natural polymorphism map of TK and DNA polymer-
ase for HSV-1 and HSV-2 isolates (Fig. 1).

In order to identify potential new mutations within TK and
DNA polymerase leading to HSV resistance, the genotypic
characterization of 24 ACV-resistant/FOS-sensitive isolates
and one ACV- and FOS-resistant isolate was performed. Re-
garding TK, C or G insertions/deletions in homopolymer re-
peats, evidenced in 13 isolates, and the changes R221H and
C336Y have previously been implicated in many ACV-resis-
tant HSV strains (21, 24, 37, 40, 41, 47). Moreover, this study
described new amino acid changes in TK potentially related to
ACV resistance: A207P, L170P, and Y53D in HSV-1 isolates
1, 2, and 3, respectively. Only the Y53D change was located in
a conserved domain. Since no other resistance mutation was
evidenced either in TK or DNA polymerase, these 3 changes
are likely to be related to ACV resistance. To date, none of
them has been described in the literature. However, according
to Sauerbrei et al. (47), the Y53H and Y53N changes, located
in the ATP-binding site, were most likely implicated in ACV
resistance. Similarly, in TK from HSV-2 isolates 12 and 13,
amino acid changes whose role in ACV resistance needs to be
investigated were evidenced: S66P, A72S, and M183I. Even if
these changes are located outside conserved regions, they
might have led to lower TK catalytic activity resulting in ACV
resistance since there was no evidence for an involvement of
the DNA polymerase.

DNA polymerase sequencing of isolate 11 revealed the
S724N change, located in conserved region II, which has been
involved previously in HSV-1 cross-resistance to ACV and
FOS (3). However, this isolate contained also the R176W
change within the TK. To date, the latter amino acid change
has been reported only in an HSV-1 laboratory strain selected
after serial passages in the presence of ACV. But this strain
harbored mutations in both TK and DNA polymerase, making
it difficult to interpret the respective roles of each mutation
regarding ACV resistance (52). Moreover, the changes R176Q
for HSV-1 and R177W for HSV-2 have been associated with
ACV resistance (21, 24, 30, 39). The involvement of the TK
R176W change in HSV-1 ACV resistance requires assessment.
The ACV-resistant/FOS-sensitive isolate 25 contained the
D785N change, located in the conserved region VI of DNA
polymerase. This change has been related previously to the
ACV-sensitive/FOS-resistant HSV-2 phenotype (4, 48). Nev-
ertheless, one can consider that this change may account for
the elevation of the FOS EC50 (145 �M), above the cutoff
value for resistance (330 �M), leading to the possible involve-
ment of the TK I101S change in ACV resistance. The putative
role of both changes remains to be elucidated. HSV-2 isolate
15, harboring the ACV-resistant/FOS-sensitive phenotype,
contained the A724V change within conserved region II of
DNA polymerase. This change has never been reported so far.
Nevertheless, the A724T change has previously been reported
to be related to the ACV-sensitive/FOS-resistant phenotype in
HSV-2 clinical isolates (4, 48). Additionally, the A719V and
A719T changes, the counterparts in HSV-1, are known to
confer resistance to both ACV and FOS (3, 29, 32). In con-
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clusion, the A724V change may account for resistance to ACV
in HSV-2 isolate 15.

Considering all the previously reported mutations related to
natural polymorphism and resistance to antivirals, and the
potential resistance mutations described above, we have iden-
tified in this study some new potential natural polymorphisms
among drug-resistant HSV isolates, either within TK (S29A for
HSV-2) or DNA polymerase (H98Y, V117L, L267M, A870G,
L1188F, and R1229I for HSV-1; I291V, V544A, Y823C, and
H837R for HSV-2) (Table 5).

In conclusion, this study has provided new data concerning
the natural polymorphism of TK and DNA polymerase for
both HSV-1 and HSV-2, which will facilitate the interpretation
of genotypic antiviral resistance testing. Moreover, 8 novel
amino acid changes in TK potentially related to ACV resis-
tance have been identified: Y53D, I101S, L170P, and A207P
for HSV-1, and S66P, A72S, R176W, and M183I for HSV-2.
The exact role of these different changes in the acquisition of
resistance to ACV is now going to be investigated using site-
directed mutagenesis, as previously described (19, 20). To-
gether with previous studies, these results may allow us to
provide a large database of HSV UL23 TK and UL30 DNA
polymerase mutations, in order to develop new tools for a fast
interpretation of genotypic resistance testing, as recently per-
formed for human cytomegalovirus (8).
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