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The widespread use of ganciclovir (GCV) to treat cytomegalovirus (CMV) infections in immunosuppressed
patients has led to the development of drug resistance. Phenotypic assays for CMV drug resistance are
presently too time-consuming to be therapeutically useful. To support the development of genotypic assays for
GCV resistance, the complete sequences of the UL97 phosphotransferase genes in 28 phenotypically GCV-
sensitive CMV clinical isolates were determined. The gene was found to be highly conserved, with nucleotide
sequence identity among strains ranging from 98.6 to 100% and amino acid sequence identity of >99%. Primers
for a genotypic assay were designed to amplify codons 400 to 707, because all known UL97 mutations conferring
drug resistance occur at three sites within this region. This part of the UL97 gene was amplified from over 50
clinical isolates, and two sequencing reactions for the coding strand were successfully used to identify GCV
resistance mutations. This genotypic assay can be performed in 48 h using genomic DNA extracted from cell
monolayers at very low levels of virus infectivity, thus rapidly providing therapeutically useful results.

Ganciclovir (GCV), the most widely used antiviral drug for
treatment of systemic cytomegalovirus (CMV) disease, has
proven effective in significantly reducing the CMV viral load in
transplant recipients and patients with AIDS. A consequence
of this antiviral drug therapy is the development of GCV-
resistant CMV strains, which have been well documented in
human immunodeficiency virus-infected patients (3, 20, 21, 24,
36). More recently resistance has been increasingly detected in
isolates from transplant recipients following extended prophy-
lactic or preemptive therapy (1, 2, 9, 16, 17, 19, 23, 25).

The UL97 phosphotransferase (kinase), a virus-encoded
product, activates GCV by monophosphorylation (32). Subse-
quent di- and triphosphorylation are carried out by cellular
enzymes. A second viral product, the DNA polymerase, in-
corporates GCV triphosphate into the viral genome, leading
to marked attenuation of viral DNA replication (12, 13, 15).
Although mutations conferring GCV resistance have been
mapped to both genes, mutations in the UL97 gene appear to
be detected during antiviral therapy much more frequently
than DNA polymerase gene mutations (7, 9, 17, 31). The
occurrence of these resistance mutations has prompted efforts
to develop genotypic methods for rapid antiviral susceptibility
testing.

The standard phenotypic method for detection of drug re-
sistance has been the plaque reduction assay, which requires
lengthy viral propagation to obtain sufficient infectivity for
performance of the assay (22). The slow growth of cell-associ-
ated clinical isolates limits the value of this assay for therapeu-
tic decisions. In addition, the assay is inherently subjective in

the differentiation of true drug-resistant plaques from foci of
drug-sensitive infectivity that slowly resolve in the presence of
drug. Additional phenotypic assays which are more objective
and which require less time to determine the effect of antiviral
drugs on CMV replication have been developed. These include
detection of the CMV immediate-early antigen by flow cytom-
etry (28) and detection of viral DNA by DNA hybridization
(14). However, these assays still require several weeks of cell
culture to produce the initial CMV inoculum for the assay.

Genotypic methods based on identification of mutations in
the viral genome lack the subjectivity of the plaque reduction
assay and have the potential to detect drug resistance in a
therapeutically relevant time frame (4, 8). The CMV UL97
gene is an important viral target for genotypic assays, because
all documented mutations conferring GCV resistance have
been found at one of three sites within the coding region for
the C-terminal half of the phosphotransferase (2, 7, 9, 11, 19,
26, 29, 38). At two of the corresponding sites in the UL97 gene
there are point mutations in single codons (460 and 520), and
at the third there are point mutations or short deletions within
the codon range 590 to 607. The limitation of resistance mu-
tations to only these three sites enhances the feasibility of
UL97 genotypic GCV susceptibility analysis.

The genotypic assay that we describe in this report is based
on direct automated DNA sequencing of PCR products am-
plified from CMV genomic DNA. This effort represents the
combined work of a group of four laboratories, which have
collaboratively studied CMV clinical isolates from widely sep-
arated geographic regions. Others have used direct sequenc-
ing, both manual and automated, to identify resistance muta-
tions (2, 8, 9, 16, 19, 29, 36, 37). Our approach has been to
define the baseline variability that occurs in the absence of
drug resistance by sequencing the complete UL97 gene from a
large number of clinical isolates that are phenotypically sensi-
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tive to GCV. These sequences from GCV-sensitive isolates
combined with the discrete sites of GCV resistance mutations
that have been previously identified (2, 9, 11, 19, 26, 29, 38)
provide the basis for the assay. Our results show that amplifi-
cation of the portion of the UL97 gene encoding the C-termi-
nal half of the enzyme followed by two sequencing reactions
can provide rapid identification of all presently known sites of
GCV resistance attributed to this gene.

MATERIALS AND METHODS

Clinical isolates. Over 50 clinical CMV isolates were obtained through the
clinical virology laboratories at the participating institutions and were tested for
GCV susceptibility by the plaque reduction assay (see below). A set of 28
phenotypically GCV-sensitive isolates were randomly selected for sequencing the
complete UL97 coding sequence as described below. Twenty of these isolates
were from transplant recipients, and 8 were from human immunodeficiency
virus-infected patients. The isolates were routinely received as infected human
foreskin fibroblast (HFF) monolayers in tube cultures. Infected monolayers were
trypsinized and passed to fresh uninfected monolayers in T-25 tissue culture
flasks. The level of infectivity was increased by repeated rounds of trypsinization
and redistribution of infected monolayers as well as passage to new monolayers.
The total number of passages required to reach a level of 60 to 80% infectivity
for use in the plaque reduction assay was usually five to seven, and all strains
remained cell associated. Some of the tube cultures were used directly for DNA
extraction to decrease the time required to perform the genotypic assay (see
below).

Plaque reduction assay. Infected cells generated by passage of clinical strains
as described above were used as the inoculum for the assay. HFF monolayers in
24-well plates were inoculated with the number of trypsinized, infected cells
calculated to produce 60 to 80 plaques per well (22). The medium in the wells
contained GCV concentrations of 3, 6, 12, 24, and 48 �M. Each concentration
was represented in quadruplicate. One set of four wells served as the virus
control without drug. The plates were read at a minimum of 7 days postinocu-
lation. The 50% inhibitory concentration (IC50) was the concentration of drug
producing a 50% reduction in the number of plaques relative to the control wells.
GCV IC50 values �6 �M indicate sensitivity, and those �6 �M indicate resis-
tance (22).

DNA extraction and PCR amplification. CMV genomic DNA was extracted
either directly from infected HFF tube monolayers or from infected HFF mono-
layers in T-25 flasks passed from the original tube monolayers. Visible cytopathic
effect was the minimum requirement for extraction. Infected monolayers were
trypsinized and centrifuged. DNA was extracted from the cell pellets using a lysis
buffer containing 10 mM Tris-HCl, pH 8.0, 50 mM KCl, 2.5 mM MgCl2 0.9%
Nonidet P-40, and 100 �g of proteinase K/ml. Alternatively the extraction was
carried out using the QIAamp DNA Mini Kit (Qiagen, Inc., Valencia, Calif.).

The extracted viral genomic DNA was used as the template for amplification
of either the complete UL97 coding region or codons 400 to 707, which contain

the known drug resistance mutations. The GenAmp XL kit (PE Applied Bio-
systems, Foster City, Calif.) was used for these amplifications, using the following
conditions: 30 cycles of 94°C for 1 min and 60°C for 10 min. The complete gene
was amplified with primers CPL97-F and CPL97-R, shown in Table 1, yielding a
product 2,254 bp in length. Codons 400 to 707 were amplified with primers
HLF97-F and HLF97-R (Table 1), which produces a 1,038-bp product.

DNA sequencing. The PCR products were purified by Microcon centrifugal
filters (Millipore Corp., Bedford, Mass.) or enzymatic digestion with exonuclease
I and shrimp alkaline phosphatase (U.S. Biochemical Corporation, Cleveland,
Ohio) using the protocol recommended by the manufacturer. The purified tem-
plates were sequenced using the ABI Prism BigDye Terminator Cycle Sequenc-
ing kit (PE Applied Biosystems) and analyzed on an ABI 377 automated DNA
sequencer.

For rapid sequencing analysis, two primers for the coding strand were used to
cover the region containing the drug resistance mutations (Table 1). Alternative
primers for the coding strand are also shown in Table 1, as well as a pair of
primers that cover the coding and noncoding strands in the same region. All
primer pairs produce the required sequences. DNA sequences were analyzed
using Align Plus, version 4.0 (Scientific and Educational Software, Durham,
N.C.).

Nucleotide sequence accession numbers. The sequences of the GCV-sensitive
strains have been submitted to GenBank and have been given accession no.
AF34548 through AF34573.

RESULTS

Phenotypic antiviral drug susceptibility. The collaborating
laboratories routinely performed plaque assays for GCV sus-
ceptibility on CMV isolates. The assay was used to select a set
of 28 CMV isolates from 20 transplant recipients and 8 pa-
tients with AIDS, which were determined to be GCV sensitive,
since their IC50 values were below 6 �M. Phenotypically resis-
tant isolates (IC50 � 6 �M) were also identified by the plaque
assay. The usual time required to complete the assay was 1 to
2 months from detection of virus in cell culture. Some isolates
replicated more slowly, which increased the period required
for propagation. The time to completion of the assay in these
cases exceeded 2 months.

DNA sequences of UL97 genes from GCV-sensitive clinical
isolates. The UL97 gene coding sequence of reference strain
AD169 (EMBL accession no. X17403) is 2,124 bases in length.
Comparison of the 28 complete UL97 gene DNA sequences
from GCV-sensitive strains indicates that the gene is highly
conserved among these strains. Compared to the AD169 ref-
erence sequence there are 88 variant nucleotide positions, 39

TABLE 1. Primer sequences for PCR amplication and sequencing of UL97 gene GCV resistance region

Primer function Primer sequence

PCR amplification of complete UL97 gene coding sequence ...............................................5�-GGAAGACTGTCGCCACTATGTCC-3� (CPL97-F)
5�-CTCCTCATCGTCGTCGTAGTCC-3� (CPL97-R)

PCR amplification of codons 400 to 707..................................................................................5�-CTGCTGCACAACGTCACGGTACATC-3� (HLF97-F)
5�-CTCCTCATCGTCGTCGTAGTCC-3� (HLF97-R)

Sequencing of coding strand for resistance mutations ...........................................................5�-ATCGACAGCTACCGACGTGCC-3� (460/520)
5�-GTCGGAGCTGTCGGCGCTGGG-3� (590–607)

Sequencing of coding strand for resistance mutations (alternative primers) ......................5�-GTGGAAGCTGGCGTGCAT-3� (460/520)
5�-GGATTACAACGAGCGCTG-3� (590–607)

Sequencing of both strands for resistance mutations (alternative primers) ........................5�-GTGGAAGCTGGCGTGCAT-3� (460/520)a

5�-CGACACGAGGACATCTTG-3� (590–607)b

a Same as top sequence of alternative primer for sequencing of coding strand for resistance, mutations.
b Noncoding sequence.
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of which are present in more than one strain. Figure 1 shows
the dendrogram generated from the DNA sequences by Align
Plus, which uses the neighbor-joining algorithm to construct
the distance-based tree. Strains PB-9 and C005 are the most
divergent, with 30 base changes relative to each other. Pairwise
alignments of strains that are tightly grouped on the dendro-
gram (e.g., MG-8, SN-11, SW-12, C076, CL-1A, and E760)
differ by single nucleotides. Two pairs of strains have identical

DNA sequences: SN-11 and SW-12 and C327 and E761. Nu-
cleotide changes are distributed across the entire coding region
rather than occurring in clusters or patterns. The sequence
identity among all strains ranges from 98.6 to 100%, with an
average of 99.2%. This is slightly higher than the average
98.8% nucleotide identity previously determined for the DNA
polymerase gene (10).

Amino acid substitutions in GCV-sensitive clinical isolates.
The amino acid sequences encoded by the UL97 genes from
the 28 GCV-sensitive isolates are even more highly conserved
than the DNA sequences, indicating that the majority of nu-
cleotide changes are synonymous. The variant residues and the
resulting amino acid substitutions are shown in Fig. 2. With
AD169 as the reference there are 14 amino acid residues that
differ in at least one isolate, with only 6 of these residues
occurring in more than one isolate. The maximum variation ob-
served in pairwise alignments was between TH-7A and C128,
which differ by six amino acids. Thus, the percent sequence
identity at the amino acid level ranges from 99.2 to 100%,
which is also slightly higher than that of the DNA polymerase
(10). The same amino acid is replaced at any given site in all
isolates that are altered at that site, and more than one-half of
the amino acid substitutions are nonconservative.

The UL97 gene encodes a predicted protein kinase that for-
tuitously phosphorylates GCV (33). Proposed functional do-
mains for protein kinases designated I through XI are shared
by protein kinases derived from widely diverse species (6, 18).
The degree of amino acid conservation within these domains is
significantly lower than that observed for functional regions
of DNA polymerases (5, 34). There are amino acid residues,

FIG. 1. Phylogenetic relationship of UL97 gene DNA sequences
from 28 GCV-sensitive isolates. The dendrogram was generated by the
Align Plus program, version 4.0, using the neighbor-joining algorithm.
Strains PB-9 and C005 differ by the largest number of nucleotides, a
total of 30.

FIG. 2. Sites of amino acid substitutions (in boldface) identified in GCV-sensitive CMV isolates using the AD169 sequence as the reference.
Numbers are amino acid residues based on the coding sequence of AD169. Dashes indicate sequence identity. Variant residues are shown below
the AD169 sequence. Conserved protein kinase regions (roman numerals) defined by Hanks et al. (18) that are found in UL97 are underlined,
with conserved residues shaded. Sites of drug resistance mutations are boxed.
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however, that are invariant among the members of this group
of kinases. The conserved amino acids in UL97 and the cor-
responding domains, shown in Fig. 2, are as follows: GXGX
XGXV (codons 337 to 345 for region I), lysine 354 (region II),
glutamate 379 (region III), HXDXXXXN (codons 454 to 461
for region VI), aspartate 481 (region VII), and DXXXXG
(codons 574 to 579 for region IX). The amino acid substitu-
tions in the drug-sensitive strains do not occur at any of the
conserved amino acid residues, nor does any resistance muta-
tion occur at any of the invariant kinase residues. Although the
methionine 460 codon, which is a site for drug resistance mu-
tations, lies within region VI of the human CMV and human
herpesvirus 6 homologues, this methionine residue is not
present in other protein kinases (6, 18).

It should be noted that in these GCV-sensitive isolates no
substitutions occurred at amino acid residues directly linked to
drug resistance. The amino acid change D605E observed in
baseline isolate C325 has not been linked to phenotypic GCV
resistance even though its codon is within the range 590 to 607,
where many GCV resistance mutations are clustered.

Genotyping of clinical isolates. Primers HLF97-F and
HLF97-R were successfully used to amplify UL97 codons
400 to 707 in over 50 clinical isolates obtained by each of the
participating laboratories. The forward primer (HLF97-F) cov-
ers a portion of the coding sequence that has no base substi-
tutions in any drug-sensitive or drug-resistant strain. The re-
verse primer (HLF97-R) is derived from sequences
downstream of the 3� end of the UL97 gene. There were no
viral DNA templates that did not yield the appropriately sized
PCR-amplified product (1,038 bp) using this primer set.

Resistance mutations were identified by two forward (coding
strand) sequencing reactions using PCR templates from
codons 400 to 707. Table 2 lists the amino acid substitutions
that were identified in phenotypically GCV-resistant isolates
by the genotypic assay. Although no problems were encoun-
tered in performing the sequencing reactions with the first set
of sequencing primers listed in Table 1, the possibility exists
that there are clinical isolates containing base changes at these
primer binding sites which will inhibit the sequencing reac-
tions. The alternative primer sets shown in Table 1 have also
provided reliable sequencing data from the region containing
the UL97 resistance mutations.

DISCUSSION

The demand for antiviral susceptibility testing has risen in
response to the increased awareness that drug resistance can
result from the widespread use of antiviral therapy. GCV has
been the drug of choice for treatment of systemic CMV dis-
ease. However, long-term therapy and suboptimal drug con-
centrations increase the risk of development of GCV re-
sistance. The UL97 gene is by far the most frequent site of
mutations conferring GCV resistance, and extensive work by a
number of groups (2, 7, 9, 17, 29, 31, 38) has failed to identify
any nucleotide changes associated with GCV resistance out-
side codons 460, 520, and 590 to 607 (Fig. 2). Not all of the
mutations at these sites have been confirmed by marker trans-
fer. For some of the unconfirmed mutations, a phenotypically
sensitive isolate has been obtained prior to the isolation of a
resistant isolate from the same patient. Sensitive and resistant
isolates from the same patient, which differ only in a specific
point mutation or deletion in association with GCV therapy,
provide strong support for the role of that mutation in GCV
resistance.

A genotypic assay designed to detect several of the UL97
mutations has been used by a number of investigators (2, 8,
30). The assay is based on detection of loss or gain of restric-
tion enzyme cleavage sites directly resulting from the presence
of UL97 GCV resistance mutations. There are several advan-
tages to this type of assay. The assay is rapid because it can be
performed directly from the initial laboratory tube culture, it
relies on PCR amplification of short sequences surrounding
each potential mutation site, and it requires relatively simple
equipment to perform. However, potential problems may be
encountered if products are incompletely digested, new restric-
tion sites are created by nucleotide changes unrelated to resis-
tance, or resistance results from a DNA polymerase mutation.
In addition, previously unmapped resistance mutations will not
be detected.

We believe that automated sequencing represents the state-
of-the-art approach to genotypic detection of drug resistance.
The results of the sequencing of the UL97 gene from GCV-
sensitive isolates demonstrate that the UL97 gene is highly
conserved among clinical isolates, with an average 99% se-
quence identity. These baseline sequences along with the well-
defined sites for drug resistance mutations provide the foun-
dation for a rapid genotypic drug resistance assay based on
direct sequencing of PCR-amplified products containing these
sites.

The assay as outlined in this report has a minimal require-
ment of visible cytopathic effect in the original tube culture
obtained from the clinical laboratory, which usually requires 7
to 14 days postinoculation. Amplification and sequencing can
be completed within approximately 48 h. This approach dras-
tically shortens the time to detection of drug resistance muta-
tions compared to the plaque reduction assay, which requires
at least 2 weeks of propagation to acquire enough virus. In
addition a minimum of a week is required before the assay can
be read. The potential exists to further shorten the time re-
quired for the genotypic assay by extracting viral DNA directly
from patient samples. Portions of the UL97 and polymerase
coding sequences can be amplified from DNA extracted from
blood cells or plasma (35, 37, 38; N. S. Lurain, unpublished

TABLE 2. Mutations identified in GCV-resistant isolates

UL97 gene
codon

Amino acid of
wild type

Mutant amino acid detected
with genotypic assay

(no. of isolates)

460 M I (1)
V (3)

520 H Q (5)
592 C G (7)
594 A V (4)

P (1)a

595 L S (14)
W (1)

603 C W (2)
607 C Y (1)

a Not confirmed by marker transfer.
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data) and directly sequenced to detect resistance mutations.
We are currently focusing on developing this modification of
the assay.

The primers listed in Table 1 for amplification and sequenc-
ing of the viral templates have been used successfully in the
assays that we have performed. Some of the isolates contain
single base changes within the sequencing primer binding sites,
but there was no apparent effect on the ability of these primers
to produce the predicted sequences. It is possible that future
isolates may contain base changes that will affect either ampli-
fication or sequencing reactions. We have successfully tested
several alternative primers (Table 1) for both types of reac-
tions; thus there is considerable flexibility in primer selection,
although problems in primer design can arise from the high
G�C content of the UL97 coding region.

By monitoring sequential isolates from the same patient
over the course of long-term antiviral therapy, the appearance
of known resistance mutations can be observed (2, 17, 30, 31).
In many cases double peaks representing mixed sensitive and
resistant viral populations become apparent on sequencing
chromatograms as resistance develops. Another advantage of
closely monitoring patients on GCV therapy is that new mu-
tations potentially conferring resistance can be detected when
sequences of drug-sensitive and drug-resistant strains from the
same patient are compared.

Although this assay was developed specifically for GCV re-
sistance resulting from UL97 mutations, the same approach
can be used for genotyping drug-resistant DNA polymerase
mutants. We have previously reported PCR conditions for
amplification of the complete polymerase gene coding region.
PCR products were sequenced to determine the variability of
the DNA polymerase gene in a large group of drug-sensitive
CMV isolates (10). Detection of drug resistance mutations in
the polymerase gene, however, is more difficult than detection
of such mutations in the UL97 gene, because the polymerase
gene is larger and the codons known to confer resistance are
widely dispersed across the coding sequence (11, 12, 27, 31).
Therefore, a genotypic assay for the polymerase gene will re-
quire a minimum of six sequencing reactions to cover the
presently known sites of drug resistance mutations in the cod-
ing strand. Further sequencing and marker transfer experi-
ments will also be required to determine whether there are as
yet unidentified polymerase drug resistance mutations in phe-
notypically resistant CMV isolates.

Phenotypic assays are still important to corroborate geno-
typic results, because the genotypic approach assumes that the
same drug resistance mutation in all genetic backgrounds will
confer resistance. Phenotypic assays are also still required to
identify targets of new drugs. While phenotypic assays have the
advantage of relating drug resistance directly to the biological
functions of the virus, the time required to perform the assays
is too long to provide useful therapeutic information. The
genotypic assay that we have developed for UL97 mutants is
very rapid and covers all of the known drug resistance muta-
tions. This method can be readily expanded and adapted to
include the complete UL97 gene, the polymerase gene, and
other viral targets to identify mutations conferring resistance
to new antiviral drugs.
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