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been lost during long-term passage in cell culture. The HCMV
genome, the largest of the herpesviruses thus far described, is
a linear, double-stranded DNA consisting of approximately
230 kbp that is organized as two regions of unique sequence
(unique long [UL] and unique short [US]) flanked by two sets
of inverted repeats, ab (TRL/IRL) and ac (IRS/TRS), in an
arrangement that can be depicted as 59-aLanb-UL-b9a9mc9
US-canaS-39 (23). The genomes of HCMV strains are highly
homologous as judged by reassociation kinetics (15, 30),
Southern hybridization (20, 30, 48), and restriction site polymorphism (5, 12, 47). Only the AD169 genome has been completely sequenced (EMBL accession number X17403) (6). Additional nucleotide sequence information is available for only a
few loci or genes of other strains (for example, see references
8, 9, 13, 22, 25, 26, 40, 41, and 43). Although these lines of
evidence suggest a high degree of similarity among HCMV
strains, there have been reports of substantial variability near
the UL and b-repeat boundaries (20, 42, 48). We performed
nucleotide sequence analysis of the UL/b9 region, comparing
the genomes of the low-passage strain Toledo and the two
high-passage strains Towne and AD169. Our results highlight
the discovery of a large region of Toledo that is missing in both
Towne and AD169.

Human cytomegalovirus (HCMV) is a widespread herpesvirus that usually produces asymptomatic infections in immunocompetent hosts. Serious disease can occur in immunocompromised individuals and in congenitally infected newborns (1).
The attenuated HCMV strains Towne and AD169, now widely
used in laboratory studies, were developed as vaccine candidates and used in clinical trials. The AD169 strain was shown
to be well tolerated and immunogenic as judged by seroconversion without apparent side effects (10), and the Towne
strain induced seroconversion without producing disease (27,
31). The Towne vaccine protected immunosuppressed renal
transplant recipients against disease and was not shed (28, 29).
In contrast, a low-passaged HCMV strain, Toledo, has produced clinically apparent disease when administered to healthy
adult volunteers (31). These clinical data indicate that HCMV
strains exhibit different levels of virulence depending on their
passage history in cell culture.
High- and low-passaged HCMV strains also exhibit different
competencies in tropism for epithelial cells. When the growth
of Toledo, Towne, and AD169 was compared in the SCID-hu
(thymus plus liver) mouse, Toledo replicated to levels at least
3 orders of magnitude higher than did either of the laboratory
strains. The differences among these viruses were attributed to
the possible loss of genetic information by Towne and AD169
during propagation in cell culture (4).
In this study, we hypothesize that a substantial amount of
genetic information encoded by the viral genome must have

MATERIALS AND METHODS
Cells, virus, and viral DNAs. HCMV Toledo (passage 8, from S. Plotkin,
Pasteur Merieux, Paris, France), Towne (passage 134, from S. Plotkin), and
AD169 (ATCC VR-538) were propagated in human foreskin fibroblasts cultured
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum
(JRH Biosciences, Lenexa, Kans.) (38). Viral DNA was purified from infectedcell lysates by equilibrium centrifugation in NaI gradients (39). Viral DNA of
clinical isolates (HCMVF, C128, C354, C793, and C980), obtained from M.
Fiala, University of California Los Angeles, and S. Chou, Oregon Health Sciences University, was purified as previously described (36).
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Nucleotide sequence comparisons were performed on a highly heterogeneous region of three human cytomegalovirus strains, Toledo, Towne, and AD169. The low-passage, virulent Toledo genome contained a DNA
segment of approximately 13 kbp that was not found in the Towne genome and a segment of approximately 15
kbp that was not found in the AD169 genome. The Towne strain contained approximately 4.7 kbp of DNA that
was absent from the AD169 genome, and only about half of this segment was present, arranged in an inverted
orientation, in the Toledo genome. These additional sequences were located at the unique long (UL)/b* (IRL)
boundary within the L component of the viral genome. A region representing nucleotides 175082 to 178221 of
the AD169 genome was conserved in all three strains; however, substantial reduction in the size of the adjacent
b* sequence was found. The additional DNA segment within the Toledo genome contained 19 open reading
frames not present in the AD169 genome. The additional DNA segment within the Towne genome contained
four new open reading frames, only one of which shared homology with the Toledo genome. This comparison
was extended to five additional clinical isolates, and the additional Toledo sequence was conserved in all. These
findings reveal a dramatic level of genome sequence complexity that may explain the differences that these
strains exhibit in virulence and tissue tropism. Although the additional sequences have not altered the
predicted size of the viral genome (230 to 235 kbp), a total of 22 new open reading frames (denoted UL133 to
UL154), many of which have sequence characteristics of glycoproteins, are now defined as cytomegalovirus
specific. Our work suggests that wild-type virus carries more than 220 genes, some of which are lost by
large-scale deletion and rearrangement of the UL/b* region during laboratory passage.
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Clones. Purified Toledo genomic DNA was partially digested by HindIII, and
the fragments generated were cloned into a cosmid vector, pHC79 (14). By using
the published AD169 sequence as a reference (6), a set of six cosmids (pON2600,
pON2601, pON2602, pON2603, pON2604, and pON2605) representing greater
than 90% of the Toledo genome were identified by sequencing the ends of the
viral DNA inserts (Fig. 1). pON2601 (;50 kbp), which spanned the UL/b9 region
(corresponding to nucleotide positions 156251 to 195842 of the AD169 genome),
was digested into nine BamHI fragments, and eight (C5300, C2300, C2100,
C5200, C1800, C5500, C1300, and C4500) were subcloned into pBluescript
M131 plasmid vector (Stratagene, La Jolla, Calif.) (Fig. 1). The remaining
fragment containing the cosmid vector and a Toledo sequence was recircularized
to generate C23K (Fig. 1). Plasmids harboring the XbaI E, Q, and T fragments
of Towne were obtained from M. Stinski, University of Iowa (44).
Nucleic acid sequence determination and analysis. Both strands of the UL/b9
region of Toledo and Towne were sequenced by single-cycle and multicycle
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dideoxynucleotide-chain termination methods (35). Primers were synthesized in
house with an ABI 392 oligonucleotide synthesizer (Applied Biosystems, Foster
City, Calif.). To expedite sequencing, a variety of DNA templates (single-stranded phage DNA, double-stranded plasmids and cosmids, viral genomic DNA, and
PCR products) were used. Sequencing ladders were analyzed manually and with
an ABI 373 automated sequencer (Applied Biosystems). The contiguity and
analysis of the sequences including homology and motif searches were performed
with MacDNASIS (Hitachi Software, San Bruno, Calif.). Homology searches
were also performed with BLAST (2) through NCBI services.
Southern blot analysis. Viral DNAs were restriction enzyme digested, electrophoresed in 1% agarose gels under standard conditions (34), transferred to
Hybond-N1 nylon membranes (Amersham Corp., Arlington Heights, Ill.), and
immobilized with a UV Crosslinker 1000 (Hoefer Scientific Instruments, San
Francisco, Calif.). Radiolabeled probes were prepared by nick translation of
either plasmid or viral DNA in the presence of [a-32P]dCTP (Amersham Corp.,
Arlington Heights, Ill.) (33). Hybridizations were performed essentially as previously described (39). Membranes were probed, washed three times with 23
SSC (0.3 M NaCl, 0.03 M sodium citrate) at 688C and twice with 23 SSC at room
temperature, air dried, and autoradiographed with Kodak XAR film.
Nucleotide sequence accession numbers. The sequences of Toledo and Towne
determined in this study have been submitted to the GenBank (accession numbers U33331 and U33332, respectively).

RESULTS
Mapping large DNA sequence differences in Toledo, Towne,
and AD169 strains of HCMV. The report by LaFemina and
Hayward (20) that ;2 kbp was missing from the AD169 genome relative to Towne led to our initial analysis of the XbaI
T fragment of Towne DNA (19, 37). We sequenced over 6 kbp
of Towne DNA including the entire XbaI T fragment and
portions of the flanking XbaI fragments, E and Q (Fig. 2C).
Contiguity between XbaI-E/T and XbaI-T/Q was established by
sequencing PCR products generated with Towne genomic
DNA and primers that annealed to opposite sides of the XbaI
sites. As indicated in Fig. 2C and D, the sequence colinearity
between Towne and AD169 broke at positions corresponding
to positions 178221 and 180029 of AD169, within the Xba I E
and Q fragments, respectively, of Towne. Sequence analysis
demonstrated that the 1,808-bp sequence of AD169, at the left
end of the IRL (b9), has been replaced in Towne by 4,706 bp of
novel sequence.
To compare Toledo and the two laboratory strains, we per-

FIG. 2. Schematic illustration of the UL/b9 region in Toledo and Towne genomic DNA in comparison with the corresponding region in AD169. Dashed lines bracket
the region of different sequence when pairwise comparisons are made. UL, US, and internal repeat regions (b9, a9, c9) are indicated. B and X represent BamHI and
XbaI sites, respectively. The four BamHI-generated subclones (C5500, C1300, C4500, and C23K) of pON2601 are labeled under the Toledo diagram. XbaI fragments
(E, T, and Q) are indicated under the Towne diagram. Solid triangles mark the positions where sequence similarity breaks between pairwise comparisons of Toledo,
Towne, and AD169. The skewed-shaded areas represent regions where the sequence is in an inverted orientation in Toledo relative to the others. Inverted arrows
represent reference points on the AD169 genome. The precise position of the UL/b9 junction of Toledo and Towne is not determined. Nucleotide positions are denoted
as based on the AD169 sequence.
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FIG. 1. Schematic illustration of Toledo cosmid and plasmid subclone maps,
with the AD169 genome diagram shown on top. A set of cosmids representing
the HindIII partially digested Toledo genome is shown under the diagram of the
AD169 genome. The AD169 genome is displayed in the prototype orientation,
with unique sequence denoted by a thin line and inverted repeats flanking the UL
and US components denoted by boxes, aLanb, b9a9mc9, and canas. Open triangles
denote the corresponding AD169 regions of the Toledo genome not represented
by the cosmids. An expanded map of pON2601 indicating restriction sites B
(BamHI) and H (HindIII) is shown on the bottom line. The numbers above the
diagrams denote the corresponding nucleotide positions on the AD169 genome.
The numbers within parentheses denote the presence of nucleotide changes at
these restriction sites in AD169. Subclones are labeled below the diagrams.
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formed interstrain cross-hybridization experiments. DNA
probes of Toledo and Towne DNA with an average size of 500
bp were prepared by sonication followed by multiple restriction enzyme digestions (AvaI, BanI, and BfaI). The probes
were radioactively labeled and hybridized to immobilized restriction enzyme-digested Toledo, Towne, and AD169 DNAs.
This technique identified a BamHI fragment (;4.5 kbp) of
Toledo that did not hybridize to probes generated from Towne
or AD169 DNA (data not shown). This BamHI fragment was
subsequently cloned (Clone65) and sequenced in its entirety
(4,663 bp). Our analysis revealed a 327-bp sequence identity
between Clone65 and Towne DNA but no sequence similarity
to AD169. These data mapped the 327-bp sequence to the Xba
I T/Q junction of Towne, placing Clone65 in the UL/b9 region,
and indicated the existence of a much larger sequence difference between Toledo and the laboratory strains at this location.
To facilitate sequencing, we generated Toledo DNA subclones of the entire UL/b9 region by constructing a cosmid
library with HindIII partially digested Toledo genomic DNA.
The cosmids were mapped by sequencing the ends of each
insert and guided by referring to the published AD169 sequence (6). As shown in Fig. 1, we identified six cosmids that
constituted one set of the clones representing greater than
90% of the Toledo genome with respect to AD169. One of the
cosmids (pON2601, ;50 kbp) contained the entire internal
repeats and portions of the neighboring UL and US regions
(corresponding to a region encompassing nucleotides 156251
to 195842 of the AD169 genome). Nine subclones representing
BamHI fragments of pON2601 were generated and mapped by
sequencing the ends of each insert (Fig. 1). Five (C5300,
C2300, C2100, C5200, and C1800) of the nine subclones could
be mapped to the AD169 genome. Two of the remaining four
subclones, C1300 and C4500, contained no sequence similarity
to AD169, and the other two subclones, C5500 and C23K, were
similar to AD169 at only one of their ends. Subclone C4500
was shown to be identical to Clone65. The arrangement of
these four BamHI fragments (Fig. 1 and 2B) was established by
sequencing across the BamHI sites of pON2601.
As shown in Fig. 2B, approximately 19 kbp of Toledo sequence from clones C1300, C4500, and portions of C5500 and
C23K was determined. The sequence colinearity between Toledo and AD169 broke at the corresponding nucleotide posi-

tions 175068 and 188560 of AD169 located within C5500 and
C23K of Toledo, respectively. A portion of this region (nucleotides 175082 to 178221) from the right end of AD169 UL was
conserved in Toledo but was arranged in an inverted orientation (Fig. 2A and B). Sequence analysis also revealed that ;5
kbp of Towne sequence (including 3,140 bp shared by all three
strains) was conserved in Toledo in an inverted orientation
(Fig. 2B and C). Significantly, our data revealed a very large
DNA sequence of Toledo that was absent from both laboratory
strains, i.e., ;13 kbp relative to Towne and ;15 kbp relative to
AD169. Although the exact junction between UL and b9 in
Toledo was not mapped, Southern blot experiments (described
below) indicated that this additional sequence extended the UL
region in Toledo. The shortened b9 repeat sequence of the
Toledo genome relative to the laboratory strains serves to
compensate for the small change in length over the entire
genome.
ORF analysis of the Toledo and Towne UL/b* region. With
an arbitrarily chosen parameter of 10 kDa as the minimum
calculated protein molecular mass, the additional UL/b9 sequences in Toledo and Towne contained 30 and 4 open reading frames (ORFs), respectively. By eliminating ORFs that
were smaller or that overlapped other ORFs by more than
60% of their lengths, these numbers could be reduced to 19
(Toledo) and 4 (Towne). These regions did not contain any
consensus splice donor or acceptor sequences (24). In Fig. 3,
the arrangements of predicted ORFs of Toledo and Towne,
along with potential promoter element (TATAA) and poly(A)
signal (AATAAA) sequences, are diagrammed. The cis signals
identified on the complementary strand of Toledo DNA appeared to have no relevance to the identified ORFs and are not
shown in Fig. 3. The nucleotide positions of the ATG and stop
codon of each ORF, along with the number of amino acids, are
tabulated in Table 1. We extended the ORF nomenclature of
AD169 and denoted the new ORFs of Toledo UL133 to
UL151. The new ORFs in Towne were denoted UL147 (because of its homology to the corresponding ORF in Toledo)
and UL152 to UL154. As predicted by nucleotide sequence
comparisons, UL130 and UL132 were present in all three
strains, although they were arranged in an inverted orientation
in the Toledo genome. UL131 as reported by Chee et al. (6) is
not shown in Fig. 3, because it falls below the minimum size
criteria established for inclusion as an ORF in our analysis.
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FIG. 3. Relative position of the predicted ORFs in the UL/b9 region of Toledo and Towne. Thin horizontal lines represent UL, and thick horizontal lines represent
an internal repeat region. Vertical arrows bracket the regions of different sequence in Toledo and Towne when compared with AD169. Corresponding nucleotide
positions in AD169 are denoted below the lines. The position, length, and orientation of the ORFs are illustrated by open arrows. The six translation frames of predicted
ORFs are denoted by a staggered pattern above and below the genome diagram. Solid triangles mark the position of TATAA sequence, and open triangles denote the
position of AATAAA sequence.
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TABLE 1. Features ORFs in the UL/b9 region of Toledo and Townea
Virus

Toledo

Positionc of:
Start

Stop

No. of
amino acids

824
541
1927
2740
2600
3332
4302
4828
6375
7368
7631
8538
9169
9803
10347
11596
12485
13753
16124
15874
17289

258
176
329
241
97
170
136
115
426
307
93
177
101
118
160
317
271
215
123
643
337

G(2),
G(4),
G(3)
P(1)
G(1),
G(2),

842
1365
2501
3512

160
119
279
400

M(1)
G(10), M(4)
G(21), P(1), M(3)

Strandb

UL133
UL134
UL135
UL136
UL137
UL138
UL139
UL140
UL141
UL142
UL143
UL144
UL145
UL146
UL147
UL148
UL132
UL130
UL149
UL150
UL151

C
C

51
1068
*941
2018
2890
2823
3895
4484
5098
6448
7353
8008
8867
9450
9868
10646
11673
13109
15756
*17802
18299

UL147
UL152
UL153
UL154

C
C
C
C

1321
1721
3337
4711

C
C

Commentd

M(1)
G(2), P(1), M(4)
P(1), M(4)
P(2), M(1)
P(3), M(1)
G(5), M(3)
G(2), M(1)
G(3), P(4), M(4)
G(20), M(5)
G(2), M(1)
G(7), M(3), cysteine block motif(1)
G(3), P(1), M(1)
P(1), M(2), RGD motif(1)
P(2), M(4)
P(5), M(8)
P(2), M(17)

a
The 11 nucleotide position in Toledo is assigned to the first base after the place where the sequence similarity breaks between Toledo and AD169 (corresponding
to position 175068 of AD169). The 11 nucleotide position in Towne is assigned to the first base after the place where the sequence similarity breaks between Towne
and AD169 (corresponding to position 178221 of AD169).
b
C refers to the complementary strand.
c
Start is the first base in the ATG codon. Stop is the third base in the stop codon. Asterisks denote the initiator codons whose context sequences do not resemble
RNNATG or NNNATGG (18).
d
G denotes N-linked glycosylation site. P denotes phosphorylation site. M denotes myristoylation site. The numbers of sites are enclosed in parentheses.

Parenthetically, our sequence analysis of Toledo revealed a
nucleotide change with respect to the AD169 sequence at this
locus, resulting in a 14-amino-acid addition to the C terminus
of the previously reported ORF131.
Each ORF was used to search the current nonredundant
NCBI databases with BLAST (2). Also searched were a recently published sequence of human herpesvirus 6 (HHV-6) A
variant (11) and unpublished DNA sequences of murine CMV
(MCMV) and HHV-6 B variant (32, 49). In most searches, no
striking homologs were identified, except that UL132 is 76%
identical to a previously described mtrIII region of Towne (43).
In addition, UL153 and UL154 show regions of homology to
IRL14 and IRL12 of AD169, respectively. The presence of
motifs in the amino acid sequence of each ORF was detected
by searching the PROSITE database (3). As listed in Table 1,
most of the ORFs contained various numbers of posttranslational modification sites: N-linked glycosylation, phosphorylation, and N-myristoylation. As judged by potential N-linked
glycosylation sites, 11 and 2 new glycoproteins may exist in the
Toledo and Towne sequences, respectively. Also found were a
cysteine block motif in UL144 that is often present in growth
factor receptors and an RGD motif in UL148 that may be
implicated in cell attachment (Table 1).
Presence of the Toledo UL/b* sequence in other clinical isolates. Southern analysis with radioactively labeled plasmid
C4500 (positions 4665 to 9327; see Table 1 for nucleotide
numbering) to probe restriction enzyme-digested viral DNAs
was performed to determine the prevalence of the Toledo
UL/b9 sequence in other clinical isolates. Viral DNAs of five

clinical isolates (HCMVF, C128, C354, C793, and C980), Toledo, Towne, and AD169 were digested with either BamHI or
XbaI and probed with [a-32P]C4500. As shown in Fig. 4, C4500
hybridized to a 4.5- to 4.7-kbp fragment in BamHI-digested
DNAs of Toledo and each clinical isolate. C4500 probe did not
hybridize to AD169 and hybridized only weakly to Towne. This
was consistent with the nucleotide sequence comparisons,
which showed a small region (327 bp) of identity between
Towne BamHI-U (16) and Toledo C4500 (Fig. 2). C4500 hybridized to high-molecular-mass (.15-kbp) fragments of XbaIdigested DNA of Toledo and each clinical isolate but did not
hybridize to Towne and AD169 DNA at the same area of the
blot (Fig. 4). The existence of multiple bands hybridizing to the
C4500 probe on the XbaI digest is indicative of linkage of these
sequences to junction fragments in these isolates. As predicted
from the nucleotide sequence data, the probe hybridized to the
XbaI Q fragment (;4.2 kbp) of Towne DNA (Fig. 4, lane 10).
The probe also recognized a smaller band (;1.8 kbp) of Toledo and the clinical isolates that comigrated with the XbaI T
fragment of Towne (Fig. 4, lanes 9, 10, and 12 through 16).
These results establish that the region of Toledo genomic
DNA represented by C4500 is present in each of the five
clinical isolates. Additional probes at opposite sides of the
C4500 (Srf/Bam, positions 1490 to 3273, and Pst/Pst, positions
16011 to 17185 [see Table 1 for nucleotide numbering]) and
additional clinical isolates were similarly analyzed, confirming
the presence of Toledo UL/b9 sequence in all clinical isolates
examined (blots not shown).
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DISCUSSION
In this study, we report the existence of a large DNA sequence difference between clinical isolates and laboratory
strains of HCMV. Depending on the laboratory strain compared, our data reveal that differences of 13 to 15 kbp of DNA
exist between clinical isolates and laboratory strains which
have been extensively passaged in cell culture. These findings
extend our understanding of the sequence complexity that defines a wild-type HCMV genome and provide additional insights into the evolution of complex herpesvirus genomes.
The significance of the identification of such a large segment
of DNA is strengthened by its presence in all clinical isolates
that have been examined. An even greater significance awaits
the identification of gene products. Although dispensable for
growth in fibroblasts, these ORFs may play important roles in
the replication, latency, or pathobiology of this virus in the
human host. At present, the functions of the putative proteins
encoded in this region are unknown. A search of the NCBI
database failed to reveal any close homology with currently
deposited protein sequences. In addition, none of the Toledo
ORFs exhibits significant homology to ORFs of other betaherpesviruses. Nevertheless, several of the ORFs have the potential to encode glycoproteins that may have an important role in
virus adsorption to cellular receptors in vivo. Tissue tropism
could also be determined by structural proteins, because they
influence virion assembly, egress of progeny virus, fusion with
plasma membranes, and penetration into the cytoplasm in a
cell-type-specific manner. In this regard, the CMVs are characterized in part by a particular tropism for salivary gland

tissue. The sgg1 gene, which encodes an integral membrane
protein in MCMV, has been shown to play a role in the spread
of virus from infected monocytes to the salivary gland (21).
Although a homolog for this protein was not identified in the
HCMV sequences, functionally related gene products could be
encoded within the newly identified sequences. The possibility
also exists that nonstructural proteins are encoded by this
sequence, affecting the replication of virus in particular cell
types. In cases of disseminated disease, HCMV exhibits wide
organ system involvement (1). The large number of glycoproteins are likely to play a significant role in the pathogenesis of
the virus and are undoubtedly important in causing the ‘‘protean clinical manifestations’’ exhibited by HCMV infections as
first described by Weller (45, 46).
We are currently analyzing transcription patterns in the sequenced region in an initial attempt to catalog the mRNA
content and kinetics of expression. The lack of a one-to-one
correspondence between the presence of transcription signal
sequences and an ORF (Fig. 3) indicates the possibility that an
unconventional transcription unit is present. A TATAA-less
gene has been observed for herpes simplex virus (7). As has
been found in other regions of the viral genome, several genes
may have common polyadenylation signals (23).
Our examination at the nucleotide level of one particular
low-passaged strain, Toledo, revealed the presence of a sequence rearrangement relative to Towne and AD169 DNA
(Fig. 2). This simple inversion is not an experimental artifact
resulting from the construction of cosmids, since the same
rearrangement was also observed in another independently
constructed Toledo cosmid library. Initial Southern hybridization hinted at a larger sequence rearrangement, extending over
the entire newly described Toledo DNA segment. For example, the XbaI digest (Fig. 4) showed multiple high-molecularweight bands with the C4500 probe, which are best explained
by the lack of an XbaI site between the probe sequence and the
a sequence, yielding both terminal and junction segments. We
have used multiple probes to analyze restriction enzyme-digested genomic DNAs of several clinical isolates in addition to
those shown in Fig. 4. These analyses have suggested that the
Toledo sequence from corresponding nucleotide positions
175068 to 175082 of AD169 (Fig. 2B) was flipped relative to
that in all other clinical isolates examined thus far. PCR experiments with two sets of primers that would generate products across these two inversion points confirmed that the Toledo arrangement is not found in other clinical isolates.
Nonetheless, regardless of orientation, the presence of this
unique sequence serves as a diagnostic marker for HCMV
clinical isolates. The biological significance of this sequence
rearrangement is not yet clear, but it is possible that it is
acquired during its passage in cell culture.
Recently, Gompels et al. (11) have renewed the discussion of
relationships between strains of herpesviruses with respect to
HHV-6. They point to the pattern of close similarity from
strain to strain in the center of the genome with increasing
divergence toward the ends. For HCMV, our comparison of
the divergence in the genomes of Toledo, Towne, and AD169
reinforces the theme of differences observed at or near repeat
regions of herpesvirus genomes. Intriguingly, one of the breakpoints in both Towne and Toledo DNA occurs precisely at the
nucleotide identified as the UL/b9 boundary of the AD169
strain. For HCMV, examples of differences near the unique
b-sequence boundaries have been described (20, 42, 48). Specifically, the Tanaka strain has a sequence difference of ;7.8
kbp relative to Towne near the b/UL boundary (42). Deletions
and duplications in the US component which have resulted in
expansions in the length of the US component by nearly 3%
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FIG. 4. Southern hybridization analysis of HCMV strains. Purified viral
DNAs from Toledo (lanes 1 and 9), Towne (lanes 2 and 10), AD169 (lanes 3 and
11), and five clinical isolates (lanes 4 to 8 and 12 to 16) were digested with either
BamHI or XbaI, electrophoresed through agarose, transferred to a Hybond-N1
nylon membrane, and probed with nick-translated [a-32P]C4500 plasmid DNA,
as described in Materials and Methods. The arrow on the left indicates the
position of the ;4.6-kbp BamHI fragment (C4500) of Toledo DNA. The arrow
on the right marks the position of the ;1.8-kbp XbaI T fragment of Towne DNA.
DNA molecular size markers (in kilobases) are indicated.
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relative to the wild-type virus have also been observed (17).
However, on the basis of the number of clinical isolates examined with respect to the presence of the new sequence we have
described in the Toledo genome, we speculate that some genetic information may have been lost from laboratory strains
during extensive passage in cell culture. This information may
be critical in identifying those genes that are responsible for
HCMV virulence. Therefore, to study the function of the proteins encoded in this region it will be useful to construct interstrain recombinants between Toledo and high-passaged laboratory strains. Such recombinant viruses may show enhanced
replicative ability and increased immunogenicity without exhibiting the full virulence of the clinical isolates. In addition to
providing new opportunities for study, these recombinant viruses may prove useful as vaccine candidates for preventing the
disease associated with this clinically important human pathogen.

83

