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Visualization of DNA
Replication on Individual
Epstein-Barr Virus Episomes

Paolo Norio* and Carl L. Schildkraut*

The duplication of the mammalian genome is an organized event, but there is
limited information about the precision of the duplication program at specific
genetic loci. We developed an approach that allows DNA replication events to
be visualized in individual DNA molecules. Studying the latent replication of
Epstein-Barr virus episomes, we show that different initiation sites are used to
commence DNA replication from a specific portion of the viral genome (zone),
whereas termination does not seem to be genomically defined. We conclude
that initiation zones and pausing sites are major organizers of the duplication
program, but initiation, fork progression, and termination of replication can vary

in each molecule.

The Epstein-Barr virus (EBV) uses two inde-
pendent systems to replicate its genome dur-
ing the “lytic” and “latent” stages of infection
(1, 2). During latency, EBV replicates as a
circular episome, once every cell division, in
S phase, using the host-cell replication ma-
chinery (3). Studies performed by two-di-
mensional gel electrophoresis at neutral pH
(2D gel) demonstrated that initiation of DNA
replication occurs at many sites in the EBV
genome (supplementary fig. 1) (4, 5); how-
ever, it was not possible to exclude initiation
throughout most of the viral genome. Be-
cause various origins of DNA replication are
present, the duplication of the viral genome
could follow either a precise order, similar for
all the episomes, or initiate and progress in
different ways in different molecules. To dis-
tinguish among these possibilities, we have
developed an approach that allows us to de-
tect, by immunofluorescence, the movement
of DNA replication forks across the whole
EBV genome in individual episomes
stretched on microscope slides. We refer to
this approach as single molecule analysis of
replicated DNA (SMARD).

SMARD relies on two sequential periods
of labeling with different halogenated nucle-
otides to label the replicating DNA molecules
in an asynchronous population of cells (3).
The panel labeled “Time 0” in Fig. 1A shows
the stages of replication for a particular por-
tion of the genome (gray lines) before the
first labeling period (G,, S, G,, and M indi-
cate the position in the cell cycle of the
corresponding cell). When the first nucleo-
tide analog is added, it is incorporated into
the replicating DNA (shown in red) until the
end of the first labeling period at Time 1. A
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second long labeling is then performed, with
a different nucleotide analog (green color)
and, at Time 2, the DNA molecules are either
fully substituted with the nucleotide analogs
(R, G, and RG), or partially substituted, or
not substituted at all. The population of mol-
ecules fully substituted with both nucleotide
analogs (RG in Fig. 1A) represents those
molecules that started their duplication dur-
ing the first labeling period and completed it
during the second labeling period. In these
molecules, the red-to-green transitions define
the position of the replication forks at the
time of the switch from the first labeling
period to the second. Provided that the length
of each labeling period is longer than the time
required to replicate the region analyzed, the
RG molecules are representative of all stages
of DNA replication and can be used to infer
how DNA replication initiated, progressed,
and terminated across the genomic region
analyzed. Whenever DNA replication ini-
tiates, progresses, and terminates in a similar
way in all molecules, this order becomes
evident by arranging the images of the mol-
ecules according to their increasing content
of DNA labeled during the first labeling pe-
riod (red). The staining pattern of the DNA
molecules will depend on the position of
initiation and termination sites along the mol-
ecules (Fig. 1, B to E, shows four different
situations). In all these cases, the red portion
of the molecules is nested around the region
used to initiate DNA replication. On the con-
trary, the red portion of the molecules does
not appear nested if molecules use different
ways to initiate and terminate DNA replica-
tion (Fig. 1F).

The visualization of the replication pat-
terns on the EBV episomes was performed by
using exponentially growing Raji cells se-
quentially labeled with iododeoxyuridine and
chlorodeoxyuridine (5). Agarose-embedded
total DNA was prepared and the circular

EBYV episomes were converted to linear mol-
ecules by digestion with the restriction endo-
nuclease Pac I (Fig. 2A) (5). The viral DNA
was recovered from a pulsed-field gel by
agarase treatment and stretched on silanized
microscope slides by molecular combing
(Fig. 2B) (5-8). The hybridization of specific
biotinylated DNA probes (visualized by flu-
orescence microscopy) was used to distin-
guish the EBV genomes from the cellular
genomic DNA that comigrates during pulsed-
field gel electrophoresis and to define the
orientations of the molecules (5). The pat-
terns of incorporation of the nucleotide ana-
logs along the DNA molecules were also
detected by immunofluorescence with prima-
ry antibodies raised against the halogenated
nucleotides (5, 9).

Among 143 full-length EBV episomes re-
covered (fully substituted with the nucleotide
analogs), 60 were fully red, 63 were fully
green, and 20 were both red and green.
Knowing the length of the first labeling pe-
riod and the ratio between the number of
molecules fully stained in red and the number
of molecules fully stained in both red and
green, it is possible to calculate the average
time required to duplicate the EBV genome
[supplementary fig. 2 (5)]. From the data
reported above, we calculate that the average
time required to duplicate an EBV episome in
Raji cells is about 60 min.

To measure the positions of the replica-
tion forks along the viral episomes, we com-
pared the immunostaining patterns obtained
in various DNA molecules with the map of
the EBV genome. We achieved this by using
the positions of the DNA probes hybridized
to the EBV genomes to digitally adjust the
images of the molecules to a uniform size
(Fig. 2C) [supplementary methods (5); for
similar procedures see (10, 11)]. Among the
20 red and green molecules, 15 were
stretched sufficiently well to be studied in
detail (Fig. 3). The remaining five, although
unsuitable for precise measurements, showed
similar replication patterns (/2). The red por-
tion of these molecules is nested around the
ends of the linearized episomes. This indi-
cates that, in Raji cells, the EBV genome
follows an ordered pattern of replication that
is similar for all episomes. The duplication
commences in a specific portion of the viral
genome approximately centered on the Pac I
restriction site; then, replication progresses
bidirectionally, to replicate the rest of the
genome. However, a comparison of the rep-
lication patterns in molecules 1 and 2 shows
that the short red patches span different por-
tions of the EBV genome, indicating that
these molecules used different initiation sites.
This suggests the presence of an initiation
zone rather than a discrete origin of replica-
tion, a concept originally proposed to explain
the results of the 2D gel analysis in the
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Fig. 2. Fluorescent hybridization immunostaining of individual DNA
molecules. (A) Schematic of the Pac I-linearized EBV genome from Raji
cells with the positions of various genetic elements shown to scale. Black
bars indicate the restriction segments analyzed by 2D gel analysis (4).
Cyan bars show the positions of the hybridization probes used to identify the
molecules of interest and their orientation. For further details see supple-
mentary fig. 1 (5). (B) Length of 109 combed EBV episomes (unbroken) from
Raji cells. The most represented size of the molecules is 77 pm, correspond-
ing to about 2.2 kb/pum. (C) Images of six Pac I-linearized episomes (repre-
sentative of the 143 episomes analyzed for the studies described in the text),
aligned with the EBV map, after hybridization and immunostaining of the
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DNA molecules and digital adjustment of length. Vertical lines indicate the
positions of the ends of the hybridization probes shown in (A) (blue) and the
position of the Pac | site used to linearize the EBV episomes (yellow). The
hybridization signals are shown in blue. Cross-hybridization (near pHindC)
and background hybridization are also visible (blue spots along the mole-
cules). Immunostaining to detect the halogenated nucleotides is shown by
the red and green colors. All the molecules shown in this figure represent
EBV episomes duplicated during either the first labeling period (red) or the
second labeling period (green). The resolution of analysis is limited to about
5 kb primarily as a result of discontinuities in the fluorescent signals as
previously reported for similar assays (76, 24, 25).
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dihydrofolate reductase (DHFR) locus in
Chinese hamster cell lines (/3). This conclu-
sion is fully compatible with data previously
obtained by 2D gel analysis on the same
portion of the EBV genome [supplementary
fig. 1 (5)] and was confirmed in an indepen-
dent SMARD experiment [supplementary
fig. 3 (12)].

Previous 2D gel analyses revealed the ac-
cumulation of replication intermediates (as a
consequence of replication fork pausing) at
four different sites within a 2.5-kb region
including oriP and the EBER genes (4, 14,
15). By comparing the intensities of the
stalled replication intermediates in the 2D gel
blots, it was possible to infer that the stronger
pausing occurs at the family of repeats (FR)
where termination of DNA replication can
also take place (4). However, 2D gel analysis
cannot be reliably used to measure the mag-
nitude of the replication fork pausing in
mammalian cells. In the absence of pausing,
replication forks detected in the population of
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molecules shown in Fig. 3 would be homo-
geneously distributed throughout the EBV
genome. Instead, more than half of these
molecules, at the time of the switch from the
first to the second labeling period, had right-
ward-moving replication forks within a re-
gion of a few kilobases approximately cen-
tered on the FR element (see the position of
the yellow arrows near the green vertical line
in Fig. 3B). This result is in agreement with
the direction of fork movement suggested by
the 2D gel analysis through oriP and indicates
that rightward-moving replication forks
pause at these four sites during a large part of
the time required to replicate the entire EBV
genome. The procedure used to calculate the
duplication time for the whole EBV genome
can also be used, with minor modifications,
to calculate the average time required to rep-
licate specific genomic segments [supple-
mentary fig. 4A (5)]. We calculated that the
time required to duplicate a region of 10 kb,
including the four known pausing sites (Fig.
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Fig. 3. SMARD of the Pac I-linearized EBV episomes. (A) Map of the EBV genome (see Fig. 2A for
details). (B) Images of 15 EBV episomes containing both halogenated nucleotides and ordered (1
to 15) for increasing content of DNA labeled during the first labeling period. Arrowheads indicate
the approximate position of the replication forks at the time of the switch from the first to the
second labeling period. Individual dots, such as the one indicated by the yellow asterisk, were not
considered in our analysis of the data because they are too short to be unequivocally distinguished
from possible background immunostaining. However, initiation of DNA replication at multiple sites,
on the same molecule, remains a possibility. The green line indicates the approximate position of

oriP. Other vertical lines are as in Fig. 2C.
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3B, bottom), is about 36 min [supplementary
fig. 4B (5)]. As a comparison, a different
portion of the EBV genome (55 kb in size;
Fig. 3B, bottom), where the accumulation of
replication forks is not evident, is replicated
in about 42 min [supplementary fig. 4B (5)].
Because both regions appear to be replicated
by replication forks moving predominantly in
a single direction, we estimate that the aver-
age speed of the replication forks within the
55-kb region is 1.3 kb/min. The time required
to replicate a region of 10 kb at 1.3 kb/min is
about 8 min; therefore, on the average, repli-
cation forks may pause at the four pausing
sites for a total time of about 28 min. This
suggests that pausing sites can play a major
role in organizing the replication of the viral
genome.

In each of the viral episomes shown in
Fig. 3, a termination event must have oc-
curred within the portion of genome stained
in green. In some of the molecules that, at the
time of the switch from the first to the second
labeling period, were about to complete rep-
lication (molecules 12 to 15), we see that the
leftward-moving forks appear to have trav-
eled along the whole EBV genome to finally
meet the forks stalled in the opposite direc-
tion at oriP (molecules 13 and 14). In other
molecules, the rightward-moving forks ap-
pear to have overcome the block at oriP (or
replication initiated at oriP) (4) and traveled
through part of the central portion of the
molecules to meet the leftward-moving forks
at different positions within the viral genome
(molecules 12 and 15). These data indicate
that the duplication of the episomes can ter-
minate throughout a large part of the viral
genome, probably with a slight preference for
oriP due to the pausing of the replication
forks at this site. This excludes the presence
of a specialized site for terminating the EBV
genome duplication and indicates that even if
the replication of the viral genome proceeds
according to a precise scheme, this scheme is
not rigid.

Studies of DNA fibers from human
genomic DNA, after cell synchronization,
suggested that groups of replicons can be
activated in two subsequent S phases with
very high efficiency (~95%) (16). However,
these results were in marked contrast to the
frequently inefficient origin firing suggested
by 2D gel studies in mammalian cells (7).
At least in the case of the EBV genome, our
results resolve this apparent contradiction.
We show that the viral duplication can start in
a specific portion of the viral genome in all
the molecules analyzed, even if the frequency
of activation of individual initiation sites, as
detected by 2D gels, is very low (4). Our
results also indicate that the replication pat-
terns are dictated mainly by the position of
the initiation region and that pausing sites can
influence these patterns much more than pre-
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viously expected (/8, 19). This also suggests
that, in mammalian cells, initiation zones
rather than individual origins may represent
the functional units regulating DNA replica-
tion at the locus level.

Compared with other studies on DNA fi-
bers (16, 20-23), SMARD can provide qual-
itative and quantitative information about
many aspects of DNA replication [supple-
mentary table 1 (5)] and is potentially appli-
cable to the study of endogenous loci in the
mammalian genome.
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Systematic Genetic Analysis
with Ordered Arrays of Yeast
Deletion Mutants
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In Saccharomyces cerevisiae, more than 80% of the ~6200 predicted genes are
nonessential, implying that the genome is buffered from the phenotypic con-
sequences of genetic perturbation. To evaluate function, we developed a meth-
od for systematic construction of double mutants, termed synthetic genetic
array (SGA) analysis, in which a query mutation is crossed to an array of ~4700
deletion mutants. Inviable double-mutant meiotic progeny identify functional
relationships between genes. SGA analysis of genes with roles in cytoskeletal
organization (BN/1, ARP2, ARC40, BIM1), DNA synthesis and repair (SGS7,
RAD27), or uncharacterized functions (BBC1, NBP2) generated a network of 291
interactions among 204 genes. Systematic application of this approach should

produce a global map of gene function.

For §. cerevisiae deletion mutations have
been constructed for all ~6200 known or
suspected genes, identifying ~1100 essential
yeast genes and resulting in 5100 viable hap-
loid gene-deletion mutants, with over 30% of
the genes remaining functionally unclassified
(). These findings highlight the capacity of
yeast cells to tolerate deletion of a substantial
number of individual genes, perhaps reflect-
ing the molecular mechanisms that evolved to
buffer the phenotypic consequences of genet-
ic variation (2, 3). Due to the high degree of
genetic redundancy in yeast, the functions of
thousands of yeast genes remain obscure.
Redundant functions can often be uncov-
ered by synthetic genetic interactions, usually
identified when a specific mutant is screened

for second-site mutations that either suppress
or enhance the original phenotype. In partic-
ular, two genes show a “synthetic lethal”
interaction if the combination of two muta-
tions, neither by itself lethal, causes cell death
(4, 5). Synthetic lethal relationships may oc-
cur for genes acting in a single biochemical
pathway or for genes within two distinct
pathways if one process functionally com-
pensates for or buffers the defects in the other
(2). Synthetic lethal screens have been used
to identify genes involved in cell polarity,
secretion, DNA repair, and numerous other
processes (6—9). Despite the utility of this
approach, just one or two different interac-
tions are typically identified in a single screen
(2). Saturation is rarely achieved presumably
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because some genes are refractory to forward
mutagenesis and because subsequent analysis
of synthetic lethal mutations and gene clon-
ing is limited by practical constraints.

To enable high-throughput synthetic le-
thal analysis, we assembled an ordered array
of ~4700 viable yeast gene-deletion mutants
(1) and developed a series of pinning proce-
dures in which mating and meiotic recombi-
nation are used to generate haploid double
mutants (Fig. 1). A query mutation is first
introduced into a haploid starting strain, of
mating type MATa, and then crossed to the
array of gene-deletion mutants of the oppo-
site mating type, MATa. Sporulation of re-
sultant diploid cells leads to the formation of
double-mutant meiotic progeny. The MATa
starting strain carries a reporter, MFAIpr-
HIS3, that is only expressed in MATa cells
and allows for germination of MATa meiotic
progeny (10), which ensures that carryover of
the diploid parental strain and/or conjugation
of meiotic progeny does not give rise to
false-negative interactions. Both the query
mutation and the gene-deletion mutations
were linked to dominant selectable markers
to allow for selection of double mutants. Fi-
nal pinning results in an ordered array of
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