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Genome-wide DNA replication profile for Drosophila
melanogaster: a link between transcription and
replication timing
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Replication of the genome before mitotic cell division is a
highly regulated process that ensures the fidelity of DNA duplication. DNA replication initiates at specific locations, termed
origins of replication, and progresses in a defined temporal
order during the S phase of the cell cycle. The relationship
between replication timing and gene expression has been the
subject of some speculation1. A recent genome-wide analysis in
Saccharomyces cerevisiae showed no association between
replication timing and gene expression2. In higher eukaryotes,
the limited number of genomic loci analyzed has not permitted
a firm conclusion regarding this association. To explore the relationship between DNA replication and gene expression in
higher eukaryotes, we developed a strategy to measure the
timing of DNA replication for thousands of genes in a single
DNA array hybridization experiment. Using this approach, we
generated a genome-wide map of replication timing for
Drosophila melanogaster. Moreover, by surveying over 40% of
all D. melanogaster genes, we found a strong correlation
between DNA replication early in S phase and transcriptional
activity. As this correlation does not exist in S. cerevisiae, this
interplay between DNA replication and transcription may be a
unique characteristic of higher eukaryotes.

To investigate the relationship between gene expression and timing of DNA replication in higher eukaryotes, we developed a
microarray-based method of constructing a genome-wide replication timing map. For this analysis, we used the D. melanogaster
Kc cell line, which has been used in several microscopic studies of
replication timing3,4. To label and isolate newly replicated
genomic DNA, we adapted an established protocol to isolate cells
in a defined part of S phase5. We labeled a non-synchronized
exponentially growing cell culture with the nucleotide analogue
bromodeoxyuridine triphosphate (BrdU), then sorted labeled
cells on the basis of total DNA content by fluorescence-activated
cell sorting (FACS). DNA from each sorted fraction was

immunoprecipitated with an antibody specific for BrdU to
enrich for those genomic sequences that were replicated during
the labeling period (Fig. 1a,b). The immunoprecipitated DNA
from fractions of the first third (‘early’) and last third (‘late’) of S
phase was amplified by PCR and each fraction was labeled with a
specific fluorescent dye. We hybridized both products simultaneously to a microarray containing 6,500 sequences, 5,543 of which
represented previously described expressed sequences from
D. melanogaster6. A stronger fluorescence signal for one of the
two dyes indicated enrichment of a sequence in one of the fractions (Fig. 1c). To ensure reproducibility, we carried out three
independent experiments, each using a different passage of cells.
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Fig. 1 Experimental strategy to measure the timing of DNA replication using
spotted microarrays. a, Cell-cycle profile of D. melanogaster cells after pulselabeling with BrdU and staining of DNA with propidium iodide. Cells between
the G1 and G2 peaks are in S phase. Two fractions, reflecting the early (e) and
late (l) stages of S phase, were sorted by FACS. b, After purification from the
sorted cells, we enriched DNA containing BrdU by immunoprecipitation with
an antibody specific for BrdU, and then carried out PCR amplification and fluorescent labeling. c, Early and late fractions were hybridized simultaneously to a
spotted microarray. A section of one of the array hybridizations is shown.
Enrichment of a sequence in early or late fractions is indicated by green or red
fluorescence, respectively.
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Fig. 2 Replication timing of genes in the part of chromosome 2L proximal to the telomere. a, Raw and processed
data for 386 probes, which span over 8 Mb in this particular region. Shown is the average ratio from six experiments for each individual spot, and the resulting
replication profile after local polynomial smoothing
(loess). Genomic distances greater than 100 kb between
neighboring spots are indicated with bars above the x
axis. y axis, ratio of array signals (log2 (early/late)); x axis,
chromosomal position (bp). b, Replication timing of specific genes as measured by PCR. We amplified sequences
from control genomic DNA (c) and the early (e) or late (l)
fractions before hybridization. The products from five
sequences in the region displayed in Fig. 2a are shown.
In each case, PCR confirmed the array observations for a
particular sequence. Genes CG3436 and CG9315 showed
early replication and were enriched in the early fraction;
CG2955 and CG6730 showed late replication and were
enriched in the late fraction; and CG3157 showed an
intermediate replication and was almost equally abundant in the early and late fractions. The gene names correspond to their entries in FlyBase. M is a size marker.
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Fig. 3 Replication profile for the sequenced
D. melanogaster genome. a, Profile of the
processed data for the euchromatic arms of the
D. melanogaster chromosomes. Bars above the
x axis indicate distances greater than 100 kb
between neighboring spots. b, Mitotic chromosomes of D. melanogaster. The sequenced
euchromatin is shown in white and the heterochromatin in gray. c, Replication timing ratio
for dispersed transposable elements, which
showed significantly later replication timing
(P < 10–6; 11 randomly chosen sequences of
the unique 5,221 euchromatin spots had a
higher average replication timing ratio than
the 11 transposable elements shown here in
all 1,000,000 samples). Of the transposable
elements shown, Bari-1 and R1DM are localized exclusively to heterochromatin. They
replicated later than 98% of the euchromatin
sequences on the array, indicating late replication of heterochromatin. The other transposable elements listed are present in
euchromatin and heterochromatin, and thus
their replication timing represents the average of euchromatin and heterochromatin
integration sites. Euchromatin, average of single-copy genes; dispersed, average of dispersed elements shown.
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Fig. 4 Relationship between transcription and timing of DNA replication. To
determine whether timing of DNA replication and expression status of a gene
were correlated, we analyzed the expression status of all genes present on the
array by cDNA hybridization. Genes were scored as either expressed or not
expressed. Of 5,077 sequences, 3,466 were expressed and 1,611 were not
expressed. Genes with a unique genomic position were ranked for plotting
purposes according to their replication timing as measured in the array experiments and divided into groups of fifty (based on similar replication timing).
Subsequently, the percentage of expressed genes (that is, the probability of
expression) was calculated for each of these groups. The percentage of
expressed genes (y axis) is plotted versus the replication timing (x axis), with
each column representing one group. This representation shows that the percentage of expressed genes was higher for genes that are replicated early than
for genes that are replicated late. The relationship between the probability of
expression and replication timing was further analyzed using logistic regression, which is a statistical method used if there are only two potential outcomes for one of the two variables (in this case, a gene is either expressed or
not expressed). The resulting logistic regression curve (thick line) and 95% confidence intervals (outer lines) showed a strong correlation between early replication and transcriptional activity as well as between late replication and lack
of transcription (slope of 1.28 with a t statistic of 14.1 and a P value of10–44).

dated this visual observation using an autocorrelation analysis
to test whether the timing ratios of neighboring sequences were
related. For all chromosomal arms, we observed a correlation
over an average distance of at least five and up to eight neighboring sequences (see Web Figure A online). Thus we concluded that, on average, neighboring sequences were replicated
at similar times during S phase. We used local polynomial
smoothing (‘loess’)7 to create a complete profile from the raw
data set. This mathematical model reduces underlying noise
and outliers that may result from cross-hybridization to
sequences spotted on the array or from inaccuracies in the
genome annotation. Comparable data processing was used in
the recent analysis of the timing of genome replication in
yeast2. This procedure resulted in a fitted curve by removing
noise in regions with high probe density (Fig. 2a). Similar processing was used for the remainder of the sequenced D.
melanogaster genome to generate a genome-wide profile (Fig.
3a). It should be noted, however, that the precision of the map
is influenced by the genomic density of spotted sequences, and
the use of DNA arrays with higher probe density may generate a
more detailed map of replication timing for those chromosomal regions with low probe coverage.
The sequenced portion of the D. melanogaster genome represents the cytogenetically defined euchromatin, where the vast
majority of genes reside. Euchromatin can be distinguished
from heterochromatin, which comprises primarily pericentromeric regions and the Y chromosome (Fig. 3b). Although
studies in various systems have suggested that euchromatin
located proximal to heterochromatin replicates late in S phase8,
our analysis of the complete D. melanogaster euchromatin
showed no such trend for sequences proximal to either telomere
or centromere (Fig. 3a).
Previous microscopic studies of DNA replication in
D. melanogaster Kc cells have established that D. melanogaster heterochromatin replicates later than euchromatin3,4,9. The lack of
sequence information and high repetitiveness make heterochromatic sequences refractory to DNA array analysis. The array used
in our study contains a number of interspersed transposable DNA
elements, however, some of which are localized exclusively to heterochromatic regions. Most interspersed elements showed a negative ratio for their replication timing, and their average replication
timing was significantly later than that of the unique euchromatic
sequences (Fig. 3c). More importantly, the two classes of transposons (Bari-1 and R1DM) that reside exclusively in heterochromatin in D. melanogaster10,11 replicated later than 98% of the
euchromatin. These results support previous observations that
pericentromeric heterochromatin replicates late in S phase, and
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are compatible with the idea that the establishment and maintenance of a repressive chromatin structure may be linked to late
replication in S phase. Notably, the region of chromosome 2L
proximal to the centromere did not replicate late in S phase, even
though it contains genes, such as light (lt) and concertina (cta),
that require proximity to heterochromatin for proper regulation12
and therefore have been defined as heterochromatic genes. These
genes, however, reside in β-heterochromatin, which, unlike the
centromeric α-heterochromatin, does not possess highly repetitive DNA and has a euchromatin-like gene density13. Thus, the
various forms of D. melanogaster heterochromatin differ in several respects, including replication timing. Regions of late replication were also interspersed throughout the cytogenetically
defined euchromatin (Fig. 3a), and further studies will be
required to determine whether such sequences reside in a
repressed and/or potentially heterochromatic structure.
It has been widely speculated that replication early in S phase
allows the packaging of newly synthesized DNA into an ‘open’
chromatin structure and thereby mediates transcriptional activity. This hypothesis predicts a correlation between expression
and replication timing. Such a correlation has been observed for
a few genes in higher eukaryotes14,15 but excluded for others16,17.
To analyze the relationship of replication timing and gene activity on a genomic scale, we determined the transcriptional activity
of all genes present on the array in the same cell line and compared
expression status with replication timing for each individual gene.
We obtained replication timing and expression data for 5,077
genes on the array. Of these, 3,466 were expressed and 1,611 were
not expressed. A comparison of expression and replication timing
for this set, representing over 40% of all D. melanogaster genes,
showed a correlation between expression and the time of DNA
replication (Fig. 4). The percentage of replicated genes that were
expressed gradually decreased from early to late S phase. Consequently, early replication in S phase coincided with a higher likelihood of gene activity on a genome-wide level, suggesting a
concerted regulation of transcription and the timing of DNA
replication for a large subset of genes in D. melanogaster. This
result contrasts with a recent study in budding yeast in which no
correlation between transcription and timing of DNA replication was observed2.
Taken together, these results suggest that the interplay
between transcription and DNA replication might be a unique
feature of higher eukaryotes. Such co-regulation may, for
example, reflect a more complex nuclear compartmentalization8,18 or a regulation of replication initiation use19 associated
with tissue-specific gene regulation. If so, further studies using
genome-wide profiling of DNA replication in differentiated
nature genetics • volume 32 • november 2002
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Genomic coordinates of array probes. We compared the sequences of all

cells may provide important insights into the concerted reguexpressed sequence tags present on the microarray against the D. melanogaster
lation of gene expression and replication timing.
genome (BDGP Release 2) using MEGABLAST (National Center for Biotech-
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Tissue culture and BrdU labeling. We cultured D. melanogaster Kc cells as
described20. For labeling of newly synthesized DNA, we added BrdU (Sigma) to a logarithmically growing culture at a final concentration of 50 µM.
After 60 min of incorporation time, cells were washed two times in cold
PBS, resuspended in 2.5 ml PBS, fixed by slowly adding 7.5 ml of cold
ethanol and stored at –20 °C.
FACS sorting and DNA immunoprecipitation. We prepared cells and carried out FACS as described15 with the following minor modifications. We
used propidium iodide to stain cellular DNA and sorted cells into S-phase
fractions on the basis of DNA content (Fig. 1). We sorted using two gates
representing roughly the first and last thirds of S phase. We collected
40,000 cells from each fraction directly into lysis buffer without salmon
sperm DNA. DNA was purified as described15, sonicated, denatured and
immunoprecipitated with a monoclonal antibody specific for BrdU (Becton Dickinson).
PCR amplification and fluorescent labeling of BrdU enriched DNA. We
amplified the denatured and immunoprecipitated DNA as described21 with
minor modifications. Briefly, we first created templates for PCR by randomly annealing and extending a 3′ degenerate primer using T7 polymerase. We
then used primer B, representing the T7-extended, non-degenerate portion
of primer A, to amplify the templates. Primer B was labeled with either Cy3
or Cy5 at the 5′ end (Qiagen Operon). Size distribution and fluorescence of
the PCR product was confirmed by agarose gel electrophoresis followed by a
fluorescence analysis for Cy3 and Cy5 using a fluorescence scanner (Molecular Dynamics). We carried out four PCR reactions for each of the cell fractions (early and late), which were processed as described20 and pooled
before the hybridization. We did array hybridization and washing as
described20. We carried out three independent experiments of BrdU incorporation and subsequent array hybridizations. In addition, to account for
the potential influence of the fluorescent dyes on the hybridization results,
we amplified and hybridized immunoprecipitated DNA from each experiment twice; the only difference between hybridizations was the switching of
the fluorescent dye labels.

nology Information). For 5,475 expressed sequence tags, we found a single significant match. We approximated the chromosomal positions by using the
coordinate halfway between the most 5′ and 3′ matching genomic nucleotides.
Data processing. We used the local polynomial smoother loess7,25 to generate a smoothed replication profile. Local polynomial smoothing is a generalization of local averaging methods (kernel), but has a higher order of
accuracy. The bandwidth was estimated separately for each chromosome
using ‘leave-one-out’ cross-validation: that is, the smoothed replication
profile was generated using all spots except one. This was done separately
for each spot using various bandwidths, and we used the bandwidth that
created the smallest mean squared prediction error for all spots.
URL. The complete data set can be accessed at http://parma.fhcrc.
org/DSchubeler.

Note: Supplementary information is available on the Nature
Genetics website.
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Control PCR. We designed primers to amplify products of 80–120 bp to
control for abundance in the early or late fraction by PCR. We carried out
PCR using roughly 10 ng of DNA, standard PCR conditions and 27 cycles
of amplification. PCR products were separated by agarose gel electrophoresis and visualized by ethidium bromide staining of the gel. Primer
sequences are available upon request.
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Array analysis. We analyzed fluorescence scans of the arrays using the
Genepix software package (Axon Instruments) with improved background
correction for the replication timing arrays22. The ratio of the two fluorescent dyes from each hybridization was log2 transformed and normalized
using intensity dependent normalization23 using loess7 to correct for nonlinearities. We used the average value of the six hybridizations for further
analysis of the replication timing data set. The median s.d. for this set of
sequences was 13.7%.
Expression profiling. After isolating total RNA from a logarithmically
growing culture of cells using Trizol following the manufacturer’s (Gibco)
recommendation, we used 30 µg RNA for cDNA synthesis and labeling as
described24. The labeled cDNA was hybridized to the array and processed
similarly to the genomic hybridizations. A gene was scored as positive for
expression if the fluorescent intensity of the spot was greater than 2.5 times
the average background in both channels in at least two of three independent experiments.
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Microarray preparation. Owing to the lack of genomic microarrays for
D. melanogaster, we used an array assembled by the Northwest Flychip
consortium instead. This array represents a previously described set of
sequences20, but contains an additional collection of 5,543 expressed
sequence tags from D. melanogaster6.
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