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Abstract

Strand compositional asymmetry has been observed in prokaryotes and used in predicting prokaryotic DNA replication origins and
termini. However, it was not found in eukaryotic genomes by the same methods. We propose that transcription-associated strand asym-
metries mask the replication-associated ones. By analyzing the nucleotide composition of intergenic sequences larger than 50 kb by
cumulative skew diagrams (CSD), we found replication-associated strand asymmetry in vertebrate genomes. Furthermore, we found that
the most common replicon sizes in vertebrates are 50–100 kb, and show evidence that the replication origin and termination regions of
vertebrate genomes range from a discrete site to a broad zone.
� 2006 Elsevier Inc. All rights reserved.
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Preferences for G over C and for T over A in the leading
strand were observed in many bacterial, viral, and
organelle genomes [1–7]. This strand asymmetry has been
widely used to predict bacterial DNA replication origin
regions [8–10]. In Saccharomyces cerevisiae, some evidence
indicates that the lagging strand DNA replication errors
are preferentially repaired [11,12]. However, the few studies
of strand asymmetry in eukaryotic genomes have yielded
inconsistent results. Early studies described local
asymmetric substitution patterns in the b-globin region of
six primate genomes [13], but a later study based on
updated knowledge of the replication origin position
within the b-globin region did not show the existence of
strand asymmetric mutations [14].

Some methods, e.g., cumulative skew diagrams (CSD)
[4], DNA walks [15], and Z-curves [16,17], can show the
strand asymmetries of prokaryotic or archaeal genomes
without reference to the experimentally identified replica-
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tion origin positions. In fact, they can be used to predict
the positions of the replication origin and terminus [4,15–
17]. Unfortunately, such methods have not led to conclu-
sive results for eukaryote genomes. This has often been
attributed to the fact that a random choice from an excess
of potential replicons is made in each replication cycle
[5,18,19].

By analyzing the intergenic and transcribed sequences
flanking the limited number of experimentally identified
replication origins, replication-associated strand composi-
tional asymmetries were recently revealed in mammalian
genomes [20,21].

Our previous study [22] suggested that replication-asso-
ciated strand asymmetries in eukaryotes, if they exist, are
generally much weaker than the transcription-associated
asymmetries that have been well demonstrated in
eukaryotes [23–26]. Recent evidence indicates that
transcription-related mutational pressure, together with
DNA replication-associated strand asymmetric orientation
of genes, may be the main source of replication-associated
strand compositional asymmetry in bacterial genomes
[27]. We suspect that the replication-associated strand
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asymmetries may be partially masked by transcription-as-
sociated asymmetries. Here we reveal the replication-asso-
ciated strand asymmetries in eukaryotic genomes by
analyzing intergenic sequences (IGSs).

Materials and methods

To clearly reveal replication-associated strand asymmetries, it is better
to select large sequences that are expected to comprise at least one repli-
con. As eukaryotic replicons are generally believed to be 40–100 kb in
length [28], we analyzed IGSs larger than 50 kb by CSD. All the annotated
eukaryotic genomes were downloaded from the NCBI GenBank database
(ftp://ftp.ncbi.nih.gov). We found adequate number of large IGSs only
from vertebrate genomes: Danio rerio (NCBI build 1 version 1), Gallus

gallus (NCBI build 1 version 1), Mus musculus (NCBI build 32), Rattus

norvegicus (NCBI build 2), Canis familiaris (NCBI build 1 version 1), Pan

troglodytes (NCBI build 1 version 1), and Homo sapiens (NCBI build 34
version 3). In previous study, excluding repetitive elements did not change
the results [24]; there seem to be very few recently inserted repetitive ele-
ments that have not yet reached compositional equilibrium. To accurately
estimate replicon size, repetitive elements were not excluded from this
study.

Strand compositional asymmetries in IGSs were analyzed by CSD [4].
The skew values [(C � G)/(C + G) and (A � T)/(A + T)] of adjacent
100 bp windows (1 kb windows give similar results) along the DNA
sequence were consecutively added together and plotted. Both (C � G)/
(C + G) and (G � C)/(C + G) should reveal asymmetries, but the former
is expected to have the same sign as (A � T)/(A + T) [1,3,23,25,26], so for
convenience, we use (C � G)/(C + G) rather than the more conventional
(G � C)/(C + G). In CSDs [4], the origin and terminus of replication can
be sensitively detected as the loci corresponding to distinct global extrema
of a curve. The size of a replicon is twice the length between two loci that
correspond to adjacent distinct global extrema. Only when AT skew and
CG skew are positively correlated (P < 0.05), the CSD was used for fur-
ther analysis.

It should be noted that the first two authors of this paper manually
identified CSD shape and estimated the replicon size by eye. Whilst this
may have introduced some arbitrariness or error, we do not believe these
would be significant enough to weaken the general conclusions.
Results and discussion

Strand asymmetries in large eukaryotic intergenic sequences

Replication-associated strand asymmetry in bacterial
genomes is characterized by two distinct global extrema
in the V/inverted-V-shaped CSD [4]. As each eukaryotic
chromosome contains many replicons [28], if replication-
associated strand asymmetries exist, large IGSs and large
genes would have V- or multiple-connected-V-shaped
(abbreviated as V-shaped below) cumulative skew dia-
grams, each with one or several distinct global extrema.
For an imaginary sequence with no changes other than a
constant rate of replication-associated strand-specific sub-
stitutions, the diagram would consist of straight lines
except for switches at global extrema [4]. In 24975 large
IGSs parsed out from the seven genomes, there are a few
with CSDs that looked like schematic diagrams for replica-
tion-associated strand asymmetries (Fig. 1 and Supplemen-
tary figures 1 and 2).

More commonly, the asymmetry is disturbed by other
phenomena, like transcription (of coding or noncoding
RNA), chromosome rearrangements, recent horizontal
gene transfer or transposition [1,2,4,25,29,30]. The dia-
grams are expected to be smoother, rougher, or more dis-
ordered depending on the extent of the disturbances. In
the mammalian and bird IGSs analyzed (Table 1), about
two-thirds have disordered CSDs (Supplementary figure
3) and about one-third have V-shaped CSDs (Supplemen-
tary figures 1 and 2). A large proportion of fish IGSs have
V-shaped CSDs (Table 1). In all the vertebrates analyzed,
most of the V-shaped CSDs have only one distinct global
extremum (Supplementary figure 1); only a few IGSs have
multiple-connected-V-shaped CSDs (Supplementary figure
2), i.e., with two or more distinct global extrema (Table 1).

Much evidence suggests that transcription does occur
outside the boundaries of known genes ([31,32], and refer-
ences therein). Transcription of specific segments may par-
tially contribute to the disordered CSDs observed in more
than half of the sequences annotated as IGSs. The stronger
effects of gene or noncoding sequence transcription (com-
pared with DNA replication) may be the reason why tradi-
tional approaches failed to reveal replication-associated
strand asymmetries in eukaryotes [4,5,18,19].

The V-shaped CSDs in large vertebrate IGSs reinforce
the recent reports of replication-associated strand asymme-
tries in mammalian genomes [20,21]. However, the replicon
sizes, and the origins and termini of replication revealed in
our diagrams are different from those described previously
[20,21].

Replicon sizes in vertebrate genomes

Animal replicons were generally believed to be about
100 kb in length, with variations of >10-fold within a gen-
ome [28]. However, it has been suggested that the average
size of mammalian replicons may be up to 500 kb [33].
The most recent analyses based on strand compositional
asymmetries indicated that mammalian replicon sizes
may be about 1–2 Mb [20,21].

For bacterial genomes, cumulative AT skew diagrams
are not as canonical as cumulative GC skew diagrams [4].
Compared with cumulative CG skew diagrams, the cumu-
lative AT skew diagrams in vertebrate sequences are
smooth, featureless curves (Supplementary figures 1 and
2). So we estimated replicon sizes by the positions of dis-
tinct global extrema in the cumulative AT skew diagrams
of large IGSs. For example, in the CSD of the IGSs
between the chicken genes LOC427554 and LOC415802

(Fig. 1), the maximum value of cumulative skew is at
214.5 kb and the minimum value at 597.6 kb. So the size
of this replicon is estimated to be about 766 kb. Similarly,
the replicon near gene FLJ35863 and gene HKR1 in the
human genome is estimated to be about 90 kb (Fig. 1).

As shown in Fig. 2, our results support the classic view
of replicon sizes [28]. In zebrafish and all the mammalian
species we studied, the most common replicon sizes are
between 50 and 100 kb. Large replicons of more than
1 Mb make up only a small fraction of the total in each



Fig. 1. Cumulative AT skew diagrams of some large vertebrate intergenic sequences (IGSs). The X axis represents the sequence length in 100 bp units and
the Y axis represents the cumulative skews. The intergenic sequences are named by the genes flanking them. Species name abbreviations (in parentheses
after the gene name): Gg, Gallus gallus; Cf, Canis familiaris; Rn, Rattus norvegicus; Mm, Mus musculus; Pt, Pan troglodytes; Hs, Homo sapiens.

Table 1
Percentage of large vertebrate intergenic sequences (IGSs) with different types of cumulative AT skew diagrams (CSDs)

Species Number of IGSs studieda Disordered CSDs V-shaped CSDs with one
distinct global extremum

V-shaped CSDs having two or
more distinct global extrema

Danio rerio 1870 0.411 0.504 0.085
Gallus gallus 1695 0.763 0.224 0.014
Canis familiaris 3588 0.758 0.222 0.021
Mus musculus 4466 0.620 0.344 0.036
Rattus norvegicus 5336 0.689 0.272 0.039
Pan troglodytes 3672 0.756 0.227 0.018
Homo sapiens 4348 0.652 0.326 0.023

a We only counted the IGSs with positively correlated AT skew and CG skew (P < 0.05).
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Fig. 2. The replicon size distribution of vertebrate genomes. The X axis shows replicon size in 1 kb units while the Y axis represents the number of
replicons observed.
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mammalian species. The replicon sizes estimated for chick-
en are slightly different from those of other species (Fig. 2).
However, as only a limited number of replicons were ana-
lyzed, it is not possible to conclude whether DNA replica-
tion in birds differs slightly from that of other vertebrates.

It should be noted that the IGSs with disordered CSDs
(Supplementary figure 3) may be combination of replicons
with different sizes. But for a validating estimation of rep-
licon sizes, we can only consider the clear pattern, i.e., one
IGS with one replicon size, which gives canonical CSD.

Replication origin and terminus: random or fixed

In the Z-curves of some archaea, there are two peaks:
one sharp and one broad. Taking this and other evidence
into account, Zhang and Zhang [16] suggested that the
sharp peak corresponds to the replication origin, and there-
fore the broad peak corresponds to the replication termi-
nus. Similar jagged changes in strand compositional
asymmetries were observed near some termini of mamma-
lian DNA replication [20]. The hypothesis of random ter-
mination of DNA replication was proposed [20]. The
replication of the Escherichia coli genome terminates at
specific terminator sequences [34]. Consistent with such a
hypothesis, there is a sharp peak in the CSD corresponding
to the replication terminus (see the figure of reference [4]).
Conversely, if vertebrate DNA replication can initiate at
broad zones of potential sites rather than at a single dis-
crete site, the corresponding peaks in CSDs are expected
to be broad and jagged.

Following the rationale of G over C and for T over A in
the leading strand in bacterial genomes [1–7], we can distin-
guish leading strand segment and lagging strand segment in
each IGS by CSD. Together with the 5 0 to 3 0 direction of
DNA replication, we predict replication origin corresponds
to the global maximum while the terminus corresponds to
the global minimum of the cumulative skew.

It is very easy to find broad peaks and sharp peaks in
both replication origins and termini (Fig. 1 and Supple-
mentary figures 1 and 2). But the IGS length would affect
the visual appearance of the peaks. A large IGS may have
sharp peaks because we have to compact its CSD into the
same size with other IGS. Similarly, a short IGS may
have broad peaks because its CSD was expanded.
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Examples are the chicken IGS between LOC481286 and
LOC481287 and the chimpanzee IGS between
LOC454584 and LOC468217 (Fig. 1). Still, we can easily
find sharp peaks in short IGSs (e.g., those less than
100 kb) and broad peaks in large IGSs (e.g., those more
than 1000 kb), indicating that both replication origin
and termini of vertebrate genomes vary in a spectrum
ranging from a discrete site to a broad zone. These results
are consistent with data on the few experimentally identi-
fied mammalian replication origins, which cover a spec-
trum ranging from tightly circumscribed to extremely
broad initiation zones [35].
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.
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