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Vertebrate genomes are characterized with CpG deficiency, particularly for GC-
poor regions. The GC content-related CpG deficiency is probably caused by
context-dependent deamination of methylated CpG sites. This hypothesis was
examined in this study by comparing nucleotide frequencies at CpG flanking po-
sitions among invertebrate and vertebrate genomes. The finding is a transition of
nucleotide preference of 5′ T to 5′ A at the invertebrate-vertebrate boundary, indi-
cating that a large number of CpG sites with 5′ Ts were depleted because of global
DNA methylation developed in vertebrates. At genome level, we investigated CpG
observed/expected (obs/exp) values in 500 bp fragments, and found that higher
CpG obs/exp value is shown in GC-poor regions of invertebrate genomes (except
sea urchin) but in GC-rich sequences of vertebrate genomes. We next compared
GC content at CpG flanking positions with genomic average, showing that the
GC content is lower than the average in invertebrate genomes, but higher than
that in vertebrate genomes. These results indicate that although 5′ T and 5′ A
are different in inducing deamination of methylated CpG sites, GC content is even
more important in affecting the deamination rate. In all the tests, the results of sea
urchin are similar to vertebrates perhaps due to its fractional DNA methylation.
CpG deficiency is therefore suggested to be mainly a result of high mutation rates
of methylated CpG sites in GC-poor regions.
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Introduction

CpG deficiency has been widely observed in verte-
brate genomes (1–3 ) and is believed to be caused
by DNA methylation (4 , 5 ). The degree of CpG
deficiency is not uniform across a mammalian genome
according to reports showing more significant CpG
deficiency in GC-poor regions (6–9 ). Understanding
this effect will help to reveal the fundamental reason
for CpG mutation and DNA methylation. In a pre-
vious report, DNA methylation has been attempted
to interpret CpG deficiency in TA-rich regions (9 ).
However, the combined effect of DNA methylation
and TA richness on deamination of methylated CpGs
is still hypothetical up to now, due to lack of evidence.
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The connection between TA richness and methy-
lated CpG mutations can be elucidated by compar-
ative analyses between invertebrate and vertebrate
genomes, in which DNA methylation level is clearly
different. The pattern of DNA methylation in in-
vertebrates is absent or fractional. In yeast and
Caenorhabditis elegans, DNA methylation has not
been detected. Both fruitfly and honeybee were found
to have slight DNA methylation, and the difference
between the two species is the major recognition
site, CpT for fruitfly and CpG for honeybee (10–
12 ). Fractional DNA methylation (20% at genome
level) emerges in sea urchins and sea squirts (13 ).
The DNA methylation in honeybees, sea urchins and
sea squirts is similar to that in vertebrates in terms
of recognition site and DNA methyltransferases in-
volved, whereas it is restricted in transcribed regions
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(12 , 14 ). Global methylation is observed only in
vertebrates, and both genic and non-genic regions
may be methylated. Among vertebrates, deamination
rate of the methylated CpG sites is different because
of positive correlation between the deamination rate
and body temperature (15 ). Warm-blooded animals
therefore show a higher CpG mutational rate than
cold-blooded ones.

Because of the different methylation levels and
corresponding CpG mutational rates between inverte-
brates and vertebrates, the hypothetical relationship
between DNA methylation and the context depen-
dence of CpG deficiency could be examined by com-
paring flanking nucleotide frequencies and local GC
content of CpG sites among the organisms. If one ob-
served a consistency for the nucleotide frequency and
GC content between invertebrates and vertebrates,
the context dependence might be a reflect of a compo-
sitional bias in all eukaryotic genomes; if an opposite
tendency for the results was obviously exhibited, the
CpG mutations caused by DNA methylation could be
confirmed to be context-dependent. In this study, we
selected four invertebrates and four vertebrates for
the comparative genomics analyses. Caenorhabditis
elegans, Drosophila melanogaster (fruitfly), Apis mel-
lifera (bee), and Strongylocentrotus purpuratus (sea
urchin) represent the invertebrates showing no DNA
methylation, slight non-CpG methylation, slight CpG
methylation, and fractional CpG methylation, respec-
tively; Cold-blooded and warm-blooded vertebrates
Fugu rubripes (pufferfish), Danio rerio (zebrafish),
Gallus gallus (chicken), and Homo sapiens (human)
were used because of different mutational rates at the
methylated CpG sites.

Because DNA methylation pattern on repetitive
elements is different between invertebrates and verte-
brates, we used repeat-masked sequences for the anal-
yses. In bee and sea urchin, reports demonstrate that
repetitive elements are not the targets for methyla-
tion (12 , 16 ), whereas they are hypermethylated in
vertebrates (17 , 18 ). This will create discrepancy in
CpG frequency within the repetitive elements, and
masking the elements may avoid making misleading
results. Our results showed high 5′ T and 3′ A fre-
quencies at CpG flanking positions in invertebrates
(except sea urchin) and high 5′ A and 3′ T frequen-
cies in vertebrates. We then performed genome-wide
analyses to obtain observed/expected (obs/exp) val-
ues of CpG sites in regions specified with GC con-
tent. Our results indicate that the association be-
tween CpG deficiency and GC content is ascribed to

context-dependent mutation of methylated CpG sites.
Moreover, we reported CpG compositional biases in
invertebrates.

Results

Nucleotide preference at CpG flanking

positions

At CpG flanking positions, the separated four lines
in Figure 1 show differences in frequency between
A and T at identical positions, and also between G
and C albeit not marginal in some species. The most
marginal difference was generally observed at the po-
sitions ±1 and ±2. As the position is far from CpG,
the difference becomes less remarkable. A consistent
nucleotide preference for 5′ A and 3′ T was observed
in at least ±1 and ±2 positions of all the vertebrates.
The figures for the invertebrates show that T is more
frequent than A at −1 and −2 positions, but less fre-
quent at +1 and +2 positions. The figure for the sea
urchin is an exception as it shows almost no difference
in frequency between T and A, as well as between G
and C. Therefore, the result of sea urchin is a tran-
sition of flanking nucleotide preference between in-
vertebrates and vertebrates, and the transition cor-
relates exactly with the emerging capacity of main-
taining global CpG methylation in eukaryotes. All
these findings suggest that methylated CpG sites with
stretches of 5′ Ts and 3′ As mutate more easily in sea
urchin and vertebrates.

Regarding G and C frequencies at the CpG
flanking positions, we could not observe a consistent
preference for G or C. For instance, G was favored at
−1 and −2 positions over C in zebrafish, but a reverse
preference was found at the same positions in human
(Figure 1). The same is for the results of C. elegans
and fruitfly.

Low GC content sequences show high

CpG obs/exp ratios in invertebrates

The analyses were performed on sequences with bins
of 500 bp, which had been classified into three groups
according to GC content. High CpG obs/exp ratios
were mostly shown in low GC group of the inverte-
brates, but in high GC group of the vertebrates (Fig-
ure 2). The high and low GC groups are referred to
that containing sequences with GC content >50% and
20%–35% respectively. For fruitfly and bee, the peak
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Fig. 1 Nucleotide frequency at CpG flanking positions. Nucleotide frequencies at CpG flanking positions were obtained

from repeat-masked genomic sequences. Six 5′ flanking positions are labeled as −1 to −6; six 3′ flanking positions are

labeled as 1 to 6.

of the percentage curve of high GC group is left-
shifted compared with that of low GC group. Because
of shortage of low GC content sequences, the curve of
high GC group in C. elegans is not smooth, but the
same conclusion as in fruitfly and bee can be drawn
in the following figures for cumulative percentage (see
below). The percentage curves in the four vertebrates
are similar and characterized with left-shifted curves
of low GC group compared with those in the inverte-
brates (except sea urchin). The difference is that the
percentages of the low GC content sequences within
low CpG obs/exp ratio ranges are relatively higher in

chicken and human than in the fish species (Figure
2). More than 30% of low GC content sequences were
found in extremely low CpG obs/exp ratios 0–0.1, in-
dicating that GC-poor regions possess very few CpG
sites in chicken and human genomes. Interestingly,
the figure for sea urchin serves as a transitional pat-
tern between the invertebrates and vertebrates, and is
slightly similar to those for the vertebrates. Its three
lines are nearly parallel and increase steadily, suggest-
ing a high diversity of CpG obs/exp values in all the
GC groups.
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Fig. 2 Percentage of genomic fragments in different CpG obs/exp (o/e) ranges. CpG obs/exp values of all the

genomic fragments in 500 bp unit were calculated. The fragments have been classified into three groups according to

GC content. The axis x represents CpG obs/exp ranges in which the proportion of the fragments was shown. The

three lines represent the proportions of the genomic segments for three GC groups: G+C=20%–35% (solid black line),

35%–50% (dashed line) and >50% (gray solid line).

We used Kruskal-Wallis test to evaluate the sig-
nificance of the separation of the lines for different GC
groups. Results show that the lines are significantly
separated in the fish (P=0.0007 for pufferfish;
P=0.015 for zebrafish) when the statistical analysis
was performed using top 10 obs/exp values ranked on
the basis of the proportion. We did not obtain the
significant result for other species.

Cumulative percentage was obtained on the basis
of the above mentioned percentages of CpG obs/exp
ratios in individual GC content groups. The percent-
ages for the ratios from range 0–0.05 were added up,

until the cumulate of the percentages is approach-
ing 100%. The fastest cumulative speed implicates in
which range we could observe the highest percentage
of CpG obs/exp ratio in a given GC group. We ob-
served that the percentage of CpG obs/exp ratios was
cumulated faster in low GC group than in high GC
group for the invertebrates (except sea urchin), and
the trend is converse in the vertebrates and sea urchin
(see the steeping degree for the cumulative speed in
Figure 3). For C. elegans, fruitfly and bee, the line for
high GC content is left-shifted relative to the two for
medium and low GC group, whereas it is right-shifted
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Fig. 3 Cumulative percent of genomic fragments in CpG obs/exp (o/e) ranges. All of the genomic fragments of 500 bp

from 8 organisms were classified according to their GC level (G+C=20%–35%, 35%–50% and >50%) and CpG obs/exp

values were then measured. In each GC level group, the percentage of the fragments belonging to individual CpG

obs/exp ranges (interval is 0.05) was measured as shown in Figure 2, and then cumulative percentage was calculated

for each of the CpG obs/exp ranges. The numbers on axis x represent the starting value of the CpG obs/exp ranges;

the axis y denotes cumulative percentage of the genomic fragments.

in vertebrates as well as in sea urchin. From inverte-
brates to vertebrates, a conversion of CpG distribu-
tion in fragments with different GC contents is there-
fore exhibited.

The distance between the peaks of the three curves
in Figure 2 suggests in what a degree that CpG
obs/exp value differs in three GC groups. Because of
the bell shape in most of the curves, we used the val-
ues at 50% of cumulative percentage to represent the
peaks, and then the horizontal distance of the three

curves at 50% allows us to estimate the difference of
CpG frequency among the groups. The CpG obs/exp
ratios for 50% cumulative percentage are shown in Ta-
ble 1. The difference between >50% group and 20%–
35% group is narrow in C. elegans, bee and fruitfly,
and then turns out to be wide in sea urchin and the
fish species. At last, it becomes narrow again in the
warm-blooded species, accounting for the further left
shifting of the curve for high GC group.
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Table 1 CpG obs/exp ratios corresponding to 50% cumulative percentage of genomic fragments*

Species CpG obs/exp ratios for 50% cumulative percentage

G+C=20%–35% G+C=35%–50% G+C>50%

C. elegans 0.92 0.92 0.81

Fruitfly 0.91 0.85 0.82

Bee 0.92 0.70 0.68

Sea urchin 0.52 0.60 0.70

Pufferfish 0.31 0.44 0.62

Zebrafish 0.33 0.43 0.67

Chicken 0.17 0.19 0.24

Human 0.09 0.18 0.22

*The G+C levels were used to classify genomic fragments. The obs/exp ratios denote CpG obs/exp values that

correspond to the 50% cumulative percentage in Figure 2. More details are described in Figure 3.

Fig. 4 G+C percent difference between real and Markov artificial sequences. The positions of −6 to +6 are the 12

flanking positions of CpG sites. The GC contents in percent were measured in real and Markov artificial sequences,

and the GC content differences (GCreal−GCartificial) were as shown of individual positions. The artificial sequences

were Markov first-order sequences created using repeat-masked real genomic sequences.
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GC content difference at CpG flanking

positions

To confirm the conclusion from the above tests, we
analyzed GC content at CpG flanking positions. The
GC content was expected to be lower than genomic
average in the invertebrates and higher than genomic
average in the vertebrates and sea urchin. We used
Markov sequences in the first order to generate ar-
tificial sequences and thus the original GC content
at CpG flanking positions would be blurred to be ge-
nomic average. Twelve CpG flanking sites were inves-
tigated and the GC content difference between real
and artificial sequences was measured to evaluate the
GC enrichment at the local regions. The result is
that the expectation for invertebrates was observed
in C. elegans and bee sequences, and that for ver-
tebrates was exhibited in all except chicken (Figure
4). Even though most of the fruitfly positions show
GC enrichment, the two closing flanking positions of
CpG sites display TA enrichment. For chicken, we
found TA enrichment at ±2 positions, and GC content
difference between real and artificial sequences is not
significant at half of the positions. It should be noted
that the GC enrichment at −1 position is outstanding
in chicken but is less significant in sea urchin. The
inconsistency of the GC content differences among
the species is understandable because our artificial
sequences are the first-order Markov sequences and
the GC contents at these positions more or less reflect
the effect of neighboring nucleotide dependence at the
CpG sites in real sequences.

Proportion of CpG islands in genomic

fragments with a high GC content

CpG islands are CpG-rich regions retained after the
impact of DNA methylation. The significance of CpG
islands in genes and genomes has been extensively
studied. Most of the studies focus on mouse and hu-
man genes and, in contrast, there are few reports on
those in invertebrates and fish (19 ). We therefore ad-
dressed the frequency of CpG islands in these species.

The methods in this study allow for estimate of
the proportion of CpG islands. The genomic frag-
ments of 500 bp in >50% GC group with obs/exp
values >0.6 may be regarded as CpG islands. Table 2
shows the percentage of the CpG islands in the frag-
ments. Chicken has double the amount of CpG islands
than human. However, because the association rate
of these CpG islands on chicken promoters of genes

Table 2 Estimate of CpG islands in genomic

fragments of high GC contents and

high CpG obs/exp values*

Organism CpG island

C. elegans 73%

Fruitfly 92%

Bee 83%

Sea urchin 62%

Pufferfish 56%

Zebrafish 61%

Chicken 15%

Human 7%

*The fragments in size of 500 bp and GC content >50%

were selected by sliding bins across the genomes, and the

percentage of CpG islands in criteria of length >500 bp,

GC content >50% and CpG obs/exp values >0.6 could

be estimated. The percentages may also be inferred from

Figure 2.

(48%) is not higher than the rate in human (20 , 21 ),
a large number of the chicken CpG islands under the
criteria are not associated with promoters. Our re-
sults are therefore useful in adjusting the criteria to
select the biologically functional CpG islands for a
given species. The proportions in the other species are
more than 50% (Table 2), implying that a majority of
them are not functional as the CpG islands in mam-
mals. A report has shown that the specific feature
of CpG islands in fish and invertebrates is low GC
content (22 ). This suggests a functional difference
between the CpG islands in mammals, fish and inver-
tebrates.

Discussion

Context-dependent mutation of methy-

lation CpG sites

In this study, we found that the regions with a high
CpG obs/exp ratio were GC-poor in invertebrates and
GC-rich in vertebrates. This supports our hypothe-
sis that deamination process of methylated CpG sites
in vertebrates is related to genomic TA richness. We
also found that 5′ T is not more robust than 5′ A
in affecting the CpG mutations. In previous stud-
ies, CpG mutation rates have been found to be posi-
tively related to TA richness, and variant hypotheses
have been proposed to explain the correlation (6–9 ).
This study provides solid evidence for the role of DNA

150 Geno. Prot. Bioinfo. Vol. 6 No. 3–4 2008



Wang and Leung

methylation in the relationship. DNA methylation
seems to have a certain connection with genomic TA
richness in the process of de novo methylation or sub-
sequent CpG mutations. The specification of de novo
methylation on GC-poor regions could be ruled out
because GC-rich and GC-poor regions are uniformly
methylated in human cells (6 , 23 , 24 ). Hence, the
possibility is that methylated CpG sites in TA-rich
regions mutate more easily.

The establishment of global DNA methylation in
the fish species gives rise to rapid loss of CpG sites
in GC-poor regions, explaining the left shifting of the
lines for the low GC group and the significant sepa-
ration of the three lines for different GC groups. In
chicken and human, the left shifting is more obvious
for all the lines and the separation of the lines be-
comes not significant again (Figure 3), as a result
of higher mutational rate associated to higher body
temperature (15 , 25 ). Intriguingly, the results for sea
urchin, including the left-shift line of low-GC group
and elevated GC content at CpG flanking positions,
are similar to those for the vertebrates, confirming
that the coincidence of CpG deficiency and low GC
content is firstly observed in sea urchin, a species in
which fractional methylation has been established.

To provide more evidence, we had measured nu-
cleotide frequencies at TpG flanking sites. The same
nucleotide preference as observed at CpG flanking
positions was, however, not displayed. This is not
surprising because CpG deficiency and TpG excess
are not correlated at genome level (26 ). On the ba-
sis of these results, we propose that mutational rate
of methylated CpG dinucleotide is accelerated by the
flanking 5′ T and 3′ A nucleotides.

An open question is what makes the over-
represented CpG sites in GC-poor regions. The pos-
sible interpretation is massive insertions of CpG sites
with 5′ Ts and 3′ As in GC-poor regions. Genomic
counting of TTCGAA and AACGTT patterns shows
that the former is two-fold more than the latter in C.
elegans and fruitfly (result not shown). Another ex-
ample is the extreme CpG richness in GC-poor regions
of the bee genome (27 ). We propose that CpGs were
inserted into the genome in GC-poor regions through
recombination or transposons. The evidence is that
the CpG-containing codons in bee genes unmethy-
lated are losing probably due to negative selection
(result not shown).

In this study, we did not take the difference in
methylation level between fish, chicken and human
into account. Actually, fish species were found to

show a higher methylation level than birds and mam-
mals (28 ); even among fish species, DNA methyla-
tion level is variant as well (29 ). However, CpG
is more deficient in chicken and human. Therefore,
methylation level is not the essential factor for the de-
gree of CpG deficiency, and body temperature seems
to be more important in this aspect. A report has
shown that deamination rate of methylation CpG
sites is 20.6-fold lower in fish than in mammals (15 ).
The high body temperature of chicken and human
has greatly contributed to the more significant CpG
deficiency, in spite of the low DNA methylation level
compared to the fish.

CpG-related mutational bias resulting

in GC-rich isochores

The inferred conclusion of our study acts as a com-
plementary explanation for the origin of GC-rich iso-
chores in mammals. Isochores are characterized by
mosaic-like GC-rich and GC-poor regions (30 ), and
defined to be a genomic fragment >100 kb in which
sequences in overlapping 10 kb windows could not
differ by >7% GC content (31 ). The isochores in
current mammalian genomes are the result of extreme
development of GC heterogeneity.

The driving force for isochore development in eu-
karyotes is under hot debate. Possible explanations
can be natural selection, repair, mutational bias,
changes in nucleotide pools, recombination, cytosine
deamination, DNA flexibility, and biased gene conver-
sion (26 ). Till date, no hypothesis can solely explain
the phenomenon completely.

This study supports the mutational bias hypoth-
esis. The context-dependent effect of mutagenicity
on methylated CpG sites, as suggested in this study,
leads to faster loss of CpG sites in GC-poor regions
than in GC-rich regions, thus resulting in different
mutational rates between GC-poor and GC-rich re-
gions. Because CpG mutational rate is higher in
GC-poor regions, new T and A nucleotides produced
during deamination will make local GC content even
lower. This is a positive feedback loop continuously
putting mutational pressure on the remaining CpG
sites in the regions and facilitating the formation and
extension of GC-poor isochores. On the other hand,
CpG mutations occur in GC-rich regions as well, even
though a large number of them are supposed to be
repaired by one or more mechanisms including bi-
ased gene conversion and recombination (32 , 33 ). Al-
though the original GC content can hardly be main-
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tained, decay of GC level in GC-rich regions will be
unavoidable. The two processes enlarge the original
difference in GC content between GC-poor and GC-
rich regions, probably accounting for the isochore for-
mation. This hypothesis is well supported by the left
shifting of the lines especially for medium and high
GC content groups in chicken and human, in compar-
ison to the two fish species. All this suggests that we
do not need to introduce a new mechanism enabling
the original high GC contents to be even higher. The
strong divergence of GC content in mammalian iso-
chores is likely a result of heterogeneous mutational
rates of CpG sites in variant GC contents.

Symmetrical distribution of pairing-

nucleotides and Chargaff’s second rule

An unexpected finding of the present study is a sym-
metrical distribution of pairing-nucleotides (A-T; G-
C) at the CpG flanking positions (Figure 1). An ex-
ample is that the frequency of T in any 5′ flanking
positions co-varies with frequency of A in the corre-
sponding 3′ flanking positions in the same distance
to the CpG as the 5′ end T. Statistical tests showed
that the covariance was highly significant in all of
the species (Spearman test; P<10−8). Actually, the
figure illustrates how a eukaryotic genome abides to
Chargaff’s second rule. The rule states that A count
and T count are almost equal on one strand of a long
double-strand DNA, as well as G count and C count
(34 ).

The covariance of the pairing nucleotides at
the flanking positions of CpG and other self-
complementary dinucleotides infers that the rule is
ascribed to the strong potential of genomic fragments
to form stem-loop or palindromic structures. Fors-
dyke (35 ) proposed a similar explanation to Char-
gaff’s second rule on the basis of the finding by Qi
and Cuticchia (36 ), in which the counts of oligonu-
cleotides in a variety of genomes were close to those of
their reversely complementary oligonucleotides. Fors-
dyke’s point focused only on genome-wide stem-loop
forming potential (35 , 37 ), whereas our results sug-
gest that the potential of forming palindrome struc-
tures probably plays a more important role. The sim-
ilar pattern as Figure 1 was also discovered for the
other three self-complementary dinucleotides, TpA,
ApT and GpC (results not shown). The only discrep-
ancy was that nucleotide frequencies did not fluctuate
as dramatically as at CpG flanking positions.

Such a correlation seems to be evidence of the orig-

ination of DNA from RNA world. In ancient ocean
soup, the evolved RNA molecules folded into stable
secondary structures that mostly comprised of stem-
loop and palindromic structures. If DNA molecules
were derived from double-stranded RNA molecules,
the feature of inverse pairing could have been inher-
ited by DNA molecules. These RNA-derived patterns
were probably later blurred by fragment shufflings
and development of functional elements. In this study,
the patterns were re-constructed and visualized. Fu-
ture work can hopefully answer the question that how
the primary information from past era is preserved.
Another probability is that our sequences still possess
numerous unmasked, unidentified repetitive elements
derived from RNA molecules. Alu repeat is one of
such elements (38 ), and accounts for about 10% of
the human genome (21 ).

Materials and Methods

Genomic sequences

A total of 330 Mb pufferfish scaffolds (assem-
bly 5) were obtained from the IMCB website
(http://www.fugu-sg.org); 720 Mb contigs (released
in 2004-11-23) of sea urchin were from the website
of Baylor College of Medicine (assembly 3); Bee 14.5
Mb shotgun sequences were downloaded from the
NCBI (http://www.ncbi.nlm.nih.gov/genome/). The
species-specific repeats of these DNA sequences have
been masked. The whole genomes of C. elegans,
fruitfly, zebrafish (Zv5), chicken (NCBI Build 2.1),
and human (NCBI Build 35) were pooled from the
NCBI. RepeatMasker (http://repeatmasker.org) was
used to mask all species-specific repeats in the ne-
matode, fruitfly, chicken, and human genomes. We
located all the CpG sites and measured nucleotide
frequencies at 12 flanking positions (6 at 5′ end and
6 at 3′ end). At last, nucleotide frequencies were
calculated for each of the CpG flanking positions.
The sequences contained many Ns because of repeat-
masking and sequencing gap. If the flanking positions
had Ns, the CpG site was neglected.

Calculating CpG obs/exp values in ge-

nomic regions of different GC contents

In this analysis, the genomic data of C. elegans,
fruitfly, sea urchin, pufferfish, zebrafish, chicken, and
human were used. A sliding window was used to
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scan through the genomes and collect the informa-
tion of sequences in bins of 500 bp, including GC con-
tent and CpG obs/exp ratio. CpG obs/exp ratio was
calculated according to the formula: FCpG/(FC*FG),
where FCpG is frequency of CpG dinucleotide and FC

means frequency of C. The window containing more
than 5 Ns (unknown nucleotide) was ignored. The in-
formation was first applied to classify the sequences
in terms of their GC content. The three levels of GC
content were: 20%–35%, 35%–50%, and >50%, rep-
resenting low, medium, and high GC levels respec-
tively. In each GC content group, the sequences were
further grouped according to obs/exp values with an
interval of 0.05. In a given obs/exp range, the pro-
portion of the sequences to all was calculated. The
obs/exp ranges of top 10 proportions were identified
for each of the three GC content groups, and used for
Kruskal-Wallis test. The test was applied to evaluate
the significance of the separation of obs/exp values
between the groups.

Markov first-order sequences

We used repeat-masked sequences to create Markov
artificial sequences in the first order: C. elegans chro-
mosome IV, fruitfly chromosome 2L, bee 14.5 Mb
shotgun sequences, pufferfish 10 Mb scaffolds, ze-
brafish chromosome 22, chicken chromosome 3, and
human chromosome 21. Due to masked repeats and
sequencing gaps, our real sequences had interspersed
stretches of Ns. To construct an artificial sequence
in a proper length, the number of Ns was subtracted
from full length of a given real sequence. The algo-
rithm for creating the artificial sequence was that a
nucleotide was added in position n+1 with the possi-
bility determined by a nucleotide in position n in the
real sequence. Therefore, a frequency matrix contain-
ing 16 possibilities was created for simulation. The
possibility matrix could be calculated as follows. The
amounts of A, G, C, and T in the closely successive
positions of nucleotide X were calculated individually.
The possibility of A following X in a real genomic se-
quence was calculated as NXpA/NX. The X points to
A, G, C or T, and therefore the matrix hold 16 pos-
sibilities. In each extension procedure, a possibility
was loaded depending on the nucleotide that showed
in position X. The possibilities were determinant to
the nucleotide frequencies in the following positions
of nucleotide X. The first-order Markov sequence was
extended until it was in the same size of the real se-
quence. We calculated GC content at 12 flanking po-

sitions of CpG sites (6 at 5′ end and 6 at 3′ end),
and obtained GC content difference for each of the
positions between the real and artificial sequences.
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