
Universal 1/f noise, crossovers of scaling exponents, and chromosome-specific
patterns of guanine-cytosine content in DNA sequences of the human genome

Wentian Li*
The Robert S. Boas Center for Genomics and Human Genetics, North Shore LIJ Institute for Medical Research, 350 Community Drive,

Manhasset, New York 10030, USA

Dirk Holste†

Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
sReceived 28 January 2004; revised manuscript received 28 October 2004; published 20 April 2005d

Spatial fluctuations of guanine and cytosine base contentsGC%d are studied by spectral analysis for the
complete set of human genomic DNA sequences. We find thatsid 1/ fa decay is universally observed in the
power spectra of all 24 chromosomes, andsii d the exponenta<1 extends to about 107 bases, one order of
magnitude longer than has previously been observed. We further find thatsiii d almost all human chromosomes
exhibit a crossover froma1<1 s1/ fa1d at lower frequency toa2,1 s1/ fa2d at higher frequency, typically
occurring at around 30 000–100 000 bases, whilesivd the crossover in this frequency range is virtually absent
in human chromosome 22. In addition to the universal 1/fa noise in power spectra, we findsvd several lines of
evidence for chromosome-specific correlation structures, including a 500 000 base long oscillation in human
chromosome 21. The universal 1/fa spectrum in the human genome is further substantiated by a resistance to
reduction in variance of guanine and cytosine content when the window size is increased.
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I. INTRODUCTION

By measuring the proportion of a signal’s powerSsfd fall-
ing into a range of frequency componentsf, a power spec-
trum of the formSsfd,1/ fa distinguishes between two pro-
totypes of noise: white noisesa=0d and Brownian noise
sa=2d. The intermittent range, termed “1/f noise,” can prac-
tically be defined as 1/fa s0.5&a&1.5d. 1 / f noise was ex-
perimentally observed first in electric current fluctuations of
the thermionic tube at the beginning of the 19th centuryf1g.
Since then, 1/f noise has been found repeatedly in many
other conducting materialsf2g. More generally, it has also
been observed in wide ranges of natural as well as human-
related phenomena, including traffic flow, starlight, speech,
music, and human coordinationf3,4g. For biological se-
quences, such as DNA, the concept of slow-varying,
multiple-length variations in the power of frequency compo-
nents can be translated to long-ranging correlations in the
spatial arrangement of the four bases adeninesAd, cytosine
sCd, guaninesGd, and thyminesTd along the sequence. One
can categorize chemically A, C, G, and T as strongsG or Cd
or weaksA or Td bonding. It has been shown that fluctuations
of the GC base content along a DNA sequence are typically
more strongly correlated when compared to other possible
binary classificationsf5,6g. Initial studies of 1/f noise in
DNA sequences were motivated by a model of spatial 1 /f
noise of symbolic sequence evolutionf7g. Subsequently, em-
pirical 1 /f spectra were indeed observed in non-protein-
coding DNA sequencesf8g, and their generality in DNA se-
quences was further illustrated inf9g.

1 / f noise has been detected in a variety of different spe-
cies and taxonomic classes, including bacteriaf10g, yeasts
f11g, insectsf12g, and other higher eukaryotic genomes. In-
tegrating this and several other lines of evidence, a consensus
on 1/f noise in DNA sequences has emerged:s1d for DNA
sequences of the order of 106 basess1 Mbd, 1 / fa spectrum
sa<1d is consistently observed;s2d for isochores, which are
DNA sequences of relatively homogeneous base concentra-
tion at least 3003103 basess300 kbd long f13–15g, a 1/fa

spectrum is also observed, but typically shows a smaller ex-
ponent a,0.7 f14,16,17g; s3d for DNA sequences of the
order of several kb, the decay ofSsfd is nontrivial and may
depend on whether the sequence is protein codingf8g. The
viral DNA sequence of thel phage, e.g., shows a single step
in its GC base concentration and its spectrum isSsfd,1/ f2,
which is characteristic of random block sequencesf18g. We
note that the universal scaling ofSsfd,1/ fa sa<1d across
all species discussed inf9g has apparently been restricted to a
length scale of 1 kb, by averaging the spectrum over many
N=2 kb DNA segments.

With the availability of the first completed version of the
DNA sequence of the human genomef19g, several studies
have been able to demonstrate that the base-base correlation
function Gsdd sd is the distance between basesd of several
DNA sequences follows a power-law decay,Gsdd,1/dg. For
instance, the DNA sequence of human chromosome 22
shows statistically significant power-law correlations up to
d=1 Mb, and correlations in the DNA sequence of chromo-
somes 21 are statistically significant up to several Mbswith
the scaling exponentg changing beyond a few kbd f6,20g.
While the DNA sequences of human chromosomes 21 and
22 are about 34 Mb long, in order to estimate the limit of the
range of the 1/fa spectrum, longer sequences are necessary.

After the release of the draft of the human genome se-
quence in February 2001, about three years later in 2004, a
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dozensout of 24d human chromosomes have been completed
with a sequence accuracy following the standard of less than
one error per 10 000 DNA basess99.99% accuracyd f21g.
Building upon the release of updated, high-quality sequence
data, in the era of genomics we can now conduct a system-
atic analysis of several issues of 1/f noise in the DNA se-
quences of our own speciesHomo sapiens, which have been
pursued over the last decade in a fragmentary manner.

In this paper, we use the DNA sequences of the complete
set of 22 autosomes and two sex chromosomes to address the
following issues. Is 1/f noise universally present across the
entire set of human genome sequences? Does 1/f noise ex-
tend to lower-frequency ranges in longer DNA sequences? Is
the decay ofSsfd characterized by a single exponenta, or
does it exhibit crossoverssmultiple scaling exponentsd?
Given the presence of universal variations at multiple scales,
do these coexist with variations at chromosome-specific
scales?

II. DATA AND METHODS

In this section, we introduce the data for human genome
sequences, as well as the notation and definitions used
throughout this study. Twenty-four chromosomes are as-
sembled in build 34 by the number scheme of the National
Center for Biotechnology InformationsNCBId shuman ge-
nome hg16 released. Sequence data were downloaded from
the UCSC human genome repositoryf45g. Unsequenced
bases are kept to preserve the estimated spacing between
sequenced bases. Human chromosomessChrd 13, 14, 15, 21,
and 22 contain large amount of unsequenced bases in the left
end of their DNA sequences, consisting of about 15%, 17%,
18%, 21%, and 29% of the individual chromosome size, re-
spectively; 51% of chromosome Y are unsequenced.

Our analysis of human DNA sequences is conducted us-
ing coarse-grained data. Each original sequence was trans-
formed into a spatial series of GC contentsGC%d values. To
this end, we evenly partition a DNA sequence intoN non-
overlapping windows of lengthw bases, computeriswd
=GC% for each windowi, to obtain a spatial GC% series:

hrij ; hriswdj, i = 1,2, . . . ,N. s1d

Table I lists the corresponding window sizes for each human
chromosome. Since different human chromosomes have dif-
ferent sizes, whereas the number of partitionssNd is the
same, the window lengths vary.

Human DNA sequences contain a large fraction of inter-
spersed repeats, i.e., copies of ancestral sequence fragments
that possess a high similarity between the duplicated and the
ancestral sequence. One can detect interspersed repeats by
using the programREPEATMASKER f22g. “Soft-masked” an-
notations of interspersed repeats are taken from the DNA
sequences of the UCSC human genome repositoryf45g,
where repetitivesnonrepetitived bases are annotated in small
scapitald letters. Figure 1 shows the length distribution of the
two sequence classes of uninterrupted nonrepetitive and in-
terspersed repeat sequences for both the human and the
mouse genome. On the length scale 10–1000 bases, the re-
peat distributions between human and mouse sequences dif-

fer most at the length of about 300 bases, where human
repetitive sequences exhibit a clear peak that corresponds to
short interspersed nucleic Alu elements. In addition, either
genome harbors short repetitive sequences that characterize
the distribution up to 200 bases, such as a peak at about 150
bases for mouse repetitive sequences.

To investigate the effect of interspersed repeats, we sub-
stitute each repeat by random bases according to the chro-
mosomal level of GC%. Transformed, repeat-substituted
DNA sequences of original human chromosomes are distin-
guished from original sequences. On the coarse-grained
level, it is equivalent to the replacement in thehrij si
=1,2, . . . ,Nd series of any values calculated from the inter-
spersed repeats by a random value which is sampled from a
Gaussian distribution; the mean and variance of this Gauss-
ian distribution are the same as those of GC% in the original
sequence. Another possibility consists in substituting repeti-
tive sequences by a constant valuese.g., the averaged GC%

TABLE I. Average GC contentsr̄d and the window sizeswd for
partitions usingN=217 nonoverlapping windows for 24 human
chromosomes. Low-frequency scaling exponentsa1 are estimated
from Ssf ;s=3d,1/ fa1 in the range of 10−7, f ,10−5 base−1, and
high-frequency scaling exponentsa2 are estimated in the range of
10−5, f ,2310−4 base−1. The differences between the two scaling
exponents,Da;a1−a2, are listed in the fifth column. Low- and
high-frequency exponents forSsfd with substituted interspersed re-
peats are indicated bya18 and a28, and their difference byDa8
;a18−a28.

Chr r̄ w skbd a1 a2 Da a18 a28 Da8

1 41.7 1.88 0.88 0.46 0.42 0.80 0.29 0.51

2 40.2 1.86 0.99 0.51 0.48 0.96 0.30 0.66

3 39.7 1.52 0.95 0.43 0.53 0.88 0.27 0.61

4 38.2 1.46 0.87 0.34 0.53 0.75 0.19 0.57

5 39.5 1.38 0.89 0.39 0.51 0.88 0.23 0.65

6 39.6 1.30 0.99 0.36 0.63 0.86 0.24 0.63

7 40.7 1.21 0.97 0.46 0.51 0.87 0.33 0.55

8 40.1 1.12 0.97 0.42 0.55 0.91 0.26 0.66

9 41.3 1.04 0.96 0.39 0.57 0.90 0.28 0.62

10 41.6 1.03 0.97 0.52 0.46 0.95 0.34 0.61

11 41.6 1.03 1.05 0.50 0.55 0.97 0.35 0.62

12 40.8 1.01 0.97 0.39 0.59 0.89 0.28 0.61

13 38.5 0.86 0.83 0.33 0.50 0.73 0.24 0.49

14 40.9 0.80 1.03 0.36 0.66 0.95 0.27 0.68

15 42.2 0.76 0.90 0.50 0.40 0.83 0.39 0.44

16 44.8 0.69 0.91 0.51 0.40 0.81 0.36 0.45

17 45.5 0.62 0.98 0.57 0.42 0.89 0.44 0.46

18 39.8 0.58 1.12 0.40 0.72 1.12 0.28 0.83

19 48.4 0.49 1.00 0.56 0.44 0.81 0.37 0.45

20 44.1 0.49 0.87 0.51 0.36 0.83 0.30 0.53

21 40.9 0.36 0.91 0.33 0.58 0.86 0.22 0.64

22 47.9 0.38 0.90 0.62 0.28 0.86 0.40 0.45

X 39.4 1.17 0.93 0.38 0.54 0.73 0.18 0.55

Y 39.1 0.38 0.83 0.38 0.45 0.70 0.21 0.49
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value of the original sequenced. This method introduces ad-
ditional correlationssand less varianced in the hrij series, and
is not adopted in this paper.

Three different, albeit functionally related, measures are
applied to thehrij series: the power spectrum as a function of
the frequencySsfd, the correlation functionGsdd as a func-
tion of the distanced between windows, and the variance
s2swd of the GC% series as a function of the window sizew.

First, we conduct spectral analyses by calculating the
power spectrum, the absolute squared average of the Fourier
transform, defined as

Ssfd ;
1

N
Uo

k=1

N

rke
−i2pkf/NU2

, s2d

whereN is the total number of windows, andf is measured
in units of cycles/window, which can be converted to units of
cycles/base by using the window sizescf. Table Id.

Coarse graining “hides” patterns at scales smaller thanw
bases. The choice ofN=217 windows was made such that it
is sid sufficiently large to cover small-scale fluctuations,
while sii d at the same time sufficiently small so that the spec-
tral analysis is computationally feasible. As different chro-
mosomes have difference lengths, equal number of partitions
leads to different window sizesw.

The originalSsfd, or periodogram, containsN/2 indepen-
dent spectral components. One can filter periodograms to
obtain a “smoothed” spectrumSsf ;sd, wheres is the span-
size parameter. Since filtering with a relatively larges value
possibly distorts the shape ofSsf ;sd at lower-frequency com-
ponents, different span sizes are applied for different fre-
quency ranges.

The second measure applied to thehrij series is the cor-
relation functionGsdd, which is computed from two trun-

cated series ofhrij, r8=hrkj sk=1,2, . . . ,N−dd andr9=hrkj
sk=d+1,d+2, . . . ,Nd, and defined as

Gsdd ;
covsr8,r9d

Îvarsr8dÎvarsr9d
, s3d

where covsr8 ,r9d=kr8r9l−kr8lkr9l and varsr8d=kr82l
−kr8l2 are the covariance and variance, respectively, andr8 is
the average taken overk. Note thatGsdd defined in Eq.s3d is
slightly different from that defined using a periodic boundary
condition.

The third and final measure applied to thehrij series is the
variances2swd, defined as

s2swd ; krswd2l − krswdl2 s4d

as a function of the window sizew. The power spectrum, the
correlation function, and the window-size-dependent vari-
ance are interrelated quantitiesf16g. If Ssfd,1/ fa, Gsdd
,1/dg, and s2swd,1/wb are power-law functions, then
their scaling exponents are related bya=1−g andg=b f16g.
Moreover,s2swd can be obtained fromGsddas:

s2swd ,
Gs0d

w H1 +
2

w
o
d=1

w−1

sw − ddGsddJ . s5d

The calculation ofSsfd andGsdd was carried out using the
statistical packageS-PLUS sversion 3.4, MathSoft, Inc.d, and
the type of filter implemented forSsfd is the Daniell filter
f23g.

III. 1 / f NOISE IS A UNIVERSAL FEATURE OF HUMAN
DNA SEQUENCES

In this section, we use the power spectrumSsfd to study
the GC% of human genome sequences, with the goals of
testing the universality of 1/f noise, quantifying different
decay ranges forSsfd,1/ fa, and comparingSsfd across
DNA sequences of different human chromosomes.

Figure 2 shows forN=217 GC% values the power spectra
Ssfd across all human chromosomes. We find thatSsfd exhib-
its no clear plateau at low frequencys,10−6 cycles/based
and increases steadily with decreasing frequency. The decay
can be mathematically approximated by a power law of the
form Ssfd,1/ fa with a<1. Table I lists for the frequency
range f =10 Mb−1–100 kb−1 the estimated scaling exponent
a1 for all chromosomes, using a best-fit regression of
log10Ssf ;s=3d=a+a1 log10sfd. We find thata1 is typically
close to a1<1 with very little variation across chromo-
somes.

A closer inspection of Fig. 2 shows that the majority of
1/ f spectra undergo a crossover froma1<1 to a2,1 at high
frequency. The deviation froma1<1 starts about 30–100 kb
and continues at smaller distances. Figure 3 illustrates this
feature for Ssf ;s=31d of the DNA sequences of Chr15,
Chr21, and Chr22 in more detail. We find that chromosomes
15 and 21 exhibit clear crossovers at about 100 kb, while
chromosome 22 exhibits no apparent break point. Table I
contains for the frequency range off =100 kb−1–5 kb−1 the

FIG. 1. Human and mouse genome-wide length distributions of
interspersed repeat sequencesstop, in linear scaled and nonrepetitive
sequencessbottom, in log-linear scaled. The length distribution of
repetitive sequences exhibits a peak around 300 bases for the hu-
man genome, that correspond to Alu repeats, and a peak around 150
bases for the mouse genome.
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corresponding scaling exponentsa2, obtained from the re-
gression log10 Ssf ;s=3d=a+a2 log10sfd. We find a pro-
nounced difference in absolute values betweena1<1 and
a2,1, indicating a transition from the universal 1/fa1 sa1

<1d spectrum at low frequency to a more flattened 1/fa2

sa2,1d spectrum at high frequency.
Figure 4sad shows for all human chromosomesa1 anda2

as a function of chromosome-specific GC%. The majority of
human chromosomes have a specific GC content ranging be-
tween 38% and 43%, whereas chromosomes 16, 17, 19, 20,
and 22 have higher GC% up to 49%. While the low-
frequency scaling exponenta1 remains approximately inde-
pendent of GC%, Fig. 4sad shows thata2 increases with in-
creasing GC% and gives rise to a positive correlation
betweena2 and GC%. Note that thex axis in Fig. 4sbd is
slightly shifted from that of Fig. 4sad because insad GC%
represents the content of the whole sequence, whereas insbd
it represents only the content of nonrepetitive sequences. It is
known that the GC% of repeats in the human genome is
higher than the GC% in nonrepetitive sequencessdata not
shownd.

The three chromosomes illustrated in Fig. 3 exhibit differ-
ent degrees of transition from the 1/fa1 sa1<1d to the flat-
tened 1/fa2 sa2,1d spectrum, with chromosome 21s22d
undergoing the sharpestssmoothestd transition. This observa-

FIG. 2. Double-logarithmic representation of power spectraSsfd of GC% of all 24 human chromosomes. Each plot showsSsfd of six
chromosomessshifted on they axis for clearer representationd: chromosomessad 1–6; sbd 7–12;scd 13–18;sdd 19–22, X, and Y. Thex axis
sin logarithmic scaled is converted from cycles/window to cycles/base by using the window sizes listed in Table I.Ssfd is filtered at different
levels for different frequency ranges:Ssf ;s=1d for the first ten spectral components,Ssf ;s=3d for the components 11–30,Ssf ;s=31d for the
components 31–400, andSsf ;s=501d for the components 400–65 536s=216d. The decay according toSsfd,1/ f is drawn for comparison in
each plot.

FIG. 3. Crossover fromSsfd,1/ fa1 to Ssfd,1/ fa2 illustrated
for human chromosomes 15, 21, and 22ssmoothed with a span size
of 31, and shown in double-logarithmic scaled. The scaling expo-
nentsa1 and a2 for the frequency ranges 10 Mb−1–100 kb−1 and
100 kb−1–5 kb−1 are 0.90, 0.50 for chromosome 15, 0.91, 0.33 for
chromosome 21, and 0.90, 0.62 for chromosome 22.
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tion can be further quantified by the change in scaling expo-
nentsa1 and a2. Table I lists for all chromosomesDa=a1
−a2. Chromosome 22 is distinct from all other human chro-
mosomes as the most scale-invariant onesthe same or similar
scaling exponent at different length scalesd. The same obser-
vation that human chromosome 22 was perhaps different
from the remaining human chromosomes was made using
limited sequence data inf14,20g.

IV. INTERSPERSED REPEATS ARE NOT RESPONSIBLE
FOR 1/f SPECTRUM

About 45% of human genomic DNA sequences are inter-
spersed repeatsf19g. Interspersed repeats consist of copies of
the same sequence segment that are inserted in the human
genome, possess a high similarity between the duplicated
and ancestral sequence, and have been implicated in a variety
of biological functions, including genome organization, hu-
man chromosome segregation, or regulation of gene expres-
sion f24g. Large copy numbers increase the sequence redun-
dancy and it has been shown, e.g., that about 10%
interspersed Alu repeats significantly increase base-base cor-
relations in the range up to 300 basesf6g.

Figure 5 shows the power spectrumSsfd for the original
human chromosome 1 and for the transformed sequence in
which interspersed repeats are substituted. We find in the
low-frequency range of 10−7, f ,10−5 cycles/base thatSsfd
decays in the original sequence witha1<0.88 and in the
transformed sequence witha18<0.80, indicating only mar-
ginal differences in the decay properties ofSsfd due to re-
petitive sequences. In contrast, in the high-frequency range
of 10−5, f ,2310−4 we find a2<0.46 anda28<0.29, and
thus interspersed repeats contribute to the decay properties of

Ssfd for high-frequency components by unflattening the
power spectrum.

The scaling exponentsa18 and a28 for repeat-substituted
DNA sequences of all 24 human chromosomes are shown in
Table I. The difference between low- and high-frequency
ranges for DNA sequences of the original chromosomes,
Da=a1−a2, is smaller than the difference between low- and
high-frequency ranges for transformed sequences,Da8=a28
−a18. When we comparea1 anda18, as well asa2 anda28, we
find that the magnitude ofa18 sa28d is always smaller than that
of a1 sa2d, which means a flattened spectrum due to the
substitution of interspersed repeats. The average change of
low-frequency scaling exponents,a1−a18, is about 0.07,
whereas the average change of high-frequency scaling expo-
nents,a2−a28, is about 0.14. This confirms that the universal
presence of 1/f spectra at low frequency is not caused by
interspersed repeats, but that interspersed repeats affectSsfd
predominantly at high frequency. A similar conclusion that
the decay rate of base-base correlations in DNA sequences of
human chromosomes 20, 21, and 22 is not markedly affected
by the substitution of interspersed repeats was reached inf6g.

We note that the extent of the deviationua8−au depends
on how the replacement of interspersed repeats is conducted.
Possible substitutions of interspersed repeats include the sub-
stitution by a constant value or a randomly sampled value. In
general, the substitution of GC% values calculated from the
repetitive sequences by random values enhances the devia-
tion and flattens the spectrumSsfd more than the substitution
by a constant valuese.g., average GC%d.

V. RESISTANCE TO VARIANCE REDUCTION AT
LARGER WINDOW SIZES

In this section, we study the decay properties of the vari-
ancess2d of the spatial GC% series as a function of differ-

FIG. 4. sad Scaling exponentsa1 and a2 for fitting the power
spectrum Ssfd,1/ fai si =1,2d at the frequency ranges of
10 Mb−1–100 kb−1 and 100 kb−1–5 kb−1, respectively, versus the
chromosome-specific GC content of all 24 human chromosomes
sChrX and ChrY are labeled as 23 and 24, respectivelyd. sbd Scaling
exponentsa18 anda28 for Ssfd with substituted interspersed repeats,
versus the GC content of nonrepetitive sequences.

FIG. 5. Power spectraSsfd of GC% for the original and the
transformedsinterspersed repeats-substitutedd DNA sequence of hu-
man chromosome 1. The scaling exponents for low-frequency
s10 Mb–100 kbd and high-frequencys100–5 kbd ranges are ob-
tained by a best-fit regression of log10 Ssfd over log10 f.
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ence window sizesw, and we compare the scaling ofs2 with
the scaling of the power spectrumSsfd.

Early experimental measurement of the GC% distribution
by using cesium chloridesCsCld profiles f25g showed for
mouseMus musculusgenomic DNA sequences that the vari-
ance of GC% values does not markedly decrease with the
DNA segment sizef26g. This experimental observation is
directly related to the presence of 1/f spectra in DNA se-
quencesf14,27g. If the variance of the spatial GC% series
calculated at the window sizew is s2swd, then a scaling of
s2swd,1/wb implies a corresponding scaling in the power
spectrumSsfd,1/ f1−b f14,28g. If GC% is obtained fromw
uncorrelated bases, it follows a binomial distribution. Conse-
quently,s2swd,krls1−krld /w,1/w with b=1. The corre-
sponding scaling exponent of the power spectrum is
a=1−b=0, and thusSsfd,const is equivalent to white
noise.

Figure 6 showss2swd as a function of window sizew for
all human chromosomes. In a double-logarithmic representa-
tion, we find that logs2swd decays approximately linearly
with logswd. A decay according tos2swd,1/wb with b=1
leads to white noise. This situation is indicated in Fig. 6 by a
straight line. Inspection of Fig. 6 shows, however, that the
variance decays at a much slower rate than would be ex-
pected for white noise. The variance of the DNA sequence of
human chromosome 1, e.g., gives rise tob<0.12, and the
corresponding scaling exponenta1<1−b=0.88 is indeed
close to the estimated exponent listed in Table I. The scaling
of the variance with the exponentb!1 is in accord with
low-frequency 1/f noise.

The scaling ofs2swd shown in Fig. 6 differs from one
human chromosome to another. For instance, in the range of

w=1 kb–5 Mb, human chromosome 13 exhibits a clear tran-
sition from b2<0.27 sw,50 kbd to b1<0.10 sw.50 kbd,
corresponding toSsfd,1/ f0.63 and Ssfd,1/ f0.9, respec-
tively, at high and low frequencies. Other human chromo-
somes, although generally exhibiting a power-law scaling
form of s2swd, show deviations from thes2sld,1/lb line for
the largest window sizes tested.

The investigation ofs2swd as a function of different win-
dow sizesw requires careful examinationf29,30g. First, since
we partition each human chromosome in 2k sk=17,16, . . .d
windows, the variance of the GC% serieshrij could be large
when windows reside on the isochore borders, and small by
chance if they start and/or end within an isochore.

Second, when the number of windows is smallfe.g., the
last data point ofs2swd for each chromosome in Fig. 6 is
calculated with the largest window size that gives rise to 32
windowsg, the standard error of the sample variance is large.
The 95% confidence interval fors2swd of Chr1 is shown
in Fig. 6sad, using the interval fsw−1ds2/ t0.025,
sw−1ds2/ t0.975g, where tx is defined bye−`

tx x2sF=w−1ddt
=x where x2sFd is the chi-squared distribution withF the
degrees of freedomf31g. Figure 6sad shows that for fewer
windows sand larger window sizesd, the 95% confidence in-
terval of s2swd could be sufficiently large such that the esti-
mated value ofb may change from sample to sample.

Finally, the relationshipa+b=1 f14,28g, is based on the
assumption that bothSsfd and s2swd are theoretical power-
law functions. IfSsfd is a piecewise power-law function, as
in the case of GC% fluctuation of human chromosomes, a
correction term to the relationshipa+b=1 is expected.

VI. CHROMOSOME-SPECIFIC CORRELATION
STRUCTURES

Apparently, 1 /f noise in music and speech signalsf32g
does not prevent music and speech from sounding differ-
ently. Similarly, universal 1/fa spectra in GC% fluctuations
across human chromosomes do not imply that all chromo-
somes exhibit the same detailed correlation structure. The
generic trend ofSsfd spectra to increase at low frequency
may “coexist” with small peaks at high frequency. Such
chromosome-specific characteristic length scales can be
more intuitively examined by correlation functions. In this
section, we investigate the correlation functionGsdd of
coarse-grained DNA sequences of human chromosomes with
the aim of further examining chromosome-specific struc-
tures, such as characteristic length scales and oscillations de-
tected byGsdd.

Figure 7 shows for all human chromosomesGsdd of the
GC% serieshrij calculated for the window sizes given in
Table I, of all human chromosomes. For each chromosome,
the minimumsmaximumd distance is 80s16 000d windows.
Since each chromosome is partitioned into 217 windows, the
maximum distanced at which the correlation is examined is
about 16 000/217<12% of the total sequence length.

An inspection of Fig. 7 shows that the magnitude of cor-
relation at the distance ofd=1 Mb is clearly above the noise
level. With the exceptions of Chr15, Chr22, and ChrY, the

FIG. 6. Double-logarithmic representation of the variances2swd
of the spatial GC% series for all human chromosomessChrd as a
function of the window sizew: sad Chr 1–6;sbd Chr 7–12;scd Chr
13–18; andsdd Chr 19–22, X, and Y. Straight lines indicates2swd
,1/w scorresponding to white noised. One regression line for Chr1
sb<0.12d and a piecewise regression for Chr13sb<0.27 and 0.10d
are drawn. The 95% confidence interval for thes2swd estimation of
Chr1 at each point ofw is marked by a vertical dashed line.
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correlation functionGsdd.0.1 atd=1 Mb for all other chro-
mosomes. The low correlation in ChrY is due to the fact that
about half of the bases are unsequenced, and the substitution
of gaps by random values lowers correlation. At even longer
distances such asd=10 Mb, correlationsGsd=10 Mbd for
chromosomes 1 and 6 are still above the 0.1 level.

Given different windowsswd due to different chromo-
some sizes and provided that the covariance of GC% is ap-
proximately independent ofw, a scaling of the variance ac-
cording to 1/wb implies that the correlation functionGsdd in
Eq. s3d increases with the window size as,wb. Test calcu-
lations of the covariance for 215 and 217 windows show that
the covariance differs by less than 1%sand hence is fairly
independent in this range of window sizesd. Yet for a detailed
comparison of correlation functions calculated for different
chromosomes one might have to take into account different
windows sizes.

Any deviation from the monotonic decrease ofGsdd might
be indicative of correlations at characteristic length scales
svisible as “bumps”d. For example, Fig. 7 shows for chromo-
some 1 such a bump atd<21–23 Mb. Bumps or sharper
peaks in other chromosomes included<9.3 Mb sChr2d,
7.2 Mb sChr10d, 3.2–3.8 Mb sChr12d, and 2.4–3.1 Mb
sChr19d. One plausible explanation is that for chromosomes
2, 10, 12, and 19 one or few alterations of GC-rich or GC-
low isochoresf13g with these length scales enhance the cor-
relation.

Chromosome 21 stands out among all human chromo-
somes for having a comparatively higher correlation at dis-
tances of several Mbsdespite having a smallerwb factor than
other chromosomes due to a smaller window sized. A de-
tailed inspection of Fig. 8 uncovers an oscillation ofGsdd of
about 500 kb, ranging fromd=500 kb to 2 Mb. It can be
further shown that this oscillation is not due to the substitu-
tion of interspersed repeatsf33g, and it is localized to about

one-eighth of the right distal end of chromosome 21f33g.

VII. DISCUSSION

We study spectral components and correlation structures
in the set of human chromosomes, using power spectra,
coarse-grained correlation functions, and the variance of dif-
ferent window sizes. All three measures are interrelated and
highlight compositional structures at different feature levels.
Our results firmly establish the presence of long-ranging cor-
relations and 1/fa spectra in the DNA sequences of the set of
24 human chromosomes.

Using updated and completed human sequence data, we
find the presence of 1/f noise in the DNA sequences of all
human chromosomes. We further find that, with the excep-
tion of chromosome 22, all chromosomes exhibit a crossover
from 1/fa1 at low frequency to 1/fa2 scaling at high fre-
quencysa1.a2d, in the range of 30–100 kb. The result of
two scaling ranges at low and high frequency is in accord
with previous findings, obtained from sequence data of lower
quality, and it refines break-point regions for each individual
chromosome.

We also examined the effect of about 45% interspersed
repeats in the human genome. Using a procedure that masks
and subsequently substitutes interspersed repeats with ran-
dom GC% values, we find that interspersed repeatssid only
marginally affect the scaling exponenta1 in the low-
frequency range, butsii d lower a2 in the high-frequency
rangefcf. Fig. 4sbdg. This supports the general understanding
that interspersed repeats only contribute to short-ranging
shigh-frequencyd correlationsf6g.

There are arguments both supporting and against the pro-
cedure to remove the interspersed repeats rather than substi-
tuting them. Removing interspersed repeats allows us to fo-

FIG. 7. Correlation functionGsdd for 24 human chromosomes
sChrd as a function of the window distanced sconverted to bases by
the window size listed in Table Id. The distance is represented on a
logarithmic scale.sad Chr 1–6;sbd Chr 7–12;scd Chr 13–18; andsdd
Chr 19–22, ChrX, and ChrY.

FIG. 8. Correlation functionGsdd, as well as a three-window
moving average, for human chromosome 21 as a function of the
window distanced sconverted to bases by the window size given in
Table Id. The oscillation inGsdd is highlighted by vertical lines,
indicating the distances ofd=500 kb, 1 Mb, 1.5 Mb, and 2 Mb.
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cus solely on nonrepetitive regions, without specifically
treating arbitrary gap sizes introduced by interspersed re-
peats. However, if we consider the spacing introduced by
interspersed repeats as part of the genome feature, removing
repeats would distort this pattern. In either case, the main
conclusion of this paper, that 1/f noise universally exists in
DNA sequences of all human chromosomes, is not affected
by the choice of either substituting or removing interspersed
repeats.

We have shown elsewhere that 1/fa spectra of GC% fluc-
tuation are also universally present in the mouseMus mus-
culusgenomic DNA sequencesf34g. It is known that human
and mouse genomes are separated by approximately 65–75
million years of evolution. Besides the similaritysor homol-
ogyd between these two genomes on a local scalef35g, there
is in fact a large amount of reshuffling of the chromosome
segments at a global scale when two current-day copies of
the two genomes are compared side by sidef36g. Since re-
shuffling of a sequence at global scales could potentially
destroy long-range correlations, it is still to be resolved un-
der what conditions a reshuffling of the human genome into
the mouse genome, or vice versa, conserves 1/f noise.

One possible hypothesis of why 1/fa spectra appear in
both the human and the mouse genomes is that such long-
range patterns were probably generated from ancestral DNA
sequences by sequence evolutionary mechanisms. One se-
quence evolution model, termed the expansion-modification
sEMd model, is known to generate 1/fa spectraf7g. The EM
model incorporates duplications and mutations. Since the du-
plication process is an essential element in evolutionary ge-
nomicsf37g, whose role is perhaps as important as Darwin’s
natural selectionf38g, even a yet unsophisticated incorpora-
tion of duplications in the EM model may capture the es-
sence of the evolutionary origin of long-range correlations in
DNA sequences. In the EM model, only the duplication of
segments with the same length scale is included, whereas in
reality segments with a broad range of length scales are du-
plicatedf19g.

One frequently posed question concerns the “biological
meaning” of 1/fa spectra or long-range correlations in DNA
sequences. In order to address this question, one may ask

two related questions beforehand. Does the compositional
GC% have any biological effects? What biological functions
of the DNA molecule are of relevance? From thefunctional
genomicsperspective, interesting biological processes re-
lated to DNA molecules include transcription, replication,
and recombination, and their potential connection to GC%
has been reviewed inf27,39,40g. Generally speaking, GC%
has a statistical association with all three processes, though
the cause-and-effect role has not yet been firmly established.
Recent studies show that broadly expressed “housekeeping
genes” tend to be located in GC-rich regionsf41g. To under-
stand the genome-wide organization of biological units that
play a role in those processesse.g., genes, origins and timing
of replication, or recombination hotspotsd, at times it is more
feasible to directly study the spatial distribution of functional
units instead of using the GC% as a surrogate.

From the biophysics and cellular biologyperspective,
GC% is linked with bands from chromosome stainingf42g,
and in addition, possibly with the matrix or scaffold
attachment-associated regions located at the end of DNA
loops f43g. It has also been suggested that GC-rich chromo-
somessor regionsd tend to be located in the interior of the
nucleus during interphase and are more “open” in their ter-
tiary structure, whereas GC-poor segments are more likely to
be close to the surface of the nucleus and more condensed
f44g.

Further exploration of the relationship between GC%
fluctuations, as well as their large-scale patterns, and the
above biological processes is beyond the scope of this paper.
An attempt for bacterial genomes has been made to relate the
scale-invariance feature in sequence statistics to the genome
organization of transcription activitiesf29g. It is clear that
more integrated computational and experimental analyses
need to be carried out along similar lines before one can give
universal 1/f spectra in DNA sequences a satisfactory bio-
logical explanation.
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