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Universal 1/f noise, crossovers of scaling exponents, and chromosome-specific
patterns of guanine-cytosine content in DNA sequences of the human genome
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Spatial fluctuations of guanine and cytosine base cor®@@%) are studied by spectral analysis for the
complete set of human genomic DNA sequences. We find(thdt/f* decay is universally observed in the
power spectra of all 24 chromosomes, diidl the exponentv~1 extends to about 1thases, one order of
magnitude longer than has previously been observed. We further findiithatmost all human chromosomes
exhibit a crossover fromw;~1 (1/f*1) at lower frequency tar,<1 (1/f*2) at higher frequency, typically
occurring at around 30 000—-100 000 bases, wiivethe crossover in this frequency range is virtually absent
in human chromosome 22. In addition to the universdFbise in power spectra, we firfd) several lines of
evidence for chromosome-specific correlation structures, including a 500 000 base long oscillation in human
chromosome 21. The universalf¥/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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[. INTRODUCTION 1/f noise has been detected in a variety of different spe-
cies and taxonomic classes, including bacté¢fi@], yeasts
L [11], insects[12], and other higher eukaryotic genomes. In-
Ny |nt? ﬂ r?nge o]f fiefff%ng.y pompcr)]nemgsa POWEr Spec- tegrating this and several other lines of evidence, a consensus
trum of the ormS( ) . .|st|ngws es etweep two PO~ o1 1/f noise in DNA sequences has emerg€d:for DNA
totypes of nmse:_whlte noiséa=0) and B_rownlan noise  sequences of the order of lBases(1 Mb), 1/f* spectrum
(a=2). The intermittent range, termed “Lnoise,” can prac- (4~ 1) is consistently observed?) for isochores, which are
tically be defined as ¥f (0.5=a=<1.5). 1/f noise was ex- DNA sequences of relatively homogeneous base concentra-
perimentally observed first in electric current fluctuations oftion at least 306 10° bases(300 kb long [13-15, a 1/f*

the thermionic tube at the beginning of the 19th cenflly  spectrum is also observed, but typically shows a smaller ex-
Since then, 1f noise has been found repeatedly in manyponent a<0.7 [14,16,17; (3) for DNA sequences of the
other conducting material2]. More generally, it has also order of several kb, the decay 8ff) is nontrivial and may
been observed in wide ranges of natural as well as humamtepend on whether the sequence is protein cofBigThe
related phenomena, including traffic flow, starlight, speechyiral DNA sequence of tha phage, e.g., shows a single step
music, and human coordinatiof8,4]. For biological se- in its GC base concentration and its spectrur(i§ ~ 1/f2,
guences, such as DNA, the concept of slow-varyingwhich is characteristic of random block sequenicEs. We
multiple-length variations in the power of frequency compo-note that the universal scaling 8f) ~1/f* (a=~1) across
nents can be translated to long-ranging correlations in thall species discussed [A] has apparently been restricted to a
spatial arrangement of the four bases adefiie cytosine length scale of 1 kb, by averaging the spectrum over many
(C), guanine(G), and thymine(T) along the sequence. One N=2 kb DNA segments.

can categorize chemically A, C, G, and T as stréGgor O With the availability of the first completed version Of the
or weak(A or T) bonding. It has been shown that fluctuations DNA sequence of the human genoifi9], several studies
of the GC base content along a DNA sequence are typicall ave'been able to demqnstrate that the base-base correlation
more strongly correlated when compared to other possibl&nction I'(d) (d is the distance between bases several
binary classificationg5,6]. Initial studies of 1f noise in DNAsequences follows a power-law dechyt) ~1/d”. For
DNA sequences were motivated by a model of spatidl 1/ Instance, the DNA sequence of human chromosome 22
noise of symbolic sequence evolutipf]. Subsequently, em- shows statistically mgmﬂcant power-law correlations up to
pirical 1/f spectra were indeed observed in non-protein-d=1 MD, and correlations in the DNA sequence of chromo-

- ; T ~somes 21 are statistically significant up to several (Mikh
gﬁgwgegtlvgss?l?rl:ﬁ Qrc ﬁfi,tri\?gdtgae]w generality in DNA se the scaling exponeny changing beyond a few k6,20
' 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¢ spectrum, longer sequences are necessary.
*Electronic address: wli@nslij-genetics.org After the release of the draft of the human genome se-
"Electronic address: holste@mit.edu qguence in February 2001, about three years later in 2004, a

By measuring the proportion of a signal’s pov&éf) fall-
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dozen(out of 24 human chromosomes have been completed TABLE I. Average GC contenfp) and the window sizéw) for
with a sequence accuracy following the standard of less thapartitions usingN=2'" nonoverlapping windows for 24 human
one error per 10 000 DNA bas&89.99% accuragy[21]. chromosomes. Low-frequency scaling exponewisare estimated
Building upon the release of updated, high-quality sequencBom S(f;s=3)~1/f*¢ in the range of 10/ <f<10° base*, and
data, in the era of genomics we can now conduct a systenhjgh-frequency scaling expone_m@ are estimated in the range _of
atic analysis of several issues offlroise in the DNA se- 10 °<f<2x10"*base". The differences between the two scaling
quences of our own speciéomo sapienswhich have been e_xponentsAaEal—az, are listed _|n the flf_th coIL_Jmn. Low- and
pursued over the last decade in a fragmentary manner, ~ Ngh-frequency exponents f&(f) with substituted interspersed re-
In this paper, we use the DNA sequences of the complet@_ea,ts a,re indicated bw; and «,, and their difference by\«
set of 22 autosomes and two sex chromosomes to address thé'l” 2
following issues. Is 1f noise universally present across the
entire set of human genome sequences? Doésdise ex-
tend to lower-frequency ranges in longer DNA sequences?Is 1 41.7 188 088 046 042 0.80 029 051
the depay of.S(.f) characterized l_)y a smg_le exponent or 40.2 186 099 051 048 096 030 0.66
docs 1 XL cossoversmulipe scalng eonen® o 3 397 152 085 043 053 089 027 061
do these coexist with variations at chromosome-specific 38.2 1.46 087034053 075 0.19 0.57
39.5 1.38 0.89 039 051 0.88 0.23 0.65

2
3
4
scales? 5
6 39.6 1.30 0.99 036 0.63 0.86 0.24 0.63
7
8
9

Chr p w(kb o a, Ao o a, Ad

40.7 121 097 046 051 0.87 0.33 0.55
40.1 112 097 042 055 091 0.26 0.66
41.3 1.04 096 0.39 057 090 0.28 0.62

II. DATA AND METHODS

In this section, we introduce the data for human genome
sequences, as well as the notation and definitions used10 416 103 097 052 046 095 034 061
throughout this study. Twenty-four chromosomes are as-
sembled in build 34 by the number scheme of the National 1416 1.03 105 050 055 097 035 062
Center for Biotechnology InformatiofNCBI) (human ge- 12 408 101 097 039 059 089 028 061
nome hgl6 releaseSequence data were downloaded from 13 385 086 083 033 050 073 0.24 0.49
the UCSC human genome repositog5]. Unsequenced 14  40.9 0.80 1.03 0.36 0.66 0.95 0.27 0.68
bases are kept to preserve the estimated spacing betweers  42.2 0.76 090 050 040 0.83 0.39 0.44
sequenced bases. Human chromosof@és) 13, 14, 15, 21, 15 448 069 091 051 040 0.81 036 045
a”g thfr:lor,‘ta[i)rl‘\lfrge amount of U”?‘etque”?eol') batsigoi/” t;‘%/'efh 455 062 098 057 042 089 044 0.46
end of their sequences, consisting of abou 0, b,
18%, 21%, and 29% of the individual chromosome size, re- 398 0.58 112040 072 112 028 083
spectively; 51% of chromosome Y are unsequenced. 484 049 1.00 056 044 08l 037 045

Our analysis of human DNA sequences is conducted us-20 441 049 087 051 036 083 030 053
ing coarse-grained data. Each original sequence was trans2l ~ 40.9 036 091 033 058 086 022 0.64
formed into a spatial series of GC conté®C%) values. To 22 479 0.38 090 062 0.28 0.86 0.40 0.45

this end, we evenly partition a DNA sequence itNaon- X 39.4 1.17 093 038 054 0.73 0.18 055
overlapping windows of |engthN bases, CompUtQ)i(W) Y 39.1 038 083 038 045 070 021 0.49
=GC% for each window, to obtain a spatial GC% series:

ot ={pw}, i=1,2,...N. 1)

fer most at the length of about 300 bases, where human
Table | lists the corresponding window sizes for each humamepetitive sequences exhibit a clear peak that corresponds to
chromosome. Since different human chromosomes have dighort interspersed nucleic Alu elements. In addition, either
ferent sizes, whereas the number of partitighy is the = genome harbors short repetitive sequences that characterize
same, the window lengths vary. the distribution up to 200 bases, such as a peak at about 150
Human DNA sequences contain a large fraction of inter-bases for mouse repetitive sequences.
spersed repeats, i.e., copies of ancestral sequence fragmentslo investigate the effect of interspersed repeats, we sub-
that possess a high similarity between the duplicated and th&titute each repeat by random bases according to the chro-
ancestral sequence. One can detect interspersed repeatsrbgsomal level of GC%. Transformed, repeat-substituted
using the progranREPEATMASKER [22]. “Soft-masked” an- DNA sequences of original human chromosomes are distin-
notations of interspersed repeats are taken from the DNAuished from original sequences. On the coarse-grained
sequences of the UCSC human genome reposifdB], level, it is equivalent to the replacement in thg} (i
where repetitivgnonrepetitivg bases are annotated in small =1,2, ... N) series of any values calculated from the inter-
(capita) letters. Figure 1 shows the length distribution of thespersed repeats by a random value which is sampled from a
two sequence classes of uninterrupted nonrepetitive and irGaussian distribution; the mean and variance of this Gauss-
terspersed repeat sequences for both the human and tlan distribution are the same as those of GC% in the original
mouse genome. On the length scale 10-1000 bases, the equence. Another possibility consists in substituting repeti-
peat distributions between human and mouse sequences difve sequences by a constant valeey., the averaged GC%
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cated series ofp}, p'={pd (k=1,2,... N-d) andp"={p}

H.sapiens _ )
30000 - . Fminsculis (k=d+1,d+2,... N), and defined as
CO /, "
20000 - i I'(d) = #, Q)
? : Vvar(p’)Vvar(p”)
2 ! '\-.Juﬁ.
g 10000 i A where  covp’,p")=(p'p")=(p'}p") and vatp')=(p'?)
133 ! '\\__ —(p')? are the covariance and variance, respectivelypaisd
2 o4 e , , , the average taken ovér Note thatl'(d) defined in Eq(3) is
N 10 200 400 600 800 1000  gjightly different from that defined using a periodic boundary
gntly
2 repetitive sequence length (base) condition.
S 30000 +a. '!'he third and final measure applied to {pgd series is the
iy e, variancec?(w), defined as
10000 T e a2(w) = (p(W)2) = (p(w))? (4)
0101 10° 10° as a function of the window sizag. The power spectrum, the
nonrepetitive sequence length (bases) correlation function, and the window-size-dependent vari-

ance are interrelated quantiti¢$6]. If S(f)~1/f*, I'(d)
FIG. 1. Human and mouse genome-wide length distributions ot~ 1/d”, and o%(w)~1/w? are power-law functions, then

interspersed repeat sequengtep, in linear scaleand nonrepetitive  their scaling exponents are relateddoy 1 -y andy=3[16].

sequencesgbottom, in log-linear scaje The length distribution of Moreover,o(w) can be obtained frorfi(d)as:
repetitive sequences exhibits a peak around 300 bases for the hu-

man genome, that correspond to Alu repeats, and a peak around 150 r'(0)

bases for the mouse genome. a?(w) ~ W

w-1

1+ 32 (w=d)I'(d) (. (5)
W g=1

value of the original sequenkcerhis method introduces ad- The calculation of§(f) andI'(d) was carried out using the
ditional correlationgand less variangén the{p;} series, and  statistical package-pPLUS (version 3.4, MathSoft, Ing. and
is not adopted in this paper. the type of filter implemented foS(f) is the Daniell filter
Three different, albeit functionally related, measures arg23].
applied to thep;} series: the power spectrum as a function of
the frequencys(f), the correlation functiod'(d) as a func-
tion of the distanced between windows, and the variance Ill. 1/ f NOISE IS A UNIVERSAL FEATURE OF HUMAN
o?(w) of the GC% series as a function of the window size DNA SEQUENCES
First, we conduct spectral analyses by calculating the

power spectrum, the absolute squared average of the Fouri%r In this section, we use the power spectrS(Yfl) to study
transform. defined as the GC% of human genome sequences, with the goals of

testing the universality of I/ noise, quantifying different
decay ranges foiS(f)~1/f¢, and comparingS(f) across
' 2 DNA sequences of different human chromosomes.
Figure 2 shows foN=2%" GC% values the power spectra
whereN is the total number of windows, arfdis measured S(f) across all human chromosomes. We find ®@j exhib-
in units of cycles/window, which can be converted to units ofits no clear plateau at low frequency107® cycles/base
cycles/base by using the window si@s. Table ). and increases steadily with decreasing frequency. The decay

Coarse graining “hides” patterns at scales smaller than can be mathematically approximated by a power law of the
bases. The choice =2 windows was made such that it form S(f)~1/f* with a=1. Table | lists for the frequency
is (i) sufficiently large to cover small-scale fluctuations, rangef=10 Mb1-100 k! the estimated scaling exponent
while (ii) at the same time sufficiently small so that the specw, for all chromosomes, using a best-fit regression of
tral analysis is computationally feasible. As different chro-log,,S(f;s=3)=a+a; log;((f). We find thate, is typically
mosomes have difference lengths, equal number of partition§lose to oy ~1 with very little variation across chromo-
leads to different window sizes. somes.

The originalS(f), or periodogram, contairld/2 indepen- A closer inspection of Fig. 2 shows that the majority of
dent spectral components. One can filter periodograms to/f spectra undergo a crossover fraqr 1 to a, <1 at high
obtain a “smoothed” spectruie(f;s), wheres is the span-  frequency. The deviation from; ~ 1 starts about 30—100 kb
size parameter. Since filtering with a relatively laspealue  and continues at smaller distances. Figure 3 illustrates this
possibly distorts the shape 8(f;s) at lower-frequency com- feature for S(f;s=31) of the DNA sequences of Chrl5,
ponents, different span sizes are applied for different freChr21, and Chr22 in more detail. We find that chromosomes
guency ranges. 15 and 21 exhibit clear crossovers at about 100 kb, while

The second measure applied to fpg series is the cor- chromosome 22 exhibits no apparent break point. Table |
relation functionI'(d), which is computed from two trun- contains for the frequency range B 100 kib-5 kit the

2
_1
sh=

N

—i27kfIN
Epke r
k=1
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FIG. 2. Double-logarithmic representation of power spe&ifa of GC% of all 24 human chromosomes. Each plot sh&¥$ of six
chromosomesshifted on they axis for clearer representatiprthromosomesa) 1-6; (b) 7-12;(c) 13-18;(d) 19-22, X, and VY. The axis
(in logarithmic scalgis converted from cycles/window to cycles/base by using the window sizes listed in T&blg ik filtered at different
levels for different frequency rangeSif;s=1) for the first ten spectral componengf;s=3) for the components 11-38f;s=31) for the
components 31-400, ar®ff ;s=501) for the components 400-65 58621%). The decay according 8(f) ~ 1/f is drawn for comparison in
each plot.

corresponding scaling exponents, obtained from the re- 10Mb 1Mb 100kb 10kb  1kb
gression logy S(f;s=3)=a+a,log;o(f). We find a pro- ' ' i
nounced difference in absolute values betwegr=1 and 11 b
a,<1, indicating a transition from the universal f#7 (a; 0,=0.911
~1) spectrum at low frequency to a more flattened*2/
(ap<1) spectrum at high frequency.

Figure 4a) shows for all human chromosomes and «,
as a function of chromosome-specific GC%. The majority of £ _q |
human chromosomes have a specific GC content ranging beg
tween 38% and 43%, whereas chromosomes 16, 17, 19, 2(g
and 22 have higher GC% up to 49%. While the low-
frequency scaling exponent; remains approximately inde-
pendent of GC%, Fig. (@) shows thatx, increases with in- -——- Chr21
creasing GC% and gives rise to a positive correlation —-— Chri5
betweena, and GC%. Note that th& axis in Fig. 4b) is .

slightly shifted from that of Fig. @) because ina) GC% 4 I

log,,S(f)
o
/
’l

-2
— Chr22

power sp

-3 -

I > W

| |
represents the content of the whole sequence, wherdas in “10® 107 10° 10° 10°* 10°

it represents only the content of nonrepetitive sequences. It it
known that the GC% of repeats in the human genome is

higher than the GC% in nonrepetitive sequen(dsta not FIG. 3. Crossover fron§(f)~1/f to S(f)~ 1/f* illustrated

frequency f(cycle/base)

shown). ) o o for human chromosomes 15, 21, and(8hoothed with a span size
The three chromosomes illustrated in Fig. 3 exhibit differ-of 31, and shown in double-logarithmic scal@he scaling expo-

ent degrees of transition from the fI7 (a; ~1) to the flat-  nentse; and e for the frequency ranges 10 Mb-100 kb and
tened 1f%2 (ap,<<1) spectrum, with chromosome 222) 100 kis!-5 ki are 0.90, 0.50 for chromosome 15, 0.91, 0.33 for
undergoing the sharpe@moothesttransition. This observa- chromosome 21, and 0.90, 0.62 for chromosome 22.
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FIG. 4. (a) Scaling exponents; and a, for fitting the power
spectrum S(f)~1/f* (i=1,2) at the frequency ranges of
10 Mb™*-100 kb* and 100 kb'-5 kbr?, respectively, versus the FIG. 5. Power spectr&(f) of GC% for the original and the
chromosome-specific GC content of all 24 human Chromosomeﬁ'ansformedinterspersed repeats-substitytBdNA sequence of hu-
(ChrX'and ChrY are labeled as 23 and 24, respectivélly Scaling  man chromosome 1. The scaling exponents for low-frequency
exponentsy; and a, for S(f) with substituted interspersed repeats, (10 Mb—100 kb and high-frequency(100—5 kb ranges are ob-
versus the GC content of nonrepetitive sequences. tained by a best-fit regression of lp@(f) over log, f.

frequency f(cycle/base)

tion can be further quantified by the change in scaling expo—s(f) for high-frequency components by unflattening the

nentsa; and a,. Table | lists for all chromosomesa=a; power spectrum. , , .

— a,. Chromosome 22 is distinct from all other human chro-__ The scaling exponente; and «; for repeat-substituted
mosomes as the most scale-invariant @the same or similar 'II?NbT\ s?q$ﬁnc3_sﬁof all 24bhuman crllromos%mﬁg srfe shown in
scaling exponent at different length scalékhe same obser- 'aPl€ |. The diiference between low- and high-frequency

vation that human chromosome 22 was perhaps differed@n9€s for DNA sequences of the original chromosomes,

from the remaining human chromosomes was made using®=®1~ %2 IS smaller than the difference between low- and
limited sequence data 14,20 igh-frequency ranges for transformed sequendes,=a;

—a;. When we compare; anday, as well asa, and a;, we
find that the magnitude af; (a3) is always smaller than that
of a; (ay), which means a flattened spectrum due to the
substitution of interspersed repeats. The average change of
low-frequency scaling exponentsy;—ay, is about 0.07,
About 45% of human genomic DNA sequences are interwhereas the average change of high-frequency scaling expo-
spersed repeafd9]. Interspersed repeats consist of copies ofnents,a,— a5, is about 0.14. This confirms that the universal
the same sequence segment that are inserted in the humaresence of 1f/ spectra at low frequency is not caused by
genome, possess a high similarity between the duplicateihterspersed repeats, but that interspersed repeats Sffect
and ancestral sequence, and have been implicated in a varigiyedominantly at high frequency. A similar conclusion that
of biological functions, including genome organization, hu-the decay rate of base-base correlations in DNA sequences of
man chromosome segregation, or regulation of gene exprehuman chromosomes 20, 21, and 22 is not markedly affected
sion[24]. Large copy numbers increase the sequence reduiy the substitution of interspersed repeats was reachig.in
dancy and it has been shown, e.g., that about 10% We note that the extent of the deviatitw — | depends
interspersed Alu repeats significantly increase base-base cajn how the replacement of interspersed repeats is conducted.
relations in the range up to 300 ba$é% Possible substitutions of interspersed repeats include the sub-
Figure 5 shows the power spectrus(f) for the original  stitution by a constant value or a randomly sampled value. In
human chromosome 1 and for the transformed sequence general, the substitution of GC% values calculated from the
which interspersed repeats are substituted. We find in theepetitive sequences by random values enhances the devia-
low-frequency range of I6<f<107° cycles/base tha®(f)  tion and flattens the spectrusitf) more than the substitution
decays in the original sequence with ~0.88 and in the by a constant valuée.g., average GC¥%
transformed sequence witla; =0.80, indicating only mar-
ginal differences in the decay properties $f) due to re-
petitive sequences. In contrast, in the high-frequency range
of 10°<f<2x10* we find a,~0.46 anda;~0.29, and In this section, we study the decay properties of the vari-
thus interspersed repeats contribute to the decay properties afice(o?) of the spatial GC% series as a function of differ-

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

V. RESISTANCE TO VARIANCE REDUCTION AT
LARGER WINDOW SIZES
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poid w=1 kb—5 Mb, human chromosome 13 exhibits a clear tran-
= Ghre sition from B,~0.27 (w<50 kb) to 8;=0.10 (w>50 kb),
—7 o1 corresponding toS(f) ~1/f%63 and S(f)~1/f%9, respec-

tively, at high and low frequencies. Other human chromo-

somes, although generally exhibiting a power-law scaling
form of o®(w), show deviations from the?(1) ~ 1/1# line for
the largest window sizes tested.

The investigation ob?(w) as a function of different win-
| —- Chi2o dow sizesw requires careful examinatid@29,30. First, since
' Chrze we partition each human chromosome #h(R=17,186, ..)

! L2 oy windows, the variance of the GC% serigs} could be large

} 3 when windows reside on the isochore borders, and small by

} : chance if they start and/or end within an isochore.

3 : Second, when the number of windows is snjallg., the

| O\ last data point ofe®(w) for each chromosome in Fig. 6 is
0001 001 01 1 0001 001 01 1 calculated with the largest window size that gives rise to 32
window size w (Mb) window size w (Mb) windows|, the standard error of the sample variance is large.
The 95% confidence interval far?(w) of Chrl is shown

of the spatial GC% series for all human chromosorf@isr) as a I(Cv— 1F)|32 It 6(63’ erJ]ZIrr;gt i;hzefi:qnggr\:)al ftE(Wiﬁﬂioi%ﬁi
function of the window sizav: (a) Chr 1-6;(b) Chr 7-12;(c) Chr 0.975) x Y] X\ =

13-18; andd) Chr 19-22, X, and Y. Straight lines indicaté(w) =x where x*(7) is the chijsquared distribution witl the
~1/w (corresponding to white noiseOne regression line for Chr1  degrees of freedorfB1]. Figure Ga) shows that for fewer
(8~0.12 and a piecewise regression for Chi(8=0.27 and 0.1p ~ Windows(and larger window sizesthe 95% confidence in-
are drawn. The 95% confidence interval for tHéw) estimation of ~ terval of a?(w) could be sufficiently large such that the esti-
Chr1 at each point ofv is marked by a vertical dashed line. mated value of3 may change from sample to sample.
Finally, the relationshigy+8=1[14,29, is based on the
ence window sizew, and we compare the scaling @f with assumption that botB(f) and o(w) are theoretical power-
the scaling of the power spectrusf). law functions. IfS(f) is a piecewise power-law function, as
Early experimental measurement of the GC% distributionn the case of GC% fluctuation of human chromosomes, a
by using cesium chloridéCsC) profiles [25] showed for correction term to the relationshig+ =1 is expected.
mouseMus musculugienomic DNA sequences that the vari-
ance of GC% values does not markedly decrease with the
DNA segment sizg26]. This experimental observation is VI. CHROMOSOME-SPECIFIC CORRELATION
directly related to the presence of flgpectra in DNA se- STRUCTURES
quenC6i14,27_|. If the variance of the Spatial GC% series Apparenﬂy, 1f noise in music and Speech S|gn@&]
calculated at the window size is o*(w), then a scaling of does not prevent music and speech from sounding differ-
o*(w) ~1/wP implies a corresponding scaling in the power ently. Similarly, universal 1§ spectra in GC% fluctuations
spectrumS(f) ~1/f2# [14,28. If GC% is obtained fromw  across human chromosomes do not imply that all chromo-
uncorrelated bases, it follows a binomial distribution. Consesomes exhibit the same detailed correlation structure. The
quently, o*(w) ~{(p)(1—(p))/w~1/w with B=1. The corre- generic trend ofS(f) spectra to increase at low frequency

0.01

variance c’(w)

0.001

0.01

N

. 2
variance ¢ (w)

0.001

N
.0

FIG. 6. Double-logarithmic representation of the variané@av)

sponding scaling exponent of the power spectrum is may “coexist” with small peaks at high frequency. Such
a=1-8=0, and thusS(f) ~const is equivalent to white chromosome-specific characteristic length scales can be
noise. more intuitively examined by correlation functions. In this

Figure 6 showsr?(w) as a function of window sizes for section, we investigate the correlation functidifd) of
all human chromosomes. In a double-logarithmic representasoarse-grained DNA sequences of human chromosomes with
tion, we find that logr2(w) decays approximately linearly the aim of further examining chromosome-specific struc-
with log(w). A decay according t@?(w) ~ 1/w? with =1  tures, such as characteristic length scales and oscillations de-
leads to white noise. This situation is indicated in Fig. 6 by atected byl'(d).
straight line. Inspection of Fig. 6 shows, however, that the Figure 7 shows for all human chromosomig&l) of the
variance decays at a much slower rate than would be exsC% series{p;} calculated for the window sizes given in
pected for white noise. The variance of the DNA sequence oTable I, of all human chromosomes. For each chromosome,
human chromosome 1, e.g., gives rise@e-0.12, and the the minimum(maximum distance is 8416 000 windows.
corresponding scaling exponent~1-3=0.88 is indeed Since each chromosome is partitioned inté ®indows, the
close to the estimated exponent listed in Table I. The scalinghaximum distancel at which the correlation is examined is
of the variance with the exponemt<1 is in accord with about 16 000/2~12% of the total sequence length.
low-frequency 1f noise. An inspection of Fig. 7 shows that the magnitude of cor-
The scaling ofa?(w) shown in Fig. 6 differs from one relation at the distance af=1 Mb is clearly above the noise
human chromosome to another. For instance, in the range tdvel. With the exceptions of Chrl5, Chr22, and ChrY, the
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FIG. 7. Correlation functiod’(d) for 24 human chromosomes
(Chn as a function of the window distance(converted to bases by FIG. 8. Correlation functio’(d), as well as a three-window
the window size listed in Tabla.IThe distance is represented on a moving average, for human chromosome 21 as a function of the
logarithmic scale(a) Chr 1-6;(b) Chr 7-12;(c) Chr 13-18; andd) window distancel (converted to bases by the window size given in
Chr 19-22, ChrX, and ChrY. Table ). The oscillation inT'(d) is highlighted by vertical lines,
indicating the distances @f=500 kb, 1 Mb, 1.5 Mb, and 2 Mb.

correlation functiorl’(d) > 0.1 atd=1 Mb for all other chro-
mosomes. The low correlation in ChrY is due to the fact thaone-eighth of the right distal end of chromosome[33].
about half of the bases are unsequenced, and the substitution
of gaps by random values lowers correlation. At even longer
distances such ad=10 Mb, correlationsI'(d=10 Mb) for
chromosomes 1 and 6 are still above the 0.1 level. We study spectral components and correlation structures
Given different windows(w) due to different chromo- in the set of human chromosomes, using power spectra,
some sizes and provided that the covariance of GC% is aeoarse-grained correlation functions, and the variance of dif-
proximately independent of, a scaling of the variance ac- ferent window sizes. All three measures are interrelated and
cording to 1iv® implies that the correlation functiofi(d) in highlight compositional structures at different feature levels.
Eg. (3) increases with the window size asw?. Test calcu-  Our results firmly establish the presence of long-ranging cor-
lations of the covariance for'2and 27 windows show that relations and 1f* spectra in the DNA sequences of the set of
the covariance differs by less than 1@nd hence is fairly 24 human chromosomes.
independent in this range of window size¥et for a detailed Using updated and completed human sequence data, we
comparison of correlation functions calculated for differentfind the presence of I/noise in the DNA sequences of all
chromosomes one might have to take into account differenttuman chromosomes. We further find that, with the excep-
windows sizes. tion of chromosome 22, all chromosomes exhibit a crossover
Any deviation from the monotonic decreasel@tl) might  from 1/f* at low frequency to 1“2 scaling at high fre-
be indicative of correlations at characteristic length scalesjuency(a;> a,), in the range of 30—100 kb. The result of
(visible as “bumps). For example, Fig. 7 shows for chromo- two scaling ranges at low and high frequency is in accord
some 1 such a bump at=21-23 Mb. Bumps or sharper with previous findings, obtained from sequence data of lower
peaks in other chromosomes include=9.3 Mb (Chr2), quality, and it refines break-point regions for each individual
7.2 Mb (Chr10, 3.2-3.8 Mb (Chr12, and 2.4-3.1 Mb chromosome.
(Chr19. One plausible explanation is that for chromosomes We also examined the effect of about 45% interspersed
2, 10, 12, and 19 one or few alterations of GC-rich or GC-repeats in the human genome. Using a procedure that masks
low isochoreq13] with these length scales enhance the cor-and subsequently substitutes interspersed repeats with ran-
relation. dom GC% values, we find that interspersed rep@atsnly
Chromosome 21 stands out among all human chromomarginally affect the scaling exponent; in the low-
somes for having a comparatively higher correlation at disfrequency range, butii) lower a, in the high-frequency
tances of several Midespite having a smallev® factor than  range[cf. Fig. 4b)]. This supports the general understanding
other chromosomes due to a smaller window siZede-  that interspersed repeats only contribute to short-ranging
tailed inspection of Fig. 8 uncovers an oscillationldfl) of  (high-frequency correlationg6].
about 500 kb, ranging frond=500 kb to 2 Mb. It can be There are arguments both supporting and against the pro-
further shown that this oscillation is not due to the substitu-cedure to remove the interspersed repeats rather than substi-
tion of interspersed repedf83], and it is localized to about tuting them. Removing interspersed repeats allows us to fo-

VIl. DISCUSSION

041910-7



W. LI AND D. HOLSTE PHYSICAL REVIEW E71, 041910(2005

cus solely on nonrepetitive regions, without specificallytwo related questions beforehand. Does the compositional
treating arbitrary gap sizes introduced by interspersed recsC% have any biological effects? What biological functions
peats. However, if we consider the spacing introduced byf the DNA molecule are of relevance? From fectional
interspersed repeats as part of the genome feature, removiggnomicsperspective, interesting biological processes re-
repeats would distort this pattern. In either case, the maifated to DNA molecules include transcription, replication,
conclusion of this paper, that 1 hoise universally exists in and recombination, and their potential connection to GC%
DNA sequences of all human chromosomes, is not affectetias been reviewed if{27,39,4Q. Generally speaking, GC%
by the choice of either substituting or removing interspersedias a statistical association with all three processes, though
repeats. the cause-and-effect role has not yet been firmly established.
We have shown elsewhere thatft spectra of GC% fluc- Recent studies show that broadly expressed “housekeeping
tuation are also universally present in the moivkes mus- genes” tend to be located in GC-rich regigad]. To under-
culusgenomic DNA sequencd84]. It is known that human stand the genome-wide organization of biological units that
and mouse genomes are separated by approximately 65—p#y a role in those processgesg., genes, origins and timing
million years of evolution. Besides the similaritgr homol-  of replication, or recombination hotspatst times it is more
ogy) between these two genomes on a local sg38g, there  feasible to directly study the spatial distribution of functional
is in fact a large amount of reshuffling of the chromosomeunits instead of using the GC% as a surrogate.
segments at a global scale when two current-day copies of From the biophysics and cellular biologyerspective,
the two genomes are compared side by $&&. Since re- GC% is linked with bands from chromosome stain[4@],
shuffling of a sequence at global scales could potentiallyand in addition, possibly with the matrix or scaffold
destroy long-range correlations, it is still to be resolved un-attachment-associated regions located at the end of DNA
der what conditions a reshuffling of the human genome intdoops[43]. It has also been suggested that GC-rich chromo-
the mouse genome, or vice versa, conservdsnbise. somes(or regiong tend to be located in the interior of the
One possible hypothesis of why ff/ spectra appear in nucleus during interphase and are more “open” in their ter-
both the human and the mouse genomes is that such longary structure, whereas GC-poor segments are more likely to
range patterns were probably generated from ancestral DNAe close to the surface of the nucleus and more condensed
sequences by sequence evolutionary mechanisms. One $é4].
guence evolution model, termed the expansion-modification Further exploration of the relationship between GC%
(EM) model, is known to generate ispectrg7]. The EM  fluctuations, as well as their large-scale patterns, and the
model incorporates duplications and mutations. Since the dugbove biological processes is beyond the scope of this paper.
plication process is an essential element in evolutionary geAn attempt for bacterial genomes has been made to relate the
nomics[37], whose role is perhaps as important as Darwin’sscale-invariance feature in sequence statistics to the genome
natural selectiofi38], even a yet unsophisticated incorpora- organization of transcription activiti9]. It is clear that
tion of duplications in the EM model may capture the es-more integrated computational and experimental analyses
sence of the evolutionary origin of long-range correlations inneed to be carried out along similar lines before one can give
DNA sequences. In the EM model, only the duplication ofuniversal 1f spectra in DNA sequences a satisfactory bio-
segments with the same length scale is included, whereas lagical explanation.
;)eli?;gt)é g[elg;gients with a broad range of length scales are du ACKNOWLEDGMENTS
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