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Abstract

The densities of repetitive elements in the human genome were calculated in each GC content class using non-overlapping
windows of 50 kb. The density of Alu is two to three times higher in GC-rich regions than in AT-rich regions, while the opposite
is true for LINE1. In contrast, LINE2 and other elements, such as DNA transposons, are more uniformly distributed in the
genome. The number of Alus in the human genome was estimated to be 1.4 million, higher than previous estimates. About 40%
of the autosomes and ~51% of the X and Y chromosomes are occupied by repetitive elements. In total, the human genome is
estimated to contain more than 4 million repetitive elements. The GC contents (%) of repetitive elements and their flanking
regions were also calculated. The GC contents of almost all kinds of repeats are positively correlated with the window GC
contents, suggesting that a repetitive sequence is subject to the same mutation pressure as its surrounding regions, so it tends to
have the same GC content as its surrounding regions. This observation supports the regional mutation hypothesis. The only two
exceptions are AluYa and AluYb8, the two youngest Alu subfamilies. The GC content of AluYb8 is negatively correlated with that
of its surrounding regions, while AluYa shows no correlation, suggesting different insertion patterns for these two young Alu
subfamilies. This suggestion was supported by the fact that the average genetic distance between members of AluYb8 in each GC
window class is positively correlated with the GC content of the window, but no correlation was found for AluYa. AluYa is more
frequent in Y chromosome than in other chromosomes; the same is true for LTR retroviruses. This pattern might be correlated
with the evolutionary history of Y chromosome. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction patterns of molecular evolution displayed by repetitive
elements.

In the past few years our understanding of the human Over 40% of the human genome is made up by four
genome organization has increased remarkably. This is major classes of repetitive elements (Smit, 1999): (1)
especially so with respect to our view of the role of short interspersed elements (SINEs); (2) long inter-
repetitive DNA in the evolution of the human genome. spersed elements (LINEs); (3) elements possessing long
The fact that 14% of the human genome has already terminal repeats (LTR elements); and (4) DNA
been sequenced and annotated provides an excellent transposons.
opportunity to update our view of the process and The most abundant representatives of SINEs are

Alus, which are short (~300 bp) elements named after
a restriction site they carry. Alus were first derived fromAbbreviations: ERV, endogenous retrovirus; kb, kilobase pairs;
7SL RNA about 80 million years ago (MYA; KapitonovLINE, long interspersed repeat; LTR, long terminal repeat; MaLR,

mammalian LTR-retrotransposon; Mb, million base pairs; MIR, mam- and Jurka, 1996); however, most Alu insertions occurred
malian-wide interspersed repeat; MYA, million years ago; SINE, short during the past 65 million years. Based on the presence
interspersed repeat. of diagnostic nucleotide substitutions, Alus are divided* Corresponding author. Tel.: +1-773-702-3104;

into three groups, which are further classified intofax: +1-773-702-9740.
E-mail address: whli@uchicago.edu ( W.-H. Li) subfamilies, reflecting the age of individual elements
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from oldest (Jo and Jb), to intermediate (Sq, Sp, Sx, tance between members of AluYa5 and AluYb8 subfamil-
ies across different GC levels. We also discuss theSc, Sg, Sg1), to youngest (Yb8, Ya5, Ya8; Batzer et al.,

1996). The AluJ group was estimated to have been possible mechanisms for distinct distributions of
different types of repetitive elements.introduced to the genome 50 to 80 MYA, AluS elements

were inserted approximately 35 MYA, whereas AluY
elements are dated back only to 20 MYA (Mighell et al.,
1997). Although having a GC level of about 50%, Alus 2. Materials and methods
preferentially insert into GC-poor sites (DNA segments
having a low relative frequency of guanidine and 2.1. Data
cytosine nucleotides; Jurka, 1997); however, using
mouse/human somatic cell hybrids, Acrot et al. (1995) The sequences of 2106 non-overlapping contigs

(430 Mb, about 14% of the human genome) wereshowed that recent Alu insertions appear to be random.
The recent analysis by Smit (1999) demonstrated that downloaded from the Oakridge National Laboratory

ftp site (ftp://genome.ornl.gov). Annotations, includingthe majority of Alus (without subdividing into subfamil-
ies) is concentrated in high GC regions, with a GC level description of genes (experimentally defined genes as

well as GRAIL and GenScan predictions) and relativeof 50–54% (the genome GC average is 42%). Another
type of SINE, mammalian-wide interspersed elements coordinates, were retrieved from Oakridge Genome

Channel web page (http://genome.ornl.gov).(MIRs, ~260 bp), are ancient t-RNA-derived inter-
spersed repeats, which are believed to have spread
throughout the genome before the mammalian radiation 2.2. Analysis
(Jurka et al., 1995).

LINEs, or non-LTR elements, are long (6–8 kb) The Repeat Masker software (with the latest release
of the RepBase database update, kindly provided byGC-poor sequences encoding an endonuclease and a

reverse transcriptase (RT ) polypeptide. Phylogenetic Dr. Arian Smit) was used to annotate repetitive ele-
ments. The masking process was run as four parallelanalysis of RT domain sequences identified 11 distinct

LINE groups. In the human genome L1 elements repre- tasks on a Sun Enterprise 4500 server. The xsmall
option, which masks the repeats with lower-case letterssent the most abundant group of LINEs. The reverse

transcriptase encoded by L1s was proposed to be instead of Ns, was used. Each contig was divided into
50 kb non-overlapping windows and the windows wereinvolved in Alu transposition (Jurka, 1997).

LTR elements in the human genome have been linked classified into 11 GC content classes based on their GC
contents. The density ( length proportion and numberto three classes of human endogenous retroviruses (ERV;

Smit, 1999). ELV-L, or mammalian LTR-transposon per 10 kb) of each kind of repetitive element was calcu-
lated within each GC content class. Regression analysis(MaLR), was inserted into the mammalian genome

approximately 70 MYA (Benit et al., 1999), whereas was performed between the GC content of a GC class
and the GC content of repeats within the class. Thesome class I and class II ERVs were introduced to the

primate lineage 25–30 MYA (Wilkinson et al., 1994; average genetic distance calculation was based on
Kimura’s two-parameter method, using DAMBE ( Xia,Andersson et al., 1999).

In contrast to the transposable elements mentioned 2000; version 3.7, kindly provided by Dr. Xuhua Xia,
http://web.hku.hk/~xxia). The computer programs forabove, DNA-mediated transposons do not require

reverse transcription for the transposition. They propa- the above analyses were written in C++. The programs
and results of analysis will become available atgate themselves through excision and reintegration with-

out an RNA intermediate. They are characterized by http://ponside.uchicago.edu/~lilab/Gene_Publication/
terminal inverted repeats not found in other transposons
and code for an enzyme, transposase, that catalyzes the
excision–reintegration process. The human genome con- 3. Results
tains at least 14 distinct families of such short (180–
1200 bp) degenerate elements that are very ancient and 3.1. Repeat distribution over GC levels
sometimes regarded as transposon fossils (Smit and
Riggs, 1996). Repeat density was studied by dividing sequences

into non-overlapping windows of 50 kb. The results ofIn this study, we used the recent data to estimate the
distribution pattern of repetitive elements on autosomes this analysis are shown in Table 1. We considered

autosomes and sex chromosomes separately. It wasand the sex chromosomes. Here we report: (1) the
densities and length proportions of repeat elements in found that 40.7% of autosomes are occupied by inter-

spersed repetitive DNA, while this number is 50.9% andgenomic regions with different GC levels; (2) the correla-
tion between the GC content of repeats and their 51.3% in X and Y chromosomes, respectively. The Alus

occupy 12.5%, 7.5% and 9.3% of the autosomes, Xsurrounding regions; and (3) the average genetic dis-
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Table 1
Densities (number per 10 kb)/proportions (% length) of repeats in each GC content classa,b

GC level <36% 36–38% 38–40% 40–42% 42–44% 44–46% 46–48% 48–50% 50–52% 52–54% >54% Total

Size analyzed Ac 30.6 52.9 60.0 55.3 45.0 37.3 26.6 21.4 15.3 11.8 15.9 372.1
(Mb) X 7.3 15.0 15.9 10.2 4.6 2.4 1.4 0.7 0.2 0.2 0.7 58.6

Y 0.4 0.9 1.8 1.0 0.5 0.3 0.0 0.0 0.0 0.0 0.0 4.9

Alu A 2.0/5.1 2.8/6.7 3.5/8.7 4.6/11.2 5.5/14.1 6.5/16.5 7.4/18.8 7.9/19.4 8.0/21.2 7.5/21.3 5.0/16.3 4.8/12.5
X 1.5/4.0 1.9/4.5 2.4/5.6 3.2/10.1 4.7/13.7 6.1/16.4 6.2/17.9 5.6/11.8 5.4/23.7 6.8/21.3 3.5/13.3 2.9/7.5
Y 2.9/5.6 3.9/9.0 3.8/9.5 3.7/8.7 4.2/12.1 4.9/12.1 3.7/9.3

MIR A 1.1/1.5 1.3/1.8 1.4/2.1 1.6/2.2 1.8/2.4 2.1/2.8 2.3/3.2 2.7/3.3 2.8/3.3 2.8/3.1 2.3/32.4 1.8/2.4
X 1.0/1.4 1.3/1.8 1.5/2.2 1.5/2.4 1.7/2.2 1.6/2.1 1.7/2.5 2.2/2.6 2.3/2.9 2.1/2.5 0.9/1.1 1.4/2.0
Y 0.4/0.6 0.2/0.4 0.5/0.4 0.4/0.4 0.2/0.5 0.3/0.1 0.3/0.4

LINE1 A 3.4/19.5 3.1/19.0 2.9/16.7 2.7/13.5 2.4/10.6 2.1/9.1 1.9/7.2 1.6/6.7 1.5/5.0 1.1/3.6 0.7/3.0 2.4/12.5
X 5.0/35.3 4.3/33.3 3.5/28.3 2.9/19.0 2.8/14.0 2.4/9.1 1.9/8.5 1.5/7.5 1.1/5.5 1.6/4.0 1.3/5.3 3.6/25.8
Y 4.5/35.8 4.2/27.8 3.7/25.5 2.8/21.4 1.8/13.1 1.8/13.1 1.5/5.1 3.2/23.5

LINE2 A 1.1/3.0 1.4/3.5 1.5/3.6 1.6/3.6 1.7/3.3 1.7/3.4 1.8/3.8 2.0/3.4 2.0/3.3 2.0/3.3 1.4/2.6 1.6/3.4
X 1.1/2.6 1.4/3.2 1.5/3.5 1.6/3.7 1.7/3.1 1.7/3.7 1.8/4.1 1.9/5.8 1.8/1.9 1.5/4.4 1.1/2.2 1.5/3.4
Y 0.4/1.6 0.5/0.5 0.4/0.9 0.3/0.7 0.4/0.6 0.3/0.1 0.4/0.8

LTR_MaLR A 0.8/3.4 1.0/3.4 1.1/3.5 1.2/3.7 1.3/3.5 1.3/3.2 1.2/3.0 1.1/2.6 0.9/2.1 0.7/1.6 0.5/1.2 1.1/3.2
X 0.9/4.3 1.2/4.5 1.2/4.1 1.3/3.7 1.2/3.8 1.3/3.3 1.2/3.7 1.1/2.8 0.8/2.6 0.5/2.0 0.5/1.1 1.1/4.0
Y 0.6/6.3 0.7/1.6 1.0/2.3 0.8/2.6 0.7/2.3 0.7/1.8

LTR othersd A 0.6/3.4 0.8/4.1 1.0/4.0 1.1/4.7 1.4/4.7 1.2/4.0 1.0/3.5 0.0/2.6 0.5/2.1 0.4/1.7 1.0/4.0
X 0.9/4.0 1.0/6.1 1.2/6.1 1.5/5.6 1.6/5.8 1.7/5.2 1.6/3.7 0.8/4.9 1.1/0.4 0.3/1.0 0.2/1.6 1.2/5.5
Y 1.5/11.2 2.0/11.0 2.8/13.6 3.1/15.2 4.2/17.3 2.2/9.6 2.5/13.3

DNAe A 1.3/2.9 1.3/2.9 1.3/3.0 1.4/2.7 1.5/3.0 1.5/2.7 1.6/2.4 1.5/2.4 1.3/1.9 1.1/1.5 0.7/1.2 1.3/2.7
X 1.0/2.5 1.2/2.7 1.3/2.7 1.4/3.3 1.4/2.6 1.5/2.5 1.3/2.6 1.2/1.8 1.4/1.2 0.5/0.8 0.4/1.0 1.2/2.7
Y 0.9/2.7 1.0/2.3 0.8/1.5 0.7/1.6 0.7/0.9 0.6/0.9 0.8/1.7

Total A 10.2/38.8 11.7/41.4 12.7/41.5 14.2/41.8 15.6/41.7 16.5/42.4 17.4/42.4 17.6/41.2 17.1/39.4 15.6/36.6 10.928.2 14.0/40.7
X 11.3/54.1 12.3/55.9 12.6/52.4 13.5/47.8 15.1/45.2 16.3/42.2 15.7/43.0 14.3/37.1 13.9/38.2 13.3/36.0 8.0/25.6 12.9/50.9
Y 11.1/63.7 12.6/52.6 13.0/53.6 11.8/50.7 12.2/46.7 10.5/29.5 11.8/51.3

a The GC content of 50 kb non-overlapping windows was used to divide the genomic sequences into 11 GC content classes.
b For each set of numbers separated by ‘/’, the first is the density (number of repeats per 10 kb) and the second is the length proportion (%) of

repeats in the GC content class.
c A stands for autosomes, X for X chromosome, and Y for Y chromosome.
d ‘LTR others’ were those identified as LTR elements, but not the LTR_MaLR. Most ‘LTR others’ are class I and class II endogenous retroviruses.
e ‘DNA’ stands for DNA transposon. The same comment applies to all tables.

chromosome and Y chromosome, respectively. The den- somes (two to three times). The densities (number per
10 kb) of three youngest Alu elements are shown insity of Alus is two to four times higher in GC-rich

regions than in AT-rich regions. For example, there are, Table 6. The density of AluYa is the highest in Y
chromosome, whereas this is not true for AluYb8 andon average, ≥7.5 Alus per 10 kb for the GC classes of

48–50%, 50–52%, and 52–54%, whereas only two or AluY. The length proportions of repetitive elements
shown in Table 1 are similar to those estimated bythree Alus per 10 kb for the GC classes of <36% and

36–38% (Table 1). Note, however, that the density of Smit (1999).
Alus in the GC class of >54% is relatively low (only
five per 10 kb), which might reflect the rarity of AT-rich 3.2. Average length and estimated number of repeats in

the human genomesites in such regions (see later). The density distributions
of LINE2 and another kind of SINE, MIR, are similar
to that of Alus, but with less dramatic variations. In The average lengths of repeats are shown in Table 2.

From the comparison between the average and fullcomparison, the density of LINE1 decreases as the GC
content of the window increases. For LTR elements and lengths of repeats we can see that partial repeats are

very common in the human genome. In particular, longDNA transposons, the density is highest in medium GC
content regions (around 44%). ‘LTR others’, which repetitive elements (LINE1, LTR retrovirus) are trun-

cated more often than shorter elements (SINEs). Inconsist mostly of class I and class II ERVs, are much
more frequent in Y chromosome than in other chromo- Table 3, we estimated the copy number of each kind of
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Table 2 Table 4
Average GC contents (%) of Alu repeats and their flanking regionsAverage sizes (bp) of repeats in the human genomea

Repeat 50 bp flanksa 300 bp flanks 3 kb flanksAutosome X Y Full sizea

All Alu 260.2 263.8 254.0 ~300 bp +b −b + − + −
MIR 133.0 141.1 124.9 ~260 bp

AluJb 50.7 36.9 37.0 41.6 39.2 43.6 39.3LINE1 515.0 711.9 739.5 ~6.5 kbb
AluJo 49.2 37.6 37.5 42.4 39.8 44.2 40.0LINE2 218.2 230.6 194.5 ~3 kb
AluSq 51.4 37.3 37.5 41.9 39.6 43.9 39.8LTR_MaLR 302.1 353.7 321.1 1.5–10 kb
AluSp 51.8 37.6 37.0 42.0 39.1 43.8 39.3LTR others 403.1 464.7 537.9 1.5–10 kb
AluSx 51.5 37.4 37.7 42.4 40.0 44.0 40.1DNA 203.6 216.8 208.5 80 bp–3 kb
AluSg 52.2 37.4 37.1 41.8 39.3 43.6 39.5
AluSc 51.7 37.1 36.7 41.3 38.6 42.9 38.8a Smit, 1996.

b Wilkinson et al., 1994. AluY 54.0 37.0 36.6 41.2 38.7 43.0 38.8
AluYb8 54.0 37.5 36.0 41.4 38.4 42.6 38.6
AluYa 56.1 36.3 35.3 39.5 36.6 40.8 37.0

repeat in the entire genome. The numbers of Alu repeats
a The length of each of the two regions flanking the Alu.are estimated to be 1 380 000, 46 400, and 12 700 in the
b ‘+’ means including Alus in the flanking regions; ‘−’ means exclud-autosomes, X chromosome, and Y chromosome, respec- ing the Alus in the flanking regions.

tively. Therefore, there may be 1.4 million copies of Alu
in the human genome. The second most frequent repeti-
tive element is LINE1, whose copy numbers are esti-
mated to be 770 000, 58 800, and 11 000 in the autosomes, (300 bp, 3 kb), the GC content increases slightly with

their length, although we excluded Alus in the flankingX chromosome, and Y chromosome, respectively.
According to our estimate, there are more than 4 million regions. However, the average GC content of flanking

regions is still lower than 40% in most cases, even if therepetitive elements in the human genome.
flanking regions are each 3 kb long, indicating that Alu
elements actually prefer to insert into sites that are not3.3. Average GC contents of each Alu subfamily and their

flanking regions only AT-rich themselves, but are also surrounded by
AT-rich flanking regions. The GC content of flanking
regions of AluYa is the lowest in almost all columns ofThe GC content of each Alu subfamily and those of

50 bp, 300 bp, and 3 kb flanking regions are shown in flanking regions in Table 4.
Table 4. The GC content of an Alu, on average, decreases
as its age increases, which is expected because the GC 3.4. Genetic distances between members of AluYa5 and

AluYb8 in each GC content classcontent of an Alu tends to decrease with time (the CpG
dinucleotide, which tends to evolve fast, is about nine-
fold more frequent in young Alus than the genome We obtained the sequences of AluYb8 and AluYa5

with length >280 bp and calculated their average geneticaverage; Schmid, 1998). The average GC contents of
50 bp flanking regions are all lower than the genome distances between members within either of these two

youngest Alu subfamilies in each GC content class. WeGC average (42%), which is also expected because the
exact insertion sites of Alus were found to be generally treated AluYa5 and AluYa8 separately to avoid bias in

genetic distance calculations. From Table 5 we see thatAT-rich (Jurka, 1997). For longer flanking regions

Table 3
Observed and estimated numbers of repeats in the human genomea

Repeat Observed number of repeats in sequenced regions Estimated number of repeats in entire chromosomes

Autosomes X Y Total Autosomes X Y Total

Alu 179 380 16 686 1782 197 848 1 379 846 46 350 12 729 1 438 925
MIR 66 532 8321 161 75 014 511 785 23 114 1150 536 049
LINE1 91 043 21 158 1551 113 752 700 331 58 772 11 079 770 182
LINE2 58 354 8493 189 67 036 448 877 23 592 1350 473 819
LTR_MaLR 39 126 6661 381 46 168 300 969 18 503 2721 322 193
LTR others 36 925 6936 1206 45 067 284 038 19 267 8614 311 919
DNA 49 466 7257 392 57 115 380 508 20 158 2800 403 466
Total 520 826 75 512 5662 602 000 4 006 354 209 756 40 443 4 256 552

a In this study, about 13%, 36%, and 14% of the autosomes, X chromosome, and Y chromosome, respectively, were analyzed; estimated sizes of
each chromosome were from the NCBI homepage.
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Table 5
Average genetic distance (d ) between members within each GC content class for AluYb8 and AluYa5a,b

<36% 36–38% 38–40% 40–42% 42–44% 44–46% 46–48% 48–50% 50–52% 52–54%

# 33 88 85 78 53 58 42 37 15 15
AluYb8 d 0.020 0.112 0.074 0.094 0.095 0.132 0.156 0.146 0.129 0.267

(0.010) (0.106) (0.080) (0.094) (0.094) (0.092) (0.107) (0.100) (0.086) (0.133)

# 51 102 98 80 47 44 28 15 10 10
AluYa d 0.018 0.029 0.021 0.044 0.052 0.036 0.043 0.037 0.023 0.018

(0.008) (0.027) (0.010) (0.067) (0.054) (0.039) (0.043) (0.022) (0.014) (0.007)

a In each GC content class, AluYb8 and AluYa5 with length >280 bp were used for average genetic distance calculations.
b # stands for the number of repeats in each class. The standard error is given in parentheses.

for AluYb8, the average genetic distance increases with tend to be the same as the GC contents of their
surrounding regions. To test this, we divided the humanthe GC content of surrounding regions, whereas for

AluYa5, no correlation exists. Regression analysis was genome into 11 GC content classes according to the GC
contents of 50 kb non-overlapping windows. Theperformed and the P values for AluYb8 and AluYa5

were 0.016 and 0.523, respectively. Generally speaking, observed positive correlation between the GC content
of a class and the GC content of repeats within the classthe average genetic distance between members of AluYb8

is larger than that of AluYa5. (Fig. 1) supports the regional mutation pressure hypoth-
esis (Wolfe et al., 1989), which postulates that the
mutation rate and pattern in a sequence vary with3.5. Relationship between the GC content of repeats and
chromosome regions. We observed that the average GCthe GC content of their surrounding regions
content of each kind of Alu repeat is about 2% lower
on Y chromosome than on X chromosome. This isFig. 1 shows the GC contents of each kind of repeat
interesting, because Y chromosome has a higher muta-and their surrounding regions. The slope and P value
tion rate than X chromosome, leading to a fasterof regression are shown in each chart. There is a
decrease in the GC content of Alu repeats on Y chromo-significant positive correlation between GC contents of
some. Another observation is that generally the GCrepeats and their surrounding regions, with the exception
contents of repeats are higher in chromosomes with highof AluYb8 and AluYa. For LINE2 and MIR, which are
GC contents than those in chromosomes with low GCold repeats, their GC contents were nearly homogenized
contents (data not shown).with the surroundings. For other repeats, Alus in particu-

lar, the older the repeat is, the sharper the slope. But
for AluYb8, its GC content is negatively correlated with 4.2. Insertion patterns of Alu subfamilies
the GC content of surrounding regions. Another young
Alu subfamily, AluYa, does not show any correlation The young Alu subfamilies are good material for
between its GC content and the GC content of its studying Alu insertion patterns because they have experi-
surrounding regions. enced fewer changes than other Alu subfamilies. There

are two young Alu subfamilies, AluYb8 and AluYa. The
following differences between these two subfamilies sug-
gest that the insertion patterns of these two subfamilies4. Discussion
are different: (1) the average genetic distance between
members of AluYb8 shows a positive correlation with4.1. The regional mutation pressure hypothesis
the GC content of its surrounding regions, whereas
AluYa5, which is the major component of the AluYaIt has been shown previously that mutation pressure

has strong effects on the amino acid composition, subfamily, does not (Table 5); (2) the GC content of
AluYb8 shows a negative correlation with the GCspecies-specific codon preference switches, and some

other important evolutionary processes (see Li, 1997). content of its surrounding regions, whereas AluYa does
not (Fig. 1). As the genetic distance between two AluWe know that more than 40% of the human genome is

composed of repetitive elements, including LINEs, repeats will increase with time, the first observation
above suggests that older AluYb8 members preferredSINEs, LTR elements and DNA transposable elements.

These repeats should be subject to the same mutation GC-rich regions, whereas younger members preferred
AT-rich regions. One argument for this suggestion is aspressure as their surrounding regions, and because of

the general lack of function, their GC contents should follows: since new Alus are rich in GC, they would be
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Table 6subject to a weaker mutation pressure if they are located
Densities (number per 10 kb) of three youngest Alu elementsin GC-rich regions than in AT-rich regions. That is,

Alus in GC-rich regions are expected to evolve more Autosome X Y
slowly than those in AT-rich regions. Therefore, the fact

AluY 0.553 0.328 0.489that the average genetic distance between members of
AluYb8 0.016 0.011 0.015AluYb8 is even shorter in AT-rich regions than that of
AluYa 0.015 0.010 0.037

GC-rich regions suggests that AluYb8 members in
AT-rich regions are, on average, younger than members
in GC-rich regions. Because the average genetic distance
between members of AluYa5 and the GC content of pened about 30 MYA, when repetitive elements, such as

Alu and some LTR retroviruses, were very active.their surrounding regions do not show any relationship,
we might infer that members of AluYa, especially Because of the functional decay, the insertion of these

repeats before and after this event should have differentAluYa5, have no preference for GC or AT-rich regions.
This is also supported by the fact that no relationship effects on fitness and thus different fixation rates. In our

study, we found that the frequency of AluYa, which isexists between the GC content of an AluYa member and
the GC content of its surrounding regions (Fig. 1). very young, is highest in Y chromosome (Table 6). This

pattern, i.e. young elements are more frequent in YBecause Alus use retrotransposase encoded by LINE1
and LINE1 prefers to insert into AT-rich regions, Alus chromosome than in other chromosomes, whereas old

elements are not, holds also for LTR retrovirusescan avoid competition for enzyme with LINE1 elements
if they insert into GC-rich regions, which are replicated (Table 1; Smit, 1999). However, the densities of two

other young Alu elements, AluYb8 and AluY, are notat different times from AT-regions in the cell cycle.
However, their exact insertion sites should be AT-rich the highest in Y chromosome. We can explain this

further if we relate it to the Alu insertion pattern,because they use retrotransposase encoded by LINE1.
This model can explain the slow-down of Alu insertion because from the discussion in Section 4.2, we speculate

that AluY and part of AluYb8 prefer to insert intoabout 30 million years ago and the switch of insertion
preference of AluYb8 found in this paper, because we GC-rich regions, but Y chromosome itself is GC-poor.

The GC contents of X and Y chromosome are similarcan imagine that the number of insertion sites decreases
with time. to each other, and from Table 6, we can see that the

densities of AluY and AluYb8 are higher in Y chromo-
some than in X chromosome.4.3. Y chromosome evolution

Lack of functional constraints in most parts of the
Y chromosome and a smaller effective population size 5. Uncited reference
of the Y chromosome compared with other chromo-
somes predict faster evolution of DNA sequences on Y Xia (2000).
chromosome than on the other chromosomes. However,
this would not be true for a Y chromosome region
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Fig. 1. Average GC contents of repeats in each GC content class FAM includes FAM, FLAM, and FRAM. AluJ includes all the subfamilies in
the AluJ age group, while AluS includes all subfamilies of the AluS age group. Regression analysis was performed between the GC contents of
repeats and the GC contents of the embedding classes. The middle GC content was used for each class; e.g. 37% was used for the 36–38% class.
We omitted the <36% and >54% classes in regression analysis. The results are shown on top of each chart. See Results for description.
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