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ABSTRACT

The genomes of birds are much smaller than mammalian genomes, and transposable elements (TEs)
make up only 10% of the chicken genome, compared with the 45% of the human genome. To study the
mechanisms that constrain the copy numbers of TEs, and as a consequence the genome size of birds, we
analyzed the distributions of LINEs (CR1’s) and SINEs (MIRs) on the chicken autosomes and Z
chromosome. We show that (1) CR1 repeats are longest on the Z chromosome and their length is
negatively correlated with the local GC content; (2) the decay of CR1 elements is highly biased, and the 59-
ends of the insertions are lost much faster than their 39-ends; (3) the GC distribution of CR1 repeats shows
a bimodal pattern with repeats enriched in both AT-rich and GC-rich regions of the genome, but the CR1
families show large differences in their GC distribution; and (4) the few MIRs in the chicken are most
abundant in regions with intermediate GC content. Our results indicate that the primary mechanism that
removes repeats from the chicken genome is ectopic exchange and that the low abundance of repeats in
avian genomes is likely to be the consequence of their high recombination rates.

LONG interspersed nuclear elements (LINEs), and
their parasites short interspersed nuclear elements

(SINEs), are the most successful transposable elements
(TEs) in warm-blooded vertebrates. The abundance of
LINEs and SINEs seems to be high in most mammals,
including monotremes (platypus) and marsupials
(Margulies et al. 2005); the �550,000 insertions of
the L1 and the 1,100,000 Alu elements make up almost
30% of the human genome (Lander et al. 2001). SINEs
use the enzymatic machinery of LINEs for replication
and insertion (Smit et al. 1995; Jurka 1997; Dewannieux

et al. 2003; Dewannieux and Heidmann 2005), and
therefore the two classes of TEs might be expected to
have similar distributions in the genome. However, their
distributions are very different; in primates and rodents,
SINEs insert into AT-rich regions of the genome and
accumulate in gene-rich regions with high GC content,
while LINEs reside in AT-rich regions (Soriano et al.
1983; Lander et al. 2001; Pavlicek et al. 2001; Yang et al.
2004; Hackenberg et al. 2005) and show only modest
GC enrichment over time. This pattern has received
considerable attention in recent years, but there is still
no consensus on the mechanism causing it. It has been
proposed that the accumulation of Alu’s in gene-rich

regions may reflect a so far unidentified genomic
function and therefore that Alu’s are beneficial for the
host (Lander et al. 2001). However, the accumulation of
Alu’s in gene-rich regions is still slower than the time
necessary for the fixation of neutral alleles (Brookfield

2001), which seems to question this possibility. An alter-
native hypothesis is that deletions (most likely by ectopic
exchange between repeats) drive the accumulation of
repeats in gene-rich regions (Lobachev et al. 2000;
Brookfield 2001; Lander et al. 2001; Stenger et al.
2001; Batzer and Deininger 2002; Hackenberg et al.
2005; Abrusan and Krambeck 2006). According to this
theory, deletions are more deleterious in gene- and GC-
rich regions of the genome than in the gene-poor, AT-
rich regions, because they may result in loss of selectively
important sequences. In consequence, repeats are lost
at a higher rate from AT-rich regions, which shift the
distribution of repeats toward GC-rich regions over time.
A third hypothesis—that repeats are removed more effi-
ciently from AT-rich regions due to short deletions—was
rejected recently by Belle et al. (2005).

The chicken genome, the only avian genome se-
quenced so far, is approximately one-third the size of
the human genome (International Chicken Genome

Sequencing Consortium 2004), and repetitive ele-
ments make up only 10% of it, compared with the
40–50% in most mammals (International Chicken

Genome Sequencing Consortium 2004; Hughes and
Piontkivska 2005; Wicker et al. 2005). The majority of
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TEs in the chicken genome (80%, or 200,000 copies)
belong to the CR1 families of LINEs. Unlike in primates
and rodents, where the phylogeny of LINEs forms a
single lineage (Smit et al. 1995; Furano 2000), chicken
CR1 elements form several distinct lineages that are con-
siderably more diverged from each other than mamma-
lian L1’s (International Chicken Genome Sequencing

Consortium 2004; Figure 1), and some of them have
coexisted (it is unclear whether any of the chicken CR1
families are active at present) since the bird–reptile split
(Vandergon and Reitman 1994; Kajikawa et al. 1997;
International Chicken Genome Sequencing Con-

sortium 2004). The abundance of CR1 elements
peaked �45 MYA (Figure 1b, substitution level �16%,
assuming a substitution rate of 3.6 3 10�9 year�1;
Axelsson et al. 2004) and since then gradually declined.
A difference compared to mammalian genomes is that
all detectable SINEs (MIRs) are ancient, present in low
copy numbers, and inactive (International Chicken

Genome Sequencing Consortium 2004; Figure 1).
The 30 sequenced chicken chromosomes are consid-

erably more diverse than the human chromosomes in
several properties (International Chicken Genome

Sequencing Consortium 2004). Their size spans
almost two orders of magnitude, from the 188 Mb of
chromosome 1 to 1 Mb of chromosome 32. Autosomes
are classified into macrochromosomes (1–5), interme-
diate chromosomes (6–10), and microchromosomes
(11–32) (International Chicken Genome Sequencing

Consortium 2004). Several biologically important traits
covary with chromosome size (International Chicken

Genome Sequencing Consortium 2004): GC content
(Figure 2), gene density, substitution rate, and recombi-
nation rate correlate negatively (making sequence di-
vergence a less accurate tool for TE age determination
than in mammalian genomes), while the amount of
noncoding material (the abundance of repetitive ele-
ments and intron length) correlates positively (Axelsson

et al. 2004; International Chicken Genome Sequencing

Consortium 2004).
Female birds are heterogametic (Z and W chromo-

somes), but unlike in mammals, males are the homo-
gametic sex (ZZ) and females are the ZW. Like the
mammalian Y, the W chromosome is genetically de-
generate (although it is larger than some of the micro-
chromosomes) and repeat rich (International Chicken

Genome Sequencing Consortium 2004). Similarly to
the mammalian X and Y chromosomes (Lahn and Page

Figure 1.—The evolution and age of CR1’s and MIRs. (a)
Neighbor-joining tree of the ORF2’s of the chicken CR1 fam-
ilies, with the human L3 element as outgroup (Interna-

tional Chicken Genome Sequencing Consortium 2004).
Bootstrap values (1000 replicates) are indicated on the nodes.
(b) The age distribution of CR1 families in the chicken ge-
nome in bins corresponding to 1% increments in substitution

levels. (c) The age distribution of MIRs. MIRs were most active
�90 MYA (substitution level �32%) and apparently went ex-
tinct at the time when CR1’s were most active. (d) The rank
order of the age of CR1, L3, and MIR families in the chicken.
Note that the ages of MIRs, L3’s, and three CR1 families (CR1-
Y2, CR1-H2, CR1-F0) are probably underestimated compared
to other repeats due to their shortness and low connectedness
with other repeats (supplemental Table 1 at http://www.
genetics.org/supplemental/).
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1999), the cessation of recombination between the Z
and W chromosomes was gradual (Ellegren and
Carmichael 2001), which has led to the formation of
evolutionary strata in Z–W divergence (Handley et al.
2004).

In this article we characterize the evolution of LINE
and SINE families of the chicken genome, and their
chromosomal distributions on macro-, micro-, and Z
chromosomes in relation to GC content. We determine
the chronological order of all repeats in the chicken
genome, using a novel method of age determination
(Giordano et al. 2007). The method does not rely on
sequence divergence from the consensus; therefore it is
not biased by the large differences in the recombination
rates in the chicken genome. We show that CR1’s decay
faster in GC-rich regions than in AT-rich regions, but the
decay is highly asymmetric: 59-ends of the repeats (in
relation to their consensus sequence) are lost much
faster than 39-ends, and the CR1 repeats are most
abundant in AT-rich and GC-rich regions. We argue
that ectopic exchange between repeats is the main force
that removes repeats from the chicken genome.

MATERIALS AND METHODS

Transposon (RepeatMasker) and gene (RefSeq) annotation
files and the sequence of the chicken genome (release
galGal2, February 2004, and release galGal3, May 2006) were
downloaded from the University of California Santa Cruz
Genome Browser at http://genome.ucsc.edu (Karolchik

et al. 2003). Release galGal2 was used in the evolutionary
analysis of chicken repeat families (Figure 1; supplemental
Figure 1 at http://www.genetics.org/supplemental/) and the
GC distribution of MIRs (Figure 5b, Figure 6, c, f, and i), while
release galGal3, which contains no MIRs, was used in the
analysis of CR1’s (with the exception of Figure 1). Preliminary
analyses (G. Abrusán, unpublished results) showed that the
chromosomes of intermediate size (6–10) show a qualitatively
similar (intermediate) pattern to macro- and microchromo-
somes, and therefore we did not include their detailed analysis
in this article. The age of CR1 families was determined in two
independent ways: using their divergence from the consensus
and using an interruptional analysis (Giordano et al. 2007).
Divergence levels provided in the RepeatMasker annotation
(D) were corrected for the CpG content of each insertion
by DCpG ¼ D/(1 1 9FCpG) (Mouse Genome Secquencing

Consortium 2002), where FCpG is the frequency of CpG
dinucleotides in the consensus, and DCpG was corrected with
the Jukes–Cantor formula for multiple substitutions (Mouse

Genome Secquencing Consortium 2002). No further cor-
rections for regional or chromosomal differences in sub-
stitution rates (Axelsson et al. 2005; Webster et al. 2006)
were made. The detailed methodology of the transposon-
interruption analysis and the software used is described
elsewhere (Giordano et al. 2007). In short, the method uses
the information from transposon clusters—TEs that insert
into other TEs—to determine the age of families. A TE that
interrupts another TE by necessity is younger than the in-
terrupted one. Using the interruptions from the entire ge-
nome, we determined the rank order of the age of TE families
of the chicken genome. The family with rank 1 is the oldest
one, and the family with the highest rank is the youngest; the

error bars are generated by an iterative process and represent
100, 90, and 50% confidence intervals of the position of the
repeat families in the rank order (see Giordano et al. 2007 for
details). The bootstrap neighbor-joining tree (1000 replicates,
Figure 1) of CR1 families was constructed with MEGA3 (Kumar

et al. 2004) and is based on all the ORF2’s of the CR1 consensus;
these were aligned with ClustalX.

The GC distributions of the chromosomes (GCchr, Figure 2)
were calculated by dividing the entire genome into 30-kb
nonoverlapping windows, excluding repetitive elements (in
consequence, the total nucleotide counts in the windows were
typically 27–28 kb). The local GC content of repeats (GCrep)
was calculated in 2- 3 15-kb windows adjoining every TE
insertion, and fragmented repeats were treated as one in-
sertion. The length of TE copies was determined using their
chromosomal coordinates; for fragmented repeats, the sum of
their fragments was used. To test for interactions between the
length of CR1’s and their local GC distribution on different
chromosome classes, we used general linear models (Figure
3). We tested whether CR1’s decay symmetrically (i.e., both
sides of the insertion shorten at a similar rate). The frequency
distributions of the positions of 59-ends and 39-ends of CR1’s
were calculated by grouping them into bins every 50 bases
(Figure 4). Differences between the medians of the distribu-
tions were determined with Mann–Whitney tests.

Absolute repeat densities of CR1’s and MIRs (Figure 5) were
standardized with the GC content of the chromosome by
dividing the number of repeats with local GC content falling
into a GC range (e.g., 38–40%) by the total amount of
sequence having similar GC content. In addition, using the
RefSeq gene annotations, we determined the ‘‘location’’ of
every insertion, i.e., whether it is between genes or is present in
introns. Repeat densities were calculated separately for each
chromosome, with the exception of some microchromo-
somes, which were pooled due to their small size: chromo-
somes 15–16, chromosomes 21–22, chromosomes 23–25, and
chromosomes 26–32. Differences in repeat densities were
tested with two-sample t-tests (macro vs. micro) and one-
sample t-tests (Z vs. macrochromosomes).

To compare the distributions of CR1 elements of different
age or from different families, we used the method of Yang

et al. (2004): the frequency of GCrep falling into a bin of its
frequency distribution was divided by the frequency of GCchr

falling into the same bin of the GCchr distribution (Figure 6).
In addition to standardizing for GC content, this method

Figure 2.—The GC distributions of macro-, micro-, and sex
chromosomes.
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corrects for the differences in absolute repeat densities as well.
The statistical significance of the changes in the GC distribu-
tions within a chromosome class was tested with Kruskall–
Wallis tests.

RESULTS

The analysis of the divergence and the interruptional
analysis of CR1’s and MIRs confirms that most of the
CR1 lineages differentiated early and have coexisted
for a long period in the chicken and that MIRs are
among the oldest detectable TEs (Figure 1; supplemen-
tal Figure 1 and supplemental Table 1 at http://www.
genetics.org/supplemental/). In contrast to their phy-
logeny (note the low 53% bootstrap support for the first
node in Figure 1), the interruption analysis suggests that
the oldest CR1 family is CR1-X (Figure 1). The rank
order of all repeats in the chicken is presented in
supplemental Figure 1 and supplemental Table 1.

CR1’s of different lengths are distributed unevenly on
the chromosomes, according to their local GC content
(Figure 3). Unlike in humans and the mouse, where
L1’s are longest in regions with intermediate GC
content (38–40%) (Mouse Genome Secquencing

Consortium 2002), in the chicken genome, CR1 length
decreases monotonically with decreasing AT content
(Figure 3). In the GC range of 32–46%, there is a signif-
icant negative correlation between the local GC content
of CR1’s and their length on all chromosomes (Figure
3). In the GC range of 48–54%, CR1’s are slightly but
significantly longer on macrochromosomes than on
microchromosomes (P ¼ 0.002 for the intercepts), but
there is no difference in the slopes (Figure 3). Due to
the inefficiency of reverse transcription that results in
insertion of incomplete, ‘‘dead on arrival’’ CR1’s, the
vast majority of CR1 copies are 59 truncated (Wicker

et al. 2005). However, in addition to this initial loss of 59-

ends, we observed a surprising pattern in the erosion of
the repeats: the shortening of CR1 repeats after in-
sertion in the GC-rich regions is also highly biased; the
59-ends of the insertions are being further lost, but not
the 39-ends (the reference being the consensus se-
quence: the first base of the 59-UTR of the consensus
is position 1 and the last base of the 39-UTR is 4200–
4500, depending on the CR1 family; in Figure 4, the
medians of the distributions differ significantly by
Mann–Whitney tests, P , 0.001). This is not specific
for chicken CR1’s; in the human genome, primate-spe-
cific L1’s show a similar, although less pronounced, bias
in their shortening (G. Abrusán, unpublished results).
The distributions of 39-end positions have multiple
peaks (Figure 4) due to the different lengths of the
consensus sequences of the various CR1 families, and
the distributions of CR1 39-end positions are not signif-
icantly different when CR1 families are analyzed inde-
pendently (G. Abrusán, unpublished results).

Unlike in mice and humans, where L1 repeats are
most abundant in AT-rich regions (Mouse Genome

Secquencing Consortium 2002), on macrochromo-
somes and the Z chromosome CR1 repeats show a
bimodal pattern; repeats are abundant both in AT-rich
and GC-rich regions and have the lowest densities in
regions with intermediate GC content (Figure 5a). On
microchromosomes, even when standardized with the
local GC content, CR1 densities are much lower (Figure
5a) and, due to the high GC content of these chromo-
somes, the peak in the AT-rich region is missing. The
different GC content of chromosomes does not explain
the differences in repeat density; CR1 density is signif-
icantly lower in every GC bin on microchromosomes
(P , 0.05, two-sample t-tests, Figure 5a). CR1 density on
the Z chromosome is significantly higher than on
macrochromosomes in regions with low GC content
(,38%, one-sample t-tests), but not in regions with

Figure 3.—Relationships between the length
of CR1 insertions and their local GC content
on the different chromosome classes. The data
were analyzed with general linear models, but
are shown as box plots for clarity. Log-trans-
formed insertion length was used as the depen-
dent variable, chromosome class as the
categorical predictor, and local GC content as
continuous predictor. The analyses were done
separately for GC ranges of 32–46% (n ¼
124,862) and 48–56% (n ¼ 11,204). Macro- and
microchromosomes differ in both the intercept
(P , 0.001) and the slopes (P , 0.001). The Z
chromosome differs significantly from the auto-
somes in both slope and intercept (P > 0.001).
The slope of the regression between local GC
content and repeat length is significant for every
chromosome class (P > 0.001). Within the GC
range of 48–56% there is no significant differ-
ence between the slopes (P ¼ 0.15), but the inter-
cepts of macro- and microchromosomes are
significantly different (P , 0.001).
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higher GC content. In contrast to CR1’s, MIRs are most
abundant in regions with intermediate GC content (46–
48%, Figure 5b). There are no significant differences
between the densities of MIRs in macro- and micro-
chromosomes (Figure 5b), but their abundance is
significantly lower on the Z, independently of the local
GC content (Figure 5b).

The distribution of CR1 elements shows considerable
differences between families: relatively young families
like CR1-F or CR1-B are more enriched in regions of
high GC content than the oldest families such as CR1-X
and CR1-Y (Figure 6), which is the opposite to the
pattern observed in the human and rodent genomes.
However, the CR1-F family that had the most recent
burst of activity in the chicken shows a similar shift
toward regions of high GC content as SINEs in the

mammalian genomes. The pattern is similar on the Z
chromosome and the macrochromosomes, but less
pronounced on the microchromosomes (Figure 6).
The distribution of MIRs changes minimally over time;
only the oldest insertions (30–40% divergence) are
slightly (but statistically significantly) shifted toward
AT-rich regions (Figure 6, c and f). On microchromo-
somes (Figure 6, d and f), repeats show less pronounced
differences between regions of different GC content,
and above the GC content of 52–54%, the relative fre-
quency of CR1 repeats declines (in the case of MIRs
from 48%).

DISCUSSION

Evolution of CR1 families: The evolutionary analysis
of chicken repeats shows that the three methods used
supplement each other and that the interruptional
analysis provides useful information on CR1 evolution

Figure 4.—Biased shortening of CR1’s on macrochromo-
somes. (a) Distribution of 59-ends and 39-ends (in relation
to the CR1 consensus) of all CR1’s with local GC content
,34%. The multiple peaks, particularly easily visible in the
distributions of 39-ends, correspond to different CR1 families,
which have slightly different consensus lengths. (b) Distribu-
tion of 59-ends and 39-ends of all CR1’s with local GC content
.48%. Both the distributions of 59-ends and 39-ends differ
highly significantly from each other (Mann–Whitney tests,
P , 0.001, n ¼ 14,282).

Figure 5.—Chromosomal densities of CR1 and MIR inser-
tions in regions of different GC content. Error bars show stan-
dard errors. CR1 densities in macro- and microchromosomes
are significantly different in every GC bin (P , 0.05, two-sam-
ple t-tests). The Z chromosome differs significantly (P , 0.05,
one-sample t-tests) from macrochromosomes in regions with
GC content ,40%. MIR densities of macro- and microchro-
mosomes do not differ significantly, but the Z chromosome
has significantly lower MIR densities than the autosomes
(P , 0.05, one-sample t-tests).
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where the other two methods are not decisive. There are
inconsistencies between the phylogeny of the repeats
and their divergence. For example, the CR1-F family is
one of the youngest families in the phylogeny (Figure 1a);
nevertheless, the divergence of most CR1-F insertions

from their consensus sequence is comparable to the
older families (Figure 1b). In addition, the split between
the oldest families (CR1-X and CR1-Y) is not resolved
well by their phylogeny, and the large spatial variation in
the nucleotide substitution rates on the chicken chro-

Figure 6.—Frequencies of CR1 and MIR families in regions of different GC content. The different CR1 families show different
GC distributions (a, d, and g), the oldest families (CR1-Y, CR1-X) being more frequent in AT-rich regions than the younger fam-
ilies (CR1-B, CR1-F, P , 0.001 for all possible comparisons with CR1-Y and CR1-X families). Similarly to human Alu’s, the youngest
insertions of the recently active CR1-F family show a rapid shift toward AT-rich regions: CR1-F insertions diverged ,6% show a
clear bias toward AT-rich regions (a, d, and g), but not older insertions (P , 0.001 for the difference between their GC distri-
butions on all chromosome classes). However, in addition to this initial change in their distribution, CR1’s show no consistent
shift toward regions of high GC content with increasing divergence in any of the chromosome classes (P . 0.05 for most compar-
isons; b, e, and h). Unlike most mammalian SINEs, MIRs in the chicken genome are most frequent in regions with intermediate
GC content (c and f) and show no significant change in their distribution with time (P . 0.05 among the age classes).
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mosomes (Axelsson et al. 2005; Webster et al. 2006)
makes it particularly difficult to make inferences about
the real age of old, diverged families. The transposon-
interruption analysis provides a picture of the evolu-
tionary history of repeats qualitatively similar to the one
obtained by the phylogeny. The method is able to
resolve the history of the oldest CR1 families, and unlike
the phylogeny that it supports, the CR1-X family is the
oldest. Since the interruptional analysis is not influ-
enced by spatial or temporal variability of substitution
rates, it is well suited to resolve evolutionary relation-
ships between the repeats where phylogenetic trees or
substitution rates do not lead to clear conclusions and

can be successfully used in phylogenetic inferences on
the species level as well (see Giordano et al. 2007).

Implications of CR1 length for their activity and
mechanisms constraining their abundance: Since differ-
ent chicken chromosomes have very different GC contents
(Figure 2), any differences in the length of CR1 elements
could be a simple by-product of chromosomal GC dis-
tributions if copies of different length are distributed
unevenly according to the local GC content. Indeed, CR1’s
grow short with increasing GC content on all chromo-
somes (Figure 3). However, the different GC content is not
sufficient to explain the differences of CR1 length, al-
though it accounts for most of the difference between
macro- and microchromosomes (75% of the explained
variance within the GC range of 32–46%; Figure 3).

There are two basic mechanisms that can eliminate
long CR1 insertions from the genome: short deletions
that erode them gradually and ectopic exchange, which
can remove larger fragments or entire repeats. Both
short deletions (Petrov et al. 2000; Petrov 2002) and
ectopic exchange (Langley et al. 1988; Charlesworth

et al. 1994; Bartolome et al. 2002) are likely to occur
during meiotic recombination, and both have been
proposed to be the main mechanism that controls the
expansion of noncoding material in the genome. In
theory, both mechanisms can explain the biased erosion
of the repeats (Figure 4): short deletions can lead to the
59-end-biased decay if the coding region of CR1’s is
deleterious, for example, due to interference with the
expression of closely linked genes, while 39-UTRs are not,
or less deleterious. In this case, selection will favor the
fixation of deletions in the coding regions of the repeats,
particularly in gene-rich, highly recombining regions of
the genome. We tested this theory using CR1’s of the
macrochromosomes and found no significant differ-
ences in the distribution of 59-ends and 39-ends of
intergenic and intronic repeats, indicating similar rates
of sequence loss (supplemental Figure 3 at http://
www.genetics.org/supplemental/); thus this hypothesis
alone is not sufficient for explaining the observed
pattern. However, selection against long repeats in
combination with ectopic exchange offers a possible
explanation. Since LINEs are reverse transcribed, CR1
insertions show small variability in the position of their
39-ends, but due to 59 truncation, which most likely
occurs due to the dissociation of the reverse transcrip-
tase from the mRNA during reverse transcription,
insertions show a large variation in their 59-end posi-
tions. In an ectopic exchange event between two copies
of unequal length (supplemental Figure 4), one of the
repeats is lost (note that both the shorter and the longer
insertion can be lost in this way, depending on the order
of the repeats). However, if long repeats are more
deleterious than short ones, then the likelihood that
the deletion containing the longer repeat will reach
fixation is higher, which leads to a gradual loss of long
CR1 insertions.

Figure 6.—Continued.
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Similarly to the mammalian X chromosome (Baker

and Wichman 1990; Mouse Genome Secquencing

Consortium 2002), CR1’s are more abundant on the
Z chromosome than on the autosomes (Figure 5), prob-
ably due to its low recombination rates. Lyon (1998) has
proposed that the high density of LINEs on mammalian
X is connected with a function in X inactivation. In
birds, it is unclear whether Z inactivation occurs at all
(Ellegren 2002); most authors found no evidence of
Z inactivation (Baverstock et al. 1982; Kuroda et al.
2001), with the exception of McQueen et al. (2001).

Implications of GC distributions of CR1’s for the
mechanisms that control their abundance and genome
size: The distribution of CR1’s (Figure 5) is different
from the distribution of L1’s in mammals (see Yanget al.
2004 for the analysis of L1’s); CR1’s have peak densities
in both AT-rich and GC-rich regions. This pattern is
most likely caused by several mechanisms: insertion bias,
selection against deleterious insertions, and ectopic ex-
change between repeats. GC-rich regions are also gene
rich, and therefore the likelihood that an insertion will
be deleterious due to the disruption of selectively im-
portant sequences is higher than in AT-rich (gene-poor)
regions, so that selection will remove more insertions
from GC-rich regions. In contrast, ectopic exchange is
expected to remove repeats more efficiently from AT-
rich regions, where deletions are less deleterious.

The 59-end biased shortening of the repeats supports
the ectopic exchange hypothesis. However, the high
density of old CR1 families in AT-rich regions is the
opposite of the pattern observed in mammals. In addition
to possible changes in the insertion preference of CR1
families, an alternative explanation is that deletions that
reach fixation in the chicken are not AT biased, possibly
due to the less-pronounced isochore structure of the
chicken genome. In vertebrates, the GC content of a
genomic region is positively correlated with its recombi-
nation rate (Eyre-Walker 1993; Myers et al. 2005), and
the current consensus is that recombination increases the
local GC content by biased gene conversion (Marais

2003; Meunier and Duret 2004; Webster et al. 2005). In
addition, a continuous loss of AT-rich sequence due to
ectopic exchange is likely to contribute to the discrepancy
between the observed and the expected GC content of
mammalian genomes. Although in the chicken genome
repeats are lost from highly recombining regions,
probably the same process, i.e., ectopic exchange, is
responsible for the removal of the repeats. Since the
recombination rates of avian chromosomes are much
higher than those of mammalian ones, and ectopic ex-
change events occur primarily during meiotic recombi-
nation, ectopic exchange is likely to be a key factor
responsible for the small genome size of birds.
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