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Abstract Chromosomal evolution involves multiple

changes at structural and numerical levels. These changes,

which are related to the variation of the gene number and

their location, can be tracked by the identification of syn-

tenic blocks (SB). First reports proposed that *180–280 SB

might be shared by mouse and human species. More

recently, further studies including additional genomes have

identified up to *1,400 SB during the evolution of euthe-

rian species. A considerable number of studies regarding the

X chromosome’s structure and evolution have been under-

taken because of its extraordinary biological impact on

reproductive fitness and speciation. Some have identified

evolutionary breakpoint regions and fragile sites at specific

locations in the human X chromosome. However, mapping

these regions to date has involved using low-to-moderate

resolution techniques. Such scenario might be related to

underestimating their total number and giving an inaccurate

location. The present study included using a combination of

bioinformatics methods for identifying, at base-pair level,

chromosomal rearrangements occurring during X chromo-

some evolution in 13 mammalian species. A comparative

technique using four different algorithms was used for

optimizing the detection of hotspot regions in the human X

chromosome. We identified a significant interspecific

variation in SB size which was related to genetic informa-

tion gain regarding the human X chromosome. We found

that human hotspot regions were enriched by LINE-1 and

Alu transposable elements, which may have led to intra-

specific chromosome rearrangement events. New fragile

regions located in the human X chromosome have also been

postulated. We estimate that the high resolution map of X

chromosome fragile sites presented here constitutes useful

data concerning future studies on mammalian evolution and

human disease.

Introduction

The first version of the human genome led to the beginning

of the post-genomic era, which has led to a better under-

standing of distinct aspects of biology and medicine, such

as evolution, genomic architecture, genetics, physiology,

and pathology (Chimpanzee and Analysis 2005; Lander

et al. 2001; Mouse Genome Sequencing et al. 2002; Venter

et al. 2001). Remarkable advances in technology have been

made since then, thereby enabling efficient, full-length,

genome sequencing. Nucleotide sequences for at least 29

complete mammalian genomes are currently available in

public databases, 13 of which have been totally assembled

in chromosomal structures (Lindblad-Toh et al. 2011).

Bioinformatics tools have also evolved, enabling simulta-

neous analysis of considerable amounts of data. Large

genomic regions can currently be aligned at base-pair (bp)

level for studying interspecific chromosomal rearrange-

ments occurring during evolution (Bourque et al. 2005;

Darling et al. 2004). This approach has been used for

studying the potential pathogenic consequences of human

phenotypes, such as infertility, developmental disorders,
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and cancer (Darai-Ramqvist et al. 2008; Mitelman et al.

2013; Murphy et al. 2005). Chromosomal evolution has

been widely studied by the identification and conservation

of syntenic blocks (SB) across species.

The first studies in this area proposed that *180–280 SB

might be shared by mouse and human species (Nadeau and

Taylor 1984; Pevzner and Tesler 2003a). More recently, fur-

ther studies which have included additional genomes (e.g., rat,

chicken, dog, cow, and pig) have identified up to *1,400 SB

during the evolution of eutherian species (Bourque et al. 2005;

Larkin et al. 2009; Ma et al. 2006; Murphy et al. 2005).

However, it is considered nowadays that such calculations

may have been underestimated due to low resolution maps,

which may have led to an inaccurate identification of chro-

mosome rearrangements and the potential misunderstanding

of some evolutionary mechanisms (Attie et al. 2011; Copeland

et al. 1993; DeBry and Seldin 1996; Gregory et al. 2002;

Mouse Genome Sequencing et al. 2002).

Fragile regions or fragile sites have been described by

cytogenetic techniques as specific chromosomal regions that

exhibit an increased frequency of gaps (breaks) during

in vitro cell exposure to DNA replication stress (Sutherland

1977). Distinct hypotheses have been proposed from a

mechanistic point of view for explaining chromosome

evolution, such as the ‘‘fragile breakage’’ model (FBM)

(Nadeau and Taylor 1984; Pevzner and Tesler 2003b). FBM

postulates that genomes consist of mosaics of fragile and

solid segments. These regions may have a high (hotspots) or

low propensity to rearrangements. Studies on mammalian

breakpoint co-location and other genomic features (e.g.,

segmental duplications, repeated elements, experimental

fragile sites, high GC content, and CpG island density) have

provided evidence in favor of the FBM (Armengol et al.

2003; Bailey et al. 2004; Gordon et al. 2007; Ruiz-Herrera

et al. 2005; Ruiz-Herrera and Robinson 2007; Schibler et al.

2006). Some of these DNA characteristics, such as seg-

mental duplications and/or repetitive elements, have been

associated with regions, which are often reused during

mammalian chromosome evolution (named evolutionary

breakpoint regions, EBR). This is consistent with the

hypothesis that EBRs are evolutionarily unstable genomic

regions, promoting chromosome rearrangement via non-

allelic homologous recombination (NAHR) (Bailey et al.

2004; Murphy et al. 2005; Schibler et al. 2006). Identifying

new EBRs would thus contribute toward understanding

chromosome evolution and breakpoint reuse-related pro-

cesses, as well as identifying potential predisposing factors

concerning human disease. Human EBR location is cur-

rently based on a methodology used to define SB, involving

orthologous genes and BAC-end sequences (Larkin et al.

2009; Ma et al. 2006; Ruiz-Herrera et al. 2006). However,

this approach may be slightly inaccurate compared to other

methodologies, such as multiple genomic alignments

permitting genomic analysis at bp level. Large chromo-

somal regions in humans which are prone to breakage when

subjected to replication stress (common fragile sites, CFS)

have been related to EBRs. For instance, genomic instability

(a hallmark of cancer biology) has been related to some

rearrangement hotspots preferentially occurring at CFSs

(Lukusa and Fryns 2008; Ma et al. 2012).

A considerable number of studies have been undertaken

regarding X chromosome structure and evolution because

of their extraordinary biological impact on reproductive

fitness and speciation. Several authors have demonstrated a

constant traffic between the X chromosome and autosomes

during the Drosophila’s and mammalian evolution (Cheng

and Disteche 2006; Vibranovski et al. 2009a, b; Emerson

et al. 2004; Zhang et al. 2010). Some reports have identi-

fied EBRs and six fragile sites have been located at specific

locations in the human X chromosome: FRAXB, FRAXC,

FRAXD, FRAXA, FRAXE, and FRAXF (Ruiz-Herrera et al.

2006; Schwartz et al. 2006). FRAXA and FRAXE have been

associated with mental retardation, tremor/ataxia syn-

drome, and Parkinson’s disease (Brouwer et al. 2009; Costa

et al. 2011; Debacker and Kooy 2007). However, as for

other genomic regions, CFS and EBR mapping on the X

chromosome has involved using low-to-moderate resolu-

tion techniques. This might have been related to underes-

timating their total number and inaccurate location.

In the present study, we have used a combination of

bioinformatics methods to identify, at bp level, chromo-

somal rearrangements present during X chromosome evo-

lution in 13 mammalian species. A comparative technique

involving four different algorithms was used to optimize

detecting hotspot regions in the human X chromosome. A

significant interspecific variation in SB size was found,

which was related to a gain in genetic information regarding

the human X chromosome. It was found that human hotspot

regions were enriched by LINE-1 and Alu transposable

elements (TE) which might have led to intraspecific chro-

mosome rearrangement events. This also led to postulating

new fragile regions located in the human X chromosome.

The high resolution map of X chromosome fragile sites

presented here constitutes useful data for future studies

concerned with mammalian evolution and human disease.

Results

Interspecific SB size variation

Aligning 13 homologous mammalian X chromosomes

revealed 39 SB which were consecutively numbered from

p to q chromosomal regions (Fig. 1). X chromosome length

ranged from 111.7 Mb (rabbit) to 171 Mb (mouse) (Sup-

plementary Table S1). Average SB size was 3.5 Mb,
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ranging from 0.85 Mb (SB4) to 15.2 Mb (SB37). Covari-

ance analysis of SB length revealed high variability among

mammalian species (Fig. 2; Supplementary Table S2). The

length of six SB (6, 19, 31, 34, 35, and 36: group 1) dis-

played minimum variance (homogeneous blocks, covari-

ance (CV) B10 %). Ten SB (7, 8, 9, 18, 20, 22, 23, 25, 26,

and 30: group 2) were classified as moderately homoge-

neous blocks (CV = 10.1–20 %). The remaining 23 SB

(group 3) had high variance regarding their length (heter-

ogeneous blocks, CV [20 %). Rodents (especially rabbit)

had large (heterogeneous) length variations regarding SB

(1–5, 11, 12, 24, 33, and 37). Conversely, SB length did not

have a significant variation in other species, such as

anthropoid primates. The study of genetic information loss

and gain for each human SB showed that most of them

gained an average of 292.9 Kb (Supplementary Table S3;

Fig. 1 Synteny map scheme for 13 X chromosomes. The black

numbers indicate syntenic segments (n = 39) which were conserved

among 13 mammalian species. X chromosomes are orientated from p

(short arm) to q (long arm). The inverted orientation of syntenic

blocks is indicated by a (-) sign. Genomes from top to bottom: human

X chromosome ideogram (A1) and syntenic block ordination (A2);

chimpanzee (B); gorilla (C); orangutan (D); macaque (E); marmoset

(F); rabbit (G); rat (H); mouse (I); dog (J); pig (K); horse (L); cow

(M). Red circles represent micro-inversions (Color figure online)
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Fig. 3a, Supplementary Figure S1). Sixty-four percent (25/

39) of SB had a gain in genetic information, ranging from

28.2 Kb (SB18) to 2.5 Mb (SB37). Twenty-six percent of

SB (14/39) had a loss of genetic information, ranging from

927 bp (SB34) to 976 Kb (SB33). Comparing human SB

length to that of other species showed that 75 % (9/12) of

them had gained genetic information (Supplementary

Table S3, Fig. 3b). A loss of genetic information ranging

from 3.8 to 29.5 Kb was exclusively observed when human

SB were compared to those for chimpanzee, orangutan and

mouse.

Chromosomal rearrangements

A total of 252 chromosomal events were identified and

classified into 4 categories: deletions, insertions, non-

homologous regions (non-HR: considered regions having

less than 10 % nucleotide identity), and inversions (Fig. 4).

Deletions were found at a frequency of 12.3 % (31/252)

(Supplementary Table S4, deletion section), having 2.1 Mb

length on average. Rodents (rabbit, rat and mouse) had the

most deletions (45 %) compared to the human genome.

Rodents shared three SB deletions (1, 2, and 39) (Fig. 1;

Supplementary Table S4). Five SB (3, 4, 5, 37, and 38)

were lost exclusively in rabbit. One of these was a 3 Mb

X-to-17 chromosome translocation (Table S4, deletion

section). Nine large deletions encompassing 3.8 Mb were

recorded in pig (429 Kb average). Compared to the human

genome, rabbit had the largest loss of genetic information

since seven large deletions (4.9 Mb average) were

observed. A few deletions (1.4 Mb average) were observed

in dog (n = 3), horse (n = 3) and cow (n = 1). Deletions

were uncommon in anthropoid primates, only being

observed in macaque (2.3 Mb total deletion length). SB1

was completely deleted in this species, but partially present

in marmoset, pig, horse, and cow (Supplementary Table

S4, deletion section).

Insertions occurred with 3.5 % (9/252) frequency. Each

had an average 459 kb length (Supplementary Table S4,

insertion section). Pig had the most insertions (n = 4;

653 Kb length, 163 Kb/insertion) having a gain of three

genes (ENSSSCG00000012105-07, ENSSSCG00000012240,

and ENSSSCG00000012331 genes). Mouse carries two

insertions. One encompasses *1 Mb, consisting of 23

genes (Wdr44 to GM4764 genes) and the other 2.2 Mb

(Hs6st2 to Mospd1 genes). One insertion was identified in

rabbit (104 Kb), dog (39 Kb) and horse (14 Kb) (Supple-

mentary Figure S2; Table S4).

A total of 63 non-HRs (25 % of all chromosomal rear-

rangements) were detected. Most were found in anthropoid

Fig. 2 Marginal means estimated for each SB. The colored lines

represent marginal means variation regarding SB size for each

species. Unmarked homogeneous blocks (CV B10 %, group 1).

Asterisk moderately homogeneous blocks (CV = 10.1–20 %, group

2). Double asterisk heterogeneous blocks (CV [20 %, group 3)

(Color figure online)
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Fig. 3 SB gain and loss of genetic information. a Paired analysis by species, b comparative analysis between human and other species. Negative

and positive values indicate gain and loss of genetic information in the human lineage, respectively

Fig. 4 Chromosomal events identified in mammalian X chromosomes. Deletions, insertions, low nucleotide identity regions, non-HR, micro-

inversions, and inversions identified by species. The human X chromosome was taken as reference
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primates (30/93, 47.6 %). Taking the human genome as

reference, five of six non-HRs were located at identical

coordinates in all anthropoid primates. These regions carry

SSX, GAGE, and XAGE genes (Table S4, non-HR section).

Rodents, dog, horse, and cow shared four non-HRs at the

same genomic location. Pig displayed four exclusive non-

HRs (270 Kb on average), including one deletion

(PHCDH11X) and one duplication (RAB9B) (Supplemen-

tary Table S4, non-HR section).

One hundred and forty-nine inversions (59.1 % of all

chromosomal rearrangements) were detected (Fig. 4).

67.1 % (100/149) were classified as micro-inversions, since

they encompassed less than 1 Mb. Average micro-inversion

size was 241.4 Kb, ranging from 3 Kb to 891 Kb. Anthro-

poid primates had presented 27 micro-inversions, 13 (48 %)

being present in marmoset. A unique 27 Kb micro-inversion

(human coordinates: X: 46,809,122–46,836,795) was shared

by chimpanzee, orangutan, macaque, and marmoset. Sup-

plementary Table S4 (micro-inversion section) shows micro-

inversion distribution in all species. Micro-inversions were

concentrated at specific SB in pig, cow, dog, horse, and

rodents (6, 9, 10, 12 and 37). Complete and partial deletions

(12 in pig, 3 in dog, 3 in cow, and 1 in horse) and gene

duplications (2 in pig) caused by micro-inversions were

identified.

Based on SB position, the minimum number of large

inversions ([1 Mb) needed to transform the ancestral

mammalian X chromosome into any other mammalian X

chromosome was determined. There were 49 large inver-

sions (Supplementary Table S4, total rearrangement

section).

Testing inversion phylogeny

Matrix inversion distance was obtained from consecutive

SB order and direction. A phylogeny of inversions in

mammalian X chromosomes, which included three ances-

tral chromosomes (Table 1; Fig. 5), was then proposed

using GRIMM and UniMoG software. An ancestral

mammalian X chromosome (A1) sequence was predicted.

Such structure was then searched for the inversions nec-

essary to transform the X chromosome from one species

into another. GRIMM, HP, and the inversion model iden-

tified 44 chromosomal inversions (X1–X44). Forty-three

chromosomal inversions (X1–X43) were identified using

the restricted DCJ model. A minimum of 16 (X1–X17 for

the DCJ model) or 17 inversions (X1–X17 for GRIMM

software, HP and inversion model) were required to

transform A1 to the cow X chromosome. Three chromo-

some inversions (X18–X20 from the DCJ model, X19–X21

from GRIMM software, HP and inversion model) were

necessary to transform A1 to the ancestral structure shared

by rat and mouse (A2). Seven A2 inversions produced

mouse (X21–X27 for DCJ model or X22–X28 for GRIMM

software, HP and inversion model) and rat X chromosomes

(X28–X34 for the DCJ model or X29–X35 for GRIMM

software, HP and inversion model) (Supplementary Figures

S1, S2). A3 was the ancestral anthropoid primate, dog,

horse, rabbit, and pig X chromosome which originated

from a unique inversion (X17 for the DCJ model or X18

for GRIMM software, HP and inversion model). Rabbit

and pig X chromosomes were generated from A3 by three

(X35–X37 DCJ model or X36–X38 for GRIMM software,

HP and inversions model) and six inversions (X38–X43 for

the restricted DCJ model or X39–X44 for GRIMM soft-

ware, HP and inversion model) (Supplementary Figure S3).

Fragile regions in the X chromosome

One hundred and sixty-four regions were identified adjacent

to 82 inversion breakpoints (IB). Based on the human SB

composition (Fig. 1), 117, 108, 121, and 120 distinct reused

regions were detected (at least two in the same region) using

GRIMM, DCJ, HP and inversion model, respectively. Forty-

four regions had 0 to 1 IB (Supplementary Table S5). Thirty

fragile regions (ranging from 0.79 Kb to 2.2 Mb in length)

were identified in the human X chromosome (Table 2;

Fig. 6). Ten chromosome regions were identified which had

less than 2 breakpoints (Fig. 6). These findings enabled

human X chromosome fragile regions identified in the

present study to be compared to those reported in the per-

tinent literature (Fig. 7; Supplementary Table S6).

A total of 10,274 transposable elements (TE) were

detected in fragile regions (354.2 copies/region average

and 1.64 TE/Kb density) (Supplementary Table S7). 34 %

were L1/LINE-like and 19 % Alu/LINE-like elements

while 11 % were classified as hAT/TIR-like elements

(other types of TE did not exceed 8 %). Over 99.9 % of the

detected TEs could be considered as being ineffective or

incomplete copies which might lack the ability to trans-

pose. Fifty-nine TEs displayed [95 % nucleotide identity

with the consensus sequences available at the Repbase

database. Five of these copies (L1HS-like) contained an

open reading frame encoding a transposase enzyme. No

correlations (r2 \ 0.1) were observed between reuse

number and TE type, fragile region size or TE/Kb density.

Discussion

X chromosome SB in mammals

Previous studies concerning a reduced number of vertebrate

species have reported 11–17 SB located in the X chromo-

some (Bourque et al. 2005; Pevzner and Tesler 2003a). The

first studies revealed an average 9.6 Mb size for human and
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8.5 Mb for mouse SB. Furthermore, an average 668 Kb in

human and 458 Kb in mouse were identified for breakpoint

regions (BPR) (Pevzner and Tesler 2003a). These results

which reported large SB suggested further hidden regions.

More recently Bourque et al. (2005) detected 17 SB in

human (average 3.2 Mb), mouse (2.8 Mb), and chicken X

chromosome (1.2 Mb). They also reported average BPR

size: 1.8 Mb in human, 1.4 Mb in mouse, 1.6 Mb in rat, and

395 Kb in chicken. The SB generated in such work were

mainly based on orthologous gene location combined with

paired alignment. This methodology (tending toward the

identification of large SB) led to the detection of a reduced

number of long BPRs.

A combination of bioinformatics methods in the present

study has been used to determine the number of SB located

in 13 mammalian species’ X chromosome.

Thirty-nine SB were identified, ranging from 0.85 to

15.2 Mb in length. Average SB size was 3.8 Mb in human

and mouse and 3.5 Mb in the other species. It was esti-

mated that BPR in mammals encompassed 210 kb on

average. These results significantly differed from those

reported in previous studies. This might have been due to

MAUVE’s high sensitivity for detecting SB structure.

Indeed, this software represents the first sequence system

which integrates an analysis of large-scale evolutionary

events with traditional multiple sequence alignment

Table 1 Inversion distance

matrix in mammals

a Numbers in bold show

rearrangements reported by

restricted DCJ model. Numbers

which have not been highlighted

represent rearrangements

estimated by GRIMM software,

HP and inversion models. Even

though the same number of

events was indicated, they may

not necessarily be shown in the

same order or the same type of

event

Hu Ch Go Or Mq Ma Ra Mo Ra Do Pi Ho Co

Human (Hu) – 0 0 0 0 0 3 11 11 0 6 0 17/18a

Chimpanzee (Ch) 0 – 0 0 0 0 3 11 11 0 6 0 17/18a

Gorilla (Go) 0 0 – 0 0 0 3 11 11 0 6 0 17/18a

Orangutan (Or) 0 0 0 – 0 0 3 11 11 0 6 0 17/18a

Macaque (Mq) 0 0 0 0 – 0 3 11 11 0 6 0 17/18a

Marmoset (Ma) 0 0 0 0 0 – 3 11 11 0 6 0 17/18a

Rabbit (Ra) 3 3 3 3 3 3 – 14 14 3 9 3 20/21a

Mouse (Mo) 11 11 11 11 11 11 14 – 14 11 17 11 23

Rat (Ra) 11 11 11 11 11 11 14 14 – 11 17 11 25/27a

Dog (Do) 0 0 0 0 0 0 3 11 11 – 6 0 17/18a

Pig (Pi) 6 6 6 6 6 6 9 17 17 6 – 6 22/23a

Horse (Ho) 0 0 0 0 0 0 3 11 11 0 6 – 17/18a

Cow (Co) 18 18 18 18 18 18 21 23 27 18 23 18 –

Fig. 5 X chromosome

phylogeny of inversions.

Phylogenetic tree obtained

using GRIMM and UniMoG

software. Inversion changes in

phylogeny are shown in bold.

Blue circles show hypothetical

ancestral ordination. Green

rectangles represent inversions

produced by the restricted DCJ

model. Gray rectangles

represent inversions found using

GRIMM, HP and inversion

models (Color figure online)
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methods. This software facilitates the identification and

alignment of both conserved regulatory and hypervariable

intergene regions (Darling et al. 2010). The high sensitivity

for locating SB reported here is also related to the signif-

icant number of genomes used for multiple alignment at bp

level. Previous comparisons have been made between a

limited amount of related genomes, which has resulted in

lower quantity BPR. Our analysis was based on current

genome versions which contain less annotation errors and

gaps which might have affected chromosome structure/

length estimation.

Concerning interspecific SB variation, significant dif-

ferences in average size were observed (p \ 0.0001)

between covariance groups (groups 1–3). For instance,

group 1 average SB size was 6 Mb while this was 4.3 Mb

for group 2 and 2.5 Mb for group 3. These features indi-

cated that short SB tend to have great interspecific vari-

ability during mammalian chromosome X evolution, while

large SB tend to be more homogeneous. Bourque et al.

(2005) reported an average of 10.7 genes/SB (ranging from

3 to 120) in the human genome. Their observations argued

in favor of the fact that short SB have lower gene density

regarding intergene regions, which could explain the sig-

nificant variability in size among species. Human/mouse

and human/rat sequence comparisons showed that all

orthologous regions could be aligned in a pair-wise fashion

and that *40 % of the human genome could be aligned

with rodent genomes (Gibbs et al. 2004; Mouse Genome

Sequencing et al. 2002). Moreover, some short SB may

become completely or partially deleted in the course of

evolution (Pevzner and Tesler 2003a, b). These findings

supported the SB variability (especially in short SB)

observed in the present study. Our results showed that

some short SB (1, 15 and 39) located in telomeric and

centromeric regions had interspecific size variability.

Indeed, it has been shown that the large number of highly

Table 2 Fragile regions located on the human X chromosome

Region Coordinates Size in bp Intergene region

1 X:0–30,513 30,513 Telomeric region

2 X:1,762,694–2,135,866 373,172 ASMT-DHRSX

3 X:4,659,472–5,115,200 455,728 PRKX-NLGN4X

4 X:9,917,948–10,411,034 493,086 SHROOM2-MID1

5 X:13,421,823–13,568,985 147,162 ATXN3L-EGFL6

6 X:23,804,997–23,851,764 46,767 SAT1-APOO

7 X:37,301,730–37,302,526 796 PRRG1-LANCL3

8 X:46,432,037–46,434,653 2,616 ZNF674-CHST7

9 X:48,273,689–48,315,998 42,309 SSX4B-SLC38A5

10 X:51,253,261–51,483,700 230,439 NUDT11-GSPT2

11 X:53,024,906–53,074,777 49,871 FAM156A-GPR173

12 X:57,516,741–57,617,343 100,602 FAAH2-ZXDB

13 X:62,519,964–62,564,676 44,712 CBX1P1-SPIN4

14 X:64,256,246–64,625,979 369,733 ZC4H2-TLE1P1

15 X:65,489,465–65,812,766 323,301 HEPH-EDA2R

16 X:67,946,711–68,047,313 100,602 STARD8-EFNB1

17 X:73,073,661–73,402,982 329,321 XIST-BMP2KL

18 X:79,700,763–79,924,323 223,560 FAM46D-BRWD3

19 X:80,554,843–82,755,224 2,200,381 SH3BGRL-POU3F4

20 X:86,962,912–87,995,314 1,032,402 RPSAP9-CPXCR1

21 X:93,764,789–94,014,015 249,226 FAM133A-DIAPH2

22 X:98,374,387–98,382,503 8,116 DIAPH2-PCH19

23 X:104,331,409–104,341,330 9,921 IL1RAPL2 (intron 2)

24 X:105,455,019–105,853,987 398,968 MUM1L1-CXorf57

25 X:107,036,569–107,068,383 31,814 TSC22D3-MID2

26 X:114,541,809–114,794,604 252,795 LUZP4-PLS3

27 X:116,057,222–116,998,293 941,071 CXorf61-KLHL13

28 X:125,877,163–125,880,720 3,557 DCAF12L1-CXorf64

29 X:153,796,807–153,902,568 105,761 IKBKG-GAB3

30 X:155,240,626–155,270,560 29,934 IL9R-telomeric region
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repeated and rapidly evolving heterochromatin DNA

sequences (e.g., centromeric and telomeric) have been

related to methodological limitations (sequencing) thereby

leading to potentially inaccurate assembling into specific

genomes (DeBaryshe and Pardue 2011). Such telomeric

region analysis in distinct species has revealed a high

insertion rate for particular types of TE (DeBaryshe and

Pardue 2011; George et al. 2006).

Analyzing species’ gain or loss of genetic information

(for each SB) revealed an average 292.9 Kb gain in the

human X chromosome. As previously suggested, this fea-

ture may have been due to a high number of segmental

(SD) and gene duplications (Eichler 2001). In fact, human

sequences harbor an excess of large and complex inter-

spersed SDs involving substantial mutational consequences

related to evolution and disease, compared to other mam-

malian genomes (Bailey and Eichler 2006; Gazave et al.

2011; Marques-Bonet et al. 2009). For instance, human and

great-ape lineages have undergone a surge of genomic

duplications over the last 10 million years (Marques-Bonet

et al. 2009). It has been proposed that large expanses of

genomic sequences adjacent to telomeric and pericentro-

meric regions in the human genome have almost solely

emerged through segmental duplication events during pri-

mate evolution (Horvath et al. 2000; Samonte and Eichler

2002).

In agreement with this assumption, it was found that

only three species had increased X chromosome size when

compared to human sequences, chimpanzee (3.8 Kb),

orangutan (16.1 Kb), and mouse (29.5 Kb). Such vari-

ability was conferred by a restricted number of SB. For

example, mouse SB33 contained 9.8 Mb more than the

corresponding region in the human genome (Fig. 3).

Waterston et al., suggested that dozens of gene family

expansions at particular locations have occurred in the

mouse lineage, most of which involve genes related to

reproduction, immunity, and olfaction (Mouse Genome

Sequencing et al. 2002). These findings suggested that

Fig. 6 Fragile regions detected in the human X chromosome. Top

human X chromosome ideogram with cytological bands. SB on the

human X chromosome are shown as colored arrows. Bottom color

bars represent the number of breakpoints by region. Blue bars

represent breakpoint reuse displayed by GRIMM software. Restricted

DCJ model: green bars; HP: red bars; inversion model: lilac bars. All

models: gray bars. Non-reuse breakpoints are those having average

lower than 2 values (Color figure online)

Fig. 7 Fragile regions on the human X chromosome. Top human X

chromosome ideogram with cytological bands. Red arrows show

previously reported human fragile regions. A–N (blue arrows)

represent SB reported by Ruiz-Herrera et al. (2006). Fragile regions

identified in the present paper are numbered from 1 to 30 (bold)

(Color figure online)
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some physiological systems in rodents have been the focus

of extensive specific lineage adaptation.

X chromosomal rearrangements in mammals

The present work revealed that deletions of contiguous SB

represent a small proportion of rearrangements (31/252).

Rodents had most deletions (45 %) compared to other

mammalian species. These regions, which are particularly

large (average 2.1 Mb), are restricted to certain locations

(SB 1, 2, 38, and 39) in the X chromosome, mainly being

homologous to human peritelomeric regions. The rabbit

genome also had exclusive deleted regions (SB: 3–5 and

37) when compared to those for human, mouse, and rat.

Such interspecific variability between human and rodents

can be explained by some lineages having a high rate of

chromosome rearrangement (especially non-functional

DNA). Compared to humans, pig, dog and mouse had

smaller genomes (7–14 %) (Mouse Genome Sequencing

et al. 2002). However, there was significant homology

between human and other species, such as pig. At nucle-

otide level, the swine genome was 3 times more similar to

human than mouse (Archibald et al. 2010; Humphray et al.

2007).

Concerning insertions, our results revealed that they

accounted for a small proportion of all rearrangements (9/

252). Such inserts covered short regions (average 459 Kb).

Our results led to two large insertions being identified

which were exclusive to the mouse genome. One of them

(1.69 Mb) contains 23 genes associated with a series of

duplication events in the Slx gene family (Supplementary

Table S4). Slx, Sxl1, and Sly proteins are known to have

antagonistic effects on sex chromosome expression in

developing sperm and skew the offspring sex-ratio in favor

of females cf males (Cocquet et al. 2012). These findings

supported their crucial role during mice speciation.

Another insertion (2.2 Mb) was detected in an intergene

region. A gain of three genes having an unknown function

was identified in pig (Supplementary Table S4), which may

also have been related to speciation. Other small insertions

(average size 52 Kb) were also identified, which were

located in intergenic regions, were shared by rabbit, dog,

and horse. This feature might have been related to these

species’ specific critical physiological and/or molecular

characteristics. Interestingly, a 3 Mb region was identified

in rabbit which was translocated from the X to the 17

chromosome. This fragment was homologous to the human

X:49,965,119–53,032,610 region and contains the BMP15

gene which plays a crucial role during mammalian repro-

duction (Shimasaki et al. 2004). Indeed, mutations of this

gene in humans have been associated with premature

ovarian failure etiology (Di Pasquale et al. 2004; Laissue

et al. 2008).

Non-HRs regions had an average 547 Kb length and they

were most frequently present (47.6 %) in anthropoid pri-

mates. Multiple sequence comparison of these regions in

human and other mammalian species revealed low homol-

ogy. However, paired analysis (excluding the human gen-

ome) showed over 40 % increase in nucleotide identity.

Genetic analysis of these regions demonstrated that they

mainly consisted of gene families (SSX, GAGE, XAGE)

located in tandem. These genes have been classified as

cancer-testis (CT) antigens. Such proteins are exclusively

expressed in adult testis germ cells as well as during fetal

testis and ovary development. CT antigens represent a group

of tumor-associated genes containing more than 130 RefSeq

annotated transcripts (Caballero and Chen 2009; Hofmann

et al. 2008; Scanlan et al. 2002; Simpson et al. 2005). Fur-

thermore, it has been predicted that *10 % of X-linked

genes are CT antigen type (Ross et al. 2005). According to

our analysis, the increased number of gene copies in this

family argues in favor of human speciation-related dupli-

cation (Supplementary Table S4). CT gene deletions and

potential deregulation might thus be involved in human

cancer development and may partly explain why human

species display increased susceptibility to developing can-

cer. Non-HR in pig showed similar behavior since deletion of

PHCDH11X and RAB9B genes was identified in two regions

in particular (X: 76,402,730–77,127,799 bp and X:

82,384,943–82,422,971 bp). Molecular studies have repor-

ted a significant association between PCDH11X SNPs and

late-onset ([65 years) Alzheimer’s disease (LOAD) (Car-

rasquillo et al. 2009; Lambert et al. 2009). RAB9B has sim-

ilarly been associated with the Chediak–Higashi syndrome

(Davies et al. 1997; Seki et al. 2000). A total of 100 micro-

inversions were detected in the present work in the mam-

malian X chromosome (241.4 Kb average size). Previous

studies involving whole-genome comparative analysis have

described 3,170 micro-inversions occurring between human

and mouse SB (Pevzner and Tesler 2003a). Although most of

these chromosomal rearrangements probably played a major

role during genome evolution, some of them might reflect

artifacts issued from inaccurate assemblies (Pevzner and

Tesler 2003a, b).

The present study found that micro-inversions were

mainly located on five SB (6, 9, 10, 12, and 37) and dis-

tributed among some species, such as anthropoid primates

(n = 27) and pig (n = 25). As mentioned above, such

differential behavior could be explained by SB nucleotide

composition and by artifacts being sequenced during gen-

ome assembly. Similarly to large chromosomal inversions,

micro-inversions could originate from two major mecha-

nisms: non-allelic homologous recombination (NAHR) and

non-homologous end-joining (NHEJ). NAHR can occur

between TEs, SDs or short repeated sequences (Caceres

et al. 2007; Coulibaly et al. 2007; Delprat et al. 2009;
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Kupiec and Petes 1988; Lim and Simmons 1994; Richards

et al. 2005) whereas NHEJ produces inverted duplications

on both sides of an inverted segment (Furuta et al. 2011;

Ranz et al. 2007; Sonoda et al. 2006).

Human and chimpanzee comparative genomics have

shown that micro-inversions flanked by SDs result from

NAHR between distinct SDs arranged in inverted orienta-

tions (Kolb et al. 2009). As well as large chromosome

inversions, micro-inversions play an important role in

species adaptation and speciation since their recombina-

tion-reducing effect keeps alleles together at loci with fit-

ness epistatic effects (‘‘coadaptation hypothesis’’)

(Kirkpatrick and Barton 2006; Navarro et al. 1997). Fur-

thermore, inversions might be fixed in species due to direct

mutational effects associated with inversion breakpoints

located near or inside genes, which might affect their

function and/or expression profile (‘‘position effect’’

hypothesis) (Sperlich and Pfriem 1986). Our approach also

led to identifying 15 micro-inversions (especially in pig),

giving rise to gene deletions and duplications (Supple-

mentary Table S4). Regarding this point, some micro-

inversions have been associated with encoding region

disruption, leading to genetic loss of function, such as

Dpp6 in mice and the hemophilia A factor VIII gene in

humans (Hough et al. 1998; Lakich et al. 1993). Most

micro-inversions detected in the present study contained up

to two genes for which breakpoints were located near

50UTR regions, potentially affecting their regulatory

sequences. According to the position effect hypothesis,

these features might have implications for gene expression

patterns and would place the encoding region in a different

regulatory context, as described for the Drosophila mela-

nogaster Antp73b gene mutation and the Antirrhinum

majus Niv gene inversion (Frischer et al. 1986; Lister et al.

1993). A significant number of disease-related position-

effect cases have been described in humans (Kleinjan and

Lettice 2008; Kleinjan and van Heyningen 2005).

X chromosome evolution in mammals has been well

studied. Sex chromosomes have evolved from a pair of

autosomes during 300 million years (Ross et al. 2005).

Several studies have suggested that the X chromosome

might be divided into five evolutionary strata because of

step-wise repression of recombination during evolution

(Lahn and Page 1999; Ross et al. 2005; Wilson and Mak-

ova 2009). The X-conserved region (XCR) consists of the

oldest strata (named 1 and 2). The X-added region (XAR)

includes younger strata which are shared by primates and

rodents. Younger strata (4 and 5) were derived from pri-

mates (Graves et al. 2006; Wilson and Makova 2009).

According to these observations, the largest and more

frequent changes might be easily found in older strata due

to the loss of recombination. These features have been

corroborated by our data which revealed that anthropoid

primates have not large inversions. By contrast, in more

distant lineages large X chromosome rearrangements have

been detected (e.g., pig, cow, and rodents). It has been

demonstrated that the distribution of X-linked gene dupli-

cations is correlated with the recombination environment

(Zhang et al. 2010). Zhang et al. showed that the X chro-

mosome sequence and expression have dramatically

evolved after the split of eutherian mammals and marsu-

pials. Specifically, the X chromosome presented genetic

gain which might explain the presence of duplicated genes

adjacent to breakpoints of chromosomal rearrangements.

Inversion phylogeny, fragile sites, and evolutionary

breakpoints

An in silico method was used in this work for determining

inversion phylogenies in mammalian X chromosomes. It

was estimated that a minimum of 43–44 inversions

([1 Mb) were required to transform the human X chro-

mosome into any other mammalian X chromosome

(Fig. 5). Previous studies have detected up to 7 chromo-

somal inversions between human and mouse (Bafna and

Pevzner 1995; Pevzner and Tesler 2003a). It has been

shown that chicken, rat, mouse, and human share 19

inversions (Bourque et al. 2005). The present work’s sen-

sitivity for identifying SB (and therefore chromosomal

rearrangement) was mainly due to the comparative geno-

mic method (discussed above) and to the significant num-

ber of species analyzed. Our results concerning the

phylogeny of inversion analysis showed that particular

species had a high chromosomal inversion rate. For

instance, rat and mouse species had an 11 inversion dif-

ference compared to the human X chromosome (Fig. 5).

These results corroborated previous reports of an acceler-

ated intra-chromosome rearrangement rate in rodents

(Bourque et al. 2005).

Comparing four different models using two programs

(GRIMM and UniMog) led to inferring fragile regions

located in chromosomes and in entire genomes (with high

reliability). Interestingly, although these programs involved

using different algorithms, their final results were highly

similar. Differences among them allowed us to discard

potential false positive and negative findings.

Our approach led to 88 breakpoints and 176 adjacent

affected regions being expected to be present on the X

chromosome. However, only 82 breakpoints and 164 adja-

cent regions (108–120 reused) were observed (Supplemen-

tary Table S5). These findings indicated that, regardless of

inversion sequence, *27 % (n = 22) of breakpoints were

not reused and that *73 % (n = 60) had been reused at least

twice during mammalian X chromosome evolution. Inver-

sion breakpoint reuse is a common but enigmatic phenom-

enon in whole species. Coincident inversion breakpoints
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have been observed in Drosophila; at least 23 % of inversion

breakpoints had been reused, 70 % of them occurring in

chromosome 2 (Wasserman 1982). Different mammalian

species have shown an increase in breakpoint reuse (Murphy

et al. 2005; Pevzner and Tesler 2003a, b; Zhao et al. 2004).

Pevzner and Tesler (Pevzner and Tesler 2003a) have esti-

mated that BBRs have been intensively reused in mamma-

lian evolution (supporting FBM and contradicting the

random breakage model, RBM) but Ma et al., (2006)

revealed low breakpoint inter-reuse (contradicting the

FBM). Alekseyev and Pevzner (Alekseyev and Pevzner

2010) recently proposed a turnover fragile breakage model

(TFBM) thereby extending the FBM and complying with the

multispecies breakpoint reuse test. Our results were consis-

tent with the TFBM as they revealed five regions having high

breakpoint reuse concentration or EBR: X:1–13,552,391,

X:23,831,317–23,851,764, X:46,434,653–116,057,222,

X:136,149,783–136,159,117, and X:153,803,660–155,240,626

(Fig. 6).

A comparative analysis of 9 genomes (human, mouse,

rat, cat, cow, dog, pig, horse, and chicken) by Ruiz-Herrera

et al. (2006) identified 14 EBR located in the human X

chromosome. 12 of them coincided with inversion break-

point hotspots in the human X chromosome which have

been identified in the present work (Fig. 7). A perfect

coincidence of two fragile regions (FRAXB and FRAXC)

was also identified with those previously reported in the

human X chromosome (FRAXA, Xq27.3, FRAXB,

Xp22.32, FRAXC, Xq22.1, FRAXD, Xq27.2, FRAXE,

Xq28, and FRAXF, Xq28) (Arlt et al. 2003; Knight et al.

1993; Kremer et al. 1991; Parrish et al. 1994; Ritchie et al.

1994; Schwartz et al. 2006; Verkerk et al. 1991) (Fig. 7;

Supplementary Table S6). FRAXB, FRAXC, and FRAXD

have been classified as CFR while FRAXA, FRAXE, and

FRAXF have been defined as RFR (Schwartz et al. 2006).

There has been no indication that RFRs are conserved in

other species than human until now, which might explain

the mismatch with our findings. It has been described that

CFRs are conserved in primates and other mammalian

species (Arlt et al. 2003). Orthologous sequences have been

found in rodents, pig, cow, horse, cat, dog or distinct pri-

mate species for some CFRs in human sequences (Elder

and Robinson 1989; Fundia et al. 2000; Glover et al. 1998;

Helmrich et al. 2006; Krummel et al. 2002; Rodriguez et al.

2002; Ronne 1992, 1995a, b; Ruiz-Herrera et al. 2004,

2005, 2002; Shiraishi et al. 2001; Yang and Long 1993).

The conservation of fragile sites across a wide range of

species might imply that these regions play a functional

role (Schwartz et al. 2006).

Nucleotide sequence analysis of 30 hotspots in the

present study revealed an average 268.9 Kb size, having

high TE density (Supplementary Table S7). Thirty-four

percent of them were L1/LINE-like and 19 % Alu/LINE-

like elements; only 0.01 % of TEs located in the fragile

regions represented effective copies capable of transposi-

tion. According to Ross et al. (2005), interspersed repeats

account for 56 % of the euchromatic X chromosome

sequence, compared to a 45 % genome average. Further-

more, L1 have been shown to comprise 29 % of the X

chromosome sequence and Alu elements 8.3 %. L1 repre-

sented an average of 17 % of the whole genome and Alu

11 % (Ross et al. 2005). The increased presence of this

kind of TE in the human X chromosome might thus explain

the significant number of chromosomal rearrangements

identified in this study.

Interestingly, previous studies have reported that CFS

regions are enriched by pre-neoplastic lesion-related Alu

repeats (Tsantoulis et al. 2008). Our data showed a con-

siderable increased frequency for both types of TE in the

human X chromosome’s fragile regions. However, no

statistical difference (p = 0.1) was found between the

number of breakpoint reuse and the presence of a specific

TE class. Our study also led to quantifying fragile regions’

differences in size related to breakpoints that were not

reused. Indeed, fragile regions which were reused tended to

be larger (268.9 Kb average size) than those which were

not reused (23.8 Kb average) (Fig. 6). This might have

been due to a ‘‘natural’’ overrepresentation of genomic

repeat elements (mainly TEs) in long intergene regions.

This feature might facilitate ectopic recombination events.

Conclusions

Taken together, our findings constitute a useful tool for

interpreting genomic events which have occurred during

mammalian X chromosome evolution. Our results are

consistent with the theory concerning the five steps evo-

lution of the X chromosome. They may also be used for

studying human disease etiology and evolution itself.

Indeed, 30 fragile regions described in the present work

matched breakpoints previously related to human disor-

ders, such as premature ovarian failure and cancer (data not

shown). The methodology presented here could be expan-

ded to entire genomes to establish a comprehensive map of

chromosome evolution dynamics.

Materials and methods

Genomic sequences and multiple alignments

Comparative genomic analysis involved using 13 eutherian

mammals’ complete X chromosome sequences which are

available at the Genbank (NCBI) database: Homo sapiens

(NC_000023.10), Pan troglodytes [NC_006491.3], Gorilla
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gorilla [FR853103.1], Pongo abelii [NC_012614.1],

Macaca mulatta [NC_007878.1], Callithrix jacchus

[NC_013918.1], Oryctolagus cuniculus [NC_013690.1)],

Rattus norvegicus [NC_005120.3], Mus musculus

[NC_000086.7], Canis lupus familiaris [NC_006621.2],

Sus scrofa [NC_010461.4], Equus caballus

[NC_009175.2], and Bos Taurus [NC_009175.2] (Supple-

mentary Table S1). Sequences were aligned using MAUVE

aligner software v.2.3. progressive alignment algorithm 1

(Darling et al. 2010). Briefly, MAUVE involves an effi-

cient methodology for constructing multiple whole-genome

alignments regarding large-scale evolutionary events, such

as rearrangement and inversion. The resulting alignments

represented a mosaic of rearranged segments which were

conserved among complete genomes, subsets of genomes,

or unique genome segments (Darling et al. 2004, 2008).

Alignments were made using the following parameters:

skip-refinement and seed-weight = 15, total alignment,

determining local collinear blocks (LCB) and pairs of

LCBs. The option of using seed families in the anchorage

and linear genomes was ignored. The input files were

phylogenetically organized in a multi FastA file which

included all X chromosomes. The human X chromosome

was taken as reference for further analysis. Subsequent

analysis involved using the backbone output file to identify

each LCB’s nucleotide coordinates and the corresponding

breakpoints for chromosomal rearrangement, thereby

enabling LCBs to be located at X chromosome coordinates

for each species tested here.

Detecting rearrangement breakpoints and fragile

chromosome regions

Chromosomal rearrangement (inversion, deletion, and

insertion) was identified using pairwise comparison. Genes

lying adjacent to genomic breakpoints were positioned by

comparing LCB coordinates to the available annotation

coordinates for each available genome in the Ensembl

database (http://www.ensembl.org). These annotations

were then used for identifying SB location on all X chro-

mosomes and establish differences in their length between

species. The following were used for calculating the min-

imum number of rearrangement events required to trans-

form one genome into another: GRIMM software (http://

grimm.ucsd.edu) which uses Hannenhallís and Pevzner’s

(HP) algorithms (Hannenhalli and Pevzner 1995) for

computing uni-chromosomal and multi-chromosomal

genomic distances (Tesler 2002) and UniMoG software

(Hilker et al. 2012) (combining five genome rearrangement

models: double cut and join (DCJ) (Bergeron et al. 2006),

restricted DCJ (Kovac et al. 2011), HP algorithm (Han-

nenhalli and Pevzner 1995) and inversion and translocation

events). Three (restricted DCJ, HP and inversion) at

UniMoG were analyzed. Fragile regions in the X chro-

mosomes were identified using GRIMM and UdiMoG

software according to inversion breakpoint reuse during

evolution. The number of reuses in each breakpoint region

was calculated by counting the number of breakpoints

issued from each chromosomal inversion located in the

same intergene region. The average number of breakpoints

in all models was established by region. Fragile regions

were characterized by having two or more reuses of

breakpoints. RepeatMasker software (http://www.repeat

masker.org) was used for assessing the presence of

potential transposable elements (TE) contiguously located

near fragile regions, classified according to the RepBase

database (Jurka et al. 2005). Geneious software (http://

www.geneious.com) was used to analyze the nucleotide

sequences located in fragile regions (Drummond 2010).

The IBM-SPSS Statistic 20.0 software package (SPSS Inc.,

Chicago, IL) was used for statistical analysis.
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