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918* -<4/3* 1.=/364B/4<* -5<* 9.181<18-<* 2-* 5-<* 26C-.-34<* -<0@96-<* 6* 2-4-.863/.* D;63<*

460;<* 2-* .-1.=/364B/9613<* 9.181<E86D;-<* -<4/3* 680569/2-<* -3* 5F-<0-96/96G* 6* -3*

-<2-:-368-34<*8/9.1-:15;46;<*D;-*/C-94-3*/5<*=./3<*=.;0<*4/A13E869<H*I5<*:-.4-?./4<*

<G3* -5* =.;0* &FJ"!KJLM*8><* /8056* 263<* 2-5<* 91.2/4<N* 63951;-3* ;3-<* OPHQQQ* -<0@96-<*

RS/6556-* 6* 915N* TQQUV* 6* 0.-<-34-3* ;3/* =./3* :/.6-4/4* 2-* 9/.61460<N* 2-<* 2-* T3WX* 2-5* 9>.:15*

8;34Y/9*R!"#$%&'"()*"#$+&,V* C63<*/*T3WTOQ*2-* 5F-<4;.6G*.;<*R-'%(./#(/0)1"/23/#($&/3$%%V*

RZ.-=1.[N* TQQ\VH* I3* -5<* ]5468<* /3[<N* =.796-<* /* 2/2-<* 9641=-3@46D;-<* 6* /* 5/* 9.-6A-34*

26<0136?6564/4*2-*5/*<-D^@396/*2-*=-318-<*2-*8154-<*-<0@96-<*2-*:-.4-?./4<N*5F-<4;26*2-*

5-<* <686564;2<* 6* 26C-.@396-<* -<4.;94;./5<* -34.-* -5<* =-318-<* R/54./8-34* /318-3/2/*

=-3E869/* 9180/./46:/V* _/* /:/3`/4* 8154H* J6AE* _/* 0-.8@<* 0-.C65/.* 5-<* .-5/9613<*

C651=-3@46D;-<*2-* 5-<*-<0@96-<* RC651=-3E869/VN*0.101</.*9/.61460<*/39-<4./5<N* 62-346C69/.*
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studies, the basal origin of placental mammals remains contro-
versial and unresolved. Unfortunately, pure sequence data cannot
resolve these apparent contradictions.

By contrast, the presence/absence patterns of inserted retro-
elements constitute a virtually homoplasy-free marker system
with theoretically infinite character states (Steel and Penny 2000).
Specific genomic insertions of such elements in the ancestor of
two species reliably document their common ancestry. The very
few known examples of discordance in retroelement presence/
absence data can be explained by deletion via illegitimate re-
combination between perfect direct repeats flanking each in-
sertion (van de Lagemaat et al. 2005), exact parallel insertions
(Cantrell et al. 2001), or lineage sorting, a phenomenon related to
incomplete allele fixation and frequent intervals of speciation
events (Shedlock et al. 2004; Ray et al. 2006).

Analyses of a smaller number of retroelements as phyloge-
netic markers in mammals validated the four superordinal mam-
malian clades (Nishihara et al. 2005; Kriegs et al. 2006; Möller-
Krull et al. 2007). However, in support of Shoshani and McKenna
(1998), but in contradiction to most other molecular inves-
tigations, we found the first evidence, two L1MB5 retroelements,
that placed Xenarthra (Epitheria hypothesis) (Fig. 1B) instead of
Afrotheria at the base of the placental tree (Kriegs et al. 2006).
Meanwhile, Murphy et al. (2007) presented two L1MB5 retroele-
ments and four additional indels that favored a sister group re-
lationship of Afrotheria and Xenarthra (Atlantogenata) (Fig. 1C) at
the base of the placental tree. Thus, to date, even retroposon in-
sertion patterns have not satisfactorily resolved the basal split of
placental mammals.

With the intention of resolving the conflicting topologies of
placental lineages, we aimed to examine a much larger sample of
retroposed elements and in more species. For this study we took
a slightly different tack and aligned whole genomes of three rep-
resentative placental species, including additional species for in-
formative loci to represent a maximum divergence within each of
the groups, and scanned them for diagnostic retroelement inser-
tions. In an analysis of ;2 million potential phylogenetically in-
formative loci, we found multiple retroposon insertion patterns
significantly supporting all three placental speciation hypotheses,
indicating a complex ancestral speciation scenario including suc-
cessive early divergences in close temporal proximity and hy-
bridization and/or lineage sorting events as viable sources for an
effective ‘‘soft’’ polytomy. This very rare example of multiple ret-
roposon incongruence goes a long way toward explaining the
decades-long stream of apparently conflicting evidence for one or
the other placental evolutionary history based on multiple marker
systems including both morphological and molecular sequence
evidence.

Results
We focused our computational screening for phylogenetically in-
formative markers on the insertion patterns of L1MB elements
that were active during the critical period of early placental evo-
lution ;100 Mya (Kriegs et al. 2006; Murphy et al. 2007), and
independently tested the three viable scenarios of placental origin:
the Exafroplacentalia, Epitheria, and Atlantogenata hypotheses
(Fig. 1). We screened the first of the two whole-genome three-way
alignments (armadillo–elephant–human) for elements supporting
the Exafroplacentalia (those present in armadillo and human but
absent in elephant) and Atlantogenata (those present in armadillo
and elephant but absent in human) hypotheses, and the second
alignment (elephant–human–armadillo) for elements supporting
the Epitheria hypothesis (those present in elephant and human
but absent in armadillo; Fig. 2A). Using the criteria presented in
the Methods section, we computationally preselected 1227 can-
didate loci andmanually reinspected them using the University of
California Santa Cruz (UCSC) sequence browser in combination
with sequences from the trace archives. Manual screening of these
loci revealed 22 conserved, potentially informative loci that we
then realigned to verify the identities and boundaries of the in-
serted retroelements and to clearly characterize their respective
flanking regions. To validate the presence/absence patterns of re-
troposed elements in these 22 loci in an expanded species sam-
pling and to present as consistent a species representation for each
marker as possible, we then retrieved orthologous loci in two dis-
tant supraprimates (human and mouse or guinea pig, rabbit), two
laurasiatherians (dog and horse or cow), two Afrotheria (elephant
and tenrec or hyrax), two Xenarthra (armadillo and sloth), and, as
far as alignable, opossum as the outgroup. In some cases sufficient
sequence data were not yet available from members of the Afro-
theria clade (tenrec) or Xenarthra (sloth) to positively confirm the
presence and or absence of all retroposons in a second represen-
tative species of the given clades. Some of those gaps were filled by
experimental PCR amplification and sequencing of the corre-
sponding loci in tenrec and sloth. Of the 22 phylogenetically in-
formative markers analyzed in this study, 20 are highly reliable in
that they provide recognizable information of potential direct re-
peats plus the corresponding unoccupied target site in the absence
cases (see, e.g., Fig. 3). The remaining two markers are classified as
‘‘good,’’ with some restrictions regarding the recognition of clear

Figure 1. Different hypotheses of the placental origin. (A) The Exa-
froplacentalia hypothesis proposes a mammalian clade merging Bor-
eotheria (Supraprimates plus Laurasiathera) and Xenarthra, with
Afrotheria as the sister group. (B) The Epitheria hypothesis merges
Boreotheria and Afrotheria, with Xenarthra as the sister group. (C) The
Atlantogenata hypothesis proposes Xenarthra and Afrotheria in one clade.
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/8?*5/*C.-D^@396/*/8?*5/*D;-*<F1?<-.:-3*Y;34<*-3*-5<*=78-4-<f*;3/*C.-D^@396/*-5-:/2/*

63269/* D;-* -5<* 5196* -<4/3* 556=/4<* 6* 0-.* 4/34* Ca<69/8-34* 0.10-.<H* JD;-<4/* 4@9369/* -<* :/*

918-3`/.*/*-80./.*9180/./34*-5*=-318/*_;87* 6*-5*2-*./415a* RL/55-[* 6*915N*dg\PVN*0-.E*

.7062/8-34* -<* :/3* -<4;26/.* /54.-<* -<0@96-<* 2-*8/8aC-.<N* 918* -5* =/4N* -5* =1<* 6* 5/* :/9/*

R%FS.6-3*6*915N*dgPTN*dgg+N*dgg\/N*dgg\?VN*-5*9/:/55*R(/-4/31*6*915N*dgggV*6*/54.-<*-<0@96-<*

2-*0.68/4<N*918*-5*A680/3B>*R(.1;/;j$1[*6*915N*dggXV*6*-5*?/?;a*R$1=-.<*6*915N*dggOVH**

,-5*D;-*C/*/5<*8/0-<*_a?.62<*2-*./26/96GN*<F1?4-3-3*6../26/34*/8?*./6=*r*-5*=-318/*2F;3/*

-<0@96-* /?/3<* 2-* C;<613/.j51* /8?* 9@5s5;5-<* 2F;3/* /54.-* -<0@96-H* L/* ./26/96G* 4.-39/* -5<*

9.181<18-<*-3*C./=8-34<*0-464<*D;-*-<*8/34-3-3*-3*5-<*9@5s5;5-<*_a?.62-<*1*-<*0-.2-3*

/8?*-5*4-80<H*L/*26<47396/*-34.-*21<*5196*-<*014*-<468/.*/*0/.46.*2-*5/*C.-D^@396/*/*5/*D;-*

/D;-<4<*21<*5196*-<*4.1?-3*-3*5/*8/4-6A/*9@5s5;5/H*'3/*C.-D^@396/*-5-:/2/*63269/*D;-*-5<*

5196* <G3* 0.10-.<* Y/* D;-* 5/* 6../26/96G* 31* _/* 0.1:19/4* 4.-39/8-34<* -3* 5/* .-=6G* D;-* -5<*

<-0/./*R(1A*6*915N*dggQVH*'46564B/34*/D;-<4/*-<4./4@=6/*<F_/3*913<4.;n4*8/0-<*_a?.62<*2-*

./26/96GN*-34.-*2F/54.-<*-<0@96-<N*0-.*/*./4/*Ri/4/3/?-* 6*915N*dgggVN*=1<*RK-55-.<_* 6*915N*

TQQQVN* :/9/* RS/32* 6* 915N* TQQQVN* 01.9* Rb/th-3* 6* 915N* dgggVN* =/4* RK;.0_[* 6* 915N* TQQQVN*

8/9/91*._-<;<*RK;.0_[*6*915N*TQQO/V*6*5F19-55*26/8/34*8/32/.a*RB-?./C639_V*RZ-65<-.*6*915N*

dgggV* D;-* <F_/3* 9180/./4* /8?* -5* 8/0/* _a?.62* 2F_;87H* LF]<* 2-* 8/0-<* _a?.62<* 2-*

./26/96G* <-=;-6A* <-34* ;3/* /0.1A68/96G* 8154* ;46564B/2/* 0-.* 4/5* 2F-<4/?56.* -5<* ?519<*

<634@369<*-34.-*_;87*6*5-<*-<0@96-<*2-*5-<*D;/5<*31*<-*3F_/*<-D^-396/4*-5*=-318/H*'3*?13*

-A-805-*><*-5* 4.-?/55* 0;?569/4*0-.*K;.0_[* 6* 915s5/?1./21.<* 5F/3[*TQQO?H*K64Y/3`/34*-5<*

8/0-<*_a?.62<*2-*./26/96G*2-*=/4N*:/9/N*=1<N*01.9*6*9/:/55* 6*-5<*=-318-<*<-D^-396/4<*2-*

./4/*6*./415a*:/3*-<4/?56.*-5<*?519<*<634@369<*913<-.:/4<*-34.-*/D;-<4-<*-<0@96-<*6*5F_;87H*

JD;-<4* 4.-?/55* :/* C;32/.* 5-<* ?/<-<* 0-.* /* -<4;26<* 01<4-.61.<* 2-* =-3E869/* 9180/./46:/*

C-34*<-.:6.*=-318-<*91805-.4<H*

*

@A@ABAF)6($"3%()>%4%#840*G$%'()4)H%#)(%2%'4I)

&-<*2-* 5F/3[* TQQd* /8?* 5/* 0;?569/96G*2-* 5/* <-D^@396/*2-5* =-318/*_;87* RL/32-.* 6* 915N*

TQQdV*_6*_/*_/=;4*;3*9.-6A-34* 634-.@<*-3* 5/*<-D^-396/96G*2-*=-318-<*2F/54.-<*-<0@96-<*

2-* 8/8aC-.<H* JD;-<4/* u.-:15;96G* 815-9;5/.v* _/* 2-<-8?19/4* /* 5/* 26<01<696G* 2-* 5/*

<-D^@396/* =-3E869/* 2-* +g* -<0@96-<* 2-* 8/8aC-.<* RI3<-8?5* .-5-/<-* XX* w*

tttH-3<-8?5H1.=V* -3* 26C-.-34<* =./;<* 2-* <-D^-396/96G* D;-* 0-.8-4-3* 9180/./.* -5<*
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g*

=-318-<* 6* /314/.*-5<*=-3<H*Z.796-<*/5*2-<-3:15;0/8-34*2-*31:-<*8-412151=6-<N* 918*

/./*-5<*<-D^-396/21.<*!55;863/N*UOU*6*6#1..-34N*<F_/3*/?/./464*-5<*91<41<*2-*<-D^-396/96GN*

91</* D;-* _/* 0-.8@<* 05/34-Y/.j<-* 5F1?4-396G* 2-* =-318-<* 91805-.4<* 2F/54.-<* -<0@96-<*

/8?* 634-.@<*?618@269* 6* /=.1=-3E869H*&-* C-4N* -34.-*2F/54.-<*_6* _/*-3*8/.A/*21<*=./3<*

913<1.96<* /* 36:-55* 634-.3/9613/5* D;-* 4-3-3* 918* /* 1?Y-946;* 5/* <-D^-396/96G*8/<<6:/* 2-*

=-318-<*2-* :/.6-<* -<0@96-<* 6* 6326:62;<f* -5*ZdQm*0.1Y-94* RZdQm*(188;364[*M96-346<4<N*

TQQgV* 6* -5* dQQQ* Z-318-<* ,.1Y-94* R#_-* dQQQ* Z-318-<* ,.1Y-94* (13<1.46;8N* TQdQVH* I5*

0.68-.* 0.-4>3* <-D^-396/.* -5* =-318/* 2-* dQNQQQ* -<0@96-<* 2-* :-.4-?./4<* /* ;3/* ?/6A/*

.-<15;96G* RTA*'4E/0&1/VN* 9180.-3-34*;3-<*TQQ*-<0@96-<*2-*8/8aC-.<H*J6AE*/Y;2/.7*/5<*

-<4;26<*C651=-3E869<*6*/01.4/.7*95/;<*0-.*/*-5;962/.*-5<*8-9/36<8-<*-:15;46;<H*I3*9/3:6*

-5*<-=13**4>*918*/*1?Y-946;*5/*<-D^-396/96G*2-5*=-318/*2-*TOQQ*6326:62;<*_;8/3<N*2-*Tg*

01?5/9613<* 26C-.-34<* .-0/.462-<* 0-.* 414<* -5<* 913463-34<N* /* ;3/* .-<15;96G* 2-* UAN* 0-.* 4/5*

2F63:-<46=/.*5-<*26C-.@396-<*=-3E86D;-<*-3*5-<*01?5/9613<*_;8/3-<H**

L/* 26<0136?6564/4* 2F/D;-<4/* D;/3464/4* 2-* =-318-<* <F_/* /9180/3[/4* 2-5*

2-<-3:15;0/8-34* 2-* 31;<* /5=1.648-<* 8/4-87469<* 0-.* /* 012-.* 62-346C69/.* .-=613<*

913<-.:/2-<* -34.-* -<0@96-<* 864Y/3`/34* 5F/563-/8-34* 2-5<* =-318-<H* &F-34.-* -5<* 8><*

;46564B/4<* 4.1?-8* -5* Z$!KK* RJ/#4*/) </&00&#1/*/#$() %#) !&#) &#3) !4"(/V* R,-:B3-.* 6*

#-<5-.N* TQQ+/VN* -5* (bJ!""I#* Rm-34* 6* 915N* TQQ+VN* -5* 63C-.(J$<* RC4#$%1"4"() -#'/($0&2)

</1%4#(V* RK/* 6* 915N* TQQXV* 6N*8><* .-9-348-34N* -5* M[34-3[#./9h-.* R&134_;* 6* 915N* TQQgVH*

#14<*-55<*0/.4-6A-3*2-* 5-<*01<69613<*2-*8/.9/21.<*1.4E5-=<*-3* 5-<*2;-<*-<0@96-<*D;-*-<*

:15-3* 9180/./.* R:-;.-* (J!rJ* d* 0-.* /* 5/* 9126C69/96G* 2-* 5-<* 2/2-<Ve* 31.8/58-34* -5<*

8/.9/21.<* <G3* .-=613<* 9126C69/34<* 0-.E* -3* /5=;3* 2-5<* 9/<1<* -<* 012-3* ;46564B/.*

<-D^@396-<*913<-.:/2-<*31j9126C69/34<H*#14* 6*D;-*-<* C13/8-34-3*-3* 4.-<*=./3<*0/<<1<*

918;3<*R/391./4=-N*C654./4=-*6*-A4-3<6GVN* 5F/0.1A68/96G*/*9/2/<9;3*2-5<*0/<<1<*:/.6/*-3*

C;396G*2-5*8@412-*Rk6=H*UVH*I3*D;/5<-:15*9/<N*-5<*.-<;54/4<*31*<G3*<-80.-*91391.2/34<e*

0-.*-A-805-N*L-8/64.-*6*M/=14*RTQQP/V*:/3*-<4;26/.*-5<*?519<*<634@369<*913<-.:/4<*-34.-*

_;87* 6* ./415a* 9180/./34*-5*Z$!KK* 6* -5*(bJ!""I#* 6* :/3*1?<-.:/.*D;-* 4/34*-5*3]8-.1*

918* 5/* 55/.=/2/*2-5<*?519<* <634@369<* :/.6/:/*-3* C;396G*2-5*8@412-*-80./4H* L/* C/54/*2-*

913:-.=@396/*-34.-*-5<*8@412-<*/94;/5<*0.1:19/*D;-*-39/./*-<*<-=;-6A63*2-<-3:15;0/34*

8@412-<*8><* 0.-96<1<* 6* .6=1.1<1<* 0-.* 4/5* 2F-<4;26/.* 5-<* .-=613<* 913<-.:/2-<* -34.-* -5<*

=-318-<*2-*26C-.-34<*-<0@96-<H**
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distribution (Fig. 2). Thus, the theory of randomness
of the location of chromosomal breakages was preju!
diced. P. Pevzner and G. Tesler [33] explained the
given phenomenon by presence of fragile sites in
mammalian chromosomes, which may repeatedly be
involved in nonallelic chromosomal rearrangements
and the formation of a new chromosome during evo!
lution. Because it is repeated every time, chromosomal
break occurs in the same chromosome region, but not
necessarily at the same position. As a result of the shift
in the position of the chromosomal breakpoint, small
synteny fragments are formed, which are observed
when compared to totally decoded genomes. The fact
that this observation was not made before now can be
explained by the insufficient level of resolution of
cytogenetic and radiation hybrid comparative maps.
The new theory presumed that the same regions of
ancestral genome can be used repeatedly for evolu!
tionary rearrangements.

A limitation and, at the same time, the originality
of the conducted study consisted of the lack of recur!
rent (reused) chromosomal rearrangements revealed
in the work of these authors. However, their presence
was indicated indirectly based on the distribution of
the length of synteny blocks. In parallel to this study,
we have constructed a comparative radiation map of
the high!resolution level of two cow chromosomes
that are homologous to human chromosome 11
HSA11 [18]. We have also compared these chromo!
somes to homologous mouse chromosomes. We found
that some regions of chromosomal rearrangements
coincide in two of three compared genomes. However,
using of human chromosome as a reference for com!
parison and limitation of a set of mammalian genomes
involved in the analysis did not allow us speak with
confidence about the reuse of chromosomal rear!
rangements in the evolution of this synteny group.

Obviously, the involvement of the highest possible
number of well!studied mammalian genomes from
different orders in a wide!ranging interspecies com!
parison of high!resolution genome maps could physi!
cally indicate the presence of reuse chromosomal rear!
rangements in the mammalian genome. Moreover,
using totally decoded genomes could help one to learn
which features of the chromosome and DNA structure
are present in the regions of chromosomal break!
points.

For the first large!scale genome comparison,
genome maps of seven species of animals were chosen
that represent five orders of placental mammals [27].
Among the human, mouse, and rats genomes were
completely sequenced and could be analyzed with the
highest resolution, whereas the other genomes of dogs,
pigs, cows, cats, and horses were presented by com!
parative radiation maps, which indicated the order of
homologous genes in chromosomes and were applica!
ble for comparisons with the human genome, but did
not allow one to compare separate chromosomes of
these mammals with one another. This situation deter!
mined the means of analyzing the chromosome struc!
ture of mammals in the work. Each genome was com!
pared with human chromosomes; synteny blocks in
human chromosomes were revealed in a form of seg!
ments with intervals corresponding to the places of
chromosomal breakpoints [27]. The results of a
genome comparison indicated that about 20% of all
chromosomal breakpoints (at a resolution of less than
4 million bp) were repeatedly and independently used
during the evolution of the studied genomes. Further!
more, chromosomal rearrangements, which are often
present in human cancer cells (in 3 time more often
than in other regions of genome), occur in regions
subjected to evolutionary breakages in at least one of
the species involved in the comparison. Later, the
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Fig. 2. Distribution of lengths of homologous segments obtained in the process of comparing sequenced human and mouse
genomes (from [33]). 
Note: The distribution of homologous segments length of more than 1 million bp is presented on the left. The same segments with
segments of less than 1 million bp on the right (it can clearly be seen that, in this case, distribution is not described by an expo!
nential curve). The x axis shows the size of homologous segments with a step of 2.5 million bp and the y axis shows the number of
segments that fall in a certain interval by the x axis.
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_;8/3/* .-0.-<-34-3* ;3* +~* 2-5* =-318/* RL/32-.* 6* 915N* TQQdVN* -3* A680/3B>* ;3* dNO~*

RK6hh-5<-3*6*915N*TQQO*V*6*-3*./415a*19;0-3*;3*TN\~*2-5*=-318/*Ri/4-.<13*6*915N*TQQTVH**



!"#$%&'((!)*

T+*
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./3=*2F-34.-*\*6*dQQ*0/.-55<*2-*?/<-<*R0?V*R"c<5;32*6*915N*TQQOVN*6*<1:634*4>*9-34-3/.<*2-*

.-0-469613<H* MG3* 8154* ;46564B/4<* -3* 5F/318-3/4* =Q-) 8%#1/0.0%#$%#1N* D;-* _/* -<4/4*
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*
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#14<* 4.-<* 460;<* 2-* <-D^@396-<* .-0-4646:-<* R-5-8-34<*8E?65<N* 2;0569/9613<* <-=8-34/5<* 6*

.-0-469613<* -3* 4732-8V* -<4/3* .-5/9613/2-<* -34.-* -55-<* 6* 012-3* -<4/.* 680569/2-<* -3* 5/*

C1.8/96G*2-*.-1.=/364B/9613<*9.181<E86D;-<H*MF_/3*4.1?/4*2;0569/9613<*<-=8-34/5<*-3*

<6<*2-5<*g*0;34<*2-*4.-39/8-34*-:15;46;*2-*5-<*63:-.<613<*0-.69@34.6D;-<*-34.-*-5*=-318/*

_;87*6*-5*2-*A680/3B>*Rm-_.-.jM/t/4Bh6*6*915N*TQQPV*918*4/8?>*-34.-*-5*=-318/*_;87*

6*-5*2-*./415a*RJ.8-3=15*6*915N*TQQ+VH*#-3634*-3*91804-*D;-*5-<*2;0569/9613<*<-=8-34/5<*

<G3* .-=613<*/8?*;3/*-5-:/2/*_18151=6/* <F_/*0.101</4*D;-*=.796-<*/* 5/* .-918?63/96G*

-94E069/* 1* Q4#M-22/22%') [4*42414"() </'4*>%#&$%4#* R"Jb$VN* 5-<* .-=613<* /54/8-34*

.-0-4646:-<*012-3*1.6=63/.*.-1.=/364B/9613<*9.181<E86D;-<*R:-;.-*(J!rJ*+VH*I5*C-4*D;-*

8154-<* 2;0569/9613<* <-=8-34/5<* 463=;63* -5-8-34<* 8E?65<* -3* 5/* <-:/* .-=6G* 4-.863/5*

RS/65-[*6*915N*TQQ+V*6*D;-*-3*-5<*9/<1<*13*31*<F_/3*4.1?/4*2;0569/9613<*<-=8-34/5<*<F_/=6*

1?<-.:/4*;3/*/<<196/96G*2-5<*0;34<*2-*4.-39/8-34*-:15;46;<*2F63:-.<613<*/8?*-5-8-34<*

8E?65<*R(�9-.-<*6*915N*dggge*m-._.-.jM/t/4hB6*6*915N*TQQPe*L--*6*915N*TQQPV*C/*D;-*4/8?>*

<F_/=6* 0.101</4* 5/* .-918?63/96G* -94E069/* -34.-* 21<* -5-8-34<* 8E?65<* 918* /* 01<<6?5-*

8-9/36<8-*0-.*=-3-./.*.-1.=/364B/9613<*9.181<E86D;-<*RZ./[N*TQQQe*(1.2/;A*6*S/4B-.N*

TQQgVH* J*8><* /*8><N* <F_/* 2-<9.64* 5F-A6<4@396/* 2F634-..-5/9613<* -34.-* -5<* 26C-.-34<* 460;<*

2F-5-8-34<* .-0-4646;<H* I5<* -5-8-34<* 8E?65<N* 0-.* -A-805-N* 012-3* <-.* ;3/* C134* 2-*

869.1</4@5s564<* 2-=;4* /* 5/* 9;/* 0156jJ* D;-* 0.-<-34-3* 1* /* 5/* .-=6G* 634-.864Y/* .69/* -3*Jz#*

R.-:6</4* /* (1.2/;A* 6* S/4B-.N* TQQgVH* JD;-<4<* 869.1</4@5s564<* 012-3* <-.* 9/;</*

2F63-<4/?6564/4*=-3E869/*Y/*D;-*/5*C1.8/.*-<4.;94;.-<*26C-.-34<*2-*5/*913C1.8/96G*S*2-5*

&"J* R918*/./*5&%0.%#(* 1* 4-4./05-A<V*012-3* 632;n.* 5/* C1.8/96G*2-*&MS<* RS/9155/* 6* 915HN*

TQQPVH*I3*/D;-<4*<-3464N*$;6Bjb-..-./* 6*915s5/?1./21.<*RTQQXV*:/3*2-81<4./.*D;-*-3*-5<*

0;34<*2-* 4.-39/8-34*-:15;46;*2-5*=-318/*_;87*/5* 9180/./.j51*/8?*-5<*=-318-<*2-*

./415aN*./4/N*:/9/N*=1<N*01.9N*=/4N*9/:/55*6*=/55*0.-<-34/:-3*;3/*/9;8;5/96G*2-5*3]8-.1*2-*

?/<-<* 680569/2-<* -3* .-0-469613<* -3* 4732-8* 6* :/3* 0.101</.* D;-* /D;-<4-<* .-0-469613<*
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'3* /54.-* 0.19><* D;-* 014* 2-<-8?19/.* -3* 5/* C1.8/96G* 2-* .-1.=/364B/9613<*

9.181<E86D;-<* 2-=;4* /5<* 4.-39/8-34<* 2-* 21?5-* 9/2-3/* 2-5* &"J* ><* 5/* .-918?63/96G*

8-6E469/H*JD;-<4*460;<*2-*.-918?63/96G*-<47*/54/8-34*.-=;5/2/*-3*-5<*8/8aC-.<*R(15-*6*

915N*TQdQe*TQdTV*6*918-3`/*=.796-<*/*5F/996G*2-*5F-3213;95-/</*M01dd*Rm--3-[*6*915N*dgg\V*

2;./34*5/*C/<-*2-*5-0414@*-3*5/*0.1C/<-*!*8-6E469/*R:-;.-*(J!rJ*UV*H*LF/0/.696G*2-*C1.8/*

0.1=./8/2/*2F;3/*-5-:/2/*D;/3464/4*2-*&MS<*-3*/D;-<4*-<4/26*01</*-3*8/.A/*-5*0.19><*

2-* .-0/./96G* 2-5* &"J*864Y/3`/34* 5/* .-918?63/96G* _18E51=/H* "18><* ;3/* 0-464/* 0/.4*

2F/D;-<4<* &MS<* RdQ~* -3* ./415aV* /9/?/.7* 213/34* 5519* /* 0;34<* 2-* .-918?63/96G* 13* -<*

0.12;-6A*634-.9/3:6*2-*8/4-.6/5*=-3@469*-34.-*9.181<18-<*_18E5-=<*6*/*5/*C1.8/96G*2-*

D;6/8-<*R'04((%#1)4E/0(N*(%<VH*I<4;26<*.-9-34<*-3*55-:/4<*6*_;8/3<*R,-4-<N*TQQde*K-[-.<*6*

915N*TQQOV*_/3*2-81<4./4*D;-*-5<*(%*31*-<*26<94.6?;-6A-3*/* 5F/4B/.*-3*-5*=-318/N*<63G*

D;-* -<4/3* 9139-34./4<* -3* 2-4-.863/2-<* .-=613<N* /318-3/2-<* 54$(.4$(* 2-*
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/D;-55-<* D;-* .-2;-6A-3* 5F-C69796/* .-0.12;946:/* 2-5<* _-4-.1B6=14<N* 0.1:19/34*

<;?218637396/H*
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REVIEW

Molecular cytogenetic and genomic insights
into chromosomal evolution

A Ruiz-Herrera1,2, M Farré1 and TJ Robinson3

This review summarizes aspects of the extensive literature on the patterns and processes underpinning chromosomal evolution
in vertebrates and especially placental mammals. It highlights the growing synergy between molecular cytogenetics and
comparative genomics, particularly with respect to fully or partially sequenced genomes, and provides novel insights into
changes in chromosome number and structure across deep division of the vertebrate tree of life. The examination of basal
numbers in the deeper branches of the vertebrate tree suggest a haploid (n) chromosome number of 10–13 in an ancestral
vertebrate, with modest increases in tetrapods and amniotes most probably by chromosomal fissioning. Information drawn largely
from cross-species chromosome painting in the data-dense Placentalia permits the confident reconstruction of an ancestral
karyotype comprising n¼23 chromosomes that is similarly retained in Boreoeutheria. Using in silico genome-wide scans that
include the newly released frog genome we show that of the nine ancient syntenies detected in conserved karyotypes of extant
placentals (thought likely to reflect the structure of ancestral chromosomes), the human syntenic segmental associations 3p/21,
4pq/8p, 7a/16p, 14/15, 12qt/22q and 12pq/22qt predate the divergence of tetrapods. These findings underscore the enhanced
quality of ancestral reconstructions based on the integrative molecular cytogenetic and comparative genomic approaches that
collectively highlight a pattern of conserved syntenic associations that extends back B360 million years ago.
Heredity (2012) 108, 28–36; doi:10.1038/hdy.2011.102; published online 23 November 2011

Keywords: ancestral karyotypes; comparative cytogenetics; conserved syntenies; syntenic segmental associations; FISH; phylo-
genomics

INTRODUCTION
How genomes are organized and which types of chromosomal
rearrangements are implicated in speciation and macroevolutionary
events are fundamental to understanding the dynamics of chromoso-
mal evolution. Molecular cytogenetic data and the increasing avail-
ability of partially or fully sequenced genomes from a variety of
vertebrate species have fueled advances in phylogenomics (phyloge-
netic reconstructions using genomic data). This has lead to hypo-
thesized ancestral chromosome numbers, karyotypes and the identi-
fication of conserved chromosomal syntenies and segmental associa-
tions at different taxonomic levels.
Chromosome number variation has traditionally been considered a

proxy for the structural modification of karyotypes, especially so in
groups of organisms where detailed information such as the differ-
ential staining of chromosomes, the extent and location of hetero-
chromatin, and the location and number of nucleolar organizers is
lacking. A considerable body of early work on chromosome number
variation was reviewed by White (1973), who expressed reservations
on whether it would be possible to determine ‘modal numbers’ for
groups of organisms the higher one progresses in the systematic
hierarchy. More specifically, he was of the view that ‘to speak of a
type number for the Insecta, the Vertebrata or even the Mammalia
would be absurd’. However, recently, various computational
approaches have been used to estimate the extent of rearrangement

events and to derive the putative genomic architecture of ancestral
genomes by inferring evolutionary histories from entire genomes. This
has led to suggestions of ancestral syntenies and chromosomal
complements—each progressively more distant in divergence—for
amniotes (B310 million years ago, mya), tetrapods (B360 mya)
and even vertebrates (B450 mya) (Postlethwait et al., 2000; Naruse
et al., 2004; Woods et al., 2005; Kohn et al., 2006; Nakatani et al., 2007;
Voss et al., 2011).
Among vertebrates, phylogenomic investigations have focused

principally on mammalian genome evolution, in large part reflecting
the availability of chromosomal and genomic information for this
clade. Extant mammals (represented by monotremes, marsupials and
placental or eutherian mammals) last shared common ancestry nearly
162 mya (Hallström and Janke, 2010). Modern eutherian taxonomic
schemes recognize four superordinal clades (Afrotheria, Xenarthra,
Laurasiatheria and Euarchontoglires) largely on the basis of phylo-
genetic analysis of both nuclear and mitochondrial DNA (Hallström
and Janke, 2010 and references therein) and insertion sites of retro-
elements (Nishihara et al., 2005; Kriegs et al., 2006; Waters et al.,
2007; Churakov et al., 2009). Although it would appear that the
terms ‘Eutherian’ and ‘Boreoeutherian’ have been used synonymously
in comparative cytogenetic and phylogenomic studies, they do in
fact represent different nodes. Eutheria refers to everything on the
so-called ‘eutherian’ side of the ‘metatherian’-‘eutherian’ dichotomy
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(that is, Afrotheria, Xenarthra, and Boreoeutheria, and all fossil rela-
tives that are more closely related to this clade than to Marsupialia).
Boreoeutheria on the other hand comprises Laurasiatheria (Waddell
et al., 1999) and Euarchontoglires (Murphy et al., 2001a). It is also
more accurate to refer to the ‘eutherian’ ancestral karyotype as that of
Placentalia as the data we have to infer this from are solely from
placentals (all extant members of the last common ancestor to
Atlantogenata (Afrotheria+Xenarthra) and Boreoeutheria; Asher and
Helgen, (2010))—a usage that we follow in this review.
Here we examine how molecular cytogenetics and thein silico analysis

of genomic sequences have contributed to our understanding of
mammalian chromosomal evolution and the identification of conserved
genomic regions. Furthermore, we review and extend previous observa-
tions by providing new data on the presence of conserved syntenic
segmental associations that track back to the origin of tetrapods.

CHROMOSOME NUMBER VARIATION IN VERTEBRATES
Chromosome number and the number of chromosomal arms are
good summary statistics of karyotypic change and hence chromoso-
mal evolution in groups of organisms. Although data on chromosome
arm number variation (the nombre fondamental of Matthey (1945),

usually abbreviated to NF) are sparse, information on chromosome
numbers across high-level taxonomic groups (mammals, birds, reptiles
and amphibians) is extensive (Figure 1). Early lists of animal haploid
(n) or diploid (2n) numbers (reviewed by White, 1973) included those
on insects, crustaceans, fishes and, with respect to mammals, those of
Hayman and Martin (1969) for marsupials and Matthey (1958) for
placentals. Although these early attempts often suffered from poor
taxon representation, they nonetheless permitted several general con-
clusions one of which was that the haploid number of most animal
species lies between 6 and 24.
Since these early investigations, the biggest advances in determining

chromosome numbers in deep branches of the vertebrate tree of life
have, not surprisingly, resulted from the in silico scans of sequenced
genomes. Genomic comparisons between human and teleost fish species
(medaka, zebrafish and tetraodon) permitted hypothesized ancestral
vertebrate genome configurations with n¼10–13 (Postlethwait et al.,
2000; Naruse et al., 2004; Woods et al., 2005). Detailed analyses of the
likely amniote and tetrapod compositions followed (Khonet al., 2006;
Nakatani et al., 2007). These studies, based on data from human,
chicken, zebrafish, medaka and pufferfish genomes (Khonet al., 2006),
were subsequently expanded (Nakatani et al., 2007) to include the

Figure 1 Chromosomal number variation among vertebrates. The x axis indicates the diploid chromosomal number, whereas the y axis groups species
in different orders. The data for each taxonomic group are based on 515 species of mammals, 117 species of birds, 170 reptiles and 328
amphibians. Chromosomal data extracted from O’Brien et al. (2006) and Gregory (2011). A full color version of this figure is available at the Heredity
journal online.
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mouse, dog, tunicate (Ciona intestinalis) and sea urchin (Strongylocen-
trotus purpuratus). Khon et al. (2006) relied on ‘E-painting’—thein silico
identification of orthologous gene pairs to identify conserved genomic
regions—whereas Nakatani et al. (2007) developed their own computa-
tional methodology to detect ‘Ohnologs’ (paralogs produced by two
rounds of whole genome duplication) and thus conserved vertebrate
linkage blocks. These studies, respectively, positn¼18 for the tetrapod
ancestor (using the teleost pufferfish as outgroup), andn¼26 for the
amniote ancestor (using the pufferfish and medaka as outgroups).
The basal numbers retrieved by the various studies outlined above

collectively permit inferences on the broader patterns of chromosome
number changes across these groups. First, the low chromosome
number suggested for the tetrapod ancestor increased to 26 in the
amniote ancestor, most probably by multiple fissions. Previous
attempts to reconstruct the ancestral tetrapod genome configuration
(Kohn et al., 2006; Voss et al., 2011) have resulted in contradictory
outcomes. Kohn et al., 2006 proposed an ancestral tetrapod karyotype
with n¼18. On the other hand Voss et al. (2011), who studied the
Xenopus (n¼10) and Ambystoma (n¼14) as part of an investigation
into ancestral tetrapod chromosomes, proposed a high but unspecified
chromosome number mirroring those usually found in birds. Their
hypothesis is based on the observation that phylogenetically derived
lineages (such as Xenopus and Ambystoma) have fewer chromosomes,
indicating a tendency to have reduced chromosome numbers in these
lineages. In contrast, birds (represented here by chicken) and mam-
mals (by platypus, opossum and 11 placental species) are character-
ized by markedly different modes of chromosome number evolution.

Aves
The predominant mode of genome reorganization in Aves is chro-
mosomal fission. Avian karyotypes are composed of microchromo-
somes and macrochromosomes but contrary to non-avian reptiles,
birds are characterized by high chromosomal numbers that range
from n¼20 (or 21; see Nie et al., 2009) to n¼69 (De Smet,
1981; Figure 1). Descriptions of the ancestral avian karyotype are
conventionally based only on macrochromosomes (Griffin et al.,
2007; Nanda et al., 2011) and suggest that many of these have
remained conserved within the group without disruption by inter-
chromosomal rearrangements (reviewed in Ellegren, 2010). In fact,
Griffin et al. (2007) have argued that the ancestral avian karyotype
was similar to that of chicken, with macrochromosomes 1, 2, 3, 4q, 5,
6, 7, 8, 9, 4p and Z representing the ancestral state for chromosomes
1–10+Z; chromosome 4 was regarded as the most ancient linkage
group within this karyotype.

Mammalia
A different situation holds for Mammalia where significant variation
in chromosomal number is observed among Monotremata, Marsu-
pialia and the eutherian placental mammals (Placentalia; Figure 1).
The three extant species belonging to Monotremata all have high

diploid chromosome numbers with platypus characterized by n¼26,
and both the short-beaked and long-beaked echidnas having n¼32
(O’Brien et al., 2006). Although only one of these species was included
in our analysis (the platypus, whose genome has been sequenced and
is partially assembled), it is nonetheless clear that, as with Aves, fission
events predominate in the karyotypic evolution of Monotrema.
Comprehensive cytogenetic studies on marsupials show that chro-

mosomal numbers within the group range from n¼5 to n¼16 (Hay-
man, 1990). Whereas the majority of the families have conserved
karyotypes (mainly n¼7), the Macropodidae (kangaroos, wallabies
and rat-kangaroos) shows evidence of more extreme chromosome

reshuffling including fusion/fissions, inversions and centromere repo-
sitioning (O’Neill et al., 2004 and references therein). Among marsu-
pials, the South American opossum (Monodelphis domestica) is the
only marsupial for which pair-wise alignments with the human
genome are possible. Recently Westerman et al. (2010), using a
combination of cytogenetics and sequence-based phylogenetics, have
argued that the karyotype of the opossum (n¼9) is highly conserved
in relation to those of Australian marsupials confirming previous
hypotheses (Rens et al., 2001). Monodelphis domestica groups within
the basal Didelphimorphia (Nilsson et al., 2010; Westerman et al.,
2010) and is thought to have undergone two fissions from the
hypothesized marsupial ancestral karyotype of n¼7 (Rens et al.,
2001). If the marsupial ancestral estimate is correct (our small sample
size precludes an estimate for Marsupialia given that only one fully
sequenced genome is available), a dramatic decrease in chromosome
number appears to have occurred in the marsupial lineage (presum-
ably by serial fusion events) since its divergence from the mammalian
common ancestor (with n¼23—see mammalian ancestral configura-
tion discussed below) B138 mya (Hallström and Janke, 2010).
The extremes in mammalian chromosome number occur in the

species-rich Placentalia where these range from n¼3 in the female
Indian muntjac to a high of n¼51 in the Red viscacha rat (O’Brien
et al., 2006). There is also substantial variation among Orders
(Figure 1) reflecting the complex dynamics of mammalian chromo-
somal evolution. Recent studies based on cross-species chromosome
painting analyses have estimated an ancestral haploid chromosome
number that ranges from 22 to 25 for Placentalia (Chowdhary et al.,
1998; Froenicke et al., 2003; Richard et al., 2003; Yang et al., 2003;
Svartman et al., 2004, 2006; Murphy et al., 2005; Ferguson-Smith and
Trifonov, 2007), with a consensus opinion settling on n¼23 (see
Ferguson-Smith and Trifonov, 2007). The rationale underpinning this,
and the likely composition and uniqueness of the ancestral karyotype,
as well as its correspondence with in silico-based studies of genome
sequences, are discussed below.

ANCESTRAL PLACENTAL KARYOTYPES AND THE DETECTION
OF SYNTENIES BASED ON FISH
Reconstructions of ancestral karyotypes across the placental mamma-
lian tree rely heavily on molecular cytogenetic approaches that entail
cross-species fluorescence in situ hybridization (Zoo-FISH; methodol-
ogy reviewed by Rens et al., 2006) using human and chromosome-
specific DNA sequences from other species as probes. This has allowed
the identification of orthologous regions defined by their correspon-
dence with human chromosomes, and the delimitation of chromoso-
mal rearrangements among species. These conserved regions span
entire chromosomes, chromosomal arms, or chromosomal segments
in closely and distantly related placental species permitting the
generation of large-scale comparative maps among taxa. In the present
context, it is important to make the distinction between segmental
associations (the adjacent syntenies of some terminologies) and
syntenic blocks that are retained in toto among lineages. The detection
of segmental associations such as 4q/8p/4pq, 3p/21, 14/15, 10p/12pq/
22qt, 16q/19q, 7a/16p and 12qt/22q (each of which involve segments
of human chromosomes that in combination correspond to complete
chromosomes in the ancestral eutherian karyotype) in placentals,
chicken and opossum was based on the evidence of the entire adjacent
segment having been retained in representative genomes (Robinson
and Ruiz-Herrera, 2008). However, the incomplete nature of the
genome assemblies of platypus and frog does not permit the same
level of resolution. We consequently used the junction as the defining
character of a particular conserved segmental association based on the
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premise that the independent assembly of a precisely shared associa-
tion in different lineages was unlikely. Gene order within the abutting
syntenic blocks may be altered by intrachromosomal rearrangement,
and the size of these segments affected by subsequent translocation of
parts to other regions of the genome (Robinson and Seiffert, 2004).
In most high-level reconstructions the identification of conserved

syntenic blocks in multiple extant species (that is, commonality)
was taken to reflect the retention of a shared ancestral evolutionary
state leading to hypothesized ancestral karyotypes for Placentalia
(Chowdhary et al., 1998; Richard et al., 2003; Yang et al., 2003;
Svartman et al., 2004, 2006; Ferguson-Smith and Trifonov, 2007)
and various orders of mammals, principally within Boreoeutheria.
Reconstructions of the placental ancestral karyotype (PAK) have
diploid numbers that vary from n¼22 to n¼25 (see Table 1 in
Svartman et al., 2004). The differences in interpretation are primarily
related to the recognition of a single large chromosome (correspond-
ing to HSA 1) in the placental ancestor (Murphy et al., 2003), the
detection of the 10q/12p/22q conserved syntenic segmental association
(Froenicke et al., 2003), and fusion of HSA1/19p (Yang et al., 2003,
n¼22) based on its presence in Afrotheria (aardvark, elephant, golden
mole and elephant shrew), at the time regarded as the most basal split
in the eutherian tree (Murphy et al., 2001a, b). The more recent studies
appear, however, to have converged on n¼23 for Placentalia (that is,
the eutherian ancestral karyotypes of Froenicke et al., 2003; Wienberg,
2004; Ferguson-Smith and Trifonov, 2007), and an identical n¼23
in the boreoeutherian ancestral karyotype (BAK; Froenicke, 2005;
Froenicke et al., 2006; Robinson et al., 2006).
The most definitive of the PAK constructs (Figure 2a) benefited

from the availability of genome sequence information from two
important outgroup species, the opossum and chicken. This permitted
the distinction between shared ancestral characters (symplesiomor-
phies) and those that are unique to the ingroup Placentalia (that is,
showing shared derived similarity and referred to as synapomorphies)
allowing firm conclusions on the evolutionary history of each
(Robinson and Ruiz-Herrera, 2008). The PAK is considered to
comprise two chromosome pairs (corresponding to human chromo-
somes 13 and 18) and three conserved chromosome segments (10q,
19p and 8q in the human karyotype) that are probable symplesio-

morphies as they are also present as unaltered orthologues in one or
both outgroup species. Seven additional syntenic segmental associa-
tions (4q/8p/4pq, 3p/21, 14/15, 10p/12pq/22qt, 16q/19q, 7a/16p and
12qt/22q), each involving human chromosomal segments from two or
more human chromosomes, are also present in one or both outgroup
taxa and are probable symplesiomorphies. Importantly, however, there
are eight intact pairs (corresponding to human chromosomes 1, 5, 6,
9, 11, 17, 20 and the X) and three chromosomal segments (7b, 2p-q13
and 2q13-qter) that are derived characters, potentially consistent with
placental monophyly. In summary therefore, the karyotype of the
putative ancestor of Placentalia comprised 32 conserved segments
(including the X) and nine syntenic segmental associations, several of
which trace back to a common amniote ancestor (discussed below;
Figures 2a and b).
There is, at this point, no evidence to suggest that the boreoeuther-

ian ancestral karyotype (Froenicke et al., 2006; Robinson et al.,
2006) underwent further modification from the hypothesized PAK
(see above). The subsequent radiation of Boreoeutheria, however,
showed extensive karyotypic modification in most lineages permitting
hypothesized ancestral karyotypes for several orders of mammals,
as well as the identification of syntenic segmental associations that
underpin the monophyly of various supraordinal and ordinal groups
(Robinson et al., 2004; Wienberg, 2004; Froenicke, 2005; Ferguson-
Smith and Trifonov, 2007; Ruiz-Herrera and Robinson, 2007, among
others).

IN SILICO DETERMINATION OF THE ANCESTRAL
BOREOEUTHERIAN KARYOTYPE AND EXTENT OF
CONCORDANCE WITH THE CYTOGENETIC DATA
Advances from large-scale genome sequencing projects and the avail-
ability of new mathematical algorithms have revolutionized the study
of chromosome evolution. The genomes of 35 mammalian species
have been sequenced to differing degrees of completion (Ensembl
database, version 59): 16 species of the Euarchontoglires (guinea pig,
rat, mouse, rabbit, kangaroo rat, squirrel, tree shrew, tarsier, mouse
lemur, bushbaby, marmoset, macaque, chimpanzee, orangutan, gorilla
and human), 11 laurasiatherian representative (megabat, microbat,
shrew, dolphin, pig, cow, alpaca, horse, dog, cat and hedgehog), three
Afrotherian species (elephant, hyrax and tenrec), two xenathrans
(sloth and armadillo), two species of Metatheria (wallaby and opos-
sum) and the platypus as a prototherian representative. Of these, only
the genomes of chimpanzee, rhesus macaque, orangutan, mouse, rat,
cow, dog, horse and pig are sufficiently complete to allow pair-wise
alignments with the human genome and the delimitation of syntenic
blocks with a high degree of confidence.
Several sequenced-based reconstructions of the boreoeutherian

ancestral karyotype have been attempted, often resulting in disparate
outcomes compared with the findings suggested by FISH. In general
terms, two different approaches can be distinguished when defining
ancestral genomes in this way; (i) those that rely on the minimal
number of rearrangements required to obtain the syntenies that
lead to modern genomes (that is, MGR, Bourque and Pevzner, 2002)
or (ii) models that focus on identifying conserved synteny blocks
(Ma et al., 2006). The former methodology was used in an early
attempt at the reconstruction of a mammalian (but more correctly
boreoeutherian) ancestral karyotype (human–rat–mouse) using the
chicken as an outgroup (Bourque et al., 2005). Although there is
reasonable correspondence in the chromosome numbers suggested by
MGR and cytogenetic data (n¼21, cf. then¼23 posited by most chromo-
some painting strategies), the numbers of conserved segments and
the numbers of syntenic associations were vastly different (Froenicke

Table 1 Number of orthologous genes and homologous synteny
blocks in species established by pairwise comparisons to human

Species No. of

orthologs genes

No. of

HSBs

Median

length (bp)a
Genome

representation (%)b

Chimpanzee 115835 39 66808733 87.43

Orangutan 113962 60 33425697 83.32

Macaque 117410 72 29853043 91.37

Mouse 120957 275 4542283 89.92

Rat 118266 278 4912642 93.03

Cow 120340 228 5792994 85.97

Dog 116105 189 7290339 89.51

Armadillo 93193 268 75290 0.67

Elephant 113657 141 6285988 54.66

Tenrec 100672 580 78347 1.64

Opossum 115284 472 2452061 89.11

Platypus 102547 957 116845 37.15

Chicken 96838 468 887305 94.89

Frog 99597 1128 224864 37.95

Abbreviations: bp, base pair; HSBs, homologous synteny blocks.
aMedian length of HSBs.
bPercentage of each genome covered by our scans.
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et al., 2006). The MGR approach resulted in only four syntenic
segmental associations (3/21, 4/8, 12a/22a and 12b/22b) being in
common with those suggested by molecular cytogenetics. The degree
of concordance was improved by Murphyet al. (2005), who used both
genomic sequence data and information from radiation hybrid maps
of eight species to obtain a more comprehensive view of the dynamics
of genome organization in mammals. Their computational approach
proposed an ancestral chromosome number ofn¼24 and showed that
80% of the conserved segments are in common with those detected by
molecular cytogenetic approaches. However, only half of the syntenic
segmental associations (specifically 3/21, 4/8"2, 7/16, 14/15, 12/22
and 16/19) were shared by both approaches (Robinson et al., 2006).
Although it could be argued that the difference in the numbers of
conserved segments is a reflection of the increased discrimination of
the DNA sequence comparisons, several of the in silico syntenies fall
within the limits detectable by FISH leading Froenicke et al. (2006) to
question the effectiveness of the computational methodology. Using a
different approach, in this case inferring contiguous ancestral regions

within the completed genomes of human, dog, rat and mouse with
chicken and opossum as outgroups, Ma et al. (2006) posit an ancestral
boreoeutherian karyotype with n¼29 but, importantly, with strong
support for five of the ancestral syntenic segmental associations
proposed by cytogenetic methods (4/8, 3/21, 14/15, 12/22"2).
Although there is consensus among the cytogenetic and com-

putational approaches with respect to those conserved syntenies
with strong probabilistic support (3/21, 4/8, 14/15, 12a/22a and
12b/22b), there are a meaningful number of ambiguous adjacent
syntenies in conflict with the cytogenetic model (specifically 1/22,
5/19, 2/18, 1/10 and 2/20). This has led to the integration of avail-
able algorithms (Alekseyev and Pevzner, 2009) and to new methods
of genome sequences analysis (Peng et al., 2009; Lin et al., 2010;
Pham and Pevzner, 2010). It is anticipated that these efforts may,
in future, provide more consistency to ancestral reconstructions
based on in silico analysis and the degree of correspondence to the
boreoeutherian construct suggested by the molecular cytogenetic
analysis of more than 100 taxonomically diverse mammalian species.

Figure 2 (a) Ancestral karyotype of Placentalia (PAK) defined by chromosomal correspondence to human chromosomes. Note that the HSA3/21 junction
corresponds to human chromosomal segment 3p (depicted in violet), a region close to the centromere (from position 76.0 to 87.0Mbp; Ruiz-Herrera
and Robinson, 2007; Robinson and Ruiz-Herrera, 2008), and the conserved segmental association should more correctly be referred to as HSA3p/21.
(b) Phylogenetic tree showing syntenic segmental associations detected at each ancestral node: p, short arm; pq, segment comprises parts of both the short
and long arms; q, long arm; qt, terminal portion of the q arm.
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IN SILICO IDENTIFICATION OF SYNTENIC SEGMENTAL
ASSOCIATIONS AT DEEPER NODES OF THE VERTEBRATE
TREE
As Zoo-FISH across the eutherian/metatherian boundary has been
unsuccessful (with the exception of a small portion of the X that is
conserved between the two lineages, Glas et al., 1999), there is a
reliance on in silico methodologies to define the vertebrate protokar-
yotype, and to detect ancestral chromosomal syntenies that have been
retained over deep diversification nodes. The recent publication
(Hellsten et al., 2010) of the first amphibian genome to be
sequenced—that of Xenopus tropicalis, a lineage that is thought to
have diverged from amniotes B360 mya—offers an opportunity to
revisit putative ancestral karyotypes and conserved syntenies (which
indicate the likely structure of ancestral chromosomes), deep within
the vertebrate tree of life.
We used the SyntenyTracker (Donthu et al., 2009) to establish

homologous synteny blocks (HSBs) between human and the genomes
of 12 mammalian species (chimpanzee, orangutan, rhesus macaque,
mouse, rat, cow, dog, armadillo, elephant, tenrec, opossum and
platypus) plus the chicken and the frog (see online appendix for
details). Table 1 provides the number of genes analyzed for each
species and the number of HSBs detected, whereas the composition of
the HSBs in the three progressively distant taxa to Placentalia—
opossum, platypus and the chicken—is presented in Figure 3. Unfor-
tunately, the draft frog genome is not assembled into chromosomes at
this stage thus precluding the analysis of the whole karyotype and
limiting our ability to unambiguously distinguish homologous and
homoplasious syntenic associations between very distantly related
species with potentially highly rearranged genomes (of which only
portions can be traced in HSBs). The same shortcoming applies to
platypus where several chromosomes remain unassembled (see
below). The in silico chromosomal homologies identified by this
approach permitted testing for PAK ancestral syntenic segmental
associations at different phylogenetic levels (Figure 2b). This also
allowed us to revisit the ancestral amniote and tetrapods genome
compositions suggested by Kohn et al. (2006) and Nakatani et al.
(2007) using syntenies identified in the frog, chicken, platypus and
opossum.

Mammalian ancestral configuration
Our scans of the opossum and chicken genomes, analyzed as part of
attempts to define placental chromosomal characters that define the
monophyly of the group (Robinson and Ruiz-Herrera, 2008), revealed
syntenic segmental associations (4q/8p/4pq, 3p/21, 14/15, 10p/12pq/
22qt, 16q/19q, 7a/16p and 12qt/22q) that are shared with either (or, in
some instances, both) opossum and chicken. No conserved human
chromosomal segments were observed in the assembled platypus
chromosomes (most probably because of low coverage of the anno-
tated sequences). Nevertheless, there were several contigs (orthologous
regions of small size, not yet assembled) that contained some of the
syntenic segmental associations considered to be present in the PAK
(Figure 2b). These were 4q/8p (Ultracontig173), 12qter/22q (Ultra-
contig252), 7a/16p (Ultracontig371), 3p/21 (Ultracontig388), 12q/22q
(Ultracontig443), 16q/19q (Ultracontig517) and 22q12/12q24.3
(Ultracontig57; Table 2). On the basis of these data (constrained
as they are by the partially complete platypus genome), and the
chromosome number estimates presented above, our data suggest
that the mammalian ancestral karyotype likely resembled the PAK
in terms of chromosome number (n¼23), and in the majority of
the conserved syntenic segmental associations (only 10p/12pq/22qt
and 14/15 were not detected in our scans of the platypus and the

former has been regarded as a comparatively weakly supported
ancestral chromosome form, see Froenicke et al., 2006). More detailed
correspondence between the PAK and the ancestral karyotype for
Mammalia is clearly dependent on progress in assembling the platypus
genome.

Amniote ancestral configuration
The frog is an appropriate outgroup for defining syntenic segmental
associations present in the ancestral amniote karyotype. TheX. tropicalis
genome is estimated at B1.7Gbp, distributed over 10 chromosomes
or linkage groups (Hellsten et al., 2010). Of this, 769Mb has been
placed onto 691 scaffolds using genetic markers. This paucity of
information is further underscored by 200Mbp being assigned to
linkage groups based on inference but without genetic markers
(Hellsten et al., 2010), clearly necessitating further experimental
studies. Despite this, our scans reveal that most of the ancestral
placental syntenic segments are conserved in the frog genome
(Figure 2b). In particular, the syntenies 3p/21, 4pq/8p, 7a/16p,
14/15, 12qt/22q and 12pq/22qt are present in some of the Xenopus
scaffolds; in contrast, there was no evidence of 4q/8p/4pq, 10p/12pq/
22qt and 16q/19q (Table 2).
Previous reports have attempted the description of the ancestral

amniote genome (Nakatani et al., 2007; Ouangraoua et al.,
2009) based on different taxon representation and methodological
approaches. Nakataniet al., (2007) defined an ancestral amniote karyo-
type (AAK) comprising n¼26. According to the authors, the AAK
would present the following ancestral syntenic segmental associations
in its chromosomes (see Figure 4 in Nakatani et al., 2007):
12/7b/12/22/7/16/17/22 (AAK 1), Xq/18/8pq/6/5/3p/7/10q (AAK 2),
5 (AAK 3), 2/6/13/3/2 (AAK 4), 6/20 (AAK 5), 10pq (AAK 6), 14/15
(AAK 7), 4 (AAK 8); 1 (AAK 9), 15 (AAK 10), 12/22 (AAK 11), 19/16
(AAK 12), 3/11 (AAK 13), 3/11 (AAK 14), 17 (AAK 15), 17 (AAK 16),
1/16 (AAK 17), 20 (AAK 18), X/5 (AAK 19), 6/19 (AAK 20), 1 (AAK
21), 1 (AAK 22), 8/7/2 (AAK 23), 19p (AAK 24), 11 (AAK 25) and
18/9/5 (AAK 26). Interestingly, the ancestral syntenic segments 10/12/
22, 4/8 and 3/21 were not reported in the Nakatani et al. (2007)
construct. It seems probable that the 4/8 and 3/21 are included in one
or more of the unassigned blocks in Nakatani et al. (2007) given that
they are present in chicken (Robinson and Ruiz-Herrera, 2008) and
also frog (present study). More puzzling, however, is 10/12/22, which is
not detected in chicken, nor in the frog genome, but is present in
opossum and several placental mammals. We therefore view 10/12/22
as a chromosomal signature for Mammalia. Its absence in the platypus
genome is due to the low coverage of the assembled sequences or,
alternatively, to disruption in the lineage leading to Prototheria.

Tetrapod ancestral configuration
Our comparative genome analyses directed at establishing the likely
composition of the tetrapod common ancestor are consistent with
those of Kohn et al. (2006) with respect to the chromosomal number
(n¼18) and six conserved syntenic segmental associations that it likely
contained (that is, 3p/21, 4pq/8p, 7a/16p, 12q/22q, 12pq/22qter and
14/15). We differ with respect to the involvement of 1/19p and 16q/
19q suggested in Kohn et al. (2006). The inclusion of the former was
based on its presence in Afrotheria (Yang et al., 2003). Interestingly
this synteny is not found in chicken, platypus, nor in opossum, but 1p
manifests as 1p/19p and 1p/19q in different scaffolds of the frog
genome. This suggests the existence of 1p, 19p and 19q as separate
syntenies in the tetrapod ancestral complement, and their independent
assembly in the lineage leading to the frog. The presence of 1p/19q in
opossum would therefore represent a convergent change (homoplasy).
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Figure 3 Conserved human chromosomal segments in the genomic assemblies of chicken, opossum and platypus. The human orthologous regions are color-
coded and indicated as homologous syntenic blocks (HSBs) in the chromosomes of the respective species. The lengths of the chromosomes are based on
homology coverage with the human genome and are not proportional to the chromosomal length.
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We found no evidence of the synteny 16q/19q in any of theXenopus
scaffolds (Table 2). On the basis of these conclusions, and the
published data, we hypothesize that of all the ancient syntenic
segments identified, at least 3p/21, 4pq/8p, 7a/16p, 14/15, 12qt/22q
and 12pq/22qt predate the divergence of tetrapods (Figure 2b).

CLOSING COMMENTS AND FUTURE PROSPECTS
In this review we have examined how comparative molecular cytoge-
netic and computational approaches have contributed to the under-
standing of genome organization across deep divisions of the
vertebrate tree of life. At first glance the diversity of karyotypes
among extant species appears staggering. Placental mammals show a
more pronounced and rapid rate of genomic reshuffling compared
with birds and amphibians. It is clear from both Zoo-FISH and
computational models of genome organization that the overwhelming
pattern is, however, one of constrained change, most graphically
illustrated by the high number of the conserved syntenies identified,
and their retention in genomes of species from Boreoeutheria to
Amphibia.
Superimposed on this conservative pattern are silos of rapid change

where rearrangements have significantly altered the configuration and
chromosome numbers of species, and this is most pronounced in
Placentalia. Although reasons for these differences in tempo are still
unclear, making this one of the most puzzling aspects of comparative
cytogenetics, a burgeoning literature has identified regions at the
junctions of synteny blocks that are rich in segmental duplications
(Bailey and Eichler, 2006; Carbone et al., 2006; Kehrer-Sawatzki and
Cooper, 2008), repeat content (Kehrer-Sawatzki et al., 2005; Ruiz-
Herrera et al., 2006) and transposable elements (Bourque, 2009;
Carbone et al., 2009; Delprat et al., 2009; Longo et al., 2009),
predisposing these regions to rearrangement. In addition, transposable
element activity and changes in DNA methylation patterns have been
suggested as having a causative role in the structural modification of
genomes in species as diverse as marsupials, rodents and primates
(O’Neill et al., 1998; Brown et al., 2002; Carbone et al., 2009).

Although Robertsonian fusions and fissions appear frequently in
studies of chromosomal rearrangement (as measured by changes in
chromosome number), one of the most striking findings of compara-
tive genomics is the high incidence of micro-inversions in the different
genomes (Feuk et al., 2005; Lee et al., 2008; Zhao and Bourque, 2009).
It may be that this largely undetected class of variation (inversions
cannot be distinguished using whole chromosome painting, a data set
that provides much of the basis for the recognition of ancestral

constructs in Placentalia) functions as genomically localized barriers
to recombination. In other words, the micro-inversions confer an
adaptive advantage much in the same way as has been argued for
speciation in the presence of gene flow (Rieseberg, 2001; Kirkpatrick
and Barton, 2006; Butlin, 2010; Kirkpatrick, 2010 among others).
What is clear, however, is that the increasing availability of fully

sequenced genomes (Haussler et al., 2009) will radically alter the field.
These data, and anticipated improvements in methods of analysis, will
result in comprehensive data sets that address current imbalances
(large number of species but poor resolution provided by Zoo-FISH
analysis, and the small number of species but high resolution provided
by computational approaches), and provide fundamental insights to
the mode and tempo of structural change in genomes that are
presently intractable in terms of FISH analysis.
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Abstract

Background: Ancestral reconstructions of mammalian genomes have revealed that evolutionary breakpoint regions are
clustered in regions that are more prone to break and reorganize. What is still unclear to evolutionary biologists is whether
these regions are physically unstable due solely to sequence composition and/or genome organization, or do they
represent genomic areas where the selection against breakpoints is minimal.

Methodology and Principal Findings: Here we present a comprehensive study of the distribution of tandem repeats in
great apes. We analyzed the distribution of tandem repeats in relation to the localization of evolutionary breakpoint regions
in the human, chimpanzee, orangutan and macaque genomes. We observed an accumulation of tandem repeats in the
genomic regions implicated in chromosomal reorganizations. In the case of the human genome our analyses revealed that
evolutionary breakpoint regions contained more base pairs implicated in tandem repeats compared to synteny blocks,
being the AAAT motif the most frequently involved in evolutionary regions. We found that those AAAT repeats located in
evolutionary regions were preferentially associated with Alu elements.

Significance: Our observations provide evidence for the role of tandem repeats in shaping mammalian genome
architecture. We hypothesize that an accumulation of specific tandem repeats in evolutionary regions can promote genome
instability by altering the state of the chromatin conformation or by promoting the insertion of transposable elements.
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fellowship to Marta Farré) are gratefully acknowledged. The funders had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: aurora.ruizherrera@uab.cat

Introduction

Since the earliest cytogenetic studies, evolutionary biologists
have sought to understand how mammalian genomes are
organized. The characterization of orthologous chromosomal
segments among several mammalian species was initially per-
formed by means of G-banding comparisons [1,2]. Advances in
molecular cytogenetic techniques, such as cross-species in situ
hybridization, increased the level of resolution for defining
orthologous regions as well as the number of species studied [3].
As a result, the integration of cross-species chromosome painting
studies performed in more than 100 mammalian species [4,5] has
revealed that evolutionary breakpoints (i.e., the disruption of two
orthologous chromosomal segments) are not homogeneously
distributed but rather concentrated in certain regions across the
human genome.
The multiple ongoing genome sequencing projects are produc-

ing an extraordinary amount of data to further refine genome
comparisons at a deeper level of resolution: the DNA sequence
level. The public availability of these data makes it possible to
establish reliable comparisons among genomes, thus providing
new insights into the driving forces that generate gene variation,

adaptation and evolution. Different approaches have been
developed in order to define homologous synteny blocks (HSBs;
i.e. regions where the gene order has been conserved among
species) and evolutionary breakpoint regions (EBRs; i.e. regions
where the synteny has been disrupted by chromosomal reorgani-
zations) among mammalian genomes. Early studies were based on
pair-wise comparisons between human and mouse or human and
rat genomes [6,7], using the human genome as a reference
whereas recent approaches have gone even further by establishing
pair-wise comparisons among several vertebrate species [8–11].
Confirming previous cytogenetic studies, in silico analysis lead

to the fragile-breakage model, founded initially on mathematical
algorithms [6,12]. According to this model, EBRs are located in
specific regions and have been used repeatedly during evolution
(i.e., ‘‘reused’’). In a phylogenetic context, the term ‘‘breakpoint
reuse’’ accounts for the recurrence of the same breakpoint in two
different species, but not in the common ancestor, based on
comparison with an outgroup lineage [8,11,13]. The assumption
that some chromosome regions have been reused during
mammalian chromosomal evolution leads evolutionary biologists
to investigate whether there is any particular DNA configuration
or composition driving genome instability. Are these evolutionary
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regions physically unstable due to sequence composition and/or
genome organization, or do they merely represent genomic areas
where the selection against breakpoints is minimal?
An interesting aspect that has emerged from comparative

genomic studies is the finding that breakpoint regions are rich in
repetitive elements, for example tandem repeats [14], segmental
duplications [15–17], and transposable elements [18–20]. Repet-
itive elements represent nearly 50% of the human genome [21].
Among them are tandem repeats, which consist of perfect (or
slightly imperfect) copies of a motif in a head to tail fashion, and
comprise about 3% of the human genome [21]. They can be
classified into two groups, microsatellites and minisatellites.
Microsatellites are short tandem repeats with 1-6 bp as a repeat
unit, whereas minisatellites contain repeat units $7 bp [22].
Tandem repeats have been regarded as an important source of
DNA variation and mutation [23]. Tandem repeats can form non-
B DNA structures (i.e., DNA structures different from the Watson-
Crick conformation), such as hairpins, cruciform or triplex
conformations [24], promoting DNA instability and giving rise
to chromosomal reorganizations [25].
While it is clear that tandem repeats are involved in the etiology

of several human diseases [26–28], the evolutionary implications
of these sequences remain elusive. Given that tandem repeats have
been shown to be concentrated in evolutionary chromosomal
bands in the human genome [10] our aim was to test this
hypothesis in other primate species presenting a comprehensive
study of the distribution of tandem repeats in great apes. Taking
advantage of the sequenced genomes of 10 vertebrate species
(chimpanzee, orangutan, rhesus macaque, mouse, rat, horse, dog,
cow, opossum and chicken) available in the public databases, we
analyzed the distribution of tandem repeats in relation to the
distribution of evolutionary breakpoint regions in the human,
chimpanzee, orangutan and macaque genomes, from which the
ancestral chromosomal state is known. A comparative study
among species is presented and its implications for mammalian
chromosome evolution are discussed.

Results

Whole-genome comparisons and delimitation of
homologous synteny blocks (HSBs) and evolutionary
breakpoint regions (EBRs) in great apes

Definition of HSBs and EBRs. In order to establish the
evolutionary genomic landscape in great apes, we initially
delimitated HSBs and EBRs in the human, chimpanzee and
orangutan genomes by means of pair-wise comparisons (see
Material and Methods). The gorilla genome was not available at
the moment of the initiation of the study and the rhesus macaque
was included as an outgroup for the Hominoidea superfamily.
First, we determined the HSBs and EBRs in the human genome

establishing pair-wise whole-genome comparisons with ten
vertebrate species (chimpanzee, orangutan, rhesus macaque,
mouse, rat, horse, dog, cow, opossum and chicken). The number
of HSBs differed depending on the species compared, ranging
from 81 HSBs between human and macaque to 470 HSBs
between human and opossum (Table 1). HSBs represented more
than 70% of the human genome, reaching 91.88% for the
human/orangutan comparison (Table 1), reflecting the high
conservation of mammalian genomes. The mean length of the
HSBs ranged from 30.61 Mbp for human/macaque to 5.08 Mbp
for the human/opossum pair-wise comparison. Likewise, the
number of EBRs also differed among species, being low in the
non-human primate species (35, 61 and 88 between human and
macaque, chimpanzee and orangutan, respectively) and high in

the human/opossum comparison (Table 1). Moreover, and in
order to avoid possible artifacts derived from the low-coverage
annotation, intervals longer than 4 Mbp between two HSBs were
considered as gaps. Gap regions ranged from 3.79 to 17.82% of
the human genome, depending on the genome analyzed (Table 1).
The larger percentages of gap regions were found in the human/
macaque, human/dog, human/opossum and human/chicken
pair-wise comparisons. These differences were probably due to
the low coverage of some of the genomes available in the databases
(e.g., 5.2X coverage for the macaque genome) or to the large
evolutionary distances between species (300 My between human
and chicken and 180 My between human and opossum).
Given these results, we merged the coordinates of all pair-wise

comparisons abovementioned in the human genome (see material
and methods for detailed explanation and, Fig. 1) in order to have
a broad view of the distribution of evolutionary breakpoint
regions. As a result, we obtained a total of 1,353 HSBs and 898
EBRs, representing altogether 67.38% of the whole genome
sequence (Table 1). The EBRs detected varied in size, from 3 bp
to 3.5 Mbp, with a median length of 304 kbp. Regions of non-
coverage (gaps) represented 23.95% of the whole genome whereas
telomeric and centromeric regions accounted for the remaining
8.67% (Table 1).
We observed that EBRs were unevenly distributed among

human chromosomes, given that some human chromosomes
accumulated more EBRs than others, independently of their
genomic length. We calculated the frequency of EBRs per
megabase for each chromosome (Fig. 2), and estimated an average
frequency of 0.3 EBR/Mbp in the human genome assuming a
homogeneous distribution of the 898 EBRs across the genome
(telomeres, centromeres and gap regions were excluded from the
analysis). Comparing the observed frequencies with the estimated
global frequency of EBRs (0.3 EBRs/Mbp), we observed a
deviation (x2 = 7.7, p-value = 0.005) from the homogeneous
distribution of EBRs among chromosomes (Fig. 2). Chromosome
19 accumulated more EBRs (0.53 EBRs/Mbp), while chromo-
some 13 (0.18 EBRs/Mbp) and chromosome 14 (0.19 EBRs/
Mbp) had less EBRs. Although these differences were found to be
not significant after Bonferroni correction, the tendency was still
observed in all species.
Once the evolutionary regions were defined in the human

genome, we determined the HSBs and EBRs in the chimpanzee,
orangutan and macaque genomes. In this case, we established
pair-wise whole-genome comparisons with the human genome
using the primate genomes as references performing chimpanzee/
human, orangutan/human and macaque/human pair-wise align-
ments (Table 1). We detected 32 EBRs in the chimpanzee
genome, 46 in orangutan and 27 in macaque, with a median
length of 235 kbp, 32 kbp and 10 kbp, respectively. The
percentage of homologous syntenic regions was greater in
chimpanzee (84.55%) than in orangutan (83.81%) and macaque
(79.64%), consistent with their phylogenetic relation to human.

Phylogenetic interpretation of evolutionary breakpoint
regions. To have an estimation of the EBR reuse during
mammalian evolution we placed the EBRs detected in the human
genome in an evolutionary context (Fig. 3). Given that we applied
maximum parsimony criteria, these rates represent estimates of
change. This approach could led us to ignore the variability due to
focusing only on the mapping that requires the fewest genomic
changes and to underestimate the true rate of change [29]. Out of
the 898 EBRs detected, 436 were species-specific (48.6%), 280
clade-specific (31.2%) and 182 (20.3%) were found in two or more
species but not in their common ancestor (reused). Based on the
phylogenetic distances described by Murphy and co-workers [30],
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we estimated an average rate of 0.35 EBRs per million year (myr)
for all mammals and 0.27 EBRs/myr for eutherian mammals. Out
of the 280 clade-specific EBRs, 180 were marsupialia-specific (1
EBR/myr), 48 were placentalia-specific (0.27 EBR/myr) and 109

were mammalian-specific (0.35 EBR/myr) (Fig. 3). Among the
mammalian species studied, the mouse and the rat genome
presented the highest estimated rate of genomic changes (1.85
EBRs/myr and 1.95 EBRs/myr, respectively) whereas the
macaque was the species with the lowest rate of change (0.2
EBR/myr). Within Laurasiatheria, the cow was the species with
the highest rate (1.44 EBR/myr), followed by the dog (0.71 EBR/
myr) and the horse (0.28 EBR/myr). Primates showed the lowest
estimated rate of change (0.21 EBR/myr), ranging from 0.2 EBR/
myr in macaque to 1.83 EBR/myr in chimpanzee.
Taking into account the putative ancestral hominoid karyotype

[1,31] we interpreted the primate-specific EBRs found in each
species of great apes. Chromosomes from orangutan, gorilla,
chimpanzee and human are highly homologous and only few
major reorganizations differentiate their karyotypes [1]. Since
their divergence from a common ancestor 14 million years ago
(mya) [32], some chromosomal forms have been maintained
collinear (chromosomes 6, 13, 19, 20, 21, 22 and X) whereas
others suffered inversions and/or lineage-specific fusions. Pair-wise
whole-genome comparisons between great apes and human
genomes allowed us to refine the number of rearrangements that
occurred during hominoid evolution. New insertions were
represented by one EBR whereas inversions were caused by two
EBRs (Table 2). Regarding collinear chromosomes, we found
reorganizations previously undetected in homologous chromo-
somes 13, 19 and X. In particular, we found a new insertion in
orangutan chromosomes 13, X and 19 and a new inversion in
chimpanzee chromosome 19. Even though chromosome 8 is
collinear in chimpanzee, orangutan and human, we found one
EBR due to an insertion in chimpanzee and orangutan but not in
human homologous positions. Regarding the reorganized chro-
mosomes, we corroborated the macro reorganizations found in
chromosomes 1, 2, 3, 5, 7, 10, 12, 14, 15, 16, 17 and 18 [1,31]. In
chromosome 11, which the orangutan represents the ancestral

Table 1. Homologous synteny blocks (HSBs) and evolutionary breakpoint regions (EBRs) in primate genomes.

HSBs EBRs Gaps

Species compared N6 regions
Total length
(Mbp)

% human
genome N6 regions

Total length
(Mbp)

% human
genome N6 regions

Total length
(Mbp)

% human
genome

HSA-PTR 97 2,785 90.86 61 37 1.23 59 138 4.51

HSA-PPY 122 2,817 91.88 88 32 1.06 55 116 3.79

HSA-MMU 81 2,479 80.86 35 22 0.72 69 460 15.02

HSA-RNO 287 2,543 82.95 245 128 4.20 65 289 9.45

HSA-MMUS 324 2,727 88.97 291 81 2.64 56 152 4.99

HSA-ECA 188 2,764 90.17 154 49 1.62 55 147 4.81

HSA-BTA 336 2,726 88.93 301 80 2.62 58 255 8.32

HSA-CFA 173 2,388 77.90 128 38 1.24 68 546 17.82

HSA-MDO 470 2,390 77.96 424 302 9.86 69 269 8.78

HSA-GGA 361 2,176 71.00 288 244 7.97 96 537 17.53

merged HSA 1,353 1,403 43.14 898 788 24.24 576 779 23.95

PTR-HSA 89 2,832 84.55 32 28 0.85 11 83 2.94

PPY-HSA 109 2,888 83.81 46 36 1.04 8 256 7.43

MMU-HSA 66 2,466 79.64 27 15 0.48 19 380 12.28

Pair-wise genome comparisons were established in two directions; using as a reference the human genome (HSA-PTR, HSA-PPY, HSA-MMU, HSA-RNO, HSA-MMUS, HSA-
ECA, HSA-BTA, HSA-CFA, HSA-MDO, HSA-GGA) or the primate genomes (PTR-HSA, PPY-HSA and MMU-HSA). The total numbers of HSBs, EBRs and gaps in the human
genome after merging all pair-wise comparisons are also indicated.
PTR Pan troglodytes, PPY Pongo pygmaeus, MMU Macaca mulatta, RNO Rattus norvegicus, MMUS Mus musculus, ECA Equus caballus, BTA Bos taurus, CFA Canis familiaris,
MDO Monodelphis domestica and GGA Gallus gallus.
doi:10.1371/journal.pone.0027239.t001

Figure 1. Representation of how homologous synteny blocks
(HSBs) and evolutionary breakpoint regions (EBRs) are defined
in the human genome. Comparing two genomes at a time, we
established pair-wise EBRs. Then, we merged those EBRs that overlap in
the same human region, obtaining merged EBRs and HSBs. Abbrevi-
ations –PTR: Pan troglodytes, ECA: Equus caballus, MDO: Monodelphis
domestica, HSA: Homo sapiens.
doi:10.1371/journal.pone.0027239.g001
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Figure 2. Distribution of EBRs across the human genome. Frequency of EBRs per megabase pair (Mbp) detected on each human
chromosome. The dotted line represents the estimated frequency of EBRs per Mbp in the human genome.
doi:10.1371/journal.pone.0027239.g002

Figure 3. EBRs mapped in the phylogenetic tree of mammalian species included in our study. The phylogeny was based on previous
studies [33,62]. The number of specific evolutionary breakpoint regions detected is plotted in each phylogenetic branch. The number of EBRs per
million years detected for each lineage is displayed in brackets. Inset shows the number and percentage of EBRs found in our study.
doi:10.1371/journal.pone.0027239.g003
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form, we verified the inversion found in human and chimpanzee,
plus an additional EBR in chimpanzee resulted from an insertion
of 355 kb. In chimpanzee chromosome 4 we found 3 EBRs, two as
a result of the inversion previously described and one from an
insertion of 1.5kb. Likewise, an insertion of 227 kb was found in
chimpanzee chromosome 9 (Table 2).

Tandem repeats analysis
We elaborated a comprehensive study of the distribution of

tandem repeats in great apes (macaque, orangutan, chimpanzee
and human) with the aim to determine whether there is any
correspondence between tandem repeats and the location of
evolutionary breakpoint regions in these species.

Distribution of tandem repeats. Using the eTandem
algorithm, we detected a total of 758,206 tandem repeats in the
human genome, grouped into 242,539 different motif types with a
repeat unit size ranging from 2bp to 100bp. Similar values were
found in macaque, orangutan and chimpanzee: (i) 714,458 tandem
repeats representing 229,023 motif types in chimpanzee, (ii)
697,824 tandem repeats grouped into 230,650 motif types in
orangutan and (iii) 733,524 tandem repeats corresponding to
211,199 motif types in rhesus macaque. These data suggest that
the overall content of tandem repeats in terms of number of
tandem repeats is conserved during primate genome evolution.
When studied more in detail, we found that the most
representative and therefore more frequent motifs were the same
in the genomes of all four primate species: CA, AT, AAAT, TC,
CAAA and AAAG. These AT-rich tandem repeats accounted for
approximately 30% of the whole tandem repeat content in these
genomes.
Subsequently, we analyzed the density of tandem repeats in

each primate chromosome in order to compare the distribution of
tandem repeats among species (File S1). In the human genome,
the overall density of tandem repeats varied from 11,682 bp/Mbp
in chromosome 14 to 33,091 bp/Mbp in chromosome 19 (File
S1). The same pattern was observed in each primate homologous
chromosomes. In chimpanzee, the density ranged from
17,253 bp/Mbp (chromosome 14) to 36,446 bp/Mbp (chromo-
some 19). This pattern is also conserved in orangutan in the
homologous chromosome 14, and even in rhesus macaque, where
the chromosome 7, homologous to human chromosome 14, has
the lowest density (20,460 bp/Mbp).
Since we observed different tandem repeat density and an

uneven distribution of EBRs among primate chromosomes, we

decided to analyze thoroughly the tandem repeats landscape of
each primate chromosome considering their evolutionary history:
which chromosomal form was maintained collinear or suffered any
reorganization since their common hominoid ancestor according
to previous reports [1,31]. We scrutinized each chromosome’s
complete sequence using moving non-overlapping windows of 0.1
Mb in order to analyze the distribution of tandem repeats in each
of the primate genomes, using a Kolmogorov-Smirnov test (Fig. 4
and File S2). Those chromosomes that suffered the same
evolutionary process seem to have the same tandem repeats
distribution while those with different evolutionary history have a
statistically different tandem repeats landscape. The tandem
repeat distribution of five (PPY6, PTR10, PPY12, HSA18, and
PTRX) out of 69 chromosomes analyzed did not correlate with
their evolutionary history, suggesting that additional elements are
influencing the dynamics of tandem repeats. Herein are the results
of the comparison of tandem repeat distributions along each
primate chromosome:

Chromosome 1. Human chromosome 1 is considered to be
the derived form, showing a pericentric inversion when compared
to chimpanzee and orangutan chromosome 1. The human
tandem repeat landscape also differs from the other two great
apes (HSA vs PTR: p-value = 0.006; HSA vs PPY: p-
value = 0.000).

Chromosome 2. It is well known that human chromosome 2
derives from the ancestral form by a fusion of two hominoid
homolog chromosomes [1]. The ancestral 2a form corresponds to
HSA2pq and also has suffered a pericentric inversion in the
human form, whereas the ancestral 2b form has not suffered
further reorganizations. The tandem repeat contour is different
between human and the other great apes regarding chromosome
2a form (HSA vs PTR: p-value = 0.000; HSA vs PPY: p-
value = 0.000) but is maintained in the homologous chromosome
2b form (HSA vs PTR: p-value = 0.738; HSA vs PPY: p-
value = 0.192).

Chromosome 3. Human and chimpanzee chromosomes are
the derived forms, with an inverted region compared to orangutan
chromosome. The tandem repeats distribution confirms this
pattern (HSA vs PTR: p-value = 0.062; HSA vs PPY: p-
value = 0.009).

Chromosome 4. All the great apes have a derivative
chromosome 4 that evolved differently since their common
ancestor. We found a different tandem repeats distribution
between human and chimpanzee forms but the same

Table 2. Newly described reorganizations in human (HSA), chimpanzee (PTR) and orangutan (PPY) chromosomes.

Chromosome HSA PTR PPY

4 Ancestral Insertion (121,995,429-121,997,005) Inversion previously found a

7 Inversion previously found a Inversion (40,154,256-44,613,528) Ancestral

8 Ancestral Insertion (7,592,222-7,730,288) Insertion (44,119,443-47,565,927)

9 Ancestral Insertion (42,012,304-42,239,829) Inversion previously found a

11 Inversion previously found b Insertion (88,294,605-88,650,196) Ancestral

13 Ancestral Ancestral Insertion (23,683,269-23,732,315)

19 Ancestral Inversion (41,544,000-42,809,028) Insertion (24,329,459-27,955,815)

X Ancestral Ancestral Insertion (58,752,636-60,465,663)

The ancestral form and type of reorganization with the genomic location are shown. The genomic positions (start and end, NCBI build 36) of each insertion or inversion
are also indicated.
a[1],
b[31].
doi:10.1371/journal.pone.0027239.t002
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distribution between human and orangutan forms (HSA vs PTR:
p-value = 0.022; HSA vs PPY: p-value = 0.272).

Chromosome 5. Human chromosome is considered the
ancestral form, whereas the chimpanzee and the orangutan have
derived forms due to pericentric inversions. The tandem repeats
landscape is consistent with this pattern (HSA vs PTR: p-
value = 0.031; HSA vs PPY: p-value = 0.001).

Chromosome 6. The three species shared the same
chromosome form, which is considered to be ancestral. We
found the same tandem repeat profile between human and
chimpanzee (HSA vs PTR: p-value = 0.069) but it differs between
human and orangutan (HSA vs PPY: p-value = 0.003).

Chromosome 7. The orangutan chromosome represents the
ancestral form, while human and chimpanzee share a pericentric
inversion. We found the same tandem repeats pattern in human
and chimpanzee (HSA vs PTR: p-value = 0.203) but this was
different in orangutan (HSA vs PPY: p-value = 0.050) (Fig. 4a).

Chromosome 8. The three hominoid species share the same
form but we detected an insertion of ,3Mb in the orangutan
chromosome 8 (Table 2). This difference is reflected in the tandem
repeats landscape, being equal between human and chimpanzee
(p-value = 0.128) but different in orangutan (p-value = 0.009)
(Fig. 4b).

Chromosome 9. All three species have different chromosomal
forms, being the orangutan chromosome the ancestral one. Tandem
repeats distribution is consistent with these differences (HSA vs
PTR: p-value= 0.002; HSA vs PPY: p-value= 0.000).

Chromosome 10. Orangutan chromosome 10 is considered
to be the ancestral form, which differs from human and
chimpanzee forms by a paracentric inversion. We found that
human and orangutan have a different tandem repeat pattern (p-
value = 0.001) as well as human and chimpanzee (p-value = 0.010),
although the same pattern between these two species was
expected.

Chromosome 11. The ancestral chromosome form is
conserved in orangutan, which differs from the human
chromosome by a pericentric inversion and from chimpanzee by
a pericentric inversion and an insertion of ,400 Kb (Table 2).
These differences are also reflected in the tandem repeat
distribution (HSA vs PTR: p-value = 0.016; HSA vs PPY: p-
value = 0.000).

Chromosome 12. Human and orangutan share the same
form, which is considered the ancestral. Chimpanzee differs from
them by a pericentric inversion. In this case, the tandem repeats
landscape is different between human and chimpanzee (p-
value = 0.050) and between human and orangutan (p-
value = 0.004).

Chromosome 13. Human and chimpanzee share the same
form and have the same tandem repeats pattern (p-value = 0.072),
while orangutan have a ,100Kb insertion (Table 2) and shows a
different tandem repeats pattern (p-value = 0.003).

Chromosome 14. All great apes share the same chromosome
form and also the same tandem repeats landscape (HSA vs PTR:
p-value = 0.051; HSA vs PPY: p-value = 0.051).

Chromosome 15. All great apes have different chromosome
forms and different tandem repeats profile (HSA vs PTR: p-
value = 0.004; HSA vs PPY: p-value = 0.001).

Chromosome 16. All great apes have different chromosome
forms and different tandem repeats profile (HSA vs PTR: p-
value = 0.001; HSA vs PPY: p-value = 0.000).

Chromosome 17. Human and orangutan share the same
ancestral form, while chimpanzee suffered a pericentric inversion.
This pattern is in agreement with the tandem repeats distribution
(HSA vs PTR: p-value = 0.030; HSA vs PPY: p-value = 0.106).

Chromosome 18. Chimpanzee and orangutan share a
chromosome form ancestral to great apes, which differs from the
human by a pericentric inversion. This is not observed in the
tandem repeats profile, given that all the species share the same
distribution (HSA vs PTR: p-value = 0.095; HSA vs PPY: p-
value = 0.206).

Chromosome 19, 20, 21 and 22. All great apes share the
same chromosome form and also the same tandem repeats
landscape [HSA19 (PTR: p-value = 0.127; PPY: p-value = 0.161)
HSA20 (PTR: p-value = 0.138; PPY: p-value = 0.051) HSA21
(PTR: p-value = 0.106; PPY: p-value = 0.111) HSA22 (PTR: p-
value = 0.082; PPY: p-value = 0.051)].

Chromosome X. Human and chimpanzee share the same
ancestral form while orangutan has a ,2Mb insertion (Table 2).
Tandem repeat pattern is in agreement with human-orangutan
evolution (p-value = 0.021) but not with human-chimpanzee
history (p-value = 0.000).

Tandem repeats are accumulated in evolutionary
breakpoint regions. Once we studied the distribution of
tandem repeats across whole genomes, we analyzed whether
tandem repeats were differentially accumulated in EBRs and/or
HSBs and if this pattern was conserved among species. In all cases,
we analyzed two parameters: (i) number of tandem repeat loci, and
(ii) number of base pairs implicated in tandem repeats. By this way
we took into account not only the number of repeats but also the
density of tandem repeats in each genomic region.
We observed 189,330 tandem repeat loci in EBRs and 360,314

loci in HSBs in the human genome. Assuming a homogeneous
distribution of tandem repeat loci in these genomic regions, we
expected 183,213 and 366,431 tandem repeat loci in EBRs and
HSBs, respectively, showing that the observed tandem repeat loci
are significantly deviated (p-value , 0.001). Mirroring these
results, we also detected that EBRs contained significantly more
base pairs implicated in tandem repeats than HSBs in the human
genome (contingency analysis, p-value , 0.001).
Therefore, and to have a general overview of the genomic

landscape, we used the EBRs and HSBs defined in the human
genome to analyze whether there was any specific repeat
accumulated in each different genomic region by means of
contingency analysis. Out of the 242,539 different motif types
found in the human genome, no specific repeat motif was
exclusively present in EBRs or HSBs. However, 17 different
microsatellite motifs were significantly accumulated in EBRs (p-
values # 0.0016) (Table 3). Although we did not detect any
pattern regarding the repeat motif and the GC content in the
whole tandem repeat content, we found five microsatellites
(AAAT, TTTG, TTTC, TATTT and ATTTTT) present in a
extremely high frequency in the human genome (more than 1000
repeat units and AT content $ 80%) (Table 3). Of these
overrepresented tandem repeats, the AAAT motif was by far the

Figure 4. Tandem repeat content (bp) in human chromosomes 8 and 7 and its homologous in chimpanzee, orangutan and
macaque. The image represents an example of a reorganized chromosome (a) and a collinear chromosome (b). In each case, the left panel shows
the evolutionary history of each chromosome during hominoid evolution. The right panel shows the tandem repeat content in 100 kb windows in
human (blue), chimpanzee (red), orangutan (green) and macaque (purple) genomes. Abbreviations –PPY: Pongo pygmaeus, PTR: Pan troglodytes, HSA:
Homo sapiens.
doi:10.1371/journal.pone.0027239.g004
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most frequent among all EBRs. We, then, analyzed if the
distribution of the AAAT motif was dependant on the type of
EBRs and we observed an accumulation of this motif in the EBRs
not related to primates (p-value , 0.001).
Given the similarity of these microsatellites rich in AT content

to the standard L1 cleavage site for classical retrotransposition (59-
TTAAA-39, [33]), we examined a possible association with any L1
and/or Alu sequences in the human genome. In doing so, we
considered five possible scenarios: (i) the repeat is not contiguous to
any transposable element, (ii) the repeat is upstream or (iii)
downstream of the transposable element, (iv) the motif is in-
between two transposable elements or (v) two repeat motifs
surround one transposable element. Notably, we observed that the
AAAT motif was the only repeat significantly associated with Alu
elements but only when it is located upstream of the transposable
element (TE) in EBRs (x2 = 9.33, p-value = 0.002) but not in
HSBs (x2 = 1.99, p-value = 0.07). Moreover, we found more
AAAT motifs associated with Alu repeats in primate-specific EBRs
than in the other types of EBRs (p-value , 0.001). Regarding the
other over-represented repeats (Table 3), none of them was
significantly associated with TE elements when EBRs and HSBs
were compared (data not-shown). In order to understand the
observed association, we analyzed if the distribution of Alu
sequences was dependant on the type of EBRs (i.e. EBRs
primate-specific) given that it is well known that there was a burst
of Alu transposition in the lineages leading to primates around,40
mya [34]. Out of the 1,212,896 Alu repeats found in the human
genome, 281,019 were located in EBRs. This value represents
almost half of the expected number of Alu loci assuming a random
distribution and shows a depletion of Alu sequences in these EBRs
(p-value , 0.001). However, when we focused only on the
primate-specific EBRs, we found a significant accumulation of Alu

sequences in these regions (p-value , 0.001). Therefore, our
observations indicate that primate-specific EBRs are enriched in
Alu repeats, but depleted in AAAT motifs when compared to other
types of EBRs, although the AAAT motifs found in primate-
specific EBRs are significantly associated with Alu sequences.

Discussion

Homologous synteny and evolutionary breakpoint
regions in mammalian genomes
Since the initial whole-genome analysis performed by Murphy

and collaborators [8], several studies have described those
evolutionary genomic regions involved in the reshuffling of
mammalian genomes [6,7,10,11,35]. Although the focus of these
studies was the precise delimitation of the evolutionary break-
points, the results published to date are far from being consistent.
Discrepancies are probably due to differences in the versions of the
genomes and the source of the data analyzed (e.g., radiation
hybrid maps or whole-genome DNA sequences), differences in the
level of resolution of the technique applied, and because the sets of
species examined were only partially overlapping. By analyzing the
whole-genome sequences of 10 vertebrate species (chimpanzee,
rhesus macaque, orangutan, mouse, rat, cow, dog, horse, opossum
and chicken) we identified 1,353 vertebrate HSBs (Table 1). This
number of homologous synteny blocks is very similar to the
previous studies [9,11], reflecting the high degree of conservation
among mammalian genomes. However, we identified substantially
fewer EBRs in the human genome (n = 898; median size =
304 Kb), than previously published [11] probably due to the
conservativeness of our approach. Since we excluded centromeric,
telomeric and gap regions in our analysis in order to avoid low
coverage regions and, therefore, false positives, EBRs and HSBs,
represented 67.38% of the human genome. Importantly, when
analyzing the distribution of EBRs along the human genome
relative to the position in each chromosome we observed a non-
homogenous distribution of EBRs among chromosomes (Fig. 2).
Specifically, human chromosomes 13 and 14 accumulated fewer
and chromosome 19 accumulated more EBR/Mbp than expected.
The same pattern was observed in great apes and macaque. Using
the non-human primate genomes as a reference we found 32 and
46 EBRs in chimpanzee and orangutan genomes, respectively,
non-homogeneously distributed along chromosomes. These results
confirm the existence of ‘‘hot spot’’ regions for chromosome
evolution supporting the fragile breakage model of chromosome
evolution [5–11].
Based on chromosomal painting studies, Froenicke [4] estab-

lished the average rate of chromosomal exchange in eutherian
mammals to be 0.19 rearrangements/myr and 0.39 EBR/myr.
Combining the data derived from the comparison of 10
mammalian species we estimated a similar rate of evolution
(0.35 EBRs/myr).We found that 20.3% of the 898 EBRs detected
have been reused during the eutherian evolution. This proportion
is higher than the 7-8% described in previous studies [9,11] but in
agreement with initial studies [8]. What it is clear is that a fraction
of the mammalian genomes (ranging from 20% to 7%) has
suffered recurrent chromosome reorganizations during evolution.
We also placed the EBRs detected in an evolutionary context; as
an example, we detected 180 EBRs in the lineage leading to the
opossum. Since its divergence from the common therian ancestor
,180 mya, the marsupial species has accumulated a rate of 1
EBR/myr. In placental mammals, the two rodent species studied
(mouse and rat) accumulated more clade-specific EBRs (80) than
other clades, with a rate of 1 EBR/myr, showing a high rate of
EBRs, as previously described in the literature [36]. Primates, on

Table 3. Microsatellite motifs significantly accumulated in
EBRs.

Motif EBRs HSBs p-value

observed expected observed expected

aaat* 8186 7373 14336 15148 3.05 E-21

tttg* 3930 3739 7492 7682 0.0018

tttc* 3187 2996 5966 6156 0.0005

tattt* 2488 2328 4624 4783 0.0009

attttt* 1635 1513 2987 3108 0.0017

agg 1011 880 1678 1808 0.000011

agaggg 231 186 339 383 0.0012

ggggga 156 120 212 247 0.0012

tggggg 100 69 111 141 0.0002

cccagc 75 44 61 91 0.000005

gccggg 66 43 68 90 0.0008

ccggc 36 16 15 34 0.000002

ggcagg 36 20 27 42 0.0007

actg 34 19 25 39 0.0008

ggggat 24 11 11 23 0.0002

ctgacc 23 9 5 18 0.000005

ggctct 13 5 4 11 0.0016

Asterisks indicate the overrepresented motifs (more than 1000 repeat units
detected, see text for details).
doi:10.1371/journal.pone.0027239.t003
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the other hand, show a wide range of rearrangement rates with
chimpanzee showing the highest rate of genomic reorganization
(1.83 EBRs/myr).
Moreover, and considering the evolutionary history of each

hominoid chromosome [1,31] we were able to refine the
rearrangements that occurred during genome evolution in great
apes. Among chromosomes that have been conserved since their
common ancestor, we found new insertions in orangutan
chromosomes 13, 19 and X and an inversion in chimpanzee
chromosome 19. In addition, we defined more rearrangements in
the reorganized chromosomes. For instance, we found one
insertion in chimpanzee chromosome 4, 9 and 11. Even though
the great apes genomes are highly conserved, when their
sequences are analyzed more in detail, these rearrangements
show that they are organized as conserved blocks that had suffered
additional reshuffling.
The distribution of EBRs across chromosomes, the high reuse

degree of EBRs and the reconstruction of the likely chromosomal
architecture of ancestral mammalian genomes have revealed that
evolutionary breakpoints are clustered in regions that are prone to
disruption, promoting the subsequent reorganization of chromo-
somes [37,38]. However, one question remains open: Is there any
sequence composition and/or genome organization accounting for
the distribution of evolutionary regions? To shed light on this
pivotal issue, we have characterized the tandem repeats in the
evolutionary regions detected.

Tandem repeats distribution and its evolutionary
implications
We were able to elaborate a tandem repeat database distributed

into five different regions (telomeres, centromeres, HSBs, EBRs
and gaps) along the genomes of great apes and the macaque. We
detected that the overall content of tandem repeats were similar in
these closely related species (758,206 tandem repeats in human,
714,458 tandem repeats in chimpanzee, 697,824 in orangutan and
733,524 in the macaque). Moreover, out of the total content of
tandem repeats, we observed that six tandem repeat motifs (CA,
AT, AAAT, TC, CAAA and AAAG) were highly represented in
the primate genomes. The presence of the same six microsatellites
in the primate species is somehow surprising despite their common
ancestor because microsatellites are highly mutable (in humans:
10-4 mutations per locus per generation, [39]). However, this
conservation is coherent with the microsatellite turnover theory
(i.e. cycles of expansions/deletions and stabilization/reactivation)
and suggests that microsatellites fluctuate as a whole [40].
Once we studied the overall content of tandem repeats in the

primate genomes, we focused on the distribution of tandem
repeats in each chromosome. We observed that not all the
chromosomes have the same tandem repeat density (bp implicated
in repeats/Mbp of genome) (File S1). The human chromosome 14
and its homologous in the non-human primate species had the
lowest density while the human chromosome 19 and its
homologous had the highest tandem repeat density. These
differences among chromosomes could be due to several factors,
such as (i) random amplification and appearance of new repeats,
(ii) some selective pressure that restricts the spread of the repeats
or, (iii) artifacts of the sequencing procedure itself. Since we have
analyzed the tandem repeats distribution in all great ape
chromosomes and found the same overall content of tandem
repeats, we discard both random amplification and biases in the
sequencing procedure. To further analyze these differences, we
used sliding windows of 100kb to compare the distribution of
tandem repeats in each chromosome of the primate species (Fig. 4
and File S2). We found a non-homogeneous distribution of

tandem repeats, with a high accumulation in the pericentromeric
and telomeric regions, mirroring previous results [10]. But, more
importantly, we found differences in tandem repeat distributions
among species, suggesting that they might be correlated with the
evolutionary history of each primate chromosome. Roughly, our
qualitative comparisons of chromosome evolution suggest that the
tandem repeats landscape might have been conserved in collinear
chromosomes, but altered in those reorganized chromosomes
(Fig. 4 and File S2). Further analysis will be necessary in order to
corroborate this hypothesis.
The analysis of the human genome revealed specific features not

found in the other primate species analyzed. Excluding regions of
high complexity from our analyses (telomeres, centromeres and
gaps) EBRs in the human genome accumulated more tandem
repeat base-pairs than HSBs (p#0.05 and p#0.001). This result
confirms previous observations [10] indicating that tandem repeats
are elements that could promote genome reorganization during
the evolutionary process. With the aim to investigate whether
there was any particular DNA configuration or composition
driving genome instability we analyzed more in detail the
distribution of tandem repeats across the human genome.
Although no specific repeat motif was exclusively present in EBRs
or HSBs, 17 different microsatellites motifs were significantly
accumulated in EBRs. Notably, out of these overrepresented
tandem repeats, the AAAT was the most frequently detected. It
has been described that this motif could form single-stranded coils
[24], favoring chromatin instability and increasing the likelihood
to break.
Additionally, the observed association of some tandem repeats

with L1 and Alu elements provides indications for the possible role
of transposable elements in shaping the distribution of mammalian
large-scale chromosomal changes. Transposable elements, such as
Alu and LINEs, are well known to induce genomic reorganizations
and structural variation through multiple pathways, including
unequal homologous recombination and alternative transposition,
for instance [20,41–44,]. Although the association between
microsatellites and transposable elements has been previously
reported [45,46], the origin of this association remains unclear.
The association of AAAT and transposable elements found in our
study can be explained by (at least) two non-mutually exclusive
hypotheses. One possibility is that the presence of the AAAT
microsatellite in certain regions could derive from transposable
elements already inserted in the genome. This interpretation is
plausible, since both L1 and Alu are characterized by a 39
poly(dA)-rich tail and an internal tandem repeat region [47].
Furthermore, Abrusan and Krambeck [48] have described that
these transposable elements are enriched in AT-rich regions in the
human genome. Alternatively, AAAT repeats could represent
likely target regions for L1 and/or Alu insertions since this motif
closely resembles the canonical cleavage sites for these elements
(59-TTAAA-39) [33]. Cleavage on both strands is required,
resulting in an intermediate equivalent to double-strand breaks
(DSBs) at the early stage of the reverse transcription reaction.
Gasior and collaborators [49] demonstrated an excess of DSBs in
the L1 transposition process. The reasons for this high quantity of
DSBs are unknown. Although the host cell would successfully
repair most of the DSBs created, a fraction of these can be
misrepaired, and eventually induce chromosomal alterations [49].
As a preliminary survey to favor one of these two hypotheses, we

analyzed the distribution of Alu sequences and AAAT motifs in the
different types of EBRs. We observed an accumulation of Alu
repeats and depletion in number of AAAT motifs in primate-
specific EBRs when compared with the other types of EBRs.
Considering the massive transposition of Alu sequences that
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occurred in the lineages leading to primates around ,40 mya [34]
a very appealing scenario is to consider the AAAT motif as the
target site of insertion of Alu sequences. Under such scenario, the
enrichment of AAAT-Alu association observed in primate-specific
EBRs could represent signatures of ancient insertions. Favoring
this hypothesis, it has been previously shown that Alu density
strongly correlates with L1 target site insertion motif and regions
more prone to DSBs formation [50]. At this point, however, a
detailed pair-wise comparison between closely related species in
which the ancestral state of a novel insertion can be identified
would allow us to distinguish if the accumulation of AAAT motifs
is the cause or consequence of L1 and Alu insertions.
Summarizing, our results provide evidences for the role of both

tandem repeats and transposable elements in evolution. A
plausible hypothesis is to consider that an accumulation of tandem
repeats in certain genomic regions might form secondary
structures in the DNA and, therefore, promotes genome instability
that could lead to evolutionary chromosomal changes. Moreover,
certain tandem repeats (i.e. AAAT) could work as target sites,
promoting the insertion of transposable elements and, eventually,
leading to genomic reorganizations by non-allelic homologous
recombination (NAHR) [43]. Previous studies have reported how
breakpoint regions are rich in segmental duplications [15–
17,51,52], high repeat content [10,14], transposable elements
[19,20,53,54] or long regulatory regions. This heterogeneity in
results is suggesting that additional elements, not only the DNA
sequence per se, are affecting breakage susceptibility. Recent data
indicate that the permissiveness of some regions of the genome to
undergo chromosomal breakage could be determined by changes
in chromatin conformation [19,32]. In this sense, transposable
elements have been reported to be associated with the epigenetic
status of the genome and regulation of gene expression [55,56],
but also the length and type of tandem repeats can determine the
conformation of the chromatin [57]. Although at this point a
cause/effect between tandem repeats and genomic instability
cannot be determined, we can anticipate, as a working hypothesis,
that certain properties of local DNA sequences such as repetitive
elements related to open chromatin configurations can be involved
in the origin/resolution of chromosomal reorganizations.

Materials and Methods

Definition of evolutionary breakpoint regions
We included in our analysis the whole-genome sequences of 10

vertebrate species available in the public databases (Ensembl [58]).
These species were chosen based on the availability of their
completed whole-genome sequences and they included: Pan
troglodytes (CHIMP2.1, assembly of March, 2006), Macaca mulatta
(Mmul_1, assembly of February, 2006), Pongo pygmaeus (PPYG2,
assembly of April, 2007), Mus musculus (NCBIm37, assembly of
April, 2007), Rattus norvegicus (RGSC 3.4, assembly of December,
2004), Bos taurus (Btau_4.0, assembly of October, 2007), Canis
familiaris (CanFam 2.0, assembly of May, 2005), Equus caballus
(EquCab2, assembly of September, 2007), Monodelphis domestica
(MonDom5, assembly of October, 2006) and Gallus gallus
(WASHUC2, assembly of May, 2006). In addition, we used the
human genome (NBCI build 36, assembly of March, 2006) as a
reference.
We first defined the homologous synteny blocks (HSBs) and the

evolutionary breakpoint regions (EBRs) in the human genome. To
do so, we downloaded the pair-wise whole-genome comparisons
detailed in the Ensembl genome browser (release 52) between the
human reference genome and those of other vertebrate species
(chimpanzee, orangutan, macaque, mouse, rat, horse, cattle, dog,

opossum and chicken). These pair-wise comparisons were based
on sequence homology. For each pair-wise comparison between
the human genome and any of the vertebrate species, we
established homologous syntenic regions, defining the start and
end positions according the Ensembl database (in pb) (Fig. 1).
Then, we manually grouped together those syntenic regions
spaced less than 4 Mbp, with the same orientation and located in
the same chromosome to form a single HSB. In order to avoid
possible artifacts derived from the low-coverage annotation of
whole-genome sequences, intervals between two contiguous HSBs
larger than 4 Mbp in size were considered to be ‘‘gaps’’.
Subsequently, we merged the coordinates of all pair-wise
comparisons in the human genome by means of Perl scripts in
order to define the total number, position and length of HSBs and
EBRs in reference genome (Fig. 1). EBRs were considered as the
interval between two contiguous HSBs as described in Ruiz-
Herrera and collaborators [10] and were defined by sequence
coordinates in any of the nine mammalian species compared with
human plus the chicken (Fig. 1). We calculated the percentage of
coverage of each pair-wise comparison using the human genome
total length (data in Mbp) excluding the Y chromosome from the
analysis. Furthermore, we labeled as telomeric/subtelomeric the
2 Mbp at the ends of each human chromosome and as
centromeric/pericentromeric the 2 Mbp regions flanking the
unknown nucleotides (Ns) as described elsewhere [10]. Thus, the
human reference genome was classified into 5 types of genomic
regions (telomeres, centromeres, HSBs, EBRs and gaps) in order to
proceed with the subsequent analysis.
The definition of homologous synteny blocks (HSBs) and

evolutionary breakpoint regions (EBRs) for the primate genomes
(chimpanzee, orangutan and macaque) was done following the
same approach as with the human genome. In all cases, we wrote
Perl scripts to parse the pair-wise comparisons data and to cross-
reference the coordinates of all types of genomic regions.

Phylogenetic interpretation of evolutionary breakpoint
regions
Extant mammals are classified into three major groups:

monotremes, marsupials and placental mammals (eutherians) that
split off from their last shared common ancestor nearly 240 mya
[59]. Among placental mammals, four superordinal clades
(Afrotheria, Xenarthra, Laurasiatheria and Euarchontoglires/
Supraprimates) are recognized based on the phylogenetic analysis
of both nuclear and mitochondrial DNA [60]. We followed the
phylogeny proposed by Murphy et al. [30] for our phylogenetic
interpretations. We classified all EBRs into different types
depending on which species they have occurred in: i) species-
specific, ii) clade-specific, when the EBR is found in species of the
same order or superorder and iii) reused, if the EBR is found in
two taxa but not in their common ancestor. We used the
maximum parsimony criterion to place events in the tree and
obtained the rate estimates in each branch.

Tandem repeat analysis
We analyzed the distribution of tandem repeats in the human

genome using the eTandem algorithm (part of EMBOSS 6.0.1
package [61]). We run the eTandem algorithm with a minimum
repeat unit of 2 bp and a maximum repeat unit of 100 bp. The
resulting output files were computed for the detection of
overlapping tandem repeats and the canonical motif was reported
for each repeat (a canonical motif is intended as all possible
rotations and reverse complementation; e.g., AC is the canonical
form of AC, CA, GT, and TG). We merged the positions of all the
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canonical motifs detected with those of the different types of
genomic regions described in the previous section.
For the analysis of human retroelements, we obtained the

genomic positions of all the human L1 and Alu sequences
described in the UCSC database (http://genome.ucsc.edu) in
order to analyze if tandem repeats were immediately contiguous to
any transposable element sequence. First, we analyzed if a given
motif was associated with L1 or Alu sequences within EBRs or
HSBs designing a Perl script to compare the positions of the
tandem repeats and the transposable elements. By means of a x2

test we evaluated this association, using the total number of
tandem repeats contiguous to L1 and/or Alu sequences as the
sample and the position in EBRs or HSBs as the factor. In order to
analyze the distribution of Alu repeats in the different type of
EBRs, we applied a x2 test and we calculated the expected Alu loci
in each genomic region assuming a homogeneous distribution.
Using Perl scripts, we computed the overlapping degree of

tandem repeats, searched the canonical motifs, and merged the
positions of tandem repeats with the different types of genomic
regions the human genome was classified and with the
transposable elements.

Statistical analyses
We performed the statistical analyses using the JMP 7 package.

Centromeric, telomeric and gap regions were excluded before any
statistical analyses were performed given that they represent
regions of high complexity overall.
To assess if EBRs were evenly distributed across human

chromosomes we estimated an average frequency of 0.3 EBR/
Mbp assuming a homogeneous distribution of EBRs across the
human genome. We used a x2 test with a Bonferroni correction (p-
value = 0.0022) to evaluate any possible deviation.
For the analysis of tandem repeat distribution, we first

compared whether EBRs accumulate more base-pairs involved
in tandem repeats than HSBs using a x2 test. We also analyzed the
tandem repeat loci in EBRs and HSBs using the same test. We
computed the expected number of tandem repeats in each region
by assuming a homogeneous distribution of the total tandem
repeat loci along the genome and then distributed them
proportionally to the length of each genomic region (EBRs or
HSBs). Then, we used a x2 test with the Bonferroni correction to

assess whether a tandem repeat motif accumulates significantly in
a certain type of genomic region (p-value = 0.0017).
Finally, to compare the tandem repeat distribution along

primate chromosomes we counted the base-pairs of tandem
repeats in 100 kb windows for each chromosome. In order to
analyze whether the primate genomes had the same tandem
repeat landscape, we performed Kolmogorov-Smirnov tests by
pairs, comparing all hominoids’ chromosomes. P-values smaller
than 0.005 indicated that the distribution of base-pairs implicated
in tandem repeats were significantly different among species.

Supporting Information

File S1 Density of tandem repeats in each primate
chromosomes. The density is expressed in base-pairs (bp) of a
tandem repeat sequence per megabase-pairs (Mbp) of a chromo-
some sequence.
(PDF)

File S2 Tandem repeat content (bp) in non-overlapping
100 kb windows. For each chromosome, the tandem repeat
distribution for human (black), chimpanzee (dark green), orang-
utan (light green) and macaque (orange) is shown. In each case, the
Spearman’s p test comparing chimpanzee (PTR), orangutan (PPY)
and macaque (MMU) with human (HSA) is indicated. C:
centromere, N: distal telomere. * Statistically significant p-value
,0.0001.
(PDF)
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Abstract Monobrachial homology resulting from
Robertsonian (Rb) fusions is thought to contribute to
chromosomal speciation through underdominance.
Given the karyotypic diversity characterizing wild
house mouse populations [Mus musculus domesticus,
(MMU)], variation that results almost exclusively from
Rb fusions (diploid numbers range from 22 to 40) and
possibly whole arm reciprocal translocations (WARTs),
this organism represents an excellent model for testing
hypotheses of chromosomal evolution. Previous studies

of chromosome size and recombination rates have
failed to explain the bias for certain chromosomes to be
involved more frequently than others in these rear-
rangements. Here, we show that the pericentromeric
region of one such chromosome, MMU19, which is
infrequently encountered as a fusion partner in wild
populations, is significantly enriched for housekeeping
genes when compared to other chromosomes in the
genome. These data suggest that there is selection
against breakpoints in the pericentromeric region and
provide new insights into factors that constrain
chromosomal reorganizations in house mice. Given
the anticipated increase in vertebrate whole genome
sequences, the examination of gene content and
expression profiles of the pericentromeric regions of
other mammalian lineages characterized by Rb fusions
(i.e., other rodents, bats, and bovids, among others) is
both achievable and crucial to developing broadly
applicable models of chromosome evolution.
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Introduction

It has been argued that chromosomal reorganization
may contribute to speciation due to underdominance
associated with meiotic abnormalities in heterozy-
gotes (White 1978). This is generally considered
likely to occur in small, inbred populations, or when
rearrangements are weakly underdominant individu-
ally but strongly underdominant in combination (King
1993). More recently, a number of related studies
have proposed that chromosomal rearrangements can
reduce gene flow and potentially contribute to
speciation by the suppression of recombination
(Rieseberg 2001). Under this hypothesis, it is thought
that chromosomal rearrangements have a minimal
influence on fitness, but by suppressing recombina-
tion, they contribute to a reduction of gene flow.
Paradoxically, the spread and subsequent fixation of
an underdominant rearrangement is problematic from
a population genetic perspective, given that a chro-
mosomal reorganization that disrupts gene flow is less
likely to be fixed. However, there is general consen-
sus that chromosomal speciation can result where
multiple centric fusions [i.e., Robertsonian (Rb)
fusions] show monobrachial homologies (i.e., one
arm in common; see Baker and Bickham 1986).
Hybrids resulting from crosses between individuals
that show fixed monobrachial differences can result in
complex chain or ring configurations at meiosis that
impede normal segregation and may therefore lead to
speciation.

The house mouse [Mus musculus domesticus
(MMU)] represents an excellent model for testing
hypotheses of chromosomal evolution. Although the
standard karyotype of the mouse (Mus musculus,
MMU) is characterized by 2n=40 acrocentric chromo-
somes, a wide range of diploid numbers (from 22 to
40) have been detected in house mouse populations
over the last 30 years—variation resulting almost
exclusively from Rb fusions and/or WARTs (Gazave
et al. 2003; Pialek et al. 2005). The most recent review
of chromosomal variation in the house mouse recog-
nizes a total of 97 different metacentric “populations”
distributed across Europe and the Mediterranean basin
(Pialek et al. 2005). These populations formed very
recently (10,000 years, Britton-Davidian et al. 1989),
making genetic and morphological differences among
them small or almost inexistent. Of the 171 different
possible metacentric combinations, only 106 have been

described in wild populations (Gazave et al. 2003;
Pialek et al. 2005), indicating that not all chromosomes
contribute equally to the observed chromosomal
variation.

One of the chromosomes less frequently involved
in Rb fusions is MMU19 (Pialek et al. 2005). Only
two different Rb fusions involving MMU19 have
been described in wild populations (Rb2.19 and
Rb11.19; Britton-Davidian et al. 2000). Although
chromosome size and recombination rates have been
mooted as possible causes of this bias (Nachman and
Searle 1995; Qumsiyeh 1994; Gazave et al. 2003),
support for these suggestions has not been forthcoming,
suggesting that additional factors may be involved in the
process. In an attempt to advance our understanding of
this phenomenon, we have analyzed the gene content
and expression profiles of mouse chromosomes (the
autosomes and X chromosome), taking advantage of
whole sequence genome and gene expression data
available in the public domains. Our analyses show that
the pericentromeric region of MMU19 is significantly
enriched for housekeeping genes when compared to
other chromosomes in the genome, suggesting the
possibility that there is selection against breakpoint
disruption in this region, hence, the chromosome’s
infrequent involvement in Rb fusions.

Material and methods

Positions of the reference sequence mouse genes
(RefSeq) were obtained from the NCBIm37 assembly
using the BioMart browser of Ensembl. Only genes
with a known function were analyzed; novel genes
with unknown function, pseudogenes and RNA genes
were not included in the analysis. Gene expression
data were obtained from the Gene Expression Atlas
(Su et al. 2004) available through the BioGPS portal
(Wu et al. 2009). This atlas represents a whole
genome gene expression array targeting 36,182
mouse transcripts from 61 different tissues. Probe
sets available on this platform were converted to
official gene symbols, their positions calculated in the
mouse reference sequence genome and in each mouse
chromosome, and the median expression values of
each calculated.

We used two different cutoffs in order to make the
distinction between housekeeping (HSKP) and tissue-
specific genes. The first consisted of defining the
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minimal signal for each gene from probes on the chip
(value ≥5); this value corresponds to half of the
“median expression” (Vinogradov and Anatskaya
2007) in all 61 tissues analyzed. The second cutoff
value applied was the median expression, as recom-
mended by the authors of the Gene Expression Atlas
(Su et al. 2004). Mouse genes were classified as
HSKP if they showed significantly elevated expres-
sion levels (i.e., in excess of the cutoff above) in all
tissues of the array. Mouse genes were classified as
tissue-specific if the coefficient of variation (Cv) was
>200 (Vinogradov and Anatskaya 2007). We grouped
all genes with a known function in windows of 2 Mbp
along each mouse chromosome in order to analyze
the density of genes [number of genes per megabase
(Mbp) of chromosome]. Our analyses showed that the
distribution of genes within each 2 Mb window did
not fit a normal distribution. Consequently, the
Mann–Whitney test with the Bonferroni correction
was applied to establish median comparisons using
the chromosomes as a factor and the 2 Mb windows
as the sample. We used a Chi-square (χ2) test to
compare the total chromosomal gene density and also
the gene density in the pericentromeric regions of
mouse chromosomes. We similarly compared the
density of HSKP genes in the pericentromeric regions
in the complete mouse complement by χ2. A Fisher’s
test was implemented to compare the number of
HSKP and tissue-specific genes in MMU19 and the
remaining mouse chromosomes.

Results and discussion

The mouse genome [NCBIm37 mouse assembly (July
2007), Ensembl release 49] currently has 22,931
protein-coding genes; of these, 15,593 have a known
function (Table 1). When analyzing the position of
these genes, we noted an absence of annotated genes
between 0 Mbp and 3 Mbp in each mouse chromo-
somes, reflecting the presence of highly repetitive
centromeric sequences in these regions. In our
analysis of the distribution of genes per megabase
pairs (Mbp), we arbitrarily set the limits of the
pericentromeric region as encompassing sequences
spanning 0–16 Mbp for each mouse chromosome.
This was done in order to ensure that regions close
enough to the centromeric sequences were included
for all the mouse chromosomes.

The distribution of total protein-coding genes
reveals statistical differences among mouse chromo-
somes. Three chromosomes show a significant con-
centration (p=0.0001) of protein-coding genes in
relation to their genomic size: MMU11 (10.4 genes/
Mbp), MMU17 (8.2 genes/Mbp), and MMU19 (9.1
genes/Mbp). However, when the distribution of genes
was analyzed for each mouse chromosome, the
highest concentration of MMU19 genes fell in the
pericentromeric region. We noted two distinct peaks,
one within 3–5 Mbp and another one within
10–13 Mbp (Fig. 1a). This represents a pattern not
detected in any of the other mouse chromosomes.
Given the implication that this holds for the reshuf-
fling of the mouse genome by Rb fusions, we
extended our investigation to include the analysis of
gene content and distribution to the remaining
chromosomes. These data show unequivocally that
MMU19 has accumulated significantly more genes in
the pericentromeric region (defined here as the
genomic region spanning 0–16 Mbp) than other
chromosome in the genome (χ2=32.89, DF=19,
p=0.035; Table 1).

We similarly examined the distribution of HSKP
and tissue-specific genes across the mouse genome in
an attempt to explain the observed differences in gene
accumulation among chromosomes. Genes can be
considered as HSKP when they are constitutively
expressed in all tissues/cells in order to maintain basic
cellular functions (Butte et al. 2001). Clustering of
HSKP genes has been reported in human and mouse
genomes (Williams and Hurst 2002; Singer et al.
2005), but the implications that this holds for
structural rearrangement of chromosomes have not
been examined. We define an HSKP gene as one that
exhibits elevated expression levels in all 61 tissues
that are included in the Gene Expression Atlas (Su et
al. 2004). Although large-scale transcriptome studies
have attempted to approximate the number of HSKP
genes in human and mouse, a general consensus is
lacking (Eisenberg and Levanon 2003; Su et al. 2004;
Freilich et al. 2005; Zhu et al. 2008; Wang and
Rekaya 2009), and we consequently used two
different cutoff criteria in our determinations (see
“Material and methods”). The number of HSKP
genes/chromosome varied from 19.14% to 27.89%,
depending on the chromosome examined, when
using the median expression cutoff. This proportion
rose to 57%, on average, when the expression
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threshold was 50% of the median expression
(Table 1). This approximate threefold increase was
maintained when considering only HSKP genes
located in the pericentromeric region (Table 1).
Remarkably, MMU19 was the only chromosome to
show a significant concentration of HSKP genes in
the pericentromeric region (45 HSKP genes, p=0.05)
compared to all other chromosomes in the comple-
ment at the cutoff median expression (Fig. 1b and c;
Table 1).

The analysis of tissue-specific genes located in the
pericentromeric regions was similarly informative. A
total of 274 tissue-specific genes were detected

representing 31 different tissue types. Although we
did not find tissue-specific genes that were exclusively
present in the pericentromeric region of MMU19, this
chromosome nonetheless accumulates the highest
number of different tissue-specific genes in the mouse
complement (Fig. 2). This accumulation was, however,
not statistically significant (χ2=2.17, DF=19, p=
0.546). The tissue-specific genes concentrated in the
pericentromeric region of MMU19 include 58 genes
that are expressed in the immune system, testis, brain,
skeletal and smooth muscle, liver, lung, osteoblasts,
retina, olfactory bulb, kidney, epidermis, bladder,
adrenal gland, and adipose tissues (Fig. 2). The

Table 1 Distribution of genes in the mouse genome

Chromosome Length (bp) Total chromosomal length Pericentromeric region

Number of genes Number of HSKP (%) Number of genes Number of HSKP (%)

(a) (b) (a) (b)

1 197,195,432 896 218 (24.33) 477 (53.24) 38 5 (13.15) 20 (52.63)

2 181,748,087 1,209 271 (22.41) 686 (56.74) 54 9 (16.66) 33 (61.11)

3 159,599,783 777 178 (22.91) 421 (54.18) 30 5 (16.66) 16 (53.33)

4 155,630,120 953 203 (21.31) 559 (58.66) 40 7 (17.50) 27 (67.50)

5 152,537,259 936 199 (21.26) 552 (58.97) 40 7 (17.50) 23 (57.50)

6 149,517,037 823 220 (26.73) 402 (48.79) 35 4 (11.43) 20 (57.14)

7 152,524,553 1,204 292 (24.25) 667 (55.39) 120 33 (27.5) 56 (46.66)

8 131,738,871 799 177 (22.15) 459 (57.45) 84 24 (28.57) 40 (47.62)

9 124,076,172 850 170 (20.00) 493 (58.00) 51 14 (27.45) 20 (39.21)

10 129,993,255 704 138 (19.61) 414 (58.81) 50 11 (22.00) 28 (56.00)

11 121,843,856 1,272 251 (19.73) 776 (61.01) 88 15 (17.04) 55 (62.50)

12 121,257,530 491 94 (19.14) 291 (59.26) 49 11 (22.45) 26 (53.06)

13 120,284,312 569 128 (22.49) 320 (56.24) 49 17 (34.69) 24 (48.97)

14 125,194,864 526 102 (19.39) 305 (57.98) 27 7 (25.92) 13 (48.14)

15 103,494,974 600 131 (21.83) 343 (57.16) 48 13 (27.08) 23 (47.91)

16 98,319,150 550 120 (21.81) 308 (56.00) 103 20 (19.42) 51 (49.51)

17 95,272,651 778 156 (20.05) 474 (61.01) 72 12 (16.66) 41 (56.94)

18 90,772,031 412 87 (21.12) 230 (55.82) 55 10 (18.18) 29 (52.72)

19 61,342,430 559 127 (22.7) 320 (57.24) 256* 45** (17.59) 159 (62.11)

X 166,650,296 685 189 (27.89) 298 (43.50) 90 21 (23.33) 44 (48.88)

Total 2,638,992,663 15,593 3,451 8,795 1,123 290 748

The total gene content (from telomere to telomere) and the pericentromeric regions (from 0 to 16 Mbp) are shown for each mouse
chromosome. The number and percentage of housekeeping (HSKP) genes are shown for each of the cutoffs used in our study
a Cutoff median expression
b Cutoff 50% of median expression
* Significant differences using Chi-square test (χ2 =32.89, DF=19, p=0.035). ** Significant differences according to Chi-square test
(p=0.05)

804 A. Ruiz-Herrera et al.

!"



elevated occurrence of both HSKP and tissue-specific
genes in pericentromeric MMU19 suggests a con-
straining role—either cells carrying deleterious break-
points within this region do not survive, or there is an
alteration of the gene expression pattern following
chromosomal reorganization. This manifests in wild
populations as selection against Rb fusions involving
MMU19.

Studies dealing with the behavior of telomeres and
centromeres, the two structures required for chromo-
some integrity and segregation, have attempted to
clarify the molecular mechanisms underpinning the
formation of Rb fusions (Slijepcevic 1998; Kalitsis et
al. 2006). The centromeric regions of mouse telocen-
tric chromosomes (which represent the partners in
brachial combinations) are each characterized by a
large block of major satellite deoxyribonucleic acid
(DNA) flanked by a small block of minor satellite
DNA adjacent to the telomeric repeats (Garagna et al.

1995, 2001). The distance between the telomeric and
the minor satellite repeats is estimated to span 1.8–
11 kb (Kalitsis et al. 2006). It has been argued that
following Rb fusions, telomeric sequences are lost but
a component of the minor satellite DNA is retained
between two regions of major satellite DNA in the
resulting metacentric chromosome (Garagna et al.
2001, 2002). This type of chromosomal reorganiza-
tion necessitates double strand breaks (DSBs) that are
repaired by recombination events between highly
repetitive sequences. Breakpoints occurring within a
genomic region that has a high concentration of
HSKP and/or tissue-specific genes would impact on
the cell’s ability to maintain basic cellular functions,
and persistence in meiosis is unlikely. Therefore,
carriers of these rearrangements do not contribute
offspring.

Another possible explanation for our observations
is the stochastic epigenetic silencing of relocated

Fig. 1 Analysis of gene content in the mouse genome. a
Distribution of genes in 2 Mb windows along mouse
chromosomes 10 (MMU10), 11 (MMU11), 17 (MMU17), and
19 (MMU19). Note the high concentration of genes located in
the first 16 Mbp of MMU19 compared to the other three
chromosomes. b and c Number of HSPK genes identified in the
pericentromeric region of each mouse chromosome applying

different cutoffs: b median expression and c 50% of median
expression (see “Material and methods” for more details). Each
dot corresponds to the number of genes in each 2 Mb window.
Polygons represent the mean values for each chromosome and
the grey line the mean of all chromosomes. Note that mouse
chromosome 19 differs significantly from other mouse chro-
mosomes using the median cutoff

Housekeeping genes in the mouse genome 805

!"



genes as a result of chromosomal rearrangements
close to highly repetitive sequences. This phenome-
non is known as “position effect variegation” (PEV)
and was initially described in Drosophila (Muller
1930; Zhimulev 1988). The first evidence of PEV in
mouse came with the description of the Cattanach X-
autosome translocation (Cattanach 1974, 1975). This
was subsequently similarly noted in transgenic mice
when the transgene is located close to the centromere
(Dobie et al. 1996; Opsahl et al. 2002) or the telomere
(Pedram et al. 2006). In these instances, gene
silencing may be attributed to changes in chromatin
conformation such as alterations of histone
N-terminal tails by deacetylation and methylation
(Pedram et al. 2006). Importantly, it has been shown
that gene variegation can extend over 4 Mbp to
5 Mbp from the centromeric heterochromatin in mice
(Dobie et al. 1996). However, all mouse chromo-
somes with the exception of MMU19 have a low
density of genes in the pericentromeric region and are

therefore safeguarded from possible negative PEV
effects. Conversely, the gene-rich MMU19 would
probably be significantly impacted by PEV reducing
the viability of fusions involving this chromosome in
wild populations. Its detection in the Madeira meta-
centric population (Britton-Davidian et al. 2000,
2005) and its retrieval by introgressive breeding in
laboratory mice (Evans et al. 1967; White and Tjio
1968; Redi and Capanna 1988) suggest that while
translocations involving MMU19 can occur, they are
fixed in wild populations at very low frequencies. It is
plausible that the fusions Rb2.19 and Rb11.19 found
in the Madeira population have escaped PEV. How
this has occurred is a matter of speculation at this
stage, but certainly, the molecular characterization of
this mice population would provide new insights into
the role of gene expression in chromosome evolution.

In this regard, considerable progress has been
made in determining some of the major molecular
features of chromosomal evolution. Among others,

MMU1 MMU2 MMU3 MMU4 MMU5

MMU6 MMU7 MMU8 MMU9 MMU10

MMU12MMU11 MMU13 MMU14 MMU15

Adipose Adipose brown
Adrenal gland Bladder
Bone marrow Brain
Embryo EpidermisMMU16 MMU17 MMU18 MMU19 Erythrocyte Heart
Immune system Intestine
Kidney Lacrimal gland
Liver Lung
Mammary gland Medulla

OsteoblastOlfactory bulb
Pancreas Pituitary

RetinaPlacenta
Salivary gland Skeletal muscle
Smooth muscle Stomach
Testis Umbilical cord
Uterus

Fig. 2 Distribution of tissue-specific genes in the pericentromeric region of all mouse chromosomes
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these include findings that the evolutionary break-
points are not randomly distributed (Bourque et al.
2004; Zhao et al. 2004; Ruiz-Herrera et al. 2006;
Larkin et al. 2009) but tend rather to concentrate in
intergenic regions (Lemaitre et al. 2009), avoiding
accidental gene silencing/disruption, and that telo-
mere attrition and/or centromeric breakage followed
by unequal recombination among highly repetitive
sequences may facilitate Rb fusion (Slijepcevic 1998;
Garagna et al. 2001; Ruiz-Herrera et al. 2008). Our
results complement these observations by showing
that there is a selection against breakpoint formation
in regions rich in genes necessary to maintain basic
cellular functions. This finding has important impli-
cations for understanding the constraints operating on
chromosomal reorganization and provides a plausible
explanation for the structural bias in the chromosomal
features of wild mice populations.
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ABSTRACT  

 

A long-standing question in evolutionary biology concerns the effect of recombination in 

shaping the genomic architecture of organisms and, more in particular, how this impacts on the 

speciation process. Despite efforts employed in the last decade, the role of chromosomal 

reorganizations in the human-chimpanzee speciation process remains unresolved.  

Through whole-genome comparisons we have analyzed the genome-wide impact of 

genomic shuffling in the distribution of human recombination rates during the human-

chimpanzee speciation process. We have constructed a highly-refined map of the 

reorganizations and evolutionary breakpoint regions in the human genome when compared to 

the chimpanzee based on orthologous genes and genome sequence alignments. The analysis of 

the most recent human recombination map inferred from genome-wide SNP data revealed that 

standardized recombination rate was significantly higher in collinear than in rearranged 

chromosomes. Importantly, inverted regions presented significantly lower recombination rates 

than collinear and non-inverted regions, independent of the lineage in which they become fixed. 

In order to explain our observations, we propose a model where chromosomal reorganizations 

(heterokaryotypes for inversions) would persist in the human-chimp ancestral population as 

floating polymorphisms, inducing recombination suppression that is still detected in the human 

genome. 

Our observations have important implications for the chromosomal speciation theory, 

providing new evidences for the contribution of inversions in suppressing recombination in 

mammals. 
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INTRODUCTION 

Reorganization (shuffling) of the genomic landscape plays an important role in the 

evolutionary processes as well as in the development of inherited diseases and carcinogenesis. 

Traditionally it has been argued that chromosomal reorganization may contribute to speciation 

due to the underdominant fitness effects associated with meiotic abnormalities, and the creation 

of unbalanced gametes in chromosomal heterozygotes (White et al. 1978).  But this model has 

important limitations given that "underdominance” is likely to occur in small, inbred 

populations, or when rearrangements are weakly underdominant individually, but strongly 

underdominant in combination (King 1993; White et al. 1978) and are difficult to test in natural 

populations. More recently, a number of related studies have proposed an alternative explanation 

by which chromosomal rearrangements could reduce gene flow and potentially contribute to 

speciation by the suppression of recombination (for example, Noor et al. 2001; Rieseberg 2001). 

According to this "suppressed recombination" model, chromosome rearrangements could have a 

minimal influence on fitness, but would suppress recombination leading to the reduction of gene 

flow across genomic regions and to the accumulation of incompatibilities. Recombination 

provides physical connections between homologues during the first meiotic division, 

contributing to correct chromosomal segregation. Although recombination can occur at the 

somatic level (such as V(D)J recombination produced in the immune system), only those 

recombination events occurring in the germ line are relevant for the speciation process. 

Recombination introduces inheritable new chromosomal variants that can become fixed with a 

probability that depends on various population genetic parameters (i.e., frequency, effective 

population size, among others), contributing, in the long term, to the formation of new species. 

Few empirical data are available that address the mechanisms by which new chromosomal 

variants are fixed in populations of mammalian species, and how recombination influences 

chromosomal speciation and vice versa. In this regard, two models [Kirkpatrick-Barton model 

(Kirkpatrick and Barton 2006) and Navarro-Barton model (Navarro and Barton 2003)] have 

been formulated in order to explain (i) how, under divergent selection, chromosomal 

rearrangements can be fixed in two parapatric populations (in the presence of gene flow) and (ii) 

by which mechanisms these contribute to speciation (revised in Faria and Navarro 2010). In 

both case, these formulations require a reduction of recombination between heterokaryotyes 

(chromosomes displaying alternate forms for rearrangments) as a crucial factor for speciation in 

parapatry. 
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High-resolution recombination maps have been inferred from high-density single-

nucleotide polymorphism (SNP) data using linkage disequilibrium (LD) patterns. 

Recombination maps using LD analysis or/and sperm typing are now available for a variety of 

species (International HapMap Consortium et al. 2007; Megens et al. 2009; Qanbari et al. 2010; 

Rogers et al. 2006; Wu, Getun, Bois 2010). While LD analysis provides indirect evidence of 

inferring the recombination process, sperm typing directly detects recombinant DNA molecules. 

Nevertheless, LD-based maps estimate the location of recombination events in the progeny (see 

(Lynn, Ashley, Hassold 2004) for a review) and reflect the integration of population-level 

processes over several generations. Among others, this provides an historical view of 

recombination events, incorporating data on population growth and natural selection, among 

others (Clark, Wang, Matise 2010). A third methodology consists of analyzing the 

recombination process as it occurs through the in situ immunolocalization of recombination 

proteins (i.e. MLH1) on germ cells (Lynn et al. 2002). Recombination maps using this (direct) 

approach have been made in humans (Codina-Pascual et al. 2006; Sun et al. 2005), non-human 

primates (Garcia-Cruz et al. 2011; Hassold et al. 2009) and several mammalian species (Dumont 

and Payseur 2011; Froenicke et al. 2002). Although all three approaches result in differences in 

spatial resolution and rely on different units of measurement (axis length for the cytological 

measurements vs. DNA length for the genetic analysis), the correspondance in the overall 

patterns of recombination can be appreciated in homologous chromosomes from different 

species (Garcia-Cruz et al. 2011). It has been argued that rates of recombination might vary 

considerably between species when comparing high-resolution (kb) recombination maps (Paigen 

and Petkov 2010; Ptak et al. 2005) but these differences disappear at a broader scale (Mbp) 

(revised in Smukowski and Noor 2011). Moreover, recent studies suggest that there is a 

phylogenetic effect in recombination rates, indicating that closely related species tend to have 

similar average rates of recombination (Dumont and Payseur 2008; Dumont and Payseur 2011; 

Garcia-Cruz et al. 2011). 

If genomic shuffling is affecting evolutionary and speciation processes, through the 

mechanical shearing at evolutionary breakpoints, how does this reorganization impact meiotic 

recombination? The assumption that some chromosomal regions have been reused during the 

mammalian chromosomal evolution (Larkin et al. 2009; Murphy et al. 2005; Ruiz-Herrera, 

Castresana, Robinson 2006) has lead evolutionary biologists to investigate whether there is any 

particular DNA configuration or composition underpinning genomic instability. In this sense, it 

has been reported that breakpoint regions co-localize with fragile sites (Ruiz-Herrera et al. 2005) 
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and are enriched in repetitive elements, such as tandem repeats (Farre et al. 2011; Ruiz-Herrera, 

Castresana, Robinson 2006), segmental duplications (Bailey and Eichler 2006; Kehrer-Sawatzki 

and Cooper 2008), and transposable elements (Bourque 2009; Caceres et al. 1999; Carbone et al. 

2009; Delprat et al. 2009; Farre et al. 2011; Longo et al. 2009). However, few empirical data 

focus on the relationship between evolutionary breakpoint regions and recombination rates. 

Initial studies in Drosophila have described a strong reduction of recombination around 

inversion breakpoints and within the reorganization itself (Navarro et al. 1997). But the question 

whether this pattern also holds for mammals (in our study human and chimpanzee) remains 

unanswered despite the efforts in the last decade (Marques-Bonet and Navarro 2005; Marques-

Bonet et al. 2007; Navarro and Barton 2003; Vallender and Lahn 2004; Zhang et al. 2004). Here 

we analyze the recombination rate in homologous synteny blocks (HSBs; i.e. regions where the 

gene order has been conserved among species) and evolutionary breakpoint regions (EBRs; i.e. 

regions where the synteny has been disrupted due to reorganizations - see Ruiz-Herrera et al 

2006) in the human genome when compared to the chimpanzee genome by taking advantage of 

the most recent human recombination map inferred from genome-wide SNP data at a resolution 

of 10 kilobases (kb) (Kong et al. 2010). Moreover, we determine whether chromosomal 

reorganizations (i.e. inversions) may have had a genome-wide impact in the distribution of 

human recombination rates. Overall, our data provide compelling evidence for the existence of 

low recombination rates within genomic regions that have been rearranged in the chromosomal 

evolution of human and chimpanzee. 

 

MATERIAL AND METHODS 

Whole-genome comparisons and evolutionary breakpoint definition 

We obtained human (hg18), chimpanzee (pantro2) and orangutan (PPYG2) orthologous 

genes from Biomart and downloaded the masked genome sequences from Ensembl v64 

database. In order to detect the evolutionary breakpoint regions (EBRs) and homologous 

synteny blocks (HSBs) between human and chimpanzee whole-genome sequences, we applied 

two recently described algorithms: SyntenyTracker (Donthu et al. 2009) and Cassis (Baudet et 

al. 2010). The former approach relies on the detection of HSBs among different species 

genomes. Based on the genomic positions of orthologous genes, this algorithm establishes 

temporary synteny blocks and merges neighboring blocks spaced less than a given threshold and 

having the same orientation. We used the default parameters proposed by the authors (Donthu et 
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al. 2009) and set different thresholds (250 Kbp, 500 Kbp and 1 Mbp), obtaining the best 

performance at 1 Mbp. Then, we defined the EBRs as a bypass product of contiguous HSBs 

coordinates. Cassis (Baudet et al. 2010), on the other hand, is specially designed to define 

breakpoint regions. The algorithm establishes the putative location of EBRs using the position of 

orthologous genes as markers and then by means of sequence alignment, more accurately 

defines the EBR coordinates. The Cassis algorithm was run using default parameters. The same 

approach was used to define HSBs and EBRs between the human and orangutan genomes. 

Once the EBRs were defined in the human genome, we grouped human chromosomes 

into rearranged (those affected by reorganizations) or collinear (if they were conserved), using 

the orangutan as an outgroup. We then divided the rearranged chromosomes into two additional 

genomic regions: i) inverted or ii) non-inverted, if they were affected by the reorganization o 

not, respectively. Finally, we recognized macro-rearrangements as those where the inverted 

regions spanned > 1.4 Mbp and micro-rearrangements if they spanned < 1.4 Mbp.  

 

Recombination rates  

Genetic maps for the human genome were extracted from Kong and collaborators (Kong 

et al. 2010). These authors inferred genomic recombination rates from high-density single-

nucleotide polymorphism (SNP) data using linkage disequilibrium (LD) patterns with a 

resolution of non-overlapping windows of 10 kilobases (Kbp). Recombination rate data is 

estimated for 2.4 Gbp of the human genome, excluding chromosome X and the 5 Mbp at the 

ends of each autosomal chromosome. For each window, the standardized recombination rate is 

calculated as a fraction of the genetic distance divided by the overall average distance (Kong et 

al 2010). Genomic regions with a recombination rate ! 10 were considered as “hotspots”, 

whereas regions with a recombination rate equal to 0 were considered “coldspots”. Using in-

house Perl scripts and whole-genome comparisons with the human genome, we merged the 

coordinates of recombination rate windows with the positions of EBRs and the different types of 

regions detected (collinear, non-inverted and inverted). 

 

Statistical analysis 

Statistical analyses were performed using the JMP v7 package. Given that the genomic 

distribution of recombination rates did not followed a normal distribution we applied non-

parametric analysis (Mann-Whitney U or Kruskal-Wallis tests) in order to assess the differential 

recombination rates between EBRs/HSBs, inverted/non-inverted/collinear regions and 
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collinear/rearranged chromosomes. We applied the Bonferroni correction when necessary. 

Fischer’s exact was applied test to compare the distribution of recombination “hotspots” and 

“coldspots” in EBRs and HSBs. 

 

 

RESULTS 

Whole-genome comparisons between human and chimpanzee genomes 

A total of 17,360 orthologous genes between the human and chimpanzee genomes and 

16,409 orthologous genes between the human and orangutan were used in our estimations of 

evolutionary breakpoint regions (EBRs). Regarding human/chimpanzee pair-wise analysis we 

identified 43 homologous synteny blocks (HSBs) and 28 EBRs (with a median length of 93.3 

Kbp; range 238 bp - 7.9 Mbp) using SyntenyTracker, .In contrast the Cassis algorithm detected 

38 EBRs. Although Cassis detected the same 28 EBRs defined by SyntenyTracker, it narrowed 

the regions (ranging from 5 bp to 3.1 Mbp with a median size of 11.2 Kbp in length; Additional 

File 1). This shows that Cassis provided improved resolution in defining EBRs, and therefore we 

used the 38 EBRs detected by Cassis for further analysis.   

We compared our results to previously published comparisons of human and chimpanzee 

genomes (Feuk et al. 2005; Kehrer-Sawatzki and Cooper 2008) in order to establish a reliable 

EBRs dataset. All the macro-reorganizations described by Kehrer-Sawatzki and Cooper (2008) 

affecting human chromosomes 1, 4, 5, 9, 12, 15, 16 and 17, except for the inversion breakpoints 

of human chromosome 18, which proved to be in regions rich in repetitive sequences, were 

refined by the analysis. We used the coordinates defined by cytogenetic studies (Kehrer-

Sawatzki and Cooper 2008) in the case of human chromosome 18. A comparison of our dataset 

with the EBRs experimentally validated by Feuk and collaborators (2005) showed that 9 of the 

38 EBRs detected by Cassis had not previously been identified (Additional File 1). Finally, we 

filtered our estimated EBRs dataset retaining EBRs that met the following criteria: i) they were 

part of the macro-rearrangements experimentally validated by fluorescent in situ hybridization 

(FISH) (Kehrer-Sawatzki and Cooper 2008), ii) they were identified using SyntenyTracker 

and/or iii) they were experimentally validated by Feuk and coworkers (2005). After the filtering 

process we obtained a final dataset comprising 37 EBRs, ranging from 5 bp to 171 Mbp with a 

median length of 9.8 Kbp (Table 1). Overall, we confirmed and refined the breakpoints involved 

in nine large inversions affecting homologous chromosomes 1, 4, 5, 9, 12, 15, 16, 17 and 18, in 
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addition to the fusion responsible for human chromosome 2. Additionally, we detected four 

indels (insertion/deletions) (three of them in chromosome 2 and one in chromosome 10) and 8 

micro-inversions (less than 1.4 Mbp) affecting chromosomes 1, 7, 10, 19, X and Y (Table 1).  

Taking the reorganizations and the EBRs detected in our study into consideration we 

conclude that human chromosomes 3, 6, 8, 11, 13, 14, 20, 21 and 22 are considered collinear 

when compared to chimpanzee genome, whereas human chromosomes 1, 2, 4, 5, 7, 9, 10, 12, 

15, 16, 17, 18, 19, X and Y are rearranged. We subsequently divided the rearranged 

chromosomes into regions that have suffered micro- or macro-rearrangements. Human 

chromosomes 4, 5, 9, 12, 15, 16, 17 and 18 were affected by macro-rearrangements, whereas 

human chromosomes 7, 10, 19, X and Y only by micro-rearrangements; only human 

chromosomes 1 and 2 show both types of reorganizations. As a whole, the macro-

rearrangements encompassed 318 Mbp of the whole human genome (ranging from 1.48 to 77.36 

Mbp, with a median size of 40 Mbp), whereas the micro-rearrangements spanned 10.8 Mbp, 

ranging from 12.5 to 919.3 Kbp. Finally, we divided the rearranged chromosomes into regions 

considered as inverted and non-inverted (i.e., if they were included or excluded in the 

reorganization). Overall, inverted regions encompassed 328.57 Mbp of the human genome, 

while non-inverted regions represented 1.67 Gbp of the human genome.  

Once we had refined the breakpoints between human and chimpanzee, we proceeded to 

date the reorganizations detected based on previous reports (Kehrer-Sawatzki and Cooper 2008; 

Yunis and Prakash 1982) (Figure 1). It is known that human chromosomes 6, 20, 21 and 22 have 

been maintained as collinear orthologous in the great apes since common ancestry. The ancestral 

form of orthologous chromosomes 3 and 11 are conserved in orangutan, but suffered an 

inversion that has been fixed in the human-chimpanzee-gorilla ancestor. The orangutan also 

presents the ancestral forms for orthologous chromosomes 7 and 10, each of which suffered 

different inversions at different speciation nodes (Fig. 1). Finally, human chromosomes 1, 2, 4, 

5, 9, 12, 15, 16, 17 and 18 are rearranged between human and chimpanzee; inversions affecting 

human chromosome 1 and 18 have occurred only in the human lineage (i.e are autapomorphies), 

whereas the rest (on orthologous 4, 5, 9, 12, 15, 16 and 17) have become fixed in the lineage 

leading to chimpanzee (Kehrer-Sawatzki and Cooper 2008). 

 

Human recombination rates and chromosomal reorganizations 

We analyzed the standardized human recombination maps described by Kong and 

collaborators (2010) in order to study the association between recombination rate and genomic 
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shuffling in human and chimpanzee genomes. Comparable data for the chimpanzee whole 

genome sequence are not available. We used the sex averaged (female and male) recombination 

map which provides a total of 4,006 “hotspots” with standardized recombination rate (SRR) ! 

10. A first analysis showed that SRR is not homogeneously distributed among human 

chromosomes (Kruskal-Wallis, p < 0.0001). The lowest average SRR (0.856) was on human 

chromosome 9, while the highest (1.559) was on human chromosome 22 (Table 2). We found a 

strong negative correlation between recombination rate and chromosome size (Spearman’s " = -

0.915, p < 0.0001) suggesting that smaller chromosomes have a higher recombination rates than 

do larger chromosomes (Table 2). These results corroborate previous observations in mammals 

that show how larger chromosomes tend to accumulate larger numbers of crossovers (COs), and 

that each chromosome arm generally presents at least one CO (Sun et al. 2005). Small 

chromosomes, on the other hand, are expected to have higher recombination rates in order to 

ensure the resolution of, at least, one CO, and therefore guarantee a correct disjunction during 

meiosis. Moreover, we observed that recombination rate was not uniformly distributed across 

each human chromosome, which presented clusters of “hotspots” and “coldspots” along 

chromosomal regions (Fig. 2 and Additional File 2). This follows the non-randomly distribution 

of COs found in other species (Petes 2001). 

We compared SRR between collinear and rearranged chromosomes to assess whether the 

distribution of recombination rate is affected by chromosomal reorganizations. First, the average 

recombination rate was estimated by considering all the 10 kb-windows for each chromosome as 

a whole. This was found to be significantly higher in collinear (0.975) than in rearranged (0.944) 

chromosomes (Mann-Whitney’s U, p < 0.0001) (Table 3). We then classified rearranged 

chromosomes into genomic regions affected (inverted) or not affected (non-inverted) by 

rearrangement. Importantly, inverted regions present significantly lower recombination rates 

(0.715) than do collinear (0.975) and non-inverted regions (1.001) (Kruskal-Wallis, p < 0.0001), 

showing a possible effect of suppression of recombination within inverted regions (Table 3). 

Finally, we considered the length of the region involved in rearrangements by grouping each 

inverted region into micro- or macro-rearrangements. In doing so, we detected a significantly 

lower recombination rates in genomic regions within macro- (0.713) rather than within micro-

rearrangements (0.976) and non-rearranged regions (0.996) (Kruskal-Wallis, p < 0.0001), 

suggesting that macro-rearrangements have a stronger impact on reducing recombination rate 

than do micro-rearrangements (Table 4). When analyzing each rearranged human chromosome 

separately, a striking pattern emerged whereby regions affected by inversions showed lower 
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SRR than did non-inverted regions (Fig. 2 and Additional file 2). Moreover, when the size of the 

inverted genomic region is considered, macro-reorganizations have lower recombination rates 

than micro-rearrangements (Additional File 2), observations consistent with data obtained by the 

whole genome analysis.  

Given that all the macro-reorganizations described involved the centromere (pericentric 

inversions), we tested if the suppression of recombination that we observed within reorganized 

areas was due to the low recombination rate characteristic of pericentromeric regions (Kong et 

al. 2010). To do so, we simulated rearrangements in collinear chromosomes (3, 6, 8, 11, 13, 14 

and 20) with the median size of the macro-rearrangements described (40 Mbp). We excluded 

human chromosomes 21 and 22, since their total sizes are 48 Mbp and 51 Mbp, respectively, 

and, simulated analysis, would of necessity, include almost the entire chromosome. Although 

recombination rate in the simulated reorganizations was lower (0.793) than in non-inverted 

regions (1.01), it was significantly higher than in macro-reorganizations (0.713; Mann-

Whitney’s U, p = 0.0021). These data suggest that centromere position has an influence in the 

reduction of the recombination rates, but the effect is not strong enough to explain the reduction 

of recombination rate observed in reorganized chromosomes. 

Interestingly, we observed the same pattern for sex specific recombination maps (male 

and female, Kong et al. 2010). In both sexes, the observed recombination rate was greater in 

collinear than in rearranged chromosomes, which, in turn, exhibited lower recombination rate in 

inverted regions than in non-inverted regions. In addition, macro-rearrangements showed lower 

recombination rates than micro-rearrangements and collinear chromosomes in both sexes (0.788, 

0.958 and 0.986 for the female recombination map and 0.771, 0.931 and 0.989 for the male 

recombination map).  

Given that evolutionary breakpoint regions tend to have higher divergence rates than 

other regions in the genome (Marques-Bonet and Navarro 2005; Navarro et al. 1997), and 

divergence rate strongly correlates with recombination (Hellmann et al. 2003), we decided to 

compare recombination rates between EBRs and HSBs in the human genome. Although not 

statistically significant (Mann-Whitney’s U, p =0.078), we nonetheless found a lower 

recombination rate in EBRs (0.492) than in HSBs (0.962). Remarkably, none of the evolutionary 

breakpoints detected show recombination “hotspots” (regions with SRR higher than 10) but they 

contained significantly less “coldspots” than did the HSBs (Fischer’s Exact test, p < 0.0001) 

suggesting that this tendency may be of relevance. We also analyzed the recombination rate in 

the genomic regions surrounding the breakpoints. To do so, we utilized a “breakpoint-edge” 
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(BP-edge) that spanned a region 100 Kbp upstream or downstream from the breakpoint 

coordinates. This showed that EBR are surrounded by regions of high recombination 

(SRR=0.877), although the differences between EBRs and BP-edge were not statistically 

significant (Mann-Whitney’s U, p =0.634). 

We did not expect to find any effect on recombination rates for inversions that have been 

fixed in the chimpanzee lineage (i.e. chromosomes 4, 5, 9, 12, 15, 16 and 17) but, surprisingly, 

we detected lower SRR not only in macro-rearrangements affecting human chromosomes 1 and 

18 (human specific inversions), but also human chromosomes 2, 4, 5, 9, 12, 16 and 17 (Fig. 1). 

To determine whether this striking pattern was conserved in chromosomal macro-

rearrangements involved at other speciation nodes during great apes evolution, we analyzed 

human chromosomes 3, 7, 10 and 11, since the human and chimpanzee forms represent the 

derivative state whereas orangutan has retained the ancestral form. To do so, we established the 

macro-inversions affecting these chromosomes between human and orangutan genome using the 

Cassis software. We found a significant lower SRR in the rearranged regions of these 

chromosomes compared to non-rearranged region (Additional File 2). However, this decrease of 

recombination rate was less marked than those detected in chromosomes involved in the human-

chimpanzee speciation node (Kruskal-Wallis, p < 0.0001). More importantly, we found the 

highest SRR (1.103) in the human chromosomes that have been unaltered since the common 

ancestry of great apes (chromosomes 6, 20, 21 and 22), an intermediate SRR (0.828) in those 

chromosomes involved in the node characterizing the orangutan divergence (chromosomes 3, 7, 

10 and 11) and the lowest SRR (0.715) in chromosomes involved in the human-chimpanzee split 

(1, 2, 4, 5, 9, 12, 16, 17 and 18) (Kruskal-Wallis, p< 0.001). These data suggest that the 

reduction of recombination rate is still traceable in those human chromosomes where the 

derivative form was fixed before the human-chimpanzee-orangutan divergence (~10 Mya; 

Hobolth et al 2011). Moreover, this reduction of recombination is markedly lower in human 

chromosomes rearranged during the human-chimpanzee speciation node (~4 Mya; Hobolth et al. 

2011). 

 

DISCUSSION  

Refinement of chromosomal reorganizations between human and chimpanzee genomes 

The seminal work of Yunis and Prakash (1982) was pioneering in defining the 

chromosomal rearrangements that differentiate humans from chimpanzees since divergence 
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from their common ancestor ! 4 million years ago (Hobolth et al. 2011). These differences 

included nine macro-inversions and one fusion of two ancestral hominoid chromosomes to 

produce the modern form of human chromosome 2. The inversions affecting human 

chromosome 1 and 18 have occurred in the human lineage, whereas the rest (on orthologs 4, 5, 

9, 12, 15, 16 and 17) occurred in the lineage leading to chimpanzee (Kehrer-Sawatzki and 

Cooper 2008). Since this initial comparative study, much of the effort has been directed at 

defining and characterizing the genomic regions (evolutionary breakpoints) and the mechanisms 

involved in these reorganizations using cytogenetic approaches and/or gene sequence 

comparisons (Kehrer-Sawatzki and Cooper 2008 and references therein). However, the release 

of the completed chimpanzee genome provided the wherewithal to undertake a variety of 

comparative genome-wide studies, which, among others, revealed the presence of abundant 

putative micro-reorganizations (inversions and indels ranging from 51 bp to 4 Mbp in size) that 

were beyond the resolution provided by cytogenetic methods (Feuk et al. 2005; Szamalek et al. 

2006).  

In this context we provide a high-resolution map based on orthologous genes and 

genomic sequences of the reorganized and evolutionary breakpoint regions in the human 

genome compared to that of the chimpanzee. Previous comparative studies using genomic 

sequence alignments between human and chimpanzee have found large numbers of putative 

rearrangements, including 71 inversions encompassing 2 or more genes (Szamalek et al. 2007) 

as well as 1576 inversions ranging from 23 bp to 62 Mb (Feuk et al. 2005). Our approximation 

has been more conservative given that we considered only those reorganizations that have been 

experimentally confirmed by different approaches (in silico, FISH and/or PCR analysis). In this 

way we have been able to refine the evolutionary breakpoint regions of the inversions affecting 

human chromosome 1, 4, 5, 12, 16, 17 and 18 (Table 1). In the case of human chromosomes 9 

and 15 we were not able to provide more detail than previous cytogenetic studies (Kehrer-

Sawatzki et al. 2005; Locke et al. 2003), probably due to the highly complex nature of the 

breakpoints (presence of segmental duplications flanking the breakpoint). Additionally, we 

detected four indels (three of them in chromosome 2 and one in chromosome 10) and 8 micro-

inversions affecting chromosomes 1, 7, 10, 19 X and Y (Table 1). These data allowed us to 

analyze the impact of genome reshuffling on the distribution of human recombination rates and 

more accurately define those human genomic regions involved in structural rearrangement of 

chromosomes. 
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Recombination rates and chromosomal reorganizations 

It is known that chromosomal inversions prevent recombination in heterokaryotypes due 

to mechanistic problems during meiosis (Brown et al. 2012). In instances where recombination 

is suppressed, the formation of genetically unbalanced gametes would be prevented and 

therefore, the reproductive fitness of the species would not be affected. Direct and indirect 

evidences of suppressed recombination within rearranged segments have been reported in the 

literature (Brown and O'Neill 2010; Faria and Navarro 2010). Direct evidence includes the 

analysis of recombination in the gametes and/or the offspring when reorganization (inversions 

and/or translocations) occurs. Data supporting recombination suppression by inversions has 

been provided by early cytogenetic studies in mammals, especially rodents (Ashley et al. 1981; 

Greenbaum and Reed 1984; Hale 1986) and Drosophila (Navarro and Ruiz 1997; Navarro et al. 

1997). Hale (1986) described heterosynapsis (asynapsis) and, therefore, suppression of 

chiasmata (chromosomal configurations resulted from meiotic crossovers, COs) formation 

within heterozygous pericentric inversions in the Sitka deer mouse (Peromyscus sitkenssi) as a 

mechanism for the maintenance of pericentric inversion polymorphisms in wild populations. 

Borodin (Borodin et al. 2008) detected a reduction in MLH1 foci (a meiotic protein that marks 

crossovers) in translocated chromosomes of the common shrew (Sorex araneus), whereas two 

independent studies (Castiglia and Capanna 2002; Dumas and Britton-Davidian 2002) have 

reported a reduction in chiasmata number in house mice (Mus musculus domesticus) with 

Robertsonian (Rb) translocations.  

On the other hand, indirect evidence for the suppression of recombination has included 

the analysis of rates of genetic divergence between rearranged and collinear chromosomes 

(Navarro and Barton 2003). High rates of sequence divergence detected in genes located at, or 

near, chromosomal rearrangements have been interpreted as indirect evidence of chromosomal 

speciation through suppressed recombination (Marques-Bonet et al. 2007). This latter approach 

has been used in several studies on Drosophila (Brown et al. 2004; Kulathinal et al. 2008), 

Helianthus sp. (sunflower) (Rieseberg et al. 1995; Rieseberg et al. 1999), Solanaceae (Rieseberg 

and Willis 2007) and Anopheles (Besansky et al. 2003; Michel et al. 2006).  In mammals, 

Franchini (Franchini et al. 2010) and Yanninc (Yannic et al. 2009) detected reduced gene flow 

within the reorganized regions (Rb translocations in heterokaryotypes) in house mouse and 

shrew populations, respectively, probably as a consequence of a fall-off in recombination around 

the centromeric regions. However, the study of the human and chimpanzee (Navarro and Barton 

2003) has provided contradictory results so far (Marques-Bonet and Navarro 2005; Marques-
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Bonet et al. 2007; Vallender and Lahn 2004; Zhang et al. 2004) and demonstration of 

recombination suppression in these species remains elusive.  

Our own study represents a departure from those conducted previously in that it relies on 

the use of a recent and high-resolution (10kb) genome-wide map of recombination rates in the 

human to refine genome reshuffling between human and chimpanzee. These recombination rates 

are not directly quantified from gametes, but inferred from genome-wide SNP data from a 

human population of 38,167 individuals (Kong et al. 2010). Using this approach we provide 

evidences of a reduction of recombination within genomic regions that have been implicated in 

the chromosomal evolution between human and chimpanzee and propose a model where 

inversions might have persisted in the heterozygous state long enough for the impact on 

recombination rates still to be detected in the human genome. 

 

Reduced recombination rates within reorganized genomic regions 

When initially proposed, the "suppressed recombination" model was considered as a 

compelling hypothesis to explain the contribution of large genome reshuffling in the formation 

of new species (Noor et al. 2001; Rieseberg 2001). Under this assumption, chromosome 

rearrangements in heterokaryotypes have a minimal influence on fitness, but would rather 

suppress recombination thus contributing to a reduction of gene flow across genomic regions 

and the accumulation of gene incompatibilities. Most subsequent studies have used sequence 

divergence (patterns of nucleotide differentiation) between species as an indirect estimation of 

recombination. But this approximation has its limitations, and the interpretation of amino acid 

divergence, as an effect of recombination, can be problematic (reviewed in Noor and Bennett 

2009). As an example, Bullaughey and collaborators (2008) found no correlation between either 

broad- or fine-scale rates of recombination and rates of protein evolution (measured by dN/dS 

ratios) between human, chimpanzee and rhesus macaque, suggesting that additional parameters 

should be considered.  

When considering the human genome as a whole, we found that recombination rate was 

significantly higher in collinear (0.975) than in rearranged (0.944) chromosomes (Mann-

Whitney’s U, p < 0.0001). Moreover, those genomic regions within the macro-reorganizations 

(historically detected by cytogenetic studies) have a significantly lower recombination rate 

(0.713) than both micro-rearrangements (0.976) and non-rearranged regions (0.996) (Kruskal-

Wallis, p < 0.0001). These data support the existence of a possible suppression of recombination 

effect associated with reorganized chromosomal regions!this being more substantial in large 
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inversions. Previous studies by Navarro and Barton (2003) compared the recombination rates 

(cM/Mbp) in collinear and rearranged chromosomes between human and chimpanzees using an 

earlier version of the human recombination map (Kong et al. 2002). Although no statistical 

differences were found, they noted a tendency for rearranged chromosomes to show a reduced 

recombination rate (1.10) compared to collinear chromosomes (1.17). Later studies, however, 

have shown different trends (Marques-Bonet et al. 2007; Szamalek et al. 2007; Zhang et al. 

2004), underscoring the uncertainty surrounding recombination rates. Here we have shown that 

the effects of genome reshuffling on the distribution of recombination rates can be assessed 

when combining an accurate delineation of the chromosomal reorganizations and a high-

resolution standardized recombination map. We detected not only a lower recombination rate 

within rearranged genomic regions, but also found that regions not affected by the 

reorganization in rearranged chromosomes (non-inverted regions) presented significantly higher 

recombination rates (1.001) than do collinear (0.975) chromosomes (Kruskal-Wallis, p < 

0.0001). This pattern is not unexpected given that at least one CO per pair of homologous 

chromosomes is necessary to ensure proper disjunction. Therefore, chromosomes affected by 

rearrangements showed that the non-inverted regions accumulate recombination events that are 

absent within the inverted region !the so-called “inter- and intrachromosomal effect” ! thus 

explaining the global increase of recombination rate in regions outside inversions (Schultz and 

Redfield 1951; Sturtevant 1919).  

More importantly, our observations validate the relevance of chromosomal 

reorganizations in the speciation process thus providing support for the “suppressed 

recombination” model. Our model follows two lines of evidence. Kirkpatrick and Barton (2006) 

have suggested that selection could favor reorganizations (i.e. inversions) that reduce 

recombination of alleles involved in local adaptation. This situation would, eventually, 

contribute to the fixation of chromosomal reorganizations in different subpopulations in 

parapatry (connected by gene flow). On the other hand, it has been proposed that chromosomal 

reorganizations can occasionally survive as polymorphic states for considerable lengths of time, 

although this would depend on historical variables including effective population size and 

spatial population structure. Termed hemiplasy (Avise and Robinson 2008), this hypothesis 

suggests that derived chromosomal rearrangements may have persisted as polymorphisms across 

multiple speciation nodes (Robinson et al. 2008; Robinson and Ropiquet 2011). This has been 

the case for chiropteran and afrotherian species (Robinson et al. 2008), Perissodactyla (Trifonov 

et al. 2008), Rodentia (Badenhorst et al. 2011), Bovidae (Robinson and Ropiquet 2011) and this 
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is also probably true for primates (Dutrillaux and Couturier 1981; Rumpler et al. 2008). In fact, 

incomplete lineage sorting (when a gene tree is topologically inconsistent with the species tree) 

has been detected in the human-chimpanzee-gorilla species phylogeny in genome-wide studies 

(Chen and Li 2001; Hobolth et al. 2011; Patterson et al. 2006). 

Here we propose a model where chromosomal polymorphisms (e.g. heterokaryotypes for 

inversions) persisted in the ancestral human-chimp population eventually becoming fixed in one 

of the descendant lineages (Figure 3). A recent analysis has provided support for a more recent 

human-chimp speciation event than previously reported (~ 4 million years ago) and a common 

ancestor with an effective population size of! ~50,000 (Hobolth et al. 2011). Under such 

conditions it is plausible that inversions could have been maintained as heterokaryotypes in the 

human-chimp ancestral population. This would result in recombination suppression within the 

reorganized genomic regions involved and this suppression would persist up to the present 

population gradually returning to the same levels observed in ancestral collinear chromosomes. 

This interpretation is supported by our data given that those genomic regions contained within 

the inversions characterizing the human-chimpanzee-orangutan speciation node presented lower 

recombination rates (0.828) than ancestral collinear chromosomes (1.103) but higher than the 

case of inversions that have been fixed after the human-chimpanzee divergence (0.715). 

Therefore, chromosomal forms would have different recombination rates according to the 

speciation node where they had become fixed. We detect lower SRR in recently rearranged 

chromosomes (human-chimpanzee node, ~4Mya), intermediate SRR in those fixed in the 

human-chimpanzee-orangutan node (~10 Mya) and higher SRR in those chromosomes that 

maintained the ancestral form for great apes. Then, from an ancestral human-chimp population 

characterized with persisting floating heterokaryotypes, seven inversions (affecting 

chromosomes 4, 5, 9, 12, 16 and 17) have become fixed in the lineage leading to chimpanzees, 

whereas two inversions (affecting chromosomes 1 and 18) have been fixed in the lineage leading 

to humans. We found lower recombination rates in human chromosomes that have been 

rearranged and fixed in human lineage, and also in those human chromosomes that maintained 

the ancestral form and the reorganization has been fixed in chimpanzee lineage (Fig. 3). 

Therefore, the reduction of suppression within inversions that took place while ancestral human-

chimpanzee population was polymorphic is still traceable in the human genome. At this point 

there is no available information on the genome-wide recombination landscape in the 

chimpanzee, but our results show that regions of the human genome that were involved in 

reorganizations still persist as regions with low recombination rates. Moreover, our model of 
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persisting heterokaryotypes fits with previous results on gene-expression divergence between 

human and chimpanzee (Marques-Bonet et al. 2004). The maintenance of the polymorphic state 

could increase the time of suppressed recombination, which, in turns, could explain gene-

expression divergence in both lineages. It is also possible that the persistence of polymorphism 

in the ancestral population vary for each rearrangement, so they could exhibit quite different 

divergence times (Noor and Bennett 2009) thus explaining the contradictory results obtained in 

previous studies (Marques-Bonet and Navarro 2005; Marques-Bonet et al. 2007; Navarro and 

Barton 2003; Vallender and Lahn 2004; Zhang et al. 2004).  

We are aware that our use of recombination rates in the modern human genome as a 

reflection of its historical evolution is not without criticism. Although fine-scale rates may be 

partially conserved among species (Myers et al. 2005; Ptak et al. 2005), it has been reported that 

some “hotspot” locations seem to differ between human and chimpanzee when studying 

particular regions of the genome (Ptak et al. 2005; Wall et al. 2003; Winckler et al. 2005). 

Whether this tendency holds across genomes needs further validation given that only a small 

portion of the chimpanzee genome (chromosome 22) has been analyzed (Ptak et al. 2005). That 

said, the chromosomal reorganizations that are affecting the observed reduction of 

recombination correspond to large genomic regions (a total of 318 Mbp of the human genome) 

where changes in the distribution of specific “hotpots” would probably have a minor impact on 

the average rate of recombination. Our observations validate the relevance of chromosomal 

reorganizations in the speciation process thus providing support for the “suppressed 

recombination” model in the most famous speciation event: human and chimpanzee. 
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FIGURES  

 

Figure 1. Evolutionary history of human chromosomes superimposed on the phylogeny of great 

apes. Black lines within the phylogenetic tree represent the ancestral state of the chromosomes, whereas 

dark grey and light grey lines represents the rearranged forms. Orangutan maintains the ancestral form 

for orthologous chromosomes 3 and 11 while human, chimpanzee and gorilla forms are derived. 

Orthologous chromosomes 1, 2 and 18 have been rearranged in the lineage leading to humans, whereas 

orthologous chromosomes 4, 9, 15, 16 and 17 are rearranged in the lineage leading to chimpanzee. 

Ancestral chromosome 5 has been maintained in orangutan and human but has suffered 2 independent 

inversions in chimpanzee and gorilla, respectively. Chromosome 7 has suffered one inversion, which has 

been fixed in gorilla, and another inversion has fixed in the lineage leading to human and chimpanzee. 

Chromosome 10 underwent one inversion, that was fixed in human and chimpanzee, and a new inversion 

fixed in gorilla. Finally, chromosome 12 has maintained the ancestral form in humans and orangutans but 

has undergone an inversion that is fixed in chimpanzee and gorilla, therefore, the polymorphic state has 

persisted across multiple speciation nodes (gorilla-human-chimpanzee and human-chimp). 
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Figure 2. Standardized recombination rate (SRR) along the human chromosome 4. SRR (y-axes) 

are shown as needles across non-overlapping windows of 10 kb in the whole chromosomal length (x-

axes). The genomic region affected by an inversion is depicted in grey, whereas non-inverted regions are 

showed in black. White rectangle indicates the centromere. Average recombination rate for each region is 

shown in numbers in the x-axes. 
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Figure 3. Schematic outlining a scenario where chromosomal polymorphisms would persist in an 

ancestral human-chimp population. In an ancestral population, an initial chromosome rearrangement 

(inversion) occurs. Following hybridization between carries with both chromosomal forms, a 

heterokaryotypic F1 hybrid results. The inverted chromosomal form would be maintained as a floating 

polymorphism during ~ 6 myr of coalescence time since the last common node for human-chimp-

orangutan (estimated at 10 mya; Hobolth et al. 2011), and the human-chimp node (estimated at 4 mya; 

Hobolth et al. 2011). During this period, the inversion would behave as a porous barrier, reducing 

recombination within the inverted region (in grey) of homologous chromosomes. Eventually some of the 

inverted chromosomal forms could be fixed in the lineage leading to chimpanzees, whereas others could 

be fixed in the human lineage. Whatever the case, genomic regions that were involved in the 

reorganizations would persist as regions with low recombination rates in the present populations. 
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Table 1. Breakpoints of the reorganizations detected between the human and chimpanzee genomes. 

The data correspond to the human chromosome involved in reorganization: start and end positions of the 

breakpoints, length of the evolutionary regions and type of reorganizations detected (macro- and micro-

reorganization) is shown. 

HSA 

chr 
Start End 

Length 

(bp) 

Type of 

rearrangment 

1 110,210,397 110,218,053 7,656 macro 

 147,737,500 147,908,988 171,488 macro 

 205,922,669 206,074,582 151,913 micro 

 206,332,100 206,482,531 150,431 micro 

2 3,049,226 3,061,801 12,575 micro 

 3,529,313 3,583,081 53,768 micro 

 5,018,789 5,163,731 144,942 micro 

 114,328,435 114,382,002 53,567 macro 

4 44,810,366 44,818,018 7,652 macro 

 85,958,259 85,963,014 4,755 macro 

5 18,552,882 18,555,128 2,246 macro 

 95,921,427 95,921,474 47 macro 

7 39,663,596 39,673,431 9,835 micro 

 44,072,917 44,076,368 3,451 micro 

9 46,947,614 47,060,133 112,519 macro 

 88,801,017 88,930,700 129,683 macro 

10 46,764,052 46,861,824 97,772 micro 

 51,504,215 51,505,370 1,155 micro 

 51,914,036 51,917,603 3,567 micro 

 81,259,753 81,310,866 51,113 micro 

 81,969,374 82,018,118 48,744 micro 

12 20,963,042 20,963,853 811 macro 

 68,381,348 68,404,608 23,260 macro 

15 28,957,462 28,962,654 5,192 macro 

16 34,195,797 34,197,035 1,238 macro 

 46,498,803 46,500,515 1,712 macro 

17 7,930,990 7,930,995 5 macro 

 47,615,108 47,621,198 6,090 macro 

18 18,510,899 18,646,538 135,639 macro 

19 36,739,338 36,822,850 83,512 micro 

 37,742,181 37,828,007 85,826 micro 

X 52,612,063 52,684,105 72,042 micro 

 52,871,611 52,878,711 7,100 micro 

 71,998,917 72,000,811 1,894 micro 

 72,208,690 72,222,380 13,690 micro 

Y 14,366,181 14,372,744 6,563 micro 

 18,747,930 18,756,681 8,751 micro 
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Table 2. Average values of the recombination rates (SRR) in each human chromosome. 

Recombination rates are significantly different among chromosomes (Kruskal-Wallis, p < 0.0001) and 

are negatively correlated with chromosomal size (Spearman’s ! = -0.915, p < 0.0001). 

 

HSA 

chr 
Mean SRR 

Standard 

Error 

1 0.899 0.016 

2 0.856 0.015 

3 0.881 0.018 

4 0.883 0.018 

5 0.895 0.019 

6 0.859 0.018 

7 0.910 0.020 

8 0.910 0.023 

9 0.856 0.021 

10 0.978 0.023 

11 0.915 0.021 

12 0.948 0.021 

13 1.031 0.032 

14 1.055 0.033 

15 1.198 0.035 

16 1.140 0.035 

17 1.277 0.037 

18 1.165 0.041 

19 1.140 0.037 

20 1.275 0.046 

21 1.506 0.081 

22 1.559 0.074 
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Table 3. Comparison of means recombination rates in each type of chromosome and region 

(inverted, non-inverted or collinear). Rearranged chromosomes exhibited a lower recombination rate 

than do collinear chromosomes (Mann-Whitney’s U, p <0.0001). Recombination rate is significantly 

lower in inverted regions compared to collinear and non-inverted regions (Kruskal-Wallis test p < 

0.0001).  

 

 

Type of region Mean SRR 
Standard 

Error 

Collinear 0.975 0.009 

Rearranged 0.944 0.006 

Collinear 0.975 0.009 

Non-inverted 1.001 0.007 

Inverted 0.715 0.012 
 

 

Table 4. Comparison of means of recombination rate in regions that have suffered macro- and 

micro-rearrangements. Recombination rate is lower in regions affected by macro-rearrangements 

compared to those affected by micro-rearrangements or those that are not rearranged (Kruskal-Wallis, p 

< 0.0001). 

 

Type of 

rearrangement 
Mean SRR 

Standard 

Error 

Non rearranged 0.996 0.005 

Micro-rearrangement 0.976 0.108 

Macro-rearrangement 0.713 0.012 
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SUPPLEMENTARY MATERIAL 

Additional File 1. Evolutionary breakpoint regions between human and chimpanzee 

genomes. Comparison of evolutionary breakpoint regions detected by Cassis and 

SyntenyTracker with previously published data (Feuk et al. 2005; Kehrer-Sawatzki and Cooper 

2008 and references therein). 

 

 

START END LENGTH (bp) BAC
BAC_start 

(hg18)

BAC_end 

(hg18)

1 110.210.397 110.218.053 7.656 ! RP11-439A17 120.747.157 120.936.695 !

1 147.412.900 148.795.315 1.382.415 ! RP11-495P10 147.737.500 147.908.988 !

1 205.922.669 206.074.582 151.913 " !

1 206.332.100 206.482.531 150.431 " "

2 3.049.226 3.061.801 12.575 " !

2 3.529.313 3.583.081 53.768 " !

2 5.018.789 5.163.731 144.942 " "

2 114.328.435 114.382.002 53.567 ! "

4 44.810.366 44.818.018 7.652 ! RP11-779N22 44.815.150 44.834.253 !

4 85.958.259 85.963.014 4.755 ! RP11-8N8 85.816.998 86.000.969 !

5 18.552.882 18.555.128 2.246 ! RP11-35A11 18.430.127 18.568.970 !

5 95.921.427 95.921.474 47 ! RP11-432G16 95.827.191 95.900.731 !

7 39.663.596 39.673.431 9.835 ! !

7 44.072.917 44.076.368 3.451 ! !

8 12.372.819 12.400.736 27.917 ! "

9 - - - " RP11-259A5 46.947.614 47.060.133 "

9 - - - " RP11-507D14 88.801.017 88.930.700 "

10 46.764.052 46.861.824 97.772 " !

10 51.504.215 51.505.370 1.155 " !

10 51.914.036 51.917.603 3.567 " !

10 81.259.753 81.310.866 51.113 " "

10 81.969.374 82.018.118 48.744 ! "

12 20.963.042 20.963.853 811 ! RP11-80N2 20.944.218 21.117.820 !

12 68.381.348 68.404.608 23.260 ! RP3-491B7 66.593.873 68.695.640 !

15 28.957.462 28.962.654 5.192 " !

16 34.195.797 34.197.035 1.238 " CTD-2144E22 34.173.151 34.341.696 "

16 46.498.803 46.500.515 1.712 " RP11-696P19 46.385.802 46.508.594 "

17 7.930.990 7.930.995 5 ! RP1-179H24 7.927.649 7.939.128 "

17 47.615.108 47.621.198 6.090 ! RP5-1029K10 47.587.437 47.749.643 !

18 15.366.244 18.520.344 3.154.100 ! RP11-666N19 18.510.899 18.646.538 !

18 - - - " RP11-683L23 46.421 151.961

19 36.739.338 36.822.850 83.512 " !

19 37.742.181 37.828.007 85.826 " !

X 52.612.063 52.684.105 72.042 " !

X 52.871.611 52.878.711 7.100 " !

X 71.998.917 72.000.811 1.894 " !

X 72.208.690 72.222.380 13.690 " !

Y 14.366.181 14.372.744 6.563 " --

Y 18.747.930 18.756.681 8.751 " --

CASSIS DATA KEHRER-SAWATZKI & COOPER 2008

FEUK et al 2005

Appears in 

Synteny 

Tracker?

HSA_chr
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