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Abstract

We report on a comparative molecular cytogenetic and in silico study on evolutionary changes in human chromosome 7 homologs in all

major primate lineages. The ancestral mammalian homologs comprise two chromosomes (7a and 7b/16p) and are conserved in carnivores.

The subchromosomal organization of the ancestral primate segment 7a shared by a lemur and higher Old World monkeys is the result of a

paracentric inversion. The ancestral higher primate chromosome form was then derived by a fission of 7b/16p, followed by a centric fusion of

7a/7b as observed in the orangutan. In hominoids two further inversions with four distinct breakpoints were described in detail: the

pericentric inversion in the human/African ape ancestor and the paracentric inversion in the common ancestor of human and chimpanzee.

FISH analysis employing BAC probes confined the 7p22.1 breakpoint of the pericentric inversion to 6.8 Mb on the human reference

sequence map and the 7q22.1 breakpoint to 97.1 Mb. For the paracentric inversion the breakpoints were found in 7q11.23 between 76.1 and

76.3 Mb and in 7q22.1 at 101.9 Mb. All four breakpoints were flanked by large segmental duplications. Hybridization patterns of breakpoint-

flanking BACs and the distribution of duplicons suggest their presence before the origin of both inversions. We propose a scenario by which

segmental duplications may have been the cause rather than the result of these chromosome rearrangements.

D 2004 Elsevier Inc. All rights reserved.
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The reconstruction of the evolutionary history of human

chromosome 7 in primates and in other mammals has been

the subject of several comparative cytogenetic studies for

more than 20 years. Early G- and R-banding of human and

great ape chromosomes already suggested that human and

chimpanzee homologs share a similar banding pattern,

which differs from the gorilla homolog by a paracentric

inversion. It was further suggested that the chromosome

morphology found in the gorilla represents an evolutionary

intermediate state, which could be derived by a pericentric

inversion from the ancestral hominoid chromosome form

conserved in the orangutan ([1–3] and references therein).

This particular succession of evolutionary chromosome

rearrangements was one of the very few characteristics
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based on cytogenetic data that seemed to be informative

for the phylogeny of human and great apes. The pericentric

inversion provided an argument for a last common ancestor

of all African great apes and human to the exclusion of the

orangutan. Furthermore, the paracentric inversion would

indicate an exclusive last common ancestor of human and

chimpanzee. Yunis and Prakash [3] assigned the breakpoints

of the pericentric inversion to bands 7p22 and 7q11.23–q21

and those of the paracentric inversions to 7q11.23–q21 and

7q22. However, high-resolution G-banding analysis was not

able to determine whether the 7q11.23–q21 breakpoint was

reused during evolution. DeSilva et al. [4] performed a

comparative FISH analysis with bacterial artificial chromo-

some (BAC) clones that were derived from the Williams–

Beuren syndrome (WBS) region in 7q11.23 and contained

low-copy repeats, including NCF1 (p47-phox) sequences.

FISH analysis revealed the presence of duplicated segments

in the 7q11.23 homologous region of chimpanzee, gorilla,

orangutan, and a gibbon. Moreover, as in human, cross-

hybridization was observed in the inversion breakpoint
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regions at 7q22 and 7p22 in African apes, but not in the

homologous chromosome regions in orangutan and gibbon.

Since a detailed analysis of the WBS orthologous region on

mouse chromosome 5 provided no evidence of duplicated

segments, the authors concluded that these segmental dupli-

cations are of recent evolutionary origin. Their data indi-

cated that a p47–phox-containing segment first duplicated

locally and then some copies were distributed to three

locations on chromosome 7 by inversion events. This would

imply that the inversions that occurred during hominoid

evolution and the complex rearrangements that led to WBS

in humans are mediated by the same duplicated sequences.

Attempts to reconstruct chromosome 7 homologies be-

tween more distant related primates or in nonprimate

mammals on the basis of chromosome banding patterns

led to controversial interpretations. Most reports agreed,

however, that in the putative ancestral primate homolog

segments are found on at least two ancestral chromosomes.

Further, complex evolutionary intra- and/or interchromo-

somal rearrangements have to be assumed to derive the

extant human chromosome form [1,2,5]. Recently, Richard

et al. [6] revisited this problem by performing cross-species

chromosome painting and reviewing previous R-banding

data from over 40 primates and nonprimate mammals. Their

results indicated that the ancestral chromosome forms found

in Eutherian mammals may have comprised a small sub-

metacentric chromosome showing association of part of

human chromosome 7 (7b) and 16p homologous material

and a large acrocentric chromosome showing homology to

part of human chromosome 7 (7a) only. The subregional

organization of the putative ancestral mammalian chromo-

some 7a, however, remained elusive. Since these chromo-

some forms were also found in prosimians, the authors

concluded that separate chromosomes 7a and 7b/16p should

be included in the putative ancestral primate karyotype.

Thus, a fission of the ancestral 7b/16p homolog may have

occurred before the prosimian/simian split, followed by a

fusion of 7b/5 in the lineage leading to New World primates

and fusion of 7a/7b present in all higher Old World

primates.

Here we report on a detailed comparative molecular

cytogenetic study of the human chromosome 7 homologs

in primates and other nonprimate mammals to shed light

on important yet unresolved aspects concerning the evo-

lution of this chromosome: (i) the subregional organiza-

tion of the ancestral mammalian and primate chromosome

form 7a and (ii) the presence of three or four breakpoints

in the two inversions in hominoid primates. We integrated

FISH and ‘‘in silico chromosome painting’’ data to

reconstruct the putative ancestral mammalian chromosome

form and the succession of rearrangements including

those within chromosomes in all major primate lineages.

We used FISH with chromosome painting probes from

species with disrupted syntenies of the human chromo-

some 7 homologs (concolor gibbon and African green

monkey) as well as microdissection probes that would
delineate breakpoints of intrachromosomal rearrangements.

The same principle was applied in the in silico approach:

the human chromosome 7 sequence map was compared

with homologous chromosome segments in mouse and

rat, both species that show highly disrupted synteny.

Further, we employed a panel of BAC clones to search

for the breakpoints of the inversions that occurred during

hominoid evolution. Finally, to define breakpoints better

we performed a detailed FISH analysis with BAC contigs

spanning all four inversion breakpoints.
Results

Delineation of primate chromosome 7 evolutionary

rearrangements

To date, the succession of evolutionary intrachromoso-

mal rearrangements that shaped human chromosome 7 has

been investigated only by comparative banding analysis. To

delineate the subchromosomal organization of human chro-

mosome 7 homologs in nonhuman primates and to recon-

struct the sequence of evolutionary intrachromosomal

rearrangements in greater detail, we used a series of subre-

gional DNA probes for cross-species FISH (Figs. 1A–1D).

Hybridization patterns observed with these probes on hu-

man chromosome 7 are illustrated in Fig. 1E, their precise

chromosomal assignments in Fig. 1G. When hybridized to

chromosomes of other primates and nonprimate mammals,

African green monkey and concolor gibbon chromosome

paint probes showed a reproducible hybridization signal in

all species analyzed, whereas the usefulness of human

microdissection probes was restricted to higher primates.

The reason for this limitation was most presumably their

low complexity, because very few copies of microdissected

chromosome fragments were used as template DNA in the

primary amplification reaction, compared to several hundred

chromosomes for paint probes established by flow sorting.

With African green monkey chromosome 21 and 28

probes, the simplest hybridization pattern, with one signal

each on the same chromosome, was observed in the orangu-

tan, the Lar gibbon, and the macaque (Fig. 1E). Single

signals with both probes, however on two separate chromo-

somes, were detected in the New World monkey, the lemur,

and the carnivore. Simple split signals on a single chromo-

some were observed in the langur and the gorilla, while both

chimpanzees and human shared a more complex hybridiza-

tion pattern (Fig. 1E, top row).

The paint probes derived from the concolor gibbon

chromosomes 11, 13, and 17 with homology to human

chromosome 7 subregions showed three conserved homolo-

gous segments on a single chromosome pair in the orangu-

tan, the Lar gibbon, the macaque, and the langur. The

homologs of the New World monkey and the lemur share

the same pattern, but with a translocated segment homolo-

gous to HCO 17. Split signals indicating intrachromosomal
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rearrangements were noticed in the carnivore, human,

chimpanzee, and gorilla homologs (Fig. 1E, middle row).

The paint set composed of differentially labeled micro-

dissection probes 7p, 7q, 7pter, and 7qter showed a similar

hybridization pattern in human, gorilla, and chimpanzee,

however with a gap in the 7q homolog of the chimpan-

zees. Orangutan, gibbon, macaque, langur, and marmoset

share a split 7pter signal. In addition, the langur showed a

split signal of the 7p probe and the New World monkey a

split signal of the 7q probe, which highlight additional

peri- and paracentric inversions, respectively (Fig. 1E,

lower row).

Comparative FISH analysis with a set of 19 sequence-

tagged BAC clones (BAC 1–19) that are part of the clone

set described in [13] was performed to determine the

orientation of conserved segment homologs in hominoid

primates. These clones map to human chromosome 7 in 5-

to 10-Mb intervals (Supplementary Table 1). They were

mapped to chromosomes of human, chimpanzee, gorilla,

orangutan, and Lar gibbon in sets of two to seven differ-

entially labeled clones (Fig. 1D). Human and chimpanzee

shared the same order of BACs. In gorilla, the order of

BACs 11–13 was inverted, indicating a paracentric inver-

sion with breakpoints in intervals between BAC pairs 10/

11 and 13/14. Compared to the gorilla homolog, in

orangutan and Lar gibbon the sequential order of BACs

3–13 was inverted, narrowing down the pericentric inver-

sion breakpoints to regions between BAC pairs 2/3 and 12/

13 (Fig. 1G).

Fig. 2 summarizes the evolutionary chromosomal rear-

rangements detected with subregional paint probes in the

various primate species and the mink, serving as outgroup

for primates.

Characterization of hominoid inversion breakpoints

For the characterization of the breakpoints of the peri-

centric inversion in 7p22.1 and 7q22.1 that distinguishes the

homologs of orangutan and gorilla, two BAC contigs

including clones A/B/C/D (6.39–6.86 Mb) and O/P/Q

(97.01–97.32 Mb) were chosen (Supplementary Table 1

for clone identity). The hybridization patterns observed on

all species investigated are illustrated in Figs. 3A and 3B.
Fig. 1. (A–D) Illustrations of representative FISH experiments on primate metaph

hybridized with African green monkey chromosomes 21 (red) and 28 (green); (B)

lemur chromosomes; (C) microdissection-derived chromosome 7p- (green), 7q- (re

chromosomes; and (D) BAC clones 5 (blue), 6 (green), and 7 (red) to a white-han

with African green monkey (top row), gibbon (middle row), and microdissectio

chimpanzee (PTR), bonobo (PPA), gorilla (GGO), orangutan (PPY), white-handed

marmoset (CJA), black lemur (EMA), and American mink (MVI). (F) Both in silic

evolutionary direction by an increasingly simple pattern when tracing the rearrang

inversion between human and gorilla is shown (see Discussion for details). (G) Su

apes together with the cross-species FISH data derived from gibbon and Africa

comparative sequence maps of mouse (M) and rat (R) and the comparative gene

mammalian organization of conserved segment homologs and the evolutionary suc

bars indicate inversion breakpoints.
To determine the breakpoint regions of the paracentric

inversion in 7q11.23 and 7q22.1 by which the human/

chimpanzee homologs are derived from that found in the

gorilla, BAC clones E–N, R, and S were hybridized to great

ape and macaque chromosomes (Figs. 3C and 3D). Clone E

maps at 73.2 Mb on the human sequence map within the

Williams–Beuren syndrome region, which previously was

suggested to be involved in the formation of both the peri-

and the paracentric inversion [4]. Clone F maps distal to the

WBS region to a nonduplicated DNA segment at 74.5 Mb.

Our comparative FISH analysis clearly showed that both

clones map proximal to the 7q11.23 breakpoint (Fig. 3C).

BACs G/H/I/K form a contig between 75.59 and 76.13

Mb of the human reference sequence in an approx 800-kb

region comprising mainly segmental duplications (DI352–

365; www.chr7.org). Clones G, H, and I mapped proximal

of the 7q11.23 breakpoint. BAC K showed no hybridization

signal in the orangutan and macaque chromosome 7 homo-

logs, while in human, chimpanzee, and gorilla it mapped to

the 7q11.23 homologous region and therefore proximal to

the breakpoint. BAC L repeatedly produced no signal on

human chromosome 7, but hybridized to other human

chromosomes and their great ape homologs. BAC clones

M and N show an inverted orientation in gorilla, orangutan,

and macaque compared to human and chimpanzee, indicat-

ing that these probes flank the breakpoint on the distal side.

The 7q11.23 breakpoint could therefore be assigned to the

interval between 76.13 and 76.35 Mb on the human se-

quence map. The overlapping BACs R and S (101.78–

102.03 Mb) pinpoint the 7q22.1 breakpoint of the para-

centric inversion to approx 101.91 Mb on the human

sequence map (Fig. 3D).
Discussion

Evolutionary rearrangements of primate chromosome 7

homologs

The information extracted from cross-species FISH ex-

periments with chromosome 7 subregional DNA probes

provided a comprehensive overview defining the landmarks

of inter- and intrachromosomal rearrangements that occurred
ases using subregional paint probes and BAC clones. (A) Gorilla metaphase

concolor gibbon chromosomes 11 (green), 13 (blue), and 17 (red) on black

d), 7pter- (blue), and 7qter- (yellow) specific probes to silvered-leaf monkey

ded gibbon metaphase. (E) Summary of the hybridization pattern observed

n probes (bottom row) on human (HSA) chromosome 7 and homologs of

gibbon (HLA), silvered-leaf monkey (PCR), crab eating macaque (MFA),

o and in situ painting results visualize inversion breakpoints as well as their

ements in the evolutionary reverse direction. As an example the paracentric

mmary of the mapping positions of BAC clones 1–19 in human and great

n green monkey (G) paint probes. The FISH data were aligned with the

map of the cat (C). From left to right the reconstruction of the ancestral

cession of chromosome 7 rearrangements are presented. Colored horizontal
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during primate evolution, as well as their evolutionary

direction (Fig. 2). As recently summarized [6], chromosome

painting studies in a variety of nonprimate mammals already

demonstrated that the ancestral condition for primates and

various nonprimate mammals is represented by two separate
chromosome 7 homologs, the smaller one being associated

with the human chromosome 16p homolog (7a and 7b/16p).

This condition is still conserved in lemurs. In addition, our

present results indicate that the subchromosomal organiza-

tion of the 7a homolog is conserved between the lemur and



Fig. 2. Reconstruction of changes in human chromosome 7 homologs with subregional painting probes (for probe identities see inset at the top right) during

primate evolution. The American mink represents the ancestral condition with two separate chromosome 7 homologs, the smaller one being associated with the

human chromosome 16p homolog (7a and 7b/16p). The subchromosomal organization of the 7a segment shared by the lemur and higher Old World primates is

the result of a paracentric inversion and can be considered ancestral for all primates. The ancestral higher Old World primate chromosome form is further

derived by a fission of 7b/16p as observed in the marmoset, followed by a centric fusion of 7a/7b, which is represented by the orangutan. The fusion of

homologs to 7 and 21 in the macaque, the fission in the African green monkey, the pericentric inversion in the langur, the paracentric inversion in the marmoset,

and the multiple translocations in the concolor gibbon are derived traits. In addition the hybridization patterns of DNA probes confirm the pericentric inversion

by which the ancestral African ape homolog was derived and the subsequent paracentric inversion, which led to the common ancestor of human/chimpanzee.
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some higher Old World primates and therefore may be

considered ancestral for primates in general. The ancestral

higher primate chromosome form is derived by a fission of

7b/16p as observed in New World monkeys.

In higher OldWorld primates, the ancestral form, which is

represented by the orangutan homolog, experienced a centric

fusion of 7a/7b. As earlier studies already demonstrated,

associations of homologs to human chromosome 7/2 in the

Lar gibbon [15], chromosome 7/21 in the macaque [16], the

centromeric fission in the African green monkey [7], and

multiple translocations in the concolor gibbon [17], as well

as the pericentric inversion in the langur (this study), should

be considered derived traits specific for these species.

Regarding intrachromosomal rearrangements in great

apes, our molecular cytogenetic approach gave a first

indication that the pericentric inversion by which the an-

cestral African ape homolog was formed and the subsequent

paracentric inversion indeed involve four different break-
points (Figs. 1G and 2). This was demonstrated by the split

signals obtained with the concolor gibbon chromosome 11

and 13 probes on human chromosome 7 (Fig. 1E). In band

7q22, two distinct breakpoints can be identified, which were

not yet distinguished by previous chromosome banding [3]

or recent molecular approaches [4].

It is necessary to emphasize that (i) the translocation

breakpoints in the concolor gibbon in 7p21.3 and 7q21.13

do not coincide with the inversion breakpoints observed in

great apes and (ii) the gibbon chromosome rearrangements

are evolutionarily derived from a hominoid ancestor prior to

the intrachromosomal rearrangements that occurred in Af-

rican great apes. Concolor gibbon paint probes therefore not

only provided breakpoint-spanning probes that visualized

hominoid inversion breakpoints, but also indicated the

evolutionary direction of these changes by an increasingly

complex hybridization pattern in more chromosomally de-

rived species (Fig. 1F).



Fig. 3. Hybridization patterns of breakpoint flanking BAC clones A–S on human chromosome 7 (HSA) and on the homologs of chimpanzee (PTR), gorilla

(GGO), orangutan (PPY), and macaque (MFA) (each row from left to right). All BACs are derived from chromosomal regions rich in segmental duplications.

(A and B) Flanking clones of the pericentric inversion, (C and D) those of the paracentric inversion. (A) Contiguous clones A/B/C/D map to human 7p22.1, and

(B) clones O/P/Q map to 7q22.1. The breakpoints of the pericentric inversion are located between BACs C/D and O/P, because in orangutan and macaque

BACs C and P map to the p arm, while D and O hybridize to the q arm. (C and D) Clones E/F/G/H/I/K/M/N map to human chromosome 7q11.23 and R/S to

7q22.1. The 7q11.23 breakpoint of the paracentric inversion is located between BAC I and BAC M. It is associated with a large insertion derived from the

human chromosome 1 homolog defined by BAC K and is specific for human and African apes. The 7q22.1 breakpoint is located between BAC R and BAC S.
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The evolutionary origin of primate chromosome 7 homologs

On the basis of comparative banding studies, it has been

hypothesized that the ancestral mammalian chromosome 7a

was a large acrocentric chromosome with a banding pattern

similar to that found in lemur, in cat, and in some other

mammals [6]. We verified this hypothesis by the integration

of in silico chromosome painting data extracted from

interspecies comparative sequence and gene maps with

our in situ subregional painting data in the various primate

species and the carnivore (Figs. 1F and 1G). In a first step

we aligned the human/cat comparative gene map [18] with

the human/mouse/rat comparative sequence map (NCBI

Human Build 34, NCBI Mouse Build 32, and RGSC Rat

Build 3.1; www.ensembl.org) and the hybridization pattern

observed with gibbon and African green monkey painting

data probes on human chromosomes. Then the hybridization

patterns observed with concolor gibbon and African green

monkey painting probes on human chromosomes were

aligned with the human/mouse/rat comparative sequence

maps (NCBI Human Build 34, NCBI Mouse Build 30/32,

and RGSC Rat Build 3.1; www.ensembl.org) (Fig. 1G, left).

Most notably, on human chromosome 7 the location of

all four hominoid inversion breakpoints delineated by in
situ subregional painting showed a near-perfect correlation

with the in silico segment borders of mouse chromosomes

5 and 6 as well as rat chromosomes 4 and 12 (Figs. 1F

and 1G). The presence of multiple disrupted syntenic

mouse/rat segments (mouse chromosomes 5/6 and rat

chromosomes 4/12) reflects the highly derived state of

human chromosome 7 by inversions. Muridae (mouse and

rat) homologs were also derived, but by multiple trans-

locations. These translocations occurred prior to the above-

mentioned primate-specific intrachromosomal rearrange-

ments and show different breakpoints. The mouse/rat in

silico painting data therefore can be read like the in situ data

derived from gibbon and African green monkey paint

probes (see above). For example, both breakpoints of the

paracentric inversion, by which the human and gorilla

homologs are distinguished, correspond to disrupted synte-

nies that formed gibbon chromosomes 13 and 17 as well as

rat chromosomes 4 and 12. When the paracentric inversion

is traced back in evolution, both the FISH and the inferred

rat/mouse segment homolog arrangement observed in the

gorilla became less complex, reflecting its more ancestral

state (Fig. 1F).

Further information came from the comparison of gene

order in human and domestic cat. Genes mapped to cat

 http:\\www.ensembl.org 
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chromosome A2 [18], which is homologous to the ancestral

primate chromosome 7a, were located on the orangutan q

arm. They were separated from genes that map to cat

chromosome E3, which is homologous to the ancestral

primate 7b/16p homolog. The only exception is a single

gene (c7orf16, ENSG10634, cat segment homolog E3-3,

Fig. 1G), which may have been wrongly assigned or

transposed by other mechanisms. When further comparing

the present hybridization pattern in the American mink with

gene mapping data obtained in the domestic cat, the

segment order of both human chromosome 7 homologs

appears identical in the two carnivores.

When going farther in the evolutionary reverse direction,

we could identify the rearrangement by which the ancestral

primate differs from that of the cat. A large paracentric

inversion in the 7a homolog has to be assumed, which

inverts cat segment homologs A2-4 and A2-3, to derive the

ancestral carnivore chromosome form from that of the

ancestral primate. The inferred breakpoints again would

fuse homologous segments on mouse chromosome 6 and

rat chromosome 4, respectively (Fig. 1G). This rearrange-

ment results in the ordered sequence of cat chromosome

markers A2-1 to A2-6 as described by Menotti-Raymond et

al. [18].

Recent molecular data placed primates and rodents in

the same clade, Euarchontoglires, while carnivores are

grouped into the sister clade Laurasiatheria [19]. Thus,

the most parsimonious conclusion from the observed

mouse/rat, primate, and carnivore patterns of human chro-

mosome 7a homologs is that the two carnivores have

conserved the ancestral Boreo-eutherian chromosome form,

from which the ancestral muridae and the ancestral primate

7a homologs were derived each by one distinctly different

inversion. This is also in agreement with the in situ

hybridization pattern observed with concolor gibbon paint

probes on human chromosome 7 homologs of the mink, but

differs from previous interpretations of comparative band-

ing analysis [6].

In summary, the following sequence of chromosome 7

rearrangements during primate evolution is the most prob-

able: a paracentric inversion in the putative Boreo-eutherian

ancestor (breakpoints at approx 33 and 112 Mb of the

human reference sequence; www.ncbi.org) created the an-

cestral primate homolog 7a, followed by a centromeric

fusion of 7a and 7b in higher Old World primates. In

hominoids, a pericentric inversion led to the chromosome

form in the African ape ancestor (breakpoints at approx 7

and 96 Mb), followed by a paracentric inversion in the

human/chimpanzee ancestor (breakpoints at approx 75 and

101 Mb) (Figs. 1G and 2).

The results with BAC clones 1–19 in hominoid pri-

mates (see Supplementary Table 1 for clone identity)

revealed no intrachromosomal rearrangements other than

those already delineated by region-specific paint probes.

The results (Fig. 1G) confirmed that the breakpoints of the

pericentric inversion map between 5.7 and 9.7 Mb (BACs
2 and 3) and between 90.0 and 99.9 Mb (BACs 12 and

13). The breakpoints of the paracentric inversion lie

between 72.8 and 81.6 Mb (BACs 10 and 11) and between

99.9 and 104.7 Mb (BACs 14 and 15). All four break-

points were localized in regions where we already pre-

dicted that the borders of mouse chromosome 5/6 and rat

chromosome 4/12 segment homologs would correspond

with hominoid inversion breakpoints (see above). Interest-

ingly, the human/mouse/rat comparative sequence map

shows gaps for the breakpoint regions in mouse and rat,

in which inter- and intrachromosomal segmental duplica-

tions have been identified in the human genome [20].

Under the assumption that all four breakpoints would

colocalize with the respective junctions, we performed a

comparative FISH study with tile path BAC clones named

A to S (see Supplementary Table 1 for clone identity),

which spanned these chromosomal regions in the human

genome.

Hominoid chromosome 7 pericentric inversion breakpoints

In human, chimpanzee, gorilla, and orangutan, clones A/

B/C/D (7p22.1, 6.39–6.86 Mb) and O/P/Q (7q22.1, 97.01–

97.32 Mb) showed extensive cross-hybridization due to the

presence of both inter- and intrachromosomal segmental

duplications DI143–149 and DI370–378 (in total approx

300 kb each) in both regions ([20]; www.chr.7.org). How-

ever, under the hybridization conditions used, in the ma-

caque homolog the breakpoints could be securely localized

between BAC pairs C/D and O/P, respectively. Since neither

BAC C nor BAC D showed a split signal, the 7p inversion

breakpoint has to be localized near the proximal end of BAC

C or the distal end of BAC D at 6.81 Mb on the human

sequence map. BAC P produced a weak split signal in

orangutan and macaque and therefore may be a break-

point-spanning clone in 7q. Alternatively, the split signal

could be the result of an intrachromosomal duplication

already present in these two species. The latter hypothesis

may be favorable, since the same intensity ratio of the split

signal was observed in inverted orientation in human,

chimpanzee, and gorilla (Fig. 3B). In any case, the proxi-

mally overlapping BAC Q entirely mapped to the other side

of the 7q breakpoint, which confined it to approx 97.08 Mb

on the human sequence map. Both breakpoints are located in

regions with predominantly interchromosomal duplications,

which were already present in the orangutan, but spread to a

variety of additional chromosomes in the gorilla (Supple-

mentary Fig. 2). Notably, the breakpoint flanking the 32-kb

segmental duplications DI145 and DI376 share 10- and 6-kb

DNA stretches of 95–96% sequence identity on the human

sequence map as well as the same transchromosomal dupli-

cons on human chromosomes 2, 3, 4, 8, 9, 10, 11, 12, 13, 14,

and 15. The analysis of the gene content in both regions

(Supplementary Table 2) revealed two putative members of

the olfactory gene superfamily within 100–200 kb of the

breakpoints.
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Hominoid chromosome 7 paracentric inversion breakpoints

The 7q11.23 breakpoint of the paracentric inversion was

assigned by BACs mapping to the interval 76.13 and 76.35

Mb, while the 7q22.1 breakpoint mapped to 101.78–102.03

Mb on the human sequence map (Fig. 3D). The 7q11.23

breakpoint is located in close proximity to a 200-kb or even

larger insertion (DI357–361; www.chr7.org) of chromo-

some 1 material, highlighted by clone K (Fig. 3C, Supple-

mentary Fig. 2B). Clone K hybridized to chromosome 1 in

all higher primates analyzed. The signal on the chromosome

7 homologs was restricted to gorilla, chimpanzee, and

humans. This insertion may therefore be dated back to the

African ape ancestor. Intrachromosomal duplicons DI364

and 365 (76.3 Mb) and DI400 and 401 (101.9 Mb) mark an

at least 110-kb stretch of nearly identical DNA sequence,

which is most probably directly flanking the proximal and

the distal breakpoint at approx 101.91 Mb. This assumption

gets support from the hybridization pattern of BACs M, R,

and S, which show split signals in human and great apes,

including the orangutan (Fig. 3, Supplementary Figs. 2A,

2C, and 2D). Thus, it seems very much likely that the

duplicated segment should have been already present before

the origin of this inversion.

The analysis of the gene content in these breakpoint

regions revealed a number of putative duplicated genes

(Supplementary Table 2), which were duplicated close to

one of the two breakpoints (Deltex Drosophila homolog 2 in

7q11.23 and ‘‘similar to WBSCR 19’’ in 7q22.1). In

addition MGC35361 and ‘‘similar to WBSCR 19’’ were

duplicated near both breakpoints. Finally, ZP3 formed a

second fusion gene (POMZP3) in 7q11.23.

Segmental duplications and evolutionary chromosome 7

inversions

Segmental duplications or low-copy repeats (LCRs) have

been demonstrated to be involved in several genomic dis-

orders ([21] for a recent review). They have also been shown

to be associated with a number of chromosomal rearrange-

ments that occurred during higher primate evolution, for

example with the fusion of human chromosome 2 [22],

translocation t(5;17) in the gorilla [23], the emergence of

neocentromeres on chromosomes 6 and 15 [24,25], and the

inversions of chromosomes 3, 15, and 18 [26–28]. The

breakpoints associated with chromosome 7 inversions pro-

vide another example of the association of segmental dupli-

cations with intrachromosomal rearrangements that took

place in hominoid primates.

All four breakpoints are located in chromosome regions

without any sequence homology to mouse or rat, suggesting

that the amplification and transposition of LCRs occurred

after the split of the primate/rodent lineages. In fact, in our

FISH experiments the majority of duplicons in proximity to

chromosome 7 breakpoints were also barely or not detect-

able in the macaque. These findings indicate, but do not

S. Müller et al. / Gen
necessarily prove, a more recent intra- or transchromosomal

expansion in the hominoid lineage. Alternatively, it can be

argued that these duplicated sequences were already present

in the macaque genome, but have diverged too far to be

detected by FISH under the stringency conditions used in

our study. A more accurate answer to this question would

necessitate a comparative sequence analysis of the homolo-

gous regions in a variety of primates.

Within hominoid primates, the occurrence and chromo-

somal distribution of LCRs again showed drastic differ-

ences, in particular comparing the orangutan with African

apes and human. LCRs present in BACs C and P flanking

the pericentric inversion were detected on only three

different chromosomes in the orangutan, but in at least

eight in human, chimpanzee, and gorilla (Supplementary

Figs. 1B and 1D). In addition, the insertion of chromo-

some 1 homologous material (Supplementary Figs. 2A and

2B) and the intrachromosomal duplication close to the

proximal breakpoint of the paracentric inversion in

7q11.23 (Supplementary Fig. 2C) were not detected in

the orangutan and may also be dated back to the ancestor

of African apes.

The distribution of LCRs raises the question whether the

segmental duplications flanking the breakpoints were present

prior to the rearrangements or alternatively were spread in the

course of the rearrangements. A definite answer may be given

only by comparative sequence analysis in species represent-

ing the ancestral state, although the results presented here

provide some suggestions. First, different types of duplicons

appear to flank the peri- and paracentric inversion break-

points, indicating that they may have emerged in different

waves, predominantly interchromosomal duplications in the

pericentric inversion, while a transposition from chromo-

some 1 in combination with mainly intrachromosomal dupli-

cations flanks the paracentric inversion. In addition, the

transchromosomal duplicons were already present in the

orangutan, while the inversion occurred in the ancestor of

African apes. Further, considering that both the duplicated

sequences within the chromosome and the chromosome 1

transposition were already present in the gorilla homolog,

segmental duplications may have been the cause and not the

result of both rearrangements.

The large-scale organization of the 7q11.23 breakpoint in

hominoid primates could still not be fully resolved, which

may be partly due to the fact that the human sequence

alignment in this region was still in flux during releases

31–34 of the human genome assembly (www.ncbi.nlm.nih.

gov). This region, however, may hold the key to a better

understanding of the molecular mechanisms that shaped

human chromosome 7 during evolution. Most intriguing in

this respect are previous findings on the involvement of the

WBS region in these evolutionary rearrangements [4].

Duplicons DI334, 335, and 345–348 from the WBS region

represent two 1.5-Mb spaced blocks of more than 500 kb in

size each (www.chr7.org). They are also found within a

short distance of the actual 7q11.23 inversion breakpoint
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(less than 200 kb distance and 1.5 Mb distal of the WBS

region), near the 7p22.1 and the 7q22.1 breakpoints (500

kb and less than 100 kb distal, respectively). Interestingly,

both in 7p22 and in 7q22.1 a second copy of the same

duplicated segment is observed in approximately 1.5 Mb

distance. It could be speculated that this strikingly similar

long-range organization in three of the actual breakpoint

regions and the WBS region, which all can be traced back

to a contiguous, roughly 5-Mb segment in the evolutionary

ancestral state, originated from local duplications. These

larger segments were then dispersed to other regions on

the human chromosome 7 homologs, which can be asso-

ciated with both the WBS and the observed evolutionary

rearrangements.
Materials and methods

Cell samples, tissue culture, and chromosome preparation

We used lymphoblastoid cell lines from human (Homo

sapiens), chimpanzee (Pan troglodytes), bonobo (Pan pan-

iscus), gorilla (Gorilla gorilla), orangutan (Pongo pyg-

maeus), white-handed gibbon (Hylobates lar), silvered-leaf

monkey (Presbytis cristata), and marmoset (Callithrix jac-

chus). Fibroblast cell lines were used from the crab-eating

macaque (Macaca fascicularis), African green monkey

(Cercopithecus aethiops), black lemur (Eulemur macaco),

and a carnivore (American mink, Mustela vison). The cell

lines are the same as described [7–9], except for the mink

cell line Mv.1.Lu, which was obtained from the European

Collection of Cell Cultures (ECACC No. 88050503) and

had a normal diploid karyotype of 2n = 30. Metaphase

preparations for FISH experiments were obtained by stan-

dard techniques.

DNA probes for FISH

Chromosome 7 subregional painting probes were em-

ployed in a variety of primates and a carnivore. These

probes were derived from flow-sorted concolor gibbon

chromosomes 11, 13, and 17 and African green monkey

chromosomes 21 and 28 [7,10]. Further microdissection-

derived human chromosome 7p-, 7q-, 7pter-, and 7qter-

specific probes [11,12] were hybridized. BAC clones were

used for a detailed analysis of the subregional organization

and evolutionary breakpoints in chromosome 7 homologs of

hominoid primates. A set of 19 clones (BAC 1–19), which

mapped in 5- to 10-Mb intervals along chromosome 7 were

kindly provided by Dr. T. Ried, National Cancer Institute

(Bethesda, MD, USA; www.ncbi.nih.gov/genome/cyto

[13]). Further, for a detailed breakpoint characterization a

set of 18 ‘‘tile path’’ clones (BAC A–S) was obtained from

BACPAC Resources at CHORI (www.bacpac.chori.org).

Supplementary Table 1 summarizes the mapping positions

of all BAC clones used in the experiments.
Probe labeling, in situ hybridization, and detection

The African green monkey chromosome 21 and 28

probes were DOP-PCR labeled [14] with biotin–dUTP

and digoxigenin–dUTP (Fig. 1A). The concolor gibbon

chromosome 11, 13, and 17 (Fig. 1B) and the microdissec-

tion probes (Fig. 1C) were labeled with biotin–dUTP,

digoxigenin–dUTP, and TAMRA–dUTP, respectively.

BAC clones were labeled with biotin–dUTP, digoxige-

nin–dUTP, and/or TAMRA–dUTP either by DOP-PCR or

by nick-translation and were hybridized in sets of two or

three (Fig. 1D) clones. For a single FISH experiment, 200–

500 ng chromosome paint probe or 500 ng–1 Ag BAC

DNA was mixed with 10–50 Ag human Cot-1 DNA,

ethanol precipitated, and dissolved in hybridization buffer

(50% deionized formamide, 10% dextran sulfate, 2� SSC).

After hybridization for 24–72 h at 37jC, the slides were

washed for 3 � 5 min in 0.1� SSC at 62jC, except for the
hybridizations to lemur and mink. For the latter species

washings were performed for 2 � 5 min in 50% formamide/

2� SSC and 2 � 5 min in 2� SSC (37jC). Biotinylated
probes were detected with either avidin–Cy3 or avidin–

Cy5, digoxigenin labeled probes with sheep anti-digoxige-

nin–FITC-coupled antibody. Chromosomes were counter-

stained with DAPI.

Microscopy and image analysis

Metaphase images were captured with a cooled CCD

camera (Photometrics C250/A equipped with a Kodak

KAF1400 chip) coupled to a Zeiss Axiophot microscope.

Camera control and digital image acquisition were per-

formed using SmartCapture VP software (Digital Scientific,

Cambridge, UK).
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