
Washington University School of Medicine Washington University School of Medicine 

Digital Commons@Becker Digital Commons@Becker 

Open Access Publications 

2007 

Molecular refinement of gibbon genome rearrangements Molecular refinement of gibbon genome rearrangements 

Roberta Roberto 
University of Bari 

Oronzo Capozzi 
University of Bari 

Richard K. Wilson 
Washington University School of Medicine in St. Louis 

Elaine R. Mardis 
Washington University School of Medicine in St. Louis 

Mariana Lomiento 
University of Bari 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.wustl.edu/open_access_pubs 

Recommended Citation Recommended Citation 

Roberto, Roberta; Capozzi, Oronzo; Wilson, Richard K.; Mardis, Elaine R.; Lomiento, Mariana; Tuzun, Eray; 

Cheng, Ze; Mootnick, Alan R.; Archidiacono, Nicoletta; Rocchi, Mariano; and Eichler, Evan E., ,"Molecular 

refinement of gibbon genome rearrangements." Genome Research. 17,. 249-257. (2007). 

https://digitalcommons.wustl.edu/open_access_pubs/2013 

This Open Access Publication is brought to you for free and open access by Digital Commons@Becker. It has been 
accepted for inclusion in Open Access Publications by an authorized administrator of Digital Commons@Becker. 
For more information, please contact vanam@wustl.edu. 

https://digitalcommons.wustl.edu/
https://digitalcommons.wustl.edu/open_access_pubs
https://digitalcommons.wustl.edu/open_access_pubs?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F2013&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:vanam@wustl.edu


Authors Authors 
Roberta Roberto, Oronzo Capozzi, Richard K. Wilson, Elaine R. Mardis, Mariana Lomiento, Eray Tuzun, Ze 
Cheng, Alan R. Mootnick, Nicoletta Archidiacono, Mariano Rocchi, and Evan E. Eichler 

This open access publication is available at Digital Commons@Becker: https://digitalcommons.wustl.edu/
open_access_pubs/2013 

https://digitalcommons.wustl.edu/open_access_pubs/2013
https://digitalcommons.wustl.edu/open_access_pubs/2013


 10.1101/gr.6052507Access the most recent version at doi:
2007 17: 249-257 originally published online December 21, 2006Genome Res. 

  
Roberta Roberto, Oronzo Capozzi, Richard K. Wilson, et al. 
  
Molecular refinement of gibbon genome rearrangements

  
Material

Supplemental
  

 http://genome.cshlp.org/content/suppl/2006/12/22/gr.6052507.DC1.html

  
References

  
 http://genome.cshlp.org/content/17/2/249.full.html#ref-list-1

This article cites 22 articles, 5 of which can be accessed free at:

  
License

Commons 
Creative

  
 http://creativecommons.org/licenses/by-nc/3.0/.described at 

a Creative Commons License (Attribution-NonCommercial 3.0 Unported License), as 
). After six months, it is available underhttp://genome.cshlp.org/site/misc/terms.xhtml

first six months after the full-issue publication date (see 
This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 http://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 

Copyright © 2007, Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on January 8, 2014 - Published by genome.cshlp.orgDownloaded from  Cold Spring Harbor Laboratory Press on January 8, 2014 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.6052507
http://genome.cshlp.org/lookup/doi/10.1101/gr.6052507
http://genome.cshlp.org/content/suppl/2006/12/22/gr.6052507.DC1.html
http://genome.cshlp.org/content/suppl/2006/12/22/gr.6052507.DC1.html
http://genome.cshlp.org/content/17/2/249.full.html#ref-list-1
http://genome.cshlp.org/content/17/2/249.full.html#ref-list-1
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.6052507&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.6052507.full.pdf
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.6052507&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.6052507.full.pdf
http://genome.cshlp.org/subscriptions
http://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://genome.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com
http://genome.cshlp.org/
http://genome.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com


Molecular refinement of gibbon
genome rearrangements

Roberta Roberto,1,6 Oronzo Capozzi,1,6 Richard K. Wilson,2 Elaine R. Mardis,2

Mariana Lomiento,1 Eray Tuzun,3 Ze Cheng,3 Alan R. Mootnick,4

Nicoletta Archidiacono,1 Mariano Rocchi,1,7 and Evan E. Eichler3,5,7

1Department of Genetics and Microbiology, University of Bari, 70126 Bari, Italy; 2Washington University Genome Sequencing

Center, Washington University School of Medicine, St. Louis, Missouri 63108, USA; 3Department of Genome Sciences, University

of Washington, Seattle, Washington 98195, USA; 4Gibbon Conservation Center, Santa Clarita, California 91380, USA; 5Howard

Hughes Medical Institute, Seattle, Washington 98195, USA

The gibbon karyotype is known to be extensively rearranged when compared to the human and to the ancestral

primate karyotype. By combining a bioinformatics (paired-end sequence analysis) approach and a molecular

cytogenetics approach, we have refined the synteny block arrangement of the white-cheeked gibbon (Nomascus

leucogenys, NLE) with respect to the human genome. We provide the first detailed clone framework map of the

gibbon genome and refine the location of 86 evolutionary breakpoints to <1 Mb resolution. An additional 12

breakpoints, mapping primarily to centromeric and telomeric regions, were mapped to ∼5 Mb resolution. Our

combined FISH and BES analysis indicates that we have effectively subcloned 49 of these breakpoints within NLE

gibbon BAC clones, mapped to a median resolution of 79.7 kb. Interestingly, many of the intervals associated with

translocations were gene-rich, including some genes associated with normal skeletal development. Comparisons of

NLE breakpoints with those of other gibbon species reveal variability in the position, suggesting that chromosomal

rearrangement has been a longstanding property of this particular ape lineage. Our data emphasize the synergistic

effect of combining computational genomics and cytogenetics and provide a framework for ultimate sequence and

assembly of the gibbon genome.

[Supplemental material is available online at www.genome.org.]

Hominidae (humans and great apes) and, to a lesser extent, Old

World monkeys, possess karyotypes closely resembling the hy-

pothetical hominoid ancestor. Most evolutionary chromosomal

rearrangements between ape lineages involve pericentric (includ-

ing the centromere) or paracentric (not including the centro-

mere) inversions (Yunis and Prakash 1982). In contrast, compara-

tive studies of gibbons (small apes, family Hylobatidae) indicate

that the karyotypes of all 12 (or more) species appear highly

derived, with an unusually large number (n > 40) of chromo-

somal fissions and translocations (Jauch et al. 1992; Koehler et al.

1995a,b; Muller and Wienberg 2001; Murphy et al. 2001; Nie et

al. 2001; Muller et al. 2002, 2003; Ferguson-Smith et al. 2005;

Froenicke 2005). Their chromosomal numbers range from

2n = 38 (hoolock gibbons) to 2n = 52 (Nomascus) and differ from

other ape lineages in showing an accelerated rate of chromo-

somal translocation during evolution.

Gibbons, then, provide a unique perspective of a highly re-

arranged ape genome with two major advantages: (1) neutrally

evolving DNA shows a relatively short genetic distance (<0.05

substitutions/site) to the high-quality human reference se-

quence; and (2) the gibbon represents a phylogenetic link be-

tween the great apes and the Old World monkeys, providing a

unique perspective of evolutionary change between 15 and 20

million years of species separation (Goodman 1999). The evolu-

tionary relatedness of human and gibbon species facilitates cross-

species FISH experiments and comparative sequence analyses to

provide exquisite resolution in refining evolutionary breakpoints

of chromosomal rearrangement. In this study, we combine both

a cytogenetics and a genomic clone (BAC) paired-end sequence

approach to refine the locations of the breakpoints that result in

the largest chromosome rearrangement events between human

and the white-cheeked gibbon (Nomascus leucogenys, NLE). In

light of the large number of rearrangements between gibbon and

other primates, this experimentally validated map will be impor-

tant for the anticipated sequence and assembly of the gibbon

genome.

Results

Two complementary approaches were undertaken to resolve the

organization of the gibbon genome with respect to the human

genome. First, we developed a FISH-based framework to define

the major synteny relationships between all gibbon and human

chromosomes, using data provided by interspecies chromosome

painting analysis as a starting point. We selected ∼500 index

human BAC clones at an average density of 1 clone every 6 Mb

across the human sequence map and hybridized each against

metaphase chromosome preparations of the white-cheeked gib-

bon. Reiterative FISH experiments were then performed to fur-

ther refine the interval, using ∼450 additional BAC clones; in

many cases identifying a large insert BAC clone that spanned a

breakpoint. The analysis established a total of 121 homologous

6These authors contributed equally to this work.
7Corresponding authors.
E-mail rocchi@biologia.uniba.it; fax 39-080-544-3386.
E-mail eee@gs.washington.edu; fax (206) 221-5795.
Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.6052507.
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syntenic blocks between the two species, defining the approxi-

mate locations of 107 breakpoints. These included 98 breaks

mapping within interstitial euchromatin and the delineation of

nine human telomeres that are not telomeric in gibbon.

As a second approach, we constructed a comparative clone

map between the gibbon and human genomes by mapping the

end sequences of an NLE gibbon large-insert BAC library against

the human genome reference sequence assembly (Fujiyama et al.

2002; Newman et al. 2005; Tuzun et al. 2005). Briefly, we gener-

ated paired end sequences from the genomic inserts of 133,975

randomly selected gibbon BAC clones, yielding 188 Mb of gibbon

whole-genome shotgun sequence (http://www.ncbi.nih.gov/

Traces/trace.cgi). We then mapped all gibbon end-sequence pairs

against the human genome reference assembly (May 2004), clas-

sifying each clone as discordant or concordant by length, map

position, and orientation (Supplemental Fig. 1; see Supplemental

Methods for details). In total, 91,554 gibbon BACs mapped un-

ambiguously to best locations in the human genome, providing

94.2% coverage of all euchromatic sequence (2,715,686,266/

2,930,637,601 bp). Of these, 85,204 (93.1%) were concordant,

and 6390 (6.9%) were discordant. We further classified discor-

dant pairs based on the nature of the discrepancy: 1181 pairs

were too large (potential deletions in the gibbon genome), 1150

were too small (potential insertions), 1517 pairs showed an in-

correct orientation with respect to the human genome (potential

inversions), and 2542 mapped end sequences between nonho-

mologous chromosomes. The latter category, termed interchro-

mosomal pairs, identifies either lineage-specific segmental dupli-

cations or evolutionary breakpoints associated with rearranged

chromosomes.

Putative rearrangements were computationally inferred

when two or more independent discordant BAC clones sup-

ported the same type of rearrangement at a genomic position.

We identified a total of 201 putative insertion/deletion (<1 Mb in

length), 126 inversion, and 124 interchromosomal rearrange-

ment breakpoints (Supplemental Table 1). We focused on vali-

dation of the largest (>1 Mb) inversion and of interchromosomal

rearrangement events (breakpoints = 107) using a reciprocal FISH

assay (Nickerson and Nelson 1998; Supplemental Fig. 2). NLE

BACs corresponding to the breakpoint were selected and hybrid-

ized to human and gibbon metaphases. If a breakpoint had been

successfully subcloned, the FISH assay would produce a single

signal in gibbon in contrast to a split signal in human meta-

phases (Fig. 1; examples in Fig. 2a). Based on the coordinates of

the breakpoint, the human BAC clones corresponding to the two

human locations were then tested, and a site was considered

validated if reciprocal FISH results were produced and if flanking

BACs yielded consistent results (Fig. 2b). FISH results showed that

several of the apparently computationally distinct breakpoints

actually correspond to the same evolutionary rearrangement

event (see Supplemental Table 1). For example, discordant BAC

end-sequence pairs might predict two distinct regions of rear-

rangement that map within close proximity (Fig. 3, see BPR black

bars), that when tested by overlapping clones predict the same

breakpoint.

Using this approach, we confirmed experimentally and

computationally 50 evolutionary chromosomal breakpoints cor-

responding to eight inversions and 17 translocations between

the human and NLE gibbon genomes (Table 1). In addition to

these 50 breakpoints, we identified eight computational break-

points where only one of the two ends of the rearrangement

could be confirmed experimentally. These frequently mapped to

regions enriched for highly repetitive regions of the genome

where neither FISH nor computational methods could accurately

refine the breakpoint regions. We note that 25% (26/103) of our

computationally predicted locations showed multisite locations

enriched in subtelomeric and pericentromeric regions, indicative

of lineage-specific duplication differences between the two ge-

nomes.

We constructed a mySQL database of gibbon concordant,

discordant and interchromosomal BES and incorporated the re-

sults as customized tracks on the human genome assembly

(http://humanparalogy.gs.washington.edu). This allowed ex-

Figure 1. Methodology to detect breakpoints by FISH. (a) Hypothetical
gibbon chromosomes 1(d) and 2(d) are the derivatives of a translocation.
The original human chromosomes are reported in b. The arrows indicate
the breakpoints. Gibbon clones X or Z, spanning the breakpoints of chro-
mosomes 1(d) and 2(d), respectively, contain a portion of both chromo-
somes 1 and 2. Both clones X and Z generate a “split signal” on the
original human chromosomes. If cohybridized in different colors (red and
green in the example), they will produce two distinct red and green
signals on gibbon, but will produce split signals in humans that, because
of proximity, will appear yellow (see Fig. 2).

Roberto et al.
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perimentally validated regions to be curated in more detail (Fig.

3). For example, a translocation breakpoint between the human

and gibbon genomes should be conspicuous by the absence of

concordant gibbon BES across an interval in addition to inter-

chromosomal pairs abutting the actual breakpoint. Based on the

extent of concordant and discordant BAC clones near each break-

point, we further refined the breakpoint locations for 49 of the 50

regions. We determined that the median interval distance was

79.7 kb with some breakpoints refined to a distance of 13–14 kb.

At this level of resolution, we found no definitive evidence of a

gene disruption, although many of the breakpoints will require

additional resolution by DNA sequencing.

Almost half of the breakpoints were not confirmed by com-

putational placement of gibbon BACs against the human ge-

nome. Indeed, in 18 cases, the break mapped to a gibbon cen-

tromere, while nine homologous syntenic block breaks corre-

sponded to the position of a new telomere. In this respect it is

interesting that 15 out of 26 gibbon centromeres join homolo-

gous syntenic blocks that are noncontiguous in humans. A de-

tailed synteny map that summarizes the refinement of the break-

points from the perspective of human and NLE gibbon chromo-

some organization is provided (Supplemental Tables 2 and 3,

respectively; the organization of each NLE chromosome is also

displayed at http://www.biologia.uniba.it/gibbon). Figures 4 and

5 provide a graphical summary of the synteny block organization

in gibbon and human genomes, respectively. In both figures the

homologous syntenic block numbering was derived from the hy-

pothesized ancestral Hominoidea chromosomal arrangement re-

ported by Muller et al. (2003).

Discussion

We provide the first detailed clone framework map of the gibbon

genome and refine the location of 86 evolutionary breakpoints to

<1 Mb resolution. An additional 12 breakpoints, mapping prima-

rily to centromeric and telomeric regions, were mapped to ∼5 Mb

resolution. Our combined FISH and BES analysis indicates that

we have effectively subcloned 49 of these breakpoints within

NLE gibbon BAC clones mapped to a median resolution of 79.7

kb. Interestingly, several of the intervals were gene-rich (Table 1),

containing conserved genes such as matrilin-2 (an extracellular

cartilage matrix protein), guanine-nucleotide binding protein,

gamma 5 (membrane-associated G protein), phospholipase

scramblase, lunatic fringe (LFNG; a developmental regulator of

Notch in the presomitic mesoderm), and ectonucleotide pyro-

Figure 2. Experimental validation of gibbon–human chromosomal rearrangements. (a) Examples of interchromosomal rearrangement. Two gibbon
clones, BACs CH271–279L5 (left) and CH271–301L21 (right), whose end sequences aligned to different human chromosomes, are hybridized to human
and gibbon metaphases (NLE metaphase in the upper right-hand corner). The FISH assays show split signals in human and a single signal in gibbon,
confirming that the two BACs span the 5b/16a and 5c2/16b1 breakpoints, respectively. (b) Two examples of intrachromosomal rearrangements. Gibbon
BACs CH271–203C4 (left) and CH271–131G15 (right) span the 14a1/14a2 and 9b1/9b4 junctions, respectively, yielding split signals in human
metaphases, but single signals in gibbon. (c) Cohybridization FISH experiments of gibbon BACs CH271–346A15 (red) and CH271–131D24 (green)
against gibbon (left) and humans (right) metaphases. The two BACs span the junctions 6c/2d and 6d/2e, respectively. In humans, the two BACs span
the breakpoint region in gibbon, as shown by the yellow color representing the fusion of red and green signals. (d) A reciprocal assay wherein human
BACs spanning the 6c/6d and 2d/2e breakpoints (RP11–1007C6 and RP11–11N16, respectively) were hybridized on human (right) and gibbon (left)
metaphases. In gibbon, these BACs span the regions that face each other on NLE chromosomes 17 and 22b, and therefore produce a yellow signal. (SB)
Synteny break.

White-cheeked gibbon chromosome rearrangements
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Figure 3. Molecular refinement of breakpoints by paired-end-sequence mapping. Regions that were confirmed both experimentally and computa-
tionally were further refined by consideration of discordant and concordant Nomascus leucogenys BES mapped to the human genome. Two translocation
intervals are depicted by incorporating data into the UCSC Browser. (a) 17q23.3 to 2p23.3 rearrangement breakpoints and (b) 16p12.3 to 5q13.3
rearrangement. Interchromosomal NLE BES pairs (interchromosomal BES with coordinates to another chromosome) delineate the location of the
breakpoint region (black bars), while concordant NLE BES (Gibbon BAC end pairs) further define the interval of the rearrangement breakpoints (red
dotted lines). All underlying BES mapping data are available at http://humanparalogy.gs.washington.edu.
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phosphatase/phosphodiesterase genes 4 and 5. Two of the break-

point intervals mapped to KRAB C2H2 Zinc finger gene family

clusters on chromosome 19. While it is unclear whether any of

the breakpoints disrupts a gene, it is intriguing that several of the

genes mapping to breakpoint intervals are associated with skel-

etal development, ossification, and cartilage maturation. Mis-

sense mutations of the lunatic fringe gene, for example, are as-

sociated with spondylocostal dystosis, which includes vertebral

congenital abnormalities of the spine and markedly long, slender

fingers (Sparrow et al. 2006). Significant skeletal adaptations

have occurred during the evolution of the gibbon brachiation. It

is possible that such chromosomal changes may have played a

role in these evolutionary adaptations, perhaps by altering gene

expression or by disrupting genes. Sequence-based resolution of

the breakpoints and experimental analyses will be required to

determine if any of these rearrangements disrupts a functional

gene and alters gene expression profiles.

The computational paired end-sequence and cytogenetics-

based approaches were highly complementary. Nearly half of the

breakpoints could not be recognized using computational meth-

ods alone. Most of these regions corresponded to highly repeti-

tive regions of the genome including regions enriched for com-

plex segmental duplications. In these regions, end sequences

cannot be mapped unambiguously, and therefore rearrange-

ments are underrepresented. In regions of lower complexity, the

paired-end-sequences strategy provided exquisite resolution, al-

lowing more subtle rearrangements to be identified and refining

breakpoint intervals. Combined, the two approaches were mutu-

ally informative and emphasize the value of cytogenetics-based

experimental validation accompanying computational genom-

ics-based approaches for characterizing and verifying the organi-

zation of primate genomes. In addition, our analysis revealed

four previously unpublished rearrangements. These subtle chro-

mosomal changes involved subtelomeric regions of the genome

and are consistent with their proclivity to undergo reciprocal

translocations (Flint and Knight 2003; Linardopoulou et al.

2005). For example, the small portion of chromosome 11p on

NLE21 or the fragment of 7p on NLE20 was not detected by

previous studies. The complex reorganization of chromosome 17

sequences provides further evidence of the value of our com-

bined approach (see NLE chromosomes 14 and 19) (Muller et al.

2003; Ferguson-Smith et al. 2005).

All the 107 synteny breaks we detected could be grouped

into two categories: those that actually occurred in NLE or that

NLE inherited from its gibbon ancestors (84), and those (23) that

occurred in the Hominidae lineages leading to humans. Only

human chromosomes 15 (NLE6), 18 (NLE4), 21 (NLE25), and X

constitute single, uninterrupted chromosomal segments in NLE.

All chromosomes, with the exception of 18 and 21, showed in-

ternal rearrangements with respect to the Hominoidea ancestor

(Murphy et al. 2001; Wienberg 2005). Interestingly, 14 rearrange-

ments have been shown to be NLE-specific when compared to

other gibbons (Muller et al. 2003), suggesting that accelerated

rates of chromosomal rearrangement have been a longstanding

property of this lineage, as opposed to a punctuated event early

in the evolution of this genus. In this respect, it is worth noting

that the 1/22 translocation, leading to chromosomes 1b and 22b

(see Methods), is a known polymorphic translocation within the

N. leucogenys species (Couturier and Lernould 1991). Southern

white-cheeked gibbons (NLE subspecies siki) from southern Laos

and central Vietnam carry this translocation, while Northern

white-cheeked gibbons (NLE subspecies leucogenys) from north-

Figure 4. N. leucogenys synteny block organization with respect to human (for details, see http://www.biologia.uniba.it/gibbon).
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Figure 5. Human chromosomes synteny block organization with respect to NLE (for details, see http://www.biologia.uniba.it/gibbon).
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ern Laos and northwestern Vietnam do not. These results were

confirmed by our analysis. No evidence, for example, of the 1/22

translocation was discovered by examining the BAC paired end

sequences from the Northern white-cheeked gibbon in this

study; however, FISH analysis of a Southern white-cheeked gib-

bon cell line did reveal this polymorphism in this species. Thus,

since the two individuals represented in this study correspond to

“subspecies” of different geographic origin, those breakpoints

that are confirmed both by experimental analysis and computa-

tional analysis are enriched for sites that are less likely to be

polymorphic in the species as a whole.

Comparisons of structural variation between human and

various primates predict a logarithmic increase in the number of

rearrangements as resolution increases (Chimpanzee Sequencing

and Analysis Consortium 2005). While we have identified a few

hundred sites of potential smaller rearrangement events (Supple-

mental Table 1), we did not observe a fourfold increase in fre-

quency as was seen for large-chromosomal rearrangements when

compared to other apes. However, the ability to detect such

smaller events is constrained by the insert size of the BAC vector,

which allowed us to detect events >100 kb in length. The use of

other more constrained vectors such as fosmids, as well as WGS

sequence data from plasmids, may uncover an abundance of

smaller events. However, our preliminary data suggest that the

gibbon’s excess number of rearrangements has been limited to

large translocation events between nonhomologous chromo-

somes, as opposed to an overall increase in all forms of structural

variation between humans and gibbons.

Whole-genome shotgun sequencing of the entire NLE ge-

nome could be used to further elucidate the molecular bases for

chromosomal rearrangements—particularly the frequency of

smaller inversions and intrachromosomal events. Information

obtained from such studies could provide valuable insight into

the mechanism underlying both germline and somatic chromo-

somal instability associated with human disease and evolution.

In addition, targeted sequencing of the breakpoint intervals will

allow the impact of these events in terms of gene and gene struc-

ture to be understood in the context of the evolution of the apes.

The clone framework and our detailed analysis of homologous

synteny breakpoints provide the infrastructure for the sequence

and assembly of the gibbon genome.

Methods

BES analysis

BAC end sequences were generated from the gibbon BAC library,

CHORI-271. The BAC library was constructed from lymphocyte

blood material obtained from a female Northern white-cheeked

gibbon (Nomascus leucogenys leucogenys) kindly provided by Alan

Mootnick, Director of Gibbon Conservation, Santa Clarita Zoo,

California. To eliminate potential mismapped rearrangements,

we required >90% identity, >400 bp in length, and at least 150 bp

of unique sequence (as defined by RepeatMasker). All clones were

mapped to the human genome, and discordant sites were classi-

fied as those that exceeded 3 STD of the mean insert size (<76.5

kb or >277 kb). In principle, this allowed us to detect rearrange-

ments >100 kb in size. Additional algorithmic details may be

found in the Supplemental Methods.

FISH analysis

For FISH validation, we selected an individual gibbon that origi-

nated from a different geographic location (Southern white-

cheeked gibbon) from the reference genome. Sites confirmed by

both FISH and BES data would, therefore, minimize polymorphic

rearrangements and enrich for rearrangements common to the

NLE species. Metaphase preparations were obtained from a lym-

phoblastoid cell line of Nomascus leucogenys siki, kindly provided

by S. Muller (Munchen). DNA extraction from BACs has already

been reported (Ventura et al. 2001). FISH experiments were es-

sentially performed as previously described (Ventura et al. 2003).

Briefly, DNA probes were directly labeled with Cy3-dUTP (Perkin-

Elmer) or Fluorescein-dCTP (Fermentas) by nick-translation. Two

hundred nanograms of labeled probe was used for the FISH ex-

periments. Hybridization was performed at 37°C in 2� SSC, 50%

(v/v) formamide, 10% (w/v) dextran sulfate, 5 mg of COT1 DNA

(Roche), and 3 mg of sonicated salmon sperm DNA, in a volume

of 10 µL. Post-hybridization washing was at 60°C in 0.1� SSC

(three times, high stringency). Washes of interspecific FISH ex-

periments were performed at lower stringency: 37°C in 2� SSC,

50% formamide (three times), followed by washes at 42°C in 2�

SSC (three times). Digital images were obtained using a Leica

DMRXA epifluorescence microscope equipped with a cooled

CCD camera (Princeton Instruments). Cy3 (red), fluorescein

(green), and DAPI (blue) fluorescence signals, detected with spe-

cific filters, were recorded separately as grayscale images. Pseudo-

coloring and merging of images were performed using Adobe

Photoshop software.

NLE-synteny block definition was obtained by FISH analysis

using a set of >950 human BACs, one every ∼3 Mb, chosen on the

“Clone coverage” or on the “BAC end pairs” tracks of the UCSC

Database (May 2004 release). All the clones were first tested on

normal human metaphase spreads to check the consistency of

their in silico position with their FISH mapping position. Clones

giving inconsistent results were discarded. These BACs were used

in cohybridization FISH experiments to establish with certainty

their reciprocal position in NLE chromosomes. Some Lar chro-

mosomes are difficult to distinguish on the basis of DAPI banding

(see a DAPI banded karyotype at our Web site http://www.

b io log ia .uniba . i t /g ibbon/chromosomes/F ig_1_NLE_

karyotype.html). The short and long arms of some metacentric

chromosomes also are hard to distinguish. In these cases an ap-

propriate BAC clone was always cohybridized as a reference, to

unambiguously identify the chromosome and/or the chromo-

some arm.
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