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Cytogenetic studies of small ape (Hylobatidae) chromosomes

Each genus of small apes has a highly distinctive karyotype (karyomorph) at every level of cytogenetic
analysis. Early workers using classical staining and banding had problems integrating the karyolocial data with
that of other primates. Chromosome painting allowed syntenic homology maps to be constructed for each of the
four karyomorphs (2n = 38, 44, 50 and 52). They revealed that the great apes and Old World monkeys had
strongly conserved karyotypes while those of small apes were highly rearranged. However, they provided cont-
radictory phylogenetic results to other bio-molecular tree of small ape evolution. More recently BAC-FISH in-
vestigations using a panel of about 900 BACs defined each breakpoint by spanning or flanking BAC clones The
syntenic map was refined and now includes small segments of homology which had previously gone undected,
marker order (synteny block orientation) and the location of ancestral and Evolutionarily New Centromeres.
However, the BAC-FISH data similar to other biomolecular methods used up to now could not resolve the phy-
logenetic tree of hylobatids. These difficulties may be explained by the rapid divergence of crown hylobatids,
reticulate evolution and incomplete lineage sorting. The lack of significant cytogenetic landmarks at the nodes
of the gibbon tree could indicate that chromosomal rearrangements did not play a primary role in hylobatid spe-
ciation.
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This paper is a summary of a talk made at Chromosome
2012 in Novosibirsk. Small apes (gibbons and siamang) also
known as «lesser apes» to distinguish them the «greater apes»
(orangutan, gorilla, chimpanzee, bonobo) are classified within
the Hominoidea are among the closest relatives of humans.
These primates diverged from the other hominoids around 18
million years ago. Small apes (Hylobatidae) are composed of
about 16 species divided into 4 genera distributed in Southe-
ast Asia from India to Indonesia. Each genus has a distinctive
karyotype at every level of analysis, which are often referred
to as karyomorphs. The chromosomes of gibbons have been
the subject of much interest over the last 50 years.

Early chromosome staining and banding

Chiarelli (1972) summarized the classically staining data
and found that each genus had a different diploid number, Hy-
lobates 2n = 44, Symphalangus 2n = 50, Nomascus 2n = 52.
He found an individual for which he had only a few metapha-
ses with 2n = 38. Later Prouty (Prouty et al., 1983) showed
that this was the characteristic diploid number of the genus
Hooloch, which was originally called initially call Brunopi-
thecus.

Chiarelli (1972) erroneously took the similar chromoso-
me morphology he found between the genus Hylobates and
Colobine monkeys to indicate that the small apes should be
classified with the Catarrhine monkeys and not with the Ho-
minoidea. Chiarelli was the not the only cytogeneticist that
had problems with the small apes. With the advent of banding
it became clear that the gibbon chromosome were extremely

difficult to match with those of other primates. It was even
hard to find chromosomes with similar banding patterns bet-
ween small ape genera with different diploid numbers. Dutril-
luax (1979) probably the foremost worker of the time just left
them out of his grand scheme of primate chromosome phylo-
geny. Bernstein et al. (1980) made an error greater than that
of Chiarelli when they concluded that gibbons were phyloge-
netically more distant from humans than Old World monkeys
for which banding homologies were readily found.

Mapping syntenic homology
by chromosome painting

The first chromosome painting papers soon showed why
there was so much confusion about the small apes. These first
papers established complete between species chromosome
homology on Hominoids (chimpanzee, gorilla, orangutan and
Hylobates lar (Jauch et al., 1992) and macaques (Wienberg
et al., 1992). They revealed that the great apes and Old World
monkeys had strongly conserved karyotypes while the geno-
mes of small apes were highly rearranged. Chiarelli’s mistake
was confusing convergence with homology; a problem that
was resolved with chromosome painting which establishes
homology on the basis of DNA content not morphological si-
milarity. Bernstein et al. error was basing their assessment on
phenetic similarity, which results from confusing conserved,
ancestral similarity with close, phyletic relationship. A cladis-
tic analysis of derived chromosome characters shows that
small apes are indeed hominoids as thought all along by mor-
phologists.
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Over about a ten-year period, 1992 to 2003, painting
maps of all 4 small ape karyomorphs were established (Jauch
et al., 1992; Koehler et al., 1995a, 1995b; Nie et al., 2001).
These studies included reciprocal painting (Muller et al.,
1998, 2003), which also in this case was a technique applied
for the first time in gibbons (Arnold et al., 1996). Other mole-
cular cytogenetic techniques were also used to study small
apes including Spectral Karyotyping (Schrock et al., 1996)
and Multicolor FISH from microdissected chromosome seg-
ments (Mrasek et al., 2003). RX FISH and color bar coding
were also dependent on pools of sorted gibbon chromosomes.

Although these papers it showed that gibbons belonged in
hominoids it left considerable doubt about the phylogenetic
relationships and divergence sequence between the four gene-
ra. For example Müller’s phylogenetic scheme (2003) (Müller
et al., 2003) Hoolock-Hylobates-Symphalangus/Nomascus,
with an unusual linking of Symphalangus and Nomasus, cont-
radicted almost all other bio-molecular trees of small ape evo-
lution.

BAC-FISH investigation of Hylabid Karyotypes

It is well appreciated that Chromosome painting is a part-
icularly good methods for tracing translocations, but that it is
very poor at documenting inversions. Further, breakpoint lo-
cation with chromosome painting even reciprocal painting is
only approximate. Thankfully, FISH with cloned DNA such
as BACs can provide marker order along chromosomes, do-
cument inversions, locate Evolutionarily New Centromeres
(ENC) and provide a high-resolution definition of breakpo-
ints. Recently BAC FISH provided the basis for hypotheses
of primate ancestral karyotypes which also included marker
order and centromere position including an ancestral karyoty-
pe for a catarrhine primates and for hominoids (Stanyon et al.,
2008).

The experimental procedure was straightforward. A panel
of human BACs about equally spaced along the human geno-
me was hybridized to each small ape karyomorph. Breakpo-
ints were ideally determined when a human BAC spanned a
breakpoint providing 4 signals in the ape metaphases. In other
cases, the breakpoint was flanked by a BAC on each side. On
average about 900 BACs were hybridized to each karyo-
morph. BACs can also be reciprocally FISHed if a BAC libra-
ry is available from non-human primate. The following publi-
cations detail the information of BAC-FISH experiments in
small apes genera: 1) Hylobates (Misceo et al., 2008), 2) No-
mascus (Carbone et al., 2006; Roberto et al., 2007), 3) Sym-
phalangus and Hoolock (Capozzi et al., 2012). The higher le-
vel of resolution of BACs (about 200 Kb) compared to chro-
mosome points also allowed the identification of a good
number of syntenic blocks that had previously gone unrecog-
nized. They synteny block orientation was also established.

A comparison of breakpoints and synteny blocks then al-
lowed a reconstruction of the Hylobatidae ancestral karyoty-
pe. The hypothesized Hominoidea ancestor was used as the
starting point (Stanyon et al., 2008). When the four gibbon
karyomorphs shared a specific breakpoint, we assumed that
this break occurred in the last common ancestor of all Hylo-
batidae. The definition of the ancestral synteny organization
facilitated an understanding of the cascade of chromosomal
changes from the Hominoidea ancestor to the Hylobatid an-
cestral karyotype to the present day karyomorphs. The majo-
rity of the breakpoints found in small apes occurred in the
Hylobatidae ancestor. The analysis showed that 33 rearran-

gements probably occurred in gibbon ancestor after its diver-
gence from Hominidae and before gibbon radiation. The last
common ancestor probably had a diploid number of 2n = 58
(Capozzi et al., 2012).

Rearrangements that occurred in the common ancestor of
all lesser apes were essentially translocations and inversions.
Rates and types of chromosome evolution differ in the diverse
lineages. For instance, the most notable difference between
the Hooloch karyomorph and the Hylobatidae ancestor is the
dramatic evolutionary reduction in chromosomal number
from 58 to 38. The reduction was due to 10 chromosomal fu-
sions.

Hylobatid Phylogeny

Gibbon taxonomy is still highly disputed. Various appro-
aches from morphology to biomolecular investigations have
provided different phylogenetic trees and different taxonomi-
es. It was proposed that detailed BAC-FISH analysis of small
apes karyotypes would provide detail information to reconst-
ruct their phylogeny and evolutionary relationships. It was re-
asoned that rapidly evolving systems provide high resolution
to clarify the evolutionary tree of closely related species.
Chromosomal rearrangements often produce changes that ser-
ve as unique landmarks at divergence nodes because they are
rare changes subject to minimal homoplasy.

Finally, chromosome rearrangements are thought to ge-
nerate reproductive isolation due to reduced fitness in hybrids
and recombination suppression and were hypothesized to
have had a role in small ape speciation (Jauch et al., 1992;
Koehler et al., 1995a, 1995b; Nie et al., 2001; Hirai et al.,
2007; Carbone et al., 2009; Girirajan et al., 2009; Capozzi
et al., 2012). Further, since chromosome rearrangements were
so frequent in small apes it seemed like an ideal situation to
determine how chromosome mutations were related to lar-
ge-scale phenomena such as speciation.

We compared the four gibbon genera in search of a cohe-
rent temporal order of genus divergence. In this context and
according to cladistics procedures we considered only shared
derived rearrangements (Table). Surprisingly, chromosome
rearrangements did not provide a consistent, simple dichoto-
mic phylogeny. Other types of biomolecular data have also
provided contrasting, inconsistent results. In spite of the fact
that the genetic distances between the four small ape genera
probably equal or exceed the one between Homo and Pan bio-
molecular studies have failed to conclusively resolve the Hy-
lobatidae phylogenetic relationships. These studies either pla-
ce Hoolock or Nomascus as basal and Hylobates as the last
genus to emerge (Roos, Geissmann, 2001; Takacs et al.,
2005; Baena et al., 2007; Matsudaira, Ishida, 2010; Thinh
et al., 2010; Perelman et al., 2011). One recent study present
two different phylogenies for small apes (Perelman et al.,
2011).

Why is it so hard to draw a phylogenetic tree for Hyloba-
tids. There may be a number of factors involved. They could
be rapidly diverging. There may be hybridization between di-
verging lineages (reticulate evolution). Demographic factors
could randomly fix ancestral polymorphisms and incomplete
lineage sorting could be an important factor.

The chromosome finding, along with phylogenetic incon-
sistencies in other data sets, suggests that gibbon divergence
occurred in a relatively short period of time. This important
conclusion is supported by recent molecular works (Matsuda-
ira, Ishida, 2010; Thinh et al., 2010). Matsudaira and Ishida
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inferred that the genera Nomascus, Symphalangus and Hylo-
bates diverged from each other in less than 1 million years.
They also concluded that lineage sorting would account for
the apparent discrepancies between various data sets. In line
with this finding, Thinh et al. (2010) calculated that the four
Hylobatidae lineages diverged in less than 1.5 million years,
between 6.7 and 8.3 mya.

In agreement with the lineage sorting scenario Capozzi et
al. (2012) hypothesized that the last common ancestor of the
Hylobatidae was heterozygous for variant forms of at least
4 chromosomes (6, 8, 9, and 18). Importantly, chromosome
data may have the possibility to reveal underlying features of
the speciation process in small apes just because it does not
provide an easy phylogenetic tree.

Role of Chromosome in Hylobatid Speciation

Unexpectedly, the lack of significant cytogenetic land-
marks at the nodes of the gibbon tree could indicate that chro-
mosomal rearrangements did not play a primary role in gene-
ra differentiation. Additionally, in contrast to the great diffe-
rences among genera, species within-genera are characterized
by karyological uniformity, further supporting the view that
multiple speciation events within each genus have occurred
without any concomitant chromosome rearrangements what-
soever.

It is also dubious if the very few difference found betwe-
en nodes could have had any significant effects on fertility
and consequent reproduction isolation. It is noteworthy
that captive hybrids between gibbon genera have been repor-
ted: between Symphalangus and Hylobates (Myers, Shafer,
1979) and between Hylobates and Nomascus (Hirai et al.,
2007). Although considered unlikely, it is unknown if these
intergeneric hybrids are fertile, and the fact that such hybrids
exists even if in captivity lessens the arguments that chromo-
somes were involved as isolating mechanisms in initial small
ape speciation or lead to increased rates of protein divergen-
ce.

Therefore, it seems a reasonable hypothesis, therefore,
that karyological changes seen at the cytogenetic (large scale)
level were not the primary, necessary, or sufficient causes of
small ape speciation. This hypothesis does not exclude the
possibility that fine-scale rearrangements, insertion and dele-
tions as well as the proliferation of repetitive sequencing, and
conversion may have had a significant role in speciation.
However, data available up to now show that there is no inc-
rease in fine-scale rearrangements in small apes (Roberto
et al., 2007) compared to great apes and humans.

The proposed lack of a primary role of (Dobigny et al.,
2005) large-scale rearrangements in gibbon speciation does

not mean that apomorphic rearrangements did not have biolo-
gical significance after the initial divergence including an ac-
cumulation of changes after speciation to insure reproductive
isolation or adaptation. Intensive research at the sequence le-
vel will be needed to examine this possible role.

Mechanism explaining the High rate
of chromosome rearrangements in Hylobatid

The small apes (gibbons) are one of the most dramatic
examples of extremely rapid karyotype evolution. Chromoso-
mal changes in gibbons are up to 20 times that of the average
mammalian rate. Higher rates of evolution are only found in
some gerbils (Dobigny et al., 2005) and in the karyotypic
evolution of onager, donkey, and zebras (Trifonov et al.,
2008).

However, the mechanisms, processes and reasons behind
this high rate of chromosomal rearrangements remain unclear.
The importance of understanding their rapid genome evoluti-
on is also provided by their phylogenetic affinity to humans.

Recently Capozzi et al. (2012) searched for genomic fea-
tures that could be associated with small ape chromosome
breakpoints by permutation test based on the human genome
sequence. There was a significant overlap of breakpoint regi-
ons with genes, segmental duplications, Alu and SVA, but not
for LINE or ERV repeats. SVA elements are infrequent in
gibbons so this relationship would have to indirect. Segmen-
tal duplication may be a driving force in gibbon chromosome
evolution because a consistent number of rearrangements in-
volving. It is intriguing to note that hybridization-induced
perturbation of mobile element methylation and stability has
been proposed as a mechanism for promoting genome-shuf-
fling in small apes (Carbone et al., 2009).

Future Research

It seems likely that the high rate of chromosome evoluti-
on is probably paralleled by sequence variability in and bet-
ween small apes species. However, as yet we have no way to
know if this is true. A more conclusive test of this and the mo-
lecular mechanism behind their extraordinary chromosome
evolution will have to await the sequencing of the complete
genome of at least one species from each of the four karyo-
morph. Detailed information at the sequencing level will al-
low a deeper understanding of hylobatid relationships and
phylogeny. Perhaps such an effort is not beyond the scope of
the new Theodosius Dobzhansky Genome Center for Genome
Bioinformatics in St. Petersburg that was highlighted during
the conference.
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The chromosome associations

Genus
Chromosome Association

1/2 1/12 2/7 2/17 3/8 3/11 3/12 4/5 4/10 5/8 5/16 5/22 6/10 7/11 9/17 11/18 12/19 15/21 Other

Hoolock X X X X X X X X X X X X X X 16

Hylobates X X X X X X X X X X X X X 7

Symphalangus X X X X X X X X X X X X X X X X 6

Nomascus X X X X X X X X X X X X 12

N o t e. This table shows the chromosome associations common to 2 or more small ape genera (listed on the left): 9 associations are common to all small ape
genera. However, the other common linking associations provide no convincing pattern for building an evolution tree.



Further figures related to this brief summary can be fo-
und at the following web site of the University of Bari (Ma-
riano Rocchi) : http:/www.biologia.uniba.it/evo-amb/PhD_
programs/genetics/primate.html; http:/www.biologia.uni-
ba.it/hoolock/; http:/www.biologia.uniba.it/gibbon/; http:/
www.biologia.uniba.it/lar/.
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Trypsin G-banded karyotypes from the four genera of small apes.

a — Hoolock, 2n = 38, b — Hylobates, 2n = 44, c — Symphalangus, 2n = 50 and d — Nomascus. The small ape chromosomes are numbered below and to the
right the syntenic homology with human chromosomes, based on all current data with special reference to BAC-FISH analysis.
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Êàæäûé ðîä ãèááîíîâ èìååò õàðàêòåðíûé êàðèîòèï (êàðèîìîðô) íà êàæäîì óðîâíå öèòîãåíåòè÷å-
ñêîãî àíàëèçà. Ó ïðåæíèõ èññëåäîâàòåëåé, èñïîëüçîâàâøèõ êëàññè÷åñêîå îêðàøèâàíèå è áàíäèðîâàíèå,
áûëè ïðîáëåìû ñîåäèíåíèÿ ýòèõ êàðèîëîãè÷åñêèõ äàííûõ ñ äàííûìè íà äðóãèõ ïðèìàòàõ. FISH-ìåòîä
ïîçâîëèë ïîñòðîèòü êàðòû ñèíòåííîé ãîìîëîãèè äëÿ êàæäîãî èç ÷åòûðåõ êàðèîìîðôîâ (2n = 38, 44, 50
è 52). Îíè ïîêàçàëè, ÷òî ó ÷åëîâåêîîáðàçíûõ îáåçüÿí è îáåçüÿí Ñòàðîãî Ñâåòà êàðèîòèïû ñòðîãî êîí-
ñåðâàòèâíû, â òî âðåìÿ êàê ó ìàëûõ îáåçüÿí îíè ïîäâåðãëèñü çíà÷èòåëüíûì ïåðåñòðîéêàì. Îäíàêî îíè
ïðåäñòàâèëè ôèëîãåíåòè÷åñêèå ðåçóëüòàòû, ïðîòèâîðå÷àùèå äðóãîìó áèîìîëåêóëÿðíîìó äðåâó ýâîëþ-
öèè ãèááîíîâ. Ñîâñåì íåäàâíî ìåòîäîì BAC-FISH ñ èñïîëüçîâàíèåì ïàíåëè îêîëî 900 BAC áûëè îïðå-
äåëåíû âñå òî÷êè ðàçëîìà ïî îõâàòûâàþùèì èëè ôëàíêèðóþùèì BAC êëîíàì. Ñèíòåííàÿ êàðòà áûëà
äîðàáîòàíà è òåïåðü âêëþ÷àåò â ñåáÿ íåáîëüøèå ó÷àñòêè ãîìîëîãèè, êîòîðûå ðàíåå îñòàâàëèñü íåâûÿâ-
ëåííûìè, ìàðêåð ïîðÿäêà (áëîê îðèåíòàöèè ñèíòåíèè) è ïîëîæåíèå äðåâíèõ è ýâîëþöèîííî íîâûõ öåí-
òðîìåð. Òåì íå ìåíåå äàííûå BAC-FISH-ìåòîäà, ïîäîáíî äðóãèì áèîìîëåêóëÿðíûì ìåòîäàì, èñïîëüçî-
âàâøèìñÿ äî ñèõ ïîð, íå ñìîãëè óñòàíîâèòü ôèëîãåíåòè÷åñêîå äðåâî ãèááîíîâ. Ýòè òðóäíîñòè ìîãóò
áûòü îáúÿñíåíû î÷åíü áûñòðîé äèâåðãåíöèåé â êðîíå äðåâà Hylobatidae, ñåò÷àòîé ýâîëþöèåé è íåñîâåð-
øåííîé êëàññèôèêàöèåé. Îòñóòñòâèå çíà÷èòåëüíûõ öèòîãåíåòè÷åñêèõ îðèåíòèðîâ â óçëàõ äðåâà ãèááî-
íîâ ìîæåò îçíà÷àòü, ÷òî õðîìîñîìíûå ïåðåñòðîéêè íå èãðàþò âåäóùåé ðîëè â âèäîîáðàçîâàíèè Hyloba-
tidae.

Ê ë þ ÷ å â û å ñ ë î â à: ãèááîíû, õðîìîñîìû, êàðèîòèï.
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