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The chromosome reorganizations that arose during primate evolu-
tion have usually been detected by use of banding patterns. The
ZOO-FISH technique allows more precise characterization of the
chromosome homologies between humans and other non-human
primates. This technique is useful when the phylogenetic distance
between the species is large and chromosome homologies are dif-
ficult to detect by comparing G bands (Sherlock et al. 1996).

The genusCebus(Cebidae, Platyrrhini) has been widely stud-
ied from a cytogenetic point of view (Garcia et al. 1983; Matayoshi
et al. 1986; Mudry 1990; Ponsa` et al. 1995). Results obtained by

comparing the G- or R-banding patterns of this genus and those of
other primates allowed us to establish the hypothesis thatCebus
maintained a primitive karyotype (Dutrillaux and Couturier 1981;
Clemente et al. 1990). For this reason, comparison betweenCebus
and the human karyotype is especially interesting.

Homologies betweenCebus capucinusand human chromo-
somes have been established by comparing their R-banding pat-
terns (Dutrillaux 1979) and by the ZOO-FISH technique (Richard
et al. 1996). Comparison between the G-banding pattern ofCebus
apellaand the human karyotype was also carried out by Clemente
et al. (1987) and Borrell (1995). Using ZOO-FISH, we have con-
firmed the homologies for human Chromosomes (Chrs) 2, 3, 9, and
14 in C. apella(Garcia et al. 1999).Correspondence to:M. Garcia Calde´s; e-mail: IBCE1@cc.uab.es

Fig. 1. (a) ZOO-FISH inCebus apellawith the probes from
human Chrs 5 (a), 19 (b), 7 (c), and 8 (d). Arrows in (a) and
(b) indicate a single chromosome pair ofC. apellapainted
with human probes from Chrs 5 and 19. Arrows and asterisks
in (c) and (d) indicate two chromosome pairs ofC. apella
wholly or partially painted with human probes for Chrs 7 and
8. (b) CompositeCebus apellakaryotype with sequential
G-C bands, with a G-banded chromosome on the left and the
same C-banded chromosome on the right. To the left of each
G-banded chromosome, the numbers indicate the human
probe that hybridizes with each region. Chromosomes were
obtained from standard lymphocyte cultures. Sequential
ZOO-FISH G-bands have been used to identifyC. apella
chromosomes that had hybridized with each human probe.
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In this report we describe the analysis ofCebus apellachro-
mosomes by ZOO-FISH with probes for each human chromosome.
The aims of this work are to establish the chromosome homologies
between both species and to detect the chromosome reorganiza-
tions that would explain these homologies.

The ZOO-FISH technique has allowed us to establish homolo-
gies between human (HSA) andCebus apella(CAP) chromo-
somes (Fig. 1, Table 1) and to determine three different kinds of
relations between human and CAP chromosomes: (a) human chro-
mosomes represented as a whole CAP chromosome: 4, 6, 9, 11, 12,
13, 17, 19, 20, 22, and X; (b) human chromosomes represented as
part of a CAP chromosome, but associated with another HSA
chromosome: 5, 14, 18, and 21; and (c) human chromosomes
represented in more than one CAP chromosome: 2, 7, 8, 10, 15,
and 16 (in two CAP chromosomes) and 1 and 3 (in three CAP
chromosomes).

Based on the ZOO-FISH and G-banding sequential results, we
have proposed the G-banding homologies between CAP and hu-
man chromosomes and the chromosomal reorganizations that
would explain these homologies (Fig. 2, Table 1).

From the results obtained, we have classified human chromo-
somes into three different groups: (a) those that do not need any
chromosome reorganization to be homologous to CAP chromo-
somes: 13, 19, 22, and X; (b) those that need only a single chro-
mosome reorganization to be homologous to CAP: 4 and 6 (cen-
tromeric shift), 12, 17, and 20 (pericentric inversion), and 21 (fis-
sion); and (c) those that need more than one chromosome
reorganization to be homologous to CAP: 1, 2, 3, 5, 7, 8, 9, 10, 11,
14, 15, 16, and 18.

In this report we present, for the first time, the results obtained
by applying ZOO-FISH, using all human chromosome probes, on
Cebus apella(CAP) chromosomes. At present, the only results
published applying ZOO-FISH to the genusCebusare in C. ca-
pucinus(CCA) (Richard et al. 1996). Karyotypes from both spe-
cies (CAP and CCA) are not identical. Even if they have the same
fundamental number (2n4 54), they show some differences in
three chromosome pairs, which could be explained either by peri-
centric inversions or by changes in the localization and amount of
constitutive heterochromatin (unpublished results). The ZOO-
FISH technique could not detect these chromosome reorganiza-
tions; therefore, the results in both species are coincident, even if
their karyotypes are not identical.

The combined use of ZOO-FISH and G-banding allowed us to
confirm homologies that had been previously established in our

Table 1. Chromosome homologies betweenCebus apellaand humans revealed by
ZOO-FISH.

Human
chromosome

Cebus apella
chromosome

Chromosome
reorganization

1p 14a,b —
1q 22c

23a,c
fusion 22qter/23qter

2p+qprox 5qa,b pericentric inversion
2q (except qprox) 13b pericentric inversion
3p 18a,c paracentric inversion
3qprox* 11qproxc —
3qter 20qtera,c —
4 2a,b centromeric shift
5 1 (except pter)b 2 paracentric inversions
6 3b centromeric shift
7 (except qter) 15c 2 pericentric inversions
7qter 1pterc fusion15qter/1pter
8p 7pc paracentric inversion
8q 8c pericentric inversion
9 19b 2 pericentric inversions
10p 26a,c —
10q 4qec paracentric inversion
11 16a,b a pericentric and a paracentric

inversion
12 12c pericentric inversion
13 17c —
14 (except qprox) 6q (except qprox)c paracentric inversion
14qprox 6pterc pericentric inversion
15 (except qprox) 6qprox+6p (except pter)c —
15qprox 24c —
16p 4pc —
16q 5pa,c —
17 21c pericentric inversion
18 7qb pericentric inversion
19 9b —
20 10b pericentric inversion
21 11qter (except term.

heterochromatin)b
—

22 25b —
X Xb —

a Upside-down.
* See text for more details.
b Homologies previously detected by G-banding in our laboratory.
c Homologies that have been elucidated by ZOO-FISH (present work).

Fig. 2. Comparison of human andCebus apellaG-banded chromosomes.
i 4 inversion; f4 fusion/fission
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laboratory using only G-banding, and to delineate more precisely
the breakpoints involved in the evolutionary chromosome rear-
rangements that explain the homologies between CAP and HSA
(Table 1, Fig. 2). The ZOO-FISH technique has been extremely
useful to establish the homologies between human Chrs 3, 7, and
11 and CAP chromosomes. These homologies were extremely
difficult to determine with only G-banding, owing to the complex
reorganizations that have taken place during primate evolution.

In the same way as in other primates (Wienberg and Stanyon
1997), HSA 2 is present in CAP as two different chromosomes (5q
and 13; Fig. 1b, Table 1). In the Hominidae (Yunish and Prakash
1982), the Cercopithecidae (Clemente et al. 1990), CAP (present
work) andSaimiri boliviensis boliviensis(SBB; unpublished re-
sults), the fusion between the two pairs of homologous chromo-
somes to produce HSA 2 would take place in the same band, HSA
2q13.

Human Chrs 4 and 6 are homologous to CAP 2 and CAP 3.
These homologies can be explained by a centromeric shift (Fig. 2).
This is not the first time that a morphological change in homolo-
gous chromosomes of different species can be explained by this
mechanism (Dutrillaux et al. 1982; Clemente et al. 1987; Tihy et
al. 1996). The presence of latent centromeres that can be activated
and inactivated is a well-known phenomenon (Holmquist and Dan-
cis 1980). In addition, the morphology of CAP 2 and 3 chromo-
somes is similar to that of the chromosomes ofCallithrix jacchus
(CJA), which are also homologous to HSA 4 and 6 (Sherlock et al.
1996). Therefore, in this case, the chromosome reorganization
needed to relate HSA 4 and 6 with CJA would also be a centro-
meric shift.

Human Chr 9 is homologous to a whole chromosome or to a
chromosome segment in other primates (Wienberg and Stanyon
1997). HSA 9 is homologous to CAP 19. It must be pointed out
that the pericentromeric heterochromatin of HSA 9 seems to be
located in the same region in its homolog CAP 19 (in this case,
interstitial location). However, the use of in situ digestion with
restriction enzymes (AluI, HaeIII, and RsaI) shows that this het-
erochromatin is different in both species (Garcia et al. 1999).

Human Chr 12 is homologous to CAP 12 with a pericentric
inversion (Figs. 1b and 2). The same kind of inversion involving
the same HSA band would explain the homology between HSA 12
andAotus nancymae2q (unpublished results). It is not possible to
generalize the presence of this inversion in the rest of the platyr-
rhini, because in SBB, HSA 12 is homologous to Chr 5 (except for
the p terminal region that is heterochromatic), without evident
chromosome reorganizations (unpublished results).

Human Chr 13 is homologous to CAP 17 without evident
chromosomal reorganizations. CAP 17 shows interstitial hetero-
chromatin in the same region that in the chromosome ofPan
troglodytes(PTR) is homologous to HSA 13. However, the use of
in situ digestion with restriction enzymes on PTR and CAP chro-
mosomes reveals that this interstitial heterochromatin is different
in both species (Garcia et al. 1999).

The chromosome rearrangements detected when comparing
CAP and HSA chromosomes are mainly inversions, followed by
fusions/fissions, translocations, and centromeric shifts. These
kinds of evolutionary reorganizations have also been described by
Clemente et al. (1987) and Rumpler and Dutrillaux (1990) as the
most frequent reorganizations found in the platyrrhini.

We have found inC. apella the following associations: 2/16,
3/21, 5/7, 8/18, 10/16, and 14/15. Two of these associations (3/21
and 14/15) have already been described in other primates and even
in other mammals. According to Wienberg and Stanyon (1997),
these two associations are ancestral in primates; thus, CAP could
also be included in the list of New World monkeys that present
these associations in their karyotype. On the other hand, the pres-
ence of associations 8/18 and 10/16 is a characteristic that would

link the living New World monkeys (Stanyon 1999), including
CAP. Concerning the associations 2/16 and 5/7 found in CAP, they
are not present in all platyrrhini; thus, they are not a common
character of this group of primates (Stanyon 1999).

Finally, according to our results of sequential ZOO-FISH and
G-banding comparison, we can not conclude that all the human
euchromatin is represented in CAP as Richard et al. (1996) con-
sidered forC. capucinus.When G-banding from HSA 3 is com-
pared with the banding pattern of the CAP regions that show
hybridization signals with human chromosome 3 probe, the region
corresponding to HSA 3 q proximal cannot entirely be found.
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Abstract The intrachromosomal location of the telomer-
ic sequence in the crab-eating macaque, Macaca fascic-
ularis (F. Cercopithecidae, Catarrhini) has been analysed
by fluorescent in situ hybridisation with a long synthetic
(TTAGGG)n probe. A total of 237 metaphases was ana-
lysed. As expected, all telomeres hybridised with the probe
and 90 intrachromosomal loci with different hybridisation
frequencies were also detected. The chromosomal location
of interstitial telomeric sequences in M. fascicularis and
in Homo sapiens was then compared, 37 sites (41.11%)
being found to be conserved. Some of these sequences
can be derived from rearrangements, such as inversions
(MFA13q23) or fusions (MFA2p13 and MFA13p12), that
have taken place during karyotype evolution.

Introduction

Telomeric DNA in vertebrate chromosomes is a variable
tandem-repeated nucleotide sequence (TTAGGG)n (Meyne
et al. 1989). In 1990, Meyne et al. described the presence
of non-telomeric sites of the (TTAGGG)n sequence, named
ITS (interstitial telomeric sequences), in 100 different
species by using in situ fluorescence hybridisation. Since
then, ITS have been described in various species of mam-

mals (Wurster-Hill et al. 1988; Scherthan 1990; Lee et al.
1993; Vermeesch et al. 1997; Bertoni et al. 1996; Thom-
sen et al. 1996; Garagna et al. 1997; Metcalfe et al. 1997,
1998; Fagundes and Yonenaga-Yassuda 1998; Silva and
Yonenaga-Yassuda 1998; Svartman and Vianna-Morgante
1998; Liu and Fredga 1999; Finato et al. 2000; Pagnozzi
et al. 2000; Go et al. 2000; Lear 2001), amphibians (Wiley
et al. 1992), reptiles (Schmid et al. 1994; Pellegrino et al.
1999), fish (Abuín et al. 1996) and birds (Nanda and
Schmid 1994).

Some hypotheses regarding the origin of intrachromo-
somal telomeric (TTAGGG)n sequences have been pro-
posed that are not mutually exclusive: (1) telomerase hav-
ing a role in the repair of double-strand breaks introducing
telomeric arrays (Flint et al. 1994; Azzalin et al. 2001), (2)
differential crossing-over or genic amplification (Wiley et
al. 1992), (3) chromosome integration of extrachromosomic
segments or transposons with telomeric sequences (Cherry
and Blackburn 1985), (4) telomeres, which have lost their
function, in a non-terminal position after intrachromoso-
mal rearrangements, as described in some human genetic
disorders (Park et al. 1992; Rossi et al. 1993; Vermeesch
et al. 1997; Devriendt et al. 1997) and (5) remnants of an-
cestral chromosomal rearrangements (inversions and fu-
sions) produced during karyotype evolution (Ijdo et al.
1991; Lee et al. 1993; Vermeesch et al. 1996; Thomsen et
al. 1996; Metcalfe et al. 1997, 1998; Fagundes and Yone-
naga-Yassuda 1998; Pellegrino et al. 1999; Go et al. 2000;
Finato et al. 2000). This last possibility has been used to
explain the presence of ITS in human chromosome 2q13,
which is the result of a telomere-telomere fusion of two
ancestral chromosomes (Wells et al. 1990; Ijdo et al. 1991).
In 1997, Azzalin et al. described interstitial hybridisation
signals in all human chromosomes by using a 1–20 kb
large synthetic polynucleotide probe (TTAGGG)n.

In Macaca fascicularis (MFA; F. Cercopithecidae, Ca-
tarrhini), a primate with a stable karyotype, the character-
isation of intra- and interchromosomal rearrangements
that relate human and macaque chromosomes (Ruiz-Her-
rera et al. 2002) with other primate species shows that, in
this species, the presence of intrachromosomal (TTAGGG)n

sequences might be the consequence of the evolution of
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chromosomal rearrangements that had occurred in the early
evolution of primates. We have therefore analysed the in-
trachromosomal position of telomere-like repeats in M. fas-
cicularis by using fluorescent in situ hybridisation tech-
niques; the conservation of the location of ITS in human
and macaque chromosomes and the possible origin of these
sequences from the point of view of chromosomal evolu-
tion is discussed. The relationship between ITS, fragile
sites and bands significantly affected by X-irradiation has
also been studied.

Materials and methods

Cell culture and chromosome preparations

Heparinised peripheral blood samples were taken from two unre-
lated M. fascicularis females, (2n=42; Centro de Investigación y
Desarrollo Aplicado, Barcelona, Spain).

RPMI-1640 medium (Gibco) supplemented with phytohaemag-
glutinin, pokeweed, 25% fetal bovine serum, L-glutamine, peni-
cillin, streptomycin, heparin and HEPES buffer was used for blood
cultures. A volume of 0.5 ml of each blood sample was cultured in
5 ml medium for 72 h at 37°C. Colcemid (10 µg/ml) was added to
the cultures for the last 20 min. Cells were harvested and chromo-
somal preparations obtained by using a standard protocol.

All specimens were chromosomally characterised and an
ideogram was constructed according to the standardised karyotype
for M. fascicularis (Borrell et al. 1998). Homologies between
Macaca and humans have been established by ZOO-FISH (Wien-
berg et al. 1992; Ruiz-Herrera et al. 2002) and G-banding compar-
ison (Ruiz-Herrera et al. 2002).

Fluorescent in situ hybridisation

Fluorescent in situ hybridisation (FISH) experiments were per-
formed as previously described (Azzalin et al. 1997). Chromosomes
were hybridised with a non-commercial biotin-labelled telomeric
probe, i.e. a mixture of synthetic (TTAGGG)n polynucleotides.
Slides were treated with RNase (100 µg/ml) in 2×SSC (1×SSC=
150 mM NaCl, 15 mM sodium citrate, pH 7.0) at 37°C, pepsin-di-
gested (0.005% in 10 mM HCl at 37°C), post-fixed (4% paraform-
aldehyde in phosphate-buffered saline plus 50 mM MgCl2 ) and
denatured in 70% formamide/2×SSC at 75°C. In situ hybridisation
with the probe was carried out overnight at 37°C and the slides
were washed three times in 25% formamide/4×SSC at 37°C and
three times in 2×SSC at 37°C. The probe and methodology applied
were the same as those in Azzalin et al. (1997). Detection was per-
formed and results were interpreted based on the same criteria and
in the same laboratory as Azzalin et al. (1997). Metaphases were
counterstained with 4,6-diamidino-2-phenylindole (DAPI; 100 ng/
ml) and observed with a Zeiss Axioplan microscope equipped with
a cooled charge-coupled device camera system. The G-banding
pattern was generated by using the DAPI DNA counterstain.

ITS have been classified into three groups according to the
frequency of hybridisation (Azzalin et al. 1997): (1) very frequent
(19 times or more), (2) frequent (5–18 times) and (3) rare (less than
5 times). Only double spots (hybridisation signals on both chro-
matids) have been taken into account; since single spots cannot be
distinguished from the background, they have been discarded.

Results

A total of 237 metaphases, 59 from one specimen and 178
from the other, has been analysed. All telomeres exhibited
hybridisation signals with the telomeric (TTAGGG)n

probe. A total of 90 ITS was found in almost all chromo-
somes (with the exception of chromosome MFA9) with var-
ious hybridisation frequencies, 40 of them being frequent
or very frequent. The different hybridisation frequencies
were probably related to the different number of tandem
repeats of the (TTAGGG)n sequence present in each lo-
cus. The distribution of double spots observed is shown in
Fig.1 and examples of the images obtained can be seen in
Fig.2.

Very frequent signals, i.e. those that hybridised 19 or
more times with the telomeric probe, were located in seven
different chromosome bands: 1q32 (42 times), 3q21 (19
times), 3q32 (28 times), 6q21 (52 times), 12q13 (22 times),
13q23 (32 times) and 20q12 (33 times). Frequent signals,
which hybridised 5–18 times, were located in 33 different
chromosome bands: 1p21, 1p12, 1q12, 1q14, 2p22, 2q12,
2q21, 2q23, 2q24, 3p22, 3q11, 3q23, 4p11, 4q12, 5q17,
5q23, 6q12, 6q21, 6q23, 10q21, 11q12, 11q21, 12q22,
13p21, 14q14, 14q21, 14q22, 15q13, 15q21, 17q14, 18q12,
Xp12 and Xq21. Rare signals, which hybridised fewer
than 5 times with the telomeric probe, were found at 50
different sites (Fig.1).

As seen in Fig.1, the number of ITS varies between
chromosomes. Some chromosomes have a high number
of ITS, such as chromosomes MFA1 and MFA2 (both
with 10 ITS), and others lack ITS, such as MFA9, or have
a low number (1 to 3) of ITS, such as MFA7, MFA8 and
MFA17.

The distribution of ITS according to chromosome posi-
tion appeared to be random: 33.33% were located in the
central region, 42.22% in the mid-region of the chromo-
somes and 24.44% in the distal region. According to 
G-banding, 60% of ITS were present in G+ bands and 40%
were present in G– bands.

When the position of MFA ITS was compared with the
localisation of chromosome bands significantly affected
by X-irradiation (described by Borrell et al. 1998), six out
of 19 MFA bands significantly affected by X-irradiation
(31.57%) coincided with ITS in MFA (MFA1p12,
MFA2q17, MFA6q23, MFA7q12, MFA12p12 and
MFA15q21; Fig.1).

Cytogenetic studies on aphidicolin-induced fragile sites
in MFA have also been performed in our laboratory (Ruiz-
Herrera et al. 2002). Of 95 common fragile sites mapped
in the MFA chromosomes, 45 (47.37%) coincide with ITS
located in the same band in MFA (Fig.1).

The location of ITS in MFA was also compared with
ITS previously described in the human karyotype (Azza-
lin et al. 1997) to study whether these sequences had been
conserved during evolution. The karyotype of Homo sapi-
ens (HSA) has 103 ITS sites distributed in all chromo-
somes, with a different hybridisation frequency: two very
frequent ITS, 50 frequent ITS and 51 rare ITS. The pro-
portion of frequent and very frequent ITS in relation to
rare ITS is the same in MFA and in HSA (Chi-square=
0.3995, P=0.5273). Of 90 ITS located in the chromo-
somes of MFA, 37 (41.11%) coincide with ITS located in
the equivalent band in their HSA homologue (Table 1).
Human chromosome 3 has been previously studied in Old
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World monkeys by molecular cytogenetics with specific
probes for chromosome sub-regions (Müller et al. 2000;
Müller and Weinberg 2001). Because of the complex struc-
tural rearrangements needed to explain the homology be-
tween MFA3 and HSA3 (at least, three inversions), this
chromosome has been excluded from the comparison with
human ITS.

Discussion

The distribution of ITS in MFA chromosomes, as revealed
by using a (TTAGGG)n probe, is described for the first
time in this report. Ninety ITS with various hibridisation

frequencies have been detected, 7 loci being very fre-
quent, 33 loci being frequent and 50 loci being rare; of
these, 41.11% are located in human homologous bands.
After a comparative study, it can be seen that 31.57% of
MFA bands are significantly affected by X-irradiation and
47.37% of common fragile sites mapped in the MFA karyo-
type coincide with MFA ITS.

ITS versus primate ancestral karyotype

As has been previously presented herein, many hypothe-
ses regarding the origin of ITS have been proposed over
the past few years. The oldest proposal is that, where ITS
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Fig. 2a–d Partial metaphase
images of M. fascicularis chro-
mosomes showing ITS FISH
hybridisation signals with the
(TTAGGG)n probe (images left)
and DAPI bands (images right).
Arrowheads Double spots in: 
a 6q13, 6q21, 6q21 and 20q15,
b 13q22, c 1q32 and 1q32, 
d 3q34



are considered as being remnants of ancestral chromo-
some reorganisations and irrespective of mechanisms of
origin, the presence of arrays of telomeric repeats could
provide alternative sites for telomere formation within
chromosomes (Meyne et al. 1990). This indicates the pres-
ence of a high degree of flexibility for karyotype rearrange-
ments providing preferential sites for chromosome reor-
ganisations.

If we consider that the ancestral primate karyotype is in-
deed that recently published by various authors (O’Brien
and Stanyon 1999; Müller et al. 1999; Müller and Wien-
berg 2001; Murphy et al. 2001) and if we take the chro-
mosome homologies between human, MFA and some
Plathyrrini species, viz. Cebus apella (CAP) and Lagothrix
lagothricha (LLA), into account, we postulate that some
of the ITS present on MFA and HSA chromosomes can be
considered as being: (1) the result of ancestral chromo-

some rearrangements (such as fusions), (2) unstable re-
gions where fissions and inversion might occur during
karyotype evolution; in other words, ITS are the storage
for new telomeres, the fission points at which chromo-
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Table 1 Correspondence be-
tween intrachromosomal
telomere-like sequences (ITS)
on human (HSA) and M. fascic-
ularis (MFA) chromosomes

aRare ITS
bFrequent ITS
cVery frequent ITS

ITS-HSA ITS-MFA
(Azzalin et al. 
1997)

1p35a 1q34a

1p32b 1q32c

1p22b 1q22a

1q21c 1q12b

1q23a 1q14b

1q25b 1p22a

1q32b 1p31a

2q23a 15q13a

2q33a 15q21b

2q35a 15q23a

4p15a 4p24a

4q25b 4q21a

5q23b 5q23b

6p21a 6q23b

6cenb 6q21c

6q21b 6q12b

6q25a 6p13a

7p15a 2q14a

7q21a 2q21b

7q32b 2q24a

8p21b 8p13a

8q13a 8q14a

9p21a 14q23a

9q11a 14q12a

9q22a 14q14b

9q31b 14q21b

10q21a 10q21b

10q22a 10q14a

11q13b 11q12b

11q23b 11q23a

12q13b 12q13c

12q21a 12q21a

12q23b 12q23b

13q14a 16p13a

13q21a 16q12a

18q21b 18q12b

Xq21b Xq21b

Fig.3a–c Idiograms showing chromosome rearrangements explain-
ing the presence of ITS sites found in Homo sapiens (HSA) and
Macaca fascicularis (MFA). a Ideogram showing the ancestral pri-
mate karyotype and the homologies among Homo sapiens (HSA),
Macaca fascicularis (MFA), Lagothrix lagothricha (LLA) and Cebus
apella (CAP). b Idiogram showing the homologies between HSA7
and MFA2 from the ancestral primate karyotype. c Idiogram show-
ing homologies among MFA13 and HSA20 and HSA22. Red dots
in MFA chromosomes show the position of ITS found in this work
and, in HSA, the position of ITS found by Azzalin et al. (1997),
which might be the consequence of evolutive chromosomal re-
arrangements



some reorganisations can be “fixed” during the evolution-
ary process. Here, the most representative cases are pre-
sented.

MFA chromosome 1

Ten ITS loci have been detected (Fig.1), seven of which
are also present in the homologous chromosome of HSA
(Table 1). In the ancestral primate karyotype, HSA1 is
present in two different chromosomes (Clemente et al.
1990a; Müller et al. 1999; Murphy et al. 2001). In Papio,
Macaca and Cercocebus species (T. Papionini), as in
other Cercopithecidae, HSA1 is homologous to one chro-
mosome because of the fusion of the two ancestral chro-
mosomes and a pericentric inversion (Dutrillaux et al.
1979; Ponsà et al. 1986; Wienberg and Stanyon 1998;
Ruiz-Herrera et al. 2002; Fig.3a). In addition to this reor-
ganisation and in agreement with Müller and Wienberg
(2001), Macaque chromosome 1 needs a paracentric in-
version to be homologous to HSA1. In some New World
monkey species, such as Cebus and Lagothrix, HSA1 is
homologous to three and four chromosomes, respectively.
In CAP, the chromosomes homologous to HSA1 are CAP14,
CAP22 and CAP23 (García et al. 2000) and, in LLA, the
four chromosomes homologous to HSA1 are LLA9,
LLA25, LLA26 and LLA28 (Stanyon et al. 2001) because
of fissions from the ancestral primate karyotype.

Although the hypothesis in which the homologue to
human chromosome 1 is represented as two chromosomes
in the ancestral primate karyotype (Clemente et al. 1990a;
Müller et al. 1999), another possible situation can be taken
into account when comparing the ZOO-FISH results pub-
lished recently. It should be noted that there are 2–5 chro-
mosomes homologous to human chromosome 1 in most
mammalian species (Wienberg et al. 2000) and so the pos-
sibility that the ancestral primate karyotype can be repre-
sented by three or four chromosomes, as is the case with
CAP and LLA, can be considered. However, this last hy-
pothesis must be demonstrated by further comparative
mapping in more placental species.

In any case, after comparing HSA, MFA, CAP and
LLA karyotypes and if the currently accepted ancestral
primate karyotype is considered, we note the following.
(1) The ITS located in MFA1p12 could be the result of the
fusion of the two ancestral chromosomes homologous to
HSA1. The direction of the change of the inversion nec-
essary for the homology probably extends from the mor-
phology present in MFA to the morphology present in
HSA because the human chromosome 1 is the only chro-
mosome that presents the pericentric inversion within the
Hominidae and Cercopithecidae. (2) The ITS located in
MFA1p22 corresponds to HSA1q25 (Table 1). If the
ZOO-FISH results from CAP (García et al. 2000) and
from LLA (Stanyon et al. 2001) are considered with some
modifications, HSA1q25 may be the fission point for
chromosomes CAP22/CAP23 and LLA25/LLA26, re-
spectively. Thus, this site could be a potential new telo-
mere and could be present in the ancestral primate karyo-

type as a latent telomere. The difference in the hybridisa-
tion frequency (higher in HSA than in MFA) could be at-
tributable to a variation in the number of repeats of the
telomeric sequence originating during the divergence of
these species. (3) For the same reason, we consider that
the ITS located in MFA1q22, which corresponds to
HSA1p22 (Table 1), could be another potential telomere
and a site for the fission of chromosomes LLA9 and
LLA28. (4) The chromosome bands involved in the peri-
centric inversion (MFA1p12 and MFA1q14) have ITS but
only one (MFA1q14) is conserved in the homologous
chromosome of HSA1 (Table 1). In the same way, the
chromosome bands involved in the paracentric inversion
(MFA1p31 and MFA1p21; data in preparation) have ITS
and one of them (MFA1p31) is also conserved in HSA
(Table 1). In these two cases, the inversion points are lo-
cated within ITS.

MFA chromosome 2

This chromosome has 10 ITS loci (Fig.1), three of which
(MFA2q14, MFA2q21 and MFA2q24) are conserved in
the homologous HSA chromosome (Table 1). MFA2 re-
sults from a telomere-telomere fusion of ancestral chromo-
somes homologous to HSA7 and HSA21 (Wienberg et al.
1992; Ruiz-Herrera et al. 2002) and the ITS located in
MFA2p13 could be the remnant of the fusion (Fig.3b).

In the ancestral primate karyotype, the chromosome
homologous to HSA7 is present as a single chromosome
(Müller et al. 1999; O’Brien and Stanyon 1999). CAP and
MFA chromosomes homologous to HSA7 have an equiv-
alent banding pattern and, as a result, both species can be
considered to have a chromosomal form similar to the an-
cestral chromosome 7 in agreement with the data pub-
lished by O’Brien and Stanyon (1999). As a consequence,
the ITS present in HSA7q11 (Azzalin et al. 1997) could
be interpreted as the internalisation of the 7p telomere
from the submetacentric ancestral form by pericentric in-
version. The results obtained by Azzalin et al. (2001) also
suggest that this telomeric site could be the result of an
ancestral rearrangement. MFA chromosome 2 has no ITS
homologous to ITS HSA7q11 because it has probably
conserved the ancestral form (Fig.3b).

MFA chromosome 4

Of the eight ITS detected (Fig.1), two are conserved in
the homologous HSA chromosome. MFA chromosome 4
is homologous to HSA chromosome 4 by pericentric in-
version (Marzella et al. 2000) and the two bands involved
in this rearrangement (MFA4p12 and MFA4q12) have ITS.

MFA chromosome 11

Five ITS have been detected (Fig.1). Two of them,
MFA11q12 and MFA11q23, are conserved in the homolo-
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gous HSA chromosome (Table 1). MFA11 is homologous
to HSA11 by pericentric inversion (Ruiz-Herrera et al.
2002) and the same homology has been described in Papi-
onini and Cercopithecini (Ponsà et al. 1986; Clemente et
al. 1990b). One of the bands involved in the inversion
(MFA 11q12) has an ITS.

MFA chromosome 13

Four ITS have been detected, none of which is conserved
in HSA. MFA13 is homologous to HSA20 and HSA22
through two reorganisations: one pericentric inversion in
HSA20 followed by a telomere-telomere fusion (Ruiz-Her-
rera et al. 2002; Fig.3c). The ITS located in MFA13q23
could be the result of an internalisation of the p-arm telo-
mere of the ancestral HSA20 form (Clemente et al. 1990a),
whereas the ITS located in MFA13p12 could be the rem-
nant of the fusion of chromosomes HSA20 and HSA22
(Fig.3c).

Another possibility in consideration is that the ances-
tral HSA20 form is an acrocentric chromosome equiva-
lent to C. nigrivittatus chromosome 10 (data in prepara-
tion). In this case, the ITS located in MFA13q23 would be
an inversion point.

MFA chromosome 14

Five ITS have been detected (Fig.1). Four of them
(MFA14q21, MFA14q14, MFA14q12, MFA14q23) are
conserved in the homologous HSA chromosome (Table 1).
The ITS located in MFA14q22 (Fig.2) is not found in
HSA; its origin could be related to the internalisation of
the 14p-arm telomere by pericentric inversion (Ruiz-Her-
rera et al. 2002).

MFA chromosome 18

Three ITS have been detected (Fig.1). MFA18q12 is con-
served in the homologous HSA chromosome and corre-
sponds to one of the bands involved in the inversion nec-
essary for the morphological conversion of HSA18 into
MFA18 (Ruiz-Herrera et al. 2002).

Overview of the studied ITS

In summary, we can conclude that some of the studied
ITS can be considered as (1) the result of evolutionary re-
organisations, such as fusions and intrachromosomal reor-
ganisations (internalisations of telomeres) and/or (2) un-
stable loci, because these telomeric arrays are located
within fission points, and loci involved in inversions. Some
of the remaining ITS found in MFA and HSA could have
originated from chromosomal rearrangements that have
occurred after the divergence of the HSA and MFA spe-
cies. However, the possible implication of other mecha-

nisms in the origin of these ITS, such as gene amplifica-
tion, unequal crossing-over or the insertion of telomeric
repeats at sites of double-strand breaks during the repair
by telomerase, cannot be discarded. A study including a
larger number of primate species will probably elucidate
the evolutionary contribution of ITS.

ITS versus fragile sites and chromosome instability

Some authors have related ITS to spontaneous chromo-
some rearrangements (Bertoni et al. 1994) and to induced
chromosomal rearrangements (Álvarez et al. 1993; Fer-
nández et al. 1995; Slijepcevic et al. 1996). Other authors
have related ITS to recombination and chromosomal un-
stable events (Hastie and Allshire 1989; Pluta and Zakian
1989; Katinka and Bourgain 1992; Mondello et al. 2000;
Kilburn et al. 2001). Moreover, in view of the coincidence
between ITS and fragile sites suggested by Farr et al.
(1991), Musio et al. (1996) and Musio and Mariani (1999),
the cytogenetic studies on aphidicolin-induced fragile sites
in MFA chromosomes performed in our laboratory (Ruiz-
Herrera et al. 2002) show a relationship between ITS and
fragile sites. If the position of MFA ITS is compared with
the localisation of common fragile sites, we observe that
45 MFA ITS (51.14%) are located in chromosome bands
in which fragile sites have been detected. These results
support the previous suggestions from cytogenetic studies
showing that ITS are sites for preferential chromosomal
breakage and from molecular studies in which the insta-
bility of ITS in the human genome have been reported
(Mondello et al. 2000). In our comparative study, some
ITS coincide with inversion points (MFA1p12, MFA1p21,
MFA1p31, MFA1q14, MFA4p21, MFA4q12, MFA11q12
and MFA18q12) and with fissions (MFA1p22 and
MFA1q22), when MFA and HSA are compared by taking
the ancestral primate karyotype into account.
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