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The chromosome reorganizations that arose during primate evolwwomparing the G- or R-banding patterns of this genus and those of
tion have usually been detected by use of banding patterns. Thether primates allowed us to establish the hypothesisGledius
ZOO-FISH technique allows more precise characterization of themaintained a primitive karyotype (Dutrillaux and Couturier 1981;
chromosome homologies between humans and other non-huma@iemente et al. 1990). For this reason, comparison bet@ebns
primates. This technique is useful when the phylogenetic distancand the human karyotype is especially interesting.
between the species is large and chromosome homologies are dif- Homologies betweerCebus capucinusnd human chromo-
ficult to detect by comparing G bands (Sherlock et al. 1996). somes have been established by comparing their R-banding pat-
The genuCebus(Cebidae, Platyrrhini) has been widely stud- terns (Dutrillaux 1979) and by the ZOO-FISH technique (Richard
ied from a cytogenetic point of view (Garcia et al. 1983; Matayoshiet al. 1996). Comparison between the G-banding patte@ebls
et al. 1986; Mudry 1990; Pongat al. 1995). Results obtained by 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
Correspondence tavl. Garcia Calds; e-mail: IBCEL@cc.uab.es 14 in C. apella(Garcia et al. 1999).
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human Chrs 5 (a), 19 (b), 7 (c), and 8 (d). Arrows in (a) and
(b) indicate a single chromosome pair ©f apellapainted
with human probes from Chrs 5 and 19. Arrows and asterisks
11 12 13 14 15 16 17 18 19 20 in (c) and (d) indicate two chromosome pairs@f apella
wholly or partially painted with human probes for Chrs 7 and
8. (b) CompositeCebus apellaaryotype with sequential
-4 G-C bands, with a G-banded chromosome on the left and the
X ! 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
21 22 23 24 25 26 X obtained from standard lymphocyte cultures. Sequential
H ZOO-FISH G-bands have been used to idenGfyapella
chromosomes that had hybridized with each human probe.
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Table 1. Chromosome homologies betwe@ebus apelleand humans revealed by

. Garca et al.: ZOO-FISH inCebus apella

ZOO-FISH. g
Human Cebus apella Chromosome , ‘ -—f ) =i g
chromosome chromosome reorganization ¢ l .~ -f ' s "‘-—f
1p 140 — % R | - ﬁ f =
1q 2z fusion 22qter/23qter . N
23
2p+qprox 5¢° pericentric inversion 114/22/23 8 ws 16 4/5
2q (except gprox) 13 pericentric inversion
3p 18-c paracentric inversion s } - » 2 —
3gprox* 11qpro%k — 4 T . i " o= i
3qter 20qtete — : | =iaf - » E -—
4 22b centromeric shift g i - "
5 1 (except pteP) 2 paracentric inversions ! 17 21
6 P centromeric shift . 9 19
7 (except gter) 15 2 pericentric inversions
7qter 1ptef fusion15qter/1pter 2 5/13 -
8p 7 paracentric inversion i l ff g -
8q g pericentric inversion - " =i
9 19 2 pericentric inversions B =i - :
10p 26 — , 18 7
10q 4qé paracentric inversion ‘ 10 4726
11 16+ a pericentric and a paracentric ' " %
. . e e
inversion - . L]
12 1z pericentric inversion L ' - '
13 17 — .
14 (except gprox) 6q (except qpréx) paracentric inversion 3 18/1/20 . L 19 9
14qprox 6ptet pericentric inversion - -
15 (except gprox) 6qprox+6p (except pter) — 1 16 ‘ g i
15qprox 24 — - -
16p a5 — . o
C 1
16q 5@ — a ! L 2 0
17 2r pericentric inversion . -
18 ¢ pericentric inversion 4 2 ‘
19 @ - L |
20 10 pericentric inversion - 12 12
21 11qter (except term. — r L ¢}
heterochromatir?) -~ }
22 28 — ia i * F 4
X Xb _ b L
- e i L | :
2 Upside-down. - 21 1
* See text for more details. 5 1 3 7
> Homologies previously detected by G-banding in our laboratory. 1 1 - a
¢Homologies that have been elucidated by ZOO-FISH (present work). s 5 - ]
. . ) 6 - 22 25
In this report we describe the analysis ©@&bus apellachro- - ; L
mosomes by ZOO-FISH with probes for each human chromosome i ‘1
The aims of this work are to establish the chromosome homologie g 3 4 6 J
between both species and to detect the chromosome reorganiz e
tions that would explain these homologies. "’ ¥ s b ‘ i ¢
The ZOO-FISH technique has allowed us to establish homolo = ' - X X
gies between human (HSA) ar@ebus apella(CAP) chromo- * F " bl
somes (Fig. 1, Table 1) and to determine three different kinds o I 4
relations between human and CAP chromosomes: (a) human chr \ 15 24/6

mosomes represented as a whole CAP chromosome: 4, 6,9, 11, 1

13,17, 19, 20, 22, and X; (b) human chromosomes represented w.. 7 15/1

part of a CAP chromosome, but associated with another HSAFig. 2. Comparison of human an@ebus apellaG-banded chromosomes.

chromosome: 5, 14, 18, and 21; and (c) human chromosomeés= inversion; f = fusion/fission

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 In this report we present, for the first time, the results obtained

chromosomes). by applying ZOO-FISH, using all human chromosome probes, on
Based on the ZOO-FISH and G-banding sequential results, w€ebus apella(CAP) chromosomes. At present, the only results

have proposed the G-banding homologies between CAP and hyublished applying ZOO-FISH to the genGgbusare inC. ca-

man chromosomes and the chromosomal reorganizations thaucinus(CCA) (Richard et al. 1996). Karyotypes from both spe-

would explain these homologies (Fig. 2, Table 1). cies (CAP and CCA) are not identical. Even if they have the same
From the results obtained, we have classified human chromofundamental number (2r= 54), they show some differences in

somes into three different groups: (a) those that do not need anjrree chromosome pairs, which could be explained either by peri-

chromosome reorganization to be homologous to CAP chromoeentric inversions or by changes in the localization and amount of

somes: 13, 19, 22, and X; (b) those that need only a single chroeonstitutive heterochromatin (unpublished results). The ZOO-

mosome reorganization to be homologous to CAP: 4 and 6 (cenFISH technique could not detect these chromosome reorganiza-

tromeric shift), 12, 17, and 20 (pericentric inversion), and 21 (fis-tions; therefore, the results in both species are coincident, even if

sion); and (c) those that need more than one chromosomtheir karyotypes are not identical.

reorganization to be homologous to CAP: 1, 2, 3,5,7, 8,9, 10, 11, The combined use of ZOO-FISH and G-banding allowed us to

14, 15, 16, and 18. confirm homologies that had been previously established in our
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laboratory using only G-banding, and to delineate more preciseljink the living New World monkeys (Stanyon 1999), including
the breakpoints involved in the evolutionary chromosome rear<CAP. Concerning the associations 2/16 and 5/7 found in CAP, they
rangements that explain the homologies between CAP and HSAre not present in all platyrrhini; thus, they are not a common
(Table 1, Fig. 2). The ZOO-FISH technique has been extremelycharacter of this group of primates (Stanyon 1999).

useful to establish the homologies between human Chrs 3, 7, and Finally, according to our results of sequential ZOO-FISH and
11 and CAP chromosomes. These homologies were extremel§-banding comparison, we can not conclude that all the human
difficult to determine with only G-banding, owing to the complex euchromatin is represented in CAP as Richard et al. (1996) con-
reorganizations that have taken place during primate evolution. sidered forC. capucinusWhen G-banding from HSA 3 is com-

In the same way as in other primates (Wienberg and Stanyopared with the banding pattern of the CAP regions that show
1997), HSA 2 is present in CAP as two different chromosomes (5dhybridization signals with human chromosome 3 probe, the region
and 13; Fig. 1b, Table 1). In the Hominidae (Yunish and Prakastcorresponding to HSA 3 q proximal cannot entirely be found.
1982), the Cercopithecidae (Clemente et al. 1990), CAP (present

work) and Sa'm'” boliviensis bOIIV|en§|$SBB; unpublished re- Acknowledgmentskinancial support was received from Spanish Govern-
sults), the fusion between the two pairs of homologous chromoment Fis (95/1773) and DGES (PB96/1170). We thank Barcelona and
somes to produce HSA 2 would take place in the same band, HSfyadrid Zoological Gardens and Marineland Cataldar providing blood
2q13. samples.

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 thisorrell A (1995) Genotoxicitat er€. apella (Platyrrhini), E. patasi M.
mechanism (Dutrillaux et al. 1982; Clemente et al. 1987; Tihy et fascicularis(Catarrhini). Doctoral thesis, Universitat Automa de Bar-
al. 1996). The presence of latent centromeres that can be activatedcelona
and inactivated is a well-known phenomenon (Holmquist and DanClemente IC, Garcia M, Pond4, Egozcue J (1987) High-resolution chro-
cis 1980). In addition, the morphology of CAP 2 and 3 chromo- Mmosome banding studies @ebus apella, Cebus albifronand Lago-
somes is similar to that of the chromosome<Cailithrix jacchus thrix lagothricha: comparison with the human karyotype. Am J Primatol
(CJA), which are al§o hqmologous o HSA4and 6 (Sherlock_ et al'ﬁlég{ezn?;slg, Ponskl, Garcia M, Egozcue J (1990) Chromosome evolu-
1996). Therefore, in this case, Fhe chromosome reorganizatio tion in the cercopithecidae and its relationship to human fragile sites and
neet_jed to relate HSA 4 and 6 with CJA would also be a centro- neoplasia. Int J Primatol 11, 377-398
meric shift. ] Dutrillaux B (1979) Very large analogy of chromosome banding between

Human Chr 9 is homologous to a whole chromosome or to & Cebus capucinugPlatyrrhini) and man. Cytogenet Cell Genet 24, 84-94
chromosome segment in other primates (Wienberg and Stanyomutrillaux B, Couturier J (1981) The ancestral karyotype of platyrrhine
1997). HSA 9 is homologous to CAP 19. It must be pointed out monkeys. Cytogenet Cell Genet 30, 232-242
that the pericentromeric heterochromatin of HSA 9 seems to b®utrillaux B, Couturier J, Muleris M, Lombard M, Chauvier G (1982)
located in the same region in its homolog CAP 19 (in this case, Chromosomal phylogeny of forty-two species or subspecies of cercopi-
interstitial location). However, the use of in situ digestion with _thecoids (Primates. Catarrhini). Ann' @ (Paris) 25, 96-109
restriction enzymesAQul, Hadlll, and Rsd) shows that this het- Garcia F, Nogle C, Garcia M, Egozcue J, Pona(1999) Characteriza-

erochromatin is different in both species (Garcia et al. 1999). tion of constitutive heterochromatin febus apelldCebidae, Primates)
Human Chr 12 is homologous to CAP 12 with a pericentric gﬂ?oi;r;;ggLderﬁng;rm;gg?igpg&a_tgg)i Comparison with human
inversion (Figs. 1b and 2). The same kind of inversion involving g o1cia M, Miro .R, Estop A, pon‘s&n, Egozcue J (1983) Constitutive
the same HSA band would explain the homology between HSA 12" peterochromatin polymorphism ibagothrix lagothricha cana, Cebus
andAotus nancymagq (unpublished results). It is not possible to  apellaand Cebus capucinusim J Primatol 4, 117-126
generalize the presence of this inversion in the rest of the platyrHolmquist G, Dancis BM (1980) A general model of karyotype evolution.
rhini, because in SBB, HSA 12 is homologous to Chr 5 (except for Genetica 52/53, 151-163
the p terminal region that is heterochromatic), without evidentMatayoshi T, Howlin E, Nasazzi N, Nagle C, Gadow E et al. (1986)
chromosome reorganizations (unpublished results). Chromosome studies i@ebus apellaThe standard karyotype @ebus
Human Chr 13 is homologous to CAP 17 without evident apella paraguayanusischer 1829. Am J Primatol 10, 185-193
chromosomal reorganizations. CAP 17 shows interstitial heteroMudry MD (1990) Cytogenetic variability within and across populations of
chromatin in the same region that in the chromosomePaf Poi‘;:"\jls g‘;fgg” h’:g%’::g}?;g;gg?ag (?;C'uzeos_eztl; (1995) Hetero
it:losgilt%délitg:(siigﬁ)v&isﬂ? ?éns?rli(():%glrjlsetr?zyriéslgﬁ ';(?rvée;ﬁa t(I;XFL’Jsc?lS- chromatin and cytogenetic polymorphisms @ebus apella(Cebidae,
L . oo Platyrrhini). Am J Primatol 37, 325-331
mosomes re_veals tha_t this interstitial heterochromatin is differenkjcharg F, Lombard M, Dutrillaux B (1996) ZOO-FISH suggest a com-
in both species (Garcia et al. 1999). plete homology between human and capuchin monkey (Platyrrhini) eu-
The chromosome rearrangements detected when comparingchromatin. Genomics 36, 417
CAP and HSA chromosomes are mainly inversions, followed byRumpler Y, Dutrillaux B (1990) Chromosomal evolution and speciation in
fusions/fissions, translocations, and centromeric shifts. These primates. Cell Biol Rev 23, 1-36
kinds of evolutionary reorganizations have also been described b§herlock JK, Griffin DK, Delhanty JDA, Parrington JM (1996) Homolo-
Clemente et al. (1987) and Rumpler and Dutrillaux (1990) as the 9ies between human and marmos@alfithrix jacchug chromosomes
most frequent reorganizations found in the platyrrhini. revealed by comparative chromqsorr_le pe_untlng. Genomics 33, 214-219
We have found irC. apellathe following associations: 2/16, Stanyon R (1999) Genome evolution in primates. Il Congress from the
3/21, 5/7, 8/18, 10/16, and 14/15. Two of these associations (3/21, SPanish Primatological Society

. . . ihy F, Lemieux N, Lombard M, Dutrillaux B (1996) Comparative RB1
and 14/15) have already been described in other primates and ev r%ene mapping iitlomo sapiens, Pithecia pithecia, Macaca sylvaarad

in other mammals. According to Wienberg and Stanyon (1997), cercopithecus aethiops tantalu@ytogenet Cell Genet 72, 9-11

these two associations are ancestral in primates; thus, CAP coulfienberg J, Stanyon R (1995) Chromosome painting in mammals as an
also be included in the list of New World monkeys that present approach to comparative genomics. Curr Opin Genet Dev 5, 792797

these associations in their karyotype. On the other hand, the presunis JJ, Prakash O (1982) The origin of man: a chromosomal pictorial

ence of associations 8/18 and 10/16 is a characteristic that would legacy. Science 215, 1525-1530
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