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Abstract. We established chromosomal homologies be-
tween all chromosomes of the human karyotype and
that of an old world monkey (Macaca fuscata) by chro-
mosomal in situ suppression (CISS) hybridization with
human chromosome specific DNA libraries. Except for
the human chromosome 2 library and limited cross-hy-
bridization of X and Y chromosome libraries all human
DNA libraries hybridized to single GTG-banded ma-
caque chromosomes. Only three macaque chromosomes
(2, 7, 13) were each hybridized by two separate human
libraries (7 and 21, 14 and 15, 20 and 22 respectively).
Thus, an unequivocally high degree of synteny between
human and macaque chromosomes has been maintained
for more than 20 million years. As previously suggested,
both Papionini (macaques, baboons, mandrills and cer-
cocebus monkeys, all of which have nearly identical kar-
yotypes) and humans are chromosomally conservative.
The results suggest, that CISS hybridization can be ex-
pected to become an indispensable tool in comparative
chromosome and gene mapping and will help clarify
chromosomal phylogenies with speed and accuracy.

Introduction

Knowledge of chromosomal homology with other pri-
mates is essential to determine the origin of human chro-
mosomes, to understand the mode of chromosomal evo-
lution, to reconstruct phylogenies and finally to clarify
the role of chromosomal rearrangements in speciation.
Comparative cytogenetics has always been limited by
difficulties in establishing between-species chromosomal
homology. Chromosomal homology has usually been
based on comparative banding and gene mapping or
a combination of these two methods. Between humans
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and great apes there is a well known correspondence
between chromosomal banding and gene mapping with
just a few exceptions (O’Brien et al. 1988 ; Seuanez 1987).
For many other species gene mapping data are absent
or contradictory and homology has been suggested so
far only by subjectively matching banding patterns. Al-
ternatively, gene mapping data have suggested the syn-
teny of genes, while chromosomal banding was not in-
formative (cf. O’Brien and Graves 1990). Because gene
mapping has a higher resolution and can establish homo-
logies directly at the level of DNA sequences it is usually
given priority in comparative karyotype analysis (Rud-
dle 1981). However, the comparative localization of indi-
vidual genes provides only patchy information on chro-
mosome homology.

Gene mapping and chromosome banding studies
have provided conflicting data for the chromosomes of
Papionini (Créau-Goldberg et al. 1983; Seuanez 1987).
Unequivocal data for macaque/human chromosome ho-
mologies would be particularly desirable, because Pa-
pionini have a conservative karyotype which appears
to be essentially the same in all these species (Stanyon
et al. 1983, 1990). Accordingly, these species can be used
as an ‘outgroup’ for determining the direction of chro-
mosome rearrangements in great ape and human evolu-
tion.

Recently, we have applied chromosomal in situ sup-
pression (CISS) hybridization of DNA libraries estab-
lished from flow sorted human chromosomes (Cremer
et al. 1988; Lichter et al. 1988; Pinkel et al. 1988) as
a new approach to establish extended chromosomal ho-
mologies on the basis of DNA sequence homologies
(Wienberg et al. 1990). In this study we used this ap-
proach for comparative chromosome mapping of the
entire human and Macaca fuscata karyotypes and pres-
ent the first complete analysis of interchromosomal rear-
rangements that have occurred since the divergence of
the human and a monkey karyotype.
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Materials and methods

Chromosome preparations. Chromosome preparations from M. fus-
cata were prepared and stored as previously reported (Jauch et al.
1990; Stanyon et al. 1990). Routine trypsin G-banding was per-
formed prior to CISS hybridization. Banded metaphases were pho-
tographed (Agfa-Ortho 25), destained with fixative (3:1 methano-1:
acetic acid) and postfixed with 4% formaldehyde (Merck) in PBS
for 15 min as described by Klever et al. (1991). Postfixation was
essential to preserve chromosome morphology in the subsequent
CISS hybridization experiments. All hybridized macaque chromo-
somes were identified on the basis of their trypsin G-banding pat-
tern (see Fig. 14, f, i).

CISS hybridization. CISS hybridization to primate chromosomes
was performed as previously described (Wienberg et al. 1990). Hu-
man chromosome specific DNA libraries established from flow
sorted human chromosomes and cloned into a bacteriophage vec-
tor (American Type Culture Collection no. LAOINSO1, LLO2NSO01,
LAO3NS02, LAO04NS02, LA0O5SNS01, LLO6NS01, LAO7NSO01,
LLO8NS02, LLOSNS01, LL10NSO0f, LLiINS01, LA12NSO01,
LL13NS02, LL14NS01, LL15NS01, LL16NS03, LL17NS02,
LL18NS01, LL19NS01, LL20NS01, LA21NS01, LL22NSO01,
LAOXNSO01, LLOYNSO1) or subcloned into a plasmid vector
(pBS1-pBS4, pBS6-—pBS22, pBSX, pBSY) were used as probes.
Plasmid libraries are described in detail by Collins et al. (1991)
and were kindly provided by J. Gray, Livermore, USA. 10ul stan-
dard hybridization mixture containing 2 pg labelled phage library
DNA or 500 ng labelled plasmid library DNA was placed on slides
and mounted with 18 mm x 18 mm coverslips.

Detection of hybridization signals. Biotinylated DNA probes were
detected with fluorescein isothiocyanate (FITC) coupled with avi-
din (Vector Laboratories). Double hybridization experiments were
performed with digoxigenin labelled probes, which were detected
with FITC labelled mouse anti-digoxigenin antibodies (Boehringer
Mannheim), together with biotin labelled probes, which were de-
tected with avidin coupled to AMCA (7-amino-4-methylcoumarin-
3-acetic acid, Vector Laboratories). Signals were amplified once
as described by Pinkel et al. (1986). Chromosome preparations
were counterstained with propidium iodide and embedded with
an antifade as described (Jauch et al. 1990). Slides were analysed
with a Zeiss photomicroscope III equipped for FITC and AMCA
fluorescence. Photographs were taken on Agfachrome 1000 RS
(1000 ASA) or Kodak T-MAX black and white (400 ASA) films.
For chromosome breakpoint analysis the photographic slides from
CISS hybridization and GTG-banding of the same metaphase plate
were superimposed on a screen.

Results

Typical hybridization patterns obtained with human
chromosome specific DNA libraries on GTG-banded
macaque chromosomes are shown in Fig. 1. The ma-
caque idiogram presented in Fig. 2 summarizes the ho-
mologies of human and macaque chromosomes based
on CISS hybridization patterns of all 24 human chromo-
some DNA libraries. DNA libraries from 15 human au-
tosomes each hybridized to one macaque homolog (e.g.
Fig. 1a, ¢). The human chromosome 2 DNA library was
the only that showed labelling (with the exception of
limited cross-hybridization of X and Y chromosome li-
braries) on two macaque chromosomes, 9 and 15
(Fig. 1b). Three macaque autosomes showed extended
signals with two human autosome libraries indicating
that these macaque chromosomes were derived either

by fusion events or that the two human homologous
had evolved by fission of the single ancestral chromo-
some. Macaque chromosome 2 hybridized with both hu-
man chromosome 7 and 21 libraries (not shown), while
macaque chromosome 7 (Fig. 1f, arrow) hybridized with
libraries of human chromosomes 14 (not shown) and
15 (Fig. 1e). Macaque chromosome 13 (Fig. 1i, arrow-
heads), the marker chromosome bearing the nucleolar
organizer region {(NOR), was ““painted” by probes from
human chromosomes 20 (Fig.1h, arrow) and 22
(Fig. 1g, arrow). G-banding combined with subsequent
double hybridization and two colour detection of differ-
entially labelled DNA probes (biotin or digoxigenin) al-
lowed a more precise mapping of the hybridization sig-
nal on these macaque chromosomes (Fig. 1 g—i).

The human Y chromosome library labelled the entire
macaque Y chromosome, but also showed cross-hybrid-
ization to the pseudoautosomal region of the X chromo-
some, to a band presumably homologous to human
Xq1.3, and — unexpectedly — to two bands located on
macaque chromosomes 6 and 15 (Fig. 2). The human
X chromosome library in addition to the painting of
the entire macaque X chromosome showed cross-hybrid-
ization to a macaque Yq band close to the centromere
(not shown). The libraries for chromosomes 13, 14, 15,
21 and 22, which cross-hybridize on human chromo-
somes near the centromeres of all members of this group
(Collins et al. 1991), only hybridize to a single macaque
chromosome each.

Fig. 1a-i. Macaque metaphase spreads demonstrate chromosomes
“painted” by chromosomal in situ suppression (CISS) hybridiza-
tion with biotin or digoxigenin labelled bacteriophage or plasmid
DNA libraries from sorted human chromosomes (a, b, ¢, e, g,
h). All spreads were G-banded prior to CISS hybridization to allow
the identification of the painted macaque chromosomes or chromo-
some segments (¢.g. d, f, i). Biotinylated probes were detected with
avidin conjugated to fluorescein isothiocyanate (FITC; green) (a,
b, ¢, ) or 7-amino-4-methylcoumarin-3-acetic acid (AMCA ; blue)
(h), or with FITC coupled antibodies against digoxigenin (g). Chro-
mosomes were counterstained with propidium iodide (red). a The
human chromosome 1 library paints the homologous macaque
chromosome 1. Note the reduced labelling over the terminal part
of macaque 1q (arrowhead) (also seen in human chromosome 1p,
not shown) and the lack of label on the centromeric heterochroma-
tin (arrow). b Human chromosome 2 library delineates the two
submetacentric macaque chromosomes 9 and 15. Note the reduced
labelling in the short arms of the two homologous pairs. ¢ The
human chromosome 9 DNA library paints the entire long arm
of macaque chromosome 11, while most of the heterochromatic
short arm remains unlabelled (arrow). In contrast the human chro-
mosome 9 is entirely labelled by this library (insert). d G-banding
of the metaphase shown in ¢. e The human chromosome 15 DNA
library delineates the entire short arm and a small part of the
long arm of macaque chromosome 7 {arrow). f G-banding of the
metaphase shown in d. g, h Two colour CISS hybridization with
a digoxigenin labelled human chromosome 22 library (arrow) de-
tected with FITC (g) and a biotin labelled human chromosome
20 library (arrow) detected with AMCA (h) shows that the short
arm of macaque chromosome 13 is homologous to human chromo-
some 22, while most of its long arm is homologous to human
chromosome 20. The nuclear organizer region (NOR) is not la-
belled with either library. i G-banding of the metaphase shown
in g and h; arrowheads point to the NOR
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Some macaque chromosomes showed regions not la-
belled with human library probes. These included most
pericentromeric regions, parts of the short arms of var-
ious submetacentric macaque chromosomes (2p, 8p, 9p,
14p, 15p; see Fig. 1b, ¢ for examples) and the NOR
region of chromosome 13 (Fig. 1 g-i).

Discussion

The present CISS hybridization experiments demon-
strate that the synteny of DNA sequences that can be
observed in individual human chromosomes has been
maintained for at least 20 million years. Most macaque
chromosomes showed homology to a single human chro-
mosome. Only three macaque chromosomes showed ho-
mology with two human chromosomes. Even in these
cases synteny of the genes observed in the human chro-
mosomes has been largely preserved. Although we can-
not exclude loss of some genetic material during these
chromosome rearrangements, material translocated to
other macaque chromosomes could not be detected in
our present experiments (see also below). The only obvi-
ous exception from the conservation of synteny is pro-
vided by human chromosome 2. As has already been
shown for the great apes (Wienberg et al. 1990), the
DNA library from this chromosome also shows homolo-
gy with two submetacentric M. fuscata chromosomes.
Some heterochromatic macaque chromosomal subre-

Fig. 2. Idiogramatic representation of CISS hybrid-
ization patterns from plasmid and bacteriophage
DNA libraries derived from flow sorted human
chromosomes hybridized to G-banded chromosomes
of Macaca fuscata (idiogram after Small et al. 1985).
Macaque chromosome numbers given below each
chromosome; numbers on the left between bars in-
dicate subregions painted with the respective human
chromosome specific library. Regions of cross-hy-
bridization of human chromosome X and Y librar-
ies are indicated on the right

gions were not labelled by human chromosome specific
DNA libraries. This lack of labelling may be due to
rapid divergence in repetitive sequences or to sequences
not present in these DNA libraries (Collins et al. 1991).

Comparative chromosome banding analysis
versus CISS hybridization

It has been asserted previously that chromosome band-
ing studies alone provide reliable information for tracing
the phylogeny of chromosomes from prosimians (or
even from outside the primate order) to human (Dutril-
laux 1979, 1986; Clemente et al. 1990). Our present data
indicate the possible limitations of an approach based
exclusively on the matching of band sequence similari-
ties. For more than 20 years many authors have pro-
posed homologies based on comparisons of banding pat-
terns between the Papionini and human karyotypes.
When comparing these results with those obtained in
the present CISS hybridization experiments, the accura-
cy of the proposed autosomal homologies ranged from
1 in 4 to 16 in 22 (Stock and Hsu 1973; Dutrillaux
etal. 1979; Bernstein et al. 1980; Soares et al. 1982;
Stanyon and Chiarelli 1983). Comparisons between phy-
logenetically more distant species, which most often
differ for many more rearrangements, may be even less
reliable, while establishing homology by chromosome
banding in species characterized by pronounced chromo-



some shuffles (i.e. hylobatids, rodents) has been virtually
impossible (O’Brien et al. 1988; Seuanez 1987).

The combination of chromosome banding procedures
with CISS hybridization has now made it possible to
map chromosomes comparatively at the DNA level and
provides a more secure information basis for proposing
chromosome homologies. In our experiments the infor-
mation derived from chromosome banding patterns was
used solely for the identification of the macaque chromo-
somes, while the decision on homologies between the
human and macaque chromosomes was based solely on
the CISS hybridization patterns. Superimposition of the
two patterns then allowed a precise comparison.

Comparative gene mapping versus CISS hybridization

Generalization from a few patchy gene mapping data
on the homology of extended regions or even complete
chromosomes may be misleading because homologies
between single mapped genes are extrapolations. In con-
trast, extended homologous regions comprising at least
a few megabases can be unequivocally detected in apes
and monkey chromosomes by CISS hybridization with
human chromosome specific DNA libraries. For exam-
ple gene mapping data for macaque chromosome 2 has
so far only provided evidence for one human homolog
(Estop et al. 1979) while the present CISS hybridization
experiments have demonstrated homology for two hu-
man chromosomes. Problems of interpretation may oc-
casionally occur in CISS hybridization experiments
where suppression of interspersed repetitive sequences
is insufficient or when cross-hybridization is present due
to some tandem-repetitive sequences in common be-
tween chromosomes.

The majority of gene mapping data from macaque
and baboon chromosomes are consistent with the results
of the present CISS hybridization experiments. An asso-
ciation of human 6 and 7 syntenic groups in the ma-
caque, however, as proposed by Estop et al. (1979) could
not be supported. There are several possibilities to ex-
plain this inconsistency. Small rearranged parts of ho-
mologous chromosome material may have escaped de-
tection by the CISS hybridization technique. On the
other hand, in hybrid cell lines erroneous gene assign-
ment may be due to chromosomal rearrangements in
vitro or to difficulties in the complete assessment of
chromosomes.

The GTG-banding patterns of some macaque chro-
mosomes painted by a single human DNA library are
apparently identical to those of their human homolog.
In other macaque and human homologous further in-
trachromosomal rearrangements must be hypothesized
to match banding patterns. Whole chromosome libraries
identify homologous chromosome segments without giv-
ing information about additional structural changes, e.g.
inversions, which may have occurred within such seg-
ments. To overcome this limitation CISS hybridization
of libraries established from microdissected chromosome
bands and individual DNA clones such as yeast artificial
chromosomes or cosmid clones (Lengauer et al. 1991;
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Lichter et al. 1990 and our unpublished data) can be
applied. We expect that this approach will provide an
indispensable tool for future studies of comparative
chromosome and gene mapping and will help to clarify
chromosomal phylogenies with speed and accuracy.
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