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Abstract 
Chromosome sorting from fluid suspensions of metaphase chromosomes 
using a fluorescence-activated cell sorter has been used for a number of years 
to produce chromosome-specific genomic libraries and other reagents for 
chromosome mapping. Improved techniques for fluorescence in situ hybrid­
isation and the amplification and labelling of sorted chromosomes using 
degenerate oligonucleotide-primed PCR have led to the widespread use of 
chromosome painting both for the resolution of complex chromosome aberra­
tions and for the study of karyotype evolution by cross-species reciprocal chro­
mosome painting. The chromosomes of a large number of different species 
have been sorted and used to make chromosome-specific paints and already 
new data challenging results of earlier phylogenetic studies have been ob­
tained. Sorted chromosomes provide the resource for multicolour chromo­
some analysis of all chromosomes simultaneously. Such reagents are now 
available for all human and mouse chromosomes and are proving particularly 
useful in the analysis of cancer chromosomes. 

The most significant advances in human cytogenetics 
in the past 40 years can be attributed almost entirely to 
technical innovation. It is widely appreciated that im­
proved tissue culture methods led to the determination of 
the correct chromosome number in our species in 1956 
and shortly thereafter to the discovery of the common 

aneuploid syndromes. Phytohaemagglutinin-stimulated 
lymphocyte cultures [1] introduced in 1961 allowed the 
establishment of chromosome diagnostic laboratories 
worldwide and 10 years later chromosome banding [2] 
permitted the detection of many previously unknown 
chromosomal syndromes resulting from structural rear­
rangements. 1969 was a particularly important year be­
cause it saw the introduction of molecular cytogenetics in 
the form of in situ hybridisation (ISH) of radioactive 
DNA probes to routine air-dried preparations of chromo­
somes on microscope slides [3, 4]. The most important 
application of ISH was in chromosome mapping, first for 
repetitive DNA sequences [5] and later, using recombi-
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nant techniques to clone specific DNA probes for single­
copy sequences including genes [ 6-8]. 

The poor resolution of ISH with radioisotopic probes 
requiring autoradiography and the statistical analysis of 
grain counts soon led to its replacement by fluorescence 
ISH (FISH) and other non-isotopic methods using en­
zyme-linked probe detection systems [9]. The FISH meth­
od [ 1 0] has been highly successful and is used extensively 
at the time of writing, not only for the diagnosis of chro­
mosome aberrations but also as the method of choice for 
mapping genes to chromosomes. The main technical 
innovations responsible for the success ofFISH have been 
the modification of DNA probes using biotin [11] digoxi­
genin [12] and, more recently, nucleotides directly la­
belled with fluorescein-isothiocyanate (e.g. FITC-11-
dUTP) and other fluorochromes. The larger DNA probes 
used in FISH applications contain interspersed repetitive 
sequences that may cause non-specific background signals 
and satisfactory techniques have been designed to sup­
press background using unlabelled Cot-1 DNA [13] or 
more simply, a pre-annealing step before ISH [14]. As 
FISH can be used to detect DNA probes labelled with sev­
eral different colours simultaneously, the method has 
been applied to ordering cloned sequences along the 
length of the chromosome [ 15]. 

Further technical innovations have extended the use of 
FISH from the analysis of probes mapped to metaphase 
chromosomes, where differentially labelled probes can be 
distinguished only if they are at least 1-2Mb apart, to the 
analysis of the chromosomes in interphase nuclei where 
the limit of resolution is about 50 kb [16]. Even greater 
resolution of approximately 1 kb is possible in histone­
depleted DNA fibres [ 17, 18], and this method has been 
used to study the exon-intron structure oflarge genes [19]. 
A review of these and other recent applications of FISH 
has been provided by van Ommen et al. [20] in 1995. 

Both the classical and molecular methods of cytogene­
tics briefly described above use conventional microscopy 
with preparations of chromosomes variously treated and 
fixed on microscope slides. A quite different, although no 
less important technical innovation in the examination of 
chromosomes was introduced by Gray et al. [21] in 1975, 
namely, chromosome sorting and measurement by the 
technique of flow cytometry. In this method, a fluid sus­
pension of chromosomes is analysed in a fluorescence­
activated cell sorter. The resolution proved to be remark­
able and it is evident that only the expense of the instru­
mentation has prevented its wider exploitation. Chromo­
some sorting has been used for the analysis of chromo­
somal polymorphisms [22], for optimising chromosome 
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specific DNA libraries [23], for the measurement of the 
DNA content of chromosomes [24], for the detection of 
chromosome abnormalities [25-27], for gene mapping 
using chromosomes sorted onto filters for hybridisation 
[28-30], for reverse chromosome painting [31-33], and 
for evolutionary studies using cross-species chromosome 
painting [34, 35]. These studies demonstrate that quite 
small deletions and duplications of 2 Mb and over can be 
resolved by flow karyotyping [26, 29, 36]. 

One of the most useful of the early applications of chro­
mosome sorting has been in the construction of chromo­
some-specific DNA libraries. These were made by insert­
ing fragments of the sorted chromosomes into plasmid or 
bacteriophage vectors and cloning the inserts in bacterial 
hosts. A library of the human X chromosome was the first 
to be made using sorted chromosomes [35] and since 
then, DNA libraries have been made for all human chro­
mosomes [36]. It was quickly appreciated that these 
libraries could be used with great efficiency in FISH 
experiments to identify specific chromosomes. When the 
cloned DNA fragments were suitably labelled and hybrid­
ised to chromosome preparations, complementary se­
quences along the length of the chromosome were 
'painted' by the DNA library. Libraries used as chromo­
some paints thus became valuable for the analysis of chro­
mosome aberrations [39, 40]. 

Chromosome paints prepared from chromosome li­
braries and from small numbers of flow-sorted chromo­
somes amplified and labelled by the polymerase chain 
reaction (PCR) are now widely used for the identification 
of interchromosomal rearrangements. However, they are 
not able to detect the breakpoints in intrachromosomal 
rearrangements and have to be applied on a 'trial and 
error' basis in the analysis of complex rearrangements 
such as the marker chromosomes commonly found in 
cancer cytogenetics. Such complex aberrations can be 
resolved by sorting and preparing a paint probe from the 
aberrant chromosome by PCR amplification and label­
ling. 'Reverse' painting the aberrant chromosome probe 
onto normal chromosomes enables the composition of the 
abnormal chromosome to be determined from the hybrid­
isation pattern produced [ 31]. Amplification and labelling 
of flow-sorted chromosomes have been achieved using the 
degenerate oligonucleotide-primed PCR reaction (DOP­
PCR) introduced by Telenius et al. [41] or, alternatively, 
using Alu-PCR primers [32, 33]. Probes made by the lat­
ter method tend to produce an R-banded pattern of 
hybridisation and so the DOP-PCR method is generally 
preferred for the production of chromosome-specific 
paint probes. The method is sufficiently sensitive and 
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robust to allow a similar analysis from very small num­
bers of chromosomes microdissected from slide prepara­
tions [42]. 

It is the purpose of this review to outline the current 
techniques of chromosome sorting and painting and de­
scribe their applications in the diagnosis of chromosomal 
aberrations and in the study of karyotype evolution. The 
importance of chromosome sorting in the construction of 
paint probes for these applications has recently been 
heightened by the developments in digital fluorescence 
microscopy, including spectral karyotyping [ 43], in which 
chromosome-specific probes for all chromosomes can be 
visualised simultaneously by multiple fluorochromes, 
used either individually or in combination. 

Materials and Methods 

A fluid suspension of chromosomes is prepared from colchicin­
ised peripheral lymphocyte cultures, lymphoblastoid cell lines, or 
from monolayer cultures in which the dividing cells have been shak­
en off after colchicine treatment for at least 6 h. The cells are resus­
pended in 75 rnMKCI for 10 min and transferred to a buffer contain­
ing polyamines and Triton-X 100 [44]. Chromosomes are released 
into suspension by 12 s rapid vortexing, stained in Chromomycin A3 
(final concentration 40 Jlgm/ml) and Hoechst 3325 8 (final concentra­
tion 2 Jlg/ml) in the presence of magnesium sulphate (final concentra­
tion 2 mM}, and left for 2 h at 4 o C. Fifteen minutes prior to flow 
sorting, sodium citrate (final concentration 10 mM) and sodium sul­
phate (final concentration 25 mM) are added to the sample. It is 
important to avoid excessive disruption of the mitotic cells as this 
leads to chromosome fragmentation, indicated by an unacceptable 
level of debris at the lower end of the flow karyotype. (Cultures which 
contain a high proportion of cells in anaphase or telophase may also 
lead to reduced resolution due to contamination from the inclusion 
of anaphase chromosomes). 

Chromosomes are sorted using a commercial fluorescence-acti­
vated cell sorter equipped with two 5-watt argon ion lasers. One laser 
is tuned to emit 300m Win the UV (351-364 nm) to excite Hoechst 
fluorescence, and the second laser is tuned to emit 300 mW at 458 
nm to excite Chromomycin fluorescence. The chromosome suspen­
sion, surrounded by sheath fluid, passes through the two laser beams 
sequentially to permit the fluorescence signal emitted from each 
chromosome to be collected separately and stored in the computer. 
As the chromosomes pass through the two lasers, the fluid stream 
breaks into a series of droplets, some of which will contain a single 
chromosome. Sorting is achieved by applying an electrical charge to 
the droplets containing the chromosome of interest so that they can 
be deflected into a container as they pass between two high-voltage 
plates. Highly pure samples of two chromosomes can be collected by 
the instrument simultaneously. The fluorescence measurements 
from each chromosome are accumulated in large numbers in the 
computer and used to construct a flow karyotype (fig. la) which 
reveals discrete clusters of signals, each cluster representing one or 
more chromosome types arranged in order according to overall size 
and base pair ratio. A-T-rich chromosomes sort above a diagonal line 
drawn through the middle of the chromosome clusters, while G-C-
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rich chromosomes sort below this line. The accumulation of signals 
can be observed on a video screen and the chromosome of interest 
selected for sorting by a simple gating procedure. As chromosomes 
pass through the laser beams at a rate of 200 per second it only takes a 
few minutes to collect the 300-500 chromosomes required for PCR 
mapping and for the production of chromosome-specific paint 
probes. Larger samples of approximately 10,000 chromosomes are 
required for filter hybridisation and even greater numbers of over 
one million must be collected for preparing chromosome-specific 
libraries. 

Chromosome-specific paint probes are made from 300-500 
sorted chromosomes by DNA amplification using DOP-PCR as 
described by Telenius et a! [41]. After a primary round of DNA 
amplification using the 6 MW primer (5' CCGACT CGA GNN 
NNN NAT GTGG 3') and unlabelled deoxynucleotide triphos­
phates, a secondary round of amplification is made, this time incor­
porating a labelled nucleotide such as biotin-11-dUTP. The biotiny­
lated probe is hybridised to denatured chromosome preparations 
using standard FISH methods and can be detected using fluoro­
chrome-conjugated streptavidin or antibiotin antibodies. Alterna­
tively, the nucleotides can be labelled directly with a variety of fluo­
rescent dyes including fluorescein isothiocyanate (FITC) and the 
more recent Cy-dyes (Cy3, Cy5}, which avoid the need for the addi­
tional detection step. 

For many painting applications, two-colour FISH using, for 
example, propidium iodide as a chromosome stain and an FITC­
labelled chromosome-specific paint probe may suffice with standard 
fluorescence microscopy. However, there is an increasing need for 
multicolour FISH in which several DNA probes are used, each 
labelled with a different fluorochrome or with different combina­
tions of fluorochromes. For these applications a digital fluorescence 
microscope capable of detecting fluorescent signals oflow luminosity 
is essential, coupled with image processing systems. These depend on 
the addition of a sensitive monochromatic, cooled charged coupled 
device camera with an appropriate series of excitation and emission 
filters. A grey-scale image of the fluorescence emitted by each fluoro­
chrome is acquired sequentially and merged to produce a composite 
picture in which each DNA probe is assigned a separate false colour. 
As the various grey-scale images must be aligned accurately in the 
merged image, a system to prevent registration errors has been found 
useful. This depends on the use of triple dichroic band-pass filters in 
the epifluorescence optical path with individual excitation filters 
mounted on a computer-controlled motorised filter wheel in front of 
the lamphouse; filter changes can then be made without the risk of 
moving the stage or objectives. The image-processing systems used in 
digital fluorescence microscopy allow the fluorescence images to be 
digitised and acquired by a personal computer and archived onto 
optical disc or computer tape. The stored image is then available for 
colour adjustment, image enhancement, image reversal and a num­
ber of other procedures which assist in chromosome measurement 
and analysis. Spatial filters and contrast adjustment are particularly 
useful in enhancing the weak chromosome-banding patterns ob­
tained by DAPI counterstaining. The recent advent of spectral imag­
ing, which enables the measurement of definitive emission spectra 
simultaneously from multiple spectrally overlapping DNA probes 
[43], is a major development which has added a new dimension to 
molecular cytogenetic analysis based on chromosome sorting and 
painting. 
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Fig. 1. Bivariate flow karyotypes produced from chromosome suspensions stained by Hoechst 33258 and chromo­

mycin A3 and analysed in a fluorescence activated cell sorter. a Flow karyotype from a normal male cell line with only 

chromosomes 9-12 unresolved by size and base pair composition. Note that chromosomes 15, 16 and 22 are resolved 

into their separate homologues. b Flow karyotype of cell line from a normal male heterozygous for deletion of part of 

the centromeric heterochromatin of chromosome 9. This has been used to sort the variant chromosome 9 from other 

members of the 9-12 group. Chromosome 15 is resolved into separate homologues. c Flow karyotype from an indi­

vidual heterozygous for an intrachromosomal duplication of chromosome 10. This small change has permitted the 

sorting of chromosomes 10 and 12 from 9 and 11. Chromosomes 14 and 15 resolve into separate homologues. d Flow 
karyotype of female heterozygous for a t(2; 17)( q31 ;q25) reciprocal translocation; the two derivative translocations are 

marked. The two chromosomes 16 are heteromorphic. Normal chromosomes 2 and 17 are represented by only one 

homologue. 
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Chromosomal Polymorphism and the Production 
of Chromosome-Specific Libraries 

The well-known variation in amounts of non-tran­
scribed highly repetitive, DNA sequences in the human 
genome is reflected in the variation observed in the flow 
karyotypes of different individuals [22]. The most striking 
differences can be followed easily through a pedigree, 
using flow karyotyping of individual family members 
[25]. The most common of the chromosomal heteromor­
phisms involve chromosomes 1, 9, 16, the five pairs of 
acrocentric chromosomes, numbers 13, 14, 15, 21,22 and 
the Y chromosome. Most of the variation involves the 
satellite DNAs which are commonly clustered at the cen­
tromeric regions of autosomes and in the distal long arm 
of theY chromosome. Often, variation between individu­
al members of a pair ofhomologous chromosomes is suffi­
cient to allow them to be sorted individually. Several 
examples are shown in figure la-c. 

Chromosomal heteromorphisms have been exploited 
to make chromosome-specific DNA libraries free from 
contamination with other chromosomes [23]. This has 
been particularly important in constructing libraries and 
paint probes of chromosome 9, which commonly sorts 
together with chromosomes 10, 11 and 12 (fig. la). The 
use of cells from an individual heterozygous for a deletion 
involving only the centromeric heterochromatin avoids 
the problem of contamination (fig. 1 b). A similar strategy 
has been used to sort uncontaminated samples of chromo­
somes 10 and 12. Figure lc shows a flow karyotype from 
an individual heterozygous for an intrachromosomal du­
plication of chromosome 1 0; this small change has been 
sufficient to separate chromosomes 10 and 12 from 9 and 
11 and pure samples of both chromosomes 10 and 12 
have been obtained from this preparation. 

The first chromosome-specific library, an X-chromo­
some specific library, was prepared from sorted chromo­
somes and used to obtain polymorphic markers which 
helped to map the Duchenne muscular dystrophy locus to 
Xp21.2 by linkage studies [ 3 7]. At the time of writing, DNA 
libraries have been made from all human chromosomes, 
either by sorting directly from a tissue culture or from a 
man:rodent interspecific somatic cell hybrid. More recent­
ly, microdissection has been used to isolate chromosomes 
for chromosome-specific paint probes [42]. Microdissec­
tion has the advantage that regional paints can be made by 
dissecting individual chromosome arms or regions. Even 
smaller chromosome segments can be isolated for libraries 
and paints by coincidence cloning [ 45]; this involves sort­
ing two chromosomes, one of which contains a region of 
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overlap with the other. Thus a paint probe is made from 
chromosome A which is then hybridised to multiple copies 
of chromosome B fixed on a microscope slide; the coinci­
dent region of A anneals to the coincident region of chro­
mosome B and the slide is washed at high stringency to 
remove unhybridised A probe. The B chromosomes are 
treated with alkali and the eluted A probe is collected and 
amplified by PCR. The amplified products can then be 
used to make a region-specific library or to isolate homolo­
gous sequences from either genomic or eDNA libraries. 

Gene Mapping 

Chromosome-specific libraries made from sorted chro­
mosomes have been widely used for isolating chromo­
some-specific probes. Sorted chromosomes can also be 
used as reagents in assigning cloned DNA sequences to 
their respective chromosome or chromosome region. One 
method uses a panel of chromosome dot blots composed 
of groups of 10,000 chromosomes of each type sorted 
directly onto nitrocellulose filters which are then baked 
[28]. The probe of interest is radiolabelled, hybridised to 
the panel of dot blots under appropriate conditions and 
then washed at high stringency. Autoradiography readily 
identifies the dot blot to which the probe has annealed 
[29]. Regionallocalisations can be made using a series of 
sorted translocation chromosomes which cover the chro­
mosomal region of interest [30]. 

Partially sequenced DNA clones (i.e. with a sequence­
tagged site) can be assigned to their respective chromo­
some locations by PCR amplification of the sequence­
tagged site using specific DNA primers on a panel of 
sorted chromosomes. Once again, a more specific regional 
localisation can be achieved using sorted translocation 
derivatives with break points across the region. 

Forward and Reverse Chromosome Painting 

One of the most frequent applications ofFISH is in the 
analysis of complex chromosome aberrations, either in 
diagnostic cytogenetics or in the analysis of cancer chro­
mosomes. The chromosomal origin of de novo aberra­
tions which cannot be resolved by conventional chromo­
some banding, can be identified by chromosome painting. 
Usually, the application of commercial chromosome spe­
cific paint probes (forward chromosome painting) is ade­
quate, particularly if there is a clue as to which chromo­
somes are most likely to be involved. For example, a de 
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Fig. 2. a Dual-colour reverse chromosome painting of the two 
derivative translocations 2 and 17 shown in the flow karyotype in 
figure 1d. The paint probe from the chromosome 2 derivative is 
detected by FITC (green) and that from the chromosome 17 deriva­
tive is detected by Cy3 (red). When these paints are hybridised to 
normal chromosomes 2 and 17, they reveal the breakpoints and 
extent of the exchange associated with the translocation. b Cross­
species chromosome painting. Mouse chromosome 11 paint hybrid-
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ised to a normal human metaphase reveals regions of homology on 
human chromosome 17p and 17q, 5pl4-15, 2pl5-21, and 7q21-31, 
with weaker signals on chromosome 22q 11 and some other chromo­
somes. The areas of homology are consistent with comparative genet­
ic mapping data. c Cross-species chromosome painting: mouse chro­
mosome 11 paint hybridised to Chinese hamster metaphase, reveals 
areas of homology on hamster chromosomes lp and 7q only. d Cross­
species chromosome painting. Human chromosome specific paint 

Ferguson-Smith 



novo chromosomal duplication is much more likely to be 
intrachromosomal than the result of an exchange with 
another chromosome. Therefore, the paint probe of the cor­
responding chromosome should always be used first. If the 
duplication remains unpainted, then a succession of probes 
or probe mixtures can be tried until the correct one is iden­
tified. Alternatively, if chromosome sorting is available, 
the abnormal chromosome can be sorted, labelled by DOP­
PCR and used as a paint probe (reverse chromosome paint­
ing) onto a normal metaphase cell [31]. For example, the 
flow karyotype of an individual heterozygous for a recipro­
cal translocation between the long arm of chromosome 2 
(breakpoint at 2q31) and the distal end on the long arm of 
chromosome 17 (breakpoint at 17q25) is shown in fig­
ure 1d. The two translocation derivatives of chromosomes 
2 and 1 7 are the approximate size of chromosomes 6 and 
12, respectively. In order to determine the size of the frag­
ment from chromosome 17 involved in the translocation, 
approximately 500 copies of the two derivative chromo­
somes were sorted into separate tubes, amplified by DOP­
PCR and labelled with biotin and Cy3 fluorochrome, 
respectively. The labelled paint probes were then hybrid­
ised to normal meta phases and the derivative chromosome 
2 paint detected with streptavidin coupled with FITC while 
the derivative chromosome 17 paint was visualised directly 
by the Cy3label. The normal metaphase in figure 2a shows 
the chromosomes 2 and 17 painted in both red and green 
indicating the particular composition of the two derivative 
chromosomes; only a small part of the distal end of chromo­
some 17 is involved in the derivative chromosome 2 
(green) whereas nearly half of the long arm of chromosome 
2 is involved in the derivative chromosome 17 (red). 

Cross-Species Reciprocal Chromosome Painting 

Chromosome-specific paints derived from sorted chro­
mosomes have been made from a number of different spe­
cies in recent years. A list of species sorted in the Molecu-

probes for chromosome 1 (red) chromosome 2 (green) and chromo­
some 6 (yellow) hybridised to a metaphase from Hylobates hoolock. 
Chromosomes 1 and 2 are each homologous to regions on 5 different 
chromosomes and chromosome 6 is homologous to parts oftwo chro­
mosomes. e Cross-species chromosome painting. Human chromo­
some 1 paint hybridised to Indian muntjac metaphase (male) reveals 
areas of homology on muntjac chromosomes 1 and 3 (see fig. 4). 
f Cross-species chromosome painting. Six chromosome-specific 
paint probes from Chinese muntjac chromosomes have been hybrid-
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lar Cytogenetics Research Laboratory, Cambridge, is 
shown in table 1. The chromosome paints are being used 
in comparative mapping experiments, and in the case of 
the mouse, for assistance with chromosome analysis and 
radiation dosimetry experiments. In view of the similarity 
between many of the chromosomes in some species, e.g. 
the mouse [ 46], dog [ 47] pig [ 48] and sheep [ 49], the avail­
ability of sorted chromosomes and chromosome-specific 
paint probes has greatly assisted routine cytogenetic stud­
ies and has been helpful in resolving mapping problems. 

Flow karyotypes in the mouse made from short-term 
lymphocyte cultures (from spleen) are of remarkably high 
resolution [ 46] but because several chromosomes are of 
similar DNA content and base-pair ratio, a number are 
difficult to sort apart. We have therefore used a judicious 
selection of several different inbred mouse strains, each 
homozygous for a number of centric chromosome poly­
morphisms, which has allowed the construction of a com­
plete panel of 21 sorted chromosomes (including X and 
Y) and chromosome-specific paint probes (fig. 3, table 2). 
Each mouse strain has a characteristic flow karyotype 
which is reproducible within the strain (unpublished 
data). The chromosomal heteromorphisms are similar to 
the human heteromorphisms previously mentioned and 
reflect variable amounts of satellite DNA at the centro­
meres. Like the human, theY chromosome is highly vari­
able being largest in the BALB/c strain of Mus musculus 
(fig. 3c) and smallest in the Mus spretus sub-species 
(fig. 3f). The X chromosome of M. spretus is also smaller 
than in the other strains. 

In view of the conservation of genes between species, 
chromosome-specific paint probes from one species are 
able to identify syntenic blocks of homology in other spe­
cies. We have confirmed this in the mouse, where the 
genetic map is sufficiently advanced to allow detailed 
comparison with the human map, by hybridising mouse 
paints to human chromosomes. Figure 2b shows that a 
chromosome paint probe made from mouse chromosome 
11 hybridises to at least 5 specific regions of human chro-

ised to Indian muntjac chromosome 3. The order of these probes 
from centromere (top) are: chromosome 18 (green), 6 (red), 5 (green), 
9 (red), 16 (green) and 21 (red). Note that, with the exception of chro­
mosome 5 (part of which is homologous to a region on Indian munt­
jac chromosome 1 ), segments homologous to complete Chinese 
muntjac chromosomes are arranged in tandem and that fragments of 
centric heterochromatin (revealed by the red C5 probe) are detect­
able at the points offusion. g Multicolour spectral karyotype of nor­
mal male metaphase. 
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Table 1. Species used for chromosome sorting, with diploid number 

Human (Homo sapiens) 46 
Chimpanzee (Pan troglodytes) 48 
Pygmy chimpanzee (P. paniscus) 48 
Gorilla (Gorilla gorilla) 48 
Orangutan (Pongo pygmaeus) 48 
White-handed gibbon (Hylobates far) 44 
White-browed gibbon (H. hoolock) 38 
White-cheeked gibbon (H. leucogenys) 52 
Siamang gibbon (H. syndactylus) 52 
Slow loris (Nycticebus intermedius) 50 
Rhesus monkey (Macaca mulatta) 42 
Pig-tailed macaque (M. nemestrina) 42 
Silvered leaf monkey (Presbytis cristata) 44 
Vervet monkey (Cercopithecus aethiops) 60 
Snub-nosed monkey (Rhinopithecus bieti) 44 
Marmoset (Callithrixjaccus) 46 
Black lemur (Eulemur macaco) 44 
Brown lemur (Eulemur fulvus) 60 
Tree shrew (Tupai belangeri) 60 

Table 2. Chromosomes which sort independently ( +) in different 
mouse inbred strains 

1 + + + 
2 + + + 
3 + + + + + + + 
4 + + + + 
5 + + + + 
6 + + + + + + 
7 + + + + + + + 
8 + + + + 
9 + + + + 

10 + 
11 + + + + 
12 + + 
13 + + 
14 + + + + 
15 + + + + + + 
16 + + + + + 
17 + + + + + + 
18 + + + + + + 
19 + + + + + + + 
X + + + + + + + 
y + + + + + + + 
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Bat (Tadarida brasiliensis) 48 
Goose (Anseranser) 78 
Quail (Coturnix coturnix) 
Cat (Felis catus) 38 
Giant panda (Ailuropoda melanoleuca) 38 
Mouse (Mus musculus domesticus and Mus musculus castaneus) 40 
Short-tailed mouse (Mus spretus) 40 
Chinese hamster (Cricetulus griseus) 22 
Rat (Rattus norvegicus) 42 
Domestic sheep (Ovis aries) 54 
Domestic yak (Bos grunniens) 60 
Reindeer (Rangifer tarandus caribou) 70 
Red deer (Cervus elaphus) 68 
Brown brocket deer (Mazama gouazoubira) 70 
Tufted deer (Elaphodus cephalophus) 46/48 
Indian muntjac (Muntiacus muntjak vagina/is) 6, 7 
Chinese muntjac (M. reevesi) 46 
Black muntjac (M crinifrons) 8, 9 
Tammar wallaby (Macropus eugenii) 14 
Brush-tailed possum (Trichosurus vulpecula) 18 
Long-nosed potoroo (Potorus tridactylus) 11 

mosomes 17, 5p, 2p, 22q, and 7 q as expected from pre-
viously known man:mouse homologies. Hybridisation of 
mouse chromosome 11 paint to the chromosomes of the 
Chinese hamster reveals two much larger syntenic blocks 
(fig. 2c). As expected, fewer rearrangements have oc-
curred during the evolutionary divergence of the two 
rodent species than have occurred between the divergence 
of mouse and man. 

Having established that cross-species ISH is a reliable 
indicator of DNA conservation, we are in the process of 
establishing comparative maps of the species listed in 
table 1. The success of the method relies on the well-
known extensive divergence of repetitive DNA between 
even closely related species. To ensure that only con-
served expressed sequences are involved in cross-species 
hybridisation, it is helpful to allow the chromosome-spe-
cific probe to pre-anneal with itself for up to 1 h before 
applying it to the denatured chromosome preparations 
[14]. This effectively removes non-specific background 
hybridisation due to repetitive DNA dispersed through-
out the chromosomes. An example of the construction of 
a comparative map between the Indian muntjac and 
human is shown in figure 4: in this example the sites of 
homology of the entire human chromosome complement 
can be identified within the three pairs oflndian muntjac 
chromosomes [50]. Figure 2e shows the hybridisation of 
human chromosome 1-specific paint to the three major 
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sites on Indian muntjac chromosomes 1 and 3. By the 
reciprocal procedure of painting Indian muntjac chromo­
some-specific paints to human metaphases (not shown), it 
is possible to identify the intrachromosomal derivation of 
each separate hybridisation site when a specific chromo­
some paint hybridises to more than one chromosome. 

Reciprocal chromosome painting is a convenient meth­
od for the rapid construction of a preliminary genetic map 
of any species, based on the human genetic map (fig. 4). It 
can provide the foundation on which the construction of 
more detailed physical and genetic maps is based. It may 
simplify the identification of disease genes in animals and, 
at the same time, lead to the localisation of genes important 
for quantitative and behavioural traits in man. 

Chromosome Sorting and Painting 

101 SPRETUS 

Reciprocal chromosome painting has important appli­
cations in the study of karyotype evolution and phyloge­
ny, particularly of distantly related species. It comple­
ments the use of chromosome banding and gene mapping 
with somatic cell hybrids which have given important 
insights into the genome evolution of primates, rodents 
and other animals. Linkage groups have been found to be 
conserved intact in species which have diverged many 
million years ago. However, these techniques give only an 
imprecise picture of the chromosomal rearrangements 
which have occurred during evolution, and banding pat­
terns can be interpreted with confidence only in closely 
related species [51]. Chromosome painting demonstrates 
the major patterns of homology which, in almost all mam-

Eur J Hum Genet 1997;5:253-265 261 



3 L 
4 2 2 

1 =1 
• 2._ 

3 3 
2 8 

...1 
L 4 

2 3 

18 22 2 

...1 
7 r_ • 5 

1 4 
3 L 
2 

---1. 1.L 

_3.__21 1 
2 
3 .L 

1 4 2 5 

..1. 4 12 
1 -22 
2 3 2 3 

.12._ 

__!. 
Fig. 4. Comparative idiogram showing 

1 =19 
the homology of all human chromosomes to 3 2 

3 5 
the three pairs of chromosomes of the Indian -· 
muntjac as revealed by cross-species chro-
mosome painting using human chromo- 1 
some-specific paints hybridised to muntjac 
chromosomes. 

malian species, are evident in comparatively large blocks 
of synteny easily identified in the fluorescence micro­
scope [52]. For example, while the great apes and humans 
show almost complete homology, with the well-known 
exception of the fusion of the ancestral chimpanzee chro­
mosomes 12 and 13 to form what has become human 
chromosome 2, and the rearrangement between ancestral 
human 5 and 17 to produce chromosomes 4 and 19 in the 
gorilla, the lesser apes show that numerous rearrange­
ments have occurred since the existence of their common 
ancestor with the great apes. Thus, the white-cheeked gib­
bon (Hylobates co nco! or) shows over 31 translocations 
when painted with chromosome-specific human paint 
probes [53]. Figure 2e shows a metaphase from the white­
browed gibbon (Hylobates hoolock) hybridised with hu­
man chromosome-specific paints for chromosomes 1 
(red), 2 (green) and 6 (yellow); chromosome 1 is homolo­
gous to parts of 5 pairs of gibbon chromosomes, chromo­
some 2 to 5 different pairs and chromosome 6 to parts of 
two pairs of gibbon chromosomes. 

Assumptions about cross-species homology from G­
banding and other non-molecular techniques can be mis­
leading. An early conclusion that nucleolus-organising 
chromosomes were shared between Old World monkeys 
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and lesser apes (gibbons) was disproved by chromosome 
painting, while at the same time showing that regions 
homologous to human chromosome 22 were present in 
the nucleolus-organising chromosomes of all Old World 
monkeys, great apes and humans [54]. Similarly, the pos­
tulated translocation between chromosomes in the orang­
utan homologous to human chromosomes 8 and 20 was 
refuted by chromosome painting [55]. 

Chromosome painting across mammalian species sug­
gests that segments which have diverged in humans are 
linked in widely divergent species. For example, chromo­
somal segments homologous to human chromosomes 14 
and 15 are linked on the same chromosomes in all lower 
monkeys and non-primate species studied to date (includ­
ing Indian muntjac, fig. 4). Segments homologous to chro­
mosomes 3 and 21 are similarly linked in species as differ­
ent as the tree shrew, cat, pig and mouse [56]. It seems 
likely that linkages such as these are ancestral to all mam­
malian species, and that our understanding of genome 
evolution is likely to be illuminated by extending these 
chromosome-painting comparisons even to other non­
mammalian vertebrates. 

A striking example of chromosome fusion during evo­
lution is shown by comparative studies in various deer 
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species. These suggest that the ancestral karyotype of 
many deer species had a diploid chromosome number of 
70. The diploid number of the Indian muntjac (Muntia­
cus muntjak vagina/is) is 2n = 6, 7 and in the Chinese 
muntjac (Muntiacus reevesi) is 2n = 46. In both cases, the 
reduction in chromosome number from 70 can be demon­
strated by chromosome painting to be due largely to a 
simple process of fusion of whole chromosomes [35, 57]. 
Fragments of ancestral centric heterochromatin can be 
demonstrated between almost every syntenic block 
(fig. 2t). 

Chromosome painting on its own has limitations in the 
study of chromosome aberrations and karyotype evolu­
tion for it cannot identify many types of intrachromoso­
mal rearrangement, such as paracentric inversions and 
insertions, within segments homologous to a single chro­
mosome. Moreover, it cannot identify the orientation of 
homologous chromosome segments within a chromosome 
in relation to the centromere. Subregional specific paints, 
and specific cosmid andY AC DNA clones are often used 
in conjunction with chromosome paints to solve these 
problems [58, 59]. More recently, colour bar code probes 
have been used to confirm and extend our knowledge of 
intrachromosomal rearrangements in the great apes [un­
publ. data]. 

Multiplex-FISH and Spectral Karyotyping 

For a number of years it has been possible to use sever­
al DNA probes simultaneously in multicolour FISH, and 
this has considerably extended the applications of molec­
ular cytogenetics. Up to 7 different chromosome-specific 
paint probes can be used together in digital fluorescence 
microscopy by labelling each with a different combina­
tion of 3 fluorochromes [60]. The technique has now been 
extended by Speicher et al. [61] using different combina­
tions of 5 fluorochromes to label each of the human chro­
mosomes (or chromosome arms) in a 27-colour FISH 
termed 'combinatorial multifluor FISH' (M-FISH). The 
DNA probes are made from amplified, microdissected 
chromosomes and all fluorochromes were excited with a 
75 watt xenon lamp. Both excitation and emission spectra 
were carefully selected using appropriate filter sets each 
with waveband widths in the range of 5-15 nm. The emis­
sion from each dye is analysed separately and the various 
images merged to provide the final image. The labelling 
procedure provides a specific spectral signature for each 
probe which the computer program translates into dis­
tinct false colours displayed on the computer monitor. 

Chromosome Sorting and Painting 

The method has high resolving power and its utility has 
been well demonstrated in the analysis of constitutional 
and cancer chromosome aberrations. 

An alternative method for multicolour FISH has inde­
pendently and simultaneously been developed by Schrock 
et al [43]. The method once again uses 5 different fluoro­
chromes in different combinations to provide a distinc­
tive label for each of the 24 human chromosome paints 
produced from flow-sorted chromosomes (fig. 2g). Fluo­
rescence is excited by a xenon lamp and analysed through 
a triple filter set which allows all dyes to be excited and 
measured simultaneously with the SD-200 spectral bio­
imaging system (Applied Spectral Imaging Ltd., Migdale 
Haemek, Israel) incorporating a Fourier transform spec­
trometer. This system acquires a conventional fluores­
cence image through the microscope, at the same time 
measuring the visible and near-infrared emitted light 
spectrum for each pixel in the image. The definitive spec­
trum which identifies the combination of dyes in each 
DNA probe is translated into a distinctive false colour 
which can be viewed on the computer monitor. A com­
plete measurement of each metaphase takes about 50 s 
with a 15-nm spectral resolution; the computer then 
builds a spectral image of the metaphase which is avail­
able for visualisation, image processing and analysis. The 
system has been tested for its utility in the diagnosis of 
both constitutional and cancer chromosome aberrations 
and in cross-species reciprocal chromosome painting. 
Multicolour chromosome specific paints are available for 
all mouse chromosomes [62] as well as for human chro­
mosomes and are to be expected for other species as well. 
The resolving power is excellent and there is no question 
that spectral karyotyping will have an important place in 
molecular cytogenetics where it can be expected to ad­
vance our knowledge of cancer cytogenetics and karyo­
type evolution. 

Acknowledgements 

The author is grateful for helpful discussions with Johannes 
Wienberg and colleagues in the human molecular cytogenetics labo­
ratory and, in particular, to Fengtang Yang for the hybridisations 
illustrated here and to Patricia O'Brien for flow sorting all the species 
listed in table 1. The work of the laboratory is supported by an MRC 
Programme Grant (MAF-S). 

Eur J Hum Genet 1997;5:253-265 263 



References 

Moorehead PS, Nowell PC, Mellman WJ, Ba­
tipps DM, Hungerford AA: Chromosome prep­
arations of leukocytes cultured from human 
peripheral blood. Exp Cell Res 1960;20:613-
616. 

2 Caspersson T, Zech L, Johansson C: Differ­
ential banding of alkylating fluorochromes in 
human chromosomes. Exp Cell Res 1970;60: 
315-319. 

3 Pardue ML, Gall JG: Molecular hybridization 
of radioactive DNA to the DNA of cytological 
preparations. Proc Nat! Acad Sci USA 1969; 
64:600-604. 

4 John H, Bimstiel M, Jones K: RNA:DNA hy­
brids at the cytological level. Nature 1969;223: 
582-587. 

5 Henderson AS, Warburton D, Atwood KC: Lo­
cation of rDNA in the human chromosome 
complement. Proc Nat! Acad Sci USA 1972;60: 
3394-3398. 

6 Gerhard DS, Kawasaki ES, Bancroft FC, Szabo 
P: Localisation of a unique gene by direct 
hybridisation in situ. Proc Nat! Acad Sci USA 
1981 ;78:3755-3759. 

7 Harper ME, Saunders GF: Localisation of sin­
gle copy DNA sequences on G-banded human 
chromosomes by in situ hybridisation. Chro­
mosoma 1981;83:431-439. 

8 Malcolm S, Barton P, Murphy CS, Ferguson­
Smith MA: Chromosomal localisation of a sin­
gle copy gene by in situ hybridisation: Human 
~-globin genes on the short arm of chromosome 
11. Ann Hum Genet 1981;45:135-141. 

9 Garson JA, van den Berghe J, Kemshead JT: 
Novel non-isotopic in situ hybridisation tech­
niques detects small (1kb) unique sequences in 
routinely banded human chromosomes: Fine 
mapping ofN-myc and B-NGF genes. Nucleic 
Acids Res 1987;15:4761-4770. 

10 Pinkel D, Straume T, Gray JW: Cytogenetic 
analysis using quantitative, high-sensitivity, 
fluorescence hybridisation. Proc Nat! Acad Sci 
USA 1986;83:2934-2938. 

11 Langer PR, Waldrop AA, Ward DC: Enzymat­
ic synthesis of biotin labelled polynucleotides: 
Novel nucleic acid affinity probes. Proc Nat! 
Acad Sci USA 1981;78:6633-6637. 

12 Heiles HBJ, Genersch E, Kessler C, Neumann 
R, Eggers HJ: In situ hybridisation with digoxi­
genin-labelled DNA of papilloma viruses (HPV 
16/ 18) in HeLA and Sitla cells. Biotechniques 
1988;6:978-981. 

13 Lichter P, Cremer T, Borden J, Manuelidis L, 
Ward DC: Delineation of individual human 
chromosomes in metaphase and interphase 
cells by in situ suppression hybridisation using 
recombinant DNA libraries. Hum Genet 1988; 
80:224-234. 

14 Wienberg J, Adamski E, Yang F, Miiller S, Fer­
guson-Smith MA: Chromosome painting with­
out competitor DNA. Technical Tips Online 
1997; (http:/ /www.elsevier.com/locate/tto ). 

15 Lichter P, Tang CC, Call K, Hermanson G, 
Evans GA, Housman D, Ward DC: High reso­
lution mapping of human chromosome 11 by 
in situ hybridisation with cosmid clones. 
Science 1990;247:64-69. 

16 Trask BJ, Pinkel D, van den Eng G: The prox­
imity of DNA sequences in interphase cell nu­
clei is correlated to genomic distance and per­
mits ordering of cosmids spanning 250 kilo base 
pairs. Genomics 1989;5:710-717. 

17 Wiegant J, Kalle W, Mullenders L, Brookes S, 
Hoovers JMN, Dauwerse JG, Van Ommen 
GJB, Raap AK: High resolution in situ hybrid­
isation using DNA halo preparations. Hum 
Mol Genet 1992;1:587-591. 

18 Parra I, Windle B: High resolution visual map­
ping of stretched DNA by fluorescent hybridis­
ation. Nat Genet 1993;5:17-21. 

19 Florijn RJ, Blonden LAJ, Vrolijk J, Wiegant J, 
Vaandrager JW, Baas F, Den Dunnen JT, 
Tanke HJ, Van Ommen GJB, Rapp AK: High 
resolution DNA fibre-FISH genomic DNA 
mapping and colour bar coding of large genes. 
Hum Mol Genet 1995;4:831-836. 

20 Van Ommen GJB, Breuning MH, Raap AK: 
FISH in genome research and molecular diag­
nostics. Curr Opin Genet Dev 1995;5:304-
308. 

21 Gray JW, Carrano A V, Steinmetz LL, Van Dil­
la MA, Moore DH, Mayall BH, Mendelsohn 
ML: Chromosome measurement and sorting 
by flow systems. Proc Nat!Acad Sci USA 1975; 
72:1231-1234. 

22 Young BD, Ferguson-Smith MA, Sillar R, 
Boyd E: High resolution analysis of human 
peripheral lymphocyte chromosomes by flow 
cytometry. Proc Nat! Acad Sci USA 1981;78: 
7727-7731. 

23 Harris P, Boyd E, Ferguson-Smith MA: Optim­
ising human chromosome-specific DNA librar­
ies by flow sorting. Hum Genet 1985;70:59-
65. 

24 Harris P, Boyd E, Young BD, Ferguson-Smith 
MA: Determination of the DNA content of 
human chromosomes by flow cytometry. Cyto­
genet Cell Genet 1986;41: 14-21. 

25 Harris P, Cooke A, Boyd E, Young BD, Fergu­
son-Smith MA: The potential of family flow 
karyotyping for the detection of chromosome 
abnormalities. Hum Genet 1987;76:129-133. 

26 Cooke A, Tolmie J, Darlington W, Boyd E, 
Thomson R, Ferguson-Smith MA: Confirma­
tion of a suspected 16q deletion in a dysmor­
phic child by flow karyotype analysis. J Med 
Genet 1987;24:88-92. 

27 Cooke A, GillardEF, YatesJRW, Mitchell MJ, 
Aitken DA, Weir DM, Affara NA, Ferguson­
Smith MA: X chromosome deletions detect­
able by flow cytometry in some patients with 
steroid sulphatase deficiency (X-linked ich­
thyosis). Hum Genet 1988;79:49-52. 

28 Lebo RV, Bruce BD: Gene mapping with 
sorted chromosomes. Methods Enzymol1987; 
151:292-313. 

264 Eur J Hum Genet 1997;5:253-265 

29 Carter NP, Ferguson-Smith ME, Affara NA, 
Briggs H, Ferguson-Smith MA: A study of X 
chromosome abnormality in XX males using 
bivariate flow karyotype analysis and flow 
sorted dot blots. Cytometry 1990; 11:202-207. 

30 Harris RM, Carter NP, Griffiths B, Goudie 
DG, Hampson RM, Yates JRW, Affara NA, 
Ferguson-Smith MA: Physical mapping within 
the tuberous sclerosis linkage group in region 
9q32-34. Genomics 1993;15:265-274. 

31 Carter NP, Ferguson-Smith MA, Perryman 
MT, Telenius H, Pelmear AH, Leversha MA, 
Glancy MT, Wood SL, Cook K, Dyson HM, 
Ferguson-Smith ME, Willatt LR: Reverse chro­
mosome painting: A method for the rapid anal­
ysis of aberrant chromosomes in clinical cyto­
genetics. J Med Genet 1992;29:299-307. 

32 Suijkerbuijk RF, Matthopoulos D, Kearney L, 
Manard S, Dhut S, Cotter FE, Herbergs J, Van 
Kessel AG, Young BD: Fluorescent in situ 
identification of human marker chromosomes 
using flow sorting and Alu element-mediated 
PCR. Genomics 1992;13:355-362. 

33 Boschman GA, Buys CHCM, van der Veen 
A Y, Rens W, Osinga J, Slater RM, Aten JA: 
Identification of a tumor marker chromosome 
by flow sorting, DNA amplification in vitro, 
and in situ hybridization of the amplified prod­
uct. Genes Chromosom Cancer 1993;6:10-16. 

34 Scherthan H, Cremer T, Amason U, Weier H­
U, Lima-de-Faria A, Fraonicke L: Compara­
tive chromosome painting discloses homolo­
gous segments in distantly related mammals. 
Nat Genet 1994;6:342-347. 

35 Yang F, Carter NP, Shi L, Ferguson-Smith 
MA: A comparative study of karyotypes of 
muntjacs by chromosome painting. Chromoso­
ma 1995; 103:642-652. 

36 Ferguson-Smith MA: Progress in the molecular 
cytogenetics of man. Phil Trans R Soc Land [B] 
1988;319:239-248. 

37 Davies KE, Young BD, Elles RG, Hill ME, 
Williamson R: Cloning of a representative ge­
nomic library of the human X chromosome 
after sorting by flow cytometry. Nature 1981; 
293:374-376. 

38 Van Dilla MA, Deaven LL, Albright KL, Allen 
NA, Aubuchon M, Bartholdi M, Brown N, 
Campbell A, Carrano A, Clark L, Cram L, 
Crawford B, Fuscoe J, Gray J, Hildebrand E, 
Jackson P, Jett J, Longmire J, Lazes C, Luede­
mann M, Martin J, McNinch J, Meinske L, 
Mendelson M, Meyne J, Moyzis R, Munk A, 
Perlman J, Peters D, Silvam A, Trask B: Hu­
man chroll\osome-specific DNA libraries: Con­
struction and availability. Biotechnology 1986; 
4:537-552. 

39 Pinkel D, Landegent J, Collins C, Fuscoe J, 
Seagraves R, Lucas J, Gray J: Fluorescence in 
situ hybridisation with human chromosome­
specific libraries: Detection of trisomy 21 and 
translocations of chromosome 4. Proc Nat! 
Acad Sci USA 1988;85:9138-9142. 

Ferguson-Smith 



40 Cremer T, Lichter P, Borden J, Ward DC, 
Manuelidis L: Detection of chromosome aber­
rations in metaphase and interphase tumor 
cells by in situ hybridisation using chromo­
some specific library probes. Hum Genet 1988; 
80:235-246. 

41 Telenius H, Pelmear AH, Tunnacliffe A, Carter 
NP, Behmel A, Ferguson-Smith MA, Nor­
denskjold M, Pfragner R, Ponder BAJ: Cyto­
genetic analysis by chromosome painting using 
DOP-PCR amplified flow-sorted chromo­
somes. Genes Chromosom Cancer 1992;4: 
257-263. 

42 Meltzer PS, Guan XY, Burgess A, Trent JM: 
Rapid generation of region specific probes by 
chromosome microdissection and their appli­
cation. Nat Genet 1992;1:24-28. 

43 Schr5ck E, du Manoir S, Veldman T, Schoell B, 
Wienberg J, Ferguson-Smith MA, Ning Y, Led­
better D, Bar-Am I, Soenksen D, Garini Y, 
Ried T: Multicolor spectral karyotyping of hu­
man chromosomes. Science 1996;273:494-
497. 

44 Sillar R, Young BD: A new method for the 
preparation of metaphase chromosomes for 
flow analysis. J Histochem Cytochem 1981 ;29: 
74-78. 

45 Bailey DMD, Carter NP, de Vos D, Leversha 
M, Perryman MT, Ferguson-Smith MA: Coin­
cidence painting: A rapid method for cloning 
region specific DNA sequences. Nucleic Acids 
Res 1993;21:5117-5123. 

46 Rabbitts P, Impey H, Heppel-Parton A, Lang­
ford C, Tease C, LoweN, Bailey D, Ferguson­
Smith MA, Carter N: Chromosome specific 
paints from a high resolution flow karyotype of 
the mouse. Nat Genet 1995;9:369-375. 

Chromosome Sorting and Painting 

47 Langford CF, Fischer PE, Binns MM, Holmes 
NG, Carter NP: Chromosome specific paints 
from a high resolution flow karyotype of the 
dog. Chromosome Res 1996;4:115-123. 

48 Langford CF, Telenius H, Miller NG, Thom­
sen PD, Tucker DM: Preparation of chromo­
some-specific paints and complete assignment 
of chromosomes in the pig flow karyotype. 
Anim Genet 1993;24:261-267. 

49 Burkin DJ, O'Brien PCM, Broad TE, Hill DF, 
Jones CA, Wienberg J, Ferguson-Smith MA: 
Isolation of chromosome-specific paints from 
high resolution flow karyotypes of the sheep 
Ovis aries). Chromosome Res 1997;5:102-
108. 

50 Yang F, Miiller S, Just R, Ferguson-Smith MA, 
Wienberg J: Comparative chromosome paint­
ing in mammals: human and the Indian munt­
jac (Muntiacus muntjak vagina/is). Genomics 
1997;39:396-401. 

51 Yunis JJ, Prakash 0: The origin of man: A 
chromosomal pictorial legacy. Science 1982; 
215:1525-153050. 

52 Wienberg J, Jauch A, Stanyon R, Cremer T: 
Molecular cytotaxonomy of primates by chro­
mosomal in situ suppression hybridisation. Ge­
nomics 1990;8:347-350. 

53 Koehler U, Bigoni F, Wienberg J, Stanyon R: 
Genomic reorganisation in the concolor gibbon 
(Hylobates concolor) revealed by chromosome 
painting. Genomics 1995;30:287-292. 

54 Stanyon R, Arnold N, Koehler U, Bigoni F, 
Wienberg J: Chromosomal painting shows that 
'marked chromosomes' in lesser apes and Old 
World monkeys are not homologous and 
evolved by convergence. Cytogenet Cell Genet 
1995;68:74-78. 

55 Jauch A, Wienberg J, Stanyon R, Arnold N, 
Tofanelli S, Ishida T, Cremer T: Reconstruc­
tion of genomic rearrangements in great apes 
and gibbons by chromosome painting. Proc 
NatlAcad Sci USA 1992;89:8611-8615. 

56 Wienberg J, Stanyon R: Chromosome painting 
in mammals as an approach to comparative 
genomics. Curr Opin Genet Dev 1995;5:792-
797. 

57 Yang F, O'Brien PCM, Wienberg J, Ferguson­
Smith MA: A reappraisal of the tandem fusion 
theory of karyotype evolution in the Indian 
muntjak using chromosome painting. Chromo­
some Res 1997;5:109-117. 

58 Ried T, Arnold N, Ward DC, Wienberg J: 
Comparative high resolution mapping of hu­
man and primate chromosomes by fluores­
cence in situ hybridisation. Genomics 199 3; 18: 
381-386. 

59 Arnold N, WienbergJ, Ermert K, Zachau HG: 
Comparative mapping of DNA probes derived 
from the V kappa immunoglobulin gene re­
gions on human and great ape chromosomes by 
fluorescence in situ hybridisation. Genomics 
1995;26:147-150. 

60 Ried T, Baldini A, Rand TC, Ward DC: Simul­
taneous visualisation of seven different DNA 
probes by in situ hybridisation using combina­
torial fluorescence and digital imaging micros­
copy. Proc Natl Acad Sci USA 1992;89:1388-
1392. 

61 Speicher MR, Ballard SG, Ward DC: Karyo­
typing human chromosomes by combinatorial 
multi-fluor FISH. Nat Gen 1996;12:368-375. 

62 Liyanage M, Coleman A, du Manoir S, Veld­
man T, McCormack S, Dickson RB, Barlow C, 
Wynshaw-Boris A, Janz S, Wienberg J, Fergu­
son-Smith MA, Schr5ck E, Ried T: Multicolour 
spectral karyotyping of mouse chromosomes. 
Nat Genet 1996;14:312-315. 

Eur J Hum Genet 1997;5:253-265 265 


	0007_0253
	0008_0254
	0009_0255
	0010_0256
	0011_0257
	0012_0258
	0013_0259
	0014_0260
	0015_0261
	0016_0262
	0017_0263
	0018_0264
	0019_0265
	0020_0266
	0021_0267
	0022_0268
	0023_0269
	0024_0270
	0025_0271
	0026_0272
	0027_0273
	0028_0274
	0029_0275
	0030_0276
	0031_0277
	0032_0278
	0033_0279
	0034_0280
	0035_0281
	0036_0282
	0037_0283
	0038_0284
	0039_0285
	0040_0286
	0041_0287
	0042_0288
	0043_0289
	0044_0290
	0045_0291
	0046_0292
	0047_0293
	0048_0294
	0049_0295
	0050_0296
	0051_0297
	0052_0298
	0053_0299
	0054_0300
	0055_0301
	0056_0302
	0057_0303
	0058_0304
	0059_0305
	0060_0306
	0061_0307
	0062_0308
	0063_0309
	0064_0310
	0065_0311
	0066_0312
	0067_0313
	0068_0314
	0069_0315
	0070_0316
	0071_0317
	0072_0318
	0073_0319
	0074_0320
	0075_0321
	0076_0322
	0077_0323
	0078_0324
	0079_0325
	0080_0326
	0081_0327
	0082_0328
	0083_0329
	0084_0330
	0085_0331
	0086_0332
	0087_0333
	0088_0334
	0089_0335
	0090_0336
	0091_0337
	0092_0338
	0093_0339
	0094_0340
	0095_0341
	0096_0342
	0097_0343
	0098_0344



