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Karyotyping human chromosomes
by combinatorial multi-fluor FISH

Michael R. Speicher, Stephen Gwyn Ballard & David C. Ward

We have developed epifluorescence filter sets and computer software for the detection
and discrimination of 27 different DNA probes hybridized simultaneously. For karyotype
analysis, a pool of human chromosome painting probes, each labelled with a different
fluor combination, was hybridized to metaphase chromosomes prepared from normal
cells, clinical specimens, and neoplastic cell lines. Both simple and complex
chromosomal rearrangements could be detected rapidly and unequivocally; many of the
more complex chromosomal abnormalities could not be delineated by conventional
cytogenetic banding techniques. Our data suggest that multiplex-fluorescence in situ
hybridization (M-FISH) could have wide clinical utility and complement standard
cytogenetics, particularly for the characterization of complex karyotypes.

Chromosome karyotyping by conventional cytogenet-
ic banding methods is both time consuming, expen-
sive, and difficult to automate. The detection of
recurring genetic changes in solid tumour tissues by
karyotyping is particularly problematic because of the
difficulty in routinely preparing metaphase spreads of
sufficient quality and quantity and the complex nature
of many of the chromosomal changes. Marker chro-
mosome identification based solely on banding pat-
terns is extremely difficult. Indeed, attempts to fully
automate karyotype analysis over the past twenty years
have failed because robust computer algorithms could
not be developed to reliably decipher complex banding
patterns, particularly those of extensively rearranged
chromosomes.

Fluorescence in situ hybridization (FISH) is a pow-
erful tool for the analysis of genes and chromosomes
because of its high absolute sensitivity and its ability to
provide information at the single gene/single cell level.
For this reason FISH techniques are being increasingly
used in both basic research and clinical applications!+2.
One of the advantages of fluorescence for the detection
of hybridization probes is that several targets can be
visualized simultaneously in the same sample. Using
either combinatorial®~> or ratio-labelling®® strategies,
many more targets can be discriminated than the
number of spectrally resolvable fluorophores. The
simultaneous visualization of seven different probes
labelled combinatorially with up to three fluors and 12
different probes labelled with different fluor ratios has
been reported> %12, Combinatorial labelling pro-
vides the simplest way to label probes in a multiplex
fashion since a probe fluor is either completely absent

(0) or present in unit amounts (1); image analysis is
thus more amenable to automation, and a number of
experimental artifacts are avoided (such as differential
photobleaching of the fluors and the effects of chang-
ing excitation source power spectrum).

The number of useful boolean combinations of N
fluors is 2N-1. Thus, for a single fluor A, there is only
one useful combination (A = 1), while for two fluors,
A and B, there are three useful combinations (A=1,B
=0; A=0,B=1; A=1, B=1). There are seven com-
binations for three fluors, 15 combinations for four
fluors, 31 combinations for five fluors, 63 combina-
tions for six fluors, and so on. To uniquely identify all
24 chromosome types in the human genome using
chromosome painting probes, five spectrally distin-
guishable fluors are needed. Each probe is thereby pro-
vided with a distinct spectral signature dictated by its
fluor composition.

We describe a set of six fluors and corresponding
optical filters spaced across the spectral interval
350-770 nm that give a high degree of discrimination
between all possible fluor pairs. Using these fluors and
filter sets, we have demonstrated simultaneous visual-
ization of 27 combinatorially labelled probes applied
to chromosome karyotyping by FISH, including whole
chromosome paints, chromosome arm or band specific
probes, and YAC clones.

Selection of fluors and high contrast filters

The limited spectral bandwidth available for fluores-
cence imaging (~350-800 nm), and the extensive over-
lap between the spectra of organic fluors, makes
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Table 1 Epicube filter configuration for 75 W Xe arc source
DAPI FITC Cy3 Cy3.5 Cy5 Cy7
Excitation filter Zeiss 385nm  Omega 455DF70 Omega 546DF10 Ealing 35-3763 Omega 640DF20 Omega 740DF25
Dichroic beamsplitter Zeiss 395 nm  Omega 505DRLP02  Omega 560DRLP02. Omega 590DRLP02 Omega 645DRLP02  Omega 777DRLP02
Emission filter Zeiss >397 nm  Omega 530DF30 Ealing 35-3722 Zeiss 630/30 Omega 670DF32 Omega 780EFLP
IR blocking Schott BG38  Schott BG38 Schott BG38 Schott BG38 Oriel 58893 Oriel 58885

separating multiple fluors spectroscopically a signifi-
cant technical challenge. Choice of the fluors and fil-
ters in Table 1 was based on computer modelling of
their contrast parameters using digitized excitation
and emission spectra of a number of common fluors,
the transmittance spectra of interference filters and
dichroic beamsplitters from several optical suppliers
(Omega, Ealing, Oriel and Zeiss), and the power spec-
tra of the high pressure mercury arc, high pressure
xenon arc, the Hg-Xe arc, the quartz tungsten-halogen
lamp and various laser excitation sources. Excitation
and emission contrast ratios were computed for every
fluor relative to its two nearest spectral neighbours.
Filters were then selected to achieve >90% discrimina-
tion. This level of contrast is not generally achievable
using either excitation selection or emission selection
alone, no matter how narrow the filter bandwidths.
Thus excitation selection and emission selection were
applied simultaneously. Excitation contrast was
favored whenever possible, to avoid unnecessary wast-
ing of fluorescence photons (and hence unproductive
photobleaching of the fluor).

The chosen fluor set consisted of 4'-6-diamidino-2-
phenylindole (DAPI, a general DNA counterstain), flu-
orescein (FITC), and the cyanine dyes Cy3, Cy3.5, Cy5,
Cy5.5 and Cy7. The absorption and emission maxima,
respectively, for these fluors are: DAPI (350nm;
456nm), FITC (490nm; 520nm), Cy3 (554nmy;
568nm), Cy3.5 (581nm; 588nm), Cy5 (652nm;
672nm), Cy5.5 (682nm; 703nm) and Cy7 (755nm;
778nm). The excitation and emission spectra, extinc-
tion coefficients and quantum yield of these fluors are
described!*-16, All fluors were excited with a 75W
Xenon arc.

To attain the required selectivity, filters with band-
widths in the range of 5-15 nm (compared to approxi-
mately 50 nm or more for ‘standard’ filter sets) were
required. Further, it was necessary to both excite and
detect the fluors at wavelengths far from their spectral
maxima. Emission bandwidths were made as wide as
possible. For low-noise detectors such as the cooled

CCD camera used here, restricting the excitation
bandwidth has little effect on attainable signal to noise
ratios; the only drawback is increased exposure time.

Epifluorescence filter cubes constructed using the
bandpass and dichroic filters listed in Table 1 were test-
ed experimentally for spectral contrast between adja-
cent fluors. Good contrast (>92%) was attained in
practice for all fluors except the Cy5/Cy 5.5 pair, which
was marginal (80-90%). For this reason, Cy 5.5 was
omitted from the combinatorial labelling experiments
described below. It is vital to prevent infra-red light
emitted by the arc lamp from reaching the detector;
CCD chips are extremely sensitive in this region. Thus,
appropriate IR blocking filters (Table 1) were inserted
in the image path immediately in front of the CCD
window, to minimize loss of image quality.

Imaging software

Multi-fluor combinatorial labelling depends on
acquiring and analysing the spectral signature of each
probe, that is, the intensity values of each of the com-
ponent fluors in the six.imager channels. Critical fea-
tures are accurate alignment of source images,
correction of chromatic crosstalk, and quantitation of
the intensity of each fluor. To circumvent manual
image manipulation we developed the necessary soft-
ware to achieve these functions (see Methods). This
software carries out the following steps in sequential
order: 1) correction of the geometric image displace-
ments caused by wedging in the emission interference
filters, and by mechanical noise; 2) calculation of a
DAPI segmentation mask to delineate all of the chro-
mosomes in a metaphase spread; 3) calculation and
subtraction of the background intensity values for
each fluor, calculation of a threshold value, and cre-
ation of a segmentation mask for each fluor; 4) utiliza-
tion of the segmentation mask of each fluor to
establish a ‘boolean’ spectral signature of each probe;
5) visualization of the material hybridizing to each
chromosome probe next to the DAPI image to facili-
tate chromosome identification; 6) creation of a com-

Table 2 Combinatorial labelling scheme used for the simultaneous fabelling of all 24 chromosomes

a, 24-colour experiment with microdissected whole chromosome painting probes

1t 2 3 4 5 6 7 8 9

Fluoroscein  x X X X b
Cy3 X X X X X X
Cy3.5 X X X X X
Cy5 X X X X

Cy7 X X X X X

10 11 12 13 14 15 16 17 18

18 20 21 22 X Y

X X X X X X
X X X X
X X X X X X
X X X X X X
X X X X X

b, 27-colour experiment with microdissected whole chromosome painting prabes and chromosome arm painting probes

1 2 3 3g 4 5p5q 6 7 8 9 1011p11gq 12 13 14 156 16 17 18 19 20 21 22 X Y
Fluoroscein  x X X X X X X X X X X X
Cy3 X X X X X X X X X X X X
Cy3.5 X X X X X X X X X X X X X
Cy5 X X X X X X X X X X X X X
Cy7 X X X X X X X X X X X X X
369
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posite gray value image, where the material from each
chromosome is encoded with a gray value; and 7) final
presentation of the hybridization results using a look-
up table (LUT) that assigns a pseudocolour to each
such gray value.

Colour karyotyping of human chromosomes

To test the feasibility of karyotyping chromosomes by
multiplex-FISH (M-FISH), chromosome painting
probes representing the 22 autosomes and two sex

Fig. 1 Normal male metaphase spread after hybridization with a
27 DNA-probe cocktail. The left column of the figure shows the
unprocessed fluorescence source images and the right column
the segmentation masks computed for each fluor. a, DAPI: the
DAPI source image was inverted to produce a G-band like pat-
tern. b, FITC. ¢, Cy3. d, Cy3.5. e, Cy5. f, Cy7.

chromosomes were combinatorially labelled, mixed,
and cohybridized to normal metaphase spreads pre-
pared from peripheral blood lymphocytes. In the case
of chromosomes 3, 5 and 11 separate p and q arm
probes were used; thus a total of 27 different fluor
combinations were tested in this experiment (Table 2).
The DNA probes were generated by microdissection
and subsequent PCR amplification and labelled by
nick translation (see Methods). As expected, probes
labelled with equal amounts of different fluors did not
give equal signal intensities for each fluor, reflecting
the fact that the filter sets were selected to maximize
spectral resolution rather than throughput. To dimin-
ish signal intensity differentials, probe concentrations
for the hybridization mix had to be established careful-
ly in a large number of control experiments. (For the
optimized hybridization conditions, see Methods.)

A combinatorial labelling scheme was established to
simutaneously label all of the 22 autosomes and the
sex chromosomes (Table 2). After hybridization with
the 27 probe cocktail, the fluorescence source images
for DAPI, FITC, Cy3, Cy3.5, Cy5 and Cy7 were collect-
ed and the segmentation masks computed for each
fluor (Fig. 1). After subtracting the interchromosomal
fluorescence background from the chromosomal fluo-
rescence, the mean of the intrachromosomal fluores-
cence intensities was used to calculate the threshold for
creating the individual segmentation mask of each
fluor (Fig. 2). Discrimination of hybridization positive
and hybridization negative chromosomes was not
problematic and was accomplished within a second or
two.

The combinatorial labelling scheme generated a
spectral signature for each chromosome (Table 2).
Each of the fluor segmentation masks was interrogated
by the computer program in order to establish the
fluor composition of all chromosomes. For example,
chromosome 7 material is labelled with FITC, Cy3 and
Cy3.5 while chromosome 9 material is labelled with
FITC, Cy3 and Cy5. Each of the individual chromo-
somes (or chromosomal segments) identified in the
fluor masks on the basis of their fluor composition (its
boolean spectral signature) is displayed on the com-
puter monitor next to the DAPI image of the
metaphase spread. This provides a simple means for
the operator to confirm chromosome identity and to
assess any chromosomal abnormalities seen in the
final gray value or pseudocoloured composite images.

The karyotype of a normal male was examined
using this technique. Multiple chromosome spreads
(20) were analysed; the spectral signature for each
chromosome was computed (Fig. 3a). The p and q
arms of chromosome 3, 5 and 11 were labelled differ-
entially, reflecting the use of the arm specific probes. A
normal karyotype was attained as expected (Fig. 3b).
The high efficiency of the chromosome painting
achieved and the reproducibility of these results
through many additional experiments using either 24
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or 27 colour labelling protocols indicated that kary-
otype analysis by M-FISH was feasible.

M-FISH analysis of chromosomal abnormalities

To further test the utility of M-FISH for karyotype
analysis, we examined a set of five patient samples in
which various chromosomal alterations had been
detected by conventional cytogenetic banding tech-
niques. These sampies were provided by the Yale Uni-
versity Clinical Cytogenetics Laboratory and were
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Fig. 2 Plot of the relative fluorescence intensity values for the
fluor Cy3.5. Each pair of dots represents the mean fluorescence
intensity values of the respective chromosome homologues. All
chromosomes showing fluroescence above the threshold are
represented in the Gy 3.5 mask. Note that chromosomes that
were labelled with fluors very close to Cy3.5 in the spectrum,
Cy3 or Cy5, but not with Cy3.5 do not have significantly
increased intensity values. For example, chromosome 16 was
labelled with Cy3 and Cy5 only. The intensity values over these
chromosomes were no higher than any other chromosome not
labelled with Cy3.5. This demonstrates the specificity of the filter
used, thus allowing the unequivocal discrimination of hybridiza-
tion positive and negative chromosomes.

analysed in a blind fashion using a pool of 24 whole
chromosome painting probes. The karyotypes were
determined by M-FISH for each of the five patient
specimens (Fig. 4). The chromosomal abnormalities
observed were as follows: BM2486, a chromosome 5;8
translocation (Fig. 44); 10608, a 2;14 translocation
(Fig. 4b); BM2645, a 2;3 translocation plus a deletion
in 6q (Fig. 4c); BM2527, a 15;17 translocation (Fig.
4d), and BM3149, a 3;5 and a 6;12 translocation, loss
of one copy of chromosomes 5 and 12 and trisomy of
chromosome 8 (Fig. 4e). In each case, the chromoso-
mal alterations seen by M-FISH were identical to those
identified by cytogenetic banding. Furthermore, using
the G-banding pattern generated by the DAPI fluores-
cence and measuring the fractional
chromosome length of the translo-
cation chromosomes, it was possi-
ble to infer the cytogenetic band
implicated in the translocation
breakpoints using fractional chro-
mosome length/cytogenetic band
conversion charts'”!8, which again
agreed with the cytogenetic data. It
should be noted, however, that dif-
ferential chromosome condensation
could lead to discordance between
fractional length measurements and
cytogenetic band assignments.

In some instances where the chro-
mosomes are highly condensed there
is an additional colour generated at
the site of the translocation break-
points (Fig. 44, ¢, d). This is due to
the blending of colours by fluores-
cence flaring at the junctions of the
individual chromosome painting
probe domains, This colour blending
is not observed when more extended,
prometaphase chromosomes, are
examined (Fig. 4b), or when the fluor
composition of both translocation
chromosomes have only a single
fluor difference (for example, Fig.
4d), where chromosome 15 was
labelled with FITC, Cy3.5 and Cy7,
and chromosome 17 was labelled
with FITC and Cy7 only. However,

Fig. 3 a, Metaphase spread of Fig. 1 as a
pseudocoloured image. For chromo-
somes 3, 5 and 11, the p and q arms were
labelled differently. b, Final karyotype
generated on the basis of the boolean
spectral signature.
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due to the fluorescence flaring of the Cy3.5 of chromo-
some 15 (Fig. 4d) the translocated chromosomal mater-
ial from 17q appears smaller than would be expected
for the recurring t(15;17)(q22;q11.2-12) in acute
promyelocytic leukaemia (AML-M3). Colour blending
also occurs at sites where two different chromosomes
overlap in the spread. However, by examining several
spreads potential problems in chromosome characteri-
zation can be avoided.

Previous studies have shown that G or R banding
profiles can be generated by hybridization with
oligonucleotides complementary to LINE or SINE
(Alu) sequences!®?0. Although such banding probes
were not used in these experiments, it is clearly feasible
to do so. However, since it is preferable to use a fluor
that does not contribute to the spectral signature of
the .chromosomal DNAs to label the banding probe,
we chose not to include hybridization banding in our

Fig. 4 Exampies of chromosomal abnormalities detected by 24
colour M-FISH. a, BM2486: 46, XX, t(5;8). b, 10608: 46, XY,
t(2;14). c, BM2645: 46, XX, 1(2;3), del (6q) (arrow). d, BM2527:
46, XY, t(15)17). e, BM3149: 45, XY, -3, +der(5)t(3;5),
der(6)t(6;12), +8, —12. Samples (g) and (b) were from individuals
with constitutional translocations. Samples (c), (d) and (e) were
from patients with acute myeloid leukaemia.

protocol until we could refine the spectral resolution
between Cy5 and Cy5.5. This would provide the addi-
tional fluor, Cy5.5, needed for such experiments.

We also examined several cell lines derived from
patients with squamous cell carcinoma of the head and
neck. These cell lines possess extensive chromosomal
rearrangements and many of their chromosomes were
designated only as ‘marker’ chromosomes when analysed
by a board certified cytotechnologist using conventional
cytogenetic banding procedures. One of these cell lines,
HTB43, contains multiple clones with chromosome
number varying between 48 and 62; many of these chro-
mosomes are so extensively rearranged that conventional
karyotype analysis is extremely difficult. Thus, finding
cells that would give equivalent karyotypes by both cyto-
genetic banding and M-FISH is extremely difficult. In
spite of this caveat, we demonstrated that M-FISH can
identify complex chromosomal rearrangements not read-
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ily identified by conventional cytogenetic techniques (Fig.
5). M-FISH karyotype of an HTB43 cell with 49 chromo-
somes identified the chromosomal partners in numerous
chromosomal translocations; some of the chromosomal
rearrangements are extremely complex (Fig. 5b, ¢).

M-FISH with band probes and YAC clones

To determine if M-FISH could be done efficiently
using regionally localized and genetically less complex
probe mixtures, a set of three band specific probes
from chromosome 6 were used with 19 non-chimaeric
YAC clones and two whole chromosome painting
probes (for chromosomes X and 8). We demonstrated

" that both band specific clone pools and individual

YAC clones with inserts as small as 0.5 kb can be
imaged and their spectral signatures correctly identi-
fied by our computer algorithms (data not shown).
While the ultimate sensitivity of M-FISH has yet to be
established, it should be possible to assemble probe
panels to address a broad spectrum of specific biologi-
cal and clinical questions.

Discussion
We demonstrate here the feasibility of discriminating
up to 27 DNA probes hybridized simultaneously to
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Fig. 5 a, G-banded karyotype of the cell line HTB43. The cell
shown here has 57 chromosomes. Many of the chromosomal
rearrangements could not be deciphered with conventional cyto-
genetic banding procedures. b, M-FISH analyses of the cell line
HTB43 after hybridization with a 27 DNA-probe cocktail. This cell
has 49 chromosomes and some identical marker chromosomes
as the cell shown in (a). Two marker chromosomes contain chro-
mosome material in a band like fashion. One has a p arm consist-
ing of 5p, while the ¢ arm has one band consisting of
chromosome 14 material and then two alternating bands with
chromosome 9 and 11q material. The second marker chromo-
some is a 15p+ with alternating bands of 3q and chromosome 8
material. ¢, A schematic representation of the chromosomal
rearrangements observed in the metaphase shown in (b).

metaphase chromosomes and document the ability to
do karyotype analysis by multicolour FISH. Simple and
complex translocations, interstitial deletions and inser-
tions, chromosomal aneusomies and double minute
chromosomes could be identified on a global basis
quite rapidly. Furthermore, we were able to identify
numerous chromosomal rearrangements that could
not be classified by standard cytogenetic studies. Typi-
cally 5~10 metaphase spreads per case were analysed.

Defining the optimum fluor composition for each of
the chromosome painting probes was done empirically
through multiple hybridization experiments. Once the
probe composition parameters were established, there
was very little variation from one batch of probe to the
next, thus highly reproducible results were obtained.
These observations suggest that karyotyping by
hybridization could be established in most laboratories
skilled in FISH-techniques. The current software takes
about 10 minutes to analyse one metaphase spread,
however further refinements should reduce the analyti-
cal time significantly. Importantly, the M-FISH
method is also amenable to full automation.

While we were readily able to visualize band specific
probes derived from chromosome 6 and individual
YAC clones containing DNA inserts of 0.5-1.0 Mb, we
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have not yet tested systematically, the resolution limits
of the chromosome painting probes to detect abnor-
malities that are routinely problematic for cytogeneti-
cists, such as small telomeric translocations, interstitial
deletions or duplications. Such studies are in progress.
Since whole chromosome painting probes used in the
absence of chromosome banding will not detect cer-
tain chromosomal abnormalities, for example, peri-
centric inversions, it is important to combine painting
and banding techniques to maximize the cytogenetic
information obtainable. Although pericentric inver-
sions could be revealed if appropriate arm specific
probes were used, direct banding would be preferable.
Increasing the spectral resolution between Cy5 and
Cy5.5, a goal that should be obtainable in the near
future, would provide the additional fluor needed for
banding by hybridization. The utility of M-FISH also
could be extended by designing specific probe sets that
stain particular chromosomal regions; telomere proxi-
mal probes for the detection of cryptic translocations,
or band probes spanning translocation breakpoints
associated with discrete subsets of leukemias or lym-
phomas. Recent advances in constructing physical and
genetic maps of the human genome?!?? and chromo-
some microdissection?*-%” should greatly facilitate the
selection of clones to construct probe sets for specific
diagnostic applications. While additional experimental
evaluation will be required to define the practical
advantages and technical limitations of M-FISH fully,
it appears to be a versatile technique that should com-
plement existing cytogenetic methods, particularly in
characterizing complex karyotypes.

The application of M-FISH to interphase cytogenet-
ics has yet to be explored in detail. While preliminary
experiments have demonstrated the feasibility of
delineating the signals from 20 chromosome-specific
alphoid DNA repeat sequences by optical sectioning of
cultured cells (data not shown), additional experi-
ments will be required to determine if M-FISH can be
used effectively to enumerate chromosomes in intact
cells or tissues. However, with appropriate 3-D laser
scanning imaging systems or algorithms for deconvo-
luting optical section images recorded by CCD cam-
eras, it should be possible to analyse the intranuclear
organization of whole chromosomes, defined chromo-
somal domains or multigene families as a function of
developmental status, cell cycle stage or disease state.
Such studies could provide important new insights
into the architectural organization and dynamics of
chromosome structure as a function of nuclear meta-
bolic activity.

The potential utility of M-FISH is not limited to
cytogenetic areas. For example, chromosomal painting
probes from human or other species could be used to
readily determine the location and extent of synteny
between different species, thus enhancing our under-
standing of chromosome evolution. M-FISH could
also be used to assess the presence or absence of infec-
tious agents, define microbial serotypes or simultane-
ously determine not only the identity of an infectious
agent but also its susceptibility or resistance to antibi-
otics or drugs. Multiplex gene mapping and the ability
to quantitatively assess the levels of multiple mRNAs
or proteins in a single cell or to determine if they
exhibit different intracellular distributions could be

applied to a myriad of interesting biological questions.
Multiparametric imaging not only increases informa-
tion throughput, it makes more efficient use of biologi-
cal materials and can reveal spatial and temporal
correlations, as well as mosaicisms, that otherwise
might be difficult to establish reliably.

It has been suggested that the next generation of
cytogenetic techniques would be molecularly based
and employ multiple hybridization probes, each dis-
criminated by a unique colour code®*710:28 Qur stud-
ies provide a first step toward achieving this objective.

Methods

Software for analysis of combinatorially labelled probes. The
program was developed using an image analysis package (BDS-
Image/Oncor-Image) implemented on a Macintosh Quadra
900. Image shifts caused by optical and mechanical imperfec-
tions were corrected by alignment of the center of mass of one
chromosome in each image according to a procedure
described?® and modified®®. The DAPI image was used to
define the morphological boundary of each chromosome.
Chromosome segmentation was assisted by pre-filtering of
each image through a top-hat filter’®3!, with the mode of the
gray level histogram of the filtered DAPI image used as the
threshold. For each fluor optical background was eliminated by
subtracting the interchromosomal fluorescence intensity from
the chromosomal fluorescence. The mean of the intrachromo-
somal fluorescence intensities was used to calculate the thresh-
old for the individual segmentdtion mask of each fluor
Individual DNA targets were assigned distinct gray values
depending on the boolean signature of each probe, that is, the
combination of fluors used to label it. Finally, a look-up-table
was used to assign each DNA target a pseudocolour depending
on this gray value.

DNA probes. All microdissected probes were provided by J.
Trent, P. Meltzer and M. Bittner (National Center for Human
Genome Research, Bethesda, MD). These probes give a very
uniform labelling of the target region. The detailed protocols
for microdissection and PCR amplification are described?>?7.
For some chromosomes different DNA-probes for the p- and
the q-arms were available, namely 2, 3, 4, 5, 10, 11, 16, 18, and
Y. For all other chromosomes microdissected probes painting
the entire chromosome were used.

Probe labelling. Fluorescein, Cy3, and Cy5 were linked to
dUTP for direct labelling. Cy3.5 and Cy7 were available as
avidin or anti-digoxigenin conjugates for secondary detection
of biotin- or digoxigenin-labelled prabes. They were synthe-
sized using conventional N-succinamide ester coupling chem-
istry. For each probe one to four separate nick translation
reactions were necessary, each with a single fluor-, biotin- or
digoxigenin-labelled triphosphate (Table 2).

FISH. The reporters and the exact probe concentrations used for
each chromosome paint were: 1-FITC: 110 ng; 2p-Dig: 60 ng;
2q-Dig: 200 ng; 3-Cy3: 150 ng; 3p-Cy5: 90 ng; 3q-Dig: 70 ng; 4p-
Bio: 30 ng; 4q-Bio: 140 ng; 5p-Cy3: 80 ng; 5p-Dig: 70 ng; S5p-Bio:
80 ng; 5p-Cy5: 100 ng; 5q-Cy3: 170 ng; 5q-Dig: 110 ng; 6-FITC:
110 ng; 6-Bio: 60 ng; 7-FITC: 40 ng; 7-Cy3: 40 ng; 7-Bio: 20 ng;
8-Cy5: 110 ng; 8-Dig: 60 ng; 9-FITC: 110 ng; 9-Cy3: 140 ng; 9-
Cy5: 120 ng; 10p-Cy5: 90 ng; 10g-Cy5: 120 ng; 11p-Bio: 20 ng;
11p-Cy5: 50 ng; 11p-FITC: 20 ng; 11p-Dig: 20 ng; 11g-Bio: 20
ng; 11q-Cy5: 60 ng; 12-Cy3: 70 ng; 12-Bio: 20 ng; 12-Dig: 60 ng;
13-FITC: 20 ng; 13-Cy3: 40 ng; 13-Dig: 40 ng; 14-Bio: 20 ng; 14-
Cy5: 50 ng; 14-Dig: 40 ng; 15-FITC: 20 ng; 15-Bio: 20 ng; 15-
Dig: 40 ng; 16p-Cy3: 70 ng; 16p-Cy5: 70 ng; 16q-Cy3: 90 ng;
16q-Cy5: 70 ng; 17-FITC: 30 ng; 17-Dig: 60 ng; 18p-Bio: 20 ng;
18p-Dig: 60 ng; 18q-Bio: 40 ng; 18q-Dig: 80 ng; 19-Cy3: 30 ng;
19-Bio: 20 ng; 19-Cy5: 60 ng; 20-FITC: 20 ng; 20-Cy5: 60 ng; 20-
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Dig: 20 ng; 21q-FITC: 70 ng; 21q-Bio: 70 ng; 21g-Cy5: 90 ng;
22q-FITC: 100 ng; 22q-Cy5: 120 ng; X-Cy3: 40 ng; X-Bio: 20 ng;
Yp-FITC: 10 ng; Yp-Cy3: 10 ng; Yo-FITC: 5 ng; Yq-Cy3: 5 ng.
Thus, the total mass of labelled probe was 4.45 pg. Cotl DNA
(70 pg) and 20 pg salmon DNA were added for an overnight
ethanol precipitation. On the next day the mixture of probes was
resuspended in 10 pl of a conventional hybridization cocktail
with 50% formamide, 2x SSC and 2% dextran sulfate.
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