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Abstract. In recent years a fascinating evolution of different
multicolor fluorescence in situ hybridization (FISH) technolog-
ies could be witnessed. The various approaches to cohybridize
multiple DNA probes in different colors opened new avenues
for FISH-based automated karyotyping or the simultaneous
analysis of multiple defined regions within the genome. These
developments had a remarkable impact on microscopy design
and the usage of highly sensitive area imagers. In addition, they

led to the introduction of new fluorochromes with appropriate
filter combinations, refinements of hybridization protocols,
novel probe sets, and innovative software for automated chro-
mosome analysis. This paper attempts to summarize the var-
ious multicolor approaches and discusses the application of the
individual technologies.
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At the time of their discovery in the 19t century chromo-
somes were already linked to colors. Because of their affinity
for certain stains Waldeyer (1888) dubbed the threadlike struc-
tures “chromosomes” which is derived from the Greek words
chroma (= color) and soma (= body), and means “colored
body”. However, chromosomes had to travel through various
color ages, starting from the “dark ages” (Hsu, 1979) to arrive
finally at the “kaleidoscope-age” (Speicher and Ward, 1996)
where multicolor-FISH technologies made the “colored bod-
ies” an especially apt derivation. This is illustrated in Fig. 1,
which depicts side by side the first and present-day images of
human chromosomes and karyotypes.

In recent years, FISH became an important addition to tra-
ditional karyotyping, which based on the work by Zech and
Caspersson (Caspersson et al., 1968, 1970) depends on the
analysis of characteristic banding patterns along the length of
each chromosome. However, chromosome karyotyping by con-
ventional cytogenetic banding methods is time consuming,
expensive, and has a limited resolution. Particularly proble-
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matic are the analysis of extensively rearranged chromosomes
in tumor cytogenetics and the identification of marker chromo-
somes. Thus, chromosome-specific DNA painting probes or
other region-specific probes (e.g. YACs, BACs, PACs, cosmids,
etc.) were applied for the unequivocal identification of certain
chromosomes or selected DNA regions within metaphase
spreads. Applying highly sensitive area imagers such as cooled
charge coupled device (CCD) cameras or interferometers and
appropriate filter sets several fluorochromes can spectrally be
resolved and the intensity of hybridization signals can accurate-
ly be quantified. Thus, FISH is ideally suited for the simulta-
neous detection of multiple hybridization probes.

The discrimination of many more targets than the number
of spectrally resolvable fluorochromes can be achieved using
either combinatorial (Nederlof et al., 1989, 1990; Ried et al.,
1992a, b; Lengauer et al., 1993; Popp et al., 1993; Wiegant et
al., 1993; Speicher et al., 1996a; Schrock et al., 1996) or ratio
labeling (Dauwerse et al., 1992; Nederlof et al., 1992; du
Manoir et al., 1993; Morrison et al., 1997; Tanke et al., 1999)
strategies (Fig. 2). All currently used multicolor FISH techno-
logies use either technology or a combination of both. The com-
binatorial labeling strategy provides the simplest way to label
probes in a multiplex fashion because each probe fluorochrome
is either completely absent (0) or present (1) resulting in a “Boo-
lean spectral signature” of each probe (Fig. 2a). Image analysis
is thus more amenable to simple automation. Ratio coding uses
hybridization probes containing different proportions of two or
more distinguishable labels to stain each target. Discrimination
is achieved by highly accurate fluorescence intensity measure-
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Fig. 1. (a) One of the first images of human chromosomes made by the
German pathologist J. Arnold in 1879. Arnold examined carcinoma and sar-
coma cells because their voluminous nucleus facilitated analysis. The draw-
ing shows a human sarcoma cell (Arnold, 1879). (b) Staining of all 46 chro-
mosomes of a human cell simultaneously in different colors by M-FISH.
(c) The first karyogram of human chromosomes made by J. Moore and G.
Arnold in 1906. Chromosomes were observed at meiotic division I. Because
the paired homologous chromosomes are connected by the synaptonemal
complex they were drawn as characteristic double structures. As 16 double

ments, which determine not only the presence of a fluoro-
chrome but also the ratios between the fluorochromes used for
probe labeling. Therefore, ratio labeling has the potential to
identify more DNA targets simultaneously using fewer fluores-
cent labels than the combinatorial labeling technique (Fig. 2b).

This paper will review the recent developments of various
multicolor-FISH technologies, their applications, limitations
and pitfalls, and further amendments.
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structures were counted the authors concluded that human cells have 32
chromosomes (Moore and Arnold, 1906). (d) A karyogram made by T. Paint-
er in 1923, who used drawings from spermatogonia to sort chromosomes
according to their size and shape. Chromosome number was estimated to be
at 47 (Painter, 1923). (e) Multicolor classified karyogram of the normal male
metaphase spread shown in (b), generated by an adaptive spectral classifica-
tion approach for seven fluorochromes. The automated analysis is assisted by
computer-generated false colors, which allow the generation of a karyotype
within seconds.

Multicolor karyotyping technologies using painting
probes

For multicolor karyotyping with painting probes several
approaches were developed, including multiplex FISH (M-
FISH; Speicher et al., 1996a), spectral karyotyping (SKY;
Schrock et al., 1996), color changing karyotyping (Henegariu et
al., 1999), and combined binary ratio labeling (COBRA; Tanke
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Fig. 2 . Schemes illustrating the principles of the combinatorial and the
ratio labeling technologies. (a) Combinatorial labeling employs the calcula-
tion of a “Boolean spectral signature” for each probe. Each probe is either
completely absent (0) or present (1) depending on the intensity of the fluoro-
chrome. Thus, when probes are labeled with different fluorochromes the
ratio between these fluorochromes does not matter. The number of useful
Boolean combinations for 7 fluorochromes is 2 — 1. In the example shown
there are three fluorochromes (red, yellow, blue), yielding 23 — 1 = 7 different
color combinations. At least five fluorochromes (25 — 1 = 31) are needed for
the generation of 24 different colors. (b) With ratio labeling different probes
can be labeled with the same fluorochrome combinations (as shown for
probes 2-4, 68, and 10-12). Different probes labeled with the same fluoro-
chrome combination are distinguished based on the different proportions or
ratios of the fluorochromes used. The number of combinations for # fluoro-
chromes is given by the formula:

r*n!
Number of colors = | n + ————
2% (n-2)!
where r is the number of ratios, which can be resolved for ratio labeling. In

the example shown there are three fluorochromes and three ratios (used to
label probes 2-4, 6-8, or 10-12, respectively). Thus the number of combina-

tions is:
* 2| *
<3+—3 3 >=<3+—3 6>=(3+§>=3+9=12
2*(3-2)! 2%*1 2

A further increase in the number of colors can be achieved by adding a
binary label to some targets (see text).

et al., 1999). The first three methods use the combinatorial
labeling strategy, COBRA employs both the combinatorial and
the ratio labeling strategy. All technologies use similar, spectral-
ly resolvable fluorochromes. The emission and excitation spec-
tra of commonly used fluorochromes are illustrated in Fig. 3.

Multiplex-FISH (M-FISH)

M-FISH uses appropriate epifluorescence filter sets and com-
puter software for the detection and evaluation with a standard
epifluorescence microscope (Speicher et al., 1996a, 1996b, 2000;
Eils et al., 1998; Azofeifa et al., 2000). Critical features are accu-
rate alignment of source images, reduction of chromatic cros-
stalk, and quantitation of the intensity of each fluorochrome.
M-FISH had a remarkable impact on microscopy design as most
vendors are now offering epifluorescence microscopes with mo-
torized eight-position filter wheels. The filter wheel reduces
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Fig. 3 . Normalized fluorescence excitation (a) and emission (b) spectra
of 4’-6-diamidino-2-phenylindole (DAPI [a general DNA counterstain], ab-
sorption maximum: 350 nm; emission maximum: 456 nm), diethylamino-
coumarin (DEAC, 426 nm; 480 nm), fluorescein (FITC, 490 nm; 520 nm),
the cyanine dyes Cy3 (554 nm; 568 nm), Cy3.5 (581 nm; 588 nm), Cy5
(652 nm; 672 nm), Cy5.5 (682 nm; 703 nm), Cy7 (755 nm; 778 nm), and
LaserPro IR 790 (785 nm; 801 nm). In many multicolor FISH applications
the entire spectrum from the UV to the far infrared range is utilized. Despite
a significant spectral overlap individual fluorochromes can be resolved with-
out undesirable cross talk between detection channels using appropriate
filter sets or an interferometer. Human vision is insensitive to light beyond
~ 650 nm, and therefore it is not possible to view the far-red fluorescence
dyes by looking through the eyepiece of a conventional fluorescence micro-
scope. Thus, fluorochromes Cy5, Cy5.5, Cy7, and LaserPro IR790 are only
detectable by using a highly sensitive area imager, e.g. a cooled charge cou-
pled device (CCD) camera.

mechanical noise to an extent that geometric image displace-
ment is avoided. In addition, images from the different fluoro-
chromes can be taken in a completely automated fashion.

A set of up to eight fluorochromes and corresponding opti-
cal filters spaced across the spectral interval 350-801 nm that
give a high degree of discrimination between all possible fluoro-
chrome pairs has so far been used for M-FISH (Fig. 3, Azofeifa
et al., 2000). Epifluorescence filter cubes were constructed for
spectral contrast between adjacent fluorochromes to attain the
required selectivity (Eils et al., 1998). In order to reduce the
crosstalk excitation and emission filters have to be narrow.
However, exposure times are short as light yield in epifluores-
cence microscopes is extremely efficient resulting in a sufficient
number of available photons. For example, typical exposure
times are in the range of 0.5 s for DAPI, 3 s for DEAC, 3 s for
FITC, 3 s for Cy3, 0.5 s for Cy3.5, 3 s for Cy5, 4 s for Cy5.5, and
4 s for Cy7 (Eils et al., 1998; Azofeifa et al., 2000). All images of
a metaphase spread can thus be captured in less than 25 s.
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Spectral karyotyping (SKY)

Spectral karyotyping (SKY) employs an interferometer and
Fourier analysis to obtain an image of the fluorescing sample.
Interferometers operate by dividing the optical energy from a
light source (e.g., via a beamsplitter, spectral cube, etc.) into
two substantially equal beams of light. The two beams propa-
gate in opposite directions. They are combined after one is per-
mitted to pass through the sample and the interference pattern
(i.e., the changes in intensity of the combined light) is detected.
Such changes in intensity are related to the fluorescence of the
sample. The interference pattern is detected with a CCD
camera, so that both the interferometer and the camera capture
an interferogram (Schrock et al., 1996).

Employing a triple-band pass filter all fluorochromes are
excited and emitted at the same time. The properties of this
filter determine the fraction of the spectrum, which is used to
distinguish the multiple spectrally overlapping probes of each
combinatorially labeled object pixel. The simultaneous excita-
tion and emission of all fluorochromes, however, neglect the
different fading properties of individual fluorochromes and
that — depending on the characteristics of the objective used —
fluorochromes may have different chromatic aberrations re-
sulting in different focal planes. Exposure times are in the range
of 1-2 min.

As commercial probe kits were readily available for the
SKY system, it was soon, after its first description, used for
numerous applications in pre- and postnatal diagnostics and
tumor cytogenetics. These were recently reviewed intensively
(Schrock and Padilla-Nash 2000).

Color changing karyotyping (CCK)

Color changing karyotyping (CCK) (Henegariu et al., 1999)
is based on combinatorial labeling, but uses only three fluores-
cent dyes for chromosome identification. For example, three
fluorescent and three hapten-labeled nucleotides are used for
probe labeling. After probe labeling and hybridization, gray-
scale images of the three directly labeled probes are captured.
After recording of the coordinates of each metaphase the anti-
fade mounting medium is rinsed away and the slide subjected
to antibodies and avidin, which are labeled with the same three
fluorochromes as the directly labeled probes. Images of the pre-
viously recorded metaphases are again captured in all three
channels. To distinguish between the signals from the first and
second recording CCK takes advantage of the difference in sig-
nal strength between directly and indirectly labeled probes.
Subsequently the grayscale images are pseudocolored and
merged with the first images. Analysis is primarily done by
visual inspection. This approach represents the cheapest alter-
native of all published multicolor karyotyping systems. How-
ever, as metaphase spreads have to be captured twice and as
image analysis is not automated it increases the workload and is
time consuming.

Combined binary ratio labeling (COBRA)

The potential of ratio labeling was impressively docu-
mented in 1992 by 12-color experiments in first attempts to
create a “molecular karyotype” (Dauwerse et al., 1992). The
COBRA technology is in some respect a continuation of this
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work (Tanke et al., 1999). COBRA uses simultaneously the
combinatorial and ratio labeling strategies. Three fluoro-
chromes are used for ratio labeling of 12 chromosome painting
probes (Fig. 2b). In order to label 24 chromosomes, a second set
of 12 painting probes is labeled identically but is in addition
tagged with a fourth fluorochrome. This additional tag repre-
sents a binary label, which similarly to a combinatorially
labeled fluorochrome is either present or absent. The addition
of further binary labels increases the multiplicity of this ap-
proach tremendously. For example, if three fluorochromes are
used for the ratio labeling of 12 DNA probes one additional
binary label (four fluorochromes altogether) would allow to dis-
tinguish 24 probes, two binary labels (five fluorochromes alto-
gether) 48 probes, three binary labels (six fluorochromes alto-
gether) 96 probes, and so on.

A weakness is that ratio labeling is more complicated in
terms of probe labeling and more accurate fluorescence mea-
surements are needed. In addition, it is more prone to hybridi-
zation variability artifacts.

Multicolor karyotyping technologies employing bar
coding strategies

The major drawback of using painting probes is that the sen-
sitivity for the detection of intrachromosomal rearrangements
is low. Deletions or duplications will be detected only if they
result in significant size differences of the two homologous
chromosomes, pericentric inversions will be detected only if
they result in a considerable displacement of the centromere,
which changes the shape of the chromosome. Paracentric inver-
sions are not detectable by painting probes at all.

Thus, strategies employing the application of multiple sub-
regional probes for the generation of FISH-based multicolor
banding patterns were already thought for a long time to be an
ideal tool for deciphering intrachromosomal rearrangements
(Lichter et al., 1990; Ried et al., 1992; Lengauer et al., 1993).
Recently, such “bar coding” strategies were extended to the
entire genome to combine traditional banding capability with
color classification (Miiller et al., 1997, 1998).

Multicolor chromosome bar code for the entire human

genome

Alu-PCR products of various human/rodent somatic cell
hybrids can be used to achieve a specific colored banding pat-
tern for each chromosome in a single hybridization. These sets
of subregional DNA probes are pooled into two probe sets, dif-
ferently labeled and after hybridization detected by green and
red fluorescence. This approach results in about 110 distinct
signals per haploid chromosome set with a unique sequence of
signals on each individual chromosome (Miiller et al., 1997).

Cross-species color segmenting (Rx-FISH)

This approach takes advantage of the fact that humans and
gibbons have evolved from a common ancestor. The DNA has
retained a high degree of homology but the gibbon chromo-
somes are extensively rearranged. As a result, probes generated
by flow sorting from gibbon chromosomes hybridize to differ-



ent loci in the human genome. By labeling a probe set derived
from two gibbon species (Hylobates concolor and Hylobates
syndactylus) with three fluorophores seven different colors are
generated, which segment individual human chromosomes in
at least two and up to six segments and the entire human karyo-
type into 81 or 74 homologous colored segments. An attractive
feature of this technique is that the segments have precise
boundaries that are defined by evolutionarily derived translo-
cations (Miiller et al., 1998).

Multicolor strategies with multiple subregional probes
for defined locations

As resolution depends critically on the selection of probes,
the analysis of the entire genome should not always be the first
choice. Instead there are a number of diagnostic applications or
defined biologic questions for which a specifically designed
probe set should be superior as compared to the aforemen-
tioned methods. For example, several probe sets were devel-
oped for an effective analysis of subtelomere regions (National
Institutes of Health and Institute of Molecular Medicine collab-
oration, 1996; Kingsley et al., 1997; Knight et al., 2000). Other
strategies aimed at achieving a higher resolution for individual
chromosomes (Chudoba et al., 1999). These developments will
be summarized below.

Telomere integrity assays

There is substantial evidence that a number of unexplained
cases of mental retardation may be caused by cryptic subtelo-
meric rearrangements (Flint et al., 1995; Knight et al., 1999).
These rearrangements pose a diagnostic challenge as they tend
to escape routine banding analysis. Some unbalanced translo-
cations are detectable using either M-FISH (Uhrig et al., 1999),
SKY (Schrock et al., 1997) or COBRA (Bezrookove et al.,
2000). However, as telomere regions are often poorly repre-
sented in painting probes (Holinski-Feder et al., 2000) and as
subtelomeric deletions will not be detectable with these ap-
proaches, alternative strategies employing subtelomeric probes
were sought by several groups. All approaches try to screen all
subtelomeric regions simultaneously in an efficient way with
the best possible resolution.

In addition to a commercial kit, which subdivides a slide
into 24 hybridization fields, one for each chromosome (Knight
et al., 1997), multicolor approaches were developed. One multi-
color FISH assay checks the telomere integrity of eight chromo-
somes simultaneously, thus three hybridizations are needed
(Granzow et al., 2000). Telomere signals are evaluated by
visual inspection. A new assay was called “M-TEL”, which
allows the simultaneous assessment of the telomere ends of 12
chromosomes (Brown et al., 2001) reducing the number of
hybridizations to two. Analysis is done in an automated fashion
by newly developed software, which allows the automated clas-
sification of multiple small region-specific probes (Saracoglu et
al., 2001). The simultaneous analysis of all chromosome ends
in a single multicolor hybridization was also reported recently
(Henegariu et al., 2001).

Table 1. The resolution limits of any multicolor system do not depend
entirely on the system itself but also on a variety of additional, system-inde-
pendent factors. The table summarizes such parameters, which may have a
substantial effect on resolution.

Slide/chromosome preparation

Chromosome condensation

Hybridization quality

Quality of DNA-probes

Quality of probe labeling

Fluorochromes involved in an interchromosomal rearrangement
Size of the rearranged DNA-fragment

High resolution multicolor banding

This technique is based on the use of differentially labeled
overlapping microdissection libraries. The fluorescence inten-
sity ratios along the chromosomes are used to assign different
colors to specific chromosome regions. Using this approach, 23
bands were obtained for chromosome 5 (Chudoba et al., 1999).
This technique has the potential to facilitate breakpoint map-
ping and it should identify peri- and paracentric inversions
with ease. However, whether it is also applicable for the identi-
fication of small deletions (microdeletions) has not yet been
explored.

Resolution and image analysis

At the beginning of the FISH era, signals were subject to
visual interpretation only. Visual interpretations alone are very
powerful for a number of applications. However, in order to
standardize FISH signals and to automate the evaluation of
FISH experiments, some principles of quantitative FISH anal-
ysis are needed. Image analysis in FISH was stimulated tremen-
dously through the introduction of the comparative genomic
hybridization (CGH) technique (Kallioniemi et al., 1992).
CGH marked a new era in FISH in which many labs started
with large-scale fluorescence intensity measurements on a rou-
tine basis. Instead of manual manipulation of images, sophisti-
cated procedures were developed for an automated evaluation
with accurate assessments of fluorescence intensity values and
well-defined parameters for image acquisition were established
(du Manoir et al., 1995, Piper et al., 1995). Similarly, many of
the multi-color systems depend critically on quantitative image
analysis of the fluorescence signals.

In this respect a reliable assessment of significant differ-
ences between various 24-color karyotyping systems is difficult.
First comparisons of systems showed neither a winner nor a
loser (Strefford et al., 2001; Rens et al., 2001). An attempt of a
“mathematical proof” that the SKY system may be superior to
any filter-based system (Garini et al., 1999) could be shown to
be incorrect (Castleman et al., 2000). However, for most appli-
cations the most important issue will not be the system itself
but rather what resolution can be achieved. Table 1 summa-
rizes a number of factors, which have an important impact on
resolution and are system independent. Additional consider-
ations regarding resolution and which should be helpful to
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select the best approach for specific applications are discussed
below.

As pointed out earlier (Uhrig et al., 1999; Azofeifa et al.,
2000), in each cell there is an internal control to estimate the
quality of the hybridization and the resolution. The different
labeling of the X and the Y chromosome in the 24-color hybrid-
ization mixes should result in additional bands on the X chro-
mosome at the first pseudoautosomal region at Xp22.3 (size:
2.6 Mb) and the XY homology region at Xq21.3 (size:
4 Mb). The second pseudoautosomal region at Xq28 (320 kb) is
never detected. Thus, each cell has a “control translocation”
and “control insertion” with a unique spectral composition.
Using these regions, resolution should be somewhere between
320 kb and 2.6 Mb.

However, it is important that resolution limits should in
general never be given in absolute numbers. As numerous
papers have shown in the past, any 24-color karyotyping system
is capable of identifying very small interchromosomal aberra-
tions. Yet, the detection of — for example — one 1.5-Mb inter-
chromosomal rearrangement does not allow the conclusion that
all possible 1.5-Mb exchanges will be detected as well. To dem-
onstrate this in more detail, we will focus on the parameter “flu-
orochromes involved in an interchromosomal rearrangement”
in Table 1. As shown in Fig. 4 and demonstrated earlier (Azo-
feifa et al., 2000) the identification of a small (~ 3 Mb or less)
interchromosomal rearrangement depends critically on the flu-
orochrome composition of the involved chromosomes. The
reason for this is that fluorescence often flares into adjacent
regions and interferes with the karyotypic interpretation. For
example, the identification of a small translocation is proble-
matic if the translocated segment is only labeled with a subset
of fluorochromes, which occur also in the centric segment
(Fig. 4a). In this case identification of a translocation depends
on the correct delineation of size differences of painting signals
in different color channels. The smaller the translocation the
more difficult is the detection of such a size difference. In gen-
eral, interchromosomal rearrangements are much easier identi-
fied if the rearrangement results in the addition of a new fluoro-
chrome to the derivative chromosome (Fig. 4b). Thus, small
interchromosomal rearrangements may be overlooked in an
otherwise perfect experiment solely because of the fluoro-
chrome labeling of the probe mix. Therefore, depending on the
fluorochrome composition some small rearrangements may be
identified with ease while others with the same size may be
missed.

Thus optimized probe sets, which increase the detection of
all possible interchromosomal rearrangements with the best
possible accuracy, should be designed. One strategy aims at
labeling probes as differently as possible (Azofeifa et al., 2000).
This “as different as possible” means, that each translocated or
inserted segment adds at least one new fluorochrome to the
derivative chromosome. This can be achieved when all chro-
mosomes are labeled with the same number of fluorochromes.
For example, if each chromosome is labeled using a double
combination, eight fluorochromes would be needed as eight flu-
orochromes allow 28 different double combinations. As an
intermediate to achieve this goal a probe set with seven fluoro-
chromes was realized recently. In this seven-fluorochrome mix
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three chromosomes were labeled with only one fluorochrome
and 21 chromosomes with a double combination (for details
see Azofeifa et al., 2000). The impact on classification is sum-
marized in Fig. 4. It is obvious that this conceptual change is
not only important in diagnostic applications but also in tumor
cytogenetics as malignant cells may have a number of small
insertions and/or translocations. This is exemplarily illustrated
in Fig. 5, which depicts a seven-fluorochrome M-FISH analysis
of the non-small-cell lung cancer cell line A427. Many of these
rearrangements are small and could be missed or misclassified
with a traditional five-fluorochrome probe set.

Discussing resolution, two issues have to be distinguished:
firstly, to identify the presence of an interchromosomal rear-
rangement in the first place; secondly to classify it correctly. If
the rearrangement is beyond a certain size, and depending on
the fluorochrome composition, a correct, automated classifica-
tion may be impossible. For small rearrangements, classifica-
tion based on visual inspection of all individual fluorochrome
channels is sometimes superior to the automated classification.
The visual inspection of individual fluorochrome images is an
additional tool to ensure that each chromosome segment is
properly assigned and represents a special feature of filter-
based systems.

Even the application of highly sophisticated image analysis
does not eradicate the possibility of artifacts. For example, an
additional color at the site of translocation breakpoints can be
caused by the blending of colors by fluorescence flaring at the
junctions of the individual chromosome painting probe do-
mains. The size of this band depends mainly on the chromo-
some condensation (Azofeifa et al., 2000). Color blending also
occurs at sites where two or more different chromosomes over-
lap in the spread. In such overlapping regions high fluorescence
intensity values are observed which can create “false spectral
combinations” or “nonexisting combinations”. By examining
several spreads potential problems in chromosome character-
ization can be avoided. Some of these observations were con-
firmed by others, demonstrating that the same classification
artifacts can be observed with different multicolor systems (Lee
et al., 2001).

The smaller the interchromosomal aberration the more dif-
ficult it will be to distinguish it from background noise and to
classify it correctly. Smoothing operations in the automated
classification software can create homogeneously appearing
pictures but may obscure small rearrangements. In attempts to
improve the automated analysis of our imaging system it has
been updated significantly over time from an algorithm based
on thresholding (Speicher et al., 1996b) to an adaptive and self-
calibrating spectral image analysis (Eils et al., 1998), which was
more recently extended to include region specific information
(Saracoglu et al., 2001).

However, even the improved 24-color karyotyping techno-
logies cannot compete with the resolution of sophisticated telo-
mere integrity assays for the detection of subtelomere rearran-
gements or with the resolution of the bar coding techniques for
the elucidation of intrachromosomal aberrations. Thus, it is
important to keep limitations of individual techniques in mind
and to select the approach best suited for specific applications.
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Fig. 4. Scheme illustrating the impact of probe design on the accurate
identification and classification of small interchromosomal rearrangements.
It is shown exemplarily for translocations, but the same considerations apply
to small insertions as well. There are 552 possible two-way translocations in a
male metaphase spread. If small (~ 3MD or less), the design of the probe mix
determines critically the number of translocations, which can be detected
and correctly classified. (a) Illustration of a small translocation, which has
both a low sensitivity and a low specificity. Chromosome A is labeled with
two fluorochromes (red and yellow), chromosome B is labeled with the yel-
low fluorochrome only. If part of chromosome B is translocated to chromo-
some A, the translocated segment is only labeled with a fluorochrome that
also occurs in the centric segment. A small translocation may be completely
obscured by fluorescence flaring and hence escape both, the visual inspection
of individual fluorochrome channels (visual) and the automated classifica-
tion (auto). Thus, a small interchromosomal rearrangement may be over-
looked simply because of the fluorochrome composition in rearranged chro-
mosomes. With the commonly used 24-color painting kits, which employ
five different fluorochromes, 13.5% out of all possible 552 translocations
may be overlooked for this reason (5f). Using an optimized seven-fluoro-
chrome probe set, only 3.3 % of all possible small interchromosomal rearran-
gements are overlooked because of the labeling (7f). If all chromosomes are
labeled each with two different fluorochromes by using eight fluorochromes,
this situation is completely avoided (8f) (for details see Azofeifa et al., 2000
and text). (b) A small translocation is in general much easier to identify if the
translocated segment adds an extra fluorochrome to the centric segment.
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Two examples are depicted. In the first example shown in the upper row, the
two chromosomes involved in the translocation have one fluorochrome in
common. The translocation will be identified with high sensitivity but low
specificity because fluorescence flaring may hamper distinguishing between
the possible double combinations blue/yellow or blue/red. The frequencies
for these high sensitivity/low specificity translocations are 81.6% (five fluo-
rochrome mix), 58.7% (seven fluorochrome mix), and 43.5% (eight fluoro-
chrome mix), respectively. The lower row shows an example in which both
the translocated and the centric segment are labeled each with two different
fluorochromes. If the analysis is done with the eight fluorochrome mix the
translocation will be identified in any case unequivocally and cannot be
obscured by fluorescence flaring. Translocations, which can be identified
with a high specificity and sensitivity due to unique fluorochrome combina-
tions occur with frequencies of 4.9 % (5f), 38.0% (7f), and 56.5% (8f), respec-
tively.

Fig. 5. A metaphase spread (a) and corresponding karyogram (b) from
non-small-cell lung cancer cell line A427 after hybridization of the seven flu-
orochrome hybridization mix.

Fig. 6. An example of a mouse M-FISH experiment is shown in the inverted DAPI karyogram (a), in true colors (b), and in classification

colors (¢). The karyotype is: 40,XY,t(2;15).

Cytogenet Cell Genet 93:1-10 (2001) 7



Outlook

The multicolor approaches will be useful for a broad range
of applications (for reviews see LeBeau 1996; Lichter 1997).
Already now we have an intriguing arsenal of technologies at
hand, which allow screening and analysis of both inter- and
intrachromosomal alterations.

For selected applications a further increase in probe number
could have advantages. For example, with both the COBRA
(Wiegant et al., 2000) and the M-FISH (Karhu et al., 2001) sys-
tem 42-color experiments were realized for the differential
painting of all chromosome arms. The correct assignment of
breakpoints is facilitated tremendously in complexly rear-
ranged tumor metaphases by such an approach. The multicolor
techniques can in addition be extended to other species. The
first realization was the mouse SKY system (Liyanage et al.,
1996). Its usefulness is well documented in a number of exam-
ples in which mouse karyotyping assisted in elucidating specific
functions of genes (e.g. Coleman et al., 1997; Ferguson et al.,
2000; Difilippantonio et al., 2000; Artandi et al., 2000). An
example of mouse M-FISH (Jentsch et al., 2001) is shown in
Fig. 6. Mouse and human M-FISH were recently combined for
the simultaneous analysis of all chromosomes in human-mouse
hybrid cells (Langer et al., 2001), representing the first simulta-
neous analysis of two different genomes in one hybridization.
Provided that good-quality painting probes will be available for
other species, automated karyotyping will be feasible for them
as well.

Future developments will include specific diagnostic probe
sets. For example, a centromere-specific multicolor FISH ap-
proach for the elucidation of the origin of marker chromosomes
was reported recently (Nietzel et al., 2001). Other diagnostic
probe sets could aim at facilitating the identification of specific
chromosomal translocations in leukemia and lymphomas. If
rearrangements are very complex, e.g. in tumor cytogenetics,
breakpoint mapping based on fluorescence signals from paint-
ing probes and comparison with banding pattern might lead to
wrong assignments. Thus, ready to use multicolor bar codes
covering defined regions will be needed and will evolve to
important additional tools in molecular cytogenetics. With the
completion of the human genome project and the identification
of more and more DNA probes (Cheung et al., 2001; McPher-
son et al., 2001) it is expected that specific probe sets can now
be developed very rapidly. In addition, the generation of DNA
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