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Recently we developed a novel strategy for differentially painting all 24 human chromosomes. It is termed
COBRA-FISH, short for combined binary ratio labeling-fluorescence in situ hybridization. COBRA-FISH is
distinct from the pure combinatorial approach in that only 4 instead of 5 fluorophores are needed to achieve
color discrimination of 24 targets. Furthermore, multiplicity can be increased to 48 by introduction of a fifth
fluorophore. Here we show that color identification by COBRA-FISH of all of the p and q arms of human
chromosomes is feasible, and we apply the technique for detecting and elucidating intra- and interchromosomal
rearrangements. Compared with 24-color whole chromosome painting FISH, PQ-COBRA-FISH considerably
enhances the ability to determine the composition of rearranged chromosomes as demonstrated by the
identification of pericentric inversions and isochromosomes as well as the elucidation of the arm identity of
chromosomal material involved in complex translocations that occur in solid tumors.

Combinatorial fluorescence in situ hybridization
(FISH) of the DNA of the 24 different human chromo-
somes with 5 fluorophores in conjunction with spec-
tral or filter-based microscopic imaging (Schrock et al.
1996; Speicher et al. 1996) has greatly advanced mo-
lecular cytogenetic analysis of chromosomes (Ried et
al.1998). Use of 5 fluorophores allows the identifica-
tion of up to 31 different chromosomal targets on the
basis of color combinations. Recently, we developed
combinatorial binary ratio labeling (COBRA) FISH as
an alternative multi-color FISH technique (Tanke et al.
1999), which uses 4 fluorochromes to achieve a multi-
plicity of 24, allowing FISH karyotyping with whole
chromosomal paint probes. The multiplexing capacity
of COBRA-FISH can be increased to 48 by introduction
of a fifth fluorophore. Here we show that COBRA-FISH
allows color discrimination of all of the p and q arms
and apply the technique for detecting and elucidating
intra- and interchromosomal rearrangements.

RESULTS AND DISCUSSION

We have determined previously that with two fluoro-
phores, five different targets are identifiable on the ba-
sis of FISH intensity ratios, that is, the ratio-resolution
is at least five. Hence, by pairwise ratio labeling with 3
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fluorophores, 12 ratio-labeled probes can be differen-
tiated. To achieve higher multiplicities, the same 3
fluorophores are used to ratio label additional sets of
12 probes in an identical fashion. The sets of ratio-
labeled probes are discriminated by the presence or ab-
sence of additional, spectrally distinct fluorophores re-
ferred to as binary labels. For 24-color FISH, 2 sets of 12
ratio-labeled probes and one binary label are needed,
whereas for 48-color FISH, 2 binary labels are required
(Tanke et al. 1999).

We reasoned that if all ¢ arm paints, labeled with
the second binary label, would efficiently hybridize si-
multaneously with 2 X 12 COBRA-labeled whole chro-
mosomal paint (WCP) sets, a chromosomal region
would be uniquely assigned to a given chromosome on
the basis of its WCP ratio and presence or absence of
the first binary label. The arm identity would then be
provided by the presence or absence of the second bi-
nary label.

As shown in Figure 1, with normal metaphase
chromosomes, this strategy correctly identifies p and q
arms. Interestingly, sequences present in the Y paints
disturbed the COBRA-FISH signals at regions of ho-
mology on the X. We observed that the tip of Xp de-
viates from the FISH color composition of the major
part of the X chromosome. The major pseudoautoso-
mal region PAR1 (2.6 Mb) maps to the tip of Xp
(Xp22). Additionally, at Xq13, where homology with Y
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Figure 1 Chromosomal arms differentially painted by PQ-COBRA-FISH. PQ-COBRA-FISH to normal male metaphase chromosomes. (A)
shows the superimposed, pseudocolor images of the three fluorophores used for ratio labeling the WCPs in a karyogram format. The first
binary label (B) differentiates the two identically ratio-labeled WCP sets. The karyogram was generated automatically on the basis of
chromosomal WCP-FISH ratios and the presence (odd numbered chromosomes plus Y) or absence (even numbered chromosomes plus
X) of the first binary color. The second binary label, differentiating p and q arms, is displayed in C. All g arm paints were labeled with the
second binary label, except for chromosomes 4 and 7, for which p arm paints were used. Note the disturbance of the COBRA-FISH signals
on the X chromosome by the Y paint.
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sequences is known to exist, Y signals were observed.
Signal disturbance by Y paints was never observed at
Xq28, where the minor pseudo-autosomal region maps
(PAR2; 320 kb). Conversely, we similarly observed in
male metaphases PAR1 at the tip of Yp, but not PAR2
on Yq.

After having established that PQ-COBRA-FISH cor-
rectly identifies all arms in normal metaphases, we ap-
plied it to the detection of intrachromosomal rear-
rangements and for the elucidation of a complex can-
cer karyotype. The two examples in Figure 2 illustrate
cases of intrachromosomal rearrangements, which re-
sult in derivatives with morphologies similar to their
normal homologs, and which would not be detectable
by FISH without arm-specific libraries. Figure 3 exem-
plifies the ability to efficiently elucidate, in a single
FISH experiment, rearrangements such as isochromo-
somes, deletions, and complex translocations in cancer
karyotypes. On basis of these results and those of >20
PQ-COBRA-FISH experiments with highly complex
cancer karyotypes (results not shown), we conclude
that compared with 24-color chromosome painting,
PQ-COBRA-FISH considerably enhances the ability to
determine the composition of rearranged chromo-
somes.

It is evident that the main advantage of COBRA-
FISH—as a generic FISH technique—over mere combi-
natorial FISH is that with less primary fluorophores,
more FISH colors can be generated. Here we have
shown that by COBRA-FISH, differential painting of
the p and q arms is feasible with five fluorophores
only. It seems to require only small steps to reach mul-
tiplicities of 96 and 192 by introduction of additional
binary fluorophores.

Ledbetter (Ledbetter 1992) discussed the cycle of
technology development and application of multi-
color FISH, which at that time had a multiplicity of
seven (Nederlof et al. 1990; Ried et al. 1992; Wiegant et
al. 1993). Ledbetter predicted correctly that further de-
velopment of FISH methodology as well as hard- and
software for digital imaging should allow simultaneous
visualization of 24 chromosomes in different colors.

A

inv(12)

Here we have shown that 48-color FISH is feasible. It is
likely that further cycles of technology development
and application will push FISH multiplicity further,
possibly to a point that high-resolution, molecular-
banding procedures by FISH can be developd.

MATERIALS AND METHODS

DNA Labeling and FISH

WCP-DNAs were obtained from Cytocell (Banbury, UK) or
kindly donated by Nigel Carter (Sanger Center, Cambridge,
UK). Chromosome arm-specific paints were generated by mi-
crodissection and DOP-PCR as described (Guan et al. 1996).
For labeling the WCPs and arm paints, we used either chemi-
cal ULS labeling after DOP-PCR or enzymatic labeling during
DOP-PCR. Results obtained with both labeling methods were
identical. For example, the ULS experiment of Figure 1 was
initially performed with enzymatically labeled probes with
identical results. For chemical ULS labeling, the WCP sets and
the arm paints were labeled in five separate labeling reactions.
To this end, optimized amounts of each unlabeled (DOP-PCR
amplified) paint destined to get the same ULS label were
mixed and reacted with the appropriate ULS label. After Qia-
gen column purification, the five labeled DNA solutions were
mixed and a 3 X excess of human Cot-1 DNA was added. After
ethanol precipitation, the DNA was dissolved in a hybridiza-
tion mixture. Subsequent FISH was as described previously
(Tanke et al. 1999), with the exception that hybridization
times were reduced from 5 to 2 days. For ratiolabeling, we
used Diethylaminocoumarin (DEAC)-ULS, Cy3-ULS, and Cy5-
ULS. As first and second binary ULS labels, OregonGreen- and
dinitrophenyl (DNP)-ULS were used. All ULS labels were gen-
erous gifts from Kreatech BV (Amsterdam, The Netherlands).
The DNP moiety was visualized with a biotinated anti-DNP
antibody and LaserPro IR790-conjugated Streptavidin (Mo-
lecular Probes).

For enzymatic labeling, each probe was labeled sepa-
rately by incorporating the requisite labeled dUTP during
DOP-PCR. Optimized amounts of Qiagen column-purified
DNA were mixed, Cot-1 DNA was added, and after ethanol
precipitation, the probe mix was dissolved in hybridization
solution. Fluorescein-dUTP, Lissamine-dUTP, and CyS-dUTP
were used for ratio labeling WCPs. Dig-dUTP and biotin-dUTP
were used as first and second binary labels. Dig was detected
with mouse monoclonal anti-dig and a DEAC-conjugated
anti-mouse Ig. The imaging and image processing of the
WCP-COBRA-FISH was essentially as described previously

Figure 2 Intrachromosomal rearrangements detected by PQ-COBRA —FISH. (A) An inversion of chromosome 12 in a normal carrier. In
this balanced rearrangement, the distal region of the long arm is positioned on the end of the short arm of the rearranged chromosome.
The segment of the short arm transferred to the long arm of the inv(12) could not be detected by us, nor in the original study by
conventional cytogenetics or FISH with distal markers (Speleman et al 1993). (B) A der(1), composed exclusively of 1q material in a
cervical cancer cell line with a complex karyotype. For each normal and rearranged homolog, the sequence of display is ratio image, the
g arm paint (second binary label) and the thresholded image of the g-arm paint.
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Figure 3 PQ-COBRA-FISH of a complex cancer karyotype This near-tetraploid cancer cell shows a range of 2-6 copies of each
chromosome and 10 structural rearrangements. (A,B,C) The ratio-, first- and second-binary images of PQ- COBRA-FISH of the nonrear-
ranged chromosomes. In contrast to Fig. 1, the first binary label is on the even numbered and X chromosomes. (D) The rearranged
chromosomes present in the same cell. The rearrangements include two isochromosomes, a deletion, the two products of a reciprocal
translocation [t(2;3)], four unbalanced translocations involving two chromosomes, and one three-way translocation. The composition of
the rearranged chromosomes is shown next to the chromosomes. The t(2;5) illustrates how the binary colors discriminate chromosome
number and arm identity of chromosomes that carry the same ratio-label.
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(Tanke et al 1999). For imaging the second binary label (La-
serPro), an extra filter set [(excitation and emission maxima at
740, respectively, 780 nm (Omega)] was used.
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