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Abstract. Chromosome bar codes are multicolor banding patterns produced by fluorescence in situ hybridization
(FISH) with differentially labeled and pooled sub-regional
DNA probes. These molecular cytogenetic tools facilitate
chromosome identification and the delineation of both inter- and intra-chromosomal rearrangements. We present an
overview of the various conceptual approaches which can

be largely divided into two classes: Simple bar codes designed for chromosome identification and complex bar
codes for high resolution aberration screening of entire
karyotypes. We address the issue of color redundancy and
how to overcome this limitation by complementation of bar
codes with whole chromosome painting probes.

Currently, a standard technique to screen for chromosomal rearrangements is color karyotyping by multicolor
fluorescence in situ hybridization (FISH) of combinatorially labeled probes specific for entire chromosomes (MFISH or spectral karyotyping; SKY) (Schröck et al., 1996;
Speicher et al., 1996). The same goal can be achieved using
less fluorophores, when paint probes are labeled in different
color combinations and ratios (COBRA, COmbined Binary
RAtio labeling) (Tanke et al., 1999). Chromosome painting
with chromosome specific probes, however, only allows the
identification of whole chromosomes and therefore is limited mainly to the analysis of translocations. Since this technique provides no further differentiation of chromosomal
sub-regions, intra-chromosomal rearrangements such as
inversions often escape detection. A more detailed definition of the chromosomal breakpoints involved in rearrangements within a chromosome relies on the banding pattern
produced by the chromosomal counterstain or requires additional FISH experiments with sub-regional DNA probes.

To address this issue, so called chromosome bar codes
were introduced to define chromosomes and chromosome
bands on the basis of their DNA content rather than gray
scale banding patterns as used in classical cytogenetics.
Chromosome bar codes are multicolor banding patterns
produced by fluorescence in situ hybridization (FISH) with
differentially labeled and pooled subregional DNA probes
(Ried et al., 1992). They can be used as a molecular cytogenetic tool to facilitate chromosome identification and for
the characterization of both inter- and intra-chromosomal
rearrangements. Bar codes can be designed for individual
chromosomes (Ried et al., 1992), for subsets of chromosomes or for the entire chromosome complement (Lengauer
et al., 1993). A multicolor banding pattern can be composed
of at least two and up to seven different colors, depending
on the microscopic setup available. Compared to classical
banding patterns such as G-banding, bar codes have numerous advantages: (i) the bar code pattern is DNA based
and not based on classical chromosome banding patterns.
Thus, recent genome sequencing information can directly
be correlated with chromosome morphology; (ii) bar codes
can be specifically designed by choosing appropriate DNA
probes to produce any desired pattern and finally (iii) each
additional color multiplies the banding information and
therefore the resolution of the pattern. The resolution of the
banding pattern depends on the size of the DNA probes
chosen and the physical mapping distance between individual probes along a chromosome. Consequently, the spa-

Request reprints from Stefan Müller
Anthropology and Human Genetics, Department of Biology II
Ludwig-Maximilians-University
Großhaderner Strasse 2
DE–82152 Planegg-Martinsried (Germany)
telephone: +49 89 21806728; fax: +49 89 21806719
e-mail: s.mueller@lrz.uni-muenchen.de

Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

© 2006 S. Karger AG, Basel
1424–8581/06/1144–0245$23.50/0

Copyright © 2006 S. Karger AG, Basel

Accessible online at:
www.karger.com/cgr

tial resolution can vary from some few hundred base pairs
in hybridization experiments on extended chromatin fibers
up to some Mbp when hybridizing to fully condensed metaphase chromosomes.
Bar codes for chromosome identification

Depending on the application, different conceptual approaches can be taken. In case the primary aim is to identify chromosomes, the pattern produced by the chromosome bar code probe can be as simple as possible in order to
be cost efficient. For human chromosome identification, a
series of differentially labeled yeast artificial chromosome
(YAC) clones was used to produce a unique color code for
each chromosome, further taking into account the relative
mapping position of the probes on the respective chromosome (Lengauer et al., 1993). More recently, combinatorially labeled alphoid DNA probes have been used as molecular tags, identifying each human centromere in a single experiment (Henegariu et al., 2001a; Nietzel et al., 2001).
Alternatively, DNA probes containing inter-chromosomal
segmental duplications (Low Copy Repeats) can be used to
produce molecular tags. With this approach, approximately
40 bars per haploid chromosome set can be obtained using
only three differentially labeled bacterial artificial chromosome (BAC) clones (Fig. 1A). Possibly more important are
chromosome bar codes for mouse chromosome identification. The karyotype of the mouse is composed of acrocentric chromosomes, many of which are of similar size and
banding pattern. Henegariu et al. (2001b) developed a triple
color multiplex probe composed of BAC clones which drastically simplifies chromosome identification and may be
useful for physical mapping purposes.

different FISH based strategies for the simultaneous differentiation of the entire human karyotype have been proposed: (i) a two color bar code based on a set of Alu-PCR
products from 11 ‘fragmented somatic cell hybrids’ (Müller
et al., 1997); (ii) a three color bar code, termed ‘cross-species
color segmenting’ or Rx-FISH, composed of gibbon chromosome specific painting probes (Müller et al., 1998). Since
the karyotypes of gibbons (hominoid primates) are highly
rearranged compared to humans by multiple translocations, whole chromosome painting probes from these species can delineate up to 90 different chromosome segments
in the human karyotype. Probe sets developed for the approaches described in (i) and (ii) were more recently combined, resulting in approximately 160 positive stained bands
per haploid chromosome set and yielding a resolution equal
to approximately 400 G-bands (Müller and Wienberg,
2000). (iii) Recently, a resolution of up to the 800 band level
was obtained when the 138 available region-specific microdissection derived probes of the above mentioned MCB
probe set were pooled to form a five-fluor multiplex probe
covering all human chromosomes (Weise et al., 2003).
Chromosome bar codes can potentially be applied in
various fields of cytogenetic research, ranging from clinical
cytogenetics, mutation research to comparative genome
analysis. However, they were particularly useful for the detection of tumor-specific chromosomal aberrations and of
chromosome rearrangements that occurred during primate
evolution. RxFISH has successfully been used to screen solid tumors (Micci et al., 1999; Kim et al., 2001) and haematological malignancies (Espinet et al., 2000; Harrison et al.,
2000, 2001; Sole et al., 2001). In all cases previously unidentified intra- as well as inter-chromosomal rearrangements
were detected, thus demonstrating the potential of this approach for the accurate characterization of complex rearrangements with subtle abnormalities. The Rx-FISH probe
set and the bar code probe derived from ‘fragmented hy-

High-resolution bar codes for single chromosomes

In a case where a single chromosome should be analyzed
in more detail a high-resolution chromosome bar code specific for the targeted chromosome can be applied. For this
purpose, vector cloned probes are frequently used as first
described for a set of seven cosmid clones (Ried et al., 1992).
Figure 1B illustrates the use of combinatorially labeled YAC
clones to delineate rearrangements of chromosome 3 in a
cervix carcinoma cell line (HeLa). Another approach that
was named Multi Color Banding (MCB; Chudoba et al.,
1999) used sub-regional painting probes established by micro-dissection of chromosome segments of various sizes to
colorize bands on individual chromosomes.
Bar codes for whole karyotype aberration screening

Maximum resolution across the entire chromosome
complement in a single FISH experiment is a prerequisite
for efficient screening of entire karyotypes for unknown inter- and intra-chromosomal rearrangements. To date, three
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Fig. 1. (A) Basic bar code designed to assist in human chromosome
identification. It is comprised of three differentially labeled BAC clones
(RP11-413E6 green, RP11-339F13 blue and RP11-740N7 red) containing inter-chromosomal segmental duplications and producing approximately 40 bars per haploid chromosome set. (B) FISH of six combinatorially labeled CEPH YAC clones (852b3 blue, 938g11 magenta, 808b10
red, 929g8 green, 806c12 turquoise, 866e7 yellow) results in a bar code
specific for chromosome 3, by which one normal chromosome 3 and
four derivatives with different breakpoints were detected in a cervix
carcinoma cell line (HeLa). (C–J) A non redundant chromosome bar
code probe hybridized to (C–F) a human constitutional disorder
(46,XX,t(1;8)(p36;p11.2)) and to (G–J) Bonobo metaphases: the threefluor bar code probe in (C) and (G) is complemented by a four-fluor
labeled set of human whole chromosome painting probes, depicted in
(D, E) and (H, I), respectively. (F) Normal (top row) and derivative (bottom) chromosomes 1 and 8 of the t(1;8) case. (J) Alignment of human
(left) and Bonobo (right) chromosome 2, 4, 5, 7, 9, 12, 15, 17 and 18 homologs which differ by a fusion and inversions. (K) Co-hybridization
of a chromosome 6 paint probe (green) with a 6pter 10 Mbp pool of tiling path BAC clones.
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brids’ were applied in a comparative molecular cytogenetic
study of all great apes and the macaque (Müller and Wienberg, 2001). The objective of this study was to reconstruct
the ancestral genome organization of hominoids using the
macaque as outgroup species. The orangutan karyotype
was found to have conserved a karyotype very similar to the
proposed ancestral organization while African apes and human showed various derived changes. MCB was further
used to delineate evolutionary chromosome rearrangements in chimpanzee, gorilla and a gibbon (Mrasek et al.,
2001, 2003; Gross et al., 2006).
Non-redundant chromosome bar codes

A multicolor bar code would ideally provide a non-redundant color pattern that definitively allows the distinction of each bar, and thus the unequivocal identification of
each tagged chromosome segment. The three bar coding
approaches for screening of the entire karyotype that were
described above do not fulfill this requirement and hence
do not allow the unequivocal identification of all chromosome segments. This is due to a multitude of identically colored bars on different chromosomes. This limitation may
be overcome by adding more color combinations or ratios
to the probe labeling regime. Wiegant et al. (2000) extended
the COBRA FISH technique to five fluorophores, thus increasing the number of differentially labeled probes to 48.
Using this strategy it was possible to differentially display
all human chromosome arms in a single experiment and to
screen for pericentric inversions in addition to translocations. The same group developed a BAC/PAC-based subtelomere COBRA FISH assay (S-COBRA FISH) for the detection of submicroscopic chromosomal rearrangements
involving subtelomeric regions (Engels et al., 2003). Two hybridizations of 21 and 20 probes, respectively, were necessary for a complete analysis of all human chromosome ends
except for p-arms of acrocentrics.
Alternatively, color redundancy can be avoided when
any given bar code probe set is complemented with a 24
color set of human whole chromosome painting probes in
sequential hybridizations to the same slide (Müller et al.,
2002). More recently, we developed bar code probes comprised of human whole chromosome and chromosome arm
paint probes, of paint probes from non-human primates
with evolutionary fragmented karyotypes, YACs and ‘fragmented hybrids’ (Müller et al., 2004). The combined probe
set implemented seven different color planes of the same
metaphase image and discriminated 100 regions of the human karyotype by a unique color code as outlined in
Fig. 1C–F. This approach was successfully tested in a detailed karyotype analysis of four different tumor cell lines,
several clinical cases (Fig. 1C–F) and a comparative study of
the Pygmy chimpanzee (Bonobo, Pan paniscus, Fig. 1G–J)
karyotype.
In recent years, however, new array-based approaches
have been introduced that add to, or possibly even replace,
some of the bar code based approaches. Most promising are
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techniques termed ‘array CGH’ (Greshock et al., 2004; Pinkel and Albertson, 2005 for recent reviews) and ‘array painting’ (Fiegler et al., 2003; Gribble et al., 2005). DNA copy
number changes and chromosome breakpoints of translocations can now be analyzed at a resolution superior to molecular cytogenetic techniques.
Conclusions

We conclude that chromosome bar codes have the potential to span the bridge between chromosome painting for
the identification of chromosome translocations and FISH
of defined clones for the assignment of the breakpoints involved. An exciting perspective for future developments
arise from the BAC resources made available by the human
genome project. It is already possible to design tailor-made
pools of BAC clones that cover a genomic region of any desired size and that are defined at the sequence level. These
BAC pools provide robust FISH probes (Fig. 1K) which can
be incorporated into multicolor chromosome bar codes.
Such multiplex probes will add an entirely new level of precision to the definition of a chromosomal ‘band’ which will
then be defined by its DNA sequence. Thus, bar codes will
be useful tools at intermediate resolution between classical
chromosome banding and high-resolution micro-array approaches.
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