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Abstract. Rat and mouse have become important animal
models to study various human diseases such as cancer. Cyto-
genetic analysis of the respective karyotypes is frequently
required to investigate the causative genetic defects and espe-
cially neoplastic cells often show complex chromosome aberra-
tions and many different marker chromosomes. However,
structural homogeneity of the chromosomes in these species as
well as less pronounced differences in banding patterns make it
difficult to assign genetic abnormalities to certain chromo-
somes by conventional banding techniques. Here we report for
the first time the successful application of multicolor spectral
karyotyping (SKY) to rat chromosomes, which allows unequiv-
ocal identification of all rat chromosomes with the exception of
chromosomes 13 and 14 in different colors, thus enabling the
elucidation of even complex rearrangements in the rat karyo-
type. Flow-sorted chromosome specific painting probes for all

22 rat chromosomes (20 autosomes, X, and Y) were combina-
torially labeled by a set of five different fluorochromes and
hybridized in situ to metaphase spreads of a healthy rat, to dia-
kineses from testicular material, and to cells from a rat FAO
hepatoma cell line. Measuring the complete spectrum at each
image point by using the SpectraCube® spectral imaging system
and respective computer software allowed identification of the
individual rat chromosomes by their specific emission spectra.
Classification algorithms in the analysis software can then dis-
play the rat chromosomes in specific pseudo-colors and auto-
matically order them in a karyotype table. After its successful
application to human and mouse chromosomes, spectral karyo-
typing of rat chromosomes now also allows cytogenetic screen-
ing of the complete rat genome by a single hybridization.
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Human diseases are often both, polygenic and heteroge-
neous, are influenced by many environmental factors, and the
heterogeneous human genetic constitution further contributes to
the complexity of the situation. An elegant way to reduce the
influences of such complicating factors is the use of animal mod-
el systems to study the underlying defects in human diseases.
The rat is widely used as a model for experimental studies (Gill et
al., 1989; Jacob et al., 1995). Many research groups have created

databases providing a solid basis for detailed comparative
genetic analysis of rat, mouse and human genomes, i.e. to
investigate and identify genetic aberrations involved in the var-
ious steps leading to oncogenic transformation (The Jackson
Laboratory, Mouse Genome Informatics: http://mgd.niai.
affrc.go.jp/; The Genome Database: http://gdbwww.gdb.org/;
RATMAP: The rat Genome Database: http://ratmap.gen.gu.
se/; The ARB Rat Genetic Database: http://www.nih.gov/
niams/scientific/ratgbase/).

Translocations, aneuploidy and marker chromosomes are
frequently observed in cancer cells. However, limitations in
conventional banding techniques as well as the often complex
nature of cancer-related chromosome aberrations render it very
difficult to identify the chromosomes involved in such aberra-
tions. This especially applies to species like mouse and rat in
which the less pronounced differences in banding patterns
strongly impair the analysis of complex rearrangements by con-
ventional chromosome banding. Fluorescence in situ hybridi-
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Table 1. Fluorescence labeling scheme of rat
chromosomes Dye

a
 Chromosome 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 X Y 

A +   +  +   +       + + +  + +  

B  +   + +   + + +    +        

C   + +  +     + + + + +   +   + + 

D   +     +  +  +    +  + + +   

E +  +  +  +      + + +    + + +  

a
 A = Rhodamine (orange); B = Texas-Red (red); C = Cy5 (infrared 1); D = FITC (green); E = Cy5.5 (infrared 2) 

zation (FISH) offers a higher sensitivity, specificity and resolu-
tion for delineating chromosome aberrations than banding
analysis. However, the inability of the FISH technique to
screen the whole genome in one experiment has restricted its
use for a long time to the confirmation of already existing sus-
pects by the use of specific probes for the respective chromo-
somes or chromosome regions. The recent introduction of mul-
ticolor FISH techniques in human cytogenetics (Schröck et al.,
1996; Speicher et al., 1996) could overcome these limitations
by providing the ability to discriminate all 24 human chromo-
somes in different colors.

Here we apply the spectral karyotyping (SKY) technique
originally developed for the multicolor differentiation of hu-
man and mouse chromosomes (Liyanage et al., 1996; Schröck
et al., 1996) to the rat karyotype. In this case the spectral imag-
ing technology was used to measure chromosome-specific emis-
sion spectra generated by combinatorially labeled chromo-
some-specific painting probes hybridized in situ to metaphase
spreads of the rat. Based on the obtained discrete emission
spectra at all pixels of the CCD-image, the spectral information
is converted by spectral classification algorithms (adapted to
the rat) resulting in the assignment of a unique pseudo-color to
all sample points having identical spectra. This allows the
unequivocal identification of the rat chromosomes in different
colors and the karyotype is arranged automatically according to
the nomenclature rules for G-bands in rat chromosomes (Le-
van, 1974).

Materials and methods

Preparation of rat metaphase chromosomes
Mitotic chromosomes were obtained directly from bone marrow after in

vivo treatment with 0.03% colchicine according to standard techniques.
Male meiotic chromosomes were prepared following the method of Evans et
al. (1964). After hypotonic treatment with 0.075 M KCl for about 30 min, the
cells were fixed in methanol:glacial acetic acid (3:1). The suspension was
dropped onto cleaned wet slides and air dried. Prior to hybridization slides
were pretreated with 1% formaldehyde and then dehydrated through an
alcohol series. For all hybridizations freshly prepared slides were used.

Labeling of flow-sorted rat chromosome-specific painting probes
Flow-sorted rat chromosome-specific painting probes were kindly ob-

tained from P. O’Brien and M. Ferguson-Smith, Cambridge, UK. Fluores-
cent labeling of the painting probes was achieved by DOP-PCR using five
different dyes (FITC: green; Rhodamine: orange; Texas-Red: red; Cy5:
infrared 1; and Cy5.5: infrared 2) and combinations thereof (Table 1). Flow-
sorting did not allow to differentiate rat chromosomes 13, 14, and 15 as well
as chromosomes 11 and 15. To resolve this problem the mixture of chromo-
somes 13, 14, and 15 was combinatorially labeled by the dye combination

C/E, and for the mixture of chromosomes 11 and 15 a dye combination B/C
was used (Table 1). This results in unique combinations for chromosomes 11
(B/C) and 15 (B/C/E). Thus, only chromosomes 13 and 14 share the same dye
combination leaving them indistinguishable by their emission spectra. How-
ever, this is compensated to a certain extend by their marked morphological
differences. 

In situ hybridization and detection
Denaturation of probe cocktail and chromosome spreads, in situ hybridi-

zation, as well as washing and detection was carried out according to the
manufacturer’s instructions (Applied Spectral Imaging, Israel). Briefly, the
rat SKY probe cocktail was denatured for 7 min at 80 °C, followed by prean-
nealing for 1 h at 37 ° C. Slides were denatured in 70% formamide, 2× SSC
for 90 s at 70 °C. For hybridization 3.5 Ìl probe cocktail was applied to dena-
tured metaphase preparations and covered by an 18 × 18 mm cover slip.
After hybridization at 37 °C for 2 days, slides were washed and haptenized
probe sequences were detected following the manufacturer’s protocol. Slides
were counterstained with DAPI and embedded in an antifade reagent (para-
phenylenediamine).

Spectral imaging
Fluorescent probe signals were visualized using a 63× oil immersion

objective on a Zeiss Axiophot microscope equipped for epifluorescence. For
dye excitation the light of a 75 W Xenon lamp was directed through a custom
designed SKY filter set (Chroma Technology, Brattleboro, USA). Spectral
images were acquired using an SD200-H spectral bioimaging system (Ap-
plied Spectral Imaging, Israel) and analyzed by the respective software pack-
age SkyView Vers. 1.6.

Results and discussion

In this study we report for the first time the successful exten-
sion of multicolor spectral karyotyping (SKY) to the rat karyo-
type. Flow-sorted whole chromosome painting probes of the rat
were combinatorially labeled to obtain unique dye combina-
tions for 20 of the 22 rat chromosomes and were hybridized in
situ to mitotic metaphase spreads of a normal male rat (Fig. 1).
The complex chromosome-specific emission spectra resulting
from the combinatorial labeling were measured by a spectral
imaging system which simultaneously records in a single expo-
sure the spectra at all pixels of a CCD image. The analysis soft-
ware first shows the image as a Red-Green-Blue (RGB) display
(Figs. 1a, 2a, 3a) to visualize also the infrared dyes which other-
wise would not be seen by the human eye. Displaying the pixels
with identical spectra in unique pseudo-colors therefore dis-
plays each of the chromosomes in a different color allowing
unequivocal (per pixel) chromosome identification and accu-
rate automatic karyotyping. Although flow-sorting of the rat
chromosomes could not separate chromosomes 13, 14, and 15
as well as 11 and 15 from each other, the different combinato-
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Fig. 1. Spectral karyotyping of a mitotic rat metaphase. (a) RGB display after hybridization of a normal male metaphase with
the SKY probe cocktail. (b) Classified pseudo-color image of the same metaphase after per-pixel classification of the spectral data.
(c) Inverted DAPI-stained image. (d) Karyotype of the metaphase showing RGB color (left), inverted DAPI-stained chromosomes
(middle) and spectrally classified, pseudo-colored chromosomes (right).

rial labeling schemes of these two mixtures led to a unique dye
combination for chromosomes 11 and 15 as a result of the
hybridization process (compare Table 1). Thus, only chromo-
somes 13 and 14 have identical spectra which cannot be differ-
entiated by the spectral measurement. This is also reflected in a
similar RGB color of chromosomes 13 and 14 in the RGB dis-

play of the images (Figs. 1a, d, 2a, d). However, marked differ-
ences in the G-banding pattern between these two chromo-
somes are visible in the inverted DAPI counterstain (Figs. 1c,
2c, 3c) which allows to correct misclassifications of chromo-
somes 13 and 14. It is also noticeable that several chromosomes
show different colors in their centromeric region compared to
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Fig. 2. Spectral karyotyping of a rat diakinesis. (a) RGB display after SKY hybridization. (b) Classified pseudo-color image of
the same diakinesis after per-pixel classification of the spectral data. (c) Inverted DAPI-stained image. (d) Karyotype of the diaki-
nesis showing RGB color (left), inverted DAPI-stained chromosomes (middle) and spectrally classified, pseudo-colored chromo-
somes (right).

their euchromatic part (Fig. 1d, chromosomes 3, 4, and 11).
This phenomenon is caused by cross-hybridization of centro-
meric heterochromatin, which could not sufficiently be sup-
pressed during preannealing and hybridization steps. As a con-
sequence chromosome-specific spectra at the points of cross-
hybridization are altered making the classification process am-
biguous. Therefore, these areas should be excluded from analy-
sis (Lee et al., 2001). SKY analysis is not restricted to study
mitotic metaphase spreads, but can also be applied to investi-
gate meiotic chromosomes. Figure 2 represents a diakinesis of a
meiotic cell division originating from the rat used for mitotic
chromosome analysis. The multicolor karyotyping analysis im-
mediately identifies the sex chromosomes (Fig. 2a, b, d) and it

can be noticed that all autosomal bivalents show a ring-like
arrangement, whereas the gonosomes show an end-to-end-asso-
ciation (Fig. 2c, d).

Especially in tumor cells multiple and complex aberrations
are found which often cannot, or only insufficiently be detected
and interpreted by conventional banding techniques. To dem-
onstrate the potential and usefulness of the multicolor spectral
karyotyping approach for rat chromosomes we have hybridized
a FAO hepatoma cell line (Petzinger et al., 1994) of the rat
showing a large number of chromosome aberrations which are
difficult to identify by G-banding. Figure 3 displays a represen-
tative metaphase of this cell line. The average chromosome
number was determined to be 49 (ranging from 43 to 55 chro-
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Fig. 3. Spectral karyotyping of a FAO hepatoma cell line metaphase. (a) RGB display after SKY hybridization. (b) Classified
pseudo-color image of the same metaphase after per-pixel classification of the spectral data. (c) Inverted DAPI-stained image.
(d) Karyotype of the metaphase showing inverted DAPI-stained (left) and spectrally classified, pseudo-colored chromosomes
(right).

mosomes in 20 metaphases analyzed). SKY analysis readily
reveals the translocations present in this tumor cell line, the
following aberrations being observed most frequently: der(Y)
t(Y;5), der(1)t(1;2), der(3)t(3;4), der(4)t(4;3;4), der(9)t(9;6;20),
der(10)t(6;10), der(12)t(1;12), der(13)t(3;13), der(16)t(16;18),
der(18)t(14;18), der(20)t(6;20). 

Since its introduction in 1996 (Schröck et al., 1996) spectral
karyotyping has been extensively used to elucidate aberrations
of human chromosomes in clinical cases (e.g. Schroeck et al.,
1997; Heng et al., 2003) and especially in oncological cases
including patients with hematological (e.g. Rowley et al., 1999;
Knutsen et al., 2003) as well as those with solid tumor diseases
(e.g. Abdel-Rahman et al., 2001; Padilla-Nash et al., 2001). The
results of these studies could contribute to diagnosis, therapy
decisions, and follow-up studies in the respective cases and also

facilitated the identification and mapping of disease related
candidate genes (e.g. Griffin et al., 1999; Chen et al., 2000).
However, for a thorough understanding of the causative genetic
factors leading to human diseases such as cancer, animal mod-
els are an important method to experimentally control and
investigate candidate genes for their phenotypic effects and
functions (e.g. transgenic animals, knock-outs, etc.). Mouse and
rat are the most popular species used as model systems for
human diseases, but the structural homogeneity of their chro-
mosomes and rather poorly defined differences in banding pat-
terns require skilled and experienced cytogeneticists to identify
the chromosomes with certainty by traditional banding tech-
niques. The applicability of multicolor karyotyping to mice
chromosomes (Liyanage et al., 1996) has recently contributed
substantially to the cytogenetic characterization of mouse mod-
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el systems (e.g. Coleman et al., 1999; Difilippantonio et al.,
2000; Guttenbach et al., 2001; Montagna et al., 2003). 

With the availability of flow-sorted rat chromosome paints
we could demonstrate the successful extension of spectral
karyotyping to the rat genome. Similar to the situation in

mouse it can be expected that multicolor karyotyping will like-
wise greatly facilitate the identification of rat chromosomes
and enhance the resolution, accuracy and speed in the genetic
analysis of respective rat models of human diseases.
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