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Abstract
Multicolor spectral analysis (spectral karyotyping) was ap-
plied to mitotic and male diakinetic chromosomes of hybrid
mice carrying a unique system of 18 autosomal Robertso-
nian translocation chromosomes with alternating arm ho-
mologies. Only the autosomes 19 and the XY sex chromo-
somes are excluded from these Robertsonian translocations.
The translocations, previously identified by conventional
banding analyses, could be verified by spectral karyotyping.
Besides the Robertsonian translocations, no other interchro-
mosomal rearrangements were detected. In diakineses of
male meiosis, the 18 metacentric Robertsonian translocation
chromosomes form a very large meiotic ‘superring’. The pre-
dictable, specific order of the chromosomes along this ‘su-
perring’ was completely confirmed by multicolor spectral
analysis. In the majority of diakineses analyzed, the free au-
tosomal bivalent 19 and the XY sex bivalent form a conspic-
uous complex which tightly associates with the 12;14 Rob-
ertsonian translocation chromosome in the ‘superring’.
©2016 S. Karger AG, Basel

Spectral karyotyping, i.e. the simultaneous identifica-
tion of all chromosomes in a metaphase using differen-
tially labeled probes, is a reliable and fast technique for
the detection of chromosome rearrangements and com-
plex marker chromosomes [Liyanage etal., 1996; Schrock
et al., 1996, 2006; Speicher et al., 1996]. It is an approach
that combines the sensitivity and specificity of FISH with
the power of screening entire metaphases in a single ex-
periment. The chromosome-specific DNA probes are
DOP-PCR labeled using 3 different fluorochromes and 2
haptens in various combinations, resulting in a unique
special signature for each chromosome. Following in situ
hybridization and immunodetection, a spectral image is
recorded by a fluorescence microscope equipped with
the SpectraCube® system and a triple-bandpass filter
which retrieve spectral data for every pixel in a digital
CCD camera. The multicolor displays and chromosome
classifications are based on the specific emission spectra
of the chromosomes [Garini et al., 1999; Schrock et al.,
2006]. This method has been used to analyze chromo-
some aberrations in numerous hematologic malignan-
cies, tumor cell lines or solid tumors occurring in man,
mouse and rat [for reviews, see Coleman et al., 1997,
2000; Liu et al., 2000; Schrock and Padilla-Nash, 2000;
Buwe et al., 2003].
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The house mouse (Mus musculus) has a diploid karyo-
type with 40 acrocentric chromosomes. In the subspecies
Mus m. domesticus and Mus m. brevirostris, the occur-
rence of a great multitude and variety of wild populations
with serial sets of up to 9 pairs of metacentric chromo-
somes derived by Robertsonian translocations has been
reported. The chromosomes involved in the Robertso-
nian translocations were all identified by classical band-
ing techniques. Furthermore, the complex meiotic pair-
ing configurations in the diakinesis stage of male meiosis
were visualized by conventional staining [Gropp et al.,
1972, 1982; Capanna et al., 1975, 1976, 1977; von Leh-
mann and Radbruch, 1977; Winking et al., 1977, 1979,
1981; Capanna and Riscassi, 1978; Adolph and Klein,
1981].

Complex trivalent and multivalent pairing configura-
tions in pachytene spermatocytes of mice heterozygous
for one or more Robertsonian translocation chromo-
somes were analyzed by immunocytogenetic techniques
and antibodies against synaptonemal complexes and ki-
netochores [Haaf et al., 1989] as well as by electron mi-
croscopic microspreading [Johannisson and Winking,
1994]. In CD/Cremona hybrid mice, the multivalents
consist of 18 Robertsonian translocation chromosomes
with alternating arm homologies. It could be shown that
in these huge multivalents comprising up to 36 autosome
arms, the kinetochores always cluster together in ring-
like or chain-like arrangements whereas the synaptone-
mal complexes rise to the periphery of the nucleus. The
paracentromeric regions of the Robertsonian transloca-
tion chromosomes appear to remain unsynapsed on both
sides of the centromeres. The synaptonemal complexes
are often linked by end-to-end associations. The degree
of centromeric clustering progressively increases upon
synaptic pairing and is most pronounced in late-pachy-
tene cells. Following desynapsis, the kinetochores of the
Robertsonian translocation chromosomes exhibit a
highly nonrandom position within the nuclei, reminis-
cent of their arrangement during synapsis. As meiosis
proceeds into diakinesis, the multivalents acquire the
shape of perfectly closed meiotic ‘superrings’ [Haaf et al.,
1989].

Previous multicolor spectral analyses of meiotic chro-
mosomes have been carried out in mouse and rat with
normal karyotypes [Heng et al., 2001; Buwe et al., 2003].
The work presented here describes the results obtained by
spectral karyotyping of mitotic and male diakinetic chro-
mosomes of CD/Cremona hybrid mice carrying a unique
system of multiple Robertsonian translocations.
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Materials and Methods

Animals

The CD and Cremona mouse stocks used in the present study
were bred at the Department of Biology, University of Liibeck
(Germany). The heterozygous progeny derived from crosses be-
tween CD and Cremona mice possess a complex system of 18
metacentric chromosomes with alternating arm homologies: 1.7,
7.18, 18.2, 2.8, 8.3, 3.4, 4.15, 15.5, 5.17, 17.16, 16.9, 9.14, 14.12,
12.10, 10.11, 11.13, 13.6, and 6.1. Only the autosomes 19 and the
XY sex chromosomes are not involved in Robertsonian transloca-
tions. The hybrid CD/Cremona males are sterile, and in meiosis
the diakineses exhibit a ‘superring’ composed of 18 different biva-
lents. The free autosomes 19 pair as a normal bivalent, and the XY
sex chromosomes form the well-known XY sex bivalent.

Chromosome Preparations and Nomenclature

Mitotic metaphases of male and female mice were prepared
from bone marrow after short incubation in tissue culture medium
containing colcemid. Meiotic chromosomes were prepared from
testes of male mice as described by Meredith [1969]. The Robert-
sonian translocation chromosomes were described according to
the rules of assignment and numbering of acrocentric chromo-
somes established by the Committee on Standardized Genetic No-
menclature for Mice [1972].

Spectral Karyotyping

Mitotic and meiotic chromosome preparations were hybrid-
ized with the mouse SKY probe mixture (SkyPaint™, Applied
Spectral Imaging Ltd., Israel), according to the manufacturer’s in-
structions. The SKY probe mixture was applied to the preparations
and hybridized for 48 h in a humidified chamber. Washing and
probe detection were performed following standard techniques.
For image acquisition, the SpectraCube® system SD200 including
a triple-bandpass filter was connected to a fluorescence micro-
scope (Axiophot, Zeiss), assisted by Spectral Imaging Software,
version 2.5. The final analysis of the chromosomes was performed
using the SkyView program, version 1.6.1 (Applied Spectral Imag-
ing Ltd., Israel).

Results and Discussion

Mitotic Chromosomes

Multicolor spectral analysis of a mitotic metaphase
from a female CD/Cremona hybrid mouse including the
Red-Green-Blue (RGB) display, the classified pseudo-
color image, and the inverted DAPI-stained image is
shown in figure 1. These chromosomes are arranged into
a karyotype in figure 2. It consists of a complex system of
18 metacentric chromosomes with the following alternat-
ingarm homologies: 1.7,7.18,18.2,2.8,8.3,3.4,4.15, 15.5,
5.17,17.16,16.9,9.14, 14.12,12.10, 10.11, 11.13, 13.6, and
6.1. The telocentric autosomes 19 and the XY sex chro-
mosomes are excluded from Robertsonian transloca-
tions. Spectral karyotyping verified the existing Robertso-
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Fig. 1. Multicolor spectral analysis of a mitotic metaphase of a female CD/Cremona hybrid mouse. a RGB display
after hybridization with the SKY probe mixture. b Pseudo-color image of the same metaphase after pixel clas-
sification of the spectral data. ¢ Inverted DAPI-stained image of the same metaphase.

Rb(1;6) Rb(1;7) Rb(2;8)

o '8 il B )

Rb(3;8) b(3;4) Rb(4;15)

:I‘” ‘B iy IC

Rb(10;12)

He

Fig. 2. Multicolor spectral karyotyping of the metaphase depicted in figure 1 showing RGB color (left), inverted
DAPI-stained chromosomes (middle), and spectrally classified, pseudo-colored chromosomes (right).
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Fig. 3. Multicolor spectral analysis of a diakinesis of a male CD/Cremona hybrid mouse showing a ‘superring’
composed of 18 different bivalents, a free autosomal bivalent 19, and the XY sex chromosomes. a RGB display
after hybridization with the SKY probe mixture. b Pseudo-color image of the same diakinesis after pixel classifi-
cation of the spectral data. ¢ Inverted DAPI-stained image of the same diakinesis.

nian translocations in the CD and Cremona mice which
were previously identified by conventional banding anal-
yses [Capanna et al., 1976; Gropp and Winking, 1981]. In
all mitotic metaphases analyzed, the chromosomes were
correctly identified, irrespective of whether or not 1 or
more chromosome overlappings were present. Besides
the Robertsonian translocations no other interchromo-
somal rearrangements could be detected. Thus, spectral
karyotyping represents a reliable technique that can sup-
port or even replace G- or R-banding procedures in the
accurate identification of mouse chromosomes with sim-
ilar morphologies and banding patterns. In the inverted
DAPI-stained images, the constitutive heterochromatin
of the centromeric and pericentromeric regions of the
autosomes and the X chromosome is clearly visible (figs.
1,2).

Meiotic Chromosomes

A total of 100 cells in the diakinetic stage of male mei-
osis were examined. As in the mitotic metaphases, spec-
tral karyotyping allowed a precise identification of all
mouse chromosomes in diakinesis (figs. 3, 4). In all CD/
Cremona hybrid males, the 18 metacentric Robertsonian
translocation chromosomes form a very large meiotic ‘su-
perring’ (figs. 3, 4). The predictable, specific order of the
18 chromosomes along this ‘superring’ [Haaf et al., 1989;
Johannisson and Winking, 1994] could be completely
confirmed by the present multicolor spectral analysis. As
expected, the sequential order of the chromosomes was:
1.7-7.18—18.2-2.8—8.3-3.4—-4.15-15.5-5.17—
17.16—16.9-9.14—14.12—-12.10—-10.11—-11.13—13.6
—6.1 (figs. 3, 4). The ‘superring’ is highly stable and does
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not break up at any site after terminalization of the chias-
mata in the paired arms of the Robertsonian translocation
chromosomes. The ‘superring’ is so large that in 83% of
the diakineses 1-3 overlapping loops are forced to devel-
op (figs. 3, 4a, ¢, d, f-1). In only 17% of the cells analyzed,
no overlapping loops are formed and the ‘superring’
shows an irregular, semicircular shape (fig. 4b, e). The
free autosomes 19 are always paired as usual bivalents
(figs. 3, 4). In 92% of the diakineses, the XY sex chromo-
somes form a distinct sex bivalent (fig. 4a—f, h-1), where-
as in only 8% of the cells they are already separated from
each other (figs. 3, 4g).

In the inverted DAPI-stained images, the constitutive
heterochromatin of the centromeric and pericentromeric
regions of the autosomes and the X chromosome exhibit
a distinct labeling. The Y chromosome of the mouse does
not contain darkly stained heterochromatic bands, but
shows a somewhat dull fluorescence after DAPI staining
[Sumner, 1990]. This is also observed in the meiotic prep-
arations (fig. 3c).

The position of the free bivalent 19 and the XY sex bi-
valent in relation to the ‘superring’ was very remarkable.
In none of the 100 diakineses analyzed, these chromo-
somes were separated from the ‘superring’, but always
maintained a close physical contact to it (fig. 4). Further-
more, in 82% of the diakineses, there was also a tight as-
sociation between the bivalent 19 and the XY sex chro-
mosomes (fig. 4), and in only 18% of the cells they were
clearly separated. The 19/19/X/Y complex most frequent-
ly (70%) was associated with the Robertsonian transloca-
tion chromosome Rb(12;14) in the ‘superring’, and less
frequently (1-1.5%) with each of the other 17 Robertso-
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Fig. 4. Multicolor spectral analysis of 12 different diakineses of a male CD/Cremona hybrid mouse showing
pseudo-color images after pixel classification of the spectral data. Each diakinesis exhibits a ‘superring’ composed
of 18 different bivalents, a free autosomal bivalent 19, and an XY sex bivalent. Note the very close associations of
the autosomal bivalents 19 and the XY sex bivalents in all diakineses.
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nian translocation chromosomes. It should, however, be
considered that the analyses are reduced to a 2-dimen-
sional microscopic level which does not reflect the actu-
ally existing 3-dimensional arrangement of the chromo-
somes in the nuclei. The conventional technique which is
used for the preparation and spreading of diakinetic cells
can cause considerable alterations in the genuine inter-
chromosomal relationships of the chromosomes. There-
fore, it is conceivable that the frequencies of associations
mentioned above are even more pronounced in living
cells.

Earlier cytogenetic studies have already noticed a non-
random association between the autosome(s) 19 and the
XY sex bivalent in male mouse meiosis. In these studies,
the mice had a trisomy 19 induced by a Robertsonian
translocation system [Johannisson and Winking, 1998]
or an 11;19 reciprocal translocation [Richler et al., 1989].
The non random arrangement was interpreted as a phe-
nomenon which reflects that unpaired chromosomes or
unpaired chromosome ends tend to associate with the
non paired segment of the X chromosome. However, in
the CD/Cremona hybrids examined in the present study
both autosomes 19 form a perfect, conventional bivalent
with no unpaired segments, and nevertheless they are
closely associated with the XY sex bivalent in 82% of the
diakineses. Therefore, the conspicuous 19/19/X/Y asso-
ciation in diakinesis may be the relic of an ectopic pairing
existing in the preceding pachytene stage or another hith-
erto unknown phenomenon. Whatsoever causes the
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