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Abstract. We report on multicolor fluorescence in situ hybridization protocols for the simultaneous visualization of
deletion-prone regions for carrier detection of Duchenne/
Becker (DMD/BMD) muscular dystrophy. Cosmid and
yeast artificial chromosome (YAC) clones specific for
preferentially deleted subregions of the dystrophin gene
were labeled differentially and detected with three different fluorochromes using digital imaging microscopy. This
approach allows for an assessment of the carrier status of
female relatives even in families where no index patient is
available. Cosmid and YAC clones, and different probegeneration protocols are compared with respect to their
feasibility for cartier detection. The use of histone-depleted interphase nuclei (Halo-preparations) for deletion
mapping is demonstrated and shown to have a resolution
power of 5 kb.

Introduction
Fluorescence in situ hybridization (FISH) has become a
powerful tool both for basic research and diagnostic applications (for reviews see McNeil et al. 1991; Tkachuk et
al. 1991; Lichter and Cremer 1992). This is attributable to
recent technical improvements with respect to sensitivity,
multiplicity, and resolution. DNA probes as small as 1 kb
can be visualized on metaphase chromosomes (see e.g.,
Ried et al. 1993) and interphase chromatin (Lawrence et
al. 1988), and protocols for Alu-polymerase chain reaction (PCR) amplification of yeast artificial chromosome
(YAC) clones provide well-suited tools for interphase diagnosis, with a detection efficiency up to 99% (Lenganer
Correspondence to: T. Ried

et al. 1992a,b). In addition, digital imaging devices, such
as charge coupled device (CCD) cameras, contribute to
increased sensitivity. Multiple haptenization and detection
protocols, and combinatorial labeling approaches allow
for the simultaneous visualization of several target regions in metaphase chromosomes and interphase nuclei
(Nederlof et al. 1990; Ried et al. 1992a, b,c; Dauwerse et
al. 1992; Lenganer et al. 1993; Wiegant et al. 1993). The
high spatial resolution of fluorescent signals is improved
considerably when extended chromatin preparations are
used for FISH analysis (Heng et al. 1992; Wiegant et al.
1992). Moreover, with the progress of the Human
Genome Project, an increasing number of DNA clones
has become available (see e.g., Bellann6-Chantelot et al.
1992) that can be applied to specifically delineate chromosomal aberrations.
The diagnosis of carrier detection of Duchenne muscular dystrophy (DMD) requires the combination of these
recent achievements of FISH. In more than 60% of cases,
deletions of part of the dystrophin gene are responsible for
the disease (Den Dunnen et al. 1989). These deletions are
not randomly distributed over the 2.4 Mb of genomic
DNA that the gene covers on chromosome Xp21, but are
clustered around exons 3-6 and 45-50 (Koenig et al.
1989; own observations). The use of FISH for cartier diagnosis has been demonstrated for one of the deletionprone regions (Ried et at. 1990). However, the simultaneous screening of hot spots is a perceived need in families
where index patients are not available. In order to recognize the majority of deletion-prone regions, we present
protocols for the simultaneous visualization of three deletion hot spots using multicolor FISH and digital image
analysis. The use of different probes, such as cosmid and
YAC clones, is compared with respect to the diagnostic
requirements. High resolution deletion mapping is dem-
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onstrated using histone-depleted interphase nuclei (Halo
preparations) from carriers of the disease.

Materials and m e t h o d s

Families
Proband 1 is a manifesting carrier of a DMD family with a known
deletion of exons 48-50. Her carrier status was confirnaed by clinical evaluation, elevated creatine kinase levels, and haplotype
analysis of polyrnorphic D N A probes flanking the deletion region.
The lymphoblastoid cell lines used for Halo preparations were
kindly provided by Dr. G. Wolff, Freiburg. Proband 2 is the
mother and sister of DMD patients each with a large deletion including exons 12-48 of the dystrophin gene. By pedigree analysis,
she is an obligate carrier. Probaud 3 is the mother of two D M D patients with a large deletion of exons 1-52. The carrier status was
determined by loss of heterozygosity of the deleted region of her
children. Proband 4 is a manifesting DMD carrier, as diagnosed by
elevated creatine kinase levels and an abnormal dystrophin pattern.

DNA probes
The D N A probes used in the multicolor experiments in this study
are listed in Table 1, which also includes the exon content, the
modified deoxynucleotides used for labeling, and the fluorescent
detection format. The clones were kindly provided by Drs. A.
Speer, Berlin-Buch (TM7, TM14), A. P. Monaco, Oxford (YACs
5"-1, 5"-3, 3"-11), and N. Dahl, Strasbourg (cos9). The cosmid
clone for exon 48 was isolated in Leiden.

Metaphase spreads and interphase Halo preparations
Human metaphase chromosomes were prepared following standard procedures (Verma and Babu 1989). Interphase Halos were
prepared from adherently growing fibroblasts as described (Wiegant et al. 1992) with the following modifications. Fibroblasts cultured on slides were dipped into an extraction solution (50 m M
HEPES pH 7.8, l0 m M MgCI 2, 0.5 m M CaCI2, 0.22 M sucrose,
0.5% NP40) for 1.1 min at 0~ followed by a high salt histone extraction step in 0.2 M MgCI2, 10 m M TRIS-HC1 pH 7.4, with increasing concentrations of NaC1 (0.2 M-1.8 M, in steps, raising the
salt concentration by 0.2 M at each step). Finally, the slides were incubated in a solution containing 2 M NaC1, 0.2 m M MgCI2, 10 rnM
TRIS pH 7.4, 5 ~tg/ml ethidium bromide. The D N A loops were
subsequently stabilized by UV-nicking, and dehydrated through an
ethanol series. D N A Halos from lymphoblastoid cell lines were
prepared with minor modifications. Prior to the extraction, the
cells were dropped onto glass slides, All extraction steps were performed as described above.

products of 200 ng human genomic DNA, by using single exonspecific primers. The PCR products were labeled directly in the
amplification reaction by substituting dTTP with biotin-I I-dUTP
(Sigma). Aliquots of 15 ng amplification products were denatured
in 25 btl hybridization buffer supplemented with 2.5 ~g human
Cotl DNA (BRL) at 95~ for 5 min. Preannealing of repetitive sequences was allowed for 5 min at 37~ Hybridization took place
overnight at 65~ The washing conditions and the detection procedures with chemieluminescence was performed as described earlier (Bronstein et al. 1990). Signals were evaluated by visual inspection.

Probe labeling and FISH analysis
Probe labeling was performed via nick translation (Sambrook et al.
1989) by substituting dTTP with either biotin-11-dUTP (Sigma),
digoxigenin-11-dUTP (Boehringer Mannheim), or dinitrophenol
( D N P ) - l l - d U T P (Novagen) (see Table 1 for the cosmid assignment). Aliquots of 80 ng of each cosmid or Alu-PCR product were
precipitated in the presence of 10 btg salmon sperm DNA and 5 btg
human Cotl DNA (BRL). The DNA was resuspended in 10 I-tl hybridization solution (50% forrnamide, 10% dextran sulfate, 2 x
SSC), denatured at 75~ for 5 rain, allowed to preanneal at 37~
for 20 min, and applied to previously denatured metaphase chromosomes (slides were denatured at 75~ for 2 rain, in 70% formamide, 2 x SSC, pH 7.0, and dehydrated through an ethanol seties). An 18 x 18 mm coverslip was added and sealed with rubber
cement. Hybridization took place overnight at 37 ~C. In triple-color
FISH analysis, the biotinylated sequences were detected with
avidin-Cy5 (Jackson ImmunoResearch Laboratories), digoxigenindUTP with anti-digoxigenin-conjugated rhodamine (Boehringer
Mannheim), and the DNP-labeled probes by using a rat monoclonal antibody against DNP (Novagen), followed by incubation
with anti-rat IgG coupled to fluorescein isothiocyanate (FITC)
(Sigma). Images were recorded using an epifluorescence micro-

T a b l e 1. Probes used in the multicolor FISH experiments
Probe

Exon

Label

Detection

Cosmid TM7
Cosmid TM 14
Cosmid M A 2B3
Cosmid cpt 1
YAC 5 "- 1
YAC 5 "-3
YAC 3"- l I

52
50
48
45
3- 9
8-17
34-52

DNP
Dig
Bio
Bio/or Dig
DNP
Dig
Bio

FITC
Rhodamine
Cy 3
Cy 5/or FITC
FITC
Rhodamine
Cy 5

Bio, Biotin; DNP, dinitrophenol; Dig, digoxigenin; FITC, fluorescein isothiocyanate

Slot-blot analysis of PCR-amplified YAC clones
Total yeast DNA containing dystrophin-gene-specific YAC clones
(Monaco et al. 1992) was amplified with primers specific for exons known to be located in the respective YAC clones. AIu-PCR
products from the same YAC clone were generated as described
(Lengauer et al. 1992a,b). Both products were applied to Hybond
membranes using a slot-blot apparatus. The filters were air-dried,
baked at 80~ for 30 min, followed by crosslinking with UV light.
The D N A was denatured with 0.4 M NaOH, and neutralized with
0.2 M TRIS-HCI/2 x SSC (1 x SSC = 150 m M NaC1/15 m M
sodium citrate), pH 7.5, 30 rain each. The membrane was again
baked at 80~ for 2 h, prehybridized for 1 h in 3 ml hybridization
buffer (0.5% polyvinylpyrrolidone, 0.5 M EDTA, 1 M NaC1, 50
m M TRIS-HC1 pH 7.5, 5% dextran sulfate, 0.2% heparin, 2.0%
SDS at 65~
The filters were hybridized with biotinylated PCR

Fig. 1 A - G . Examples of simultaneous FISH analysis with cosmid
clones specific for the dystrophin gene on metaphase chromosomes. A - D Three differentially labeled cosmid clones were hybridized to metaphase chromosomes of a female patient with D M D
(proband 4). The composite image shows labeling on both X chromosomes for all clones, indicating two copies respectively. A
DAP1 counterstain. The X chromosomes are denoted with arrows.
B Cosmid TM14. C Cosmid cptl. D Cosmid TM7. Each clone hybridized to both X chromosomes. E - G The same cosmid set as in
A was hybridized to metaphase chromosomes from a female relative of a patient with DMD (proband 1). The cosmid clone specific
for exon 50 (TM14) labeled only one of the X chromosomes (arrows) (E), whereas the clones for exon 45 and 52 were present in
two copies (arrows) (F, G). This indicates a deletion for exon 50
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Fig.2A-D. Examples of deletion mapping with YAC and cosmid
clones on metaphase chromosomes and interphase Halo preparations. A YAC clone 3"-1 t was hybridized to metaphase preparations from a female relative of a patient with DMD (proband 2). As
a hybridization control, a cosmid clone specific for chromosomal
mapping position Xq(cos9) was cohybridized. The YAC clone signal on the short arm of the X is present in one copy, and the control sequence in two copies, indicating a deletion of the genomic
region covered by the YAC clone containing exons 34-52. B The
resolution power using interphase Halos was tested in a two-color
experiment by double-labeling overlapping cosmid clones specific
for the genomic region around exon 45 (Blonden et al. 1989). With
restriction mapping, the overlap region, schematically presented in
the lower part of the figure, was determined to be 7 kb. The cosmid

clones appear as pure-colored string-like signals on the extended
DNA fiber. The overlap region is indicated by a merged color (yellow) in the center of the hybridization signal (arrows). C Hybridization of YAC clone 3"-11 to interphase Halos from a male
proband. As expected, only one signal can be observed. The 800
kb of genomic sequences cloned in the YAC label an entire DNA
loop. D Example of a high resolution deletion mapping using Halo
preparations from lymphoblastoid cell lines. Two cosmid clones
were differentially labeled and hybridized to a Halo preparation
from a carrier of DMD (proband 1). The intact X chromosome is
visible as colocalized red and green labeling. The X chromosome
carrying the deletion shows only a green signal, indicating a deletion for exon 48

scope (Zeiss Axiophot) equipped with a cooled CCD camera (Photometrics) and filter sets specific for the employed fluorochromes.
Gray scale images were pseudocolored and merged as described in
detail elsewhere (Ried et al. 1992b). The fluorescent images from
the interphase Halos (see Fig.2b, c) were obtained with a Leica
DM RBE microscope equipped for epifluorescence, and were
recorded on color slide film after double exposures.

Results
In o r d e r to test the f e a s i b i l i t y o f m u l t i c o l o r F I S H for the
s i m u l t a n e o u s v i s u a l i z a t i o n o f d e l e t i o n - p r o n e r e g i o n s in
the d y s t r o p h i n g e n e , w e e m p l o y e d differential l a b e l i n g o f
c o s m i d c l o n e s s p e c i f i c for e x o n s 45, 50, and 52. T h e la-
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beling scheme is reported in Table 1. As expected from
the experimental design, signals were detected with either
of the employed fluorochromes on metaphase spreads
from normal female controls (data not shown). In order to
analyze the molecular character of the aberration in a female patient who had a normal karyotype but who was
suffering from DMD, the probe set was hybridized to
metaphase spreads from proband 4 (Fig. 1A-D). The images were recorded sequentially, because the resolution of
metaphase chromosomes is not sufficient for simultaneous display in a merged image. All three cosmids revealed
signals using the filter sets specific for the employed fluorochromes. This indicated that the molecular mechanism
was either a deletion elsewhere in the dystrophin gene, or
a different event (e.g., a point mutation). The probe cocktail was then hybridized to metaphase preparations of
proband 1. The cosmid probes cptl and TM7 revealed
signals on both X chromosome homologs, indicating the
presence of two copies of this genomic region. Clone
TM14, however, labeled only one X chromosome (Fig.
1E-G). These findings confirmed the patient's carrier status, previously assumed by linkage analysis and clinical
data, In an additional experiment, the cosmid pool was
hybridized to metaphase spreads of proband 3. For all
clones used, only one of the X chromosomes was labeled,
indicating a deletion that extends at least from exon 45 to
exon 52 (not shown).
YAC clones are reported to result in excellent hybridization efficiency after Alu-PCR amplification of human sequences (Lengauer et al. 1992a, b). This property
and the fact that the entire dystrophin gene is available as
a YAC contig (Monaco et at. 1992) prompted us to test
whether Y A C clones are suitable tools for deletion screening in D M D carriers. Prior to our analysis, the exon content o f each YAC clone was confirmed with PCR using
primers specific for certain exons of the dystrophin gene
(data not shown). Differential labeling of the YAC clones
was performed as described for the cosmid clones (Table
1). The sequentially reported images for the different fluorochromes revealed two signals in all fluorescent colors
on normal female metaphase chromosomes (data not
shown). This probe pool was then hybridized to metaphase spreads of proband 1. Two signals were detected for
each of the YAC clones. The partial deletion of the dystrophin gene on one of the X chromosomes could therefore not be visualized (data not shown). Figure 2A shows
an example of an entirely deleted YAC clone. Using a reference probe for the long arm of the X chromosome, a
carrier of D M D could be delineated with the YAC clone
3"-11, since hybridization signals could be observed on
the short arm only on one of the X chromosomes. This is
in agreement with the predicted carrier status from previous FISH experiments using the cosmid clone cptl, and
from results of the pedigree analysis.
Alu-PCR amplification of human sequences does not
entirely represent the genomic information of a given
clone, since the amplification depends on the repeat distance and orientation. Thus, the position of the Alu-PCR
products with respect to the human genomic sequence in
the YAC clone is not known. We examined the representation of exon sequences in the Alu-PCR products with a

Fig.3. Slot-blot analysis of the exon content of YAC clone 3"-11
after Alu-PCR amplification. All exons are present in the YAC
DNA (left lane), and in genomic DNA from a healthy donor (right
lane). Only exon 47 was detectable in the AIu-PCR products of the
YAC clone (center lane)
slot-blot filter assay. Alu-PCR products of all three YAC
clones were blotted, as were PCR products of these YAC
clones after amplification with exon-specific primers. The
blotted DNA was hybridized with PCR products from total genomic D N A prepared from a healthy male, using
identical exon-specific primers. The presence of each of
the exons could be confirmed in the D N A of all of the
YAC clones. Four exons were tested for YAC clones 5"-1
and 5"-3, respectively. None of them was maintained after
AIu-PCR amplification. The Alu-PCR products revealed
a signal after exon-specific hybridization in only one out
of 10 exons investigated for the YAC clone 3"-11. This indicates that exon sequences of the dystrophin gene are
scarcely represented in Alu-PCR products from Y A C
clones (Fig. 3).
Signals on metaphase chromosomes can be resolved
spatially only if they are at least some 2-5 Mb apart from
each other. The hybridization signals of the cosmid clones
specific for certain subregions of the dystrophin gene
could therefore only be identified by means of their distinct color in consecutively recorded images with filter
sets specific for the employed fluorochromes. Histonedepleted interphase nuclei, however, reveal a largely increased resolution (Wiegant et al. 1992). By using partially overlapping cosmid clones from the genomic region
of exon 45 (Blonden et al. 1989), we were able to visualize,
i n a two-color experiment, an overlap region of 5 kb. This
was indicated by a merged color (yellow) flanked by pure
fluorochromes (red and green) at either end of the extended D N A string of the chromatin fiber (Fig. 2B). Figure 2C shows an example of AIu-PCR products from
YAC clone 3"-11 hybridized to Halo preparations. The
YAC clone contained human sequences of 800 kb. Only
one extended signal, labeling an entire loop, could be observed, (as expected) in a male proband. The extent of the
YAC clone exceeds the average sizes reported for D N A
loops after histone depletion, which are up to 180 kb (Nelson et al. 1986). In order to apply Halo preparations for
high resolution deletion mapping in carriers of DMD, we
modified the described protocol for interphase nuclei from
lymphoblastoid cell lines. Halo preparations o f an obligate carrier (proband 1) were hybridized with neighboring
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D N A clones specific for exons 45 and 48 in a two-color
experiment. Two signals were detected for the green fluorescence (exon 45). Only one additional red signal (exon
48) was observed. Exon 45 and 48 are approximately 100
kb apart from each other. The colocalization of the red
and green signal reflects the physical distance of the two
clones, which are presumably located on one DNA loop,
and displays with high resolution the deletion of exon 48
in the dystrophin gene (Fig. 2D).

Discussion
Carrier-status diagnosis of female relatives from a patient
with D M D is readily peformed with FISH when the extent
of the deleted region in the patient is known and suitable
D N A clones for this region are at hand (Ried et al. 1990).
However, in cases where no index patient is available,
carrier-status diagnosis requires screening for the frequently involved deletion regions. We have therefore established a multicolor FISH approach that allows for the
simultaneous visualization of three preferentially deleted
regions. In normal female controls, hybridization signals
with each of the employed fluorochromes are expected on
both homologs of the X chromosome. In females carrying
a deletion, the signal specific for the clone of the deleted
genomic region is not visible. Signals from adjacent
clones serve as a hybridization control, a fact that is particularly advantageous when interphase nuclei are examined, since the outline shape of the metaphase chromosome cannot be used to judge signal assignment, and fluorescent background spots might be considered as real
signals.
In addition to cosmids, YAC clones provide a promising diagnostic tool in FISH analysis of chromosomal
aberrations (Lengauer et al. 1992a,b). We have therefore
compared these two types of probes with respect to the
feasibility of deletion mapping in DMD. Rapid reproducible probe generation protocols are a necessity in applying probes in diagnostic settings. Whole yeast DNA,
labeled via nick translation does not fulfill these requirements, since the hybridization signals are poor and background fluorescence caused by the excess of vector DNA
is high. With the emergence of interspersed repeat sequence PCR protocols (Nelson et al. 1989; Ledbetter et al.
1990) that selectively amplify the human content in a
background of, for example, hamster hybrid cell lines
(Lengauer et al. 1990; Lichter et al. 1990), YAC clones
became suitable probes for FISH in diagnostic settings.
Alu repeats (Deininger et al. 1981) are the most common
repeat sequences in man, with a copy number of about
1 0 6 . This results in an average distance of the repeat of
about 4 kb (for a review, see Kariya et al. 1987). However,
the consensus sequences are not evenly distributed in the
genome, but are enriched in R-bands (Korenberg and
Rykowski 1988). Moreover, the distance between two repeats may vary considerably. The amplification of YAC
clones with Alu primers typically results in a number of
sequences of varying size. The distribution of the amplification products on the genomic target is not known. We
therefore compared the degree of amplified sequences

with the nick translation of entire YAC clones. The result
indicated that, in only one of the three YAC clones tested,
one out of 10 exons of the respective genomic region was
amplified. Alu-PCR of two additional YAC clones failed
to amplify any exon sequences. In addition, the average
YAC clone size often exceeds the size of frequent deletions. Both facts let us conclude that, for deletion detection in the dystrophin gene, the use of cosmid clones is
preferable to the use of YAC clones, when employing
FISH.
In about 70% of all deletions found in our patients (n =
84, data not shown), at least one of the exons that are contained in the cosmids used in our study is involved. Nevertheless, the effective detection rate of carriers is lower
because the extent of a deletion may be smaller than the
length of the DNA fragment of the respective cosmid
(manuscript in preparation).
The resolution limit of metaphase chromosomes is in
the range of some 5 Mb. Multiple clones for the deletionprone regions can therefore only be resolved by means of
their respective color. Extended chromatin preparations
using either inhibitors of topoisomerase II (Heng et al.
1992) or protocols that result in histone depletion of chromatin, termed Halo preparations, provide a considerably
improved resolution (Wiegant et al. 1992). The feasibility
of these preparations for FISH analysis was shown using
adherently growing fibroblasts (Wiegant et al. 1992). The
extraction procedure results in extended DNA loops that
surround a matrix fraction that is thought to represent the
nuclear scaffold (Vogelstein et al. 1980; Mirkovitch et al.
1984). We have prepared Halos from lymphoblastoid cell
lines of a carrier of DMD. Using these structures, high
resolution mapping of genomic subclones of the dystrophin gene has become possible. The resolution limit is
in the range of 5 kb. This should allow us to investigate
whether a clone is entirely deleted or present in both
copies. By comparing the length of signals on both homologous chromosomes, it should be possible to assess
whether partial deletions are present, as reflected by a
shortened signal length. In a subsequent FISH experiment
using smaller probes, e.g., phage or plasmid clones in a
multicolor experiment, partial deletions can then be confirmed. We presume that this high resolution mapping on
interphase Halo preparations will not only shed light on
the extent of common deletions in the dystrophin gene. It
should also become clear whether certain sequences of the
gene, such as promotors or exon/intron boundaries are
preferentially attached to the nuclear matrix fraction. In
addition, the distribution of expressed versus repressed
genes, as ideally modelled on the active and inactive X
chromosome, can be investigated.
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