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Abstract With the recent advances in genomic research,
it has become apparent that a substantial part of human
malformation and mental retardation is caused by
imbalances in genomic content. Thus, there is an increas-
ing need for versatile methods allowing a detailed
mapping and cloning of the actual rearrangements. We
have combined the flexibility of real-time quantitative
PCR with the knowledge of human genome sequence to
perform a copy number scanning in three patients known
to harbour a deletion in the 7p14p15 locus. In two of the
patients the actual breakpoints were cloned and sequenced,
whereas the breakpoint of the third patient was mapped to
a region previously predicted to be prone for rearrange-
ments. One patient also harboured an inversion in
connection with the deletion that disrupted the HDAC9
gene. All three patients showed clinical characteristics
reminiscent of the hand-foot-genital syndrome and were
deleted for the entire HOXA cluster. Two patients were
also deleted for DFNA5, a gene implicated in dominant
nonsyndromic hearing impairment, but neither patient
showed signs of reduced hearing capabilities. The
described copy number scanning approach is largely
independent of the genomic locus and may be a valuable
tool for characterising a large spectrum of deletions.

Introduction

With the fast expanding services of genetic screening, it
has become clear that a substantial fraction of human

mutations results from the gain or loss of genetic material
rather than single base-pair substitutions. Based on the
recent update of the Human Gene Mutation Database,
deletions represent 22% of reported mutations (Stenson et
al. 2003). The majority of these are very small deletions
that can be detected by traditional mutation scans.
However, almost 7% of the reported mutations are gross
deletions, which would escape detection by a conventional
sequencing approach. The figure is likely to be an
underestimate illustrated by the observation that alter-
native mutation detection strategies can improve the
detection of mutations dramatically (Nystrom-Lahti et al.
1995; Petrij-Bosch et al. 1997).

Larger genomic deletions have traditionally been
identified and characterised by various banding techniques
or by Southern blotting, but the resolution of these
techniques is usually low and it often requires a substantial
amount of effort to resolve the extent of individual
deletions. Fluorescent in situ hybridisation (FISH) has
been the method of choice for deletion analysis, but is,
however, limited for detailed deletion mapping by the high
cost, the scarcity of commercial probes, and by the fact
that probes usually are in the range of 100–150 kb.
Recently, some of these problems have been circumvented
by the refinement of probes (Knoll and Rogan 2003) and
by the use of primed in situ labelling (PRINS) (Tharapel
and Kadandale 2002), but whether these improvements
will facilitate the high-resolution mapping of individual
deletions remains to be seen. PRINS does, however,
emerge as an attractive method for the identification of
translocation breakpoints (Nimmakayalu et al. 2003). Loss
of heterozygosity mapping has also been employed for
characterising deletions, but the technique usually does not
aid a high-resolution mapping, and optimally requires
samples from the patient’s relatives, who are not always
available for analysis. A more technical demanding
strategy for deletion mapping is conversion to haploidy
by fusion of lymphocytes and rodent cell to create hybrids
with individual human chromosomes (Yan et al. 2000).

During the last decade, a variety of PCR-based
quantitative and semi-quantitative techniques have been
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described for deletion analysis (Armour et al. 2002). Most
recently, the MAPH and MLPA techniques have been
developed and successfully employed in copy number
measurements (Armour et al. 2000; Schouten et al. 2002).
Both assays are well suited for analysing a limited number
of loci in large sample sizes, however, the workup is very
labour intensive and the techniques are therefore not
favourable for characterising individual deletions. Other
commonly used approaches are competitive PCR, which
relies on a coamplification of two targets, one of which is
of a known concentration (Prediger 2001), and differential
PCR, which is a semi-quantitative method determining the
relative concentrations of two amplicons (Rowland et al.
2001). These techniques also require substantial fine-
tuning and are becoming obsolete after the development of
real-time PCR, which is now widely used for quantifica-
tion of transcripts. Although real-time PCR is frequently
used in determining the copy number of specific genomic
loci, there is a surprising lack of reports applying real-time
quantitative PCR as a universal application for mapping
and characterising imbalances in genomic content (Ar-
mour et al. 2002; Ginzinger 2002).

We have previously shown that 12% of mentally
retarded and dysmorphic children with normal conven-
tional karyotypes have chromosomal aberrations that can
be identified by high-resolution comparative genomic
hybridisation (HR-CGH) (Kirchhoff et al. 2000, 2004). To
validate and characterise the deletions found by routine
HR-CGH screening, we have combined the flexibility of
real-time quantitative PCR with the knowledge of the
human reference sequence to design numerous very short
test PCRs allowing a real-time quantitative scanning of the

genomic region of interest. By this scanning approach, we
have located and cloned the exact breakpoints of a
recurrent 7p14p15 deletion spanning the entire HOXA
cluster. Thus, this strategy allows us to go from the HR-
CGH resolution of approximately 3–4 Mb down to the
actual base pair, and as the approach is largely indepen-
dent of the genomic locus, it can be applied on virtually
any deletion of interest.

Materials and methods

Human subjects

Case 1 was referred to our cytogenetic facility for HR-
CGH on the basis of idiopathic mental retardation
combined with dysmorphic features and normal conven-
tional karyotypes. The patient (Fig. 1A) was the second
child of unrelated, healthy parents. The pregnancy was
uneventful and a girl was born at term with a weight of
2,700 g and a length of 48 cm. Psychomotor development
was retarded: she sat alone at 8–10 months old, walked at
22 months and speech was delayed. At age 5 years, she
was dysmorphic with up-slanting palpebral fissures, a
broad nose with flat root and anteverted nostrils, broad
lips, short extremities with extension defect in the right
knee, and short fingers with tapering of terminal phalan-
ges, clinodactyly of the third right finger, short and broad
first toes. After receipt of informed consent, genomic
DNA was extracted from peripheral blood by standard
methods and HR-CGH (Kirchhoff et al. 1998) subse-
quently identified a de novo deletion of the entire 7p15

Fig. 1 A Case 1, B Case 2.
Note that apart from the clino-
dactyly, the two patients did not
share obvious major dysmorphic
similarities
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band (Fig. 2A) (Kirchhoff et al. 2001), which was
assumed to be the underlying cause of the clinical
phenotype.

Case 2 was referred to our cytogenetic facility for HR-
CGH on the same basis as case 1. The patient was the first
child of unrelated, healthy parents (Fig. 1B). The
pregnancy was uneventful and a boy was born at term
with a weight of 2,680 g and a length of 48 cm.
Psychomotor development was delayed: he sat alone at
7 months old, walked at 18 months and speech was
delayed. At 4 years of age, he was dysmorphic with short,
slightly malformed ears, small down-slanting palpebral
fissures, hypermetropia (+6), a broad neck, short extre-
mities, short fingers with tapering of terminal phalanges,
clinodactyly of fifth fingers, short toes, and pes planus.
HR-CGH subsequently identified a de novo deletion of the
7p14p15 band (Fig. 2B) (Kirchhoff et al. 2004), which
was assumed to be the underlying cause of the clinical
phenotype.

Case 3 has been described elsewhere (Devriendt et al.
1999). Briefly, conventional karyotype revealed a de novo
deletion of the 7p14 band, and loss of heterozygosity
mapping demonstrated that the deletion encompassed the
two microsatellites D7S529 and D7S2496 located at
25,128,129 and 29,309,086, respectively. The patient
exhibited clinical characteristics consistent with hand-
foot-genital syndrome.

Real-time copy number scanning

To confirm and map the three microdeletions, we under-
took a real-time quantitative approach (Fig. 3).

A reference PCR was developed according to the
PrimerExpress/SDS7000 guidelines that allowed a robust
and highly reproducible amplification of a 51-bp genomic
fragment of the GAPDH gene located on chromosome 12
(ctccccacacacatgcactta; ttgccaagttgcctgtcctt). In the pre-
sence of SYBR Green this reference PCR could be
monitored on an SDS7000 real-time PCR machine. Next,
high quality DNAwas isolated from the three patients and
from two normal reference cases, and the five samples
were individually diluted (approximately 5 ng/μl) to
obtain nearly exact cycle thresholds (CT) values for the
reference GAPDH PCR. By utilizing the human reference
sequence (http://www.genome.ucsc.edu) numerous test
PCR reactions of 50–55 bp, likewise designed according
to the PrimerExpress/SDS7000 guidelines (tm between 58
and 60°C, C+G content between 20 and 80%, primer
length between 9 and 24 bp, and amplicon length between
50 and 58 bp), were created inside and outside the region
presumed to be involved in the two deletions. All primers
were designed to run under similar conditions. Care was
taken not to locate the different test PCRs in repeated
sequences using the BLAT feature of the Human Genome
Browser (http://genome.ucsc.edu/cgi-bin/hgBlat). All
PCRs were performed in duplex and followed by a
melting curve analysis to ensure the generation of specific
amplicons. Optimal threshold levels were set for each
individual run. The CT value of the case test PCR reactions
were related relative to the CT value of the GAPDH
reference PCR and the five cases using the comparative CT

method (described in User Bulletin 2 from Applied
Biosystems). If the test PCR fragment was located outside
the deleted sequence a relation of 1:1 (±20%) was seen,
whereas if the test PCR was located inside the deleted
sequence a relation of 0.5:1 (±20%) was usually observed
(Table 1). If the relation was between 0.65 and 0.75, the
test PCR was repeated. Primer sequences are available on
request.

PCR and sequencing

Test and reference PCR reactions were performed on an
SDS7000 using the SYBR Green PCR Master Mix

Fig. 2 High resolution comparative genomic hybridisation results
of chromosome 7 in cases 1 and 2. Vertical lines represent ratios of
0.5, 0.75, 1, 1.25 and 1.5. Both deletions were estimated to comprise
approximately 8–10 Mb. The red bars indicate the deletions. Black
lines represent the 99.5% dynamic standard reference intervals,
while grey lines represent the 99.5% confidence interval of the
samples (Kirchhoff et al. 2001, 2004)

Table 1 Mean2���CT levels (±1 SD) for 10–12 test PCRs (analysed
in duplex) located either inside or outside the respective deletions

Deleted region Non-deleted region Inconclusive

Case 1 0.55±0.06 1.17±0.15
Case 2 0.49±0.06 1.05±0.10
Case 3 0.55±0.09 0.97±0.12
Normal NA 1.05±0.14
Σ 0.53±0.07 1.06±0.14 0.72±0.04

The 2���CT values express the actual quantitative relation between
the test and reference PCR. The inconclusive PCRs are mainly
derived from attempts to analyse the repetitive centromeric
breakpoint area of case 3. The mean ΔCT value for 25
representative test fragments analysed in the control sample was
−0.025±0.84 (NA not applicable)
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according to the manufacture’s instructions (Applied
Biosystems). PCRs spanning the mapped breakpoints
were performed using the Expand Long Template PCR
system (Roche). Sequencing the breakpoint-spanning PCR
products was performed on an ABI310 automated
sequencer, using BigDyeTerminator V1.1 by standard
methods.

Sequence location

All sequence locations refer to the July 2003 assembly of
the human reference sequence at the UCSC database
(http://genome.ucsc.edu/).

Results

Deletion mapping

Three patients were included in the deletion mapping
approach. Cases 1 and 2 were identified by routine HR-
CGH screening of idiopathic mentally retarded children
with a dysmorphic appearance (Fig. 1), whereas the third
case was identified by conventional karyotyping. Case 1
exhibited an HR-CGH signal consistent with a deletion of
the entire 7p15 band, whereas the deletion of case 2 was
assigned to 7p14p15 (Fig. 2). Both deletions were
interpreted to comprise approximately 8–10 Mb (Kirchh-
off et al. 2001, 2004). The deletion in case 3 was assigned
to 7p14 and microsatellite and FISH analysis demonstrated
that the deletion encompassed D7S529 and D7S2496
(Devriendt et al. 1999). Based on these initial findings, we

Fig. 3 Genomic DNA from two
normal individuals and the three
patients were initially diluted to
give a nearly identical CT value
to the GAPDH reference PCR. If
the test PCR was located outside
the deletion all samples should
essentially have the same CT
value, whereas if the test PCR
was located in the deleted area,
the CT value was shifted by
approximately one cycle com-
pared with the normal samples.
The upper panel shows the
reference real-time PCR in a
normal and a patient sample,
whereas the lower panel depicts
an example of a test PCR
located within the deletion (each
performed in duplex)
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undertook a more detailed mapping of the three deletions
(Fig. 3). Preliminary real-time quantitative copy number
scanning of the 7p14p15 chromosomal region indicated
that the deletions in cases 1 and 2 both encompassed
approximately 9 Mb with roughly a 6-Mb overlap
(Fig. 4a). This finding corresponded nicely with the HR-
CGH data. The deletion in case 3 spanned approximately
12 Mb and was located within the region defined by cases
1 and 2 (Fig. 4). Both the distal and proximal breakpoints
of cases 1 and 2 were subsequently mapped to a resolution
of 3–7 kb.

The distal breakpoint of case 3 was mapped to be
located within a 10.3-kb segment (chromosome 7:
22,815,150–22,825,525) harbouring a LINE and an LTR
element, which made it impossible to map the breakpoint
further. The proximal breakpoint was located to a 77.8-kb
segment (chromosome 7: 34,855,706–34,933,550) that
apart from various short repetitive elements, also showed
very high homology to different regions of chromosomes
7 and 12 (Fig. 4B). Database analysis using the Chained
Blastz feature of the UCSC Genome Browser (Schwartz et
al. 2003), identified various degrees of homology to
sequences located in the presumed deleted region (7p14.3
and 7p15.1), and to a segment in close vicinity of the distal
breakpoint (7p15.3). Moreover, a large segment of 7p14.2
spanning more than 150 kb showed near 100% identity to
a sequence located on the long arm of chromosome 7
(7q22.1) and to a region of chromosome 12 (12q14.2).
This segmental duplication of 7p14.2 complicated a
further mapping of the proximal breakpoint.

Breakpoint cloning

Having narrowed down the proximal and distal break-
points in cases 1 and 2, primers were designed for long-
range PCR, which would allow the actual breakpoint to be
PCR amplified. The breakpoint-spanning PCR resulted in
a nice specific band in case 1. Subsequent sequencing of
the junction fragment demonstrated that both breakpoints
of case 1 were located outside known genes and that the
deletion exhibited a 6-bp insertion in the breakpoint
(Fig. 5). According to the human reference sequence, the
deletion encompasses a total of 71 genes, of which 29
were predicted on a theoretical basis.

The breakpoint-spanning PCR of case 2 did, after a
number of attempts, result in a cryptic PCR product
several kilobases longer that expected. The PCR product
could not be sequenced with the proximal primer.
However, sequencing with distal the primer revealed a
fusion to the HDAC9 gene (Zhou et al. 2001) located
7.8 Mb distal to the presumed breakpoint. Moreover,
according to the human reference sequence, the strand
shifted from the + strand to the − strand at the fusion,
indicating the presence of an inversion. The inversion
could indeed be confirmed by designing a reverse primer
in the HDAC9 gene that together with the proximal
breakpoint primer amplified a specific fragment in case 2.
Subsequent sequencing revealed an 8-bp deletion in the
inversion breakpoint (Fig. 5). Thus, besides a 9,028,219-
bp deletion encompassing 58 predicted genes (of which 26
are hypothetical), case 2 also harboured a 7,849,544-bp

Fig. 4 A Schematic presentation of the extent and location of the
case deletions. B Modified screen picture of the UCSC Human
Genome Browser (http://genome.ucsc.edu) showing a 155-kb
segment (chromosome 7: 34,832,356–34,988,039) with ‘Ensembl
Genes’, ‘Simple Repeat’ and the ‘Self Chain’ feature (showing
alignments of the human genome with itself) in the full display
mode (minor Self Chain alignments have been omitted). The
positions of the aligned sequences are indicated by chromosome
band, strand (+/−), and first base (in thousands). The identified

Ensembl gene is a 317-bp segment potentially encoding a putative
calcium-binding protein but is likely to represent a pseudogene. The
proximal breakpoint of case 3 is mapped to be located within the
77.8-kb segment indicated by the vertical arrows. Note that the
segment contains high homology to sequences just distal to the
telomeric breakpoints of cases 1 and 3, and to sequences within the
mapped deletions. The homology between the displayed segment
and the sequence of 7p15.1 has been proposed to be a potential site
for duplication-mediated rearrangements (Hillier et al. 2003)
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inversion disrupting the HDAC9 gene (Fig. 4). At the
deletion junction the inverted fragment disrupted the
SNX10 gene, which is predicted to encode a protein of the
sorting nexin family involved in intracellular trafficking.

Several attempts were made to clone the breakpoint of
case 3, but due to the high degree of sequence homology
at the mapped breakpoint regions a deletion-specific PCR
product could not be generated.

Discussion

During the last couple of years, real-time quantitative PCR
(Higuchi et al. 1993) has become a widespread technique
for mRNA expression studies, copy number measurements
of genomic, viral, and mitochondrial DNA, as well as for
allelic discrimination assays, and lately for confirmation of
microarray data (Ginzinger 2002). In the majority of these
assays, the quantitative signal is detected by sequence-

specific fluorogenic probes which provide high specificity
on behalf of additional costs and PCR optimisation, and
the detection method is therefore not suitable for mapping
a broad spectrum of deletions as described here. Alter-
natively, the quantitative signal can be monitored by the
intercalating dye SYBR green I, which binds double-
stranded DNA in a sequence-independent manner. In this
assay the specificity and efficiency of the PCR is only
determined by the primers, template quality, and reaction
conditions. In the copy number scanning described here,
all amplifications were carried out under identical
conditions, on the same DNA dilutions, leaving primers
as the only variable.

In order to compare the reference and test PCR by the
comparative CT method, the two reactions should have
identical efficiencies (Pfaffl 2001). Typically, a five- to
ten-fold dilution series is used to generate standard curves
from which the efficiency is determined. To avoid
generating standard curves for every test PCR, we
carefully titrated our template DNA to give CT values
that were practically identical to those of the GAPDH
reference PCR. Thus, any difference in the PCR efficiency
between the reference and test PCR would affect all
samples equally, and therefore eliminate the need for
assaying the efficiency. Imbalances in genomic copy
number could theoretically be detected solely by evaluat-
ing the test PCR across the five samples. However, the
GAPDH PCR was always included to provide extra
security and for monitoring pipetting accuracy. The vast
majority of test PCRs in the reference individuals
exhibited a CT value close to the CT value of the
GAPDH PCR indicating comparative efficiencies. The
mean ΔCT value for 25 representative test PCRs of the
normal sample was −0.025±0.84 consistent with compara-
tive efficiencies. This is likely related to the fact that all
primers were designed according to the same criteria
creating very small amplicons of only 51–55 bp, that are
expected to have an efficiency close to 100%. Occasion-
ally, a difference of up to two cycles in the CT value
between the GAPDH and a test PCR was observed,
however, this did not influence the expected 1:1 relation
between the normal samples after the comparative CT

calculation. A summary of 64 test PCRs located either
within (32) or outside (32) the deletions clearly demon-
strates that the quantitative relationship between the test
and reference PCRs is easily designable in the two areas
(Table 1).

The mapping strategy outlined here requires successive
designing and testing of primers, and for each deletion
approximately 20–25 primer pairs were used. Depending
on the pre-knowledge of the deletion, 10–15 primer pairs
would allow a deletion to be mapped to a 100-kb
resolution. Alternatively, a single breakpoint can be
mapped and a different technique, such as Genome Walker
(Siebert et al. 1995) or traditional Southern blot, can be
used to clone the junction fragment. Although more
labourious, such an approach should be able to detect
cryptic sequence rearrangements, such as inversions and

Fig. 5 A Sequence of the deletion junction of case 1. B Sequence of
the distal and C proximal deletion junction of case 2. The numbers
identify the base on each side of the specific deletion junction
according to the July 2003 assembly of the Human reference
sequence. Arrows indicate strand direction
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insertions at the breakpoint fusion, which otherwise are
hard to detect by a breakpoint-spanning PCR.

The short arm of chromosome 7 appears to be a
relatively potent site for chromosomal aberrations and
more that 100 cytogenetic abnormalities have so far been
assigned to 7p. A substantial part of these represents 7p
duplications, which are believed to arise from malsegrega-
tion of balanced translocation carriers (Kozma et al. 2000).
Cai et al. (1999) summarise 47 of such cases and recognise
18 where the breakpoint is located in the 7p14.2p15.3
interval deleted in our three patients. Indeed, duplication
of 7p15p22 can be recognised clinically as a distinctive
phenotype (Cox et al. 2002; Reish et al. 1996), and an
interesting case of trisomy 7p has been described where a
7p13p21.2 segment was inserted into 8p23 (Megarbane et
al. 2001). The area deleted in our three patients has also
been implicated in several other deletions. Chotai et al.
(1994) review 32 patients of which 11 harbour, an
interstitial deletion where at least one of the presumed
breakpoints appears to be located within the 7p14.2p15.3
segment. The underlying mechanism for the instability of
this particular region is unknown, but the recent determi-
nation of the entire chromosome 7 sequence has revealed
an unusually high degree of intrachromosomal segmental
duplications (Hillier et al. 2003). By scanning the
chromosome 7 sequence for regions flanked by highly
homologous segmental duplications, 11 regions were
identified susceptible to duplication mediated rearrange-
ments (Hillier et al. 2003). One of these regions
(29,334,859–34,878,685) ends exactly at the proximal
breakpoint identified in case 3 and it is also in close
vicinity to the proximal breakpoint of case 2 (Fig. 4).
Thus, it is highly likely that the deletions in our patients
are mediated through intrachromosomal segmental dupli-
cated sequences. In this respect, it is interesting to note that
the sequence harbouring the proximal breakpoint in case 3,
is also present in the 7p15.3 band just telomeric to the
distal breakpoint of cases 1 and 3, and at 7p15.1 which is
absent in all three cases (Fig. 4). The existence of virtually
the same 100-kb sequence at both the short and the long
arm of chromosome 7 (7p14.2 and 7q21.1) as well as on
12q14.2 points to the possibility of quite complex
rearrangements. However, we are not aware of any
specific rearrangements between these areas.

The three deletions described here are quite large and
comprise, all in all, 80 putative genes, of which about half
are uncharacterised (according to the human genome
browser). It is, therefore, quite difficult to evaluate the
clinical phenotypes with respect to individual genes. The
three cases do, however, show characteristics reminiscent
of the dominant hand-foot-genital syndrome (HFGS)
(Fig. 1), which is caused by mutations in or haploinsuffi-
ciency of the HOXA13 gene (Devriendt et al. 1999; Frisen
et al. 2003; Mortlock and Innis 1997; Utsch et al. 2002).
All three patients are deleted for the entire HOXA cluster,
which is one of the four homeobox gene clusters encoding
transcription factors essential for correct limb patterning
and growth (Goodman 2002). Thus, cases 1 and 2
represent two new examples of HOXA13 haploinsuffi-

ciency resulting in the HFGS. Interestingly, the deletions
of cases 1 and 3 involve the DFNA5 gene, which has been
implicated in dominant nonsyndromic hearing impair-
ment. Only three DFNA5 mutations have been described,
which all lead to skipping of exon 8 whereby the reading
frame is interrupted (Bischoff et al. 2004; Van Laer et al.
1998; Yu et al. 2003). As neither case 1 nor case 3 has
obvious hearing impairments, it appears that the three
splice mutations act by a dominant negative mechanism
rather than creating a state of DFNA5 haploinsufficiency.
The 7.8-Mb inverted segment of case 2 disrupts two
protein-coding sequences, the HDAC9 and SNX10 genes.
The first gene belongs to a family of histone deacetylases,
which are involved in transcriptional regulation by
modifying the core histones (Zhou et al. 2001), whereas
the latter gene, which is uncharacterised, might be
involved in intracellular trafficking. Recently, a Portu-
guese family has been described where a balanced
translocation t(1;7)(q41;p21) co-segregated with a con-
genital eye defect known as Peters’ anomaly, and
subsequent identification of the translocation breakpoints
demonstrated a disruption of the HDAC9 gene (David et
al. 2003). The identified inversion breakpoint of case 2 is
located 192 kb proximal to this translocation breakpoint,
but as case 2 does not show any obvious eye defects, the
HDAC9 gene is not likely to be involved in the
pathogenesis of Peters’ anomaly. However, the existence
of a translocation breakpoint in such close vicinity of the
inversion breakpoint supports the possible existence of
rearrangement-prone sequence motifs. This is further
substantiated by the recognition of a microdeletion
syndrome at 7p21.1 (Johnson et al. 1998). As for the
deletions characterised here, the exact underlying mech-
anism for the instability is not known.

In conclusion, we described a strategy for mapping
deletions where numerous short test PCRs were designed
according to the human reference sequence and used to
scan a genomic area for the relative copy number. By
consecutive testing and designing new test PCRs we
cloned two different deletion breakpoints, proving the
concept of the mapping strategy. As the approach is
largely independent of the genomic locus and easy to
handle, it may prove helpful for characterising a broad
spectrum of deletions.
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