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Cystic fibrosis (CF) is one of the most important genetic diseases requiring prevention programmes. Preimplantation genetic
diagnosis (PGD) represents an alternative to prenatal diagnosis, and is especially appropriate for couples with an unsuccessful
reproductive history. For clinical application, protocols must be optimized to minimize PCR failure, allelic drop-out (ADO) and
contamination, while simultaneously detecting a wide spectrum of CF genotypes. We have developed a flexible multiplex PCR
protocol allowing analysis of sequence variations in any combination amongst seven CFTR gene exons (4, 10, 11, 13 in two
parts, 14b, 17b and 21) by nested PCR and denaturing gradient gel electrophoresis analysis, along with analysis of a fluorescently
labelled intragenic microsatellite (IVS8CA). The experiments were carried out on 390 single lymphocytes from three CF
patients, one heterozygote and one non-CF individual. PCR efficiency of the exons ranged from 90 to 100%, and ADO from 0
to 3.8%. IVS8CA was co-amplified with a PCR efficiency of 92.4 and 10.8% ADO. The present method overcomes the need for
separate assays for each CFTR gene mutation. Additionally, it facilitates analysis of any informative linked polymorphic
sequence variation (within the seven exons) along with analysis of a microsatellite, which is useful (when informative) for
minimizing misdiagnosis and/or indirect diagnosis. This method proved robust and flexible for diagnosing diverse CF genotype
combinations in single cells.
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Introduction
Cystic fibrosis (CF) is the most common autosomal recessive disease
in Caucasians (Welsh et al., 1995) and in Greece constitutes the
second most common monogenic disorder (after β-thalassaemia and
related haemoglobinopathies), with up to 5% of the population being
carriers for CF transmembrane conductance regulator (CFTR) gene
mutations (authors, unpublished data). It is caused by defects in the
CFTR gene (250 kb) located on chromosome 7q31–32 and consisting
of 27 exons (Riordan et al., 1989; Zielenski et al., 1991). The normal
CFTR protein comprises 1480 aa and functions as a chloride channel.
Defects in the CFTR protein cause an abnormal chloride concentration
along the apical membrane of epithelial cells resulting in progressive
lung disease, pancreatic dysfunction and male infertility (Welsh et al.,
1995; Kanavakis et al., 1998; Tzetis et al., 2000). Infertility in CF
males results from congenital bilateral absence of the vas deferens
and may even occur in the absence of other clinical CF symptoms.
Furthermore, there have been reports of increased frequencies of CF
mutations in healthy men with reduced sperm quality and/or obstruc-
tive azoospermia, even in the presence of the vas deferens (Anguiano
et al., 1992; Mercier et al., 1995; Van der Ven et al., 1996; Meschede
and Horst, 1997; Pauer et al., 1997; Kanavakis et al., 1998).
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Prenatal diagnosis and termination of affected pregnancies is the
current approach for controlling severe genetic diseases such as CF.
An alternative to prenatal diagnosis is the diagnosis and selective
transfer of healthy IVF embryos (preimplantation genetic diagnosis,
PGD), therefore avoiding the need to terminate ongoing pregnancies.
PGD may also be more appropriate for couples with an unsuccessful
reproductive history (repeated selected abortions or fertility problems)
and especially for those couples who are undergoing assisted reproduc-
tion for male infertility and who have the additional risk of transmit-
ting CF.

PGD is usually performed on single blastomere cells biopsied from
6- to 8-cell cleavage stage embryos (Handyside et al., 1990; Kanavakis
and Traeger-Synodinos, 2002). For PGD of monogenic diseases,
diagnostic protocols are based on PCR and have to address the
inherent problems of single cell PCR [total PCR failure and allelic
drop-out (ADO)], and in addition facilitate the accurate genotyping
of the cell for the disease under investigation. In Southern Europe,
including Greece, CF is characterized by great allelic heterogeneity
compared with the populations of Northern Europe (Kerem et al.,
1989; Chevalier-Porst et al., 1994; Chillon et al., 1994; Tzetis et al.,
1997, 2000; Kanavakis et al., 1998). Most of the approaches for PGD
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Table I. PCR efficiency and allele drop-out (ADO) in 290 single lymphocyte samples from three CF patients and one heterozygote

Exon Mutation/ IVS8CA repeats Exons No. cells PCR ADO/total
polymorphism (length bp) amplified product (%) cells (%)

Patient 1 F508del 25 (196) 10 50 47 (94.0) 0/47 (0)
621 � 1G→T 23 (192) 4 48 (96.0) 1/48 (2.1)

Patient 2 N1303K 25 (196) 21 85 80 (94.1) 3/80 (3.8)
2789 � 5G→A 18 (182) 14b 85 (100) 2/85 (2.4)

Patient 3 E822X 17 (180) 13 part b 80 72 (90.0) 1/72 (1.4)
F1052V 18 (182) 17b 75 (93.8) 2/75 (2.6)

Heterozygotea 1719–9T→C 17 (180) 11 75 75 (100.0) 0/75 (0)
R668C 13 part a
Normal allele 18 (182) 74 (98.7) 1/74 (1.4)

Microsatellite 290 268 (92.4) 29/268 (10.8)
IVS8CA

aIndividual heterozygote for D565G mutation in exon 12 (not included in assay) had two polymorphisms in cis to D565G (1719–9T→C in exon 11 and
R668C in exon 13 part a), which were also in cis with 17 CA repeats in IVS8. The normal allele was in cis to 18 CA repeats in IVS8.

of CF that have been described to date have either not addressed the
problem of diagnosing a wide spectrum of mutation combinations
(Liu et al., 1993; Ao et al., 1996; Schaaff et al., 1996; Scobie et al.,
1996; Tsai et al., 1999) or require the design of case-specific protocols
each time (Goossens et al., 2000). Protocols based on the analysis of
CFTR gene-linked polymorphic markers have been described which
are quite widely applicable for some Northern European populations
(Dreesen et al., 2000; Eftedal et al., 2001), although their usefulness
has not been assessed elsewhere.

In this study, our aim was to develop a practical, flexible PGD
protocol appropriate for analysis of a wide spectrum of potentially
affected genotypes in the Greek population, precluding the design of
case-specific protocols each time. Exons 4, 10, 11, 13 (in two parts,
a and b), 14b, 17b and 21 of the CFTR gene contain ~47 different
mutations accounting for 81% of CF chromosomes in Greece (Tzetis
et al., 1997; authors, unpublished data). All mutations within these
exons can be detected with denaturing gradient gel electrophoresis
(DGGE) analysis (Fanen et al., 1992), which as a scanning method
can detect any sequence variation in a single amplified region. For
that reason, we standardized a protocol involving first round multiplex
PCR (for any combination of the seven CFTR exons) followed by
nested PCR/s producing amplicons analysable by DGGE. Polymorphic
sequence variation(s) present in any of the seven exons can also be
detected by DGGE and exploited, through linkage, for indirect
analysis and/or to cross-check the genotype. A fluorescently labelled
intragenic polymorphic microsatellite, IVS8CA (71% expected hetero-
zygosity in the Greek population; authors, unpublished data), was
included in the multiplex PCR to facilitate confirmation of the
genotype or for indirect diagnosis (when informative).

Materials and methods

Cell samples
Experiments were carried out on a total of 390 single lymphocytes: 290
lymphocytes from three CF patients and one CF heterozygote (carrier for one
CF mutation and two polymorphisms) (Table I) and 100 lymphocytes from a
non-affected individual. The lymphocytes were isolated from the nucleated
cell phase, after density gradient centrifugation at 800 g of 2.5 ml of whole
blood diluted with an equal volume of 0.9% NaCl, using Ficoll separating
solution (Density 1.077, Seromed; Biochrom KG, Berlin, Germany) (Vrettou
et al., 1999).

Manipulation of all cell types was performed under a binocular dissecting
microscope (Nikon SMZ-U) using finely pulled glass pipettes. Each cell
sample was rinsed six times in microdrops of IVF medium (Scandanavian
IVF Science, AB, Sweden) and placed in 10 µl of double-distilled water in
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DNAse-free, RNAse-free 0.2 ml Eppendorf tubes prior to further processing
(Vrettou et al., 1999).

Following cell selection, samples were frozen at –20°C until time of cell
lysis and PCR set-up.

Cell lysis
A total of 5 µl of PCR-grade Proteinase K (Roche Molecular Biochemicals,
Germany), diluted in double-distilled water, was added to the 10 µl of water
containing the selected cell, to a final concentration of 50 µg/ml. The enzyme
was activated by incubation at 37°C for 1 h followed by 65°C for 10 min,
and inactivated by heating to 95°C for 10 min (Traeger-Synodinos et al., 1997).

Genotype analysis
The protocol involved a first round multiplex PCR (2.5 h), containing PCR
primers for the appropriate exons (selected according to the genotype under
investigation) as well as for the IVS8CA microsatellite, followed by (i) nested
PCR to produce DGGE analysable fragment(s) (2.5 h) and electrophoresis on
a denaturing gradient gel (5 h), and in parallel (ii) size analysis of the
fluorescently labelled microsatellite marker (3 h).

Initial experiments were set up to investigate the efficiency of exon
amplification (but not ADO) in multiplex PCR reactions for various CFTR
exons in the following combinations: (i) exons 4, 10, 11 and 21 (containing
72.1% of the mutations in the Greek population) and (ii) exons 13 (in two
parts, a and b), 14b and 17b (containing an additional 8.5%). PCR primers
for the microsatellite marker IVS8CA were included with each combination.
The experiments were performed on single lymphocytes from a non-CF
individual using identical PCR conditions for both primer sets. Separate nested
PCR reactions for each exon followed the multiplex PCR, and successful
amplification was indicated by the presence of a correctly sized PCR product
on agarose gel electrophoresis. Efficiency of co-amplification of the IVS8CA
microsatellite in the first-round multiplex PCR was evaluated by detection of
an appropriately sized PCR product on an automatic DNA sequencer.

Once satisfactory amplification of all exons and the IVS8CA microsatellite
was established, the PCR efficiency of other (any) exon combinations and the
rate of ADO were evaluated by applying the method to genotype single
lymphocytes from three CF patients and one CF heterozygote, with known
mutations/polymorphisms in the CFTR gene (Table I). DGGE analysis of the
appropriate exons simultaneously confirmed the accuracy of genotype analysis
and ADO rates for exons. In addition, the lymphocyte donors (excluding the
non-CF individual) were selected to have two different allele sizes for the
IVS8CA microsatellite marker, for evaluation of ADO for this site.

First-round multiplex PCR
PCR primers for the first round multiplex PCR for the seven CFTR exons
and for the fluorescent amplification of the IVS8CA microsatellite were as
previously described (Zielenski et al., 1991; Morral and Estivill, 1992)
(Table II).
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Table II. Primer list

First round multiplex PCR primers

CFTR Primers Sequence of primers Product
exons size (bp)

4 f 4i-5 5�-TCACATATGGTATGACCCTC-3� 438
r 4i-3 5�-TTGTACCAGCTCACTACCTA-3�

10 f 10i-5 5�-GCAGAGTACCTGAAACAGGA-3� 491
r 10i-3 5�-CATTCACAGTAGCTTACCCA-3�

11 f 11i-5 5�-CAACTGTGGTTAAAGCAATAGTGT -3� 425
r 11i-3 5�-GCACAGATTCTGAGTAACCATAAT-3�

13 part a f 13i-5 5�-TGCTAAAATACGAGACATATTGCA-3� 528
rC1–1M 5�-ATCTGGTACTAAGGACAG-3�

13 part b fX13B-5 5�-TCAATCCAATCAACTCTATACGAA-3� 497
r 13i-3A 5�-TACACCTTATCCTAATCCTATGAT-3�

14b f 14Bi-5 5�-GAACACCTAGTACAGCTGCT-3� 449
r14Bi-3 5�-AACTCCTGGGCTCAAGTGAT-3�

17b f 17bi-5 5�-TTCAAAGAATGGCACCAGTGT-3� 463
r 17b-3 5�-ATAACCTATAGAATGCAGCA-3�

21 f 21i-5 5�-AATGTTCACAAGGGACTCCA-3� 477
r 21i-3 5�-CAAAAGTACCTGTTGCTCCA-3�

Microsatellite marker
IVS8CA AC8R4 5�-ACTAAGATATTTGCCCATTATCAAGT-3� 170–198

AC8D3 Texas Red 5’-TCTATCTCATGTTAATGCTG-3�

Nested PCR (DGGE) primers

CFTR Primers Sequence of primers Annealing Product
exons temp. (°C) size (bp)

4 f CF4 5�-TGTGTTGAAATTCTCAGGGT-3� 55 369
r GCCF4 5�-(40GC)CAGAATATATGTGCCATGGG-3�

10 f CF10 5�-TCCTGAGCGTGATTTGATAA-3� 55 336
r GCCF10 5�-(35GC)ATTTGGGTAGTGTGAAGGG-3�

11 f GCCF11 5�-(35GC)CAGATTGAGCATACTAAAAGTG-3� 50 224
r CF11 5�-CATTTACAGCAAATGCTTGCTAG-3�

13 part a f GCCF1311 5�-(35GC)TATATCTTAAAGCTGTGTCTGT-3� 55 516
r CF1312 5�-TCCCTGCTCAGAATCTGGTA-3�

13 part b f GCCF1321 5�-(50GC)CCCTTACAAATGAATGGCAT-3� 50 454
r CF1323 5�-TACATATTGCATTCTACTCA-3�

14b f CF14B 5�-AATAGGTGAAGATGTTAGAA-3� 50 168
r GCCF14B 5�-(40GC)ATAAAACACAATCTACACAA-3�

17b f GCCF17B 5�-(40GC)TTTGTGTTTATGTTATTTGC-3� 50 266
r CF17Bτ 5�-ATCATTTCTATTCTCATTTG-3�

21 f CF21 5�-TGAAATATTTTACAATACAATAAGGG-3� 55 272
r GCCF21 5�-(40GC)GCCATTTGTGTTGGTATGAG-3�

A long initial denaturation time was applied to ensure complete denaturation
of genomic template DNA (Ray and Handyside, 1996), facilitated by the use
of the modified heat-activated form of a recombinant Taq DNA polymerase
(HotStarTaq; Qiagen) and followed by a protocol of short PCR cycling times
based on a previously published method (Vrettou et al., 1999). PCR reactions
were carried out in 50 µl volumes containing 30 µl of the premixed solution
of buffer/dNTPs/MgCl2/Taq polymerase provided by the manufacturer and
1 µmol/l of each primer, except for the fluorescent primer which was added
to a concentration of 0.3 µmol/l. The PCR cycles were: initial denaturation
of 15 min at 95°C, followed by 20 cycles of 96°C for 30 s, 55°C for 40 s
and 72°C for 30 s and 20 more cycles of 96°C for 30 s, 55°C for 20 s and
72°C for 30 s.

Between 1 and 2 µl of the fluorescent (Texas Red) tagged PCR-generated
template of polymorphic dinucleotide microsatellite marker (IVS8CA) (Morral
and Estivill, 1992) was then electrophoresed in a 7% denaturing acrylamide
gel (32% formamide, 5.6 mol/l urea, in TBE) and was sized (and analysed)
on a Vistra automatic DNA sequencer 725 using the Fragmentor software
(Molecular Dynamics/Amersham Life Sciences, UK).

Nested PCR and DGGE analysis
Nested PCR primers for DGGE analysis of exons were as previously described
(Fanen et al., 1992) (Table II). In all experiments exons were separately
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reamplified (according to the genotype of the sample under investigation)
using 1 µl of the first round of PCR in a 50 µl volume containing a premixed
solution of buffer/dNTPs/MgCl2/Taq polymerase provided by the manufacturer
(HotStarTaq; Qiagen) and 0.4 µmol/l of each primer appropriate for DGGE
analysis (Fanen et al., 1992). The PCR cycling conditions were 95°C for
15 min followed by 40 cycles of 30 s at 95°C, 20 s at the appropriate
annealing temperature for each exon (Table II) and 30 s at 72°C. Following
the nested PCR, 10 µl of amplification products were checked by agarose gel
electrophoresis and mutations/polymorphisms were analysed by DGGE as
previously described (Fanen et al., 1992).

Precautions against contamination
In all experiments, precautions against contamination were stringent. Manipula-
tion of cells and PCR set-up were carried out in separate UV-treated laminar
flow hoods. PCR set-up employed exclusive PCR pipettes and pipette tips
with filters. A maximum of 10 single cell samples was analysed per experiment.
In the first round PCR, one tube containing IVF medium and cell lysis mixture
only and one tube containing PCR mixture only were included as negative
(blank) controls. In the nested PCR set-up (which included nesting the two
negative controls from the first PCR), an additional two blanks containing
PCR mixture only were included for all experiment sets.
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Figure 1. DGGE analysis of the mutations/polymorphisms of single lymphocytes from the four lymphocyte donors. (Note: DGGE gels for exons 10 and 17b
sporadically demonstrated non-specific electrophoretic bands below the homoduplex bands.)

Results
In the two multiplexed CFTR exon sets (50 single lymphocytes from
the non-CF individual each), PCR efficiency for each exon was 94%
(exon 4), 92% (exon 10), 98% (exon 11), 96% (exon 21), 98% (exon
13, part a), 92% (exon 13, part b), 98% (exon 14b) and 94% (exon
17b). Co-amplification of IVS8CA showed 91% PCR efficiency with
exons 4, 10, 11 and 21, and 94% PCR efficiency with exons 13 (part
a and b), 14b and 17b. This non-CF individual was homozygous for
the allele size of IVS8CA.

DNA from single lymphocytes of the three CF patients and the
one CF heterozygote was amplified (using nested PCR) for the
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appropriate (two) exons according to the genotype, and also for the
IVS8CA marker (Figures 1 and 2). ADO rates for exons were
evaluated following DGGE analysis, and ADO was scored when a
single homoduplex band was observed (Figure 1). Occasional samples
gave patterns with faint homoduplex and/or heteroduplex bands
(Figure 1), implicating preferential amplification from one of the
alleles (Findlay et al., 1995). This was not considered to represent
ADO (Figure 1). The results of PCR efficiency and ADO are
summarized in Table I.

PCR products were not observed in any of the negative controls
(blanks) amongst the 30 sets of up to 10 cells that were analysed
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Figure 2. Analysis of fluorescently labelled dinucleotide microsatellite IVS8CA of single lymphocytes from patient 1 (F508del/621�1G→T). Line 2
(bottom): double heterozygous pattern of the 196 and 192 bp alleles which represent 25 and 23 CA repeats respectively; line 1 (top): ADO of the 192 bp
allele.

(i.e. 60 blank tubes from the first PCR and 120 blank tubes from the
nested PCR reactions), indicating that contamination, from external
sources or PCR carry-over, was not a problem with the stringent
precautions applied.

Discussion
CF is targeted as one of the priority diseases for prevention pro-
grammes, but prenatal diagnosis with termination of affected pregnan-
cies is not always a preferable option, and PGD represents an
alternative approach. The development of a PGD protocol for CF is
additionally useful because of the association of some forms of male
infertility with mutations in the CFTR gene. In such cases, female
partners should also be screened for CFTR gene mutations and in
cases where they are both carriers, PGD can be considered in
combination with the assisted reproduction procedure.

Most of the described approaches for PGD of CF are based on
designing protocols for the most frequent CF mutations or case-
specific protocols (Liu et al., 1993; Ao et al., 1996; Schaaff et al.,
1996; Tsai, 1999; Goossens et al., 2000). For a common disorder
such as CF and associated atypical forms (such as male infertility)
where as many as 40–50 mutations may account for ~80% of CF
alleles (especially for the Southern European populations) (Chevalier-
Porst et al., 1994; Chillon et al., 1994), it is more practical to
develop a widely applicable diagnostic protocol than to design case-
specific methods each time. A potentially appropriate method that
uses indirect genotyping through linkage analysis of extragenic CFTR
gene markers has been described (Dreesen et al., 2000), but it has
only been evaluated for the Dutch and French Canadian populations,
and there are no data on its usefulness in other populations. Our
study evaluates an alternative strategy for simultaneously detecting
sequence variations in up to seven different exons in the CFTR gene,
along with size analysis of a linked microsatellite marker.

PCR efficiency for all exons and the microsatellite marker
(IVS8CA) was �90% in all six different multiplex PCR reactions
(two sets of four exons then four sets of two exons, see Table I).
ADO amongst the seven CFTR exons ranged from 0 to 3.8%, all
well within acceptable limits for single-cell PCR (ESHRE PGD
Consortium Steering Committee, 2001). Paradoxically, ADO for the
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fluorescent PCR of IVS8CA was much higher (10.8%) than for the
conventional PCR of the exons, which is contrary to the expected
advantages of using fluorescent PCR. A possible reason for this is
that the annealing temperature used in the multiplex reaction was
optimal for the exons, but higher than optimal (by 5°C) for the
microsatellite marker primers (Morral and Estivill, 1992). Despite
this, the ADO for IVS8CA is still within the acceptable range for
PGD application.

For clinical PGD cycles when parental genotypes involve two
different CFTR mutations (or the same mutation) within the same
exon, DGGE facilitates the detection of both alleles simultaneously
such that the presence of a normal band (as part of a heterozygote
pattern or alone) insures a non-affected embryo for transfer, even if
ADO has occurred (Vrettou et al., 1999). For genotypes including
two mutations in different exons, the presence of a mutant band in
both fragments (as part of a heterozygote pattern, or alone if ADO
has occurred) indicates an affected genotype (Figure 3). Although
the absence of a mutant band in one or both of the two exons
indicates an unaffected genotype (heterozygous or normal genotype
respectively), there may be a risk of an unacceptable misdiagnosis
due to ADO.

The ADO observed in this study (between 0 and 3.8% in exon 21,
Table I) was very low in comparison with other reports (Findlay
et al., 1995; Goossens et al., 2000), although it remains a possible
cause of misdiagnosis including the danger of rejecting a healthy
embryo or transferring an affected embryo. The theoretical possibility
of misdiagnosis was calculated, taking into consideration an over-
estimated maximum ADO rate of ~4% for all fragments. When the
two mutations are in the same exon, failure to amplify the normal
allele may lead to rejection of 1% of heterozygous embryos (with no
unacceptable consequences) (Vrettou et al., 1999). In cases where the
two mutations are in different exons, the amplification of independent
regions of the gene are each subject to the random occurrence of
ADO and this may lead to a 0.0396 possibility of transferring an
affected embryo for implantation (Figure 3). This was calculated as the
sum of the products of the possibilities of ‘unaffected’ combinations of
DGGE patterns being in fact ‘affected’ (Figure 3). The above
possibility refers only to misdiagnosing affected genotypes/embryos,
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Figure 3. Theoretical calculation of the possibility to misdiagnose and transfer an affected embryo, combined heterozygote for the mutations M1 and M2,
which occur in different exons A and B respectively. Calculations refer to the potentially affected embryos (25% of all the embryos to be analysed) and is
based on the chance of observing each combination of DGGE analysis patterns, due to ADO, as illustrated in the figure. For this calculating approach, the
maximum ADO rate of 4% which was observed in trials (exon 21) was used for both exons even though most exons had negligible ADO (Table I). The total
risk of misdiagnosing an affected embryo is 0.0396 which reflects 0.99% (�1%) of all embryos tested.

which theoretically account for 25%; thus for all embryos tested, the
overall possibility of misdiagnosis is �1%.

DGGE analysis is an accurate, reliable method with relatively low
running costs, and is amongst the methods commonly chosen for
routine genotyping and prenatal diagnosis for many monogenic
disorders (Losekoot et al., 1990; Fanen et al., 1992; Kanavakis et al.,
1997; Nissen et al., 1998; Romstad et al., 2000). In addition, our
laboratory has been successfully applying an analogous DGGE-based
genotyping strategy for PGD of β-thalassaemia for the last 3 years
(Kanavakis et al., 1999). The calculated risk of misdiagnosis with
unacceptable consequences due to ADO for this method (in those
cases when the two mutations are in different exons) was based on
an overestimated ADO rate of 4%, implying that, in practice, the risk
of misdiagnosis with this method is much less than 1%. Additionally,
the analysis of the linked polymorphic sequence variations (when
informative) should further minimize the chance of misdiagnosis in
PGD cycles. Thus this method represents an extremely robust and
flexible approach for the application of PGD for diverse genotype
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combinations; this has not been so far addressed for Southern
European populations by any previously published method.
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