
Abstract NADPH oxidase, a multi-subunit protein

consisting of cytosolic components and the membrane-

bound heterodimer,plays an instrumental role in host

defence mechanisms of phagocytes. Genetic deficiency

of the enzymatic complex results in an inherited dis-

order, chronic granulomatous disease (CGD), which is

characterized by an impaired phagocyte microbicidal

activity. X-Linked (XL) CGD results from a mutation

in the CYBB gene encoding the gp91phox subunit,

while autosomal recessive (AR) CGD is associated

with mutations in one of the NCF1, NCF2 and CYBA

genes that encode the p47phox, p67phox and p22phox

subunits, respectively. In the study reported here, we

investigated genetic defects underlying CGD in 15

Tunisian patients from 14 unrelated families. Haplo-

type analyses and homozygosity mapping with micro-

satellite markers around known CGD genes assigned

the genetic defect to NCF1 in four patients, to NCF2 in

four patients and to CYBA in two patients. However,

one family with two CGD patients seemed not to link

the genetic defect to any known AR-CGD genes.

Mutation screening identified two novel mutations in

NCF2 and CYBA in addition to the recurrent muta-

tion, DGT, in NCF1 and a splice site mutation previ-

ously reported in a North African patient. Our results

revealed the genetic and mutational heterogeneity of

the AR recessive form of CGD in Tunisia.
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Introduction

NADPH oxidase is the key enzyme for the inducible

production of superoxide (O2
–) and superoxide-derived

reactive oxygen species in phagocytes and plays a

crucial role in host defence mechanisms against

microbial infection. The fully assembled active

NADPH oxidase complex comprises membrane-bound

and cytosolic components. The membrane-associated
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core of the oxidase consists of a heterodimeric b-type

cytochrome composed of light- (p22phox) and heavy-

(gp91phox) chain polypeptides. The cytosolic compo-

nents include p67phox, p47phox, p40phox and the

small GTPase protein, Rac 2 (Heyworth et al. 1994).

When invasive microorganisms are sequestered in

phagocyte phagolysozomes, the cytosolic subunits are

translocated to the membrane surface and adjoined

with the membrane-bound subunits, thereby creating

the activated complex (Babior 1999). Activated

NADPH oxidase then catalyses the production of

superoxide, which in turn generates microbicidal

reactive oxygen molecules in the phagocytic vesicles.

The failure to produce superoxide impedes the killing

of microbial pathogens and exposes the host to

recurrent, life-threatening infections.

Chronic granulomatous disease (CGD) is a rare

inherited disorder of the innate immune system caused

by genetic defects in the superoxide-generating

NADPH oxidase of phagocytes (Dinauer and Orkin

1992). The incidence of CGD is about 1 in 250,000–

1,000,000 individuals, with reported frequencies vary-

ing greatly in different countries (Roos et al. 1993;

Ahlin et al. 1995). Defects in the genes encoding four

components of the phox complex (gp91phox, p22phox,

p47phox and p67phox) are known to cause CGD

(Royer-Pokora et al. 1986; Dinauer et al. 1987; Clark

et al. 1989).

Although p40phox has been strongly implicated in

NADPH oxidase regulation, to date no specific disor-

der has been recognized to be the result of mutations in

the NCF4 gene encoding p40phox. However, p40phox

levels have been reported to be reduced in p67phox-

deficient CGD (Wientjes et al. 1993; Tsunawaki et al.

1994). In addition, no genetic defects in Rac 2 have

been reported so far, although such a defect might

produce a lethal phenotype or that the closely related

Rac 1, which is present in phagocytes, might compen-

sate for any loss of Rac 2 (Knaus et al. 1991; Kwong

et al. 1993).

The most common form of CGD (approximately

65%) is the X-linked (XL) form, which is due to de-

fects in the CYBB gene coding for gp91phox; only

males are affected by the XL form (Roos et al. 1996).

About one third of all reported cases are inherited in

an autosomal recessive (AR) manner and thus ex-

pressed in both males and females. The mutation

affecting the p22phox subunit (CYBA, located at

16q24) accounts for about 6% of all CGD cases, while

approximately 5% are caused by mutations in the gene

for p67phox (NCF2, 1q25). The most common form of

AR-CGD (about 24% of all cases) is caused by

mutations in the gene for p47phox (NCF1, 7q11.23)

(Cross et al. 2000). Unlike the other AR and XL forms

of the disease, in which there is a great heterogeneity

among mutations, a single defect accounts for the vast

majority of p47phox-deficiency – a GT deletion (DGT)

at the beginning of exon 2 of NCF1 (Casimir et al.

1991; Roesler et al. 2000). The high incidence of this

single mutation is most likely caused by recombination

events between the functional NCF1 and at least one of

the presumable pseudogenes (Y NCF1); these pseud-

ogenes contain the GT deletion and are closely linked

to NCF1 (Gorlach et al. 1997; Roesler et al. 2000).

To our knowledge no extensive molecular investi-

gation of CGD has been reported for the North Afri-

can population. In Tunisia, a retrospective study

consisting of clinical observations of 14 CGD patients

from 12 families described a high rate of female pa-

tients (nine boys and five girls) and consanguinity

(75%) as well as several deaths in early childhood of

male and female infants. Consequently, this study may

suggest a relatively high prevalence of AR forms

among Tunisian CGD patients (Barbouche et al. 1999).

We report here a genetic investigation of CGD in

Tunisian patients. We also show the usefulness of

haplotype classification by homozygosity mapping of

patients born as a result of consanguineous marriages,

the latter being a custom culturally favoured in

Southern Mediterranean countries.

Patients and methods

Patients

Fifteen patients that originated from various geo-

graphic locations in Tunisia were investigated

(Table 1). Eight of the 15 patients (53%) are the off-

spring of consanguineous marriages; three patients

were males who were not the offspring of consan-

guineous marriages. All of the patients underwent

extensive clinical and laboratory investigations. The

diagnosis of CGD was based on the absence of nitro-

blue tetrazolium (NBT) reduction by the patients’

neutrophils (Baehner and Nathan 1967).

Establishment of B lymphoblastoid cell lines

B lymphoblastoid cell lines derived by Epstein-Barr

virus infection (EBV-B LCL) express all of the con-

stituents of NADPH-oxidase. As in neutrophils, the

oxidase activity of EBV-B LCL has been shown to be

defective in the different forms of CGD; consequently,

these cells can be used as a model to study the genetic
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aspects of CGD (Morel et al. 1993). Peripheral blood

mononuclear cells were purified from heparinized

sterile venous blood by Ficoll-Hypaque density gradi-

ent centrifugation. The cells were infected with the

B95-8 EBV strain and cultured in RPMI 1640 medium

supplemented with 20% foetal bovine serum and 1 lg/

ml cyclosporine A. The culture was maintained at 37�C

under a 5% CO2 atmosphere and the medium was

changed twice weekly until autonomous growth of the

derived EBV-B LCL was obtained.

Isolation of DNA and RNA

Blood samples were collected from family members of

each participant after informed consent, and genomic

DNA was extracted from peripheral blood leucocytes

or EBV-B LCL by standard procedures. Total RNA

was isolated from total blood or EBV-B LCL by use of

the Trizol reagent (GibcoBRL-Life Technologies,

Gaithersburg, Md.).

Genotyping

Microsatellite markers were selected from the Gene-

thon mapping panel (Dib et al. 1996) and from physical

maps available at NCBI (http://www.ncbi.nlm.nih.gov/)

and Ensembl (http://www.ensembl.org/) sites. Primer

pairs were synthesized for microsatellite markers suit-

able for homozygosity mapping at 7q11.23 (NCF1),

1q25 (NCF2), and 16q24 (CYBA). The PCR was

performed in a total volume of 50 ll containing 200 ng

of genomic DNA, 10 lM of each primer, 250 lM of

each dNTP, 1.5 mM of MgCl2 and 1 U Taq DNA

polymerase. The amplification buffer contained 20 mM

Tris-HCl (pH 8.8) and 50 mM KCl.

The reactions were performed using a hot-start

procedure; initial denaturation was for 5 min at 96�C,

followed by 35 cycles of amplification with denatur-

ation at 94�C for 1 min, annealing for 1 min at the

adequate temperature and extension at 72�C for 1 min.

The amplification procedure was terminated by a final

extension at 72�C for 7 min. The amplified products

were run on a 6% polyacrylamide gel and then trans-

ferred onto a Hybond-N+ membrane (Amersham

Biosciences, Buckinghamshire, UK) by contact blot-

ting procedure. Amplified fragments were visualized

by hybridization at 42�C for 3 h in hybridization buffer

with a radioactive-labelled poly(AC) probe (dCTPa-

[32P]) (Hazan et al. 1992).

Mutation screening

Mutation analyses were performed on patients as well

as on parents and unaffected individuals when avail-

able in order to assess the cosegregation of the muta-

tion with the morbid phenotype.

Allele-specific oligonucleotide PCR

Initial genotyping of the DGT mutation was deter-

mined by amplifying exon 2 of NCF1 from genomic

DNA using an allele-specific oligonucleotide (ASO)-

Table 1 Characteristics of the CGD patients studied in this report

Patients Sex Age Familial history
of death in
early infancy

Consanguinity
of parents

Responsible gene Mutation

CGD-84 F 3 months Negative First-degree cousins NCF1 DGT
CGD-285 F 11 years Negative First-degree cousins NCF1 DGT
CGD-109 F 2 years NDa Uncertain NCF1 DGT
CGD-250 F 2 years and 8 months Positive Uncertain NCF1 DGT
CGD-350 M 20 years ND None NCF1 DGT
CGD-17 M 10 months Positive First-degree cousins NCF2 N419I
CGD-193 M 19 months Positive First-degree cousins NCF2 IV3 + 2T>C
CGD-222 F 3 years Negative First-degree cousins NCF2 ND
CGD-191 M 2 years Positive Second-degree cousins NCF2 ND
CGD-275 M 18 months ND Uncertain CYBA 295-301delGTGCCCG
CGD-65 M 9 months ND Uncertain CYBA ND
CGD-5 F 7 years Positive First-degree cousins Another AR-CGDb ND
CGD-346 M 6 years Positive First-degree cousins Another AR-CGDb ND
CGD-185 M 2 years and 3 months Negative None ND
CGD-298 M 9 months Positive None ND

a ND, Not determined
b CGD-5 and 346 are in the identical pedigree, and seem to be caused by a mutation in a gene different from the known autosomal
recessive CGD genes
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PCR strategy (Noack et al. 2001). PCR amplification

was performed as described. The reaction products

were analysed by electrophoresis on a 2% agarose gel

in 0.5· TBE.

Genomic DNA amplification and direct sequencing

Exons and their flanking regions were amplified from

genomic DNA. Primer pairs were generated from in-

tron sequences to amplify the exons (primer sequences

are available upon request). PCR conditions were

performed as described.

PCR products were purified on QIAquick spin col-

umns (Qiagen, Valencia, Calif.) and directly sequenced

with the Big Dye Terminator kit (Applied Biosystems,

Foster City, Calif.) using PCR primers as sequencing

primers on an ABI Prism 377 DNA Sequencer (Ap-

plied Biosystems).

cDNA isolation, amplification and direct

sequencing

In order to identify alterations at the RNA level, total

RNA was isolated from total blood or EBV-B lym-

phocyte cell lines using of the Trizol reagent (Gib-

coBRL-Life Technologies). The cDNA first-strand was

synthesized using the ProSTAR first-strand reverse-

transcriptase PCR Kit (Stratagene, La Jolla, Calif.).

PCR conditions were performed as described. RT-

PCR products were purified and directly sequenced.

Results

Screening for DGT

The first step in our molecular analyses was to screen

all the patients for the DGT recurrent mutation

occurring in the NCF1 exon 2 that has been identified

in multiple unrelated patients from different popula-

tions (Casimir et al. 1991; Roos et al. 1996; Ishibashi

et al. 2000; Roesler et al. 2000). For this purpose we

used an ASO-PCR protocol that amplified only the

GTGT-containing allele (normal allele) from genomic

DNA (Noack et al. 2001). Negative results on the

samples following the ASO-PCR confirmed the

absence of the normal sequence based on the direct

sequencing of ordinarily amplified DNA segments. The

DGT mutation in a homozygous state was confirmed in

five patients, including one male patient (CGD-350)

who was born to parents of a non-consanguineous

marriage (Table 1).

Haplotype analyses and homozygosity mapping

Twelve patients belonging to 11 unrelated families

were subjected to genotyping using markers in the

flanking regions of the NCF1, NCF2 and CYBA genes

to detect the apparent homozygous state. The geno-

type analyses revealed that the genetic defect in four

patients seemed to link to NCF1, in two patients to

CYBA and in four patients to NCF2, as the indicated

area of the respective patients showed apparent

homozygosity (data not shown summary in Table 1). In

contrast, two patients (male CGD-346 and female

CGD-5), each a child of different married couples in a

large consanguineous family, clearly showed hetero-

zygosity around the three known AD-CGD genes

(Fig. 1). In this family, the involvement of a gene on X

chromosome was excluded as the parents are appar-

ently healthy and also have a healthy boy. Thus, the

patients in the consanguineous family seemed to have

developed the phenotype by (a) mutation(s) in a yet

unknown AR-CGD gene.

Mutation screening

Genotyping of patient CGD-193 revealed homozy-

gosity in a region of at least 6 cM covering NCF2. PCR

amplifications of genomic DNA showed a mutation of

NCF2 corresponding to a T > C transition in the con-

servative 5¢-splice site of intron 3 (IV3 + 2T > C). The

sequence in the vicinity of exon 3 is 100% identical to

that published by Kenney et al. (1993), with the

exception that a T at position +2 of the consensus

5¢-splice site at the exon 3/intron 3 boundary was

substituted by C. The mutation found in a homozygous

state in patient CGD-193 was identical to that previ-

ously reported in a patient of the same ethnic origin

(Tanugi-Cholley et al. 1995).

In addition, two novel mutations were identified.

The first one was an A > T single nucleotide substitu-

tion occurring at nucleotide 78 of exon 14 in NCF2,

which resulted in an amino acid change from aspara-

gine to isoleucine at codon 419 (N419I) (Fig. 2). The

N419I mutation was detected in a homozygous state in

a male patient (CGD-17), but not in the genome of 50

unrelated normal donors (100 chromosomes) (Fig. 2).

Furthermore, the single nucleotide substitution has not

been registered as a polymorphism in dbSNP at http://

www.ncbi.nlm.nih.gov/SNP/. The second novel muta-

tion was a 7-bp deletion (295-301delGTGCCCG) in

exon 5 of CYBA that resulted in a shift of the reading

frame to premature termination. The mutation was

detected in a homozygous state in the patient,

CGD-275, and in a heterozygous state in the parents
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(Fig. 3). The results of mutation analyses are summa-

rized in Table 1 with the clinical phenotypes.

In addition to the pathogenic mutations described

above, one polymorphism was detected during the

course of this study, a 50-bp insertion in intron IV in

CYBA. This insertion (GenBank accession no.

DQ781319) appeared in a homozygous state in normal

family members of the investigated patients as well as

in several individuals used as a control.

Discussion

According to studies carried out to date, about two

thirds of all CGD cases are caused by a mutation in the

CYBB gene encoding gp91phox on the X chromosome,

thus forming the X-linked (XL) form of CGD. Muta-

tions in the genes encoding p47phox, p67phox and

p22phox cause the autosomal recessive (AR) forms of

CGD and collectively account for approximately one

third of all CGD cases worldwide (Cross et al. 2000).

The most common form of AR-CGD (A47�CGD) is

caused by mutations in NCF1.

Unlike the other CGD subtypes in which there is a

great heterogeneity among mutations (Roos et al.

1996), most of affected alleles in the patients with

A47�CGD carry an identical mutation – a GT deletion,

DGT, at the beginning of exon 2 in NCF1, which results

in a frameshift that leads to translational termination

by a stop codon (TAA) at amino acid position 51

(Casimir et al. 1991; Roesler et al. 2000). In our study

of 15 patients living in various geographic locations in

Tunisia, 30% (5/15) of the patients carried the DGT

mutation in NCF1. The high frequency of the DGT

mutation has been reported in multiple unrelated pa-

tients from different racial backgrounds (Roos et al.

1996). The underlying reason for the predominance of

the DGT mutation became clear when it was discov-

ered that at least two, sometimes a few, pseudogenes

are situated near the functional NCF1 gene at chro-

mosome 7q11.23 (Görlach et al. 1997). The functional

gene and pseudogenes are approximately 99%

homologous in the exonic and intronic regions, but at

least one of the pseudogenes has the GT sequence

instead of GTGT at the start site of exon 2 – i.e. the

GT deletion. This high level of sequence homology and

co-localization together with potential recombination

hot spots (Alu repeats, Chi sequence and human

minisatellites repeats) may result in the functional gene

becoming susceptible to recombination events such as

gene conversion or crossing over among the functional

gene and pseudogenes (Chanock et al. 2000). Gene

conversion events between homologous genes and

their pseudogenes have been described in the patho-

genesis of several genetic disorders, such as

21-hydroxylase deficiency (Helmberg 1993), von

Willebrand disease (Eikenboom et al. 1994) and

Gaucher disease (Horowitz et al. 1989).

Fig. 1 Genotype analyses showing that two patients in a large
consanguineous family were heterozygous around the three
known AR-CGD genes. Genotypes of the CGD-5 (right) and
CGD-346 (left) patients are shown with the haplotypes defined
using markers flanking NCF2, NCF1 and CYBA (top to bottom).
The polymorphic markers are in the order of the centromeric to
telomeric direction (top to bottom), and the genotypes are
indicated with the size (bp) of PCR products for each marker.
Squares and circles indicate male and female members, respec-
tively, and filled and slashed markers indicate affected and
deceased members, respectively
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Among the 12 patients from the 11 unrelated fam-

ilies, homozygosity mapping showed that CGD in four

patients is linked to NCF1, with all of these patients

having the NCF1 DGT deletion. For the eight

remaining patients, haplotype analysis showed that

four patients were homozygous for the markers closely

linked to NCF2 and two patients were homozygous for

the markers closely linked to CYBA. Two patients

born in a consanguineous family (CGD-5 and CGD-

346) were heterozygous for markers linked to NCF1 as

well as for markers of NCF2 and CYBA. Thus, the two

affected children in the large pedigree did not inherit

the identical chromosomes carrying these AR-CGD

genes. This is not consistent with the generally

accepted principle that in recessively inherited, rare

diseases, affected children from a consanguineous

family are expected to be homozygous at the defective

allele inherited from a common ancestor and for the

genetic interval encompassing the causative gene

(Lander and Botstein 1987). The CGD of two patients

is probably due to a defect on a gene other than the

known AR-CGD genes.

The genotyping of a male patient (CGD-193) re-

vealed a homozygous region of 6 cM covering NCF2.

Sequence analyses of the genomic DNA of the CGD-

193 patient showed a T > C transition at position +2 of

intron 3. It is worth noting that this mutation has

already been described in a North African patient

suffering from a p67phox-deficient form of CGD

(Tangui-Cholley et al. 1995). Based on the exonic

organization of NCF2 (Kenny et al. 1993), Tangui-

Cholley et al. inferred that the mutation in the splice

site at the beginning of intron 3 is responsible for the

skipping of exon 3. The consequence is a transitional

–1 frameshift after codon 58, which generates a

premature TGA stop codon at position 60.

Fig. 2 Sequence profile showing a novel NCF2 mutation
associated with a CGD patient. DNA segments covering the
boundary of exon 14 and downstream intron of NCF2 were
amplified with genomic DNA from the CGD-17 patient (a) and a
healthy individual (b), and the nucleotide sequences were
determined. The primers used for amplification were R33F
(TACAGTGGGAACCTTGTGCT) and R28R (TTGAG-
GAAGTGGCTCAGTGGAA), and the R33F primer was used
for sequencing following purification of the amplified products.
The A1256T nucleotide substitution (arrow) resulted in amino
acid substitution of N419I

Fig. 3 Sequence profile showing a novel deletion in CYBA
associated with a CGD patient. DNA segments covering the
boundary of exon 5 and downstream intron of CYBA were
amplified with genomic DNA from the CGD-275 patient (a), a
healthy individual (b) and one of the parents of the patient
(c), and the nucleotide sequences were determined. The
primers used for amplification were Y9F (GCTAGTGTCCA-
CATCAAGGCTGA) and Y10R (ACCAGTAGGTAGAT
GCCGCT), and the primer Y9F was used for sequencing. The
sequence of GTGCCCG (boxes) was deleted in the patient.
Each of the parents were confirmed to be a heterozygous
carrier for the deletion, although only one of the parents is
shown here
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Screening for mutations in CGD genes led us to

identify two novel mutations in a homozygous state in

two unrelated CGD patients. The first is a single

nucleotide change (A > T) at nucleotide 78 of exon 14

in NCF2 which predicts a non-conservative asparagine

to isoleucine substitution at residue 419 (N419I) of the

encoded protein. Fifty unrelated individuals from the

general population screened negative for the A > T

substitution, thereby confirming that this mutation was

not a polymorphism. The asparagine 419 to isoleucine

substitution was detected in the C-terminal PB1 do-

main of p67phox that is involved in the interaction with

p40phox. The interaction between p40phox and

p67phox, via the PB1 domains, leads to enhanced

membrane translocation of cytosolic subunits in stim-

ulated cells, resulting in increased NADPH oxidase

activity. Of special interest is the one point mutation,

R395W, within the p67phox PB1 domain, which affects

NADPH oxidase activity; this point mutation has been

reported in two patients with severe CGD (Noack

et al. 1999). Our findings strongly suggest that a

replacement of asparagine for isoleucine at residue 419

results in a non-functional phagocyte oxidase and

CGD and, consequently, identify one critical amino

acid residue in the p67phox protein.

The second novel mutation, also detected in a male

patient (CGD-275) was a 7-bp deletion of the sequence

in the exon 5 of CYBA, which predicts a frameshift

and a premature termination of p22phox synthesis.

Both parents were found to be heterozygous for this

mutation. The 295-301del7 mutation was found to be

flanked by CCTG motifs and TTC direct repeats, both

of which have previously been identified to be muta-

tion hot-spot consensus sequences for, in particular,

spontaneous small deletions (<20 bp) (Krawczak and

Cooper 1991; Smith and Adair 1996). In addition to the

CCTG motif and the TTC direct repeats, this deletion

was surrounded by the highly GC-rich region; such

regions have frequently been identified at the site of

human DNA deletions (Krawczak and Cooper 1991).

In patient CGD-275 we also found a 50-bp insertion

in intron IV in CYBA. This insertion appeared in the

homozygous state in both normal controls and in

family members of the patients of this study. This

insertion proved to be a 50-bp repeat, probably caused

by unequal crossing over during meiosis. We therefore

suggest that the insertion is a benign variant and not a

cause of the CGD syndrome.

Consistent with previous studies of mutations caus-

ing XL-CGD and AR-CGD (NCF2 and CYBA), our

results show a variety of defects, deletions, missense

and splice site mutations. Carriers of the AR forms of

CGD can be difficult to detect as they typically have a

normal NBT slide test and have rates of O2
– production

within the normal range. The identification of muta-

tions in individuals with autosomally inherited forms of

CGD provides the only effective basis for detecting

carriers among family members or performing prenatal

diagnosis.

In our study, only two patients (CGD-185 and CGD-

298) among 15 (13, 33%) are likely to be XL-CGD.

This result is specific to our population as the most

common form of CGD reported in other studies is the

XL form (Dinauer et al 1987). To our knowledge, this

investigation is the first genetic and molecular analysis

of CGD in the Maghreb region and, specifically, in

Tunisia.

The North African population is characterized by a

high degree of consanguinity despite its various ethnic

backgrounds. In Tunisia, the rate of consanguineous

marriages is estimated to be 33%, reaching over 60%

depending on the area studied (Riou et al. 1989). This

very high incidence of consanguinity is based on the

fact that endogamy is a culturally favoured custom

(Khlat 1997). As a direct result of the high rate of

inbreeding, there is an increase in the prevalence of

recessive genetic disorders (Hoodfar and Teebi 1996).

This may explain the relatively high prevalence of AR

forms of CGD in Tunisia. This study further confirms

usefulness of classifying patients by homozygosity

mapping for genetically heterogeneous AR disorders.

We have already demonstrated the usefulness of

homozygosity mapping for several disorders, i.e. idio-

pathic immuno-deficiency (Elloumi-Zghal et al. 2002)

and Fanconi anemia (Bouchlaka et al. 2003). This

strategy is particularly reliable in informative families

originating from populations with a particular familial

structure – i.e. large size of sibships born to consan-

guineous mating. Genotyping with microsatellite

markers provides an indirect, rapid and cost-effective

tool for the molecular investigation of genetically

heterogeneous diseases in populations where endog-

amy is culturally favoured.
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