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Over 120 inherited primary immunodeficiency diseases (PIDs) are known to exist. The genes responsible for
many of these diseases have also been identified. Recent advances in diagnostic procedures have enabled these
to be identified earlier and appropriately treated. While a number of approaches are available to identify
mutations, direct sequencing remains the gold standard. This approach identifies the exact genetic change with
substantial precision. We suggest that a sensitive and economical approach to mutation detection could be
the direct sequencing of cDNA followed by the confirmatory sequencing of the corresponding exon. While
screening techniques such as single-stranded conformation polymorphism (SSCP), heteroduplex analysis (HA),
denaturing gradient gel electrophoresis (DGGE), and denaturing high-performance liquid chromatography
(dHPLC) have proven useful, each has inherent advantages and disadvantages. We discuss these advantages
and disadvantages and also discuss the potential of future sequencing technologies such as pyrosequencing,
combinatorial sequencing-by-hybridization, multiplex polymerase colony (polony), and resequencing arrays
as tools for future mutation detection. In addition we briefly discuss several high-throughput SNP detection

technologies. Hum Mutat 27(12), 1163-1173, 2006.
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INTRODUCTION

The human immune system is responsible for protecting the
host against infections caused by bacteria, viruses, fungi, and
parasites. This protection is achieved through both nonspecific
(innate) and specific (adaptive) immune responses. Defects in
either of these components of the immune system leads to disease
and may ultimately result in death. This is particularly apparent in
primary immunodeficiency diseases (PIDs), which are caused
by congenital defects of the immune system [Bonilla and Geha,
2006]. While several diagnostic criteria exist for determining if an
individual is suffering from a PID [Conley et al, 1999], the
hallmark signs are the presentation of recurrent infections with
pathogens to which the host normally displays effective resistance,
such as Pneumocystis carinii. The laboratory-based diagnosis of
PIDs involves enumerating leukocyte cell numbers and evaluating
their functional responses. While these approaches are useful
in classifying the type of PID, their classification cannot be
definitively established without determining the genotype. Since
the genes responsible for many PIDs are known, genetic typing is
possible [Notarangelo et al., 2006]. However, a large number
of different molecular techniques have been used to diagnose
PIDs and it can often be difficult to decide which is the most
appropriate to use.

We suggest that mutation analysis could commence with the
direct sequencing of the ¢cDNA of the gene of interest, and
confirming the presence of any mutation in the corresponding
genomic exon. We discuss some of the most commonly practiced
and well-established techniques used to screen for disease
causing mutations. These include single-stranded conformation
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polymorphism (SSCP), heteroduplex analysis (HA), denaturing
gradient gel electrophoresis (DGGE), and denaturing high-
performance liquid chromatography (dHPLC). The advantages
and disadvantages of each approach are discussed below. The
potential of novel sequencing technologies and single-nucleotide
polymorphism (SNP) identification will also be discussed.

CLASSICAL APPROACHES TO PID DIAGNOSIS

The diagnosis of an individual with frequent recurrent infection,
an indicator of the presence of a PID, normally involves the
assessment of blood leukocyte profiles and a functional analysis. A
differential count will determine if the major leukocyte populations
are present within a normal reference range. In addition, when
combined with flow cytometry [Illoh, 2004], the ratio of individual
cell populations can also be determined. For example, the surface
expression of CD40 ligand (CD40L) is reduced or absent in
X-linked hyper-immunoglobulin M (hyper-IgM)  syndrome
(MIM# 308230).
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One caveat in relation to the use of flow cytometry should be
noted. Cell surface proteins can be mutated, but may still
be expressed on the surface of the cell, leading to the conclusion
that the protein is not mutated. Amino acid substitutions
may be present in the cytoplasmic domain of the protein,
rendering the receptor nonfunctional, although mutations may
also exist in the extracellular domain of the receptor. Flow
cytometry is unable to distinguish this difference and diagnosis
should be coupled with cell specific functional studies. For
example, the lack of in vitro IgG production following CD40L
cross-linking in patients with suspected X-linked hyper-IgM
syndrome.

Western blot can also be used to determine the presence/
absence of a protein and thus aid in the diagnosis of PIDs. The
level of protein can allow for variants of disease to be identified.
For example, X-linked chronic granulomatous disease (CGD)
(MIM# 300481) exists in three variant forms. Mutations in the
gene, CYBB, which encodes for the protein gp91°"*, can lead to
this protein being present (yet nonfunctional), reduced, or absent
in a patient’s neutrophils [Cross et al., 1995; Roos et al., 1996].

Most severe combined immunodeficiencies (SCID) present with
individual leukocyte populations being absent or significantly
reduced. For example, a significant reduction in circulating
T-lymphocytes, abnormal lymphocyte proliferation, abnormal
facies, and the absence of a thymic shadow are indicative of
DiGeorge syndrome (MIM# 188400) [Wilson et al., 1993].
Individuals with recurrent bacterial infections also have serum
immunoglobulin and complement levels routinely measured either
by nephelometry or enzyme-linked immunosorbent assay (ELISA)
[Ferrante et al., 1986].

The assessment of cellular functional responses also provides
additional information about the status of individual leukocyte
populations. For example, the proliferation of T-
B-lymphocytes can be assessed in response to mitogenic or
antigenic stimuli [Amedei et al., 2001], while neutrophils can
have their ability to migrate [Zicha et al., 1997], produce reactive
oxygen species [Jirapongsananuruk et al, 2003], and to kill
bacteria and fungi assessed in vitro [Wolach et al., 2005].
Each of these investigations provides the physician with the
ability to predict the disease, and in turn the gene(s) to be
examined.

and

MOLECULAR APPROACHES TO TYPING PIDs
PID Databases

Significant progress has been made in defining the molecular
cause of many of the currently-classified PIDs. Numerous disease
specific databases are publicly available (Table 1) [Piirili et al.,
2006]. These resources relate to an individual or group of diseases,
and include the type and spectrum of mutations (Supplementary
Table S1; available online at http://www.interscience.wiley.com/
jpages/1059-7794/suppmat). Relevant research publications that
detail the particular molecular approach used to diagnose the
particular disease are also highlighted, and should therefore be
consulted as a starting point in the analysis of a gene of interest.
Screening techniques are used to rapidly identify defects in a gene
being investigated and to facilitate the diagnostic process. We
suggest that mutation detection for these diseases should
commence with the sequencing of the cDNA of the gene under
investigation followed by sequencing of the corresponding genomic
exon (Fig. 1 and 2), since many of the screening techniques do not
display 100% sensitivity.
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TABLE 1. Listing of Databases and Societies Relevant to the
Study of PIDs

Resource URL

IMT-Bioinformatics http://bioinf.uta.fi/

IMT-ID Resource http: //bioinf.uta.fi/idr/

IMT-ID-bases http://bioinf.uta.fi/base_root/

ESID www.esid.org/

HGVS www. hgvs.org/

HGVbase http: //hgvbase.cgb.ki.se/

MIM www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db = MIM

HGMD www.hgmd.cf.ac.uk/

HUGO www.gene.ucl.ac.uk/nomenclature/
index.html

IPD www.ebi.ac.uk/ipd/

Entrez-SNP www.ncbi.nlm.nih.gov/entrez/query.

fcgi?db = snp

ESID, European Society for Imnmunodeficiency; HGMD, Human Gene Mu-
tation Database; HGVS, Human Genome Variation Society; HGVbase,
Human Genome Variation database; HUGO, Human Genome Organisa-
tion; IMT-Bioinformatics, Institute of Medical Technology Bioinformatics;
IMT-ID bases, Institute of Medical Technology Immunodeficiency
Databases; IMT-ID resource, Institute of Medical Technology
Immunodeficiency Resources; IPD, Immuno Polymorphism Database;
MIM, Online Mendelian Inheritance in Man.

SCREENING METHODS

Mutation detection strategies can be divided into two
categories: those that identify specific, previously characterized
sequence variations, and those that detect uncharacterized
sequence variations. An example of the former is the detection
of specific mutations in the MASP-2 gene (MIM# 605102), which
regulates serum levels of the human mannose binding lectin
protein (MASP). Levels of this protein are modulated by three
known sequence variations clustered in exon 1 [Turner and
Hamvas, 2000]. Individuals with low or absent MASP protein
should thus be screened for these sequence variations. However,
for most genes, searching for previously characterized sequence
variation is not useful, as mutational hotspots are uncommon. For
example, X-linked CGD is predominantly caused by mutations
in the protein gp91P"°%. By plotting the location of amino acid
substitutions vs. their location in the protein, amino acid changes
are scattered along the entire length of the protein with no
discernable mutation hotspots (Fig. 3). This is common for many
diseases, and makes mutation-specific detection technology
unsuitable, as it is not uncommon for individuals to possess
unique mutation(s). Laboratories must therefore interrogate the
entire gene of interest to identify the location and nature of the
disease-causing mutation. Since the average size of human genes is
10-15 kb and the number of exons/gene is nine [Sakharkar et al.,
2005], mutation scanning techniques, such as SSCE, HA, dHPLC,
DGGE, temperature gradient gel electrophoresis (TGGE), and
conformation-sensitive gradient electrophoresis (CSGE) are used
to rapidly identify products where a mutation may exist. These are
then subsequently sequenced to identify the precise genetic
change.

At present, 92% of disease-causing mutations are caused by
micro-lesions (missense/nonsense, splicing, regulatory, small dele-
tions and insertions), with the remainder caused by gross lesions
(repeat variations, gross insertions/duplications, complex rearran-
gements and gross deletions) [Stenson et al., 2003] (Supplemen-
tary Table S1). All of these sequence variations can be identified
using the techniques outlined above.
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FIGURE 1. Flowchart outlining our current approach in the diagnosis of X-linked chronic granulomatous disease. Initial diagnosis is
made by assessing biological cellular function or products (1). An assessment of superoxide production can provide a rapid guide to
CGD diagnosis (2). In X-linked diseases, affected females should display a mosaic phenotype that can be seen with the nitroblue
tetrazolium test (3). The presence/absence of a protein can then be used to help subclassify the precise variant of CGD (4), of which
three variants exist for the X-linked form (5).Total RNA from the affected individual as well as any other family members is isolated and
converted into cDNA (6); The CYBB gene is then amplified using the cDNA as the template and the products are directly sequenced
(7); If a mutation is not found (8), then other variants need to be assessed, such as the autosomal form of CGD (9), and mutation
analysis should be performed on the most likely gene involved (10); any mutation should be confirmed at the genomic level, where
the corresponding exon should be amplified and sequenced (11); any mutations/polymorphisms should then be screened against
other known mutations (12). If the mutation has not been reported previously then it needs to be excluded as a novel polymorphism
by either restriction enzyme digestion or by allele specific PCR (13). Novel mutations can then be submitted to the relevant database,
such as CYBB base for the CYBB gene (14).

All screening techniques require the gene of interest be
amplified by PCR. Individual exon(s) are amplified either as
one product, or if individual exons are very large, in smaller
overlapping fragments and then subjected to mutation screening.
The theory behind each of these techniques and their advantages
and disadvantages in the detection of mutations is discussed below
and is summarized in Table 2.

cDNA Analysis

Nearly all PID mutation detection studies commence with
the interrogation of genomic DNA using screening techniques.
We suggest that direct sequencing of cDNA is an efficient
approach for detecting most pathogenic mutations. Since cells
from the blood can be easily obtained for analysis, this facilitates

Human Mutation DOI 10.1002/humu
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FIGURE 2. Strategy for the detection of mutations in cDNA. The gene of interest is amplified from cDNA using overlapping combina-
tions of primers. These products are then sequenced and any mutations that are identified are then confirmed in the corresponding
exon in genomic DNA. *, mutated nucleotide; AAA(n), poly-A tail; cDNA, complementary DNA; CDS, coding sequence; F1-F3, for-
ward 1-3 primer; gDNA, genomic DNA; R1-3, reverse 1-3 primer; UTR, untranslated region.
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FIGURE 3. Mutation map of the gp91°P°* protein that is mutant in most cases of X-linked CGD. The location of previously identified
amino acid substitutions in the various domains is shown. The results demonstrate the lack of any mutational hotspot, necessitating
the complete sequencing of the CYBB gene for mutation identification. Insertion ( W ), deletion ([J), missense (O), and nonsense (®)
mutations; NTERM, N-terminal; FADBR, flavin adenine dinucleotide (FAD) binding region; NADPHBR, nicotinamide adenine
dinucleotide phosphate (reduced form) (NADPH) binding region; L, linker region. Data were obtained from CYBBbase (seeTable 1).

the process of RNA isolation. Cost, in terms of time and reagents,
is one of the main limiting factors associated with the sequencing
of multi-exon genes without a prior screening approach. For
example, the CYBB gene consists of 12 exons [Royer-Pokora et al.,
1986], which require a minimum of 24 primers for their
amplification. Each exon must be sequenced in both directions
to confirm the sequence. Thus, at least 24 sequencing reactions
are needed to screen the entire gene. If the nominal cost/
sequencing reaction is US$10/sample, then the total cost of
sequencing alone is US$240/sample. We now routinely prepare
cDNA from patient cells and using overlapping pairs of primers,

Human Mutation DOI 10.1002/humu

amplify and sequence the entire cDNA (Fig. 2). We have been
able to amplify the entire CYBB cDNA using only five pairs of
primers, reducing the cost. Once a mutation is observed, the
corresponding exon is then sequenced to confirm its presence at
the genomic level (Figs. 1 and 2).

A disadvantage of this approach is that it is dependent upon the
presence of suitable mRNA in the patient sample. Some mutations
can reduce mRNA production and/or stability and thereby reduce
the effectiveness of this approach. However, given the sensitivity
of RT-PCR, even small amounts of mRNA can be readily
converted into cDNA. Where no mRNA exists, DNA would
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need to be interrogated directly. Also, some pathogenic mutations
are found in intronic sequences that would be missed by analyzing
cDNA alone. However, these are rare, with the vast majority of
pathogenic mutations being found in coding sequences.

Sequencing technology has also improved over the past decade,
and 96 capillary machines allow high throughput screening of
patient samples. Our approach can enhance this throughput.
Given that many PIDs are rare, the workload for a clinical
diagnostic laboratory should not be overly excessive to limit the
use of this definitive approach.

Single-Stranded Conformation Polymorphism (SSCP)

Historically, SSCP has been the most commonly used screening
technique to identify mutations since it was first reported by Orita
et al. [1989], including mutations causing PIDs. Examples of PIDs
in which SSCP has been used include Bruton’s tyrosine kinase
(MIM# 300300) [Conley et al., 1998; Vorechovsky et al., 1995],
chronic granulomatous disease (MIM# 306400) [Aoshima et al.,
1996; Patino et al., 1999], and Wiskott-Aldrich syndrome (MIM#
300392) [Derry et al., 1995; Kondoh et al., 1997].

SSCP involves the PCR amplification of the gene of interest,
which is then denatured using heat and formamide to produce
single-stranded DNA (ssDNA) [Nataraj et al., 1999]. The
fragments are then separated by nondenaturing electrophoresis.
During electrophoresis, the ssDNA fold into a nucleotide
sequence-dependent conformation. This shape determines the
rate of mobility in the gel. Most base changes will alter the physical
conformation of the DNA sufficiently that it can be detected as a
mobility difference [Humpbhries et al., 1997].

SSCP is used due to its low cost, use of common reagents and
equipment, suitability for high throughput analysis, and reasonable
sensitivity. SSCP can also be performed in the absence of
radioactive labeling [Cotton, 1997]; however, since only small
amounts of DNA are loaded, highly sensitive detection methods
are needed. While a radioactive marker can be used, and is more
sensitive than either ethidium bromide or silver staining
[Sunnucks et al., 2000], fluorescent dyes such as SYBR® green
(Carlsbad, CA; www.invitrogen.com) are becoming popular
alternatives [Law et al., 1996].

A major disadvantage of SSCP is its lack of sensitivity, ranging
from 50% [Liu et al., 1996] to 97% when matched to capillary
based electrophoresis [Mogensen et al., 2003]. False-negative
results can have a drastic effects on a patient’s treatment regime
[Buckley, 2006].

The size of the PCR products directly affects the sensitivity
of the assay. For example, 97% of mutations present in the B-
globin, p53, and rhodopsin genes were identified when the PCR
products were 155 bp [Sheffield et al., 1993], yet sensitivity fell to
78% when the product was shortened to 135 bp or increased above
155 bp. The choice of gel matrix, electrophoretic conditions, buffer
composition, GC content, DNA concentration, location of the
sequence variation [Humphries et al., 1997; Liechti-Gallati et al.,
1999; Nataraj et al., 1999], concentration of glycerol, and
constancy of the temperature during electrophoresis [Balogh
et al., 2004; Nataraj et al., 1999] can affect sensitivity. In general,
90% of mutations can be detected in fragments up to 200bp
by varying and optimizing these conditions. The detection rate
falls to about 80% for fragments longer than 350bp and shorter
than 200bp [Hayashi and Yandell, 1993].

Products larger than 1,000bp can first be digested using a
suitable restriction enzyme and then subjected to SSCP analysis.
This additional step adds to the cost and complexity of the assay.

Human Mutation DOI 10.1002/humu

In addition, the choice of restriction enzyme(s) used can affect the
sensitivity of the assay. For example, digestion with BglIl improved
detection of two mutants over digestion of the same fragment with
Hinfl [Hayashi and Yandell, 1993; Lee et al., 1992]. It should
be noted, however, that this effect is mutation specific and not
general for these two restriction enzymes.

One reason for the variable sensitivity associated with SSCP is
due to the empirical optimization of assay conditions, as it is not
possible to predict the electrophoretic patterns expected during
SSCP analysis [Balogh et al., 2004]. Poorly standardized conditions
can lead to difficult to interpret mobility patterns [Cotton, 1997],
giving rise to possible false-negative or -positive results. To achieve
optimal sensitivity, genes with exons larger than 200bp need to
be amplified with sets of overlapping primers producing products
of a suitable size.

Heteroduplex Analysis (HA)

HA depends on the conformation of duplex DNA resolved in a
native polyacrylamide gel. PCR-amplified DNA will consist of
either two complementary strands or strands that have a single-
base pair mismatch. Mismatched DNA will form heteroduplexes
[Nagamine et al., 1989], which have a retarded electrophoretic
mobility compared to homoduplexes [Nataraj et al., 1999].
Fragments with an altered mobility are then sequenced.

Nucleotide mismatch is the principle factor influencing
separation of heteroduplexes from homoduplexes. For example,
G:G/C:C mismatches are more easily identified than A:A/T:T
mismatches [Highsmith et al., 1999]. HA is technically simple and
cheap to perform [Henderson et al., 1997]. HA has a reported
detection rate similar to SSCP [Rossetti et al., 1995], requires
significant optimization, and in many cases can be paired with
SSCP to increase detection sensitivity, although this leads to an
increase in workload per sample.

Factors affecting HA sensitivity include electrophoretic condi-
tions, type of base substitution, base sequence, GC content of
the fragment [Nataraj et al.,, 1999], and fragment size, with the
optimal size of 200-600bp [Morelli et al., 2000; Nollau and
Wagener, 1997].

Denaturing High-Performance Liquid
Chromatography (dHPLC)

dHPLC involves subjecting PCR products to ion-pair reverse-
phase liquid chromatography in a column containing alkylated
nonporous particles [Huber et al.,, 1993; Oefner and Underhill,
1995]. Using a gradient of acetonitrile and partial heat denatura-
tion, heteroduplexes display a reduced column retention time
compared to wild-type homoduplexes [Xiao and Oefner, 2001].

dHPLC does not show any significant drop in sensitivity over a
size range of 150-700 bp [Liu et al., 1996; O’'Donovan et al., 1998]
and also displays excellent specificity. For example, 100% of
mutations were identified when using dHPLC to analyze the factor
IX blood coagulation (MIM# 306900) and neurofibromatosis type
1 genes (MIM# 162200) [O’Donovan et al., 1998]. In contrast
only 50% of the mutations were detected using SSCP [Liu et al.,
1996]. Similarly, SSCP failed to detect mutations associated with
multiple endocrine neoplasia type 1 (MIM# 131100) that were
detected by dHPLC [Park et al., 2003]. Software is available that
can predict the appropriate conditions (temperature and acetoni-
trile concentration) for a given nucleotide sequence in order to
detect heteroduplexes.

A disadvantage of dHPLC is its requirement for a specialized
piece of equipment. While most molecular laboratories have the



equipment required to perform SSCP and HA, dHPLC requires a
dedicated piece of equipment. It can also be difficult to identify
heterozygotes unless the sample is spiked with a known control. As
with the other techniques described, the exact nature and location
of the nucleotide change is also unknown.

Conformation-Sensitive, Denaturing,
and Temperature-Gradient Gel Electrophoresis
(CSGE, DGGE, and TGGE)

CSGE, DGGE, and TGGE involve the electrophoresis of PCR
amplified double-stranded DNA with a gradient of denaturant
(urea or formamide; DGGE), temperature (TGGE) with a
constant concentration of denaturant or without any gradient
(CSGE). Heteroduplexes and homoduplexes are then separated
according to their different melting behavior, caused by differences
in their sequence or by mismatches present in the area of sequence
variation. In DGGE, the concentration of denaturing agent, or in
TGGE, the temperature of the buffer is increased. The mobility of
the DNA is reduced as the DNA begins to denature.

CSGE is a development of HA using a modified polyacrylamide
gel [Ganguly et al., 1993] to differentiate homoduplexes from
heteroduplexes. The simple protocol, the use of routine laboratory
equipment, and the use of PCR products without any further
manipulation have been the main incentives for using this
technique. The inclusion of fluorescent tags has increased the
speed and reproducibility and enhanced the resolving power of the
scanning method. The disadvantages include the requirement for
access to an automated DNA sequencer, cost of synthesizing
fluorescent primers, and need for specialized skills in data analysis
and management [Ganguly, 2002]. The size of the mismatch and
the sequence context of the mismatch affect the sensitivity of
CSGE. CSGE is also less sensitive to mismatches in a GC-rich area
than an AT-rich area [Ganguly, 2002].

The main disadvantage of DGGE is that the preparation of
denaturing gradient gels is not consistently reproducible, leading to
variability [Balogh et al., 2004]. Sensitivity is also an issue, having
been reported to be only 82% [Morelli et al., 2000]. Sensitivity
of CSGE is reduced when mismatches are located within 50 bp of
the ends. TGGE does not require the use of denaturing agents,
requires less sample handling, has greater reproducibility, and is
cost effective [Balogh et al., 2004].

As with all techniques examining changes in nucleotide
composition through variations in mobility, the maximum
fragment size for DGGE, TGGE, or CSGE is approximately
1,000 bp [Balogh et al., 2004], while for fluorescent CSGE it is
only 250-500 bp [Ganguly, 2002].

Direct Sequencing

The only way to definitively identify if an individual harbors
a genetic mutation is to sequence the entire gene. In terms
of sequencing, several methods exist; however, only the well
established dideoxy chain termination method [Sanger et al.,
1977] and pyrosequencing [Ronaghi et al., 1996] are discussed
below. In addition, the future prospects of using sequencing by
hybridization, multiplex polymerase colony (polony) sequencing,
and oligonucleotide arrays are also discussed.

Dideoxy ChainTermination

Sequencing by dideoxy chain termination [Sanger et al., 1977]
is based on DNA synthesis occurring in the presence of a mixture
of deoxy- and dideoxynucleotides (ddNTPs). When ddNTPs are
randomly incorporated into a growing strand of DNA, they cause

HUMAN MUTATION 27(12), 1163-1173, 2006 1169

amplified products of varying lengths to terminate. These
prematurely terminated fragments are analyzed by gel electro-
phoresis and read manually, or when the ddNTPs are linked to a
fluorochrome, they can be automated via capillary electrophoresis
(CE).

Dideoxy sequencing has been used for the sequencing of
several different bacterial, archaeal, and eukaryotic genomes
(www.ncbi.nlm.nih.gov; www.tigrorg), and the human genome
[Lander et al., 2001; Venter et al., 2001]. Sequencing is the only
true method of identifying uncharacterized nucleotide changes,
allowing for the consequence of this change to be determined,
such as premature stop codons, missense, or silent mutations. For
X-linked diseases, the carrier status of female family members is an
important consideration, particularly in providing genetic counsel-
ing. With the introduction of improved dye chemistries, the
detection of carrier status has been facilitated.

The cost of sequencing is an issue, but has become less so with
the improvements in fluorescent technology. Smaller amounts
of label can be used for efficient detection of a sample sequence.
Sequencing can also be paired with a screening technique.
However, this approach is only applicable in laboratories that
have the required equipment.

As with all the other methods, the generation of false-positive
sequence variations introduced during the PCR amplification of a
target is a possibility. However, polymerases with proofreading
ability and inherently low error rates are now available. In
addition, mutations in PCR products should be confirmed using
an alternate technique such as restriction enzyme digestion (if
possible) or allele-specific PCR.

Pyrosequencing

Pyrosequencing is a technique that detects the release of
pyrophosphate (PPi) during DNA synthesis [Ronaghi et al., 1996].
A series of four enzymatic reactions are linked to the release of
visible light, whose generation is proportional to the number
of incorporated nucleotides. The cascade starts with a nucleic acid
polymerization reaction in which inorganic PPi is released as a
result of nucleotide incorporation by DNA polymerase. The
released PPi is then converted to ATE which ultimately leads
to the release of light. Since nucleotides are added in a stepwise
fashion and their order is known, the sequence of the template can
be determined.

This technology has recently been used to successfully sequence
a bacterial genome in only 4 hr [Margulies et al., 2005] as well as
detecting SNPs in the mannose-binding lectin [Roos et al., 2006].
It can also be used for microbial typing, resequencing, tag
sequencing, and analysis of DNA sequences with difficult
secondary structures [Ronaghi, 2001].

A major disadvantage of pyrosequencing is the limited read
length [Ahmadian et al., 2006] typically used for mutation
detection [Ahmadian et al., 2000; Garcia et al.,, 2000]. In
addition, the performance of all four enzymes is crucial for the
accuracy of this DNA sequencing technology. Enzyme activity
is lost over time, while sample dilution, as each nucleotide is
subsequently added, can also reduce enzyme activity and have a
negative impact on read length [Ronaghi, 2001].

Combinatorial Sequencing-by-Hybridization

Resequencing is the sequencing of DNA whose sequence has
previously been annotated. Resequencing is achieved through
standard sequencing technologies. Recently, new technologies
have been applied to the large-scale resequencing of genes and

Human Mutation DOI 10.1002/humu



1170 HUMAN MUTATION 27(12), 1163-1173, 2006

genomes. One approach is combinatorial sequencing-by-hybridiza-
tion (cSBH) [Cowie et al., 2004; Drmanac et al., 1993].

In ¢SBH, a universal probe is attached to a glass slide while a
fluorophore-labeled probe is free in solution. Unlabeled PCR-
amplified target DNA is mixed with DNA ligase and the labeled
probe in solution, and allowed to hybridize to the slide-attached
probe. When both probes hybridize to the target DNA at
contiguous complementary positions, they are covalently joined
by the DNA ligase, creating one long-labeled probe attached to
the solid surface. The combinatorial process generates all possible
probes that are complementary to the target. A standard array
reader scores the fluorescent signal at each array position, and
software generates a sequence readout of the template PCR
product. This approach is available through Callida Genomics
(Sunnyvale, CA; www.callidagenomics.com).

This approach has been used to screen for mutations in the
APC gene (MIM# 175100), the cause of the autosomal dominant
form of colorectal cancer [Cowie et al., 2004]. A total of 23
clinically diagnosed individuals with familial adenomatous poly-
posis were screened, and with a maximal read length of 3.6 kb,
bases were sequenced with an accuracy of 99.97%. This approach
has also been used to interrogate the neurofibromatosis type 1
(NFI) gene (MIM# 162200) [Schirinzi et al., 2006]. A total of 30
patients were examined, and readability and accuracy were found
to be 99.97% and 99.99%, respectively. A 10-fold reduction
in uncalled bases and reduced background was achieved when
dual labeling was used. Base substitutions, insertions, and small
deletions were confirmed in all patients.

Oligonucleotide Resequencing Arrays

Oligonucleotide resequencing arrays rely on the hybridization
of fragmented end-labeled DNA to sets of tiled, overlapping
oligonucleotide 25mer probes. For each base being interrogated
there are four probes, one representing the reference sequence and
three that vary at the central base with one of the other three
nucleotides [Mockler et al., 2005]. Probes corresponding to both
the sense and antisense strand are synthesized on the array, and
signal intensities from the probes are analyzed to give homozygous
or heterozygous base calls [Chee et al., 1996; Warrington et al.,
2002]. A mismatch at the middle base will reduce or prevent
binding of the labeled target and thus result in a reduced
hybridization signal. At present, custom re-sequencing arrays are
available from Affymetrix (Santa Clara, CA; www.afftymetrix.com).

Using this system, Hacia et al. [1998] screened for all possible
mutations in the ataxia-telangiectasia (MIM# 208900) gene.
Using this approach, 94.4% distinct heterozygous and 100%
distinct homozygous sequence variants were detected accurately,
while five false-positive calls were identified. Karaman et al.
[2005] extended this study using oligonucleotide arrays to
determine the hybridization properties of probes complementary
to small insertions and deletions. Probes complementary to two
base substitutions displayed the highest average specificity
followed by those complementary to single-base substitutions,
single-base deletions, and single-base insertions [Karaman et al.,
2005].

Resequencing arrays have also been applied to detect sequence
variations in multiple autosomal recessive retinal disease [Mandal
et al., 2005] and cancer-associated genes [Tengs et al., 2005].
Mandal et al. [2005] sequenced 11 genes (155 exons) associated
with autosomal recessive retinitis pigmentosa (MIM# 600105).
Over 97% of the sequence was determined with greater than 99%
accuracy and reproducibility. Similarly, Tengs et al. [2005] found
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92% of the homozygous changes and 98% of heterozygous loci
were identified correctly.

Wong et al. [2004] used a resequencing atray to interrogate the
30-kb severe acute respiratory syndrome (SARS) virus genome.
The method was highly reproducible, accurate (>99.99%), and
capable of identifying known and novel variants of SARS.
Similarly, Zwick et al. [2005] resequenced multiple isolates of
Bacillus anthracis with 92.6% accuracy.

A major advantage of array-based resequencing is that no prior
knowledge of the variation in a site is needed. Comparisons can be
made directly to a reference genomic sequence. Thus, a single
analysis allows for SNPs to be identified [Mockler et al., 2005].
One disadvantage of resequencing technology relates to the
composition of the probes. Probes with a high AT content [Hacia
et al.,, 1998] or GC content [Mandal et al., 2005; Zwick et al.,
2005] can affect hybridization intensities, preventing bases from
being efficiently detected. This problem exists even in organisms
with a low G+C content such as B. anthracis (~34%) [Zwick
et al., 2005]. This technology is also dependent on the availability
of a finished quality reference sequence. Also, since resequencing
arrays only compare a new sequence to a reference sequence, they
are not as useful for identifying novel sequences or sequence
rearrangements that may occur in an experimental sample.

SNP Detection

As mentioned above, some diseases are associated with a set
of well-characterized mutations, such as the MASP protein
[Turner and Hamvas, 2000]. In these cases, assays based on
high-throughput SNP detection can be used. Examples of two
such techniques include single-nucleotide extension (SNE) and
oligonucleotide ligation assay (OLA)/SNPlex.

In SNE, primers are designed to anneal immediately 3’ to the
polymorphic site of interest. A DNA polymerase is then used to
extend the primer with a single labeled nucleotide complementary
to the nucleotide at the variant site. The labeled product can
then be detected by CE [Syvinen 1999]. This approach allows for
highly-specific detection of SNPs and has been used in numerous
reports [Murphy et al., 2003].

SNPlex is a platform modification of OLA produced by Applied
Biosystems (Foster City, CA; www.appliedbiosystems.com) in
which oligonucleotide ligation/PCR and CE is used to analyze
biallelic SNP genotypes. This approach is well suited for SNP
genotyping in which throughput and cost efficiency are essential.
During SNPlex, allele-specific oligonucleotide (ASO) probes and
locus specific oligonucleotide (LSO) probes hybridize to the target
sequence. These two oligonucleotides only bind when there is
a perfect matching sequence at the SNP site. At the same time,
universal linkers are ligated to the distal termini of the probes. The
linkers have both universal primer binding sequences as well as
sequences complementary to the ASO and LSO probes. A unique
code is placed at the 5 end of each ASO facilitating the
identification of the target sequence. All probes are designed to
function under the same hybridization conditions. Unligated
probes, linkers, and genomic DNA are removed by enzymatic
digestion and then the purified ligation products are amplified
using one set of universal primers, one of which is biotinylated.
Biotinylated amplicons are then captured using streptavidin.
Fluorescently-labeled universal probes then bind to unique 5
termini, which are then separated by CE. Tobler et al. [2005] used
the SNPlex genotyping system to test 48 SNPs in 44 genomic
control DNA samples, as well as 521 SNPs in 92 individuals. This

approach demonstrated an overall call rate, precision, and



concordance with TagMan assays of 99.32, 99.95, and 99.84%,
respectively.

Future SequencingTechnologies

Several novel high-throughput multiplex sequencing technolo-
gies have been developed with the aim of sequencing the genome
for $1,000. Sequencing-by-synthesis (SBS) pioneered by Solexa
(Hayward, CA; www.solexa.com) uses four fluorescently-labeled
modified nucleotides to sequence millions of fragments of DNA or
cDNA in parallel, one base at a time. The modified nucleotides
[Bai et al., 2003; Li et al., 2003] possess a reversible termination
property [Ruparel et al., 2005] that allows each sequencing cycle
to occur simultaneously in the presence of all four nucleotides.

Another high-throughput sequencing technology is polony
sequencing, which can amplify 1,000-10,000 template molecules
in parallel and independently [Shendure et al., 2005; Zhang et al.,
2006]. Although still a technique requiring further optimization,
Shendure et al. [2005] were able to resequence 30.1 million bases
of an E. coli strain at a median raw accuracy of 99.7% in just 2.5
days. Using the same approach Zhang et al. [2006] performed
long-range multilocus haplotyping spanning of five SNPs spanning
158 Mb of chromosome 7.

DISCUSSION

The diagnosis of PIDs is complemented through a combination
of cellular-, immunochemical-, and molecular-based approaches.
While cellular-based assays enable an assessment of the phenotype
manifested, a molecular approach provides a definitive result to
the origin of the immunodeficiency.

Fortunately, recent mutation scanning techniques have facili-
tated the molecular diagnosis of PIDs. But nevertheless, we need
to be aware that all approaches discussed, apart from dHPLC,
suffer from a lack of sensitivity that can lead to the generation of
false negative results. The only limitation with dHPLC is its
dependency upon the use of DNA sequencing to identify the exact
genetic change. DNA sequencing is still the only technique that
can provide a definitive answer to variations in gene sequences
which may or may not result in genetic disease. However,
sensitivity is a limitation for any mutation detection method and
is one of the key advantages in using direct sequencing.

The amplification of all of the individual exons of a gene
followed by DNA sequencing makes this approach not cost
effective. As a result alternative strategies to reduce the need for
entire sequencing of genes have been developed and discussed
above. Our approach is aimed at reducing the total number of
samples that need to be sequenced by analyzing cDNA fragments
and confirming any changes in individual genomic exons.

As technology improves and the cost associated with sequen-
cing reduces, it will be feasible for laboratories to sequence all the
genes associated with PIDs in one event, thereby identifying genes
of potential interest.
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