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Review

S equence variation and the biological function of genes:
methodological and biological considerations

*Peter J. Oefner
Genome Technology Center, Stanford University, 855 California Avenue, Palo Alto, CA 94304,USA

Abstract

Single nucleotide polymorphisms (SNPs) are expected to facilitate the chromosomal mapping and eventual cloning of
genetic determinants of complex quantitative phenotypes. To date, more than 2.5 million non-redundant human SNPs have
been reported in the public domain, of which approximately 100 000 have been validated by either independent investigators
or by independent methods. Equally impressive is the myriad of methods developed for allelic discrimination. Nevertheless,
reports of successful applications of SNPs to genome-wide linkage analysis of both mono- and polygenic traits are rare and
limited to a few model organisms, that provide affordable platforms to test both novel methodological and biological
concepts at a whole-genome scale under conditions that can be reasonably controlled. Progress in the analysis of SNPs needs
to be complemented by methods that allow the systematic elucidation of both primary and secondary phenotypes of genes.
Importantly, observations made in one species may very well be of immediate applicability to other species including
human. This is particularly true for conserved biological processes such as mitochondrial respiration and DNA repair.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction cessfully by linkage analysis of extended families
using microsatellites. In plants, in contrast, the object

Single-nucleotide polymorphisms (SNPs) have of study is usually not a naturally occurring mono-
been heralded as key to understanding the genetic genic trait, but rather that of a phenotype brought
factors that determine susceptibility and predisposi- about by various mutagenesis procedures, such as
tion to such common diseases as diabetes, hyperten- insertional mutagenesis, gene silencing, and physical
sion, and schizophrenia [1–3], or predict individual or chemical mutagenesis. This has proven quite
variability to drug response [4]. However, the num- effective in elucidating the function of unknown
ber of instances in which certain alleles could be genes. While insertional mutagenesis offers the ad-
definitely associated with a certain phenotype re- vantage that the gene affected can be easily iden-
mains small. Among the more well known examples tified, it lacks the versatility to create partial loss-of-
are the association of the apolipoprotein E type 4 function or gain-of-function alleles. The latter are
allele with late-onset familial Alzheimer disease [5], particularly informative in dissecting all functional
the protection against HIV-1 infection in individuals domains of a protein and the different phenotypes
homozygous for theCCR5-D32 allele [6], the as- associated with a specific genetic locus. An interest-
sociation of the common Pro12Ala polymorphism in ing human example is thea -voltage-dependent1A

peroxisome proliferator-activated receptor-g with calcium channel geneCACNL1A4. Amino acid
type 2 diabetes [7], and theAPC T3920A [8] and replacement and truncating mutations in this ion
CHEK2 1100delC [9] variants, that are responsible channel gene have been described to cause episodic
for an increased susceptibility to colorectal and disease where periods of well-being are interrupted
breast cancer, respectively. Reduced representation by hemiplegic migraine or ataxia, i.e. an inability to
shotgun sequencing [10] and in silico comparison of coordinate voluntary muscular movements [14]. In
overlapping genomic sequences generated by the contrast, expansion of a CAG repeat or poly-
human genome project [11] have resulted in the glutamine tract in the same gene produces a perma-
identification of millions of SNPs. This has been nent and progressive ataxia [15]. A major drawback
accompanied by the development of numerous meth- in creating mutations by chemical or physical means
ods for both individual and pooled genotyping of is the laborious task of identifying the locus respon-
SNPs [12,13], many of which have been never sible for the mutant phenotype. Traditionally, this
assessed critically with regard to their success rate, entails the tracking of DNA sequence variants that
accuracy, and cost effectiveness using, preferentially, co-segregate with heritable traits. The majority of
a large common set of unbiased SNPs. known DNA sequence variants in use over the past

Here we review different techniques for both the 20 years have been polymorphisms affecting the
discovery and genotyping of SNPs as well as for the recognition sequence of a restriction endonuclease,
functional characterization of genes that we have commonly referred to as restriction fragment length
developed or, at least, tested over the years and polymorphisms (RFLPs) [16]. Their use in positional
applied to the cloning of the genetic determinants of cloning has been hampered by the laborious process
simple and complex phenotypes. As such it is a of digestion of genomic DNA with various restric-
personal account written with the intention of en- tion enzymes, gel electrophoretic separation and
couraging young analytical chemists to venture transfer of the cleaved fragments onto a nitrocellu-
beyond the boundaries of their field of immediate lose membrane, and detection of the DNA fragments
interest. by hybridization with radioactive probe sequences

and autoradiography. This is an impractical process
when hundreds of RFLPs are required for mapping a

2 . Map-based cloning of induced mutations in gene within a few centimorgans. With the develop-
Arabidopsis thaliana ment of the polymerase chain reaction (PCR), modi-

fied versions of RFLPs have been developed, such as
In human, simple Mendelian recessive and domi- cleaved amplified polymorphic sequences (CAPS)

nant disorders have been mapped and cloned suc- [17] and amplified fragment length polymorphisms
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(AFLPs) [18]. The CAPS method uses amplified (6) a palindrome.6 bases, (7) A1T .13, and (8)
unique DNA fragments that are digested with a A1G .14. The remaining 412 SNPs were interro-
restriction endonuclease to display polymorphic sites gated by a total of 1648 variable detector arrays,
that affect cleavage, and the products are analyzed each consisting of 44 25-mer probes (Fig. 1). Four
by gel electrophoresis. Tens of CAPS of markers VDAs are required to genotype a simple sequence
have been developed, that share anAluI or Sau3A polymorphism, two for each allele (one for the
restriction site and allow the mapping of a gene to reverse strand and one for the forward). For each of
one of the arms of the fiveArabidopsis chromo- the 11 positions examined, including the polymor-
somes. Plans of identifying hundreds of such phic site itself and five bases on each site, the VDA
markers have never materialized due to technical has a set of four 25-mer oligonucleotide probes.
problems with the enrichment ofAluI or Sau3A These probes are complementary to the reference
restriction site containing sequences by means of sequence, except at the central, examined position,
genomic subtraction. The AFLP method, in com- for which each of the four nucleotides is substituted
parison, digests genomic DNA with restriction endo- in turn. Usually the reference sequence can be read
nucleases, followed by linker addition and amplifica- from the hybridization pattern, because the perfectly
tion with random sequence-tagged primers to yield matching probe yields a much stronger hybridization
fragment length polymorphisms. Its major advantage signal than do the three mismatching oligonucleotide
is that multiple markers can be analyzed in a single probes in the same column. This scheme, which tests
lane of a sequencing gel. Its major disadvantage is not only the polymorphic site but also a variety of
the inability to distinguish between homo- and contexts around the polymorphic site, with mismat-
heterozygotes. A general disadvantage of all methods ches as controls, provides a much more sensitive and
relying on restriction endonucleases is that less than reliable assay for genotyping. Ideally, the forward
one third of polymorphisms affect the recognition and reverse strand hybridization patterns should
sequence of a restriction enzyme. This prompted a corroborate each other. However, quite frequently
still ongoing large-scale discovery effort for simple only one of the two strands yields a hybridization
sequence polymorphisms by, initially, DHPLC and, pattern of sufficient quality for accurate allele cal-
subsequently, conventional sequencing of the two ling. That is the reason for the redundant nature of
most commonly used ecotypes in genetic research of the array design.
Arabidopsis thaliana, namely Columbia and Land- To enable the multiplex amplification of tens of
sbergerecta [19]. polymorphic loci in a single PCR, we designed

primers with similar calculated melting temperatures
2 .1. High-density oligonucleotide variable detector that flank the polymorphic site by a few bases on
array either side. Markers were then amplified individually

and approximate PCR yield was determined on a
In order to demonstrate the utility of SNPs for standard ethidium bromide-stained agarose gel. Sub-

genome-wide linkage analysis in Arabidopsis, we sequently, 45–55 markers that had shown similar
applied a variable detector array (VDA) [20,21] to yields were pooled to amplify them in multiplex
genotype 412 of the 487 initially discovered poly- reactions. This multiplex strategy was shown to
morphic loci between Columbia and Landsberg maintain discrimination for more than 95% of
erecta [19]. The 75 polymorphisms, which had been markers that had distinguished well between homo-
excluded from genotyping, were embedded in se- zygotes in singleplex reactions [19]. The multiplex
quence prone to indiscriminate or poor hybridization reactions were then pooled for a single chasing
based on prior experience [20]. Indiscriminate hy- reaction to label all amplicons with biotin prior to
bridization is expected if a 20-mer probe has$8Cs, visualization with a streptavidin R-phycoerythrin
or if a window of 8 bases in a 20-mer probe has conjugate. For that purpose, 59 biotinylated primers
$4Cs. Poor hybridization can result if a 20-mer complementary to 23-mer T7 and T3 sequences
probe contains (1).8 As, (2).9 Ts, (3) T50, (4) a incorporated at the 59 ends of the primary forward
run of As, Gs, or Ts.4, (5) a run of 2 bases.10, and reverse amplimers, respectively, were used. The
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Fig. 1. Genotyping by differential array hybridization. (A) Fluorescence image of an entire oligonucleotide probe array following
hybridization. (B) Scheme of the genotyping of the forward strand of SGCSNP4 in Columbia and Landsbergerecta ecotypes on a variant
detector high-density oligonucleotide probe array. Variant detector arrays are designed to interrogate not only the polymorphic site (marked
with an asterisk) using four 25-mer probes that have an A, C, G or T at the center position (N), but also the flanking five bases on either
side. This design allows the determination of the sequence context in which the polymorphic site is embedded and adds to the robustness
and accuracy of the genotyping assay. The target DNA hybridizes most strongly to the probe that complements its sequence most closely.
Therefore, the probe with the correct base at each center position will produce the strongest hybridization signal. (C) The scans show the
actual and schematic hybridization patterns for homozygous Columbia (top), homozygous Landsbergerecta (bottom) and a heterozygous
recombinant (center). In this example, the variant bases are T and C. Hybridization of the T allele to the C allele variant detector array, and
vice versa, will result only in one strong hybridization signal in the column that interrogates the polymorphic site itself. Interrogation of the
flanking bases will yield no or only weak signals as the target sequence does not match perfectly the corresponding probe sequences due to
the different allelic state at the polymorphic site. Reproduced from Ref. [22] with permission.

fluorescence intensity readings for every feature on Excluding 25 markers from a 150-kb region on
the chip are recorded and processed sequentially chromosome 4, the current set of genetically and
using a package of algorithms publicly available at physically mapped simple sequence polymorphisms
ftp: / /www.tairpub:tairpub@ftp.arabidopsis.org/ comprises 210 markers that can discriminate well
home/ tair /Softwareto compute the probability of between Columbia and Landsbergerecta homozy-
observing a segregation pattern by chance at each gous plants and against the heterozygote. The aver-
marker [19]. age resolution of the linkage map is about 3.5 cM,

ftp://www.tairpub:tairpub@ftp.arabidopsis.org/home/tair/Software
ftp://www.tairpub:tairpub@ftp.arabidopsis.org/home/tair/Software
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ftp://www.tairpub:tairpub@ftp.arabidopsis.org/home/tair/Software
ftp://www.tairpub:tairpub@ftp.arabidopsis.org/home/tair/Software
ftp://www.tairpub:tairpub@ftp.arabidopsis.org/home/tair/Software
ftp://www.tairpub:tairpub@ftp.arabidopsis.org/home/tair/Software
ftp://www.tairpub:tairpub@ftp.arabidopsis.org/home/tair/Software
ftp://www.tairpub:tairpub@ftp.arabidopsis.org/home/tair/Software
ftp://www.tairpub:tairpub@ftp.arabidopsis.org/home/tair/Software
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and the largest gap between markers is approximate- thousands rather than hundreds of F2 plants were
ly 15 cM. Hence, oligonucleotide array based employed to define the location of the gene in order
genotyping of a limited number of 30–40 F2 seg- to minimize the amount of sequencing required. The
regating plants that carry the mutant phenotype will excellent sensitivity and semi-automated and inex-
allow the mutation to be mapped onto one of the five pensive nature of DHPLC, however, make it possible
Arabidopsis chromosomes to a region within a few to screen larger intervals reducing effectively the
centimorgans, corresponding to a few hundred time and labor to clone an induced mutation [26].
thousand base pairs. Thersf1 (reduced sensitivity to For mutational analysis by DHPLC, typically the
far-red light) mutation, for instance, was mapped entire interval between the two markers located
recently unequivocally to a 500-kb interval on the closest to the nearest flanking proximal and distal
top of chromosome 1 using 32 F2 plants [22]. crossover is amplified by PCR in fragments of 500–

In order to reduce the amount of comparative 600 bp with a minimal overlap of 30 bp. Since
sequencing between the parent plant and its mutant chemical mutagenesis is carried out in a hemizygous
offspring to identify the induced mutation, fine-map- background generated by repeated selfing, successful
ping is performed to shorten the interval. This is detection of the mutation requires that amplicons
accomplished by designing PCR primers approxi- generated from mutant are mixed at equimolar ratio
mately every 10 000 bp to yield amplicons with a with corresponding amplicons from wild type. Typi-
size of about 500–600 bp. Screening inter- rather cally, the appearance of one or more additional peaks
than intragenic regions increases the chances of in one or two chromatographic profiles, if the
finding polymorphisms. Denaturing high-perform- mutation happens to be located in the overlapping
ance liquid chromatography (DHPLC) is a particu- region between two adjacent amplicons, indicates the
larly attractive tool for fine-mapping as it can be location of the mutation. Its exact position and
used both for the discovery and the genotyping of chemical nature is eventually established by sequenc-
polymorphisms. For that purpose, mixtures of corre- ing.
sponding fragments amplified from genomic DNA of Successful and unequivocal mapping of a gene
the Columbia and Landsbergerecta accessions are does not guarantee easy identification of the mutation
screened at temperatures recommended by the results causing the phenotype of interest. In one case,
of computer simulation of the DNA melting behavior neither DHPLC analysis nor conventional sequenc-
of the amplicons [23]. Fragments found to be ing of the entire map interval succeeded in detecting
polymorphic between the accessions are then used as a mutation. Complementation of the mutant pheno-
markers to shorten the interval in F2 plants. The type with clones from that interval representing wild
closer one moves to the mutated gene the smaller the type parent confirmed at the functional level that the
number of heterozygous F2 plants will become. mutant allele had been mapped correctly. Eventually,
Since one recombination event out of 100 products it was found that the presence of paralogs had led to
of meiosis is found about every 200 kb inArabidop- faulty annotation of the sequence in that region and,
sis [24], it takes 100 meioses to map the mutant as a consequence, several thousand base pairs had
locus within 400 kb or 2 cM between nearest gone unscreened. In this context, it is important to
flanking crossovers. In practice, however, nearly remember that even the genomic sequence ofSac-
twice as many meioses are required to achieve this charomyces cerevisiae, which was the first eukary-
level of resolution with 90% probability [25]. Conse- otic organism to be sequenced completely in 1996, is
quently, in order to map a mutant to a chromosomal still being annotated. A further possibility, though
region of about 50 kb, it will take at least 800 extremely rare, is the non-mutational imprinting of a
meioses or F2 plants exhibiting the phenotype of gene by ethyl methanesulfonate [27].
interest. Indeed, in case of thersf1 mutant, fine Columbia and Landsbergerecta have been the
structure genetic mapping by DHPLC in 692 F2 preferred ecotypes since the 1960s for elucidating
plants narrowed the chromosomal interval to 55 331 genetic influences on development and physiology.
bp [22]. In the past, when sequencing was carried out With the increasing interest in the study of naturally
manually with radioactively labeled reagents, usually occurring quantitative genetic variation, for which
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Arabidopsis provides a useful model system due to 2 .2. Allele-specific polymerase chain reaction
its widespread occurrence in the moderate tempera-
ture zones of the world [28,29], genetic markers will Variable detector arrays provide an elegant and
be needed that distinguish not only Columbia and swift approach to the genotyping of hundreds to
Landsbergerecta but also the more than one hundred thousands of markers in parallel. Most laboratories
other known accessions [30]. To date, 221 simple working withArabidopsis, however, do not have
sequence polymorphisms have been evaluated in excess to instrumentation necessary for handling
almost 90 different ecotypes. On average, close to DNA arrays. A relatively inexpensive alternative is
95% of all accessions could be genotyped successful- the use of allele-specific PCR [31]. In its original
ly for any given polymorphism. Only five of 221 form, the reaction comprises two allele-specific
markers distinguished solely Columbia and Land- primers that differ in their 39 terminal nucleotide and
sbergerecta. Twenty-eight (12.7%) of the markers match either of the two alleles of a binary single
were rare with a minor allele frequency#10%, nucleotide polymorphism [32]. Because mismatched
while 98 of 221 (44.3%) exhibited a minor allele 39 termini are extended by DNA polymerases with
frequency .20% (Fig. 2). Hence, even markers much lower efficiency than correctly matched ter-
ascertained in Columbia and Landsbergerecta only mini, the allele-specific primer amplifies preferen-
will prove to be of general utility in marker-trait tially the specific allele. However, in most cases a
association studies of natural populations of single base mismatch at the 39 terminus is not
Arabidopsis [24]. sufficient to create reliable discrimination between

Fig. 2. Distribution of minor allele frequencies of 221 simple sequence polymorphisms ascertained in Columbia and Landsbergerecta
ecotypes in 86Arabidopsis accessions collected in Africa, Europe, Asia, and America, that had been kindly provided by Justin Berkovitz
from the Plant Biology Laboratory at the Salk Institute for Biological Studies in La Jolla, CA, USA.
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the two alleles [33,34]. In a modification of the slab gel, allele-specific PCR constitutes—once estab-
original methodology, an additional base pair change lished—an inexpensive mean to map an induced
is introduced within the last four bases of the primer mutation to within a few million bases on one of the
[35]. This extra mismatch in addition to the one at five chromosomes.
the 39 end produces a dramatic reduction in the PCR
product yield of the nonspecific allele but has a 2 .3. Genotyping of single nucleotide
relatively minor effect on the amplification of the polymorphisms by liquid chromatography–
specific allele. The challenge is to determine the electrospray ionization mass spectrometry
nature and location of the additional mismatch that
will yield the required primer specificity. To facili- The majority of methods in use for interrogating
tate the process of primer design, a computer pro- single nucleotide polymorphisms rely on the ability
gram has been written based on a set of empirical to hybridize an oligonucleotide with high specificity
data that evaluates the effect of the addition of to a target sequence that either contains or is located
different mismatch alternatives on PCR amplifica- immediately adjacent or within a few base pairs of
tion. The program, calledSNAPER, generates a list of the variant site of interest [13]. Obviously, this
up to 32 possible primers per SNP site (16 alter- cannot be always accomplished and it typically
natives for each allele) that contain an additional involves extra reagents in addition to those required
mismatch within the three bases closest to the 39 end. for amplification of the polymorphic locus.
The program provides information concerning the Liquid chromatography–electrospray ionization
likelihood that the primer will be allele-specific, mass spectrometry enables the direct interrogation of
predicted by empirical data, and the position and single nucleotide polymorphisms without further
type of base pair change introduced to generate the manipulation of the amplicon containing the poly-
additional mismatch in the primer. morphic locus [36,37]. The mass accuracy of modern

To validate SNAPER, a total of 331 primer pairs quadrupole ion trap mass analyzers enables the
suggested by the program for 43 different single discrimination of nucleic acid sequences that differ
nucleotide polymorphisms were tested using 28 and in molecular mass by as little as 3–6 Da in a total
38 cycles of PCR amplification to ensure that the mass of 31 000 Da (|100 nt). Moreover, their
primers are specific over a 1000-fold range of resolving power is sufficient to differentiate two
template DNA concentrations. The program had an oligodeoxynucleotides having a mass difference of 9
overall success rate of 53% in generating primers Da (the mass difference between an adenine and a
with the desired range of specificity, i.e. in 27 of 43 thymine) up to a length of|75 nt. Liquid chromatog-
cases specific primer pairs for both alleles of a given raphy, in this process, serves a dual purpose. Firstly,
SNP could be obtained [31]. For 14 of the 16 cases by fractionating the amplicon from the excess of
failed, a specific primer pair was obtained for only deoxynucleotides and primers contained in the poly-
one of the alleles, while two SNPs failed to generate merase chain reaction, it prevents a loss of sensitivity
any allele-specific primers. Eventually, a second due to the preferential ionization of the latter over
allele-specific primer could be obtained for six out of the higher molecular mass PCR product. Simul-
seven SNPs for which previously only one allele- taneously, it suppresses the formation of complexes
specific primer had been found. Genotyping of 17 of between DNA and mono- and divalent cations that
the SNPs in 94 recombinant inbred lines of adversely affect the quality of mass spectra by
Arabidopsis produced only in 2.7% ambiguous data. displacing the latter with triethylammonium ions

Eventually, 50 single nucleotide polymorphisms contained in the mobile phase. Secondly, by carrying
evenly distributed throughout theArabidopsis out liquid chromatography at elevated column tem-
genome were converted into markers amenable to peratures$70 8C, PCR products are readily dena-
allelic discrimination by allele-specific PCR. Since tured into their single stranded components, which is
the reactions do not employ labeled primers and can essential to discriminate alleles, as in some cases
be analyzed on an ethidium bromide stained agarose mass changes in one strand of an intact DNA duplex
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(e.g. A.T) will be neutralized by mass changes in ly hybridized, the probe ends can then be joined by
the complementary strand (e.g. T.A). However, enzymatic DNA ligation. The accuracy of allelic
changes in mass alone may lack the specificity to discrimination is highly dependent on the concen-
discriminate between two alleles at a given site, as tration of sodium chloride in the ligation reaction. At
an amplicon may harbor the same substitution at a a concentration of 250 mM NaCl, ligation rates for
different position or the first base substitution (e.g. T4 DNA ligase were shown to differ.1000-fold
A.G) may be neutralized by a second linked between a correct C/G match and a T/G mismatch,
substitution (e.g. G.A). Depending on the size of while ligation yield for the matched target was
the amplicon, this may be a rare event but clustering decreased insignificantly. Since discrimination is
of polymorphisms has been observed in both accomplished by allele-specific hybridization be-
Arabidopsis [26] and human [38]. Additional in- tween the 39 end of the linear padlock probe and the
formation may be gained from mass spectrometry by SNP of interest, two padlock probes are required to
selecting a precursor ion from the series of multiply interrogate each locus. Depending on the scheme
charged ions, which result from the variable number used to detect nick closure, padlock probes may be
of protons that dissociate from the sugar-phosphate as long as 100 nucleotides, which generates signifi-
backbone of nucleic acids during electrospray ioniza- cant cost related to their synthesis and purification.
tion, and fragmenting it subsequently by gas phase By designing the target-complementary sequences so
collision-induced dissociation. The sequence of the that they hybridize adjacent to the polymorphic locus
resulting fragments ions is then deduced by means of leaving a gap of one nucleotide to be filled by
a computer-based algorithm, which compares the extension of the 39 end using a DNA polymerase
measured spectrum withm /z values predicted from a prior to ligation, only one padlock probe is required
reference sequence employing established fragmenta- for successful interrogation [43]. This approach
tion pathways [37,39]. carries the additional advantage that a polymorphic

locus is not called inadvertently homozygous due to
2 .4. Padlock probes and parallel genotyping degradation or failed addition of one of the padlock
directly in genomic DNA probes.

Circularized padlock probes have been traditional-
All of the aforementioned approaches to inter- ly detected by means of rolling-circle amplification

rogating SNPs require pre-amplification of the poly- [43,44]. For analysis of large sets of polymorphic
morphic loci. Although several studies have suc- loci, a highly parallel molecular bar-coding strategy
ceeded in amplifying tens of loci in a multiplex is employed [42]. For that purpose, the linking
reaction [19,20,40], there are intrinsic limits to the segment of the padlock probe is designed to contain
number of loci that can be amplified in a single a forward priming sequence common to all probes,
polymerase chain reaction as the probability of either of two reverse priming sequences specific for
nonspecific amplifications grows approximately in the two alleles, and a tag sequence unique for each
proportion to the square of the number of primer locus [42]. In this case, allelic discrimination is
pairs that are combined in a single reaction [41]. The accomplished in a single ligation reaction. In case of
use of padlock probes adds another layer of spe- allelic discrimination by a gap-fill reaction, only one
cificity to allelic discrimination enabling potentially padlock probe containing forward and reverse prim-
the interrogation of thousands of SNPs without prior ing sequences common to all probes is required, but
amplification of the polymorphic sites using a few filling of the single base gaps has to be carried out in
nanograms of genomic DNA [42]. A padlock probe four separate reactions to each of which one of the
is designed to include target-complementary se- four deoxynucleotides is added. Following nick
quences at each end that are joined via a non-target closure, only circularized probes serve as templates
complementary linking segment. The target-com- for PCR amplification. To reduce background from
plementary sequences are selected such that the two amplification of any unreacted probes, ligation re-
ends are brought immediately next to each other actions are digested prior to PCR with exonucleases
upon hybridization to the target sequence. If perfect- to which circularized probes are insensitive [45]. In
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the presence of two padlock probes per biallelic urea (ENU)-induced mutations in four genes in
locus, an invariant forward and two allele-specific mouse [49].
reverse primers that are labeled with either a red or a It is obvious that for this reverse genetic strategy
green fluorescent dye are used to prime amplifica- to be applied on a whole genome scale, presently
tion. Allelic discrimination is accomplished by hy- available single-column DHPLC instruments provide
bridizing the amplification products to a high-density insufficient sample throughput. Significant increases
oligonucleotide array that carries probes complemen- in sample throughput can be accomplished by a
tary to the unique tag sequences [46]. Homozygotes combination of different means. Firstly, DNA sam-
will yield either a red or a green fluorescence signal, ples from several individual mutants can be pooled
while heterozygotes will appear yellow. Discrimina- [47]. Since heteroduplices absorb more UV light
tion of alleles following DNA polymerase catalyzed than their corresponding homoduplices, one mutant
gap-fill reactions is also accomplished by sorting of chromosome out of ten can be detected reliably
amplicons on a bar-code array. However, depending without significantly compromising sensitivity
on whether a four- or a two-color scanner is avail- [47,50,51]. Slightly more chromosomes may be
able, priming is carried out with either four different- pooled using proofreading DNA polymerases, which
ly labeled common reverse primers, followed by eliminate almost completely background heterodup-
pooling of the reactions prior to hybridization to a lices in the chromatogram stemming from PCR
single array. Alternatively, only two differently artifacts [52,53]. Secondly, fragments amplified from
labeled primers may be used. This allows pooling of different regions of the genome that share similar
only two of the four gap-fill reactions and, hence, melting characteristics may be multiplexed by label-
genotyping of all four reactions requires hybridiza- ing them with different fluorophores [54]. Using an
tion to two bar-code arrays. argon ion laser for excitation and measuring fluores-

With only nanograms of genomic DNA required cence emission at wavelengths of 505, 540, 575, and
to genotype several hundred single nucleotide poly- 595 nm, spectral resolution of the fluorescent dyes
morphisms in parallel, genotyping by means of 5-carboxyfluorescein (FAM), hexachlorofluorescein
padlock probes and bar-code arrays is the method of (HEX), 79-89-benzo-59-fluoro-29-4,7-trichloro-5-car-
choice whenever only small amounts of non-renew- boxyfluorescein (NED), and 6-carboxy-X-rhodamine
able DNA are available and knowledge of individual (ROX), was sufficient to reconstruct the individual
genotypes is required. chromatograms even when the differently labeled

amplicons co-eluted [54,55]. In practice, however,
only FAM, HEX and NED are useful tags, because
ROX-labeled nucleic acids are retained significantly

3 . Targeted screening for induced mutations longer and gradient conditions have to be chosen
carefully to avoid co-elution of ROX-labeled primer

The availability of high-throughput mutation with PCR fragments labeled with any of the other
screening methods makes it feasible to identify three fluorescent dyes as the abundant primer signal
chemically induced mutations by a reverse genetic would mask emission signals stemming from the
strategy in which the mutations are identified first latter. An important prerequisite for laser induced
before their affect on phenotype is evaluated. The fluorescence detection was the replacement of 4.6
first to apply this strategy successfully using DHPLC mm I.D. packed bed columns with styrene–di-
were McCallum et al. [47] who were interested in vinylbenzene monoliths polymerized in situ in 0.2
determining the biological functions of two novel mm I.D. fused-silica capillaries in order to achieve
chromomethylases inArabidopsis thaliana. A total sufficiently high peak concentrations of analytes. The
of 13 mutations, nine of which were redundant, were monoliths have been shown to yield separation
detected and confirmed by sequencing in approxi- efficiencies of homo- and heteroduplices identical to
mately 2 Mb of DNA sequence screened. The same those obtained on a micropellicular poly-(styrene–
approach was also used to detect EMS-induced divinylbenzene) stationary phase [56]. These capil-
mutations in aDrosophila gene [48] and ethylnitros- laries also enabled the construction of arrays com-
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prising eight [55] and 16 [57] separation channels, G.T/T, at least one of the two alternate heterodup-
respectively. Delivery of the mobile phase is accom- lices that are formed by two alleles should be a good
plished with a single low-pressure gradient pump substrate for the enzyme, thus, ensuring high muta-
that is operated at a fairly high primary flow-rate of tion detection sensitivity [60]. However, in practice,
100–200 ml /min to ensure reproducible gradient detection of C to T transitions by CELI has proven
formation. The actual flow in the individual capil- far more reliable than that of A to T transversions,
laries, however, is only about 2ml /min. Reduction which are generated perdominantly in ENU-muta-
of the flow is accomplished by splitting of the genesis.
primary flow with most of the mobile phase currently Based on typicalArabidopsis and mouse codon
going to waste. Hence, it is possible to operate at usage, only approximately 5 and 10%, respectively,
least 48 capillaries in parallel, but construction of of the mutations induced by EMS and ENU will
such large HPLC arrays is presently hampered by the introduce a stop codon, while approximately two
commercial unavailability of automated liquid hand- thirds will be missense mutations resulting in the
ling and injection systems that allow the simulta- replacement of an amino acid, and the remainder will
neous loading of more than eight columns. Both be silent changes. Hence, assays that detect trans-
column temperature and the concentration of acetoni- lation-terminating mutations such as the protein
trile required for elution of a DNA fragment control truncation test [61] could be used to target this
its degree of denaturation. Slight variation in tem- specific class of mutations. At present, such tests are
perature and the ratio of styrene to divinylbenzene too expensive and laborious for the screening of
during polymerization can result in differences in thousand of mutants. Moreover, null mutations often
porosity and, consequently, surface area between result in embryonic lethality, thus, precluding eluci-
different batches of both micropellicular and mono- dation of secondary post-embryonic phenotypes [49].
lithic stationary phases. Since retention is propor- Hence, generation of an allelic series that includes
tional to the surface area of the adsorbent, the missense mutations, particularly, in evolutionary
concentration of acetonitrile required to elute a DNA conserved regions offers a much greater chance of
fragment is the greater the smaller the particle size or gaining insight into the pleiotropic effects of genes
the pore diameter of the stationary phase. To com- and in establishing a relationship between structure
pensate for such differences and still use only one and function.
uniform gradient of acetonitrile, one can adjust the Although reverse genetics promises to accelerate
temperature of the individual columns until they all the functional annotation of genomes, it does not
yield similar elution profiles [55]. Generally, an come without logistical challenges. The overall rate
increase in column temperature of 18C equals a with which mutations are found after chemical
decrease in acetonitrile concentration of approxi- mutagenesis appears to vary, for reasons not under-
mately 0.8%. Alternatively, one can assemble only stood at present, significantly between organisms. In
columns with very similar backpressure into the Arabidopsis and Drosophila, mutations were recov-
array, thereby, eliminating the need for individual ered approximately every 200 kb [47,48]. In mouse,
column temperature control [58]. in contrast, the recovery rate was tenfold lower [49].

A potentially powerful alternative to DHPLC in If this low recovery rate of mutations were to hold
the targeted screening of induced mutations is the true, it could prove necessary to screen about 10 000
use of the plant endonuclease CEL I that cuts DNA mice to detect a single nonsense or missense muta-
in two independent incision events, one in each tion with a probability of 95%.
strand, at the phosphodiester bond immediately on
the 39-side of mismatched bases resulting in trun-
cated fragments that can be readily resolved and 4 . Functional genomic analysis by RNA
sized by denaturing gel electrophoresis, hence pro- interference
viding also information about the location of the
mutation [59]. Although CEL I has a preference for A potent alternative to mutagenesis, at least in
certain mismatches in the order of C/C$C/A|C/ invertebrate systems such as the nematodeCaenor-
T$G/G.A/C|A/A |T/C.T/G|G/T|G/A|A / habditis elegans, is RNA-mediated interference
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(RNAi) that enables the specific and transient inhibi- human [75,76]. The degree of gene silencing ob-
tion of the activity of a gene by direct injection or tained with siRNAs can vary significantly from gene
ingestion of double stranded RNA (dsRNA) that to gene and is rarely complete. Hence, the success of
interacts with complementary endogenous messenger silencing has to be validated on an individual basis
RNA transcripts, which are subsequently degraded by using, for instance, a reporter system such as
[62–64]. Feeding wormsEscherichia coli expressing Green Fluorescent Protein (GFP) or Western im-
dsRNA rather than injecting it directly offers the munoblotting of gel protein extracts.
advantage that the interference effect can be titrated
to uncover a series of hypomorphic phenotypes
informative about the typically multiple functions of 5 . Functional profiling of yeast genes and the
a given gene. This is accomplished by varying the identification of human disease genes
concentration of isopropylthiogalactoside in the
nematode growth medium, which is necessary to Cloning of single-gene Mendelian traits in human
induce the expression of dsRNA in the transformed relies on the genotyping of variable number tandem
bacteria contained in the medium [64]. Systematic repeats in extended pedigrees. Depending on the
functional analysis of theC. elegans genome by number and size of pedigrees available, mutant
RNA interference has shed light on many biological alleles can be mapped within a few hundred
processes and molecular pathways [65,66]. With thousand to million base pairs. Intervals of that size
approximately one third of the predictedC. elegans are too large for mutation screening and, therefore,
genes sharing a human ortholog [67], the systematic one would like to limit the number of candidate
investigation of loss-of-function phenotypes inC. genes that may account for the phenotype of interest
elegans also holds the promise of expanding our based on information on their function. A particu-
knowledge of the basic processes underlying human larly powerful system for determining loss-of-func-
disease [68]. However, no technique is without its tion phenotypes is the nearly complete set (96% of
limitations. Of all known embryonic lethal genes on all annotated open reading frames) of gene-disrup-
chromosome I ofC. elegans, RNA silencing was tion mutants in the yeastSaccharomyces cerevisiae
sufficiently effective to detect 90% [65]. However, [77,78]. This resource was constructed by directed
the success rate of assigning phenotypes to genes gene replacement that led to the generation of almost
with known post-embryonic phenotype was only 6000 individual yeast strains in each of which a
45%. In some cases, the phenotype was simply different gene is deleted precisely from start to stop
overlooked, but in other instances RNA interference codon with a so-called deletion cassette [79]. The
plainly failed to phenocopy the null phenotype, cassette contains the kanamycin resistance gene
particularly, of genes involved in neuronal function aminoglycoside phosphotransferase, which is flanked
and spermatogenesis. by a common priming site, two distinct 20-nucleo-

Although specific dsRNA triggered silencing of tide sequences that serve as molecular bar codes to
gene activity has been reported for oocytes and early uniquely identify each deletion mutant by means of
embryos of mice [69], zebrafish [70], andXenopus hybridization to a high-density oligonucleotide array,
[71], other studies have failed to observe gene- another common priming site, and finally 30 bases of
specific RNA interference in different vertebrate sequence homologous to the yeast gene to be de-
systems, demonstrating instead predominantly non- leted. Replacement of each gene is accomplished by
specific effects of dsRNA on gene expression transformation of the cassette into a haploid yeast
[72,73]. The eventual observation that dsRNA is strain and homologous recombination that results in
cleaved to RNA segments 21–23 nucleotides in the specific replacement of the targeted open reading
length before it initiates the degradation of the frame. Successful gene replacement is confirmed by
targeted mRNA [74], led to the development of short plating transformed deletion strains onto an agar
interfering RNAs (siRNAs) that are 21–25 nucleo- plate containing kanamycin. Information about the
tides in length and allow the specific inhibition of biological function of each gene is subsequently
gene activity not only in invertebrate organisms but inferred by pooling of all yeast deletion strains and
also in cultured somatic cells from both mouse and simultaneous monitoring of their fitness under a
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variety of selective growth conditions, such as media functions in vacuolar and ion transport, transcription,
that lack essential nutrients [77], contain drugs and protein targeting, sorting and translocation. For
[78,80], high salt [78], or non-fermentable substrates the remaining 161 proteins, the subcellular localiza-
[81], or exposure to UV light [82]. The function of tion and, in most cases, function was unknown.
each gene is uncovered by monitoring the depletion Fifty-one carried a putative mitochondrial import
of the corresponding deletion strain under a growth sequence and in vitro assessment of mitochondrial
condition that affects its survival. For that purpose, at import using radiolabeled precursor proteins and
various points after inoculation, DNA is isolated isolated yeast mitochondria confirmed in five of the
from aliquots of the culture, followed by amplifica- six proteins tested that they were indeed imported
tion of the unique tag sequences to reduce the into the mitochondria in a membrane potential-de-
complexity of the sample, and analysis on the array pendent manner. Overall, the quantitative deletion
to determine the relative abundance of the different screen led to a 6.1-fold enrichment of genes encod-
deletion strains in the pool. ing known mitochondrial proteins, while independent

Since proteins that are conserved throughout eu- gene-expression analysis of the diauxic shift from
karyotes, including human, carry out most of the fermentation to respiration yielded an enrichment
core biological functions, systematic analysis of the factor of only 1.2 [84]. This suggests that deletion
function of yeast genes can uncover genes that are phenotype is a more specific measure of gene
involved in human disease [83]. Recently, we have function than is expression level. This was also
demonstrated the use of the collection of single-gene observed in a recent study on the transcriptional
yeast deletion mutants to the identification of nu- response ofSaccharomyces cerevisiae to DNA-
clear-encoded mitochondrial genes. Genes encoding damaging agents, which failed to identify most of the
mitochondrial proteins were identified by pooling genes that had been found to be involved in the
4706 homozygous diploid single-gene deletion repair of double-strand breaks, pyrimidine dimers,
strains and monitoring in parallel their growth on single-strand breaks, base damage, and DNA cross-
both non-fermentable substrates, including glycerol, links, by means of a systematic screen of 4627
lactate and ethanol, and on fermentable sugar (glu- diploid yeast strains with homozygous deletions of
cose). Mutants with respiratory defects have im- nonessential genes [85]. A more informative utiliza-
paired growth on non-fermentable substrates. Of 425 tion of genome-wide expression analysis is the
previously known genes encoding proteins involved generation of transcriptional signature profiles of
in mitochondrial function and biogenesis, 353 were deletion mutants [86]. Fourteen of 24 deletions of
observed to grow on glucose. The remaining genes known mitochondrial proteins were clustered into the
either failed to grow because of the lethal effect of same group because they had a statistically similar
their deletion, or they had failed deletion construc- expression profile. Quantitative growth selection of
tion. Fifty-seven percent (201 of 353) of the viable the yeast deletion pool on non-fermentable sub-
mutants showed defects in growth on non-ferment- strates, in contrast, identified the same 14, as well as
able substrates, suggesting that about half of all a further three [83]. The obvious drawback of
mitochondrial-related proteins are essential for opti- signature profiling, however, is that it requires one
mal respiratory activity and can therefore be iden- experiment per deletion strain and thus thousands of
tified by a quantitative growth selection screen. In arrays to measure all strains, compared to only a
addition to the 201 proteins with known mitochon- single array at each time point for the functional
drial localization or function in oxidative phos- screen.
phorylation, the tricarboxylic acid cycle, mitochon- For 255 of the 466 deletion mutants that had
drial protein synthesis and transport, ionic homeosta- shown growth defects on non-fermentable substrates
sis, and the metabolism of vitamins, cofactors and a human ortholog could be identified. Of these, 21
prosthetic groups, 265 additional mutants showed were genes already known to be involved in mito-
more or less severe defects in fitness on non-ferment- chondrial disease inherited in a Mendelian fashion.
able substrates. Of the 265 genes, 104 encoded Additionally, eight orthologs were found associated
proteins that localized outside the mitochondria with with diseases for which a mitochondrial patho-
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physiology is plausible but has not been proven. In been used successfully to identify genes involved in
turn, for 33 of 102 known human genes associated cell polarity, secretion, DNA repair, and cytoskeletal
with Mendelian mitochondrial disease, there was no organization [89]. Secondly, the number of selective
corresponding yeast gene whose deletion was associ- growth conditions tested has been by no means
ated with growth defects, although in a few cases the sufficient to identify all of the presumed 700–1000
deletion strains showed minor deficiencies. A further proteins involved in mitochondrial function and
15 of the 102 had not been measured at all, because biogenesis [90]. Independent of the eventual success
they had been either lethal or not detectable, and 33 of quantitative growth selection in identifying nu-
had yielded no yeast orthologs. Although the screen clear genes involved in the function and biogenesis
had been by no means comprehensive, the data of mitochondria, it will have to be complemented
showed that many human disease genes are associ- with analysis of the mitochondrial proteome to
ated with quantitative growth defects in yeast. Sub- identify not only all proteins that localize to mito-
sequently, seven mapped, putative mitochondrial chondria but also to elucidate any quantitative
disorders, for which affected individuals have either changes in protein composition in mitochondrial
clinical symptoms or biochemical findings indicative disease. The latter is the more important as there is a
of mitochondrial disease, were selected. Of the 255 growing body of evidence that changes in mRNA
human orthologs of yeast genes that had shown transcript levels may not reflect changes in protein
quantitative growth defects on non-fermentable sub- expression due to differences in translation, protein
strates, 11 could be assigned as candidate genes to modification or degradation [91]. A particularly
the reported chromosomal disease intervals. Ongoing powerful technique in this regard is Fourier trans-
mutational analysis of the candidate genes in index form ion cyclotron resonance mass spectrometry, the
cases of the pedigrees that had been used for excellent mass accuracy of which has recently
mapping has failed thus far to identify disease- allowed the identification of 2762 (86.7%) of the
causing mutations. There are several potential 3187 proteins predicted from annotation of the
reasons for this failure. Firstly, due to the high Deinococcus radiodurans genome [92]. Thirdly, it
degree of redundancy at the individual gene or cannot be excluded that, rather than a point mutation
pathway level that evolved most likely to buffer leading to premature termination of translation or
phenotypic consequences of genetic variation [87], aberrant splicing, a large genomic deletion that
quantitative growth selection of single-gene mutants would have been missed by direct sequencing of
will not always result in a detectable phenotype. A PCR amplified exons is the actual cause of disease.
comparison of the frequency distribution of fitness
for 1147 duplicate genes that had at least one
homolog elsewhere in the yeast genome with that of 6 . Cloning of quantitative trait loci in
1275 singleton genes under the different growth Saccharomyces cerevisiae
conditions tested [81], showed among duplicate
genes a significantly higher proportion of genes with In nature, most phenotypic traits are quantitative
a weak or no effect of gene deletion (64.3 vs. 39.5%) and characterized by differences in degree rather
and a significantly lower proportion of genes with a than in kind. The wide range of phenotypes observed
lethal effect of deletion (12.4 vs. 29.0%). Further- in quantitative traits stands in contrast to single-gene
more, a high correlation was observed between the Mendelian traits that are characterized by few dis-
sequence similarity of duplicate genes and the likeli- crete phenotypic classes. While traditional genetic
hood that they will compensate each other’s function mapping using primarily highly polymorphic micro-
[88]. Double mutants, which are generated by mating satellite loci has been applied repeatedly with suc-
and meiotic recombination of single-gene deletion cess to the cloning of Mendelian disease alleles in
mutants, can often uncover redundant functions of humans that exhibit high penetrance, linkage studies
two genes acting in a single biochemical pathway or in combination with transmission disequilibrium and
within two distinct pathways that functionally com- case-control analyses have led only rarely to the
pensate for defects in the other. Double mutants have identification of susceptibility gene variants in com-
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plex genetic disorders such as Crohn’s disease [93] perfectly complementary to the genomic sequence of
and asthma [94]. The difficulties in applying the laboratory strain S96. The presence of allelic
genome-wide approaches to quantitative traits are variants in yeast strains other than S96 results in
thought to be due to the different contributions of decreases in signal intensity at some of the probes
many underlying genes to the phenotype and the relative to signal intensities observed after hybridiza-
ability of different combinations of alleles with low tion with DNA from the laboratory strain. The
penetrance and environmental factors to produce approach is comparable to mapping by means of
similar phenotypes [95]. Often disregarded, failure to differences in DHPLC elution profiles [22], as a
classify these similar phenotypes correctly can lead change in signal intensity rather than knowledge
to significant loss of power to detect a true linkage, about the precise location and chemical nature of the
particularly for loci with modest effects [96]. mismatch mimics a biallelic marker. The average

Only recently, 10 years after identification of the physical marker spacing over the entire yeast
map interval, a gene contributing to fruit size in genome is typically 3500 base pairs, corresponding
tomato has been cloned successfully [97]. This to an average genetic distance of 1.2 centimorgans.
recent discovery represents the first quantitative trait The approach does not lend itself readily to the
gene directly identified solely by genetic methods, scoring of codominant markers. In yeast, however,
the only approach applicable to traits with no known diploid crosses are sporulated following meiotic
developmental or physiological basis. This confirms recombination yielding a tetrad of four haploid
that despite the genetic control achievable in model segregants each of which carries only one of the two
organisms, the identification of QTL genes remains parental alleles.
difficult. However, it has been the promise of the The aforementioned approach of direct allelic
human genome and other related projects that the variation scanning of the yeast genome was used to
availability of complete genome sequences and map genes that underlie the high temperature growth
sophisticated tools to probe the genome will acceler- phenotype of clinical yeast isolates [101]. In infected
ate and increase the resolution of QTL mapping and mice, this phenotype is associated with virulence
the eventual cloning of the genetic determinants by which makes it the more interesting to study. Crosses
marker-trait association [26]. between strains that either have or lack the ability to

Saccharomyces cerevisiae is a particularly suitable grow at a temperature$41 8C have suggested that
model organism to test the ability of new genome this phenotype is inherited in a non-Mendelian
scale technologies and their impact on our knowl- fashion. Typically, only one ninth of all segregants
edge of quantitative traits and gene function. Its generated from a single cross of two haploid parent
genome was the first one of a eukaryote to be strains exhibit the high-temperature growth pheno-
completely sequenced, comprising 12 Mb and ap- type. This indicates multiple underlying genetic loci;
proximately 6000 genes [98]. This allowed the that is, if each locus were essential for the trait, the
production of the first high-density oligonucleotide high-temperature growth phenotype segregated as
probe array to simultaneously measure the expres- though it were conditioned by 3.2 unlinked Men-

3.2sion of every gene in the entire yeast genome [99]. delian loci (1 /951/2 ). In practice, however, the
Subsequently, it was shown that hybridization of trait could be conditioned by a combination of alleles
genomic DNA to the same array can be used with different contributions that are each non-essen-
effectively to map genes within a few thousand base tial in isolation. This prevents the prediction of an
pairs [100]. This is made possible by both the high exact number of loci and therefore the Mendelian
frequency of allelic variation, on average every estimate represents only a minimum number.
couple of hundred base pairs, between different yeast As mentioned above, the beauty of using DNA
strains and the high degree of array coverage expression arrays for SNP genotyping is that no prior
(21.8%) of the non-repetitive regions of the yeast knowledge about the location and nature of sequence
genome, with every annotated open reading frame variation between two similar genomes is required.
being represented by a minimum of 20 25-base In yeast, partial shotgun sequencing of different
oligonucleotide probes. All probes on the array are strains has revealed on average one instance of
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allelic variation every 160 base pairs. Therefore, in map interval prediction a valid approximation. This
combination with the almost 22% coverage of the was a first indication that this locus may contain
non-repetitive regions of the yeast genome provided more than one gene contributing to the high tempera-
by the high-density oligonucleotide probe array, it is ture growth phenotype.
fairly easy to construct a genetic map containing Two lines of evidence further strengthened the
thousands of closely spaced markers. These markers association of the chromosome XIV interval with the
can then be used to map loci contributing to pheno- high temperature growth phenotype. First, random
typic differences between strains. In case of the segregants from the same cross displayed random
high-temperature growth phenotype, 3444 biallelic segregation at the locus. Second, analysis of 64 high
markers were identified from probes with yielded temperature growth segregants from a second cross
reproducibly decreased signal strength in a clinical between the same laboratory strain and an unrelated
isolate relative to hybridization of DNA from a high temperature growth clinical isolate showed
laboratory strain lacking the phenotype. Subsequent 87.5% association, confirming that the chromosome
hybridization of 19 high-temperature growth segreg- XIV interval is a major-effect quantitative trait locus.
ants derived from a cross of the two strains identified Therefore, it came as a big surprise that neither
two regions on chromosomes XIV and XVI, respec- comparative expression analysis at 30 and 378C,
tively, in which clearly more than half of the respectively, nor sequence analysis of the six and
hybridized segregants inherited their DNA from the seven yeast strains, respectively, that have or lack the
clinical isolate. ability to grow at high temperature, revealed any

To confirm the heritability of both intervals and to significant differences in expression or sequence that
precisely define the regions, DHPLC was used in the would have allowed to link one or more of the 15
same manner as described for the fine mapping in genes located in the chromosome XIV locus to the
Arabidopsis thaliana to identify 28 and 21 markers high temperature growth phenotype. However, it lent
in the chromosome XIV and chromosome XVI support to the hypothesis that susceptibility alleles
interval, respectively. The markers were then geno- are likely to be common, with no allele being
typed in 104 high-temperature growth segregants. necessary or sufficient for expression of a particular
The chromosome XVI interval continued to have a phenotype.
low but significant level of association with the high To identify the phenotypically relevant allele(s) in
temperature growth phenotype, with 66.7% of the the chromosome XIV interval, a new functional
segregants inheriting alleles derived from the clinical assay, called reciprocal-hemizygosity analysis, was
isolate. This translated into a relative risk of 2.1, i.e. developed [101]. Isogenic pairs of strains were
the increased probability of displaying the high constructed in the hybrid background of the clinical
temperature growth phenotype if a strain carries and the laboratory strain that differed genetically
alleles of the clinical rather than the laboratory only in the alleles of one gene. In each strain one
strain. allele of one gene was deleted, producing a hemizyg-

A far greater association with the high temperature ous diploid carrying the allele of either the laboratory
growth phenotype was identified for the chromosome strain or the clinical strain. Since the two alleles are
XIV locus. Of the 104 segregants, 96.2% inherited replaced with different drug resistance markers, the
alleles from the clinical isolate at this locus, yielding isogenic pairs can be grown in competition before
a relative risk of 30.6. Interestingly, fine-structure being plated on media containing either drug to
mapping had only succeeded in narrowing the inter- count the number of colonies formed. A distinct
val from 51.6 to 32 Kb. This was larger than the advantage of reciprocal-hemizygosity analysis is that
expected 6 Kb or 2 cM calculated for a single-gene it also works for essential genes and is insensitive to
Mendelian trait locus defined with an equal number potentially confounding gene dosage effects. Further-
of meiotic products. This comparison is valid even more, as measurements are made in the hybrid strain
when taking into consideration the incomplete inheri- background, segregating alleles from the genetic
tance of the QTL interval, because the near Men- backgrounds of both the clinical and the laboratory
delian segregation ratio (96%) makes the Mendelian strain can be detected in one assay. This turned out
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to be of particular significance in the dissection of sistance to late blight requires not only distinction
the architecture of the chromosome XIV quantitative between homozygous and heterozygous allelic state
trait locus, as not only two alleles from the clinical but also between different allele ratios. In case of
strain, namelyMKT1 and RHO2, were found to tetraploid potato, five allelic ratios are distinguish-
confer a high temperature growth advantage, but also able: 4:0, 3:1, 2:2, 1:3 and 0:4. This constituted an
the laboratory strain-derived allele ofEND3. This interesting case to test the quantitative accuracy of
observation explained why the hybrid containing the pyrosequencing and compare it to that of single
genetic material of both the clinical and laboratory nucleotide extension sequencing [105].
strain had shown a significantly greater fitness at
41 8C than either strain on its own. 7 .1. Allele quantitation by pyrosequencing

Using a backcrossing strategy to eliminate the
genetic contribution of the chromosome XIV locus to The principle of pyrosequencing is based on the
high temperature growth has led in the meantime to detection of de novo incorporation of nucleotides
the identification of three additional loci, all of which [106]. Briefly, the four different nucleotides are
were found to contain at least two alleles conferring added stepwise to the primed DNA template. Fol-
a high temperature growth advantage. This finding lowing polymerase mediated base incorporation, a
indicates that existing approaches to quantitative proportional amount of pyrophosphate is released
traits demands re-evaluation. If closely linked loci of and converted to adenosine 59-triphosphate by ATP-
both common and rare variants, as suggested by a sulfurylase in the presence of adenosine 59-phos-
recent theoretical study of the evolution of complex phosulfate (APS). In turn, ATP is used in a luciferase
disease loci [102], are common, current single-gene- reaction during which a luciferin molecule is oxi-
per-locus approaches might have intrinsic deficien- dized. The ensuing light, which is proportional to the
cies. Although narrowing an interval in the hope of number of nucleotides incorporated, is detected by a
achieving a map interval that approaches a single charge couple device (CCD) camera. The iterative
point might serve to locate the major contributor, the addition of nucleotides is possible as the excess of
effects of neighboring genetic factors could be nucleoside triphosphates added to the reaction is
missed. An additional interesting observation from continuously degraded between each cycle by
the study of high temperature growth in yeast is that apyrase into nucleoside diphosphates and, sub-
two of the genes at the chromosome XIV locus sequently, nucleoside monophosphates. In contrast to
found to contribute to the phenotype, namelyEND3 single nucleotide extension sequencing, it is not
and RHO2, are both cytoskeleton proteins. Hence, necessary for the primer to anneal immediately
one may argue that quantitative trait loci comprising adjacent to the polymorphic nucleotide site. This
several genes of similar function are more likely to offers at least in theory more flexibility in primer
contain more than just one allele conferring suscep- design and should help to compensate for the low
tibility to a disease [103]. reaction temperature of 288C employed in

pyrosequencing due to thermal instability of lucifer-
ase. Hence, the formation of dimers and hairpins in

7 . Potato blight and the challenge of genotyping the sequencing primer as well as in the template
SNPs in a polyploid genome itself has to be avoided. In our hands, pyrosequenc-

ing failed to generate interpretable results in 15 of 94
One of the most destructive infectious diseases of (16%) unselected polymorphic sites due to the

potato is late blight and it represents a major threat to aforementioned reasons, while the presence of
potato cultivation worldwide [104]. The cloning of paralogs caused two additional failures [105]. Over-
resistance genes to the causative agent, the fungus all, 77 of 94 (82%) polymorphic sites could be
Phytophthora infestans, is therefore of great impor- genotyped successfully. This compares favorably to
tance to agriculture. Most crop plants, including other large-scale genotyping studies of SNPs in
potato, are polyploid. Hence, the study of association human [20,40] andArabidopsis thaliana [19] using
between polymorphic markers and quantitative re- either hybridization to a high-density oligonucleotide
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tiling array [19,20] or single nucleotide extension in or more bases in the presence of the appropriate
combination with hybridization to a generic tag array deoxy- (dNTPs) and dideoxynucleoside 59-triphos-
[40]. In those studies, robust scoring was obtained phates (ddNTPs), several techniques have been de-
for 60–80% of the SNPs tested. veloped for detecting the extension products. These

The mean relative standard deviation with which have included among others radiolabeling [108,109],
the percent distribution of two alleles could be luminous detection [110], colorimetric ELISA [111],
reproduced was 3.6%, with a range of 1.5–9.1%. fluorescence detection [40,112–115], mass spec-
Observed allele frequencies for the three hetero- trometry [116,117], and high-performance liquid
zygous states differed from the expected distribution chromatography in combination with UV absorbance
as much as 10% in absolute values. Nevertheless, [118] or fluorescence detection [57]. Although it is
accuracy was still sufficient to call all five possible necessary, in contrast to pyrosequencing, for the
allelic states unambiguously using a single measure- 39-terminal base of the extension primer to anneal
ment only. For hexa- and octaploid genomes, it immediately adjacent to the polymorphic site, se-
would be necessary to carry out triplicate measure- quence context appears to be in practice less of a
ments to determine allelic state with certainty. How- limitation than in pyrosequencing or differential
ever, applicability of pyrosequencing to polyploid hybridization, as the higher temperature (608C) at
genomes is less determined by precision and accura- which the extension reaction is typically carried out
cy of measurement but rather by sequence context prevents in most instances the formation of hairpins
downstream of the polymorphic site. In contrast to and dimers [105].
single nucleotide extension, which employs dideoxy- A drawback of chromatographic analysis of exten-
nucleotides that terminate elongation upon incorpora- sion products is the relatively low throughput on
tion, pyrosequencing uses deoxynucleotides. Conse- conventional single-column HPLC instruments.
quently, if a base of the same kind follows either Throughput is further decreased by the fact, that it
allele of a polymorphic site, pyrosequencing will has proven necessary under completely denaturing
extend the primer not only by one but two bases. In conditions, with analysis temperature ranging from
case of tetraploid potato, for instance, in addition to 70 to 808C, to wash the column with 25% (v/v)
the 0–4 bases at the polymorphic site, four additional acetonitrile for 90 s between injections rather than
bases of the same kind will be incorporated, bringing only 20 s, as is sufficient under partially denaturing
the totals to 4, 5, 6, 7, and 8 bases, respectively. conditions, to maintain long-term performance of the
Given the dynamic assay range of pyrosequencing, column. Recent progress in the construction of
which extends approximately over one order of capillary HPLC arrays will lead to significant im-
magnitude, it will be become impossible to genotype provements in throughput that can be further in-
a single nucleotide polymorphism if two bases of the creased by tagging different reactions with different
same kind follow the polymorphic site, as demon- fluorophores [57].
strated recently [105]. It follows that, in a hexaploid What makes HPLC appealing in the analysis of
genome, only polymorphic loci whose alleles are not single-nucleotide extension reactions is the high
followed by bases of the same kind can be genotyped reproducibility of the quantitative measurements of
correctly. allele ratios [57,105,119,120]. One study [119] re-

ported mean standard deviations of 0.022–0.031 for
7 .2. Allele quantitation by single nucleotide seven repeated analyses of three different SNPs
extension and completely denaturing HPLC [119], while another study observed a mean standard

deviation of 0.014 (90% confidence interval, 0.012–
Single nucleotide extension is one of the most 0.018) for 10 repeated measurements of reference

popular methods in use for SNP genotyping [13]. samples with allele ratios ranging from 0.18 to 9.0
Since the basic method was first described [107], [120]. Consequently, and most importantly for as-
which is based on the annealing of an oligonucleo- sociation studies, differences in allele frequencies
tide primer immediately upstream or downstream between pools of cases and controls can be de-
from the polymorphic site and its extension by one termined with high accuracy. The mean error be-
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tween observed differences between pools for a total measuring differences in allele frequencies between
of nine SNPs and true differences based on in- pools is in keeping pool sizes and, consequently, cost
dividual genotype data for every individual in the of recruitment in association studies low.
pools was 0.006, with a maximum error of 0.016 Incorporation efficiencies of the different dideoxy-
[119]. A more recent study employing single nucleo- nucleotides are hardly ever equal. Using diploid
tide extension with fluorescent dye-terminators fol- heterozygotes as controls, observed allele ratios
lowed by capillary electrophoresis observed a mean varied from 0.87 to 2.05 instead of the expected
error of 0.01 between true and observed differences value of 1 [119]. Allele ratios even varied for
between pools of controls and cases for a total of 15 identical SNPs embedded in different sequences.
SNPs, with a maximum error of 0.022 [121]. How- Fortunately, such differences are reproducible for a
ever, estimates of absolute allele frequencies in the given SNP and, therefore, can be corrected. How-
pools differed from individual genotyping results on ever, this requires the availability of a control with
average by 0.018 in absolute values, with a maxi- equal allele distribution. For diploid genomes, this is
mum of 0.036, and 0.024, with a maximum of 0.063, easily available, but for polyploid genomes this may
using HPLC [119] and capillary electrophoresis be more difficult to obtain or require the synthesis of
[121], respectively. Errors in estimating absolute two synthetic templates that are identical to the
allele frequencies in pools of potato recombinants genomic sequence in which the SNP is embedded. In
were very similar between single nucleotide exten- pyrosequencing, unequal incorporation of nucleo-
sion and pyrosequencing [105]. The smallest devia- tides has been observed, but its degree is far less
tions from true absolute frequencies were observed than that of single nucleotide extension. Therefore,
with conventional dye-terminator sequencing, par- pyrosequencing allows determination of allele fre-
ticularly, when the ratio of peak heights observed on quencies with confidence, even when a heterozygous
forward and reverse strands were averaged. Since control with an allele ratio of 1 is unavailable. It has
similar discrepancies were observed in determining been suggested that differential PCR amplification of
the absolute allele ratios of 3:1 and 1:3 heterozygotes alleles rather than differences in efficiency with
in individual potato plants, errors in preparing pools which DNA polymerases incorporate ddNTPs ac-
can be excluded as a major source of the observed count for unequal allele representation [122]. How-
discrepancies between true and measured allele ever, this appears unlikely because for several SNPs
frequencies. tested the deviation in allele ratio was identical

The practical consequences of the magnitude of whether a heterozygous PCR product or two syn-
experimental error in determining differences in thetic olignucleotides that represented the two alleles
allele frequencies between pools of controls and and had been mixed at an equimolar ratio were used
cases on the power of marker-trait association tests as templates in the single nucleotide extension
are significant [120]. At a power level of 80% and reaction [105].
with a significance level of 0.05, the comparison of
two equal sized pools of 150 individuals can detect 7 .3. Allelic discrimination using a co-spotted
an increase in risk of 1.5 when the two alleles are single nucleotide extension assay
equally frequent in the control pool. An experimental
error of 0.013 in the allele quantification of the pools Multiplexing of single-base extension reactions
would necessitate a 20% increase in sample size to has proven even more difficult than that of poly-
180 individuals in both pools to reach significance. merase chain reactions, with the maximum number
At an experimental error of 0.026, the size of each of SNP genotyping reactions in a single tube typical-
pool would have to be increased approximately 3- ly not exceeding 30 SNPs [40,113,114]. Arrays offer
fold to 435 individuals. If one were then to consider a platform to carry out hundreds of single-base
additional loss of statistical power due to diagnostic extensions in parallel, though physically separate
misclassification [96], which would amount to 30% from each other, at significantly lower cost due to the
at a 10% rate of erroneous diagnosis, it becomes smaller reaction volume. Originally, oligonucleotides
obvious how important minimization of the error of that corresponded to sequences immediately up-
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stream or downstream from the polymorphic loci genomic regions containing SNPs. Secondly, the
were covalently linked to an epoxide-activated glass amplification products are used as templates in single
surface via an amino group attached to their 59 end. nucleotide extension reactions using bifunctional
Subsequently, single-stranded DNA or RNA tem- primers with 39 complementarity to the specific SNP
plates were hybridized to the arrayed oligonucleo- loci and 59 complementarity to specific probes on the
tides, each of which acted as a primer for a single array. Following extension in the presence of labeled
nucleotide extension reaction with a DNA poly- ddNTPs, using a different fluorophore for each of the
merase and radioactive or fluorescent ddNTPs [123– two SNP alleles, the resulting products are hybrid-
125]. The use of four differentially labeled ddNTPs ized to the array. Thirdly, genotypes are deduced
carries the advantage that all possible extension from the fluorescence intensity ratios of the two
reactions can be carried out on a single array. In an colors. Using this approach, over 100 extension
alternative approach offering increased detection reactions obtained by pooling of the multiplexes
efficiency and eliminating the need to generate were analyzed simultaneously with approximately
single-stranded template, two primers per SNP were 99% accuracy.
spotted onto the glass surface [113]. The primers Recently, yet another approach to the use of arrays
differed at their 39 end, which was complementary to for SNP genotyping has been described [127]. First-
either of the variant alleles. Following multiplex ly, the genomic DNA region spanning the SNP of
amplification of the polymorphic sequences of inter- interest was amplified by PCR using a 59-amino
est with one of the amplimers carrying a 59 tail of T7 modified forward primer and 59 biotin-modified
RNA polymerase promoter sequence, the PCR prod- reverse primer. Secondly, the forward strand of the
ucts were added directly to the primer array, along PCR product was separated from the reverse strand
with the reaction mixture, which contained T7 RNA using magnetic streptavidin beads. Thirdly, the for-
polymerase and rNTPs to generate RNA templates ward strand was mixed with an extension primer
from the amplicons that would bind to the com- whose 59 end was amino modified and whose 39 end
plementary probes on the array as well as reverse was penultimate to the polymorphic site. Fourthly,
transcriptase and dNTPs labeled with the same following in-solution hybridization, which allows
fluorophore for the actual allele-specific genotyping detection of smaller quantities of amplified target
reaction, which would only proceed if the 39 end of compared to on-chip hybridization, the primer / tem-
the probe matched the template. The fluorescent plate pair was co-spotted in quintuplicate onto a
signals from each primer pair were then compared to functionalized glass surface, which covalently binds
define genotype. However, aside from the higher cost both the primer and the template, allowing very
per genotype, the power of discrimination between stringent washes to reduce background fluorescence.
genotypes has been observed to be at least an order Fifthly, all samples were extended simultaneously
of magnitude lower using allele-specific hybridiza- with labeled ddNTPs. Finally, the slides were
tion than single-nucleotide extension [124]. scanned. The fluorescence intensity signals of the

High-density oligonucleotide arrays such as those five reactions per SNP were averaged and the
prepared by photolithography [126] are not applic- genotype deduced. The approach carries the main
able to solid-phase primer extension, as the chemical advantage that co-spotting of primer and template at
synthesis proceeds in the 39→59 direction and does distinct physical locations eliminates potential cross-
not leave the 39 end free for extension. However, interactions between different pairs and ensures
arrays of generic probe sequences [77], which are as specificity of probe/ target identity. Interestingly, the
different as possible to minimize cross-hybridization rate of successful genotyping reactions was deter-
yet still retain similar hybridization properties to mined primarily by the glass surface used. It varied
facilitate simultaneous analysis under standard con- from 86 to 99% for glass slides from Surmodics
ditions, have been used successfully to sort multiplex (Sunnyvale, CA, USA) and Zyomyx (Hayward, CA,
single nucleotide extension reactions carried out in USA), respectively. This was due to the fact that
solution [40,114]. Firstly, marker-specific primers Surmodics slides often exhibited large areas of high
are used in multiplex PCR amplifications of up to 30 background noise probably as a result of non-specific
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binding of fluorescent dideoxynucleotides. On aver- which provides analytical chemists with a continued
age, signal-to-noise ratio for the Zyomyx slides was opportunity to make a significant contribution to our
about 90:1, but in regions of high background it was conquest of understanding the molecular determi-
as low as 5:1, which was still sufficient to call alleles nants of life.
reliably. The average signal-to-noise ratio for the
Surmodics slides was 50:1, but in some regions of
the slide the background exceeded the average signal
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