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3.1 Introduction

Multigenic or quantitative disease resistance has challenged plant breeders work-
ing to develop disease resistant crop cultivars. The challenge to incorporate into
new cultivars equivalent levels of resistance that existed in the original genetic
resistance stock(s) is formidable, given the apparent complexity of quantitative
resistance. Environmental factors, complex multigenic inheritance, plant avoid-
ance, and escape mechanisms combine to hamper the efforts of breeders working
to incorporate multigenic resistance into future cultivars. Breeding for quantita-
tive resistance is more formidable than for qualitative resistance traits as more
complex and lengthy breeding procedures are needed to effectively incorporate
adequate levels of quantitative resistance into new crop cultivars. The expression
of quantitative resistance in many instances is partial, not absolute, and the con-
trol of resistance appears to be governed by many genes acting cumulatively. The
rating of genotypes for disease development in field or greenhouse becomes more
subjective due to interactions with environmental and plant morphological fac-
tors, requiring additional testing and replications to validate their accuracy. In the
literature, many nonspecific and complex resistance mechanisms associated with
quantitative resistance have been grouped under the broad general headings of hor-
izontal resistance, polygenic resistance, partial resistance, or durable resistance,
which suggests complexity but contributes little to resistance breeding. Current
analytical molecular tools, however, are making the breeding of quantitative re-
sistance more effective and new insights on the magnitude and location of such
resistance loci may assist plant breeders in better exploiting this type of resistance
in future crop cultivars. Quantitative Trait Loci (QTL) analysis is a valuable tool
for genome exploration and the investigation of multigenic traits. The focus of this
chapter is to review the body of work devoted to the identification of QTL control-
ling quantitative disease resistance in crops and the exciting implications of the
implementation of QTL analysis to dramatically enhance disease resistance breed-
ing. QTL analysis is rapidly changing the way scientists view disease resistance
and the time-held concepts and importance of major and minor gene resistance. In
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order to discuss the implications of QTL analyses in resistance breeding, we first
attempt to bring some clarity to the terminology and controversial theories that
have historically competed for recognition in the breeding literature.

3.2 Terminology

3.2.1 Complex Multigenic/Quantitative Traits
and Durable Resistance

The terms multigenic and quantitative are somewhat interchangeable but multi-
genic implies knowledge of gene action, hence genotype, whereas quantitative
implies characterization based on observation, hence phenotype. Not all quantita-
tive traits are multigenic in terms of gene action as environmental factors combine
to influence phenotypic expression of complex traits. As authors, we favor the use
of the term quantitative; in most instances, breeders base decisions on phenotype,
since gene action of complex traits is not always known. Most, but not all, com-
plex resistance traits are controlled by multiple loci. A complex trait is one that
does not fit simple Mendelian ratios (Young, 1996). Resistance phenotypes that
do not fit discrete categories and are measured quantitatively are assumed to be
controlled by multiple loci referred to as QTL. QTL for resistance refer to locations
on the genome that are involved in quantitative resistance, but are not informa-
tive of the function (Lindhout, 2002). Quantitative resistance has been assumed to
be more durable than resistance conferred by a single dominant gene (Parlevliet,
2002). Durable resistance is resistance that remains effective during prolonged and
widespread use in environments favorable for the spread of the pathogen (Johnson,
1984). This definition does not imply gene action or resistance mechanism. It is
generally assumed, however, that for resistance to be durable it must be under
polygenic control. This term implies the role of many genes with the implication
that each “gene” has a small but cumulative effect on the expression of resistance
in the host. The explanation is based on the inability of scientists to identify clearly
major gene effects controlling resistance. Causes for the inability to identify major
gene effects are based on (1) absence of major genes and role of minor genes in
resistance expression, (2) large environmental effects on major or minor genes
which result in non discrete resistance categories, (3) mixtures of pathogenic races
that obscure major gene effects, (4) pathogen interactions, (5) interaction with
plant morphological avoidance mechanisms or disease escape due to difference in
phenology between genotypes, and (6) possible confusion with tolerance mecha-
nisms where specific genotypes tolerate higher levels of disease infection without
a corresponding reduction in productivity.

Durability of resistance is viewed as a quantitative trait as it can range from
ephemeral to highly durable (Parlevliet, 2002). Despite the clear recognition that
ephemeral resistance is characterized by major gene resistance to those pathogens
known as specialists (Lamb et al., 1989), the nature of durable resistance is less
clear. Durable resistance can be oligogenic particularly against viral pathogens
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(Harrison, 2002), but more commonly resistance is quantitative and durable to
those pathogens known as generalists that pathogenize a wide host range. The long
held theory that polygenic resistance is more durable (van der Plank, 1968) is now
being refuted due to the ability of certain pathogens (Mycosphaerella graminicola)
to overcome both qualitative and partial resistance in wheat (Triticum aestivum;
Mundt et al., 2002) and reports that monogenic resistance can be durable (Eenink,
1976). For example, the genetic control of bean common mosaic virus (BCMV)
conditioned by the dominant / gene (Ali, 1950) has been effective in common bean
(Phaseolus vulgaris) for over 40 years. No reports exist of breakdown of the I gene
resistance to new evolving strains of BCMYV, despite the extensive deployment of
the / gene in bean cultivars worldwide.

3.2.2 Horizontal and Vertical Resistance

Since its introduction by van der Plank (1968), the concept of vertical and horizontal
disease resistance has been an invaluable hypothesis for plant breeders needing
to conceptualize the nature of the disease resistance in a specific crop/pathogen
interaction. The need to understand the interaction is essential to formulate a
strategy for resistance breeding based on the type of resistance (qualitative or
quantitative) present in the host, and the nature and type of variability in the
pathogen. Breeders rarely choose the type of resistance with which they work, as
factors outside their control influence that decision. Such factors include: the nature
of the pathogen (specialist or generalist), host range (wide or species specific),
type and availability of resistance mechanisms present in the host (gene-for-gene
vertical resistance, nonspecific avoidance), the level of resistance (complete or
partial) needed in the crop, and the difficulty of distinguishing partial resistance in
the presence of major resistance genes.

van der Plank (1968) defined vertical resistance as race-specific and horizontal
resistance as race-nonspecific. The terminology used to describe these types of re-
sistance can be confusing as it includes both the genetic control of resistance and
observations on the performance of resistance in the field. The term “quantitative
resistance” has often been synonymous with “horizontal resistance”, implying, by
van der Plank’s definition, that quantitative resistance is race-nonspecific. QTL for
resistance can be identified using specific races of the pathogen that behave as spe-
cialists, but the more common instance is the association of QTL with resistance
to a pathogen that is a generalist in its mode of action. Certain QTL are related
to strain-specific resistance whereas others are strain-nonspecific (Young, 1996).
Qi et al. (1998) mapped QTL for resistance to leaf rust (Puccinia hordei) in bar-
ley (Hordeum vulgare) and identified several QTL (RphqI-6) linked to resistance
using a single isolate of P. hordei. A subsequent study using another isolate (24)
(Qi et al., 1999) found that four other QTL (Rphg7-10) were specific for isolate
24 and two QTL (Rphg5 and 6) were specific to a different isolate of P. hordei.
Isolate-specific QTL for resistance have also been found for bacterial wilt (Pseu-
domonas solanacearum) in tomato (Lycopersicon esculentum; Danesh and Young,
1994) and late blight (Phytophthora infestans) in potato (Solanum tuberosum;
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Leonards-Schippers et al., 1994). These studies lend support to the “minor-gene-
for-gene” hypothesis that there exist small but significant cultivar/isolate interac-
tions (Parlevliet and Zadoks, 1977) that appear qualitative on an individual basis
but behave cumulatively in a quantitative manner.

The discovery that QTL for resistance can be race-specific opens the possibility
that these QTL are involved in similar resistance mechanisms as major race-specific
R-genes. In the concept of race-specificity of major R-genes, elicitor molecules
encoded by an Avr gene in the pathogen are perceived by the plant cell by binding
of this ligand to a receptor encoded by the R-gene. Binding of this ligand by
the receptor triggers a signal transduction pathway leading to the hypersensitive
response (HR), which is characterized as accelerated, localized, plant cell death,
and an incompatible reaction (Hammond-Kosack and Jones, 1997). Vleeshouwers
et al. (2000) studied the interactions between P. infestans and Solanum spp. by
examining the differential reactions of a diverse series of wild species. They found
that in partially resistant species, HR was induced between 16 and 46 hours,
and had variable lesions of five or more dead cells from which, in some cases,
hyphae were able to escape and establish disease. These results, and other studies
discussed in Sections 3.8 and 3.9 of this chapter, indicate that the HR of the partially
resistant Solanum species used was quantitative in nature. Partial resistance refers
to quantitative resistance not based on HR (Parlevliet, 1975); thus, partial resistance
should not be used synonymously with QTL unless the type of gene action is
known.

The types of mechanisms functional in horizontal resistance are commonly
referred to in the literature as multigenic or polygenic. A more appropriate termi-
nology that would benefit breeders in distinguishing the types of host resistance
is based on the classification of the trait as either qualitative or quantitative resis-
tance. Breeders are familiar with these types of traits and can formulate effective
breeding schemes to incorporate such traits into new cultivars. When treated as
quantitative resistance, the breeder has a body of information on the expression of
these types of traits and methodologies to effectively manipulate such traits (Hal-
lauer and Miranda, 1981). The basis for quantitative inheritance is as complex as
the traits being studied since the range of traits under quantitative control in most
crops plants dramatically out-number those under qualitative control. Progress in
the improvement of quantitative traits has lagged behind similar efforts to improve
simply inherited traits due to their complexity, lack of complete expression, in-
consistent screening methods, and the need for widespread multilocation testing.
The lack of progress is best understood when differences in inheritance patterns
between qualitative and quantitative resistance are compared.

The relative contribution and stability of the QTL to disease resistance is another
important criterion of QTL analysis. Quantitative genetic theory implies that many
minor genes control quantitative traits, but what is not known, is the differential
effect of different minor genes. In the case of disease resistance, QTL analysis
reveals that resistance may be controlled by a few QTL with major effect (high
coefficient of determination, R% > 35%), and a number of QTL with relatively
minor effects (R><15%) (Kolb et al., 2001; Young, 1996). For example, one QTL
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conditioning resistance to downy mildew (Sclerospora graminicola) in pearl millet
(Pennisetum glaucum) accounted for 60% of the phenotypic variation whereas
another accounted for only 16% of the variation associated with resistance (Jones
et al., 2002). Clearly such information provides breeders with a clear choice on
which QTL to emphasize in breeding for resistance, along with the tools to achieve
that objective.Other factors that influence the effectiveness of QTL analysis are
the potential interaction between QTL, and their stability across environments and
populations, and possible linkages with other traits. Generally breeders shy away
from population and environmentally sensitive QTL as they are too restrictive to
the overall goals of most breeding programs (Asins, 2002).

3.3 Historical Perspective

Due to the complex nature of inheritance, classical Mendelian techniques were not
applicable to quantitative traits, and in the early part of the 20th century, quantitative
genetics emerged as a specialized branch of genetics to address issues related to
traits under quantitative genetic control. Until recently, quantitative genetics relied
on biometrical approaches that deal mainly with the characterization of multiple
factors affecting a quantitative trait and partition the phenotypic variance into its
genotypic and environment components (Hallauer and Miranda, 1981; Sprague,
1966). From these statistical procedures, several parameters could be estimated
including the approximate number of loci influencing the trait, gene action, gain
from selection estimates, and the degree to which the loci interacted with other
loci and the environment to produce the observed phenotype. These approaches,
however, were limited in the sense that they were not able to characterize any
one specific locus that contributed to the trait, either its location or size of effect.
The biometrical information did provide breeders with information on type of gene
action that suggested the most appropriate breeding methods to use to optimize
or fix favorable gene action controlling the quantitative trait. Many of the mating
procedures, however, were limited to specific crops such as maize (Zea mays) due
to the pollination mechanisms and reproductive biology of the crop.

Sax (1923), accredited with being the first to describe the theory of mapping
quantitative traits, showed that loci involved in a quantitative trait (seed size in
common bean) were associated with a qualitative trait (seed-coat pigmentation).
Another pioneer in the characterization of quantitative traits, Thoday (1961), sug-
gested the need to exploit the association with qualitative traits as a means to locate
the polygenes involved in the control of a complex trait. He astutely noted, how-
ever, that the limiting factor in using this strategy was the availability of suitable
markers. With the advent of molecular markers that are sufficiently numerous to
provide adequate genome coverage, this is no longer a limitation and therefore,
QTL mapping, at least in theory, can resolve any additive gene of small effect as
Mendelian through associations with a marker locus. The era of molecular markers
commenced with the discovery of isozyme techniques (Hunter, 1957; Smithies,
1955) and quickly progressed to DNA-based marker systems, first of which were
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RFLP (Botstein et al., 1980) followed by PCR-based molecular markers (RAPD,
SCAR, SSR, AFLP; Michelmore et al., 1991; Vos et al., 1995; Weber and May,
1989; Williams et al., 1990). For a more complete review of the different marker
systems available for mapping, see Staub et al. (1996).

The basic concept of QTL mapping is very simple: to find significant associa-
tions between marker genotypes and quantitative phenotypes in a large controlled,
experimental cross between two parental genotypes. A conceptual diagram of QTL
mapping is provided by Young (1996). In practice, however, there are many is-
sues: (1) population size, (2) parental selection, (3) population type, (4) marker
efficiency, (5) phenotypic data that breeders need to consider, (6) map density, and
(7) data analysis that influence QTL analysis.

3.4 Mapping Considerations
3.4.1 Population Size

The purpose of a mapping population, in essence, is to simplify partitioning of
genetic variance components to provide a clear genetic interpretation and genomic
data analysis. The mating design of a mapping population is important for making
the relationships among the polymorphic markers and traits of interest detectable
and tractable. The effective population size for QTL analysis is a very important
consideration that has a direct impact on the resolution of the map and the accuracy
of the QTL location. Population size also affects the genetic gains breeders achieve
using marker-assisted selection (MAS). If the population is not large enough
(<100 individuals) in a QTL analysis, certain putative QTL will not be detected
and therefore gains using these candidate QTL in MAS will be reduced. Large pop-
ulation sizes (>200 individuals) are not always feasible due to the space and time
constraints on the researcher, therefore, some strategies have been implemented to
maximize information from smaller populations, including selective genotyping
(Lander and Botstein, 1989) and DNA pooling of similar phenotypes (Michelmore
etal., 1991).

In QTL analyses, selective genotyping and bulked segregant analysis (BSA)
(Michelmore et al., 1991) have been utilized to efficiently screen large numbers of
polymorphic markers, without having to genotype entire segregating populations.
Selective genotyping involves the identification of a subset, usually 10-14% of
the genotypes that possess extreme phenotypes of the population. By this method,
breeders can obtain equal or greater information about QTL than from mapping
of randomly chosen individuals. A small percentage of the total genotypes that
exhibit extreme phenotypic values for the trait of interest can be grouped (bulked)
together, and either analyzed as individuals, or through BSA, where the DNA of the
similar phenotypes are pooled. BSA is most often used when mapping genes with
major effect. BSA may have limited application to QTL analysis due to factors
such as dominance and non-Mendelian segregation that decrease the effectiveness.
Selective genotyping and BSA has been used successfully in the identification of
QTL for quantitatively-inherited traits related to disease resistance (Chen et al.,
1994; Miklas et al., 1996; Schneider et al., 2001). Another application of BSA in
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QTL analysis is in fine mapping of a QTL position. To find additional markers
linked to a particular genomic region, pools are created based on alternate alleles
at a marker locus, providing a very efficient method for screening large numbers
of markers to saturate a QTL region (Giovannoni et al., 1991). Paterson (1998)
states that rare QTL with large effects can be fixed in the phenotypically extreme
individuals, and therefore may be detected as a chromosome segment polymorphic
between contrasting DNA pools. Most QTL with smaller effects, however, will
remain heterogeneous in the DNA pools and will not be detected. To detect many
QTL with smaller effects, Paterson suggests a comprehensive mapping approach.
Despite the view that DNA pooling might be useful in the identification of QTL
of very large effect but unlikely to permit the comprehensive identification of the
majority of QTL affecting a complex trait (Wang and Paterson, 1994), breeders
have successfully used BSA in the identification of QTL for disease resistance
(Miklas et al., 1996; Young, 1996).

3.4.2 Selection of Parents

When the objective of the research is to search for genes controlling a particular
disease resistance trait, adequate genetic variation for resistance must exist between
the parents. There must be sufficient variation between the parents at the DNA
sequence level and at the phenotypic level for the trait of interest. The choice of
parents may be restricted by the availability of resistance but breeders usually make
adecision as to the level of diversity of the parents of the mapping population. Wider
diversity between parents may be desirable to allow the mapping of traits in addition
to the targeted resistance source, or breeders may need to work with genetically
similar parents to avoid the interaction of other traits such as plant morphology
and phenology on the expression of resistance in the field (Lindhout, 2002).

3.4.3 Population Type

The most commonly used mating types in QTL analyses are F, and backcross (BC)
populations. The disadvantage of these types of populations is that they are unique
and progeny cannot be propagated, so breeders are unable to recreate the same
population for further testing. Recombinant inbred lines (RIL) and double hap-
loid (DH) homozygous lines can be used to avoid this problem because the lines
are maintained by selfing, allowing marker-trait associations to be scored across
multiple environments in a completely homozygous background. RIL are devel-
oped initially by self-pollinating the F, generation for up tol10 generations using
the single-seed descent method (Burr and Burr, 1991). DH lines are produced by
the induction of diploid gametes by tissue culture. In this case, haploid gametes
from F; parents are chemically treated to induce the doubling of the chromo-
some number (Jensen, 1989; Knapp, 1991; Knapp et al., 1990). The technology to
generate DH lines, however, is not available in all crops. Although RIL populations
take longer to generate, they have become the cornerstone of many QTL analyses
as they can be easily duplicated for widespread testing. The utility of phenotypic-
based DNA pools on the isolation of QTL in different genetic populations was
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assessed by Wang and Paterson (1994). The effects of population size, portion of
population selected, magnitude of phenotypic effects of individual QTL alleles
(QTL allele effects) and effects of both dominance and deviations from Mendelian
segregation ratios were considered. Backcross populations were better than F,
populations, but were less efficient than RIL or DH populations in detecting QTL.
To detect QTL using phenotypic-based DNA pools, Wang and Paterson (1994)
suggested using wide crosses, large homozygous populations such as RIL and DH
populations where the replication of phenotypic data is easily facilitated by the
use of homozygous populations.

3.4.4 Marker Efficiencies

The choice of markers is dependent on those available in each crop, but PCR mark-
ers are the clear choice over RFLP markers because of cost and convenience. Many
of the major crops such as soybean (Glycine max) have numerous microsatellite
or SSR markers (Cregan et al., 1999a) and/or SNP and CAPS markers available
for mapping. In minor crops where sequence-based markers are not yet available,
breeders may utilize AFLP markers or even RAPD markers. Different marker sys-
tems have varying levels of resolution to detect genome variations. Codominant
markers are generally preferred over dominant markers in certain populations.
Dominant marker types are not recommended for F, populations because in re-
pulsion linkage phase the dominant markers provide low information content on
linkage (Paterson, 1998). This disadvantage is less acute when mapping more ho-
mozygous RIL populations. In a BC population, if the recurrent parent is recessive
for the dominance loci, dominant and codominant markers are equivalent in terms
of genomic analysis.

3.4.5 Phenotypic Data

Limitations of QTL analyses rarely lie in the lack or inability to find useful poly-
morphic markers associated with disease resistance, but reside in the accuracy of
trait analysis. The collection of the phenotypic data used to conduct the analysis is
challenging in terms of the establishment of rating scales for disease evaluation,
actual evaluations and data collection, seasonal and location effects of the environ-
ment and the structure and size of the genetic population being evaluated. All of
these factors can contribute unexplained variability to the data set and need to be
considered by the researcher conducting the analysis. In the vast majority of cases
the weakness of the QTL analysis resides in the phenotypic data used to conduct
the analysis and less in the density of markers available for mapping. The most
common rationale in mapping disease resistance traits is to generate a segregating
population where individuals exhibiting the extreme expression(s) of the resistance
trait can be identified for mapping purposes. In the case of the oligogenic traits,
such contrasting individuals can easily be identified in early generations such as
the F,, whereas in mapping of quantitative resistance, individuals can only be
identified on a progeny basis in later, more homozygous, generations. Since the
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expression of quantitative resistance can be effected by environmental conditions,
the resistance trait needs to be measured over locations and/or years. The need to
create, replicate and evaluate more homozygous lines results in significant delays
in all QTL analyses of quantitative resistance. All sound QTL analyses must be
based on clear reproducible quantitative phenotypic data generated from the ge-
netic population segregating for the resistance trait. Breeders need to be aware that
many QTL analyses fail to identify true or significant effects simply due to weak
or questionable phenotypic data collected on the disease resistance trait. Marker-
assisted selection must be based on a data set that is uncompromised in quality
and reproducibility.

3.4.6 Map Density

QTL discovery may be conducted with or without using an existing genetic linkage
map. Not all crop species, such as the octoploid strawberry (Fragaria x ananassa),
have a well-saturated linkage map with even distribution of markers across the
genome. In such instances, QTL discovery is accomplished by simply finding a
statistically significant association between a phenotype and a marker. The marker
is often detected by screening random primers against a population segregating for
the quantitative trait. Although this approach may appear inefficient, valuable QTL
for resistance to root rot (Fusarium solani f. sp. phaseoli) have been discovered
in common bean by this method (Schneider et al., 2001). In crop species such as
soybean that do have linkage maps with even distribution of markers across the
genome (Cregan et al., 1999b), marker density can have an impact on the accuracy
or resolution of the QTL location. In general, markers should be evenly distributed
with at least one marker every 5 cm. Genome coverage and map density can be
influenced by a number of different factors: size of the genome, population size
and type, mapping strategy used, distribution of crossovers in the genome, and
number of markers (Liu, 1998).

3.4.7 Data Analysis

Three main methods of data analysis are generally used in evaluating linkage
between markers and a phenotype. These methods include: single-marker analysis,
interval mapping, and composite interval mapping.

Single-Marker Analysis

In single-marker analysis, the trait value distribution is examined separately for
each marker locus. This can be done using a simple t-test, analysis of variance,
linear regression, or likelihood ratio test and maximum likelihood estimation.
Due to the simplicity of this analysis, SAS (Statistical Analysis Software, SAS
Institute, Cary, NC) can be used. There are a few disadvantages of this type of
analysis. One disadvantage is that the QTL location and the putative QTL genotypic
means are confounded, which reduces the statistical power of this analysis. This
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is a particularly important consideration when working with a low-density map.
Another disadvantage to single-marker analysis is that the QTL cannot be precisely
mapped due to the non-independence among the hypothesis tests for linked markers
that confound QTL effect and position (Liu, 1998). This method is therefore more
suited to a study where the goal is to simply detect QTL linked to a marker rather
than to accurately map and estimate their effects.

Interval Mapping

The limitations of single-marker analysis prompted Lander and Botstein (1986a;
1986b; 1989) to propose an interval mapping (IM) method to position QTL. In
IM, a separate analysis is performed for each pair of marker loci using one of the
three approaches: likelihood (Lander and Botstein, 1989), regression (Knapp et al.,
1990), and/or a combination of both methods. The IM method provides increased
power of detection of QTL and more accurate QTL positioning when compared
to single-marker analysis (Liu, 1998). The disadvantages of this method are that
the number of QTL cannot be resolved, the exact position of the QTL cannot be
determined, and the statistical power, although higher than single-marker analy-
sis, is still relatively low. These problems can result from linkage or interactions
between QTL, and limited information in the model (Liu, 1998). The outcome of
this method is highly influenced by background QTL that result in low wide peaks
which mask the appearance and positioning of multiple linked QTL.

Composite Interval Mapping

Composite interval mapping (CIM) is a combination of interval mapping and
multiple linear regression (Zeng, 1993, 1994). This method considers a marker
interval and a few chosen markers in each analysis. These chosen markers are
used to reduce background effects of other linked QTL in the analysis of a marker
interval. The result of CIM is to define the most likely position of the QTL with
more precision and greatly increase the resolution of the analysis, which is the
most important advantage of CIM over single-marker analysis and IM. Since there
are more variables in the model, CIM is more informative and efficient, and results
can be presented using the log likelihood ratio test statistic plot and the LOD score
plot for all possible genome positions.

3.5 Applications of QTL Analysis to Disease
Resistance Breeding

QTL analysis has enhanced our understanding of quantitative resistance in a num-
ber of key areas by revealing the location and size of loci controlling disease
resistance. Locating resistance loci has confirmed the interaction between resis-
tance traits that control physiological processes and those traits influencing plant
morphology and phenology that control disease avoidance and/or escape in a field
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setting. By locating loci for quantitative disease resistance on different linkage
groups, QTL analyses provide unique opportunities to pyramid resistance loci in
order to restore higher levels of resistance lost in many cases after crossing with a
highly resistant source (Vertifolia effect; van der Plank, 1968). While the practical
application of MAS for quantitative traits has yet to be fully realized in breeding,
many studies recognize its potential to facilitate improved disease resistance con-
trolled by quantitative traits (Asins, 2002; Faris et al., 1999; Jones et al., 2002;
Kolb et al., 2001; Lindhout, 2002; Lubberstedt et al., 1998; Mangin et al., 1999;
Miklas et al., 1998; Pilet et al., 1998; Schechert et al., 1999). QTL-marker associ-
ations may also provide a basis for a greater understanding of quantitative disease
resistance through the identification of loci that influence resistance to more than
one disease (Ariyarathne et al., 1999). The application of MAS in breeding for
quantitative resistance should have the most impact in breeding for resistance to
soilborne pathogens such as Fusarium and Sclerotinia. Screening for resistance
in the field is both destructive and complicated by the interaction of other soil
borne pathogens (root rot complex), seasonal environmental factors, and plant
morphological traits that contribute to disease avoidance or escape which hin-
ders the normal selection procedures (Tanksley et al., 1989). Replacing laborious
screening of quantitatively inherited traits with MAS has several advantages in
a breeding program. Breeding for quantitative resistance can be enhanced with
the discovery of QTL for resistance that would allow for the indirect selection of
resistance without confounding effects of environmental factors. In the absence
of candidate QTL, breeders were often forced to cross “blindly” in the hope that
they were combining resistance sources (loci) but with the discovery of QTL,
breeders can target specific loci on different linkage groups and combine these in
future resistant cultivars. The breeding literature has many examples of attempts
to transfer quantitative resistance to potential new cultivars that have resulted in
the transfer of partial levels of resistance. When breeders lack the tools to identify
putative QTL involved in resistance they are equally ineffective in transferring all
the resistance QTL to future cultivars.

3.6 Use of Multitrait Bulking Methods in QTL Analysis

Disease development can be influenced by plant morphological and phenologi-
cal factors that must be considered by breeders working with quantitative disease
resistance. For example, a number of agronomic traits, including growth habit,
canopy height and width, branching pattern, lodging, days to flower and matu-
rity have been shown to be significantly associated with white mold (Sclerotinia
sclerotiorum) development in common bean (Kolkman and Kelly, 2002). The in-
teraction of such traits on the expression of the disease resistance trait complicates
breeding for resistance. Morphological traits such as plant architecture afford dis-
ease avoidance, whereas phenological traits such as early flowering afford disease
escapes in many instances (Coyne, 1980; Kolkman and Kelly, 2002). Since both
types of traits influence disease reactions in the field, both need to be considered in
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a QTL analysis of specific disease resistance traits. In the selective genotyping of
quantitative resistance, the identification of individuals with extreme expression of
disease resistance may result in the selection of individuals that exhibit undesirable
morphological and/or phenological traits due to interaction of these traits on the
expression of disease resistance. Highly resistant individuals may result not from
the expression of true physiological resistance but from a combination of such
agronomically undesirable traits as short plant stature, or extremely early flower-
ing or maturity that result in individuals with no agronomic or yield potential for
commercial production. Such individuals serve no potential as parents, or cultivars
as their agronomic weaknesses outweigh their low disease resistance ratings. This
problem becomes particularly acute in QTL analyses where selective genotyping
is used to assist the breeder in identifying the extreme expression(s) of disease
resistance, but results in an analysis of the extreme expression of agronomic traits
that escape or avoid the disease, resulting in the mapping of traits associated with
agronomically inferior individuals.

In the mapping of QTL associated with white mold resistance in common bean,
DNA bulks comprised solely of a small number of lines in the extreme pheno-
types may not adequately represent useful resistant genotypes in the population.
Since the use of selective genotyping for a trait as complex as resistance to white
mold may be hindered by the limitation of a set of DNA bulks based on disease
reaction alone, Kolkman and Kelly (2003) compared the efficiency of single and
multitrait bulking strategy for the identification of QTL associated with white mold
resistance. The multitrait bulking strategy utilized multiple traits (MT) to develop
contrasting DNA bulks for use in genotyping as opposed to traditional single
trait bulks. The traits selected in the MT bulks included disease reaction and also
flowering range and yield to avoid the indirect selection of resistant, low-yielding
genotypes with inferior agronomic traits such as very early or late flowering that
would effect local adaptation (Kolkman and Kelly, 2003). The results of the study
indicated that both single- and multi- trait bulking strategies identified QTL for
resistance to white mold on one linkage group. However, eight molecular mark-
ers on a second linkage group B7 were identified using the MT bulks, whereas
the single-trait bulk for disease incidence alone would not have identified the
most closely linked markers to the QTL conferring resistance to white mold on
B7. The disease ratings in the selected individuals within the resistant MT bulks
were higher than those of the single-trait disease resistant bulk, suggesting that
the disease resistant bulk may have included genotypes with greater avoidance
mechanisms that significantly reduced yield but were potentially commercially
unproductive. The authors concluded that genotyping a chosen set of individuals
with specific phenotypes, based on a priori knowledge of the traits that are seg-
regating in the population that may affect the desired phenotype, was an efficient
method to detect markers linked to the resistance phenotype which would not
have been detected in the single-trait disease resistant bulks alone (Kolkman and
Kelly, 2003).

In soybean, two of the three QTL associated with disease resistance to S. scle-
rotiorum, were also associated with plant avoidance mechanisms, such as plant
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height, lodging, and date of flowering (Kim and Diers, 2000). The authors speculate
that the third QTL, which was not significantly associated with escape mechanisms,
may be involved in physiological resistance to S. sclerotiorum. Plant avoidance
mechanisms may also play an important role in resistance to S. sclerotiorum in
sunflower (Helianthus annuus). QTL accounted for up to 60% of the leaf resis-
tance and up to 38% of the capitulum resistance in sunflower. Apical branching
pattern was suggested as exhibiting the best resistance to infection of the capit-
ulum (Mestries et al., 1998), whereas the association between days to flowering
and resistance to S. sclerotiorum in sunflower was dependent upon the population
(Castano et al., 1993). Clearly, MAS allows for the identification and selection of
superior genotypes without having to employ undue effort in phenotyping large
number of individuals. The difficulty in detection of desirable phenotypes, due to
factors such as environmental variation, hinders normal selection procedures for
important quantitative traits, and increases the importance of MAS. DNA bulks
comprised solely of a small number of lines in the extreme phenotypes may not
adequately represent resistant genotypes in the population. DNA pooling strategies
based on a priori knowledge about the population should help resolve useful mark-
ers linked to QTL, and discern the location of QTL regions (Wang and Paterson,
1994). Genotyping multiple traits that are related to the trait of interest have been
effective in identifying QTL that may not be detected through screening extreme
phenotypes (Kolkman and Kelly, 2003; Ronin et al., 1998).

3.7 Identification of Novel Disease Resistance
Sources Using QTL Analysis

Interspecific hybridization has been used to improve disease resistance in many
crop species (Hadley and Openshaw, 1980). The inheritance of the resistance is
not always known as breeders rarely conduct genetic studies in the alien species
but focus on the successful transfer of the resistance to the cultivated species.
As a result the assumption is often made that resistance in the alien species is
novel and worth the substantial efforts needed to transfer resistance. Mapping of
QTL has provided new information on resistance sources integrated from other
species. Lack of adequate levels of resistance to common bacterial blight (CBB;
Xanthomonas axonopodis pv. phaseoli) in common bean has forced bean breeders
to find resistance in the related tepary bean (P. acutifolius) species. Impetus to
use interspecific crosses came from early work by Honma (1956) who reported a
successful interspecific hybrid between common and tepary bean that has become
the focus of CBB resistance breeding for the last 40 years. Progress in breeding
for resistance to CBB in common bean has been modest as resistance is quantita-
tive, largely influenced by environment and pathotype, and functional in different
organs, leaf, seed, or pod depending on resistance source(s). The complexity of
resistance to CBB where different QTL conditioned resistance in young and adult
tissues to different strains of the pathogen, or where one genomic region possessed
a factor(s) which influenced resistance in all three tissues, seeds, leaves, and pods,
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while another QTL only influenced resistance within a single plant organ has been
demonstrated (Jung et al., 1999; Kelly et al., 2003). Such complexity in disease
expression has limited progress in breeding for resistance to CBB.

Despite these difficulties, QTL analyses of resistance to CBB in common bean
has resulted in the identification of four major QTL associated with resistance on
four different linkage groups that provides breeders with the possibility of com-
bining QTL to enhance resistance. One of the most revealing findings provided
by QTL analyses concerns the resistance source originally believed to have been
derived from the tepary bean (Honma, 1956). This source has proven to be of com-
mon bean origin, not tepary as previously thought (Miklas et al., 2003). The QTL
for resistance on linkage group B10 is found only in common bean germplasm
and is absent from all tepary bean resistance sources tested (Miklas et al., 2003).
The resistance QTL on linkage group B10 co-segregated with resistance in com-
mon bean progeny tested for reaction to CBB confirming that resistance was not
derived from tepary bean in the original cross. QTL mapping, therefore, provides
an opportunity to verify the uniqueness of resistance sources prior to using them
directly in breeding programs.

Another advantage of QTL analysis is the identification of previously unknown
resistance sources. QTL have revealed that different genetic sources present in re-
lated species may not always represent new or novel resistance loci. These exotic
sources may be assumed to be unique, as the resistance sources are not charac-
terized if present in a related species. Genetic studies are not routinely conducted
on alien or exotic species to determine their relationship, so a savings in time
and resources results from knowing if an exotic resistance source does or does
not carry a unique QTL. Given the lack of adequate resistance sources to CBB in
common bean, resistance has been successfully introgressed from different tepary
accessions into common bean (McElroy, 1985; Scott and Michaels, 1992). QTL
analyses of these resistance sources for CBB derived from different interspecific
tepary bean sources mapped to linkage groups B6 and B8 on the common bean
map (Miklas et al., 2000). These resistance sources are clearly derived from tepary
bean, as the QTL are absent in susceptible common bean genotypes and present
in resistant tepary bean germplasm. One of these sources with QTL on B6 and B8
is XAN 159 (McElroy, 1985), the most widely deployed source of resistance cur-
rently used by bean breeders. A second tepary derived resistance source OAC 88-1
was developed independently (Scott and Michaels, 1992). Since no genetic studies
were conducted on the tepary bean sources, the assumption that different resistance
sources had been successfully introgressed into common bean persisted. This as-
sumption has proved false as the QTL from XAN 159 known as SU91 mapped to
the same location on B8 as the R7313, the QTL from OAC 88-1 (Miklas et al.,
2000). This represents a duplication of effort and resources, given the difficulty
of making interspecific crosses between tepary and common bean and the need to
employ embryo rescue in the procedure. Apparently, the same source of resistance
was independently introgressed into common bean without prior knowledge of the
genetic similarities of the tepary bean accessions. QTL analyses can serve a vital
role in distinguishing resistance sources based on their location in the genome.
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Those QTL that map to the same location most likely condition similar resistance;
with that knowledge, intelligent decisions can be made on the choice of sources
to introgress when time consuming interspecific crosses are required. Finally, the
potential to pyramid four QTL, two from common bean and two from tepary bean,
into a single bean genotype opens up the exciting possibility of developing common
bean cultivars with CBB resistance levels (Singh and Munoz, 1999) equivalent to
those in the original tepary bean sources.

3.8 Colocalization of QTL with Resistance Genes

The focus of QTL analysis has changed recently from simply discovery of QTL as-
sociated with quantitative disease resistance to determining the biological function
underlying the QTL. Knowledge about the biological functions of QTL will help
breeders develop cultivars with more durable resistance as well as elucidate the
mechanisms behind quantitative resistance. Understanding the function of genes
that confer quantitative resistance will provide breeders with mechanistic infor-
mation that can be used to make more informed and prudent decisions as to why
QTL for resistance may be more durable. The term QTL is not very descriptive,
only referring to a specific genomic location involved in the quantitative disease
resistance, and does not provide information about the function of those genes.
By studying the function of other genes that map to the same genomic regions
as QTL, information on the mechanisms influencing resistance conferred by QTL
may be elucidated. The role that some QTL play in resistance through their asso-
ciation with the HR (Vleeshouwers et al., 2000) may provide information on the
biological function of QTL in the resistance reaction.

3.8.1 QTL that Colocalize with Major Genes for Resistance
QTL may be Allelic Variants of Qualitative Resistance Genes

There are two broad categories of genes involved in plant defense response:
R-genes (those involved in the recognition of the pathogen), and defense response
(DR) genes (those involved in the general defense response of the plant). One
instance of colocalization is the mapping of a QTL to the same genomic regions
where previously mapped R-genes reside. The existence of quantitative and qual-
itative resistance genes in the same genomic regions favors the consideration that
QTL, which confer intermediate resistance, may correspond to allelic versions
of qualitative resistance genes. This is consistent with the hypothesis that mu-
tant alleles of qualitative genes that affect quantitative traits are one extreme in
the spectrum of alleles (Robertson, 1989). A possible explanation at the molec-
ular level is that qualitative mutants may result from loss of function mutations
whereas quantitative alleles may result from mutations that produce a less efficient
gene product resulting in differences in phenotypes. Support for this theory comes
from a study on rice (Oryza sativa) using 20 RFLP marker loci associated with
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quantitative resistance to rice blast Pyricularia oryzae (Wang et al., 1994). Among
the markers, RG16, located on chromosome 11, was also associated with com-
plete resistance to the same rice blast isolate. In addition, three other marker loci
associated with partial resistance, RG64, RG869B, and RG333, were found to be
linked to the previously mapped R-genes Pi-2(t), Pi-4(t), and Pi-zh, respectively
(Yu et al., 1991). The results of this study indicate that more than one resistance
gene for rice blast may reside in this region of chromosome 11. In other crops,
QTL for P. infestans resistance and the dominant race specific allele R/ have been
identified on chromosome V of potato, in the interval formed by markers GP21 and
GP179 (Leonards-Schippers et al., 1994). The possibility that these QTL are alle-
les of R-genes suggests that the QTL may have a similar function in the resistance
mechanism. The fact that some QTL have been discovered to be race-specific (Qi
et al., 1999) and involved in HR (Vleeshouwers et al., 2000) also lends support to
this theory.

Numerous genes involved in resistance have been isolated and cloned. Sequence
analysis has revealed that there exist four major classes of R-genes and that their
functional domains are highly conserved (Bent, 1996). Degenerate primers, de-
signed from these consensus sequences, are used to amplify R-gene analogues
(RGAs) in the candidate gene approach. Some of these RGAs have also mapped
to regions containing quantitative and/or qualitative resistance loci. A candidate
gene approach was used to identify and map QTL for resistance to anthracnose
(Colletotrichum lindemuthianum) in common bean (Geffroy et al., 2000). Using
a RIL population, and candidate genes, 10 QTL for resistance were identified.
The candidate genes that were used included pathogen recognition genes, such as
R-genes and RGAs, and general DR genes. Three of the QTL, linked to marker
loci D1020,D1861, and D1512, on linkage groups B3, B7, and B11 respectively,
were also associated with previously mapped QTL for resistance to CBB (Nodari
etal., 1993). D1512, on linkage group B11, is also located in the same genomic
region as the qualitative Co-2 gene for resistance to anthracnose, and a family of
leucine-rich repeat (LRR) sequences (Geffroy et al., 1998).

QTL have also been mapped to resistance gene clusters in different crops. Com-
parative mapping is a strategy that has been increasingly more feasible as more
maps are generated across diverse taxa. The fundamental concept is based on the
finding that diverse taxa with common taxonomic families often share similar gene
order over large chromosomal segments. Therefore, QTL mapped in one species
may be located at the same chromosomal region in another evolutionarily related
species (Grube et al., 2000). Using comparative mapping, four QTL for resistance
to Erwinia carotovora ssp. atroseptica, mapped to genomic segments in potato
containing RGAs, qualitative and quantitative factors conditioning resistance to
different pathogens that attack potato, tomato, and tobacco (Nicotiana tabacum;
Zimnoch-Guzowska et al., 2000). Shared markers between the potato linkage map
generated by this study and other potato and tomato maps, were used as anchors
to align the maps and allow positional comparisons. EcalA, a major QTL for re-
sistance to E. carotovora ssp. atroseptica, is located in a similar genomic region
in potato as the Cf gene family in tomato. The Cf genes in tomato are R-genes that
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confer resistance to the fungal pathogen Cladosporium fulvum. The QTL, Eca6A,
is situated in a genomic segment, which in tomato contains the qualitative genes
for nematode (Meloidogyne spp.) resistance, Mi, and the Cf-2 gene. In addition,
EcallA maps to the same region in potato as another QTL for resistance to P.
infestans, the virus resistance gene Ry, the Synchytrium endobioticumm resistance
gene, and to the virus resistance N gene in tobacco. Several factors may contribute
to the clustering effect that has been observed between resistance-related genes
(resistance-related includes quantitative, and qualitative genes and RGAs). Clus-
tering could be an anomaly resulting from small population sizes or insufficient
number of markers used to precisely map the loci. If the genes were located in
an area of reduced recombination rate this would also result in a cluster at that
region. Another important factor is that not all resistance-related genes have been
identified and mapped, therefore, it is not possible to make absolute conclusions
about the clustering of resistance-related genes. The clustering of resistance-related
loci in species of the Solanaceae family was supported by another comparative
mapping study in tomato, potato, and pepper (Capsicum annuum) where several
cross-generic clusters were observed (Grube et al., 2000).

Most pathologists would agree that the plant developmental stage used to eval-
uate resistance influences the type of resistance that is detected. Adult plant resis-
tance is generally considered to be quantitative and distinct from the qualitative
resistance detected in a seedling assay. Two QTL that confer seedling resistance
to three isolates of stripe rust (Puccinia striiformis f. sp. hordei) in barley mapped
to the same region as two of the four QTL that conferred adult plant resistance
(Castro et al., 2002). Coincident QTL detected in distinct assays in different plant
stages suggest different gene action, yet QTL analysis illustrated colocalization.
Linkage mapping of quantitative resistance has revealed other examples of colocal-
ization of major R-genes and QTL for resistance in a wide array of host/pathogen
interactions: powdery mildew (Erysiphe graminis) in barley (Backes et al., 1996),
potyvirus in pepper (Caranta et al., 1997), northern corn leaf blight (Exserohilum
turcicum) in maize (Freymark et al., 1993), powdery mildew (Blumeria graminis)
in wheat (Keller et al., 1999), and cyst nematode (Globodera spp.) in potato (van
der Voort et al., 1998).

QTL may be Defeated Qualitative Resistance Genes

The term defeated, or ghost genes, was first introduced by Riley (1973) to ex-
plain the minor contribution to resistance of major genes that were defeated
by virulent strains of a pathogen. Defeated genes were visualized as contribut-
ing to quantitative resistance controlled by polygenes. Martin and Ellingboe
(1976) proposed that defeated major genes may conserve residual resistance
effects. They showed that Pm genes that had been overcome by virulent iso-
lates of powdery mildew still contributed to the partial resistance in wheat.
Nass et al. (1981) also found residual resistance effects for two Pm resistance
loci, Pm3c and Pm4b, but not for Pm2 and PmS5 loci in wheat. Keller et al.
(1999), however, reported that the Pm5 gene showed a large effect, despite
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the use of virulent races of powdery mildew being present in the mixture of
isolates used. They concluded that the detected effect of the Pm5 gene could
be explained by the reduced growth of isolates that contain avrPm5 virulence gene
due to reduced fitness and/or the delayed spread of the Pm5 virulent isolates due
to the residual effect of the defeated gene. This residual effect could result from
the limited expression of the overcome gene (Nelson, 1978). Li et al. (1999) used
a population of 315 RILs and a linkage map that consisted of 182 RFLP markers
to map the major gene (Xa4) and 10 QTL linked to resistance to bacterial blight,
caused by Xanthomonas oryzae pv. oryzae (Xoo0) in rice. They found that most
QTL mapped to genomic regions where major genes or other QTL for Xoo resis-
tance were located. In addition, they discovered that the Xa4T locus, an allele of
Xa4 from the cultivar, “Tequing”, behaved as a dominant major resistance gene
against strains CR4 and CX08 and as a recessive QTL against strain CR6 of Xoo.
The resistance conferred by the Xa4T allele, however, was overcome by the muta-
tion at the avrXa4 locus in the virulent strain CR6. The Xa4 gene is considered to
be a defeated major resistance gene that plays a key role in rice—Xoo interaction
(Narayanan et al., 2002). These data suggest that the major genes and QTL for
resistance, in this instance, may be the same gene and supports the hypothesis that
defeated major resistance genes have residual effects against different races of the
same pathogen.

QTL may be Members of Multigene Families

An alternative hypothesis is that QTL and major genes that map to the same
genomic region are different members of a cluster of resistance gene families.
Many studies have demonstrated that major genes are often members of clustered
multigene families (Michelmore and Meyers, 1998; Parniske et al., 1997; Pryor
and Ellis, 1993; Ronald, 1998; Song et al., 1997; Yu et al., 1996). These clusters are
composed of linked, and evolutionarily related, resistance specificities, therefore,
a potential for a structural and functional similarity between qualitative genes and
the resistance QTL that map to the same region exists. Grube et al. (2000) showed
that major resistance genes can occur in transgeneric clusters with QTL in the
Solanaceae, suggesting that sequence similarity and probably function similarities
exist between qualitative and quantitative genes for resistance. Therefore, QTL that
map to the same genomic regions as specific resistance genes may be involved in
pathogen recognition. In rice, the major resistance gene Xa2/ is a member of a
multigene family located on chromosome 11 that confers race specific resistance
to Xoo. Xa2l encodes an extracellular LRR domain and a serine/threonine kinase
that is believed to determine the race-specific resistance response (Ronald, 1997).
Another member Xa2lD of the same gene family displays the same resistance
spectrum as Xa2l but confers only partial resistance. Xa2/D only encodes an
extracellular LRR domain due to a retrotransposon insertion. The LRR domain
was shown to control race-specific pathogen recognition. This study lends support
to the theory that changes in major genes could produce a gene, which confers
partial resistance that breeders recognize as quantitative in function.
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3.9 Colocalization of QTL with Defense Response Genes

Plant defense response is a complex mechanism that is triggered by pathogen at-
tack. The DR is highly conserved between mono- and dicotyledonous plants and is
responsive to different types of pathogens. Numerous DR genes have been cloned
(Lamb et al., 1989) and several colocalizations with QTL have been observed,
lending support to the hypothesis that colocalization may reflect a functional re-
lationship between the QTL and the DR genes. In common bean, Geffroy et al.
(2000) mapped a QTL for stem resistance against C. lindemuthianum strain A7
of bean anthracnose near a locus for phenylalanine ammonia-lyase (Pal-2). This
enzyme is a critical branch point control for the biosynthetic pathways of cer-
tain antimicrobial phenolic compounds. Another QTL was mapped on linkage
group B7 near the hydroxyproline-rich glycoprotein locus, Hrgp36. These types
of proteins are believed to contribute to the formation of a structural barrier to
block pathogen invasion. The researchers conclude that allelic variants of Pal-2
and Hgp36 may be responsible for the differences in quantitative resistance to C.
lindemuthianum. This evidence supports the theory that molecular polymorphisms
within the DR genes result in allelic diversity and may relate to differences in resis-
tance levels (Pflieger et al., 2001). Pflieger et al. (2001) mapped several DR genes
to genomic regions corresponding with QTL for resistance to different pathogens
in pepper. A class-III chitinase gene colocalized with a QTL conferring resistance
to Phytophthora capsici in pepper. In addition, three pathogenesis-related protein
(PR) loci mapped within the region containing QTL to P. capsici, Potato virus Y,
and potyvirus E in pepper.

QTL located on linkage group B2 of the common bean map (Freyre et al.,
1998; Kelly et al., 2003) spanned a region that encompasses the PYPR2 locus, and
suggested a role for this PR protein in resistance to Fusarium root rot and white
mold in common bean (Kolkman and Kelly, 2003; Schneider et al., 2001). De-
fense response genes, such as the P. vulgaris pathogenesis-related gene, PvPR-2
(Walter et al., 1990), a polygalacturonase-inhibiting protein, Pgip (Toubart et al.,
1992), and the chalcone synthase gene, ChS (Ryder et al., 1987) located on B2
invites speculation that fungal defense-related genes are triggered as a general
resistance response to Fusarium and Sclerotinia infection, suggesting that physi-
ological resistance is associated with a generalized host defense response. PvPR2
and its counterpart PvPR 1 are low molecular weight acidic proteins induced during
fungal elicitation (Walter et al., 1990). These bean PR proteins share similarities
with PR proteins in crops such as potato, parsley (Petroselinum crispum), and pea
(Pisum sativum). Linkage was also reported between QTL conferring partial re-
sistance to Ascochyta blight (Mycosphaerella pinodes) of pea and candidate genes
including DR and RGA located on the pea linkage map (Timmerman-Vaughan
et al., 2002). The role of PvPR proteins in Fusarium resistance in common bean
is further confirmed by the significant association observed between QTL that
map to B3 in the region of PvPR1 gene. Differences in PYPR gene arrangements
were detected between anthracnose (C. lindemuthianum) resistant and susceptible
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bean genotypes indicating that polymorphism between PvPR as well as other de-
fense response-related genes may contribute to our understanding of quantitative
resistance (Walter et al., 1990). QTL associated with resistance to the late blight
fungus of potato have also been reported to colocalize with DR genes for specific
PR proteins in potato (Gebhardt et al., 1991; Leonards-Schippers et al., 1994). To
capitalize on the assumption that defense proteins may be associated with quan-
titative resistance, a method of candidate gene analysis where genes known to
be involved in host defense responses are used as markers to identify potential
QTL associated with disease resistance, has been evaluated in maize (Byrne et al.,
1996; Causse et al., 1995; Goldman et al., 1993) and wheat (Faris et al., 1999),
and could be employed to improve root rot and white mold resistance in common
bean.

In summary, there appears to be two kinds of coincident QTL: those that map
with major genes and those that map with DR genes. The QTL that map with major
genes could be allelic versions of those genes. Some of those alleles may confer
partial resistance rather than complete resistance as a result of a mutation in the
pathogen that now overcomes the original resistance gene. In the other instance,
QTL that map with major genes may also be members of a multigene family
that is involved with recognition of the pathogen. QTL that map with DR genes
may be involved in a general defense mechanism. To differentiate between the
various hypotheses, fine mapping of the region containing the QTL is needed to
determine if the relationship between the QTL and the colocalized gene is allelic or
not.

3.10 Conclusions

In a computer simulation study, Bernardo (2001) concluded that genomics is of
limited value in the selection for quantitative traits in hybrid (and self-pollinated)
crops. Despite this dire prognosis, Bernando (2001) stated that gene information
(we equate “gene information” with “QTL analysis”) is most useful in selection
when fewer than 10 loci control the trait and becomes imprecise when the number
exceeds 50 loci. Although the actual number of loci controlling multigenic dis-
ease resistance is not generally known, the number is most likely to be under 10
than exceed 50 loci, and therefore, be responsive to selection using QTL analysis.
Performance based traits are more likely to exceed 50 loci than those conditioning
quantitative disease resistance (Young, 1996). QTL analysis provides plant breed-
ers with the tools to reassemble, into future cultivars, the multigenes influencing
quantitative resistance, previously not possible through routine disease screening.
Unlike qualitative resistance, where genotype and phenotype are one and the same,
breeders struggle with reassembling, in new cultivars, all the genes that controlled
quantitative resistance after they were “disassembled” in crossing. The breeding
literature is fraught with examples of the partial recovery of quantitative resis-
tance from unique genetic stocks. With the knowledge of the location and size of
the QTL controlling quantitative resistance breeders can use MAS to reassemble
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that resistance in new genetic backgrounds and restore it to levels present in the
original sources. Due to the complexity of quantitative resistance, breeders often
failed to adequately compare resistance sources for uniqueness. QTL analysis pro-
vides breeders with a tool to compare the location and size of individual effects to
determine if new resistance sources are unique prior to undertaking the long and
arduous process of utilizing quantitative resistance in breeding. One area where
QTL analysis offers exciting opportunities is in the utilization of wild germplasm
in resistance breeding. Prebreeding using markers linked to resistance traits to
introgress genomic regions from the wild to cultivated species is being investi-
gated in many crops using breeding methods such as the advanced-backcross QTL
analysis (Tanksley and McCouch, 1997). Combining backcrossing with MAS al-
lows breeders to evaluate the potential of specific genomic regions from the wild
species in the genetic background of the cultivated species, as the expression of
quantitative resistance in the field can only be tested in adapted lines.

Aside from the practical utility and efficiency that QTL analysis brings to breed-
ing of quantitative resistance, the identification and location of QTL is providing
new insights to many of the age-old theories and controversies that have competed
for importance in the literature. Many of these theories have impeded the process
of resistance breeding as they classified resistance into two clear camps, implying
that selection for one form of resistance would impede the use of the other. New
information is being provided by QTL analyses on such questions as: (1) the actual
durability of quantitative resistance sources, (2) the possible distinction between
the resistance detected by seedling assays and adult plant resistance, (3) the po-
tential of defeated major genes in resistance breeding, (4) the actual similarities
between qualitative and quantitative resistance sources, (5) the nature of the dif-
ferences in resistance may reside in expression due to interaction with genetic
backgrounds or pathotypes, and (6) the opportunity to clone underlying genetic
factors that confer quantitative resistance as was demonstrated for fruit size in
tomato (Frary et al., 2000).

Genetic mapping, in general, has provided breeders with new insights into old
problems. The evidence that resistance gene clusters exist in plants is widely
reported (Michelmore and Meyers, 1998), so why should qualitative and quanti-
tative resistance mechanisms be different? Resistance gene clusters imply that in
the plant the DR genes are localized and can be shared in response to attack by
different pathogens and/or stress factors. QTL analyses are adding to the body of
evidence that in many instances qualitative and quantitative resistance reside in
the same regions and are differential responses to different pathotypes, and the
methods used by scientists to detect and measure their effect. For example, the
literature is fraught with implications that seedling resistance is qualitative and
adult plant resistance is more complex, hence quantitative and distinct. QTL for
seedling resistance to stripe rust in barley has been shown to share common QTL
for adult plant resistance (Castro et al., 2002). Defeated major resistance genes
are receiving renewed attention as QTL analyses position partial or quantitative
resistance in those regions of the genome where major genes reside (Li et al.,
1999). The importance of defeated genes in resistance breeding is obvious as the
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underlying suggestion that breeders are not always finding unique or new sources
of resistance but differential expression of existing sources. Breeders may need
to consider how best to utilize existing resistance sources rather than search for
new sources that may prove to be elusive. If quantitative resistance is distinct from
major R-genes functional in a specific crop/pathogen system, there is an increasing
body of evidence that supports the role of DR genes in quantitative resistance. DR
genes have been shown to play a key role in resistance (Lamb et al., 1989) but their
effect is only partial, not unlike the effect(s) that defines quantitative resistance
(Parlevliet, 1975). QTL analyses are placing partial resistance sources in genomic
regions where DR genes are located (Pflieger et al., 2001). The partial resistance
detected in QTL analysis may not be due to actual resistance genes similar to
R-genes but may be due to an enhanced expression of DR genes (Schneider et al.,
2001). The role that DR genes can enhance resistance is known, so links between
quantitative resistance and DR genes is interesting and could benefit breeders as
DR genes have similar functionality across plant species.

Finally, mapping studies have shown that cereal genomes exhibit a high degree
of synteny (Gale and Devos, 1998). Based on this information, QTL for resistance
to Fusarium head blight (Fusarium graminearum) in wheat and barley appear to
reside in syntenous locations on chromosome 3 in both crops (Kolb et al., 2001).
Breeders can use the conservation of gene order and position among related species
to assist in the identification of resistance sources that may be absent from their
crop. QTL markers could be used to probe for resistance in one species based on
the presence of QTL for resistance in a related species and provide breeders with
the opportunity to use alternative resistance sources in the development of future
cultivars with adequate levels of disease resistance.
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