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Marker-assisted
selection: new
tools and
strategies

The development of molecular genetics and
associated technology has facilitated a quan-
tum leap in our understanding of the under-
lying genetics of the traits sought through
plant breeding. The usefulness of DNA mark-
ers for germplasm characterization, and of
marker-assisted selection — the manipulation
through DNA markers of genomic regions
that are involved in the expression of traits of
interest—for single-genetransfer, hasbeenwell
demonstrated. However, when several gen-
omic regions must be manipulated, marker-
assisted selection has turned out to be less
useful. The efficient and effective application
of marker-assisted selection for polygenictrait
improvement certainly needs new technology
but, more importantly, it requires the devel-
opment of innovative strategies that bypass
the conceptual bottlenecksimposed by current
approaches.

Since the beginning of agriculture, humans
have sought to improve crops by selecting for
desired traits. Although the process is now
much more sophisticated, it is still mostly
based on field observations. The challenge
now isto integrate new molecular technology
into breeding schemesand to devel op efficient
marker-assisted selection strategies aimed at
plant improvement. With the development of
molecular toolsand thefirst molecular genetic
mapsfor plants, marker-assisted selection has
become possible, whether thesetraits are con-
trolled by identified genes or quantitativetrait
loci (QTLS). During the past decade, the de-
veloping ability to transfer target genomic
regionsusing DNA markersresulted in exten-
sive mapping experiments aimed at the devel -
opment of marker-assisted selection*?. There
is now a large amount of research that ad-
dresses marker-assisted selection in some
form. However, there are few dataon marker-
assisted sel ection experiments: themgjority of
work isaimed at identifying genomic regions
of interest, from which marker-assisted selec-
tion experiments are an attractive ‘next step’.

Success stories

The efficiency of marker-assisted selection
experiments for the transfer of asingle target
region has been reported for several plant
genomes, the integration of the Bt transgene
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into different genetic backgrounds being a
good exampl€e®. When the expression of atar-
get trait isregulated by asingle gene, or by a
gene responsible for a high percentage of the
phenotypic variance of thetrait, the transfer of

a single genomic region from a donor to a

recipient line can produce significant trait

improvement. By making an allelic map of the
genomewith DNA markers, plants presenting

a ‘better’ genome composition can be effi-

ciently identified. The target genome must

havethe donor aleleat thetarget segment and
non-target regions should have the largest
possible proportion of the recurrent genome

(that of the line to be improved). Compared

with conventional backcrossing, the use of

DNA markers thus offers two advantages:

* [Faster recovery of the recurrent genome.

* More efficient selection of genomes that
have recombination events closeto the tar-
get gene (Fig. 1).

Currently, marker-assisted selection of single
allelesis perhaps the most powerful approach
that usesDNA markerseffectively. Itssuccess
is especially important in the field of genetic
engineering, now that transformation methods
are available for most plant species but trans-
formation efficiency is still very germplasm
dependent.

Another area in which the use of DNA
markers has been successfully reportedis in
the movement of one or more aleles of inter-
est from awild relative into an elite cultivar®.
These and similar results demonstrate the
agronomic potential of favorable alleles pres-
ent in wild relatives. Considering the dlelic
diversity present in nature and in germplasm
banks, such results open new doorsfor inves-
tigations based on marker-assisted selection.

The use of DNA markers also makes the
process of selecting parental lines more effi-
cient. Based on the genetic diversity calcu-
lated from fingerprinting data, plant material
can beclassified into genetic pools. Thisinfor-
mation can be extremely helpful for identify-
ing the most appropriate parental lines to be
crossed. For crop speciesinwhich heterosisis
exploited through the production of hybrid
cultivars, measurements of genetic distance
based on DNA markers can be useful for pre-
dicting theyieldsof crossesbetween linesfrom
the same germplasm group®. When combined
with phenotypic data, DNA marker-associated
effects evaluated at an early generation test-
cross can be used efficiently to predict later-
generation testcross performance’. Thus, DNA
markers can have a strong impact on breeding
programs by reducing the number of linesthat
have to be tested.

The intriguing case of polygenic trait
improvement

Most traits of agronomic importance are com-
plex and regulated by several genes, withyield

among the most polygenic and complex. Com-
pared to a‘simpler’ trait controlled by one or
a few genes, the improvement of polygenic
traits through marker-assisted selection raises
more questions?, asdemonstrated by the abun-
dance of studies based on computer simu-
lations®® and the paucity of published data on
the topic™. In fact, no experiment has clearly
demonstrated whether using DNA markersfor
quantitative trait improvement is superior to
conventiona breeding selection, athough some
encouraging results have been published™*2,

The difficulty of manipulating quantitative
traits is related to their genetic complexity —
principally the number of genes involved in
their expression and the interactions between
genes (epistasis). Because several genes are
involved in the expression of polygenic traits,
they generally have smaller individual effects
on the plant phenotype. Thisimpliesthat sev-
eral regions (QTLS) must be manipulated at
the sametimein order to haveasignificant im-
pact, and that the effect of individual regions
is not easily identified. For this reason, rep-
etitions of field tests are required to charac-
terize accurately the effects of QTLs and to
evauate their stability across environments.
Although significant QTL effects should be
detected across several environments, the
evaluation of the QTL by environmental inter-
actions (QXE) remains amajor constraint on
the efficiency of marker-assisted selection®.
Regarding gene interactions, there remain
clear limitations on eval uating epistatic effects
between different regions of a genome. Epi-
static interactions can induce a skewed evalu-
ation of QTL effects, and if al the genomic
regions involved in the interactions are not
incorporated in the selection scheme, they can
bias the selection process.

A major issue that needs to be addressed is
how to increase the efficiency of marker-
assisted selection for quantitativetraitsthrough
better characterization of target genes. Fortu-
nately, field design™ and statistical approaches
for QTL mapping have steadily progressed
during the past decade. With the latest math-
ematical methods, such as composite interval
mapping, field data from different environ-
ments can beintegrated into ajoint analysisto
evauate the QXE and thus identify ‘stable’
QTLsacrossenvironments'™. Moreover, when
combined with a detailed linkage map, com-
positeinterval mapping alowsapreciseiden-
tification of the QTL in the genome and a
better identification of coupled QTLs (linked
QTLsat whichthefavorableallelecomesfrom
the same parental line). The manipulation of
QTLsinrepulsion (linked QTLs at which the
favorable allele comesfrom adifferent paren-
tal line) is a typica example of how DNA
markers can be used very efficiently to select
those genotypes that have broken the linkage
between two QTL regions at an early stage of
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a
( ) Backcross 1 Backcross 2 Backcross 3 Backcross 4
Traditional
backcross - - -
breeding
Percent recurrent 75.0 87.7 93.3 99.0
genome
Marker-assisted
backcross - -
breeding
Percent recurrent 85.5 98.0 100.0
genome
b
(b) = Backcross 1 Backcross 2 Backcross 3 Backcross 20 Backcross 100
Traditional
backcross **E*]*E*:*:*:**I:*:I**I:*:I
breeding
Years 0.5 1 1.5 2 10 50
Marker-
assisted M Donor genome
backcross * - # = + : [ Recurrent genome
breeding
Years 0.5 1 1.5

Fig. 1. Comparison through simulation of backcross breeding using either a traditional approach or marker-assisted selection. For traditional
backcross breeding, ‘graphical’ genotypes were generated for randomly selected individuals from various backcross generations derived from
asingle backcross 1 individual. For marker-assisted selection, graphical genotypes were generated from a simulated RFL P-assisted backcross
breeding program, 30 progeny were generated at each backcross generation and the best genotype was used as the parent for the next genera-
tion. (a) Rate of return to the recurrent parent genomein regions unlinked to genes being introgressed, indicating that marker-assisted selection
achieves complete conversion in only three backcrosses as compared to a minimum of six for conventiona selection. Chromosomes are indi-
cated by vertical bars. (b) Rate of return to the recurrent parent genome in regions of the chromosome flanking the target gene, indicating that
marker-assisted selection achieves the same level of conversion in only two backcrosses aswould be achieved in 100 backcrosses through con-

ventional methods. Modified from Ref. 4.

recombination. However, athough the pro-

cess of QTL identification has improved sig-

nificantly, marker-assisted selection is still

limited by three main factors:

* The number of samples that can be ana-
lyzed.

 The number of lines that can be improved
within a given time.

» Thebedlief that QTL identificationisrequired
whenever additional germplasm is used.
We believe that solutions exist to get past

these constraints.

PCR-based markers: a significant step
forward

New and reliable PCR-based markers, such as
sequence-tagged sites and microsatellites',
are now available for several plant genomes.
Theuseof microsatellitesallowsthe detection
of ahigh level of polymorphism, independent
of the species considered, because they target

highly variable regions of the genome. These
markers represent important tools for dissect-
ing the genomes of specieswith alow level of
polymorphism. PCR-based markers have also
opened new doors for genome manipulation,
since their use alows:

 Earlier sampling, because of the small
amount of tissue required.

o Faster DNA preparation, because of the
small amount of template DNA required.

* More efficient handling of large sample
sizes, because of the efficiency of PCR
technology.

Thousands of plantsat each cycle of selection

can be screened without the use of sophisti-

cated equipment””. An increase in the size of
the screened population improves the effi-
ciency of the selection at each cycle, thus
reducing the total number of selection cycles
required. However, the jump from small-
to large-scale selection, although aways

increasing efficiency, is not always required,
considering the additional cost and time
requirements. The efficiency of screening a
large popul ation increaseswith the pressure of
selection imposed by the model, asdefined by
the number of genomic regions to be trans-
ferred and, to alesser extent, the chromosomic
composition of the genome.

If ajump in the popul ation size under study
makes marker-assi sted sel ection more efficient
when several QTLs have to be transferred
from adonor to arecipient line, thelimitations
related to the number of crosses that can be
manipulated at the same time and the QTL
identification per crossremain present. Toover-
come these constraints, new marker-assisted
selection strategies must be devel oped.

New strategies
To date, several simulation studies have
looked at the integration of molecular marker
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Box 1. New theoretical selection scheme for marker-assisted selection

Phase | Elite parental line selection (P4, P5...P,):
*» Genetic experimental design (e.g. diallel)
« Fingerprinting
Phase Il Crosses from selected elite lines
Pl X P3
Selected elite line x Tester line: P, X Pg
» Mapping population
(F, plants, recombinant inbred lines) P3xPg
» Genetic linkage map
* Field evaluation
(F5 families, recombinant inbred lines)
F, plants

Autopollination

Identification of

genomic segments Large F, populations (thousands)

of interest
\ Large-scale marker-
assisted selection
(PCR-based markers)
Autopollination
Selected F5 families
Phase Il Population and line development

In this new marker-assisted selection approach, the selection of suitable parental lines
(Phase 1) and the development of new lines (Phase I11) is overseen by crop breeders, while
DNA markers are used at an early stage of recombination to fix alleles at selected genomic
regions (Phase ). Selection of parental linesis conducted among outstanding elite material
for the trait to be improved to identify elite lines with the best allelic complementarity. By
crossing each selected parental line with atester (elite material lacking the target trait), seg-
regating populations are developed. Genomic regions of interest for each parenta line can
be identified by combining the allelic segregation (e.g. F, plants and recombinant inbred
lines) and field performance (e.g. F; families and recombinant inbred lines) of those segre-
gating populations. The marker-assisted selection step, based on the use of reliable PCR-
based markersto fix favorable alleles at target genomic regions, is conducted only once on
large segregating populations derived from crosses between elite lines. This new strategy
offers two major advantages. First, favorable alleles selected to improve a specific trait are
derived from two or more sources of elite parental materialsin acomplementary scheme, dis-
regarding the ‘ recipient/donor’ line concept. Second, plantswith fixed favorable alleles at spe-
cific genomic regions are selected at an early generation of recombination; no pressure of
selection is applied outside the targeted regions. This assures good dl€lic variability in the
rest of the genome for future line development under various conditions and environments.

technology into conventional breeding strat-
egies. In practice, the backcross approach has
been widely adopted, but presents limitations
intermsof outputsthat fit breeder requirements
when several QTLs have to be manipulated.
Now isthetimeto consider the devel opment of
new breeding strategies that take into account
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genetic characteristics, such as. thecomplexity
of the genome; the nature and number of mol-
ecular markers available; the complexity of
thetraitsto beimproved; the number of plants
that can be screened at each sel ection step; and
the number of populationsthat can be concur-
rently manipulated. Itisalso crucial to explore

the complementarity between marker-assisted
selection and conventional breeding, and to
develop overal strategies that tightly and
interactively integrate the two approaches. In
facing the challenge of improving severa
linesfor quantitativetraitsin the same scheme
or in parallel, marker-assisted selection strat-
egies should probably concentrate on using
DNA markers in one key selection step to
maximize their impact. They could be used at
the very beginning of the scheme as predictive
tools to reduce the number of crosses; at an
early stage of recombination to fix target
genomic regions (Box 1); or at an advanced
stage of germplasm development as a diag-
nostic tool (when the dlélic value has already
been identified).

The future
Marker-assisted selection for polygenic trait
improvement is in an important transition
phase, and thefield is on the verge of produc-
ing convincing results. Given the plethora of
ongoing experimentsand the explosion of new
molecular technology and applications, new
or improved selection schemes should be de-
veloped and applied very soon (Box 2). Notable
among these developments will be the multi-
plication of QTL studies and the expanded
identification of genefunctionsusing expressed
sequence databases and reverse genetic analy-
ses'®, More datawill make gene manipulation
easier and more efficient®, whileal so enabling
the devel opment of new genome conceptssuch
astheclustering of geneswith similar devel op-
mental functions'®. Recent effortsin compara-
tive genetic analysis alow the identification
acrossdifferent plant speciesof gene sequences
involved in the expression of target traits. The
superior aleles identified among genomes at
those target genes can be used as DNA mark-
ersto devel op efficient screening techni ques™.
Finally, technological developments, includ-
ing automation, allele-specific diagnosticsand
DNA chips, will make marker-assisted selec-
tion approaches based on large-scale screen-
ing much more powerful and effective.
Today, the optimism of a decade ago
has been tempered somewhat by constraints
encountered by some current marker-assisted
selection approaches. However, considering
the potential for the devel opment of new strat-
egies, thefuturefor polygenictraitimprovement
through DNA markers, and the contribution
of this to plant breeding efforts worldwide,

appears bright.
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Box 2. Factors involved in the development of new marker-assisted

selection strategies

Technology

DNA markers
Automation

BAC and YAC libraries
EST databases
Reverse genetics
DNA chips

™~

Applications

Fingerprinting

Genetic mapping
Candidate gene isolation
Comparative mapping
Gene pyramiding

Germplasm

Elite germplasm
Breeding populations
Germplasm banks
Wild relatives
Landraces
Transgenics

~

New marker-assisted selection strategies

Development of any new marker-assisted selection strategy will need to consider progress
in molecular technology, new applications of molecular genetics and the diversity of
germplasm available. Abbreviations: BAC, bacteria artificial chromosome; YAC, yeast
artificial chromosome; EST, expressed sequences tag.
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Plant-parasitic nematodes are obligate feederson
plants, and interactions with their hosts can be
very complex and dynamic. Particularly intrigu-
ing are the sedentary endoparasitic nematodes,
whichinduce profound modificationsin root-cell
phenotype and function to form permanent feed-
ing sites. These nematodes are among nature’s
most successful parasites and elicit some of the
most elaborate responses in plant tissue of any
parasite. Concerns for sustainable and environ-
mentally safe nematode management tactics,
combined with thetools of modern biology, have
stimul ated aresearch emphasis on the molecul ar
biology of nematodes and their interactionswith
plants. This activity is rapidly expanding our
knowledge of plant-nematode interactions, and
the progress being madeisreviewed in thisbook.

The molecular analysis of plant-nematode
interactions is being approached in two ways:
€lucidation of themolecular responsesélicitedin
theinfected plant tissues; and characterization of
the molecular signals from the nematode that
trigger the plant responses. Thedriving forcefor
understanding the molecular basis of theseinter-
actions is the development of novel target-spe-
cificresistance strategiesthat are economical and
environmentally benign.

Theintensely studied Arabidopsisisbeing used
as a model host for dissecting the cellular and
molecular responses of the plant to nematode para-
sitism. These studies have provided new infor-
mation on nematode feeding behavior and form
the beginning of adetailed anaysis of host-gene
activity during nematode infection and feeding-
site development. Several chapters discuss the
recent developments in understanding the mol-
ecular responsesto parasitism by sedentary endo-
parasitic nematodes in Arabidopsis and other
hosts. Transcriptional changes in nematode-
parasitized rootsinclude expression of cell cycle
genes, genes critica for feeding-site function,
wound-response genes and other genes of un-
known function. Although our knowledge of plant
genes whose expression is atered during nema-
tode infection is rapidly increasing, little is yet
known about the regul atory mechanismsinvolved.

Sedentary endoparasitic nematodes appear to
have the ability to alter host gene expression
locally. Here again, the mechanisms by which
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