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Voorwoord

Dit proefschrift zet een punt achter een leerrijke, drukke en unieke periode in
mijn leven waarop ik met veel plezier terugkijk. Het leerrijke aspect omhelst het
zelfstandig uitoefenen van wetenschappelijk onderzoek en het afsluiten hiervan
met vier potentiele publicaties. Het drukke en tevens het unieke aspect van deze
periode bestond uit het kombineren van de eerder vermelde inspanning met het
vaderschap. Een betere cursus 'time-management' voor gevorderden kan ik niet
bedenken.
Sommige kansen krijgje maar een keer in je leven; in mijn geval isde kans om te
promoveren daar een mooi voorbeeld van. In 1993 bood Marc Zabeau mij een
baan aan op Keygene N.V. en tegelijkertijd ook de mogelijkheid om te
promoveren. Beste Marc, nogmaals dank voor deze toch wel unieke kans die je
mij gegeven hebt. Het doet me trouwens ook veel plezier datjij zelfs naje vertrek
op Keygene, nu alspromotor kan optreden.
Waar het allemaal begon om de rol van DNA-methylatie variatie in somaklonale
variatie, werd een jaar na aanvang het promotie-onderzoek over een totaal
andere boeg gegooid; 'heterosis' moest het worden. Met dit nieuwe onderwerp
rolde ik van louter moleculaire biologie in de kwantitatieve genetica. Al vlug
daarna werd Piet Stam gevraagd om ook als promotor op te treden, een taak die
hij steeds met een grote inzet wist uit te voeren. Beste Piet, jou deskundigheid is
essentieel geweest in hettot stand brengen van dit wetenschappelijk werk.
Een betere co-promotor dan Martin Kuiper kon ik me niet wensen. Onder zijn
directe begeleiding heb ik mij in de 'high-density mapping'- en de heterosisproblematiek gestort. Ook na zijn vertrek op Keygene en in alle drukte van zijn
nieuwe funktie bleef hij steeds bereikbaar voor allerlei discussies tijdens het
opschrijven van de resultaten tot een publiceerbaar geheel. Beste Martin, hiervoor
wil ikje nadrukkelijk bedanken.
Een woord van dank gaat zeker ook naar de Keygene-direktie, met in het
bijzonder Pieter Vos. Vooral in het afronden en het publiceerbaar maken van het
proefschrift heeft Pieter een niet onbelangrijke rolgespeeld.

Dank aan Cebeco Zaden, De Ruiter, ENZA Zaden, Rijk Zwaan en Van der Have,
niet alleen omdatze dit werk hebben meegefinancierd, maar ook omdat ze steeds
een grote interesse aande daghebben gelegdvoor dit werk.
Alle collega's van Keygene hebben bijgedragen tot een goede werkomgeving: de
gezelligheid op het lab, de praatjes met het ondersteunend personeel, en de vele
gezellige praatjes tijdens de koffie- en lunchpauzes hebben het werk er een stuk
aangenamerop gemaakt.
Een woord van dank aan mijn ouders en schoonouders. Ondanks het feit dat het
hun niet altijd even duidelijk was waarmee ik precies bezig was, hun
betrokkenheid en interesse in de voortgang van mijn activiteiten was steeds
merkbaar aanwezig. Vooral de bijdrage van mijn ouders kan niet sterk genoeg
worden benadrukt: ze hebben mij destijds de vrijheid gegeven om te studeren.
Dit proefschrift is dan ook een kroon op hun jarenlange inspanningen die ze
hiervoor hebben geleverd.
Als laatst een woord aan mijn echtgenote Nicole, die er voor heeft gezorgd dat dit
promotiewerk te combineren viel met een gezinsleven. Beste Nicole, alhoewel
jouw rol zich hoofdzakelijk achter de schermen afspeelde, je liefde en steun
waren onontbeerlijk.
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Stellingen

1. Het effect van de variabiliteit in DNA methylatie op de segregatie van Pstl/Msel AFLP®
merkers in mais isverwaarloosbaar klein.
2. Een associatie-studie met een groot aantal gekarteerde merkers op maishybriden leidt tot
identificatie van QTL.
3. 'Terug naar de gegevens op gel' isessentieel in het construeren van een genetische kaart.
4. Maar al te vaak wordt gemakshalve en op verkeerde wijze gekozen voor meer merkers
ten koste van het aantal segregerende individuen, wat de resolutie van de genetische
kaart en van QTL in meerdere loci niet ten goede komt.
5. Het gebruik van DNA-merkers in de plantenveredeling heeft zich tot nu toe hoofdzakelijk
beperkt tot het in kaart brengen van het resultaat van decennia langveredelen.
6. Een rechtstreeks gevolg van de Chinese 'een kind'-politiek is dat men straks in China
meer zal aangewezen zijn op associatie-studies dan op koppelings-studies in het
identificeren van genetische faktoren voor erfelijke ziektes.
7. Een allel met een groot effect wordt ten onrechte steeds gelijk gesteld aan een mutatie
met een groot effect; de interactie tussen meerdere mutaties in een locus kan in
eenzelfde effect resulteren. {Stam,L.F.and LaurieC.C.7996 Genetics 144, 7559-7564)
8. De wereldbeschouwelijke gevolgen van de ontdekking van buitenaards leven zullen die
van het copernicaanse wereldbeeld in de 16de eeuw en de darwiniaanse revolutie in de
19de eeuw overtreffen.
9. Vooral de advocatuur wordt rijk van de biotechnologie.
10. Biologisch gezien isvreemd gaan nietzo vreemd.
11. Alles kan beter.
Stellingen behorende bij het proefschrift "Genetic analysis of maize by using the AFLP®
method" door Marnik Vuylsteke, in het openbaar te verdedigen op woensdag 19 mei 1999,
te Wageningen.
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1
Introduction

Maize (Zea mays L), aworldwide grown and economically important crop, hasa
long history of intensive genetic and cytogenetic studies. Only part of the reasons
that make maize an attractive organism for genetic and cytogenetic studies are a
small chromosome number (2n = 2x = 20), easily observed hereditary
characteristics, many recessive characters that are exposed through inbreeding or
by mutagenic agents, the availability of a system for the efficient translocation of
recessive mutants in the arm of a specific chromosome, known as the B-A
translocation system, and the feasibility to perform either cross- or selfpollinations.

Especially the successful development in maize of the inbred-hybrid concept has
stimulated genetic investigation in maize and made maize one of the earliest and
most extensively studied organisms with respect to heterosis. The term heterosis,
synonymous with hybrid vigor, wascoined by Shull in 1908 (see Hayes 1992) and
is usually described in terms of the increase in size or rate of growth of offspring
over parents. However, although heterosis has been extensively examined and
utilized on a large scale for production of selected hybrids of plants and animals
for the past 75 years,the underlyinggenetic basisfor the phenomenon hasstill not
been satisfactorily explained. Since the early attempts to explain hybrid vigor in
Mendelian terms, two principal hypotheses have been suggested as the genetic
basis of heterosis: the dominance and the overdominance hypothesis. Because of
the observed correlation between recessiveness and detrimental effects, the
dominance hypothesis attributes the increased vigor of heterozygosity to dominant
alleles (i.e. single loci at which alleles have dominant advantageous effects). The
hypothesis still holds when dominance is not complete. The overdominance
theory assumes the existence of single loci at which two alleles have the property
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that the heterozygote is truly superior to either homozygote. These two theories
hold important differences for practical breeders, since they propose two different
methods for attaining maximum improvement. The dominance hypothesis
suggests that is possible to fix heterosis by inbreeding and selection. However, if
the number of favorable and unfavorable allele pairs differentiating the parents is
large, the probability of recovering an F2segregant with all the desired favorable
dominant alleles is extremely small. Heterosis due to overdominance or pseudooverdominance (i.e. nearby loci at which alleles having dominant or partially
dominant advantageous effects are in repulsion linkage phase) is not fixable by
inbreeding. Other possible gene actions playing a role in heterosis are multigene
interactions like epistasis.

Classical genetic studies in maize were originally performed using fairly gross
morphological, anatomical or behavioural traits as genetic markers. However,
singlegene markers causingadiscrete and visible change in the phenotype, posed
major limitations on such research because only alimited number of such markers
could be followed in any given cross, and the markers themselves often produced
undesirable phenotypic effects or showed recessiveness, dominance or epistasis
(Tanksley et al. 1989). In the 1950s, it became possible to look at subtle variation
in the structure of polypeptides. Allelic forms of enzymes (often referred to as
isozymes) can be seperated electrophoretically, detected histochemically and
mapped genetically, independent of any phenotypic changes. However, the
number of polymorphic loci that could be detected this way was still limited. In
the 1980s, it became standard practice to explore variation atthe DNA level itself,
in both coding and non-coding regions of the genome. The advent of molecular
(DNA) marker techniques has provided geneticists with an virtually unlimited
supply of phenotypically neutral markers, opening new possibilities and horizons
for genetic mapping.
Technological developments during the last 20 years have expanded the range of
DNA polymorphism assays, the first of which was restriction fragment length
polymorphism (RFLP, Botstein et al. 1980). RFLP analysis relies on the
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hybridization between a probe and homologous DNA segment(s) within the
genome. The RFLPassay, as replacement of isozymes, has been used successfully
for awide range of plant species including maize. RFLPsprovide the maximum of
information possible because they are usually co-dominant. However, the
requirement of relatively large amounts of pure, high molecular weight genomic
DNA for RFLP assays, the lack of polymorphism revealed by RFLP for some
species, the time consuming and labor intensive nature of preparing RFLP probes
and performing RFLP analyses, and the unamenability to automation, have
prompted the search for more efficient marker systems. In the past few years, a
generation of polymerase chain reactions (PCR)-based DNA marker systems
emerged. These marker systems, such as simple sequence repeat polymorphism
(SSR, Tautz 1989), random amplified polymorphic DNA markers (RAPD, Welsh
and McClelland 1990; Williams et al. 1990), and the AFLP® (Vos et al. 1995)
assay, rely on the exponential amplification of subsets of the total amount of DNA
sequence variation in a genome using specific oligonucleotide priming sets.SSR
loci are comprised of highly variable arrays of tandemly repeated two to six
nucleotides of DNA sequences. To develop SSRs as genetic markers, the
surrounding sequence must be obtained in order to design PCR primers for
regions directly outside the repeat. The primers must amplify uniquely the desired
region, which must also be polymorphic. As RFLPs,SSRsprovide the maximum of
information possible becausethey are multi-allelic.
Multiple uncharacterized annealing sites are used as PCR primer targets in the
RAPDanalysis.Thistechnique often results in several markers per assay,which are
generally dominant and therefore not asinformative asRFLPand SSRmarkers. No
prior sequence information is required so development costs reduce to screening
the genome with the primers to identify those that give most polymorphisms per
reaction. However, a major drawback has been the extreme difficulty to obtain
reproducible results, making these types of markers difficult to transfer between
laboratories (Joneset al. 1997).
The AFLP assay combines the restriction site variation used in RFLP with DNA
length differences targeted with RAPD primers. The DNA is cut into defined
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fragments usingrestriction endonucleases and adaptor oligonucleotides are ligated
to the overhanging ends. These adaptors serve as recognition sequences for PCR
primers. The complexity of the mixture of fragments is decreased using selective
PCR amplification, by adding additional nucleotides to the 3' termini of the PCR
primers. The number of additional bases is adjusted such that 50 - 100 DNA
fragments are amplified during the PCR. The AFLP method usually detects only
one of the two alleles at a heterozygous locus (dominant marker system).
However, quantitative analysis of AFLP marker bands in order to differentiate
heterozygotes from both homozygous classes, using proprietary software
developed specifically for AFLP analysis, at Keygene N.V., makes co-dominant
scoringof AFLP markers feasible. AFLP reactions are readily automated and AFLP
markerstransfer well between laboratories Coneset al. 1997).
Aswith most isozymes, these DNA-based markers are phenotypically neutral. But
unlike isozymes, the genetic variation is surveyed directly at the DNA level and
thuscan reveal more polymorphism.

With the advent of biochemical markers and, subsequently, molecular markers,
several investigators have estimated the correlations between marker allele
diversity and heterosis of single cross hybrids in maize. These correlation studies
are based on the 'distance' model, assuming that heterosis expressed by a hybrid
is related to the genetic divergence between its parental lines (Lee et al. 1989).
Compared with pedigree information, or with assessment of distance between
maize inbred lines based on a large set of morphological traits recorded at several
stagesof plant growth and chosen for their discrimination power (Smith and Smith
1989), DNA marker-based diversity estimates better reflect DNA differences
among lines. The potential of this 'distance' model-strategy has been extensively
tested in maize, where genetic distances were first computed from isozyme data
on parental inbreds (Frei et al. 1986), later from RFLPs(Lee et al. 1989; Godshalk
et al. 1990; Melchinger et al. 1990 a, b; Smith et al. 1990; Dudley et al. 1991;
Melchinger et al. 1992; Boppenmaier et al. 1993; Burstin et al. 1995) and
recently from PCR-based RAPDs (Lanza et al. 1997) and AFLP markers (Ajmone
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Marsan et al. 1998). The general tendency found was that the prediction effiency
of the 'distance model' is high when 1) hybrids between related lines
(intraheterotic crosses) and 2) hybrids between both related and unrelated lines
(intra- and interheterotic crosses) are considered. However, correlations between
genetic distances of unrelated linesonly andtheir respective interheterotic crosses,
were of low practical predictive value. This tendency is in good agreement with
quantitative-genetic expectations (Charcosset and Essioux 1994), ascribing the
failure of the distance model for interheterotic crosses to the fact that linkage
associations between markers and quantitative trait loci (QTL) generally differ
randomly from one heterotic group to the other.
Beside assessing the genetic distances between parental inbred lines, accurately
estimating the genetic diversity among inbreds is also helpful in assigning lines to
heterotic groups, maintaining and broadening the genetic variation of the elite
gene pool, and identifying and accurately describing new varieties for the purpose
of plantvariety protection.

The discovery that loci can be placed into ordered arrangements (chromosomes),
based on the observation of recombination events in meiosis, has led to the
development of genetic linkage maps for a number of species such as maize. The
only requirements for the construction of linkage maps are the availability of
distinguishable alleles at a locus, the ability to perform genetic crosses and to
analyze the resulting progeny. The development of genetic maps can be traced
back to the first genetic experiments of Sturtevant (1913), who succeeded to
linearly arrange multiple traits on a linkage group in Drosophila. Current public
maize genetic linkage maps (http://www.agron.missouri.edu) are an extension of
the first complete maps prepared by Rhoades and presented in Emerson et al.
(1935) and are among the best developed in plant species. Linkage maps for
maize are easily generated because of its diploid nature, the presence of
numerous homozygous inbred lines and the high degree of polymorphism present
between inbred lines. Beside morphological marker data, cytogenetic data (i.e.
knobs, heterochromatic regions, Carlson 1988), reciprocal translocations, both
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between members of the A chromosome set and between the supernumerary B
chromosomes and the A chromosomes (Becket 1987), and biochemical markers,
maize linkage maps are primarily based upon RFLP markers (Helentjaris et al.
1986, 1988; Burr et al. 1988; Beavis and Grant 1991; Shoemaker et al. 1992;
Gardiner et al. 1993; Matz et al. 1994; Coe et al. 1995). Recently, Senior et al.
(1997) published the first maize linkage map based upon SSRmarkers.

Maize breeders were alsoamongthe firstto utilize the quantitative genetics theory
in the development of breeding methods. Most morphological and reproductive
traits in maize, particularly those of economic importance, are classified as
multigenic or quantitative. The quantitative trait that still receives the major
emphasis in most maize breeding programs is grain yield. Maize has been used
effectively as a model organism in the development and evaluation of molecular
markers for the identification, mapping and manipulation of major genes affecting
the expression of quantitative traits in plants (Stuber 1995). The basic concept of
associating markers with quantitative traits was first proposed by Sax (1923),
reporting the association of seed coat pigmentation (a discrete monogenic trait)
with seed size (a quantitatively inherited character) in Phaseolus vulgaris.
Subsequent studies by Rasmusson (1933) and Everson and Schaller (1955)
reported linkages between single genetic markers and quantitative trait loci (QTL).
It was Thoday (1961) who greatly elaborated upon the subject, and put forth the
ideato use independent and easily recognizable single genetic marker loci asflags
in order to identify the regions of chromosomes containing the QTL and to
estimate the mean effects ofthe QTL alleles.
Today, in maize, basedon molecular markers, many QTL for grain yield and yield
components have been identified (Edwards et al. 1987; Zehr et al. 1992; Beavis
et al. 1994; Veldboom et al. 1994; Ajmone Marsan et al. 1995; Austin and Lee
1996; Cockerham and Zeng 1996; Eathington et al. 1997; Austin and Lee 1998).
Finding a large number of QTL is not surprising in view of the complex nature of
the trait yield (photosynthesis, transpiration, metabolism, nutritive uptake, lodging
and insect resistance, environment, ...).Although direct comparisons of QTL are
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complicated by differences in parental lines, design of the cross, number of
progeny and the environments in which the progeny was assessed, aswell as by
different marker loci and QTL detection methods, reports have identified identical
regions to be associated with QTL for grain yield. QTL for grain yield heterosis
were identified and mapped by Stuber et al. (1992); although the majority of the
QTL supported the overdominance hypothesis, results could not distinguish true
overdominance from pseudo-overdominance.

Maize seemsto keep its prominent role asmodel plant in the new era of genomic
analysis ("genomics"), launched since a few years. Genomics covers both the
structural elucidation of the organisation of agenome (large-scale sequencing) and
the assignment of the function(s) that are carried out by the full complement of
genes. Large-scale sequencing of the maize genome have already been initiated
by a number of companies and universities. The overwhelming amount of
available sequence information will dramatically change experimental plant
biology by providing researchers with many avenuesfor gene discovery. Especially
the saturated collection of DNAs from approximately 40,000 maize plants each
carrying multiple-inserted Mu family elements, established by Pioneer Hi-Bred
International, Inc., referred to asthe Trait Utility System for Corn (TUSC; Canada
and Meeley 1996), combined with the high level of synteny observed between
maize and the other cereals (Moore 1995), makes maize useful in the functional
analysisofgenes.

Objectives andoutline ofthisthesis
At Keygene N.V. maize hasacquired a prominent place by servingasmodel plant
in many research projects. Maize played a crucial role in the development of the
AFLP technique as well as in AFLP-related technology development. Maize F2
populations served as model segregating populations in the software-aided
conversion of dominant AFLP markers into co-dominant markers (i.e.,
heterozygotes can be differentiated from both homozygous classes). The first
application projects (e.g. genetic mapping, assessment of genetic diversity,
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backcross analysis) aswell asfurther characterization of AFLP data, were primarily
carried out in maize.

In framework of the AFLP-related technology development, a modification of the
AFLP method was developed, called the methylation AFLP® method (Chapter 2).
This chapter describes several features of the methylation AFLP technique and
illustrates how the technique can be used 1) to estimate the extent of CpG and
CpNpG methylation for maize, 2) to demonstrate that most moderately to highly
repetitive DNA sequences in maize are strongly methylated and 3) to generate
AFLP fragments originally bounded by a methylated restriction site, in order to
study hypermethylated portions ofthe genome.

In support of application projects, the inheritance of AFLP markers, whether or
not bounded by a methylated restriction site, relative to already known RFLP
markers and isozymes, was investigated in two segregating populations of maize
and outlined in Chapter 3. To my knowledge, this is the first detailed report of
mapping C-methylation and its stable transmission from parent to offspring. The
efficiency of generating high-density linkage maps usingthe AFLP technology was
evaluated in terms of multiplex (M), effective multiplex (EM) and effective mapped
multiplex (EMM)ratio. Both genetic maps of maize could be aligned on the basis
of common AFLP markers and the allele-specificity of AFLP markers across both
populations could be investigated. AFLP markers generated by CNG methylation
sensitive and CNG methylation insensitive enzyme combinations and AFLP
markers collected from hypomethylated and hypermethylated regions were
compared for their genomic distribution and their position relative to the
centromere.

Aiming at further characterization of AFLP data as tool for the breeder, AFLP
markers associated with different enzyme combinations and originating from
different methylated genomic regions were compared for their polymorphism
information content (PIC), marker index (Ml) and patterns of genetic diversity
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among a representative sample of maize inbred lines (Chapter 4). Furthermore,
the effect of reducing marker information redundancy, the choice of enzyme
combination and the bootstrap sample size on the bootstrap sample variance of
marker data in the estimation of genetic similarities among inbred lines, was
determined.

In contrast with the chapters mentioned so far, where the application and
evaluation of the AFLP and the methylation AFLP method have been restricted to
general questions encountered in many crop species, Chapter 5 addresses a more
maize-specific issue. Identification of genetic factors contributing to hybrid
performance and/or heterosis and finding a suitable method that could predict
hybrid performance and/or heterosis with some accuracy before field evaluation
of hybrid performance and heterosis for grain yield are of particular interest in
maize breeding. In Chapter 5 a novel approach towards the prediction of
heterosis and hybrid performance is presented. This approach is based on 1) the
assessment of associations between markers and hybrid performance across a
number of hybrids and 2) the assumption that the joint effect of genetic factors
(loci) determined thisway can be obtained by addition. Since the map position of
the selected markers is known, putative QTL affecting the trait of interest are
identified.

Finally, in Chapter 6 the implications of the results described in this thesis are
discussed with regard to applications in marker-assisted breeding and further
research.
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2
Characterization ofthe levelandtarget sitesofcytosine
methylation inplants usingmethylationAFLP®1
M. Vuylsteke, M. Zabeau and P.Vos

Abstract
Methylation AFLP® is a novel PCR-based method to detect methylation of
restriction sites randomly over the genome. The power of the methylation AFLP
technique resides in its positive display of the unmethylated and the native
methylated sites jointly and separately. The technique is based on selective
amplification of genomic restriction fragments obtained from native methylated
DNA and from unmethylated DNA amplified in vitro. The advantages of the
methylation AFLP method are manifold: no prior sequence knowledge isneeded,
a limited set of generic primers is used, a high multiplex ratio isobtained and the
detection of DNA methylation is genome-wide. Using the methylation AFLP®
technique, we have estimated the extent of CpG and CpNpG methylation for
maize, tomato and oilseed rape. In addition we demonstrated that most
moderately to highly repetitive DNA sequences are strongly methylated and that
the methylation AFLP technique allows the exploitation of two forms of DNA
polymophisms: (i) variation in the primary nucleotide sequence either in the
restriction sitesor inthe fragment size and (ii) methylation polymorphism.

Keywords:AFLP®, DNA methylation,ZeamaysL., epi-alleles, repetitive DNA
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Introduction
DNA methylation has been associated with several cellular processes, including
gene expression,epigenetic silencingof planttransgenes, regulation of transposons
and the inheritance of epigenetic states (Martienssen and Richards 1995). These
multiple functions indicate an important role for DNA methylation in species
where it occurs. For most plants, there is little or no direct information on the
extent, pattern or inheritance of methylated DNA. A variety of techniques to
assessthe degree of DNA methylation ispresently available, which can be divided
into sequence-unspecific and sequence-specific methods. The first category can
be usedto analyse the different types of modified basesand to quantify them, but
do not provide any information about the precise location of the modified site
within a given nucleic acid sequence. Into this category fall immunological,
chromatographic, electrophoretic and spectrophotometric procedures that follow
a complete chemical or enzymatic hydrolysis ofthe target DNA (reviewed in Saluz
and Jost 1993). The second category enables analysis of the precise location of
methylated bases within a known DNA sequence. Into this category fall
techniques based on the use of pairs of isoschizomeric restriction enzymes that
differ in sensitivity to methylation, in combination with Southern-blot analysis
(Bird and Southern 1978; Waalwijk and Flavell 1978) or PCR. PCR-based
methods for detecting DNA methylation have also been reported. One of these
PCR-based methodstakesadvantageofthe factthat PCRamplification occurs only
if the DNA between the two primer sites remains uncleaved by the methylationsensitive restriction enzyme Hpall (Singer-Sam et al. 1990; Heiskanen et al. 1994).
Other PCR-based methods combine PCR with genomic sequencing to identify
methylated cytosine residues (Maxam and Gilbert 1980; Pfeiffer et al. 1989),
utilizing the Maxam and Gilbert chemical cleavage reactions carried out on
genomic DNA with various additional procedures to enhance the signal from the
sequence under investigation. The bisulfite genomic sequencing technique
described by Frommer et al. (1992) circumvents the drawbacks of the latter
methods by eliminating the chemical cleavage reactions and providing a positive
identification of 5-methylcytosine residues. Additional methods have been
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developed recently which utilize bisulfite treatment of DNA asastarting point for
methylation analysis. These include methylation-specific PCR (MSP) (Herman et
al. 1996), restriction enzyme digestion of PCR products amplified from bisulfiteconverted DNA (Sadri and Hornsby 1996; Xiong and Laird 1997) and bisulfite
treatment of DNA followed by single nucleotide primer extension (Gonzalgo and
Jones 1997).
This paper describes methylation AFLP®, a novel sequence-specific, PCR-based
technique, to detect methylation of restriction sites randomly over the genome. In
contrast with the bisulfite genomic sequencing technique and relatives, the
methylation of a virtually unlimited number of loci can be detected by the
methylation AFLP method. The technique is based on the use of a pair of
restriction enzymes consisting of a methylation-sensitive rare cutter and a
methylation-insensitive frequent cutter. Complete digestion of the unmethylated
rare cutter sites preceeds nonselective amplification of the genomic restriction
fragments containing the methylated rare cutter site using PCR. Positive display of
the unmethylated and native methylated sites jointly and separately is obtained
after selective amplification of the restriction fragments by PCR. Further
characteristics ofthe methylation AFLP method are: no prior sequence knowledge
is needed, a limited set of generic primers is used and high multiplex ratio is
obtained. This paper describes several features of the methylation AFLP technique
and illustrates how the technique can be used to estimate the extent of CpG and
CpNpC methylation for maize, tomato and oilseed rape. We also demonstrate
that the methylation AFLP technique detects variation in the primary nucleotide
sequence aswell asmethylation polymorphism.

Materials and methods

Sources of genomic DNA and enzymes
Tomato DNA (Near Isogenic Lines (NILs) 83M-S and 83M-R obtained from De
Ruiter zonen, The Netherlands; cv. Motelle and Mobox obtained from INRA,
Montfavet, France; inbred line RC10 obtained from Enza Zaden, The
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Netherlands; inbred line 52201 obtained from Rijk Zwaan, The Netherlands),
maize DNA (inbred lines B73, Mo17 and A7 obtained from Dr. M. Motto,
Institute) Sperimentale per La Cerealicoltura, Bergamo, Italy; inbred lines D102,
DK105, D107, D118, D140, D503, C0125, W401, D44, D01, D403 and D406
obtained from Dr. W.G. Polmer, University of Hohenheim, Stuttgart, Germany;
88 recombinant inbred lines derived from the cross B73 x Mo17, obtained from
Dr. C.W. Stuber, North Carolina State University, Raleigh, NC, USA); oilseed rape
DNA (12 genotypes obtained from Van der have, The Netherlands) were isolated
using a modified CTAB procedure described by Stewart and Via (1993). All
restriction enzymes were purchased from

Pharmacia (Pharmacia LKB

Biotechnology AB, Uppsala, Sweden), except for the restriction enzyme Msel,
which was purchased from New England Biolabs Inc. (Beverly, MA, USA).
TaqStart™ Antibody was obtained from Clontech (Clontech Laboratories, Palo
Alto, CA, USA). T4 DNA ligase and T4 polynucleotide kinase were also obtained
from Pharmacia. All PCR reagents and consumables were obtained from Perkin
Elmer Corp. (Norwalk, CT, USA). Radioactive reagents were purchased from
Amersham (Amersham International pic, Little Chalfont, Buckinghamshire, UK) or
Isotopchim (Isotopchim SA,Canagobie, France).

AFLPprimers and adapters
All oligonucleotides were made on a Biotronic Synostat D DNA-synthesizer
(Eppendorf GmbH, Maintal, Germany) or Milligen Expedite 8909 DNAsynthesizer (Millipore Corp. Bedford, MA, USA). The quality of the crude
oligonucleotides was checked by end-labeling with polynucleotide kinase and [y33

P]ATP and subsequent electrophoresis on 18% denaturing polyacrylamide gels

(Maxam and Gilbert 1980). Oligonucleotide adapters and primers for AFLP
analysis were generally used without further purification when they proved to be
>85% full length.
Forthe rare cutter sitetwo different AFLPadapters were used: 1)the conventional
AFLPadapter (e.g.Pstl-adapter) astarget site for primer annealing and 2) an AFLP
adapter serving as blocking agent (e.g. Pstl-adapter*). Both adapters consist of a
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core sequence (CORE)and asite-specific sequence (SITE) (Zabeau andVos 1993).
The blocking adapters differ from the conventional adapters only in core
sequence. This isillustrated below for Pstland Hpall-adapters.

CORE

SITE

Pstl-adapter:

5'-CTCGTAGACTGCGTACA TGCA-3'
3'-CATCTGACGCATGT-5'

Pstl-adapter*:

5'-GCATCAGTGCATGCG TGCA-3'
3'-GTAGTCACGTACGC-5'

/-/pall-adapter:

5'-CTCGTAGACTGCGTACA-3'
3'-CATCTGACGCATGT GC-5'

Hpa11-adapter*:

5'-GCATCAGTGCATGCG-3'
3'-GTAGTCACGTACGC GC-5'

The conventional and blocking adapter for Mspl and C/al are identical to those for
Hpall.
Forthe frequent cutter site Msel, alsotwo different AFLPadapters were used: 1)a
Msel-adapter only for nonselective amplification (called Msel-adapter+) and 2) the
conventional AFLP Msel-adapter (called Msel-adapter) as annealing target site for
nonselective and further selective amplification. The Msel-adapters differ only in
core sequence.This is illustrated below:

CORE
Msel-adapter:

SITE

5'-GACGATGAGTCCTGAG-3'
3'-TACTCAGGACTC AT-5'

Msel-adapter+: 5'-CTCGTAGACTGCGTACC-3'
3'-CTGACGCATGG AT-5'
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AFLP primers consist of three parts, a core sequence, a site-specific sequence
(SITE) and a selective extension (EXT) (Zabeau and Vos 1993). This is illustrated
below for Pstl-, Hpall- and C/al-primers with three selective nucleotides (shown as
NNN):

CORE

SITE

EXT

Pstl-primer: 5'-GACTGCGTACA TGCAG NNN-3'
Hpall-primer: 5'-GACTGCGTACA

CGG NNN-3'

C/al-primer: 5'-GACTGCGTACA

CGAT NNN-3'

AFLPprimers for Mspl and /-/pall have asimilar architecture.
Note thatthe AFLP primers for Pstl, Hpall,Mspl and C/al are designed only for the
conventional AFLPadapters.
Thetwo Msel-primers aredistinguished in the sameway asthe two Msel-adapters:
the Msel-primer hasthe Msel-adapter asannealing target site, while Msel-primer+
has the Msel-adapter+ as annealing target site. The difference between the two
Msel-primers isshown below:

CORE
Msel-primer: 5'-GATGAGTCCTGAC

SITE
TAA

EXT
NNN-3'

Msel-primer+:5'-GTAGACTGCGTACC TAA-3'

Modification of DNA andtemplate preparation
The protocols A, Band C below describe the generation of A-,B-and C-templates
for AFLP reactions using the enzyme combination (EC) Pstl/Msel. Protocol C is
equivalent to the standard AFLP protocol (Voset al. 1995).
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Protocol A:
Genomic DNA (0.5 u.g)is incubated for 1 hat 37°C with 5 U Pstl and 5 U Msel in
40 LII 10mM Tris-HAc pH 7.5, 10 mM MgAc, 50 mM KAc, 5 mM DTT, 50 ng/uJ
BSA (acetylated). Next, 10 ul of a solution is added, containing 5 pMol Pstladapter*, 50 pMol Msel-adapter, 50 pMol Msel-adapter+, 1U T4 DNA-ligase,
1mM ATP in 10 mM Tris-HAc pH 7.5, 10 mM MgAc, 50 mM KAc, 5 mM DTT, 50
ng/ixl BSA,andthe incubation iscontinued for 3 hat 37°C.Adapters are prepared
by adding equimolar amounts of both strands; adapters are not phosphorylated.
After ligation, the reaction mixture is diluted to 250 LII with 10 mM Tris-HCI, 0.1
mM EDTApH 8.0, and usedfor PCRamplification or stored at-20°C.

Protocol B:
Genomic DNA (0.5 ug) is incubated for 1 h at 37°C with only 5 U Msel in 40 u.l
10mM Tris-HAc pH 7.5, 10 mM MgAc, 50 mM KAc, 5 mM DTT, 50 ng/uJ BSA
(acetylated). Next, 10 u.lof asolution isadded, containing 50 pMol Msel-adapter,
50 pMol Msel-adapter+, 1U T4 DNA-ligase, 1mM ATP in 10 mM Tris-HAc pH
7.5, 10 mM MgAc, 50 mM KAc, 5 mM DTT, 50 ng/ul BSA, and the incubation is
continued for 3 h at 37°C. Adapters are prepared as above (Protocol A). After
ligation, the reaction mixture is diluted to 250 LII with 10 mM Tris-HCI, 0.1 mM
EDTA pH 8.0, and usedfor PCRamplification or stored at-20°C.

Protocol C:
Genomic DNA (0.5 Lig) is incubated for 1 hat 37°C with 5 U Pstl and 5 U Msel in
40 LiI 10mM Tris-HAc pH 7.5, 10 mM MgAc, 50 mM KAc, 5 mM DTT, 50 ng/uJ
BSA (acetylated). Next, 10 til of a solution is added, containing 5 pMol Pstladapter, 50 pMol Msel-adapter, 1U T4 DNA-ligase, 1mM ATP in 10 mM Tris-HAc
pH 7.5, 10 mM MgAc, 50 mM KAc, 5 mM DTT, 50 ng/u,l BSA,andthe incubation
is continued for 3 h at 37°C. Adapters are prepared as above (Protocol A). After
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ligation, the reaction mixture is diluted to 500 u.1 with 10 mM Tris-HCI, 0.1 mM
EDTA pH 8.0, and usedfor PCRamplification or stored at -20°C.

Synthesisof unmethylated DNA by nonselective PCRamplification and further
modification of DNA andtemplate preparation
Synthesis of unmethylated A- and B-templates is performed by nonselective PCR
amplification. Nonselective PCR amplification is performed with the following
cycle profile for 7 cycles: a 30 s DNA denaturation step at 94°C, a 1 min
annealing step at 56°C and a 2 min extension step at 72°C. Amplifications are
performed in 20 uJ containing 5 ul template-DNA, 30 ng Msel-primer, 30 ng
Msel-primer+, 0.4 U Taq polymerase, 10 mM Tris-HCI pH 8.3, 1.5 mM MgCI2, 50
mM Kcl and 0.2 mM of all four dNTPs. After amplification, the reaction mixtures
A and Bare incubated again for 1 h at 37°C with 5 U Pstl in 40 ul 10mM TrisHAc pH 7.5, 10 mM MgAc, 50 mM KAc, 5 mM DTT, 50 ng/ul BSA(acetylated).
Next, 10 ul of a solution is added, containing 5 pMol Pstl-adapter, 1U T4 DNAligase, 1mM ATP in 10 mM Tris-HAc pH 7.5, 10 mM MgAc, 50 mM KAc, 5 mM
DTT, 50 ng/u.l BSA(acetylated), andthe incubation iscontinued for 3 hat 37°C.
After ligation,the reaction mixture isdiluted to 1000 ul with 10 mM Tris-HCI, 0.1
mM EDTA pH 8.0, and usedfor PCRamplification or stored at-20°C.
Generation of A- and B-templates for AFLP reactions using methylation-sensitive
rare cutters leaving a 5'-extension (e.g. Hpall, Msp\, C/al) involves inactivation of
the remaining Taq polymerase after the nonselective amplification, to avoid
incorporation of remaining dNTPs after restriction.This isachieved by adding 220
ng TaqStart™ Antibody/ U Taq polymerase to the amplification mixture, prior to
further restriction and ligation.

AFLP reactions
Amplification reaction conditions are described using DNA templates (A, Band C)
for the ECPstl/Msel. With other ECs,the procedure is identical except for the use
of appropiate primers.
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AFLP fingerprinting of large genomes generally involves an amplification in two
steps. The first step of this amplification procedure, named pre-amplification,
employes two AFLP primers, one aimed at the Pstl-ends and one at the Mselends, each having a single selective nucleotide. These primers are not
radioactively labelled. Amplifications are performed in 20 u.1 containing 5 \i\
template-DNA, 30 ngMsel-primer, 30 ng Pstl-primer, 0.4 U Taq polymerase, 10
mM Tris-HCI pH 8.3, 1.5 mM MgCI2, 50 mM KCIand 0.2 mM of all four dNTPs.
After pre-amplification, the reaction mixtures arediluted 20-fold with 10 mM TrisHCI, 0.1 mM EDTA pH=8.0, and used astemplates for the second amplification
reaction.
The second amplification reaction again employes two oligonucleotide primers,
one aimed at the Pstl-ends and one at the Msel-ends, each having two or three
selective nucleotides. The Pstl-primer is radioactively end-labeled using[y-33P]ATP
and T4 polynucleotide kinase. The labelling reactions are performed in 50 u.l25
mM Tris-HCI pH 7.5, 10 mM MgCI2, 5mM DTT, 0.5mM spermidine-3HCI using
500 ngoligonucleotide primer, 100 uCi [y-33P] ATP (1000-3000Ci/mol) and 10 U
T4 polynucleotide kinase. Amplifications are performed in 20 uJ containing 5 u.l
DNA-template, 5 ng labeled Pstl-primer (0.5 ul from the labelling reaction
mixture), 30 ngMsel-primer, 0.4 U Taqpolymerase, 10 mM Tris-HCI pH 8.3, 1.5
mM MgCI2, 50 mM KCIand 0.2 mM of allfour dNTPs.
AFLP preamplification reactions are performed for 24 cycles (protocol A and B)
and 20 cycles (protocol C) with the following cycle profile: a 30 s DNA
denaturation step at 94 °C, a 1 min annealingstep at 56°C and a 1 min extension
step at 72°C. AFLP reactions with primers having two or three selective
nucleotides are performed for 36 cycles with the following cyle profile: a 30 s
DNA denaturation step at 94°C, a 30 sannealing step (see below) and a 1 min
extension step at 72°C. The annealing temperature in the first cycle is 65 °C, and
is subsequently reduced each cycle by 0.7 °C for the next 12 cycles, then
continued at 56 °C for the remaining 23 cycles. All amplification reactions are
performed in aPE-9600thermocycler (Perkin Elmer Corp. Norwalk, CT, USA).
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Gel analysis
Following amplification, reaction products are mixed with an equal volume (20 \i\)
of formamide dye (98%formamide, 10 mM EDTA pH 8.0, and bromophenol blue
and xylene cyanol astracking dyes). The resulting mixture is heated for 3 min at
90 °C, then quickly cooled on ice. Each sample (2 ul) was loaded on a 5%
denaturing (sequencing) polyacrylamide gel (Maxam and Gilbert 1980). The gel
matrix is prepared using 5% acrylamide, 0.25% methylene bisacryl, 7.5 M urea in
50 mM Tris/50 mM Boric acid/1mM EDTA (pH 8.3). To 100 ml of gel solution
500 ul of 10% APS and 100 ul TEMED is added and gels are cast using a
SequiGen 38x50 cm gel apparatus (Biorad Laboratories Inc., Hercules, CA, USA).
100 mM Tris/100mM Boric acid/2ml EDTA was used as running buffer.
Electrophoresis is performed at constant power, 110W, for

~ 2 h. After

electrophoresis, gels are fixed for 30 min in 10% acetic acid, rinsed with water for
10 min, dried on the glass plates and exposed to Fujix phosphorimage screens for
16 h. Fingerprint patterns are visualized using a Fujix BAS-2000 phosphorimage
analysissystem (Fuji Photo Film Company Ltd., Japan).

Results

Principle of the method
The methylation AFLP technique enables the discriminative detection of
methylated and unmethylated sequences by separate display of restriction
fragments originating from either methylated or unmethylated restriction enzyme
sites. The technique employs a methylation sensitive restriction endonuclease in
combination with methylation insensitive restriction enzyme for AFLP template
preparation. Three types of genomic AFLP template DNA are used, denoted A, B
and C, derived from either native or in vitro amplified genomic DNA. The general
outline of the method is depicted in Figure 2.1 and is exemplified for the EC
Pstl/Msel. The three types of template DNA are prepared in the following way.
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Figure 2.1 Schematic representation ofthe methylation AFLPtechnique for theEC
Pstl/Msel: 'nonselective amplification' stands for the nonselective Msel/Msel*
amplification; 'selective amplification' stands for the selective Pstl/Msel
amplification. Left: generation of subset A-templates, representing restriction
fragments with a native methylated Pstl site, followed by the selective Pstl/Msel
amplification procedure. Middle: generation of subset B-templates, representing
the restriction fragments with a native methylated or unmethylated Pstl site,
followed by the selective Pstl/Msel amplification procedure. Right: generation of
subset C-templates, representing the restriction fragments with a native
unmethylated Pstl site, followed by the selective Pstl/Msel amplification
procedure.
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For A templates the genomic DNA is digested with Pstl and Msel, followed by
ligation of ds Pstl- and two types of Msel-adapters to the restriction fragments.
Subsequently, a"whole genome amplification" step is carried out usingtwo types
of nonselective Msel primers. In this way most Msel fragments will be amplified
except the fragments which have cleavable, i.e. unmethylated, Pstl siteswithin the
Msel fragment. The resulting Msel fragments are again digested with Pstl followed
by ligation of Pstl-adapters (a different Pstl-adapter is used now). AFLP
amplification of A templates will display the Pstl-Msel fragments originating from
native methylated Pstlsites.
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For Btemplates the genomic DNA is digested with Msel only and two types of
Msel-adapters are ligated to the restriction fragments. Subsequently, a "whole
genome amplification" step is carried out using two types of nonselective Msel
primers. Inthis way unmethylated genomic Msel fragments will be generated. The
resultingMsel fragments are digested again with Pstl and Pstl-adapters are ligated.
AFLP amplification of B templates will display the Pstl-Msel fragments derived
from native methylated and unmethylated Pstlsites simultaneously.
C templates are standard genomic AFLP templates (Vos et al. 1995) and will
display only Pstl-Msel fragments from native unmethylated Pstlsites.
The methylation AFLP technique performs the parallel display of fingerprints from
A, B and C templates detecting fragments derived from methylated Pstl sites (A),
fragments derived from both methylated and unmethylated Pstl sites (B) and
fragments derived from native unmethylated Pstlsites(C).

Methylation AFLPfingerprinting of large genomes
Initial experiments with methylation AFLP fingerprinting of plant genomic DNA
indicated that the complexity of the template libraries is of the same order as in
the standard AFLP protocol. For maize, however, the number of the fragments
detected in the Breaction (~ A and C reaction jointly) by Pstl+2/Msel+3 primer
combinations (PCs) is substantially elevated, so 'tuning' to a slightly higher
selectivity of the PCsisdesirable and results in combined Pstl PCs,e.g. Pstl+AGW
or Pstl+AGS,where W stands for A and Tjointly, and where S stands for Cand C
jointly.
Figure 2.2 shows a number of typical methylation AFLPfingerprints obtained with
the two step amplification strategy of genomic DNA from the three maize inbred
linesA7, B73andMo17.
Although large plant genomes consist predominantly of unique AFLP fragments
(Vos et al. 1995; Keim et al. 1997; Qi et al. 1998; Marques et al. 1998), the
presence of repetitive DNA isreflected byfragments of moderate (arrow 1)or high
(arrow 2) band intensities (Figure 2.2 PCM), in good accordance with the
correlation thatexists between AFLPband intensity andthe original number of
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Figure 2.2 Methylation AFLP fingerprints of genomic DNA from the three maize
inbred lines A7, B73 and Mo17. The two panels show Pstl/Msel fingerprints,
correspondingwith the following PCs(from leftto right): I. Pstl+AGW/Msel+CTT,
and II. Pstl+AGS/Msel+CTT. Lane A, B and C represent the corresponding A, B
and C restriction fragments, referring to the native methylated state of the rare
cutter sites. The molecular weight size range of the fingerprints is 200-500
nucleotides.
i

n

A7
B73
Mo17
A7
B73
Mo17
A B C A B C A B C A B C A B C A B C

restriction fragments (Vos et al. 1995). Since these multicopy restriction fragments
are more abundant in lane A than in lane C, we can conclude that most
moderately to highly repetitive sequences arestrongly methylated.
Theoretically, every band present in lane A or lane C should also be present in
lane B, because lane B represents both the native methylated and unmethylated
rare cutter sites jointly. In some cases, however, fragments present in lane C are
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missing in lane B. There are two possible explanations for this: 1) short Msel
restriction fragments have acompetitive advantage over the longer Msel restriction
fragments in the nonselective amplification. Consequently, unmethylated rare
cutter restriction sites, on average residing more on long Msel restriction
fragments, may not be detected. Subsequent restriction and ligation of the
underrepresented fragments will generate a reduced amount of templates; 2) coamplification with highly repetitive restriction fragments makes it difficult for single
copy fragments to reach the detection limit.

Estimatingthe extent of 5mCpNpG aspresented in Pstl-sitesof some large plant
genomes
In plants the modified C at position 5 (m5C) is not only confined to CpG
dinucleotides as is in animals, but also occurs at a variety of other cytosine
containing dinucleotides, all of which are part of the basic trinucleotide CpNpG
where N can be any nucleotide (Gruenbaum et al. 1981). The restriction enzyme
Pstl is sensitive to methylation at the C-residues at position 1 and 4 of its
recognition site 5'-CTGCAG-3', containingtwo CpNpG trinucleotides (McClelland
et al. 1994). A mean percentage ± standard error of methylated Pstl-sites in the
nuclear DNA oftomato, maize andoilseed rape,aregiven in Table2.1.
It isclear from Table 2.1 that variation in the percentage of methylated Pstl-sites is
very low within a species. For tomato and maize, percentages of 5mC residues in
the nuclear DNA (expressed as 5mC/5mC +C) calculated as half the number of
methylated Pstl-sites, are very similar to published percentages, based on HPLC
analysis (Messeguer et al. 1991; Montero et al. 1992) (Table 2.1). These results
suggest that, as assumed, only one C residue in the Pstl recognition site is
methylated.
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Table 2.1 Mean percentages + standard error of methylated Pstl-sites and
5m
CpNpGa as presented in Pstl-sites in the nuclear DNA of tomato, maize and
oilseed rape, and published mean percentages 5mC residues (expressed as %
smC/5mC + c ( M e s s e g u e r e t a | 1991; Montero et al. 1992)) in the nuclear DNA of
tomato and maize. N = number of genotypes assayed, n = total number of
Pstl/Msel restriction fragments counted.
species

N

% Pstl-sites

% CpNpG-sites

methylated

methylated

t1

°/ 'o

5m

C/ 5m C+C

tomato

6

39.75 11.10

19.88 + 0.55

219 -248

22.8

maize

12

50.7811.33

25.39 + 0.67

753 •820

28.9

oilseed

12

33.12 10.69

16.5610.35

548 -609

5m

' inordertoestimatethe percentageof Cresiduesinthe nuclear DNA (expressedas SmC/s"'C
+C) andtocomparewith published percentages,percentageof5,nCpNpG-sitesaspresented in
Pstl-siteswereassumedto behalfthe number of methylatedPstl-sites.

Estimatingthe extent of 5mCpG aspresented in Hpall-, Mspl- and C/al-sites in
some large plant genomes
Mspl and Hpall (methylation isoschizomers) have the same recognition site 5'CCGG-3', containing one CpG dinucleotide. Mspl is methylation sensitive only
when the outer C ismethylated, whereas Hpall issensitive to methylation at either
C (McClelland et al. 1994). Therefore, Mspl and Hpall are appropriate for
estimating the extent of 5mCpG. The extent of 5mCpG methylation by using Hpall
and Mspl asmethylation-sensitive rare cutters is measured asthe difference in the
number of bands counted in a Mspl and a Hpall fingerprint in lane C; the
difference in the number of bands counted in a Mspl and a Hpall fingerprint in
laneA mustgivethe same result.
Another methylation-sensitive restriction enzyme C/al, having the CpGdinucleotide containing recognition site 5'-ATCGAT-3', and affected by 5mCpG
(McClelland et al. 1994) was also found to be a suitable rare cutter in the
detection of 5mCpG.
The percentages of 5mCpG sites in the nuclear DNA of tomato and maize, as
presented in Hpall- and Mspl-sites, and the percentages of 5mCpG aspresented in
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C/al-sites in the nuclear DNA of tomato, maize and oilseed rape, were measured
for only one genotype/species, and aregiven inTable 2.2.
Table 2.2 Percentages of 5mCpC in the nuclear DNA of tomato, maize and oilseed
rape, as presented in C/al-sites, and percentages of 5mCpC in the nuclear DNA of
tomato and maize as presented in /-/pall- or Mspl-sites. n = total number of
restriction fragments counted.
%5mCpGas
species

presented in

%5mCpCas
n

C/alsites
tomato (cv.52201)

presented in

n

Hpall/Mspl sites

57.9

2833

57.6

2169

maize (B73)

53.9

2694

39.6

1791

oilseed(T528)

48.4

2973

In tomato, asimilar percentage of 5mCpC as presented in C/al-sites is obtained as
presented in either Hpall- or Mspl-sites, in contrast with maize. Estimations of the
percentage of

Sm

C residues as presented in C/al-sites in the nuclear DNA of

tomato, maize and oilseed rape is significantly higher than the corresponding
percentages 5mC residues as presented in Pstl-sites. This suggests that the majority
of 5mCresidues in the tomato, maize and oilseed rape genome existatCpGsites.

C-methylation polymorphism
Since DNA methylation occurs at defined target sequences (i.e. CpG and CpNpG)
in specific genomic regions, methylation polymorphism may represent a
potentially important form of DNA polymorphism. The methylation AFLP
technique detects two forms of DNA polymophisms: 1) variation of the primary
nucleotide sequence either in the restriction sites (point mutation) or in the
fragment size (deletion/insertion), resulting in mAFLPmarkers; and 2) allele-specific
methylation (methylation polymorphism) resulting in asmAFLP markers. Since DNA
methylation is also the only source of allelic difference between epi-alleles,
asm

AFLP markers are epiallelic markers. To identify aAFLP and a mAFLP marker as

a possible asmAFLP marker pair, the following criteria are applied: 1) both AFLP
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fragments have exactly the same size; 2) both AFLP fragments are derived from
different parents, with the same PC; and 3) bothAFLPfragments mapto the same
locus (complementary segregation). Figure 2.3A shows the segregation of a
number of mAFLP markers in a Recombinant Inbred (Rl) population derived from
the cross B73 x Mo17, while Figures 2.3A and 2.3B show the complementary
segregation of apair of asmAFLPmarkers.
Figure 2.3 The segregation of (A) a number of Pstl/Msel mAFLP markers and (B)
Pstl/Msel AFLP markers in Rl population derived from the cross B73 x Mo17: 10bi
is the 10 base ladder, P1 and P2 are the parental lines B73 and Mo17, respectively. Thetwo marked markers inA and Bareapair of Pstl/Msel ""AFLP markers.

10WP1P2

Discussion
Methylation AFLP is a DNA fingerprinting technique that detects genomic
restriction fragments and in that respect resemblesthe AFLPtechnique. The major
difference isthat methylation AFLPmethod detects native methylated sites, but only
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if they are located in the recognition site of the methylation-sensitive rare cutter. As
for the AFLP technique, the multiplex ratio is high (50-100 restriction fragments)
and is a function of (i) the cleavage frequency of the methylation-sensitive rare
cutter enzyme and (ii) the number and nature of the selective basesof the specific
primer set.
Inthis paper, we have shown the useof the methylation AFLP method to estimate
the extent of 5mCpNpG and 5mCpC in the genomes of afew plants, aspresented in
Pstl-, C/al-, Hpall/Mspl-sites. The methylation AFLP method can provide valuable
estimations of the extent of

5m

CpNpG and 5mCpG in any genome, although

generalization of these estimates to percentages

5m

CpNpG and 5mCpG in the

genome, may insome casesnot befully representative asmethylation of Ccan be
biased bythe nature of itsflanking nucleotides
(e.g. recognition site), or by the percentage G+C of the genomic region it resides
(e.g. CG-islands). Another potential use of the technique described is the
estimation of the low prevalence of 5mC-residue in non-symmetrical dinucleotides
(e.g.5mCpC), (Selker et al. 1993; Meyer et al. 1994;, or modified nucleotides other
than C (e.g. m6A) (McClelland et al. 1994), dependent upon the availability of the
appropriate restriction enzymes. We have also demonstrated that most
moderately and highly repetitive sequences are strongly methylated. Methylation
of repetitive sequences, of which some are transposableelements, is thought to
serve as a genome-defense mechanism that guards against the deleterious effects
of multicopy transposable elements. Methylation of repetitive sequences might
also suppress recombination between repeats in different genomic positions and
guardthe genome against aberrant gene duplications (reviewed by Bender 1998).
The methylation AFLP technique allows the exploitation of two forms of DNA
polymorphisms: (i) polymorphism reflecting variation in the primary nucleotide
sequence of the methylated restriction site and/or variation in the restriction
fragment size, and (ii) methylation polymorphism. By monitoring the segregation
of both forms of DNA polymorphism in a Rl population, it was shown that DNA
methylation inherits in a Mendelian fashion to the offspring and co-segregates in
perfect accordance with the primary target site (Chapter 3). Of a total of 673
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mapped (m)AFLP markers, generated by a set of 14 Pstl/Msel PCs, mAFLP markers
account for 44.6%, which is in good accordance with the 50.8% methylated Pstlsites in the maize genome (Table 2.1). Only 1 %of the marker alleles behave like
epi-alleles, indicating that methylation polymorphism at the CpNpG target site is
not common in maize (Chapter 3). This low percentage shows the high accuracy
of the transmission of agiven pattern of 5mC, and can account for the specificity of
the pattern that can be highly conserved between individuals.
The technique described here has many more potential uses. mAFLP markers
corresponding to unique positions in the genome, can be exploited as landmarks
in and asbridgingtools between genetic and physical maps (Vos et al. 1995), and
used to distinguish native methylated sites from native unmethylated sites on a
physical map. Therefore, the methylation AFLP technique has the potential to
shed a light on the distribution of DNA methylation on the genetic map (Chapter
3) aswell ason the physical map. Finally, this method can be applied, due to its
sensitive, reliable and quantitative nature, to identify variable, tissue-specific levels
of DNA methylation at specific gene loci and to trace epigenetic changes at the
DNA methylation level upon environmental stress.

Acknowdledgements
We would like to thank Jerina Potfor artwork and Martin Kuiper and Michiel van
Eijk for critically readingthe manuscript. This work was financed by Keygene N.V.
and 6 Dutch breeding companies: Cebeco Zaden, De Ruiter, De ZPC, ENZA
Zaden, Rijk Zwaan and Van der Have.

Note:AFLP® isaregistered trademark of Keygene N-V.
Note: The methylation AFLP® method issubjectto apatent application filed by
Keygene N.V.

29

Chapter2

30

Two high-density AFLP® linkage mapsofZea maysL.

3
Two high-densityAFLP® linkage mapsofZeamays L: analysisof
distribution ofAFLPmarkers1

M. Vuylsteke, R.Mank, R.Antonise, E.Bastiaans, M.L. Senior, C.W. Stuber,A.E.
Melchinger, T. Lubberstedt, X.C.Xia, P.Stam, M. Zabeau and M. Kuiper

Abstract
This study demonstrates the relative ease of generating high-density linkage maps
usingthe AFLP® technology. Two high-density AFLP linkage maps of Zea mays L.
were generated based on: 1) a B73 x Mo17 Recombinant Inbred population; and
2) a D32 x D145 Immortalized F2 population. Although AFLP technology is in
essenceadominant marker system,markers can bescored quantitatively and used
to deduce zygosity. AFLP markers were generated usingthe enzyme combinations
fcoRI/Msel and Pstl/Msel. A total of 1539 and 1355 AFLP markers have been
mapped in the two populations, respectively. Among the mapped Pstl/Msel AFLP
markers we have included fragments bounded by a methylated Pstl site (mAFLP
markers). Mappingthese mAFLPmarkers shows thatthe presence of C-methylation
segregates in perfect accordance with the primary target sequence, leading to
Mendelian inheritance. Simultaneous mapping of Pstl/Msel AFLP and Pstl/Msel
m

AFLP markers allowed us to identify a number of epi-alleles, showing allelic

variation in the CpNpG methylation only. However, their frequency in maize is
low. Map comparison showsthat, despite some rearrangements, most of the AFLP
markers that are common in both populations, map at similar positions. This
would indicate that AFLP markers are predominantly single locus markers.
Changes in map order occur mainly in marker-dense regions.These marker-dense
regions, representing clusters of mainly fcoRI/Msel AFLP and Pstl/Msel mAFLP

1

accepted for publication in Theoretical and Applied Genetics
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markers, co-localize well with the putative centromeric regions of the maize
chromosomes. In contrast, Pst\/Mse\markers are more uniformly distributed over
the genome.

Keywords:ZeamaysL, AFLP®, methylation AFLP®, genetic map, DNA
methylation

Introduction
High-density genetic maps are becoming increasingly useful in fundamental and
applied genetic research. They serve to 1) locate genes of interest, 2) facilitate
marker-assisted breeding and map-based cloning and 3) provide the framework
towards understanding the biological basis of complex traits. In genome projects,
high-density genetic maps arecentral to localizingalarge portion of the loci in the
germplasmof interest andto top-down anchoringof physical maps.
Until recently, genetic maps of many plant species such as maize (Zeamays L.)
were primarily based upon segregating restriction fragment length polymorphism
(RFLP) markers (Helentjaris et al. 1986, 1988; Burr et al. 1988; Beavis and Grant
1991; Shoemaker et al. 1992; Gardiner et al. 1993; Matz et al. 1994; Coe et al.
1995). The disadvantages of RFLPs include 1) large quantities of DNA are
required, 2) analyses of large populations are costly and 3) the technique is
difficult to automate. This has prompted the search for more efficient marker
systems.Of these,the randomly amplified polymorphic DNA (RAPD) assay (Welsh
and McClelland 1990; Williams et al. 1990) has been widely used in plant
breeding and genetics (Waugh and Powell 1992). However, problems with the
reproducibility of RAPDamplification were reported (Demeke et al. 1997; Karp et
al. 1997). Simple sequence repeat polymorphisms or microsatellites (SSR) (Tautz
et al. 1989), a marker system first made popular in mammalian genetics, has
generated considerable interest among plant geneticists. SSR markers were
developed for many plant species, including maize (Senior et al. 1997). However,
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the high development and application costs may hinder their application in the
large numbers needed to study, e.g.,alargegermplasm collection.
Another efficient polymerase chain reaction (PCR)-based method, called AFLP®
has been developed (Vos et al. 1995), combining the restriction site recognition
element of RFLP with the exponential amplification aspects of PCR-based DNA
marker systems. The major advantages of AFLP are 1) a high multiplex ratio, 2) a
limited setof generic primers isused,and 3) no need for sequence information. To
date, the AFLPtechnique has been succesfully applied to identify markers linked
to disease resistance loci (Meksem et al. 1995; Thomas et al. 1995; Cervera etal.
1996; Sharma et al. 1996; Brigneti et al. 1997; Simons et al. 1997; Vos et al.
1998), in germplasm analyses (Hill et al. 1996; Powell et al. 1996; Maughan etal.
1996; Milbourneetal.1997; Paul et al. 1997; Schut et al. 1997; Zhu etal. 1998;
Cervera et al. 1998; Barrett et al. 1998; Pejic et al. 1998), and in mapping barley
(Becker et al. 1995; Qi et al. 1998; Castiglioni et al. 1998), eucalypts (Marques et
al. 1998), potato (van Eck et al. 1995), rice (Maheswaran et al. 1997; Zhu et al.
1998), soybean (Keim et al. 1997) and sugar beet (Schondelmaier et al. 1996).
AFLP publications in maize are today limited to Ajmone Marsan et al. (1998),
Melchinger et al. (1998a) and Pejic et al. (1998).
In the present study, two high-density AFLP linkage maps of Zea mays L. were
generated. The aim of this study was to 1) confirm the relative ease of generating
high-density maps using the AFLP technology, 2) evaluate the efficiency of the
AFLP technology in terms of multiplex (M), effective multiplex (EM)and effective
mapped multiplex (EMM)ratio for linkage analysis, 3) study the transmission of Cmethylation from parent to offspring and 4) to investigate the consistency of AFLP
markers across populations. Inaddition,the dataobtained enable acomparison of
the genomic distribution of AFLP and mAFLPmarkers and of their position relative
to the centromere.

33

Chapter3

Materials and methods

Plant material and DNA isolation
A Recombinant Inbred (Rl) population (Senior et al. 1997) and an ImmortalizedF2
(IF2) population (Xiaet al. 1998) involvingfour different inbred linesofZeamays L.
were used for this study. The parents of the Rl population were B73, a central
corn belt line derived directly from Iowa Stiff Stalk Synthetic (BSSS),and Mo17, a
central corn belt line derived from Lancaster and Krug germplasm. The Rl
population was set up asfollows: an F1was produced from a cross between B73
and Mo17. Selfingfor 2 generations produced aset of 264 F3lines.Two hundred
and eight Rl lines were developed from these F3 plants by single seed descent for
3 generations. DNA of the RIs was extracted by a modified CTAB procedure
described by SaghaiMaroof et al. (1984).
The parentsofthe IF2 population were D32, asugarcane mosaic virus (SCMV) and
maize dwarf mosaic virus (MDMV) resistant European Dent line having an lodent
and Illinois High Protein (IHP) background, and D145, a SCMV and MDMV
susceptible European Flint with Lancaster background (Melchinger et al. 1998b).
The IF2 population hasbeen developed atthe University of Hohenheim, Stuttgart,
Germany and was set up asfollows: 1) an F1was produced from across between
D32 and D145; 2) selfingfor 2 generations produced asetof 220 F3families. Per
F3 family, a pool of 20 F3plants was chosen to generate the IF2 lines; 3) random
crosses were performed between 10 F3plants as female and the 10 F3plants as
male; and 4) seed obtained from the 10 females was subsequently pooled,
representing an IF2 line.Thus,220 IF2 lineswere obtained.Atthe DNA level,each
IF2 line represented a pool of 60 sib-mated F3 plants. DNA of the pooled sibmated F3 plants was extracted using a modified CTAB procedure described by
Stewart et al. (1993).

AFLPand methylation AFLPanalysis
TheAFLPanalysiswas performed accordingto Voset al.(1995), usingthe enzyme
combinations (ECs) fcoRI/Msel and Pstl/Msel. Methylation AFLP® analysis was
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performed accordingto Chapter 2, usingthe ECPstl/Msel. The adaptor sequences
specific for these enzymes were synthesized according to Zabeau and Vos (1993)
and areasfollows:

fcoRI-adapter:

5'-CTCGTAGACTGCGTACC-3'
3'-CATCTGACGCATGGTTAA-5'

Pstl-adapter:

5'-CTCGTAGACTGCGTACATGCA-3'
3'-CATCTGACGCATGT-5'

Pstl-adapter*:

5'-GCATCAGTCCATGCGTGCA-3'
3'-CTACTCACGTACGC-5'

Msel-adapter:

5'-GACGATGAGTCCTGAG-3'
3'-TACTCAGGACTCAT-5'

Msel-adapter+:

5'-CTCGTAGACTGCGTACC-3'
3'-CTGACGCATGGAT-5'

The non-selective amplification ofthe restriction fragments duringthe methylation
AFLPanalysis isperformed usingboth ofthe Msel-primersshown below.
A two-step amplification strategy was followed in the methylation AFLP aswell as
in the AFLPanalysis: in aselective preamplification, the restriction fragments were
amplified with AFLP primers both having a single selective nucleotide. In the
second step, further selective amplification was carried out using primers having
two (Pstl-primer) or three (fcoRI- and Msel-primer) selective nucleotides. The
AFLP primers were designed based on the adapter sequence and restriction sites
of fcoRI, Pstland Msel, and havethe followingsequences:

Pstl-primer

5'-GACTGCGTACATGCAC...NN-3'

EcoRI-primer

5'-GACTGCGTACCAATTC...NNN-3'

Msel-primer

5'-GATGAGTCCTGAGTAA...NNN-3'

Msel-primer+

5'-GTAGACTGCCTACCTAA-3'
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Hereinafter fcoRI/Msel and Pstl/Msel ECswill be referred to as E/M and P/M ECs
and EcoRI+3/Msel+3 and Pst\+2/Mse\+3 PCswill be referred to as E/M PCsand
P/M PCs.The P/M PCsused in the methylationAFLPanalysiswill be referred to as
m

P/MPCs.

AFLPmarker nomenclature
Each polymorphic AFLP fragment was identified by: 1) the code referring to the
corresponding PC (see Table 3.1) followed by 2) the estimated molecular size of
the DNA fragment in nucleotides and 3) a code indicating the parental origin of
the fragment (Rl population: P1=B73; P2=Mo17. IF2 population: P1=D32;
P2=D145). SequaMark™ (Research Genetics, Huntsville, AL, USA) was
implemented assize standard to assign molecular weights to the AFLP fragments.
Fragments and markers detected by E/M, P/M or mP/MPCswill be referred to as
E/M, P/M or mP/Mfragments and markers, respectively. Markers detected by mP/M
PCs will also be referred to as AFLP markers, except when AFLP and mAFLP
markers needto bedistinguished.

Analysisof gel images
The AFLPtechnology usually detects only one of the two alleles at a heterozygous
locus is detected. However, since product concentration directly reflects initial
template concentration, the expected difference between a heterozygous locus
and a homozygous locus is an approximately two-fold difference in intensity of a
band (= a reflection of the fragment quantity). This phenomenon is exploited to
quantitatively analyze AFLP marker bands in order to deduce zygosity. Thus,AFLP
markers can in principle be scored quantitatively as co-dominant markers, i.e.,
heterozygotes can be differentiated from both homozygous classes. For the
analysis of complex AFLP fingerprint patterns, we have used proprietary software
developed specifically for AFLP analysis, at Keygene. This software allows the
display and analysis of pixel images of X-Ray scans or phosphorimager scans. For
analysis of pixel images, the software hastools to navigate through the image and
individual band signals, and to size and quantify the AFLP bands with great
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precision. Each band of aspecific marker is classified with respect to its intensity,
using a mixture model of normal distributions, described by Jansen (1993). The
basic idea behind quantifying band intensities isthat the observed intensities of a
marker are mixtures of two (Rl lines) or three (F2plants) normal distributions. The
estimated proportions, means and variances of the mixture components form the
basis of band classification and of determination of genotypes. The algorithm can
be set to identify either two classes (Rl lines) or three classes (F2 individuals) of
intensities amongthe bands. Finally, genotypic data are exported to afile for each
of the samples,for each marker.
The absolute metrics multiplex ratio (M), effective multiplex ratio (EM)(Powell et
al. 1996) and effective mapped multiplex ratio (EMM) define the number of
fragments, polymorphic fragments and

mapped

polymorhic

fragments,

respectively, simultaneously analyzed in a single assay. To calculate M, the AFLP
fragments in the two parental lanes had to meet the following criteria: 1) fragment
size ranges from 50bp to 500bp; and 2) the mean intensity of the two parental
bands must be higher than an intensity minimum (empirically defined by visual
inspection). To calculate EM, polymorphic bands were discriminated from nonpolymorphic bands by a two-fold difference (empirically determined) in intensity
between the parental bands. Thethree metrics M, EMan EMMare suited in order
to facilitate selection of an appropriate EC or appropriate PCs for a given
application. Although these metrics are influenced by the number of selective
nucleotides at the 3' ends of the PCR primers and can be manipulated by
combining PCsin amultiplex reaction approach, it isuseful to compare the M,EM
and EMMafforded bythe PCsin their standard implementation. Especially EMMis
suited for selection of an appropriate ECor appropriate PCsfor mapping.

Linkage analysis and segregation distortion tests
Linkage analyses and segregation distortion tests were performed with the
software package JoinMap version 2 (JM) (Stam 1993; Stam and van Ooijen
1995), using the appropriate mapping population type; option RI6 for the Rl
population and F2 for the IF2 population. Linkage groups were assigned to the

37

Chapter3

corresponding chromosomes of Zea mays L by inclusion of segregation data of
isozymes, RFLPsand SSRsobtained previously on the Rl lines (Senior et al. 1997)
and/or on the IF2 lines (Xia et al. 1998). No order was forced during map
construction, except for linkage group 1of the Rl population: afixed order of four
markers (phi056, bnl5.62a, umc157(chn) and umc76) belonging to bins 1.01 and
1.02 was forced in order to preserve their relative positions asgiven in Senior et
al. (1997) and on the UMC 1998 molecular marker map of maize (Davis et al.
1998). The recombination frequencies were converted to Kosambi centiMorgans
(cM) (Kosambi 1944). Maps were drawn using proprietary software (see Figure
3.1).

Distribution ofAFLPmarkers overthe genome
Equal representation of genomic regions in the map and genome coverage are a
function of the distribution of markers over the linkage maps of chromosomes. In
order to get information on the distribution of E/M-, P/M- and mP/Mmarkers over
linkage maps of chromosomes, their distribution has been determined statistically.
The Kolmogorov assaywas usedto testthe null-hypothesis:

H 0 : F(x) = F0(x),

where F(x) represents the observed distribution function of the interval (expressed
in cM) between two adjacent markers, either two E/M-, two P/M- or two m P/Mmarkers; F0(x) represents the corresponding distribution function under the null
hypothesis (H„); in this casewe hypothesize that marker positions are independent
and uniformly distributed over linkage maps of chromosomes. This implies an
exponential distribution of inter-marker distances, i.e., F0(x) = l-e"*'", where u isthe
mean intervallength.
Contingent on the rejection of H0,the one-sided alternative hypothesis H,: F(x) >
F0(x),for at leastone value for x, isaccepted.The test statistic Dn isdefined asthe
largestdifference between F(x)and F0(x)(Dn= max(F(x)-F0(x)).
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The minimal size of the interval in which Dn is measured is determined by the
resolution of the mapping population: 0.5 cM and 1.0 cM for the Rl and the IF2
population, respectively.
Since biallelic AFLP markers map to the same locus, they lead to an
overestimation of the number of intervals of zero length and hence, to erroneous
rejection of the H 0 .Therefore, biallelic AFLP markers are represented by only one
marker inthisanalysis.
All calculations were carried out using the Genstat programme (Genstat-5Committee1993)

Co-localization of hypothetical centromeres andAFLP marker clusters
Map positions of putative centromeric regions were assigned using RFLPmarkers,
segregating in one or both populations, which are known to map to the
centromeres of the maize chromosomes, with the exception of chromosome 8
(Matz et al. 1994). Localization and visualization of clusters was assessed by
scanning the linkage groups, usinga 5 cM window, for the largest cluster of AFLP
markers.
All calculations were carried out using the Genstat programme (Genstat-5Committee1993).

Results

Polymorphism ratesamong B73 and Mo17, and among D32 and D145
The first step required in the assembly of a linkage map, is to screen the two
parental lines for polymorphism. The two parental lines B73 and Mo17 of the Rl
population were screened for polymorphism with 84 E/M, 36 P/M and 36 mP/M
PCs, listed in Table 3.1.This screening was designed to identify those PCs which
fulfilled the 'optimizing and minimizing effort' criteria in that they: 1) gave
patterns containing 50 to 100 fragments, 2) revealed a high polymorphism
between the two parental lines,and 3) did not amplify heavily repeated restriction
fragments, visible asvery intense bands. Fourty one E/M, 21 P/M and 14 mP/MPCs
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fulfilled these criteria (see Table 3.1). Some E/M PCs were combined in a
multiplex reaction approach, resulting in a total of 36 E/M PCs. For the parental
lines D32 and D145, the same set of 71 PCs was used to ensure a high
polymorhism rate andthe maximum overlap of markers inthe two maps.
Table 3.1 Overview of the 84 fcoRI/Msel (E/M), 36 Pstl/Msel (P/M) and 36
Tstl/Msel (mP/M) primer combinations (PCs)the two parental lines B73 and Mo17
of the Rl population were screened with for polymorphism. The 41 E/M and 21
P/M PCsfulfillingthe 'optimizing and minimizing effort' criteria are marked by V ;
the 14 mP/M PCsare marked by® asasubfraction of P/M PCs.
M47 M48 M49 M50 M51 M54 M55 M58 M59 M60 M61 M62
CAA CAC CAG CAT CCA CCT CGA CGT CTA CTC CTG CTT
E32
E33
E35
E38
E39
E42
E45
P12
P13
P18

AAC
AAG
ACA
ACT
AGA
AGT
ATG
AC
AG
CT

X

X

X

X

X

X

X

X
X
X

X
X

X

X
X

X

<8>
x
®

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

<g>
®
(g>

<g>
x

<g>
x
<g>

<8> <S>
x
x
x
<g) <g) (g>

Table 3.2 gives an overview of the total number of AFLP fragments and
polymorphic AFLP fragments counted for both pairs of inbred lines. The
percentages of polymorphism reflect that the lines D32 and D145 are genetically
slightly more divergent than the lines B73 and Mo17. mP/M PCsreveal the highest
percentage of polymorphism, while E/M PCs reveal the lowest degree of
polymorphism. It is clear from Table 3.2 that E/M and P/M PCs on average yield
the highestM and EM,respectively.

Construction ofthe B73 x Mo17 and D32 x D145 high-density AFLP linkage
maps
Using the 36 E/M and 21 P/M PCs, allelic segregation data were recorded for a
first set of 90 Rl lines. Usingthe 14 mP/M PCs,segregation data were recorded for
asecondsetof 90 Rl lines, having75 individuals in common with the firstsetof Rl
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lines. This resulted in atotal set of 105 Rl lines, genotyped either with E/M, P/M
and mP/M PCs,or with mP/M PCsonly.
Inclusion of segregation data of 184 isozymes, RFLPsand SSRsobtained previously
on the set of 105 Rl lines (Senior et al. 1997) totalizes the dataset to 1723
markers. At a LOD=6, these 1723 markers were split into 10 major and 6 minor
linkage groups, each containing at least 1anchor marker to assignto the 10 maize
chromosomes. The same set of 71 PCs has been used to genotype aset of 88 IF2
lines, yielding 1355 AFLP markers. Inclusion of segregation data of 47 RFLPs and
SSRsobtained on the same set of 88 IF2 individuals (Xia et al. 1998) totalizes the
dataset to 1402 markers. At a LOD threshold grouping value of 6.0, these 1402
markers were split into 11 linkage groups, 10 major and 1 minor of 6 markers.
The 10 major linkage groups were assigned to the 10 maize chromosomes, while
the minor linkage group was assigned to chromosome 7 since it contained the
core markerasg8(myb).
Table 3.2 Overview of the total number of 1) AFLP fragments, 2) polymorphic
AFLP fragments, 3) mapped polymorphism and 4) the corresponding Multiplex
ratio (M), Effective Multiplex ratio (EM) and Effective Mapped Multiplex ratio
{EMM)per enzyme combination (EcoRI/Msel (E/M), Pstl/Msel (P/M) and mPstl/Msel
(mP/M)) in the Recombinant Inbred (Rl) and the Immortalized F2 (IF2) mapping
population.
E/M

Rl

IF2

P/M

m

P/M

Total

Total
3297
M
92
Polymorphic 1197(36.3%)
EM
33
Mapped
670(20.3%)
EMM
19

1824
1083
6204
87
77
87
746(40.9%) 483(44.6%) 2425(39.1%)
36
35
34
565(31.0%) 304(28.1%) 1539(24.8%)
27
22
22

Total
3182
M
88
Polymorphic 1137(35.7%)
EM
32
Mapped
587(18.4%)
EMM
16

1894
1023
6099
90
73
86
871(46.0%) 491(48.0%) 2499(41.0%)
42
35
35
550(29.0%) 218(21.3%) 1355(22.2%)
26
16
19
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Figure 3.1 Two high-density linkage maps of maize based on 105 recombinant
inbred (Rl) lines from a B73 x Mo17 cross (left map) and 88 immortalized F2(IF2)
lines from a D32 x D145 cross (right map). Distances are given in Kosambi
centiMorgans. For simplicity, only common markers, including those that map to
different chromosomes in both maps, and pairs of allele specific methylation AFLP
markers (asmAFLP markers) are shown. The AFLP markers are named with 1) the
code referring to the corresponding primer combination (see Table 3.1) followed
by 2) the estimated molecular size of the DNA fragment in nucleotides and 3) a
code indicating the parental origin of the fragment (Rl population: P1=B73;
P2=Mo17. IF2 population: P1=D32; P2=D145). The pairs of asmAFLP markers,
located on chromosome 1, 3 and 6 and on 1 and 4 in the Rl and IF2 map,
respectively, are indicated in bold.
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The percentage of mapped polymorphic fragments equals 24.8% and 22.2% for
the Rl and IF2linkage maps, respectively (Table 3.2). This means that 63.5% and
54.2% of the clearly visable polymorphic fragments of the Rl and and IF2
fingerprints, respectively, were of sufficient quality to allow quantitative scoring
and reliable mapping.
It is clear from Table 3.2 that by chosing P/M PCs, with a mean EMM of 27, the
mappingefforts are minimized.

Map consistency
Although the number of mapped polymorphic AFLPfragments in the IF2map was
lower than for the Rl linkage map (Table 3.2), the IF2map spans 1376 cM and the
length of most of its linkage groups are systematically longer than in the Rl map
(1178 cM) (Table 3.3 and Figure 3.1), and is more comparable with the lengths
reported for other maps. For both maps, the position of RFLP, SSR and isozyme
markers on this mapwere consistent with previously publishedZeamaysL.maps.

Distorted segregation ratios
Segregation ratios of the two homozygous classes at each marker mapped in the
Rl map were tested for the 1:1 expected proportion at the 5% level of
significance. Chromosome 3 showed distorted segregation over almost its entire
length with an excess of B73 alleles (Figure 3.2), while on chromosomes 1, 2, 5
and 10 only minor regions showed distorted segregation. When the significance
level was raised to 1%,chromosome 3 still showed distorted segregation over its
total length. The largest distortions at chromosome 3 reached the 3:1 magnitude,
while the remainder showed only a2:1 ratio.
Segregation ratios of the three genotype classes of each marker mapped in the IF2
map were tested for the 1:2:1 expected proportion at the 5% level and the 1 %
level of significance. Again chromosome 3 showed distorted segregation over a
major part of its total length. The distortions for chromosome 3 ranged from
magnitude 1:4:1 to 1:5:1
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Table 3.3 Comparison of the genetic length and numbers of fcoRI/Msel (E/M),
Pstl/Msel (P/M), mPstl/Msel (mP/M) and non-AFLP markers (RFLPs, isozymes and
SSRs) mapped per linkage group, of the Recombinant Inbred (Rl) and the
Immortalized F2(IF2) mapping population.

Rl map
chrom

cM

1
129.2
2
123.4
3
105.3
4
152.4
5
121.6
6
99.3
7
122.1
8
127.0
9
124.2
10
73.6
total 1178.1

E/M

P/M

104
67
77
71
57
67
50
58
72
47
670

87
66
64
55
64
54
43
47
41
44
565

m

P/M non-AFLP # markers

57
32
38
33
31
34
21
22
15
21
304

25
13
13
24
29
17
12
17
17
17
184

273
178
192
183
181
172
126
144
145
129
1723

IF2 map
chrom

cM

1
184.8
2
151.0
144.1
3
4
133.2
5
149.0
6
109.6
7
143.3
8
142.8
9
126.2
10
91.6
total 1375.6

E/M

P/M

65
76
74
75
55
44
61
55
38
44
587

68
70
64
59
75
50
34
57
33
40
550

m

P/M non-AFLP # markers

31
27
24
33
18
15
11
16
13
23
218

6
9
6
1
8
6
4
2
3
2
47

170
182
168
168
156
115
117
130
87
109
1402

(P<0.01) for a smaller region (40-62 cM), and from magnitude 3:4:1 to 6:8:1
(P<0.01) (excess of D32 alleles) for a larger genomic region (79-117 cM),
respectively. Minor regions showing distorted segregation (P<0.05) were found in
only few cases for other chromosomes (1, 2, 5 and 6) and were different from
those on the identical chromosomes in the Rlmap.
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Figure 3.2 Distorted segregation on chromosome 3 in the Recombinant Inbred
(Rl) linkage map.
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Allelism of AFLPfragments and epi-alleles
Due to occasional length polymorhism, some of the AFLP markers could be used
as co-dominant markers. These allelic AFLP fragments have to meet the two
following criteria: i) they originate from a different parent and amplify with the
same PC; ii) they map to the same locus (complementary segregation). Putative
allelic AFLP fragments were observed in both AFLP linkage maps. The majority of
the biallelic markers differ in size by only afew bp (1-20 bp), probably the result
from a small insertion/deletion, while a few pairs of markers were of a large size
difference (100-487 bp), reflecting neighbouring restriction sites. In terms of
biallelic pairs of markers, the P/M EC predominates: 48 (17.1%) and 32 (11.7%)
pairs of mapped P/M markers, in contrast with only 36 (10.9%) and 23 (7.8%)
pairs of mapped E/M markers and 11 (7.3%) and 10 (9.2%) pairs of mapped mP/M
markersfor the Rland IF2 maps, respectively.
Allele-specific methylation (methylation polymorphism) results in asmAFLP markers.
Since DNA methylation isthe only source of allelic difference between epi-alleles,
some of the scored P/M and mP/M fragments might be epiallelic. To identify a
AFLP and a mAFLPmarker asa possible asmAFLP marker pair, the following criteria
are applied: 1) both AFLP fragments have exactly the same size; 2) both AFLP
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fragments are derived from different parents, with the same complementary PCs;
and 3) both AFLP fragments map to the same locus (complementary segregation).
Only three pairs of epi-alleles were identified in both the Rl and IF2 map (Figure
3.1). This means that only 1%of a total of 673 and 595 mapped (m)P/M markers
(obtained with the 14 complementary P/M PCs), respectively, showed allelic
variaton in CpNpG methylation.

Co-linearity between the Rlandthe IFZ high-density AFLP linkage maps
The two maps had 353 AFLP markers of identical size and amplified by the same
PC, representing 23% and 26% of the AFLP markers mapped in Rl and the IF2
linkage map, respectively. For 327 out of these 353 AFLP markers, linkage maps
of chromosomes were moderately (chromosomes 3, 4, 5, 6, 7 and 10) to highly
(chromosomes 1,2, 8, and 9) co-linear (Figure 3.1). Rearrangements occur in map
order of some markers, predominantly those residing in or flanking marker-dense
regions. Considering the Rl map in Figure 3.1, major rearrangements concerned
chromosome 3 (38.0-51.0 cM; 64.9-77.6 cM), chromosome 4 (98.5-106.7 cM),
chromosome 5 (47.2-48.9 cM), chromosome 6 (9.5-10.8 cM) and chromosome 7
(33.6-35.4 cM; 51.3-70.9 cM). Alternative marker orders, involving inversion of
two adjacent markers or segments of more than two markers, without any
increase in total chromosomal map length, were evaluated. The most likely map
location of a marker was given as a mean rank order and its variance. The
variance of the rank order of markers residing in marker-dense regions were
amongthe highest (data not shown), indicating that different map orders in these
specific chromosomal regions can be produced with the samedataset.
A total of 26 (7.4%) of the AFLP markers maps to two different chromosomes. To
elucidate the nature of this behaviour, thirteen pairs of these 'common' markers
from the two populations were chosen (estimated molecular size > 100 bases) for
comparison. For three pairs of markers, the Seqmanll™ module of Lasergene
(DNASTAR, INC. Madison, WC, USA) could assemble a contig for each set,
indicative for sequence identity. Although the distal sequences (restriction sites +
selective nucleotides) are similar for the remainingten pairs of markers,they could
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not be build in contigs by Seqmanll™, suggesting a low homology between the
pairs of sequences.

Distribution ofthe AFLPmarkers overthe maize genome
Distribution of the E/M, P/M and mP/M markers was determined using the
Kolmogorov-assay (Table 3.4). E/M markers are not uniformly distributed on any of
the 10 linkage groups (P<0.05) in either map. In contrast, P/M markers are
randomly distributed on 6 out of the 10 linkage groups of the Rl map (P<0.05),
and on 8 out of the 10 linkage groups ofthe IF2 map (P<0.05). The distribution of
m

P/M markers is intermediate, with atendency to non-uniform distribution: mP/M

markers are not uniformly distributed (P<0.05) on 9 and 6 out of the 10 linkage
groups ofthe Rl map andthe IF2 map, respectively.
Scanning for the largest cluster of AFLP markers revealed that for some linkage
groups of the Rl linkage map the largest cluster co-localized well with RFLP
markers residing on the hypothetical centromeric region. The IF2 map did not
contain sufficient centromeric RFLPsto perform an identical analysis as described
above. Nevertheless, clustering of AFLP markers on the IF2 and Rl map colocalized well. Taken together the resultssuggestthat indeed largeclusters ofAFLP
markers occur in the regions of the hypothetical centromeres of the maize
chromosomes.
On the Rl map, 44%of the E/M and 43%of the mP/M markers reside within the 5
cM windows co-localizing with the putative centromeres, whilst only 2 1 % of the
P/M markers reside on these clusters. Figure 3.3 shows the distribution of E/M,
P/M and mP/Mmarkers over the total length of linkagegroup 10of the Rl map and
illustrates the strong clustering of E/M and mP/M markers in the centromeric
region. The same pattern of distribution of E/M, P/M and mP/M markers is found
for the 9other chromosomes ofthe Rl map, although to alesser extent.
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Table 3.4 Statistical determination of the distribution of the fcoRI/Msel (E/M),
Pstl/Msel (P/M) and mPstl/Msel CP/M) markers over the Recombinant Inbred (Rl)
and the Immortalized F2(IF2) linkage maps of chromosomes. The Kolmogorov
assay was used to test whether marker positions are independent and uniformly
distributedoverlinkagemapsofchromosomes.

Rl map
chromEC
E/M
1
P/M
m
P/M

numberof
intervals
Dn
102
0.210**
0.194*
80
57
0.291**

IF 2

map

numberof
intervals
D„
61
0.189*
65
0.089
32
0.185

2

E/M
P/M
m
P/M

67
61
31

0.286**
0.084
0.373**

73
68
26

0.252**
0.195**
0.334**

3

E/M
P/M
m
P/M

76
54
39

0.197**
0.056
0.256**

71
58
25

0.215**
0.307**
0.481**

4

E/M
P/M
m
P/M

64
52
32

0.404**
0.184*
0.342**

71
58
31

0.245**
0.139
0.385**

5

E/M
P/M
m
P/M

54
58
31

0.226**
0.103
0.231*

55
66
18

0.347**
0.135
0.372**

6

E/M
P/M
m
P/M

64
52
34

0.365**
0.174
0.314**

44
48
16

0.285**
0.150
0.238

7

E/M
P/M
m
P/M

47
38
19

0.348**
0.154
0.340*

60
33
17

0.311**
0.192
0.484**

8

E/M
P/M
m
P/M

51
42
22

0.210*
0.204*
0.207

52
51
16

0.181*
0.136
0.077

9

E/M
P/M
m
P/M

66
40
16

0.346*
0.229*
0.356*

38
30
13

0.237*
0.153
0.267

10

E/M
P/M
m
P/M

48
43
21

0.326**
0.072
0.391**

42
37
23

0.401**
0.188
0.324**

Significantatthe0.01 and0.05 probability level,respectively
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Figure 3.3 Distribution of EcoRI/Msel (E/M), Pstl/Msel (P/M) and mPstl/Msel(mP/M)
markers over the total length (expressed in centiMorgan (cM)) of chromosome 10
of the Recombinant Inbred (Rl) linkage map; clustering of E/M and mP/M markers
in the centromeric region.
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Discussion

Construction ofthe Rland the IF,high-density AFLPmapsof maize
The high multiplex ratio of the AFLP technique, combined with the high level of
polymorphism of maize was exploited to generate a large number of markers with
relative ease. It iscleafrom the EMMthat P/M PCs,rather than mP/Mand E/M PCs,
areto bechosento minimize the mappingefforts while maximizingthe number of
markers to be mapped. Ideally, EMM equals EM. However, bands, identified as
polymorphic and taken up in the calculation of EM, can be too close to allow
reliable quantification and mapping. This causes a drop in EMM relative to EM.
Furthermore, it should be emphasized that the technical skills that the performer
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displayed in slabgel electrophoresis can highly influence the metric EMM. Any
deviation from good laboratory practice may causeadrop in the EMM.
There are two additional explanations for the lower than expected EMMofmP/M
markers, based on their high EM: 1) although mP/M PCs were screened and
selected against highly abundant restriction fragments, numerous repetitive
restriction fragments remain, leading to a poorer quality of the mP/M fingerprints;
and 2) an additional amplification step makes the methylation AFLP technique
more complex than the AFLP technique. This affects the linear relation between
band-intensity and initial template concentration, broadeningthe variances of the
mixture components, and finally leads to inaccurately band classification and
rejection ofthe marker.

Differences in genetic map length
Despite the larger number of markers, the total genome coverage and the length
of the individual linkage groups in both maps are systematically shorter than the
ones already published (Helentjaris et al. 1986,1988; Burr et al. 1988; Beavis and
Grant 1991; Shoemaker et al. 1992; Gardiner et al. 1993; Matz et al. 1994;
Causseet al. 1995; Coe et al.1995; Senior et al.1997). This observation does not
support the assumption that the complete coverage of the maize genome is
approached asymptotically as the number of mapped markers increases. On the
other hand, it doesn't show evidence that the larger the number of mapped
markers, the more false recombinants are induced, resulting in inflation of the
total genetic map length.
A difference in map function used can hardly be the only explanation for the
observed discrepancy in map length.A difference in mapping algorithm isa more
plausible explanation. The maps reported above, with exception of Causse et al.
(1995) were constructed with MAPMAKER (MM) (Lander et al. 1987), whereas in
this study the JM package was used. To estimate the distance between a pair of
adjacent markers, MM only uses the information of that pair of markers, whereas
JM uses all pairwise recombination estimates in a dataset simultaneously. The
other difference is the way mapping functions are applied. In the primary

60

Two high-densityAFLP® linkage mapsoflea mays L.

estimation procedure M M assumes absence of interference, and only afterwards
adjacent recombination frequencies are translated to map distances with a given
mapping function. In JM, on the contrary, all calculations are based on map
distances that are obtained by applying a mapping function to recombination
estimates, thus accounting for a given level of interference. Due to these
differences in estimation procedure, JM will produce shorter maps than MM,
whenever the assumed level of interference by Kosambi is less than the true
degree of interference (P.Stam, personal results).
Despite the fact that both maps are produced with JM,the total genome coverage
and the length of most linkage groups in the Rlmap aresystematically shorter than
in the IF2 map. In addition to differences in true recombination rates and
environmental conditions, differences in reliability of the data may affect the
observed recombination rates. It is well known that even small error rates in
genotyping leads to map inflation, especially in high-density maps (Lincoln and
Lander 1992). The AFLP fingerprint patterns of the IF2 population are more
complex by nature (three zygosity classes), making genotyping more prone to
misclassification. Inthe Rl population,there isamore clear-cut difference in band
intensities. This might explain the difference in total length between the IF2and Rl
map. So, population typeswith two instead ofthree genotype classesand a higher
level of recombination are preferred to generate ahigh-density AFLPlinkage map.

Distorted segregation ratios
It is not unusual to find distorted Mendelian segregation ratios in populations
where moderate numbers of markers were analyzed, but the observed conformity
in segregation distortion across major genomic regions in chromosome 3 in both
high-density AFLP linkage maps is striking and can hardly be explained by
samplingbias.
The excessof D32 alleles atthe major genomic region in chromosome 3 in the IF2
map is in good agreement with the excess of B73 alleles at chromosome 3 in the
Rl map: D32 is partially composed of BSSSgenetic material, while B73 is aBSSS
inbred line. Also Lubberstedt et al. (1998), analyzing a KW1265 x D145 and a

61

Chapter3

D145 x KW1292 F4population, found underrepresentation of the D145 allele in
a region of chromosome 3, comprising umclO and bnl6.06. In contrast, neither
Senior et al. (1997), genotyping 192 Rl lines of the same B73 x Mo17 Rl
population, nor Beavis and Grant (1991), analyzing a B73 x Mo17 F2population,
found evidence for segregation distortion on chromosome 3. Only Gardiner etal.
(1993) found distorted segregation towards aheterozygote excesson chromosome
3 between markersumc92 and bnl5.37.

Co-linearity between the Rlandthe IF2 linkage maps
Although the two populations have no parent in common, and the four parental
linesare not highly related lines,sufficient common AFLP markers were generated
to align the two maps. The comparison between the two linkage maps, based on
the 92.6 %of common markers, shows that linkage maps of chromosomes were,
despite some rearrangements, moderately to highly co-linear (Figurel).
Rearrangements in map order ofsome markers, predominantly those residing in or
flanking marker-dense regions, were also observed by Castiglioni et al. (1998).
Mapping using JoinMap results in the most likely marker order according the
parameter settings. However, especially when the number of informative
recombination events in a particular region is low, e.g. centromeric region,
alternative marker orderswith an equivalent goodness offit, are possible.
For the 7.4% 'common' AFLP markers that map to different chromosomes in both
maps, there are two plausible explanations: 1) co-incidental co-migration of two
non-related AFLP fragments; or 2) areas of genomic duplications in the maize
genome. Helentjaris et al. (1988) observed that 29% of their cloned maize
sequences hybridized to at least two different genomic regions. These duplicate
loci suggested that the maize genome either contains a partial duplication or is
tetraploid in origin. Recent analyses confirmed the tetraploid nature of the maize
genome, possibly being derived from the hybridization of two parents with
different arrangements of rice linkage segments constituting their chromosomes
(Moore 1995). However, for two unrelated maize crosses,AFLP markers of equal
size and generated by the same PC map in > 90% to the same map location,

62

Twohigh-densityAFLP® linkage mapsofZeamaysL.

making transferring of AFLP markers of one population to the other feasible with
minor risk. The expectations are that for two more related maize crosses, or for
two maize crosses with one common parent, the frequency of these 'ambiguous'
common markerswill decrease.

Distribution ofthe AFLP markers over the maize genome
Considering that the underlying basis for AFLP polymorphisms (point-mutation or
insertion/deletion) is evenly distributed over the DNA, and that rare-cutter sites
are also randomly distributed, one could assume an even samplingof the physical
genome. However, the observed tendency is that genetically there is an
overrepresentation of the centromeres. So, clustering of AFLP markers around the
centromere again raises the question as to whether recombination is
predominantly confined to the distal regions with the centromeric regions being
recombination 'cold spots'. Investigation of the genetic location of AFLP markers
obtained with different restriction enzymes and with different levels of
methylation revealed that clusterswhich co-localize with the putative centromeric
regionsof maize areenriched especially by E/M,while the P/M markers are shown
to be more randomly spread over the genome. Surprisingly, mP/M markers behave
in asameway asE/M markers.
The clusteringof E/M markers also appears in other plantAFLP linkage maps,such
aspotato (van Ecket al. 1995), barley (Becker et al. 1995; Powell et al. 1997; Qi
et al. 1998), soybean (Keim et al. 1997) and Arabidopsis (Alonso-Blanco et al.
1998). In Arabidopsis it was shown that pericentromeric heterochromatin
fluoresces brightly when stained with the fluorochrome DAPI (Ross et al. 1996),
known to show preference for AT-rich DNA (Sumner 1990). This is a plausible
explanation of the enrichment of E/M AFLP markers in the Arabidopsis
centromeres (Alonso-Blanco et al. 1998) and possibly in other plant genome
centromeres, since the restriction enzymes fcoRI and Msel have AT-rich target
sequences (Msel recognizes 5'-TTAA-3', while fcoRI recognizes 5'-GAATTC-3').
In maize the heterochromatin, enriched with methyl groups, is concentrated in
the centromeric regions, the nucleolus organizer region, telomeres and knobs,
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mainly consisting of particular regions that are not transcribed. So, the lower
frequency of P/M markers and the clustering of T / M markers in the centromeric
regions isconsistent with the enrichment of methyl groups in heterochromatin.
The good agreement between the prevalence of P/M markers in the distal
genomic regions, which harbour the gene spaces, and the prevalence of P/M
markers among the biallelic markers can be explained as follows: maize
transposable elements, which can easily induce allelism by integration and
deletion, show a preference for gene-rich transcriptionally active regions. Thus,
P/M PCs give not only a better genome coverage with less markers, but also
plausible landmarks for genes.

Conclusion
The high multiplex ratio of the AFLP technique, combined with the high
polymorphism rate of maize, was exploited to generate a large number of
markers. The high effective mapped multiplex ratio of AFLP in maize has the
potential to improve the efficiency of genetic map construction of maize and to
generate high-density mapsaround loci that control commercially importanttraits.
To our knowledge this is the first detailed report of mapping C-methylation and
epi-alleles.Although the rules governing the transmission of methylation from one
generation to the next are still unclear, it is shown that C-methylation can be
inherited in aMendelian way. mAFLPmarkers are also of practical use in genome
research. Like AFLP markers, mostmAFLP markers correspond to unique positions
inthe genome, and, hence,can beexploited aslandmarks in and asbridgingtools
between genetic and physical maps. Native methylated sites are present on
cloned DNA segments, e.g. yeast artificial chromosomes (YACs) and bacterial
artifical chromosomes (BACs) as unmethylated sites. Hence, native methylated
sites can not be distinguished from native unmethylated sites on a physical map.
However, lining up the physical map with a genetic map containing mAFLP
markers, may help to identify native methylated sites on the physical map
(Chapter 2).
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Beside top-down anchoring of physical maps and mapping commercially
important traits like grain yield, these linkage maps can be used 1) for map-based
AFLP fingerprinting of maize inbred lines in order to determine the levels of
genetic diversity in different regions of the maize genome, and 2) as main
framework in a unified AFLP linkage map for maize. Although the relative map
position of markers in an integrated linkage map is less reliable due to statistical
errors associated with the recombination estimates and to differences in
recombination frequency among crosses, an integrated AFLP linkage map for
maize is an inexhaustible resource of markers, encouraging the use of the AFLP
technique in maize breeding.
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4
FurthercharacterizationofAFLP®dataastool ingeneticdiversity
assessmentsamongmaize (Zea mays L) inbred lines

M. Vuylsteke, R.Mank, B. Brugmans, P.Stamand M. Kuiper

Abstract
AFLP® markers generated by CNG methylation sensitive (Pstl/Msel) and CNG
methylation insensitive (EcoRI/Msel) enzyme combinations (ECs) and AFLP
markers collected from hypomethylated (Pstl/Msel) and hypermethylated
(mPstl/Msel) regions have been compared for their efficiency of polymorphism
information content (PIC), marker index (Ml), sampling variance and patterns of
genetic diversity among a representative sample of 33 inbred lines of maize(Zea
maysL.). We have demonstrated that P/M or mP/M markers generate significantly
higher mean PICvalues(0.38 and 0.38, respectively) than E/Mmarkers (0.33), and
setsof P/M PCsgenerate higher Ml (22.5) than setsof E/Mor mP/M PCs(18.9 and
17.2, respectively). Inaddition,to achieve amean standard deviation (scOof 5% in
the estimation of genetic distance among the 33 inbreds used in this study, the
required P/M and mP/M marker sets (135 and 129 markers, respectively) are
clearly smaller than the E/M marker set (173 markers). Thus, the efficiency of
polymorphism detection and marker index of AFLP markers, and the sampling
variance of AFLP data in the estimation of genetic similarities can be adjusted by
altering the ECs. In order to investigate the effect of redundancy of information
carried by the markers (over-sampling of certain regions of the genome) on the
estimation of genetic relationships among inbred lines, sampling or weighing
markers conditionally on their genetic map position, whether combined or not
with further selection or weighing conditionally on their PIC values, was
performed. Compared to random marker sets, the obtained non-random marker
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sets did not reveal significant differences in genetic relationships or dendrogram
topologies. However, reducing marker information redundancy by selecting
markers evenly distributed over the each chromosome is effective in minimizing
the samplingvariance: only 106AFLP markers evenly spread over the genome are
requiredfor ameansd of 5% inthe estimation of genetic distances amongall pairs
ofthe 33 maize inbred lines.

Keywords:genetic diversity,AFLP®, methylationAFLP®,Zeamays L., linkage
map

Introduction
Accurate estimates of genetic diversity levels among elite breeding materials are
becoming increasingly useful in crop improvement. In maize (Zea mays L.)
breeding, knowledge of genetic diversity levels among inbreds is helpful in 1)
assigning lines to heterotic groups, 2) maintaining and broadening the genetic
variation of the elite gene pool, and 3) identifying and accurately describing new
varieties for the purpose of plant variety protection. During the last twenty years,
DNA marker systems have become extremely useful tools for assessing genetic
diversity levels among germplasm. Compared with pedigree information, DNA
marker-based diversity estimates better reflect DNA differences among lines since
selection pressure and genetic drift are accounted for. Until recently, genetic
diversity assessments of many plant species such as maize were primarily based
upon restriction fragment length polymorphism (RFLP) markers (Smith et al. 1990;
Smith et al. 1991;Melchinger et al. 1991; Messmer et al. 1991; Ajmone Marsan
et al. 1992; Livini et al. 1992; Messmer et al. 1993; Mumm and Dudley 1994;
Dillmann et al. 1997). Although RFLP-based estimates of genetic diversity levels
amongelite breeding materials have been shown to be useful,and increasing the
number of marker loci may further improve the discriminative power of RFLP,the
labor intensive and time consuming nature of the RFLP assay may not make this
feasible.
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An efficient PCR-based method, called AFLP® has been developed (Vos et al.
1995) combining the restriction site variation used in RFLP with the exponential
amplification aspects of PCR-based marker systems. The major advantages of the
AFLPtechnique are: 1)the amplification hasahigh multiplex ratio; 2) alimited set
of generic primers isused; 3)there isno need for sequence information; and 4) an
almost unlimited number of markerscan begenerated.TheAFLP method is highly
efficient compared to other DNA marker systems like RFLP, RAPD and SSR
(Powell et al. 1996; Russell et al. 1997; Pejic et al. 1998), although its
Polymorphism Information Content (PIC) value is amongst the lowest, due to its
predominantly dominant nature. To date, the AFLP technique has been
succesfully used to assay diversity within many plant genomes including those of
maize (Ajmone Marsan et al. 1997; Pejic et al. 1998), barley (Russell et al. 1997;
Schut et al. 1997), wheat (Barrett et al. 1998), lettuce (Hill et al. 1996), tea (Paul
et al. 1997), grapevine (Cervera et al. 1998), potato (Milbourne et al. 1997), rice
(Zhu etal. 1998) and soybean (Maughan etal.1996).Additionally, the methylation
AFLP® method (Chapter 2) offers the opportunity to generate AFLP fragments
originally bounded by a methylated restriction site. Thus, genetic diversity
assessments for hypermethylated portions of the genome can be made.
Due to the high multiplex ratio nature of the AFLP assay and the high
polymorphism rate of maize, large numbers of available markers are accumulating
rapidly with a relatively low effort. Although larger numbers of random markers
will provide an increasingly more precise estimate of genetic relationships, oversamplingcertain regions of the genome arises,causinghigher samplingvariance in
the estimation of genetic relationships. Over-sampling certain genomic regions is
induced by the non-random genomic distribution of markers (Chapter 3).
Therefore, it would be desirable to estimate genetic relationships usingasubset of
AFLP markers uniformly distributed over the linkage groups in order to minimize
the over-sampling of the certain genomic regions and,subsequently, the sampling
variance.
Aiming at further characterization of AFLP data as tool for the breeder, the
objectives of this study were: 1) to compare AFLP markers generated by CNG

69

Chapter4

methylation sensitive (Pstl/Msel) and CNG methylation insensitive (fcoRI/Msel)
enzyme combinations (ECs) and AFLP markers collected from hypomethylated
(Pstl/Msel) and hypermethylated (mPstl/Msel) regions for their efficiency of
polymorphism detection,marker utility and patterns of genetic diversity among a
representative sample of maize inbred lines; 2) to compare genetic diversity
estimates generated using AFLP marker sets selected or weighted according to
their positiononthegenetic mapand/or efficiency of polymorphism detection,in
order to estimate the effect of reducing the marker information redundancy or
weighing marker information; and 3) to determine and compare the bootstrap
samplingvariance associatedwith a)bootstrap samplesize,b)the useof different
ECsandc)theuseofrandomversusnon-randomAFLPmarkersets.

Materialsandmethods

PlantmaterialandDNAisolation
Atotalof 33elite maize inbredsofZeamays L.were chosen,representinginbred
linesandtheir relatives largely used in the production of hybrid seedand maize
breedingprograms,particularly in Italy. Information regardingpedigree islisted in
Table 4.1.Based on breeding information and on their heterotic behaviour in
crosses, fifteen inbreds are assigned to the Iowa Stiff Stalk Synthetic (BSSS)and
sixteen inbreds to the Lancaster Sure Crop (LSC) heterotic group; two inbreds
(H55 and Pa91) arefrom miscellaneous origin and could not be assignedto any
well defined heterotic group. Seeds were obtained from Dr. M. Motto, Istituto
Sperimentale per LaCerealicoltura, Bergamo, Italy. Genomic DNA wasextracted
from abulk oftenyoungplantsfromeachline usingamodified CTAB procedure
describedbyStewartetal.(1993).
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Table4.1Classificationandsourceofmaizeinbredlinesusedinthisstudy
Inbred

Pedigree

B14A
B37
B73
B68
B84
Lo950
Lo951
Lo999
N28
Al
A2
A3
A4
A5
A8
C103
C123
L088I
Lo924
Lo976
Lo977
Mol7
Va22
Va26
Va35
Va59
Va85
H99
A6
A7
A10
H55
Pa91

CuzcoxB148
BSSS(HT) CO
BSSS(HT)C5
(41250BxB143) Selection
BSSS(HT)C7
PioneerP3183SELF
PioneerP3183SELF
(B73 xTeosinte) xB73n
NebraskaStiff Stalk Synthetic
50%B14
50%Al
commercial hybrid
commercialhybrid
commercialhybrid
LancasterSureCrop
(C102 xC103)selection
SyntheticCI03 CO
H992 x Mol7
Mol7 2 xLal6215
Mol7 2 xH99
CI187-2 xC103
Val7 xC1032
Oh43xK155
C103 x T82
(C103xT82)x(K4xC1032)
VirginiaLongEar Synthetic
Illinois Synthetic
75%Oh43
75%Oh43
75%Oh43
IllinoisHighYield2xMo21A
(Wf9 xOh40B)S4x(Ind28-112 xL317)S4

heterotic
group t
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
BSSS
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
MO
MO

t BSSS= IowaStiff StalkSynthetic; LSC= LancasterSureCrop;MO = miscellaneousorigin
numberof backcrossestothe parent

a
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AFLP® and methylationAFLP® analysis
TheAFLPanalysiswas performed accordingto Voset al. (1995), usingthe enzyme
combinations (ECs) fcoRI/Msel and Pstl/Msel. Methylation AFLP analysis was
performed asoutlined inChapter 2, usingthe ECPstl/Msel.
The adaptor sequences specific for these enzymes were synthesized according to
Zabeau and Vos (1993) and areasfollows:

EcoRI-adapter:

5'-CTCGTAGACTGCCTACC-3'
3'-CATCTGACGCATGGTTAA-5'

Pstl-adapter:

5'-CTCGTAGACTGCGTACATGCA'-3
3'-CATCTGACGCATGT'-5

Pstl-adapter*:

5'-GCATCAGTGCATGCGTGCA-3'
3'-GTAGTCACGTACGC-5'

Msel-adapter:

5'-GACGATGAGTCCTGAG-3'
3'-TACTCAGGACTCAT-5'

Msel-adapter+:

5'-CTCGTAGACTGCGTACC-3'
3'-CTGACGCATGGAT-5'

The nonselective amplification of the restriction fragments during the methylation
AFLPanalysis isperformed usingthe two different Msel-primersshown below.
A two-step amplification strategy was followed in the methylation AFLP aswell as
in theAFLPanalysis: in aselective preamplification, the restriction fragments were
amplified with AFLP primers both having a single selective nucleotide. In the
second step, further selective amplification was carried out using primers having
two (Pstl-primer) or three (fcoRI- and Msel-primer) selective nucleotides. The
AFLP primers were designed based on the adapter sequence and restriction sites
of fcoRI, Pstland Msel, and havethe following sequences:
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Pstl-primer

5'-GACTGCGTACATGCAG...NN-3'

fcoRI -primer

5'-GACTGCGTACCAATTC...NNN-3'
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Msel-primer
Msel-primer

5'-GATGAGTCCTGAGTAA...NNN-3'
+

5'-GTAGACTGCGTACCTAA-3'

Hereinafter fcoRI/Msel and Pstl/Msel ECswill be referred to as E/M and P/M ECs
and £coRI+3/Msel+3 and Pstl+2/Msel+3 PCswill be referred to as E/M PCsand
P/M PCs.The P/M PCsused in the methylationAFLPanalysiswill be referred toas
m

P/MPCs.

AFLP marker nomenclature
Each polymorphic AFLP fragment was identified by: 1) the code referring to the
corresponding PC (Table 3.1) followed by 2) the estimated molecular size of the
DNA fragment in nucleotides. SequaMark™ (Research Genetics, Huntsville, AL,
USA) was implemented assize standard to assign molecular weights to the AFLP
fragments. Fragments and markers detected by E/M, P/M or mP/M PCs will be
referred to as E/M, P/M or mP/M fragments and markers, respectively. Markers
detected by mP/MPCswill also be referred to asAFLP markers, except when AFLP
and mAFLPmarkers needto bedistinguished.

Marker information
Polymorphism Information Content (PIC) (Smith et al. 1997) of a marker, defined
as the probability that two alleles taken at random from a population can be
distinguished using the marker in question, is a measure of allele diversity at a
locus and isequal to

1-if,1
wheref,is the frequency of the ith allele. The PIC value provides an estimate of
the discriminatory power of a marker by taking into account not only the number
of alleles at a locus, but also the relative frequencies of those alleles in the
population under study. Since the AFLP technology produces dominant markers,
only two states (present and absent) can be distinguished at each band position.
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Therefore, assuming that each band position corresponds to a locus with two
alleles, presence and absence of the band, respectively, the highest PIC value
obtained by anAFLP marker equals 0.5.
In order to compare PCs for their efficiency of detecting polymorphisms in the
germplasm and between any two lines taken at random from that pool, an
arithmetic mean

PiCav=

fjPICj/N
>i

was calculated, where PICjis the PIC value of the yth AFLP marker and N is the
number of AFLPmarkers generated by a PC. Loci that are non-polymorphic in the
germplasm of interest were excluded from this calculation since there PIC = 0.
Since most loci in the germplasm under study are polymorphic, the PICavfor aset
of markers isaslightoverestimation of the real PICav.
Other metrics to compare marker setsarethe multiplex ratio (M)and the effective
multiplex ratio (EM)(Powell et al. 1996), which define the number of fragments
and polymorphic fragments, respectively, simultaneously analyzed in a single
assay. Although these metrics are influenced by the number of selective
nucleotides at the 3' ends of the PCR primers and can be manipulated by
combining PCs in a multiplex reaction approach, they are suited in order to
facilitate selection of anappropriate ECor appropriate PCsfor agiven application.
Finally, the utility of a subset of PCs is a balance between the level of
polymorphism detected (information content) and the extent to which an assay
can identify multiple polymorphisms. Therefore, a convenient metric for marker
utility, called marker index (Ml) (Powell et al. 1996), may be defined as the
number of polymorphic markers per gel lane for a pair of genotypes being
compared. Itsvaluecan becalculatedas

MI = EMx P/C„
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The genome coverage (GC) of a marker isafunction of the map distance between
its flanking markers. So, high and low CC values will be assigned to markers
residing in under- or overrepresented genomic regions, respectively. Consider a
mapwith marker order ABCD.Then,the GCof amarker B(GCB) iscalculatedas

GCB=

mdAC/2xTML

where mdAC isthe map distance (expressed in cM) between marker A and C, and
TML is the total map length (cM). For marker A, which is telomeric and only
flanked by marker B,GCA iscalculatedas

GCA= mpB/ 2 xTML

where mpB isthe map position (expressed in cM) of marker B. Suppose markers B
and C mapon the same position,then

GCB = GCC= md^D/ 4 x TML

Computation of PIC and GC values and selection of AFLP markers based on their
PIC and GC values were performed using the Genstat programme (Genstat-5Committee1993).

Computation of genetic distances
As already mentioned above, because of the dominant nature of the AFLP
markers, only two states (present and absent) can be distinguished at each band
position. However, shared absence of a band isnot taken asevidence of similarity
in the computation of genetic similarity (GS), since it may lead to errors,
particularly in the caseof distantly related individuals. Therefore, shared presence
of a band only, averaged over loci, was used as the measure of GS, originally
deviced byJaccard (1908) and calculated bythefollowingequation:
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GS^Nq/lNi+Ni

+NJ

where N /; isthe total number of bands common to lines /'and;', and N,and Nyare
the number of bands only present in / and/, respectively. In the case of a missing
observation for a marker in genotype ; and/or/', this marker was not included in
the calculation of GS,y.The complement to the Jaccard similarity coefficient was
used in this study and termed genetic distance (CD). Values of GD may range
from 0 (identical profiles for all markers in the two inbreds) to 1 (no bands in
common).
Cluster analyses were based on similarity matrices using the unweighted pair
group arithmetic average (UPGMA) (Rolf 1992) and relationships between
accessions were visualized as dendrograms. Differences between dendrograms
were tested by generating cophenetic values for each dendrogram and the
assembly of a cophenetic matrix for the different subsets of AFLP markers. The
Mantel matrix (Mantel 1967) correspondence test was used to compare similarity
and cophenetic matrices.
Unweighted genetic similarities were calculated, cluster analysis and Mantel tests
were performed, and dendrograms were visualized using the NTSYS-PC (Rolf
1992) version 1.70. Weighted genetic similarities were performed using the
Genstat programme (Genstat-5-Committee 1993).

Random versusnon-random sampling
AFLP markers generated by a random set of PCscan be considered as a random
sample of the genome. In contrast, non-random samples of the genome can be
obtained by reducing biallelic markers or markers clustered on the genetic map, to
a single representative, in order to reduce the marker redundancy. Figure 4.1
clearly outlines how different non-random marker sets and similarity matrices are
obtained. A first non-random subset of markers, called CONDMAP, extracted
from arandom data set,contains E/M, P/M and mP/Mmarkers mapped on the B73
x Mo17 Recombinant Inbred (Rl) high-density AFLPlinkage map (Chapter 3).The
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Figure 4.1 Data flow chart representing the different marker sets (represented by
boxes) and similarity matrices (represented by ovals) and how they are obtained.
RANDOM MARKER SETcontains the total amount of EcoRI/Msel (E/M), Pstl/Msel
(P/M) and mPstl/Msel (mP/M) markers the 33 inbred lines are scored for.
CONDMAP contains those E/M, P/M and mP/M markers mapped on the B73 x
Mo17 Recombinant Inbred (Rl) high-density AFLP linkage map (Chapter 3). The
two similarity matrices constructed, based on the CONDMAP markers,
unweighted and weighted by their Polymorphism Information Content (PIC) and
Genome Coverage (GC) values, have been called CONDMAP and WEIGHT,
respectively. RANDSELand PICSELwere deduced from CONDMAP. Additional to
single markers residing in a 1 cM window, RANDSEL and PICSEL comprise
markers selected out of two or more adjacent markers residing in awindow of 1
cM, at random and based on their highest PIC value in the collection of the 33
inbred lines, respectively. The corresponding similarity matrices will also be
referred to asRANDSEL and PICSEL.

RANDOM

I
CONDMAP

/
CONDMAP

\
WEIGHT

two similarity matrices constructed, based on the CONDMAP markers,
unweighted and weighted by their PIC and GC values, have been called
CONDMAP and WEIGHT, respectively. Two subsets of non-randomly sampled
AFLP markers, called RANDSEL and PICSEL, were deduced from CONDMAP in
the following way: linkage groups were scanned, usinga 1cM window, for single
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markersor clustersof markers.So,additional tosingle markersresidingina1cM
window, RANDSEL and PICSEL comprise markers selected out of two or more
adjacent markers residing in awindow of 1 cM, at random and based on their
highest PICvalue inthe collection ofthe 33 inbred lines,respectively.Asaresult,
RANDSEL and PICSEL represent a more even distribution of markers on each
chromosomethanCONDMAP.Thecorrespondingsimilarity matriceswill alsobe
referredtoasRANDSELandPICSEL.
Estimationofsamplingvarianceofmarkerdatausingthebootstrapprocedure
In order to empirically estimate the sampling variance of marker data in the
estimationofgeneticsimilaritiesforthedifferent markersets,acomputer program
was written to execute a bootstrap sampling procedure, which is similar to the
bootstrapprocedureofTivangetal.(1994).Theprogramwasdesignedtoexecute
bootstrap samplingtreating markers as independent sampling units. For agiven
number of N markers, thousand bootstrap samples were taken. The N markers,
with N rangingfrom 50 to 200 markers in steps of 50,were selected at random
with replacement out ofthewhole datasets.TheGSwascalculated between all
(528) inbred pairs usingtheJaccardsimilarity index. The variability among1000
bootstrap samples for each pair of inbreds was measured in standard deviation
(soO units. Subsequently, a mean percentage sd of the 528 inbred pairs for a
samplesizeNwas plotted againstthe samplesize. Natural logtransformations of
the percentagestandarddeviation resultedinalinear relationship betweensdand
sample size N. This linear relationship was used to estimate the number of
markers required to achieve, e.g.,a meansdof 5% in the estimation of genetic
distance among the 33 inbreds. Calculations were performed in the Censtat
programme(Genstat-5-Committee1993).
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Results

Polymorphism,efficiency of polymorphism detection and marker index
The thirty-three inbred lines were surveyed for polymorphism using 36 E/M, 21
P/M and 14 mP/M PCs(Table 3.1). Intotal, 2047 E/M, 1250 P/M and 639 mP/M
polymorphic bands were identified. The fraction of polymorphic bands (B) was
calculated for each PC. The highest mean Bvalues were calculated for P/M and
m

P/M PCs and were very similar (0.80 and 0.81, respectively) (Table 4.2); in

contrast, the fraction of polymorphic markers detected by E/M PCswas 0.72. PIC
and PICav values were calculated for each marker and for each PC, respectively.
PICav values calculated for P/M and mP/M PCs are not significantly different from
each other, but are significantly higher (P<0.0001, standard two-sample t-test)
than the PICavvalue calculated for E/M PCs (Table 4.2). The Ml for each PCwas
calculated as the product of the PICav and the EM. The highest mean Ml was
calculated for P/M PCs(22.5), which is, in comparison with the E/M PCs,due to a
higher mean PICav component and fraction of polymorphic bands, and, in
comparison with the mP/M PC, due to a higher multiplex ratio component (Table
4.2).
Table 4.2 Comparison of the multiplex ratio M, the fraction of polymorphic bands
p, the effective multiplex ratio EM, the average Polymorphism Information
Content PICav and its standard deviation (sd), and the marker index Ml for each
enzyme combination (EC), calculated on the basis of experimental data obtained
from 33 maize inbred lines (Table4.1).

number of
PCs
E/M
36
P/M
21
m
P/M
14
EC

number
of bands
2843
1562
789

M
79
74
56

P

EM

0.72
0.80
0.81

57
60
46

PIC
i iv- a v

0.33
0.38
0.38

sd of
Ml
PICav
0.024 18.77
0.019 22.50
0.021 17.23
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Genetic relationships between maizegenotypes basedon random sampled
markers
Similarity matrices were constructed based on shared presence of a band and
revealed thatthe estimates for average genetic similarity between genotypes for 36
E/M, 21 P/M and 14 mP/M PCs were very similar to one another. The Mantel
matrix correspondence test was used to compare the similarity matrices and the
correlation coefficients are presented in Table 4.3. All the correlation coefficients
are high and statistically significant (P<0.01). Genetic similarity estimates obtained
from each ECdata setwere used to derive three dendrograms. The dendrograms
(Figure 4.2a-c) clearly discriminate between the two heterotic groups (BSSS and
LSC) and only minor differences in their topologies are present. Note that Oh43related linesA6 and A7 were positioned within the BSSSgroup, although Oh43 is
usually considered a LSCtype. The similarity in dendrogram topology is reflected
inthe overall highly significant (P<0.01) cophenetic correlation coefficients.
Table 4.3 Correlations between cophenetic matrices (above diagonal) and
similarity matrices (below diagonal) obtained with different marker sets.
Cophenetic correlation coefficients for the unweighted pair group arithmetic
average (UPGMA) dendrograms shown in Figure 4.2a-g are given in bold on the
diagonal.
E/M

P/M

m

P/M

CONDMAP

RANDSEL

PICSEL

WEIGHT

E/M

0.938

0.929

0.905

0.943

0.923

0.908

0.928

P/M

0.936

0.912

0.903

0.954

0.93

0.954

0.933

m

0.869

0.891

0.880

0.927

0.905

0.895

0.896

CONDMAP

P/M

0.885

0.956

0.892

0.865

0.977

0.949

0.973

RANDSEL

0.857

0.937

0.868

0.971

0.863

0.927

0.96

PICSEL

0.884

0.949

0.873

0.977

0.98

0.876

0.964

WEIGHT

0.87

0.941

0.859

0.967

0.973

0.974

0.889

The cophenetic correlation coefficients provided by each EC(Table 4.3) indicate
the extent to which the clustering of genotypes depicted in the dendrograms
accurately represents the estimates of genetic similarity of the genotypes obtained
with that EC.In order to quantify the extent of any differences between the three
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dendrograms, a cophenetic matrix was constructed for each assay and compared
usingthe Mantel matrix correspondence test (Table4.3).

Genetic relationships between maize genotypes basedon non-random sampled
markers
From a total of 1385 AFLP markers (592 E/M, 532 P/M and 261 mP/M markers)
the map position on the B73 x Mo17 Recombinant Inbred (Rl) high-density AFLP
linkage map (Chapter 3) is known. These 1385 markers are well dispersed
throughout the maize genome and cover 93.7 % of total genome length (1178
cM) of the Rl linkage map. Two hundred twenty-nine markers represent a unique
map position, while the remaining 1156 markers were clustered into 263 clusters
of at least2 markers in a 1cM window. Comparison of the CONDMAP, WEIGHT,
RANDSEL and PICSEL similarity matrices and the corresponding correlation
coefficients revealthat the genetic similarity estimates between genotypes are very
similar to one another (Table 4.3). All the similarity correlation coefficients are
high and statistically significant (P<0.01). Genetic similarity estimates were used to
derive dendrograms. The four dendrograms clearly discriminate between the two
heterotic groups (BSSS and LSC), and show only some minor differences in
topology (Figure 4.2d-g). Also here the inbred lines A6 and A7 are positioned
within the BSSSgroup. The similarity in dendrogram topology is reflected in the
overall highly significant (P<0.01) cophenetic correlation coefficients.

Comparison of genetic relationships between maize genotypes basedon random
and non-random sampled markers
Comparison of the similarity matrices and dendrogram topology based on either
the random marker sets E/M, P/M and mP/M or the non-random marker sets
CONDMAP, WEIGHT, RANDSEL and PICSEL, and the corresponding similarity
and cophenetic correlation coefficients, reveal that 1) all similarity and cophenetic
correlation coefficients are high and statistically significant (P<0.01), and 2) the
highest correlations between similarity matrices as well as dendrogram topology
are obtained between the random P/M marker set and the four non-random data
sets(Table 4.3).
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Figure4.2 Dendrogramsproducedfromgeneticsimilarity matricescalculated usingthe
Jaccardsimilarity coeffficient
Fig.4.2afcoRI/Msel
0.2

Fig.4.2bPstl/Msel
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Fig.4.2c mPst\/Mse\
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Fig.4.2eWEIGHT
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Fig.4.2g PICSEL
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Samplingvariance of genetic similarities
Relationships between sample size and sampling variance in the estimation of
genetic similarity amongall inbred pairs for random and non-random marker sets
is depicted in Figure 4.3. As expected, the sampling variance, measured in
percentage standard deviation, is inversely proportional to the sample size.
Natural log transformations of the percentage sd resulted in a linear relationship
between sd and sample size (data not shown). Y-intercepts ranged from 2.27
(PICSEL)to 2.44 (E/M), while the rate of reduction in meansd (slope) ranged from
0.0048 (E/M) to 0.0060 (PICSEL). The number of markers required to achieve a
mean sd of 5% in the estimation of genetic distance among the 33 inbreds were
estimated using the linear relationship between sd and sample size: 173, 135,
129, 122, 106 and 101 for the E/M, P/M, m P/M, CONDMAP, RANDSEL and
PICSELmarker set, respectively.
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Figure 4.3 Plot of the relationships between the mean standard deviation (sd)(%)
and the sample size for the random (fcoRI/Msel (E/M), Pstl/Msel (P/M) and
m
Pstl/Msel (mP/M))and non-random (CONDMAP; RANDSEL; PICSEL) markersets.

10

-E/M
-P/M
-mP/M

-a e

-CONDMAP
-RANDSEL
-PICSEL

^ * i i = ^

50

100

150

:

=

^

200

samplesize(numberofmarkers)

Discussion
Our results from AFLP analyses of the set of 33 inbred lines confirm that maize
exhibits a high degree of DNA polymorphism, even within commercially
germplasm pools (Livini et al. 1992; Mumm and Dudley 1994; Smith et al. 1997;
Senior et al. 1998; Pejic et al. 1998). The dendrograms (Figure 4.2a-c) clearly
discriminate between the two heterotic groups (BSSS and LSC). The similarity in
dendrogram topology is reflected in the overall highly significant (P<0.01)
cophenetic correlation coefficients. Not all lines with defined affiliation to one of
the two heterotic groups were assigned to their specific main clusters, e.g., the
Oh43-related lines A6 and A7 were positioned within the BSSSgroup, although
Oh43 is usually considered a LSCtype. Also Pejic et al. (1998) noted that Oh43related inbreds were grouped apart from the LSC cluster and merged with the
BSSS lines. In addition, Mumm and Dudley (1994) classified Oh43 separately
from the "pure"LSC.
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AFLP-detectable DNA polymorphisms are predominantly single nucleotide type
mutations. However, since there are indications that some species, including
maize (SanMiguel et al. 1996), contain more active transposon systems than
others, the proportion of insertion/deletion type mutations detected by AFLP in
maize is not negligible. Due to a high sensitivity and level of resolution for
differences in band size, the AFLP technique is capable to detect small
insertion/deletion type mutations of only afew base pairs long. However, despite
of the high resolution of the AFLP technique, erroneous scoring of nonhomologous bands of similar mobility, which may increase when the allelic
diversity in the group is large, can not be excluded. The frequency of occurrence
of these 'erroneous' bands in maize was estimated at 7.4% (Chapter 3), which
may leadto aslightoverestimation of similarity.
The highest fractions of polymorphic bands were obtained with P/M and mP/M
markers. A higher degree of polymorphism detected by the P/M ECthan by the
E/M ECcan be ascribed to the higher rate of mutation in the Pstl recognition site
(containing two CpNpG trinucleotides) due to 5mC -> T transitions. According to
Yang et al. (1996), there is a 10- to 40-fold increase in the rate of transitions at
methylated versus unmethylated cytosines.
We have demonstrated that the efficiency of polymorphism detection bytheAFLP
method can be adjusted by altering the ECs: sets of P/M or mP/M PCs generate
significantly higher PICav(0.38 and 0.38, respectively) than sets of E/M PCs(0.33).
Due to the dominant nature of AFLP markers, the highest PIC value obtained by
an AFLP marker equals 0.5, which is low in comparison with multi-allellic marker
systems like RFLPand SSR.Senior et al.(1998) assayed94 elite maize inbred lines
for polymorphism at 70 SSRloci. PICvaluesfor theseSSRloci rangedfrom 0.17 to
0.92, with anaverage of 0.59. This resultwas consistent with the result of Smith et
al. (1997) who assayed 58 inbred lines for polymorphism at 131 SSRand 80 RFLP
loci. Mean values for PIC for SSRs and RFLPs were similar, approximately 0.62.
Dubreuil et al. (1996) reported a mean PIC value of 0.60 for 63 RFLP loci used
within asetof 116 maize inbred lines.
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Powell et al. (1996) highlighted in their report the distinctive nature of the AFLP
assay, with an Ml almost an order of magnitude higher than for other marker
systems like RFLP, RAPD and SSRexamined for a soybean germplasm. The high
Ml of the AFLP method is due to its very high EM component in the calculation.
We have demonstrated that the Ml of the AFLP method can be adjusted by
altering the ECs: sets of P/M PCs generate, for a pair of genotypes being
compared, 4 to 5 polymorphic fragments more per assaythan setsof E/M or mP/M
PCs.The Ml for the three ECsare in good accordance with the Effective Mapped
Multiplex Ratio (EMM)(number of polymorphic fragments between two parental
lines in a single assay, of which the segregational pattern could be scored and
quantified in such a way that they could be reliably mapped) of the three ECs,
calculated for two maize mapping populations in (Chapter 3).
Not only the metrics PICav and Ml highlight the distinctive nature of the P/M EC,
but alsothe samplingvariance inthe estimation of genetic similarity among inbred
pairs. The samplingvariance was used to determine how many AFLP markers are
required to provide agiven level of precision.To achieve a mean sd of 5% in the
estimation of genetic distance among the 33 inbreds used in this study, the P/M
and mP/M marker sets(135 and 129 markers, respectively) are clearly smaller than
the E/M marker set (173 markers). Accordingly, the average number of P/M, mP/M
and E/M PCs required to obtain a 5% precision in the GD estimate are 2-3, 3-4
and 3-4, respectively. Similarly, Pejic et al. (1998), investigating in a set of 33
maize inbred lines the sampling variance of a E/M AFLP data set, found that the
standard deviation ofthe estimate was not longer significantly reduced when more
than 150 E/M markers were analysed. Accordingly, the average number of RFLP,
RAPD and SSRassaysto attain an equal precision was 30-40 clone-enzyme RFLP
combinations, 40-50 RAPD primers and 20-30 SSR primers, respectively. In
contrast, Messmer et al. (1993) reported that at least 100 independent
polymorphic RFLPclone-enzyme combinations are required to keep the standard
error below 0.05 in the estimation of genetic diversity among 29 maize inbreds.
Tivang et al. (1994), investigating in a set of 37 maize the sampling variance of a
RFLP data set, found that the number of bands required for a coefficient of
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variation of 10%was 388, 150 and 38 for closely-, intermediately- and distantlyrelated inbreds, respectively.
So, thanks to their high PICav and Ml value, their lower sampling variance in the
GD estimation among inbreds and their being uniformly distributed over the
genome (Chapter 3), P/M markers offer adistinctive advantage over E/M andmP/M
markers when financial and laboratory efforts, marker utility, genome coverage
and minimizing sampling variances in GD estimations are simultaneous
constraints.
Reducing marker information redundancy by sampling or weighing markers
conditionally on their genetic map position,to obtain a more even distribution of
markers on each chromosome, whether combined or not with further selection or
weighing conditionally on their information content, did not reveal significant
differences in genetic relationships or dendrogram topologies. The highest values
for similarity and cophenetic correlation coefficients between arandom marker set
and the four non-random marker sets are obtained by the P/M marker set. These
high correlations can be attributed to a more even distribution of P/M than E/M
and mP/M markers on each chromosome, combined with the on average higher
PICvaluesfor P/M markers.
Non-random marker sets differ from random setssince they allow minimizing the
number of markers required for a given level of precision in the estimation of
genetic distances among maize inbreds. This discrepancy can be attributed to
redundancy of information in the markers belongingto a non-random marker set.
Reducing marker information redundancy by selecting markers evenly distributed
over the each chromosome ishighly effective in minimizingthe samplingvariance:
106 (RANDSEL) instead of 122 (CONDMAP) markers are required for a meansd
of 5%. Representing clusters of markers by their highest informative marker
instead of by arandom selected marker, isof alow effectiveness. It is important to
realize, however, that in general AFLP markers are produced on a random basis,
and not asasubsetof AFLP markers uniformly distributed over the linkage groups.
Nevertheless, these results underscore the need to perform an analysis based on
'map-based' AFLP markers in order to minimize the number of markers required

89

Chapter4

for a given level of precision in the estimation of genetic distances among
individuals, or in order to estimate genetic relationships among individuals more
preciselyfor agiven number of markers.
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Chromosomal regionsinvolved inhybrid performanceand
heterosis:theirAFLP®-based identification and practical usein
prediction models
M. Vuylsteke, M. Kuiper and P.Stam

Abstract
Inthis paper, anovel approach towards the prediction of hybrid performance and
heterosis is presented. Here, we describe an approach based on: 1) the
assessment of associations between AFLP® markers and hybrid performance and
specific combiningability (SCA)acrossasetof hybrids; and 2)the assumption that
the joint effect of genetic factors (loci) determined this way can be obtained by
addition. Estimated gene effects for grain yield varied from additive, partial
dominance to overdominance. This procedure was applied to 53 interheterotic
hybrids out of a 13 by 13 half-diallel among maize inbreds, evaluated for grain
yield. The hybrid value, representing the joint effect of the genetic factors,
accounted for up to 62.4% of the variation in the hybrid performance observed,
whereas the corresponding efficiency of the SCA model was 36.8%. Efficiency of
the prediction for hybrid performance was evaluated by means of a crossvalidation procedure for grain yield of 1) the 53 interheterotic hybrids and 2) 16
hybrids partly related to the 13 by 13 half-diallel. Comparisons in prediction
efficiency with the 'distance' model were made. Since the map position of the
selected markers is known, putative quantitative trait loci (QTL) affecting grain
yield, in terms of hybrid performance or heterosis, are identified. Some QTL of
grain yield detected in the present study were located in the vicinity of loci
reported earlier ashavingquantitative effects ongrain yield.
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Introduction
Heterosis isstillthe main cause of the successof the commercial maize (Zea mays
L.) industry. Therefore, identification of genetic factors contributing to hybrid
performance (HP) and/or heterosis and a suitable method that could predict HP
and/or heterosis with some accuracy before field evaluation of test hybrids are of
particular interest. In maize,the mainstrategythat hasbeenfollowed towards new
ways of hybrid prediction duringthe lastdecade isbased on the 'distance' model:
heterosis, defined and measured as the superiority of the hybrid over the
midparent (the average performance of the two parents of the hybrid), is related
to the genetic divergence between its parental lines (Lee et al. 1989). The
potential of this 'distance' model-strategy has been extensively tested in maize,
where genetic distances were first computed from isozyme data on parental
inbreds (Frei et al. 1986), later from RFLPs(Leeet al. 1989; Codshalk et al. 1990;
Melchinger et al. 1990 a, b; Smith et al. 1990; Dudley et al. 1991; Melchinger et
al. 1992; Boppenmaier et al. 1993; Burstin et al. 1995) and recently from PCRbased RAPDs (Lanza et al. 1997) and AFLP® markers (Ajmone Marsan et al.
1998). The general tendency found was that the prediction effiency of the
'distance' model is high when 1) hybrids between related lines (intraheterotic
crosses) and 2) hybrids between both related and unrelated lines (intra- and
interheterotic crosses) are considered. However, correlations between genetic
distances of unrelated lines only and their respective interheterotic crosses, were
of low practical predictive value. This tendency is in good agreement with
quantitative-genetic expectations (Charcosset and Essioux 1994), ascribing the
failure of the 'distance' model for interheterotic crosses to the fact that linkage
associations between markers and quantitative trait loci (QTL) generally differ
randomly from one heterotic group to the other. Since only the interheterotic
crossesare of commercial importance and of interest to the breeder, the practical
value ofthe 'distance' model-approach islimited.
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Other, more recent strategies for predicting HP, especially between unrelated
lines, were proposed by Bernardo (1994) and Charcosset et al. (1998). The first
method, based on best linear unbiased prediction (BLUP), uses covariances
between HPs, estimated with marker data on parental inbreds, to predict the
performance of an untested hybrid from the performance of related, tested
hybrids. The second method is based on the principle that two hybrids with
parentssimilar atthe marker level,should display similar specific combining ability
(SCA) values. Markers are used to generate covariates for SCA by means of
principle component analysis.
In maize, many studies have been conducted to identify and map QTL for grain
yield (GY)and yield components (Edwardset al. 1987; Stuber et al. 1992; Zehr et
al. 1992; Beavis et al. 1994; Veldboom et al. 1994; Ajmone Marsan et al. 1995;
Austin and Lee 1996; Cockerham and Zeng 1996; Eathington et al. 1997; Austin
and Lee 1998). These studies strongly suggested that there are multiple QTL
affecting GY throughout the genome. The results are generally in favor of the
hypothesis of dominance of favorable alleles to explain the observed heterosis in
GY, although overdominance at individual QTL (Stuber et al. 1992) and epistasis
can not be ruled out.
In this paper, we present a novel approach towards the prediction of HP and
heterosis. This approach is based on (1) the assessment of associations between
AFLP markers and HP, resp. SCA across a set of hybrids and (2) the assumption
that the joint effect of genetic factors determined this way can be obtained by
addition. The chromosomal position of the loci involved in HP or heterosis is
assumed to be in tight linkage with the marker locus since loosely trait locusmarker associations will be broken up due to accumulated recombination events
during the establishment of the inbred lines. At the same time, since the map
position of the selected markers is known, putative QTL affecting the trait of
interest are identified.
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Materials and methods

Plant material
Six inbred lines from Iowa Stiff Stalk Synthetic (BSSS), five from Lancaster Sure
Crop (LSC) and two of miscellaneous origin (MO) were chosen as parents for a
half-diallel matingdesign (Figure 5.1). The 6 BSSSand the 5 LSCinbred lines from
the half-diallel,were alsochosento betested against B14A and B73 (BSSStesters),
and Lo881 and C103 (LSC testers), respectively. Another 16 single crosses were
obtained by testing 8 BSSS inbreds (Lo999, N28, A 1 ,A2, A3, A4, A5 and A8)
against L088I and C103. The pedigree backgrounds of all inbreds are given in
Table 4.1.
Figure 5.1 Schematic representation of the half-diallel matingdesign, involvingsix
inbred lines from Iowa Stiff Stalk Synthetic (BSSS),five inbred lines from Lancaster
Sure Crop (LSC) and two of miscellaneous origin (MO) chosen as parents.
Intraheterotic crossesare marked by V , interheterotic crossesare marked by '®'.
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Fieldtrials
The 78 single cross hybrids from the half-diallel and the 38 parental testcrosses
were evaluated in 1994 at three different environments (Bergamo, Luignano and
Turano) for CY (t ha'1at 15.5% moisture). The experimental design isdescribed in
Ajmone Marsan et al. (1998).
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Data handling
The half-diallel and the testcrosses had 22 interheterotic F, data in common.
These duplicate and reciprocal F, data were averaged. For the application of the
'distance' model, all the 78 F, data were considered. Diallel analysis was
performed according to Griffing (1956) Model I of Method 4 excluding parents
and reciprocals, partitioningthe performance of the hybrid (Y^-)between inbreds;'
and; classicallyas:

Y

ij = M+ gc*i + gcay + sca,7

where // isthe mean of the HPs,gca,andgcayarethe GCAs of the inbreds /'and;',
respectively, and scai; isthe SCA between inbreds / and/. GCA and SCA variances
were highly significant (P<0.01) andof asimilar order of magnitude.
Since the breeder is only interested in interheterotic crosses, and to remove the
influence of group effects (intra- versus interheterotic groups) on further analyses,
e.g. marker selection, the intraheterotic group crosses (BSSSxBSSS; LSCxLSC) are
excluded, reducing the data set to 53 hybrids (Figure 5.1). A simple ANOVA-test
revealed a significant difference (P<0.001) between the intra- and interheterotic
HPand SCAfor GY (data not shown).
Consideringthe 53 interheteroticf:data only, the GCAsofthe parental lines were
adjusted for the contribution ofthe other linesto the mean of the line in question,
sincethere areasmall number of parental lines (Falconer 1989):

g ^ = (?—)U-/J)
n-2

wheregca,isthe GCA of the inbred ;',n isthe number of linescrossed with inbred
/', i isthe mean performance of parental line / and// isthe mean of the HPsof 1)
BSSSx LSCand BSSSx M O crosses,when inbred / isa BSSSinbred line, 2) LSCx
BSSSand LSC x M O crosses, when inbred / is a LSC inbred line, and 3) BSSSx
MO and LSC x MO crosses, when inbred / is from miscellaneous origin (Figure
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5.1). If there is no dominance or epistasis, the performance of the hybrid from a
cross between the ;th female and the/th male ispredicted by,

EY

ii = M+ gca, + gca.

Any significant deviation from the observed Y^ must be due to dominance or
epistatic effects. These deviations, specific to individual crosses, are referred to as
SCA.

AFLP® and methylation AFLP® analysis
The 13 inbred lines were assayed for their respective AFLP and methylation AFLP
profiles asdescribed in Chapter 4. A total of 1385 AFLP markers (592 fcoRI/Msel
(E/M), 532 Pstl/Msel (P/M) and 261 mPstl/Msel CP/M) markers) out of 1539 AFLP
markers mapped on the B73 x Mo17 Recombinant Inbred (Rl) high-density AFLP
linkage map (Chapter 3),were chosen for further analysis.

'Distance' model
Genetic Distances (GD) between pairs of inbred lines were calculated from AFLP
datafor all possible pairsof inbreds bythe followingequation:

CDtj = 1- [N./flM, + N, + N(J)]

where N,-,-isthe total number of bands common to lines / andj, and N(and N ;are
the number of bands only present in / and/, respectively. This distance measure is
equal to one minus the genetic similarity coefficient originally deviced by Jaccard
(1908). Values of GD may range from 0 (identical profiles for all markers in the
two inbreds) to 1(no bands in common).
In a same way asthe 78 F, HP data were partitioned into a mean value, a GCA
and SCA component, the GD values associated with 78 F, hybrids were
partitioned as:
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CD,, = ft + ggdi + ggdy + sgd^

where ju is the mean of the GDs, ggd, and ggd, are the general genetic distances
(GCD) of the inbreds / and;', respectively, and sgdffisthe specific genetic distance
(SGD) between the inbreds / and) (Melchinger et al. 1990b). Linear correlations
were calculated for various combinations of HP, SCA, GD and SGD for the 78 F,
hybrids.

Selection of markers usingthe Kruskal-Wallistest
To find markers that are, across the 53 F/s, significantly associated with HP, a
nonparametric statistical method has been used. Here, the rank sum test of
Kruskal-Wallis, one of the three QTL mapping methods handled by MapQTL (van
Ooijen and Maliepaard 1996) has been used as nonparametric statistical method.
The molecular genotypes of the 53 hybrid combinations were predicted on basis
of the parental genotypes and converted into the following genotype codes: A for
homozygous absence, H for heterozygosity and Bfor homozygous presence of the
marker allele. The actual genotype information for each locus and for all hybrids
was structured in this way in order to meet the input file structure of the software
used (MapQTL; van Ooijen and Maliepaard 1996). For each locus, the F, is
classified aseither of three classes, i.e. A, H or B. Beside the genotype information
ateach locus,the map position of the loci andthe quantitative data are neededas
input for the Kruskal-Wallis test as performed by MapQTL. The output of the
Kruskal-Wallis test listsfor every locus (sorted accordingthe map) the name of the
locus and its map position, the number of informative individuals, the KruskalWallis test statistic and corresponding p-value, and, subsequently, for each class
respectively the genotype, the mean rank, the arithmetic mean and the number of
individuals in the class. B73 and Mo17 will be referred to as 'origin' of a selected
marker allele, when the AFLP marker has been identified as a B73 or Mo17
marker, respectively, mapped onthe B73 x Mo17 Rl linkage map (Chapter 3).
In order to keep the overall false positive rate low, astringent significance level of
0.001 and 0.005 was used in the selection of markers significantly associated with
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HP and SCA, respectively, across the 53 F/s. Only those loci at the 0.001 and
0.005significancelevel,respectively,for which all individualsareinformative and
the three genotypic classes are represented with at least one individual, were
retainedforfurtheranalysis.
ModelforthepredictionofHP
Foreachselectedmarker,theadditive(a)anddominance(d) effectsareestimated
from the meansof the three genotypic classes.Consider M asbeingthe marker
allele represented by an AFLP fragment, while mencodes the absence of that
marker allele (i.e. m encodes one or different other alleles at the same marker
locus). Then,

fl=(*MM-

*mm)/2

and

d = *Mm-((*MM- * „ J / 2 )
where xMM, xmmand xMmdenotethe arithmetic meanofthegenotypic classesB,
A and H, respectively. Using the notation of Hayman (1954), the genotype of
individual/atlocus/isrepresentedbythevariable 0},whichtakesthevalue - 1 , 0
and +1 for genotypes mm,Mm and MM, respectively. The genotypic value of
individual/forasinglelocus/iswrittenas:

y.= c, + a,0; + d,(i-(0;)2)

wherec, isthe averagevalueof homozygotesmmandMM,andaandd arethe
additive and dominance effects. Subsequently, if the trait iscontrolled bynl loci
acting independently (no epistasis),the genotypic value of individual ;' iswritten
as:
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Yi = C+'£ a,0i + rf,(7-(^)2)

nl

I

withC=^c,, themeanofallhomozygotesoverallloci.
ThegenotypicvalueoftheF,fromthecross/'xj canbewrittenas:

Yv= C + f > , (0!+0/)/2 +<*,(1-#^'V2
w

Finally,ahybridvalueTCSM,j canbecalculatedfor anyhybridasTCSM^ = Y,-C,
representing the total contribution of the selected markers (TCSM) in terms of
their a,and d,estimates. Different TCSMscan be calculated asafunction of the
significance level used in selecting markers, resulting in a TCSM0001, TCSM00005
andTCSM00001.LinearregressionoftheHPontheTCSMresultsinamodelforthe
predictionoftheHP.
Note that, since a parental line is supposed to be either homozygous for the
absenceor homozygousforthe presenceofthe marker allelesshowingsignificant
associationwithQTLofthetraitofinterest,itsTCSMpersereducesto

TCSM^f,

a,4.

w

ModelforthepredictionofCCA
Analogous to the partitioningof HPinto CCAand SCAof parents,the TCSM^of
thehybridY^ between inbreds;andj canbewrittenas:

TCSMH = // + CCSMi+ GC5M,+ SCSMfl

with the analogous interpretation ofgeneralandspecific contributions ofselected
markers.TheGCSMofaline/ iscalculated asthe deviation of itsmeanfromthe
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overall mean//, adjusted for the contribution of the other linesto the mean of the
line inquestion (Falconer 1989):

GCSM =

(—)(i-tf

M-2

where n = the number of linescrossedwith inbred /', i isthe mean of parental line
/, and n is the mean of the TCSMs, calculated in a analogous way as for GCA
(Figure 5.1). Linear regression of the GCAs of the parental lines calculated for the
trait of intereston the GCSMs results in anadditive model for the prediction of the
GCA.
An 'expected'TCSM ofthe hybrid from across between the rth female and the/th
malecan now becalculatedas,

ETCSMjj =//+

GCSM; + CCSM,

Models for the prediction ofSCA
There are two alternative models for the prediction of SCA based on selected
markers: 1) The difference between the calculated and 'expected' TCSM for a
hybrid results in an estimation of the SCSM of the two parental lines in
combination. Linear regression ofthe SCAsof the hybrids calculated for the trait of
interest on the SCSMsresults in afirst model for the prediction oftheSCA.
2) In a way similar to finding markers significantly associated with HP, markers
associated with SCA can be selected. The estimates of a,and d,of the marker
alleles selected as being significantly associated with SCA are used to calculate a
TCSMvalue of any hybrid. Linear regression of the SCAson the TCSMs results ina
second modelfor the prediction oftheSCA.

Allelic divergence amonggroups
Allelic divergence {aid) among groups of inbreds at the marker loci and the QTL
produces linkage disequilibrium between marker loci and QTL involved in SCA
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(Charcosset and Essioux 1994). Sincespecific heterotic groups like BSSS andLSC
have been classified on the basis of intra- and interheterotic heterosis, these
groupsshoulddifferfortheirallelicfrequenciesattheQTLthatexhibitdominance
effects. Since we were able to determine group membership of the parental
inbreds,allelic divergence amongthe two major groupsfor the markers showing
sginificantassociationwithSCAhasbeencalculatedasfollows:

a/cf= (I f,-f2 I)

wheref, andf2 arethe allelic frequencies atthe marker locus in group 1 (BSSS)
andgroup 2(LSC),respectively. Highaidvalues must1)provideevidenceforthe
correlation between SCA and heterozygosity at marker loci, and 2) support the
linkage association between the selected marker loci and QTL exhibiting
dominance effects. The allelic frequency at the marker locus in the third group
containing the two parental lines of miscellaneous origin, was left out of
consideration.
EvaluationofthemodelforthepredictionofHP
A first type of cross-validation performed to evaluate the additive model for
prediction of HP is by a jackknife sampling procedure. The jackknife sampling
procedure requiresthe partition ofthe initialsetofNhybrids into 1)asetofN -1
predictor hybridsusedfor parameterestimationand2)one'removed'hybridused
to compare predicted HPwith observed HP. Evaluation of prediction efficiency
was made byexaminingplots of observedvs.predicted values andtwo synthetic
statistics:1)thestandarderror (SE) estimated as:

SE= V~5 2 x (1 + - + ( x 0 - i ) 2 / X ( x , - * ) 2 )

where s2 is the sample variance, n is the number of observations, x0 is the
predictedvalue, x isthe meanoftheobservedvaluesandx,istheobservedvalue
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/; 2)the coefficient of determination (r2,squaredcorrelation coefficient) between
observed and predicted values.The minimum value SEcan reach isequal to a,
since a new hybrid will show some variation around the regression, equal to at
least the residual variance a2. A second source of variation to be taken into
account is the inaccuracy of the regression line: the estimates of the regression
coefficientsarestochastic,sincetheyarebasedonalimitedsetofobservations.
Asecondtypeofcross-validationtoevaluatetheadditivemodelsfor predictionof
HP is by linear regression of the HP of additional single crosses on their
corresponding TCSM. In this study, sixteen parental testcrosses, obtained by
testingeight BSSSinbreds (Lo999, N28, A1, A2,A3,A4,A5 and A8 (Table4.1))
against Lo881 and C103 (LSC testers), were chosen. Evaluation of prediction
efficiencies were made by examining plots of observed vs. predicted valuesand
thecorrespondingr2values.

Results

Relationshipofgeneticdistanceto HPand SCA
The estimates of linear correlations (r) of CD and SCD calculated from different
marker data setswith HP and SCAfor CY, respectively, are presented in Table
5.1. It must beemphasized that the results obtained from the BSSSx BSSSand
LSCx LSCgroupsof crosses,although thesegroupsareof minor interest,should
be interpreted with caution becauseoftheir smallnumber of observations.Ther
values of CD with HP for the entire set of 78 hybrids were highly significant
(P<0.001) but of moderate size (0.36-0.52); the highest r value (0.52) was
obtained usingthe P/M marker data set. By contrast, a lack of relationship was
noted betweenCDand HPinthethreesubsetofcrosses.Estimatesofr valuesof
SCDwith the SCAeffect were for the entire set of crosses and the BSSSxBSSS
subset highly positive (0.80-0.84 and 0.83-0.86, respectively) and highly
significant (P<0.001); the highest r values (0.84 and 0.86, respectively) were
obtained usingthemP/Mmarker dataset.Inaddition,highlysignificant (P<0.001)
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and of a high magnitude were the correlations found in the subset of unrelated
lines (0.61-0.68). Again the highestr value (0.68) was obtained usingthe mP/M
marker data set. The r values of CD and SGD calculated from different marker
datasetswith HPand SCAfor GYcalculated from the 78 F,data from the halfdiallelonly,were similartothose reported byAjmone Marsanetal. (1998)(data
notshown).
Table 5.1 Linear correlations of genetic distance (GD) and specific genetic
distance (SGD) basedon EcoRI/Msel (E/M),Pstl/Msel (P/M) andmPstl/Msel (mP/M)
data, respectively, with hybrid performance (HP) and specific combining ability
(SCA)for grainyield,forthetotal setof 78singlecrossesandfor differentsubsets
ofsingle crosses.
Variables

Crosses(n)
All
(78)

BSSSxBSSS LSCxLSC Unrelated
(15)
(10)
Lines (53)
HP

G D - E/M
G D - P/M
G D - mP/M
G D - Tot

0.47***
0.52***
0.36***
0.48***

SGD - E / M
SGD - P / M
SGD - m P / M
SGD - T o t

0.80***
0.80***
0.84***
0.81***

0.22
0.33
0.41
0.30
SCA
0.85***
0.83***
0.86***
0.86***

0.38
0.24
0.11
0.28

0.16
0.25
0.08
0.19

0.58
0.45
0.68*
0.59

0.61***
0.63***
0.68***
0.64***

***, *: Significantatthe0.001 and0.05 probability level,respectively

PredictionofHybrid PerformanceforCY
Table 5.2 gives an output list of the 20 marker alleles selected as being
significantly (p < 0.001)associatedwith QTLallelescontributingtoGY,aswellas
their corresponding map position, 'origin', Kruskal-Wallis test statistic, the
arithmetic meansofthequantitative traitforthethreegenotypic classesandthea
anddvalues. Itisclearfromtheaendvaluesthatthe markerallelesselectedfor
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HP for GY fit single gene models with additive and partial dominance effects
(0<|d|<|a|).
The selected markers are clearly confined to particular regions of chromosomes,
ratherthan beingevenlydistributedacrosstheentiremaizegenome(residingon8
of the 10 chromosomes). Only one putative QTL of GY was revealed on 1/94
where Mo17 contributed the superior allele. In contrast, B73 contributed the
superior allele at the putative QTL on 4/56.2-58.0, 5/20.1, 6/10.3-10.8, 6/64.768.4,8/124.6and9/54.1.
Table5.2 Mapposition,'origin',Kruskal-Wallisteststatistic (K),the meansforthe
threegenotypic classesandtheaandd effectsforthe 20 marker allelesselected
asbeingsignificantly (p < 0.001) associated with QTL alleles contributingto the
hybridperformanceforgrainyield,acrossthe53 interheteroticcrosses.
nr. mapposition

marker

origin*

K

mm

Mm

MM

a

1/94.5
E42M4750Mo17 15.24 ****
10.39 11.80 12.48 1.04
2/24.5
Mo17 16.06 ****
P13M60-59.0
12.94 11.54 10.35 -1.3
2/30.4
P12M50-146.4
Mo17 15.52 ****
12.23 10.93 10.14 -1.05
2/53.4
P18M60-419.7
Mo17 13.88 ***
11.72 10.46 9.27 -1.23
3/49.5
T12M48-587.1 Mo17 17.21 ****
11.91 10.47 10.14 -0.88
4/56.2
E35M5154-82.0
B73 19.28 ***** 10.03 11.43 12.99 1.48
4/58.0
E38M51-139.7
Mo17 19.33 ***** 12.16 10.87 9.10 -1.53
4/58.0
E39M54-314.1
Mo17 19.33 ***** 12.16 10.87 9.10 -1.53
4/58.0
10.17 11.03 12.45 1.14
E35M50-415.8
B73 17.04 ****
5/20.1
10.26 11.02 12.48 1.11
P12M61-93.5
B73 18.19 ****
6/10.3
E39M62-168.6
10.23 11.06 12.15 0.96
B73 15.22 ****
6/10.8
E39M47-413.1
B73 23.81 ***** 10.21 10.73 12.40 1.09
6/10.8
E45M60-582.5
B73 14.22 ***
10.50 11.11 12.47 0.99
6/64.7
P13M62-473.2
B73 21.21 ***** 10.42 11.78 13.37 1.47
6/68.4
10.37 11.17 12.61 1.12
E42M6061B73 16.89 ****
8/124.6
10.27 10.69 11.96 0.85
E33M50-148.9
B73 13.99 ***
8/124.7
E33M50-148.1
Mo17 17.21 ****
11.91 10.47 10.14 -0.88
9/0.0
E39M50-174.0
Mo17 18.86 ***** 12.62 11.16 10.27 -1.17
9/54.1
E38M51-71.6
B73 20.22 ***** 9.74 11.36 12.35 1.31
9/58.6
Mo17 13.22 ***
11.94 10.90 8.90 -1.52
E35M50-228.1
***** **** ,***: Significantatthe0.0001,0.0005and0.001 probability level,respectively
"To B73andMo17will bereferredas'origin'ofaselected marker allele,whentheAFLPmarker
hasbeenidentifiedasaB73orMo17 marker,respectively,mappedonthe B73 x Mo17 Rllinkage
map(Chapter3).
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
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d
0.37
-0.1
-0.26
-0.04
-0.56
-0.08
0.24
0.24
-0.28
-0.35
-0.13
-0.58
-0.38
-0.12
-0.33
-0.65
-0.56
-0.28
0.32
0.48
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Ther values of TCSMwith HPfor CYfor the 53 interheterotic crossesare reported
in Table 5.3.
Table 5.3 Linear correlations of hybrid performance (HP), general combining
ability (GCA) and specific combining ability (SCA) with the total, general and
specific contribution of selected markers (TCSM, GCSM, SCSM), respectively, for
interheterotic crosses only. Different TCSMs, GCSMs and SCSMs are calculated
correspondingto the significance level used in selectingmarkers.
~
# markers HP/TCSM GCA/GCSM SCA/SCSM
P<0.001
20
0.79***
0.88***
0.49***
P<0.0005
16
0.78***
0.88***
0.47***
P<0.0001
7
0.77***
0.87***
0.48***
*•*: Significantatthe0.001 probability level

These r values calculated for different numbers of selected markers, are very
highly significant (P<0.001) and of a much higher magnitude than the r values of
HPwith GD (Table 5.1). Simultaneous fit of all putative QTL accounted for 62.4%
of the phenotypic variance among the 53 hybrids (Table 5.3; Figure 5.2), while
still 59.3%of the phenotypic variance amongthe 53 hybrids isexplained by only
7 markers.
The cross Lo881 x Lo951, of which GY is amongst the highest (12.94 t ha"1 at
15.5% moisture), has the highest TCSM0001 value (23.65) for GY among the 53
hybrids (data not shown). The maximal TCSM0001 value that can be reached,
based on the maximal contribution of each selected marker listed in Table 5.2
20

equals 23.65 (^|a,|). This means there is no additional gain in GY possible using
the QTL detected inthe germplasm under consideration.
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Figure 5.2 Observed hybrid performance (t ha'1 at 15.5% moisture) vs. the total
contribution of the markers selected at a significance level of 0.001 (TCSM0001).
The 53 interheterotic crossesareconsidered.The straight line represents the linear
regression of hybrid performance on TCSM0001.
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Figure 5.3 General combining ability (GCA) (t ha"1 at 15.5% moisture) vs. the
general contribution of the markers selected at a significance level of 0.001
(GCSM0001). The 13 inbred lines are considered. The straight line represents the
linear regression of GCA on GCSM0001.

106

Chromosomal regionsinvolved in hybrid performanceandheterosis

PredictionofGCAforGY
The r values of CCSM with CCA for GYfor the 13 inbred lines, calculated for
different numbers of selected markers, are very highly significant (P<0.001) and
are reported in Table 5.3. Simultaneous fit of all putative QTL accounted for
77.4%of the GCA variance amongthe 13 parental lines (Table 5.3; Figure 5.3),
while still 75.7% of the GCA variance is explained by the 7 markers with the
highestsignificancelevel.
PredictionofSCAforGY
ThervaluesofSCSM withSCAforGYforthe53 interheterotic crosses,calculated
for different numbers of selected markers, are very highly significant (P<0.001)
butof moderatesize(0.47-0.48) (Table5.3) andof alower magnitudethanther
values of SGD with SCA (Table 5.1). Table 5.4 gives an output list of the 25
markerallelesselectedasbeingsignificantly (P<0.005) associatedwithQTLalleles
contributing to SCA for GY as well as their corresponding map locus, 'origin',
Kruskal-Wallistest statistic, the arithmetic means of the quantitative trait for the
threegenotypic classesandtheaanddvalues. It isclearfromtheaanddvalues
that the marker alleles selected for SCAfor GYfit single gene modelswith only
overdominance effects (|d| > |a|). Again,the selected markers are confined to
particular regionsofthechromosomes,ratherthan beingevenlydistributedacross
theentire maizegenome(they resideon 7ofthe 10chromosomes).Theselected
markers are showing positive overdominance (e.g. 1/74.7), aswell as negative
overdominance (e.g. 1/53.1). Where positive overdominance rules, the superior
allele originates evenly from B73 and Mo17. Simultaneous fit of the 25 selected
marker alleles accounted for 36.8%of the SCAvariance amongthe 53 hybrids,
which isof a higher extent than explained by SCSM,but lessthan explained by
SGD.
Alloftheselectedmarkersbuttwoshowahighaidvalue(either80or 100). These
high aidvalues are in good agreement with the hypothesis that heterotic groups
should differ for their allelic frequencies at the QTL that exhibit dominance
effects, or atthe marker loci tightly linked to these QTL (Charcosset andEssioux
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1994). It is clear that divergence of allelic frequencies among groups for the QTL
or marker loci in linkage disequilibrium with these QTL, produces correlation
between heterosis and heterozygosity at marker loci.
Table 5.4 Map position, 'origin', Kruskal-Wallistest statistic (K),the means for the
three genotypic classes,the a and d effects and the allelic divergence (aid)for the
25 marker alleles selected as being significantly (p < 0.005) associated with QTL
alleles contributing to the specific combining ability for grain yield across the 53
interheterotic crosses.
nr.

origin*

1

map
marker
position
1/53.1 E33M50-169.1

K

B73

11.420

2

1/69.0 P12M50-278.2

Mo17

11.420

3

1/74.7 P18M49-117.7

B73

11.093

4

2/70.4

E45M60-137.3

Mo17

11.093

5

3/12.2 P12M61-154.0

Mo17

11.206

6

3/34.6 E35M49-58.9

B73

11.093

7

3/70.4 E45M48-257.8

Mo17

10.965

8

3/91.4

P12M61-159.3

Mo17

10.965

9

3/96.6 P18M49-261.7

Mo17

11.093

10

6/0.0

P18M48-136.8

B73

10.965

11

6/1.7

P18M48-142.1

Mo17

11.420

12

6/11.4 "•P12M49-148.9

B73

11.093

13

8/38.8 E39M60-394.1

Mo17

12.304

14

8/55.7 T12M61-507.8

Mo17

10.965

15

8/57.1 E33M47-92.5

Mo17

10.965

16

8/67.4 P18M48-196.9

B73

12.304

17

8/72.2 P13M49-226.9

Mo17

10.965

18

8/74.6 P12M47-181.6

Mo17

10.965

19

8/74.6 P12M47-178.4

B73

10.965

20

9/20.9 E38M51-153.0

Mo17

11.093

21

9/58.6 E33M50-69.4

B73

10.965

22

9/58.6 E35M50-228.1

Mo17

12.304

23

10/25.4 E35M58-103.0

Mo17

10.965

24

10/37.7 P12M61-185.6

Mo17

11.420

25

10/54.0 P13M60-96.1

Mo17

11.420

mm

**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**

Mm

MM

a

d

aid
80

0.193

-0.177

0.443

0.125

-0.495

0.443

-0.177

0.193

-0.125

-0.495

80

-1.041

0.147

-0.135

0.453

0.734

100

-0.135

0.147

-1.041

-0.453

0.734

100

1.019

-0.156

0.073

-0.473

-0.702

100

-1.041

0.147

-0.135

0.453

0.734

100

0.881

-0.144

0.178

-0.351

-0.673

100

0.881

-0.144

0.178

-0.351

-0.673

100

-0.135

0.147

-1.041

-0.453

0.734

100

0.178

-0.144

0.881

0.351

-0.673

100

0.443

-0.177

0.193

-0.125

-0.495

80

-1.041

0.147

-0.135

0.453

0.734

100

-0.164

0.236

-1.217

-0.527

0.926

60

0.881

-0.144

0.178

-0.351

-0.673

100
100

0.881

-0.144

0.178

0.236

-0.164

-0.351
0.527

-0.673

-1.217

0.926

60

0.881

-0.144

0.178

-0.351

-0.673

100

0.881

-0.144

0.178

-0.351

-0.673

100

0.178

-0.144

0.881

0.351

-0.673

100

-0.135

0.147

-1.041

-0.453

0.734

100

0.178

-0.144

0.881

-0.673

100

-0.164

0.236

-1.217

0.351
-0.527

0.926

60

0.881

-0.144

0.178

-0.673

100

0.443

-0.177

0.193

-0.351
-0.125

-0.495

80

0.443

-0.177

0.193

-0.125

-0.495

80

**: Significantatthe0.005 probability level
a
To B73andMo17will bereferredas'origin'ofaselected markerallele,whentheAFLPmarker
hasbeenidentified asaB73orMo17 marker, respectively, mappedonthe B73 xMo17 Rllinkage
map(Chapter3).

Evaluation ofthe additive model for prediction of HP
Performing the cross-validation of the additive models for prediction of HP by a
jackknife sampling procedure, shows that the highest efficiency for prediction of
HP of GY was reached when considering the selected markers at a significance
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level of P<0.001 only (Table 5.5; Figure 5.4). In this situation, HP predicted by
the model explained 45.1%of the variation observed. The 13 hybrids with a
predicted HPvalue > 12.01ha"1at 15.5% moisture, had aobserved value > 11.5 t
ha"1 at 15.5% moisture. The corresponding mean SE of predicted vs. observed
valueswas0.881ha"1at 15.5% moisture.The ratio between SEandthe total range
ofvariation thatwasobserved (7.5 to 13.881ha"1at 15.5% moisture), and the fact
that most of the best single crosses are identified, suggests that prediction based
on the TCSM model is highly efficient for a preliminary screening of test hybrids
before field evaluation. Note that cross-validation of the prediction model by a
jackknife procedure involves only those hybrids forming part of the 13 by 13 halfdiallel.
Cross-validatingthe additive modelfor prediction of HP by linear regressionof the
HP of the 16 parental testcrosses on their corresponding TCSM, the highest
efficiency (r2 = 33.0%; Table 5.5; Figure 5.5) was reached by simultaneous fit of
the 20 selected marker alleles, given in Table 5.2. Note that here, in contrast with
the cross-validation byjackknifing,the prediction model isevaluated using hybrids
of which only one parent (the LSC tester) is forming part of the 13 by 13 halfdiallel. Despite a moderate r2 value, Figure 5.5 shows that the best single crosses
are identified. This suggeststhat prediction, based on the a,and d,estimates of the
20 markers selected at P<0.001 (Table 5.2) is efficient asa preliminary screening
of relatedtest hybrids before field evaluation.
Table 5.5 Coefficient of determination (r2) between observed and predicted
hybrid performance (HP) of a) the 53 hybrids forming part of the 13 by 13 halfdiallel and b) 16 hybrids partly related to the 13 by 13 half-diallel; the
corresponding mean standard error (SE) and the empirical standard deviation of
SE over the 53, resp. 16 cross-validations within brackets.
HP

P<0.001
P<0.0005
P<0.0001

53hybrids
i*(%)
SE
45.1 0.88(0.03)
42.1 0.90(0.03)
35.3 0.92 (0.02)

16hybrids
r2(%)
SE
33.0
0.842(0.002)
15.7
0.868(0.008)
11.2
0.883(0.009)
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Figure 5.4 Observed vs. predicted performance (t ha"1 at 15.5% moisture) of
maize hybrids based on 52 predictor hybrids used for parameter estimation
(jackknifesamplingprocedure),consideringtheselected markersatasignificance
level of P<0.001 (Table 5.2). The 53 interheterotic hybrids are considered.The
straightlinerepresentsthepredicted = observedequation.
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Discussion
In good accordance with published results (Frei et al. 1986; Lee et al. 1989;
Godshalketal. 1990;Melchinger etal.1990a,b; Smithetal. 1990; Dudleyetal.
1991; Melchinger et al. 1992; Boppenmaier et al. 1993; Burstin et al. 1995;
Ajmone Marsan et al. 1998), estimates of the GD between parents did not
consistently identify the best crosses, particularly not when the two parents are
non-related lines.On the contrary, correlations between SGDand SCA found in
the subset of unrelated lines were highly significant (P<0.001) and of a high
magnitude suggesting practical utility in predicting SCA effects. Differences
betweenour resultsandthosereportedbyAjmone Marsanetal.(1998),aresolely
dueto differences infielddata.Linear correlation valuesofSGDscalculatedfrom
different marker datasetswith SCAcalculated fromthe 78 F,datafrom the halfdiallelonly,weresimilartothosereported byAjmone Marsanetal.(1998).These
resultsstressthe needforfielddataof hybridsavailablefrommultipletrialscarried
outinseveraldifferentenvironmentsandyearstoreducetheerrorvariance.
The established method for identification of QTL isthe selection of two parents,
representingafractionofthegermplasmusedbythebreeder,thatdiffer markedly
in one or more (related) particular quantitative traits of interest, followed by the
determinationofassociationsbetween markersandthatcharacter inasegregating
population. However, the segregational resolution of conventional segregating
populations (e.g. F2, BC) is too low to distinguish tightly from less tightly QTLmarkercombinations.Theapproachto QTL identificationfollowed inthepresent
study hasthe following potential advantagesover QTLdetection in asegregating
population.Firstly, marker-traitassociationsareonlyexpectedto befound incase
a marker is tightly linked to a QTL. This is because across a set of lines,
associations between QTLand loosely linked markerswill benon-existent dueto
accumulatedrecombinationeventsduringtheestablishmentofthelines.Basically,
thetype of associationswe have identified aredueto identity bydescentofQTL
and marker alleles across lines. Secondly, only a limited number of lines
representing the gene pool used by the breeder need to be genotyped. And
thirdly, it mayallowthedetection ofQTLthatvaryacrossawidespectrumofthe
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germplasm used. The possible advantages are not easily generalized since
especially the joint identity by descent of alleles of linked loci depends on factors
that are largely unknown for most germplasm collections, i.e. the number of
generations since the descent from a common ancestor and the amount of
exchange between lines of descents by crossinginthe past.
The a en d values of the markers selected for HP for GY indicate that QTL with
additive to partial dominance effects are prevalent. Although the magnitude of the
genetic effects for any single QTL contributing to CY can vary considerably, the
joint added contribution of single QTL involved in GY explains 59.3 to 62.4% of
the HPvariance. Cross-validation of the prediction efficiency of the TCSM model
for HP showed that the best crosses were identified, suggesting that the TCSMapproach is efficient as a preliminary screening of test hybrids before field
evaluation. The higher prediction efficiency of the TCSM model in comparison
with the 'distance' model can be explained as follows: rather than converting
molecular polymorphism between inbred lines, having direct or no direct effect
on the trait of interest, into the metric GD, only specific markers, supposed to be
linked to loci that affect the quantitative trait of interest, were selected. Hybrids
heterozygous for marker loci significantly associated with SCA, show often higher
GY than hybrids homozygous for those marker loci. This pattern may be due to
either true overdominance (i.e. particular single loci at which the heterozygote
phenotype exceeds that of either homozygote), epistasis or pseudooverdominance (i.e. closely linked loci at which alleles having dominant or
partially dominant advantageous effects are in repulsion phase). With more than
one QTL linked to the marker, epistatic effects modify the additive and
dominance effects or pseudo-overdominance results. Although all QTL were
detected at marker loci and deliver in this way the maximal genetic information,
and an extensive dissociation of alleles at linked loci is most likely represented in
the inbred lines,stillour results can not distinguish these possibilities.
Supposingthat the joint effect of multiple QTL involved in the heterotic response
of GY is additive, 36.8% of the SCA variance among the 53 hybrids can be
explained, which is of a higher extent than explained by SCSM (22.1% - 24.0%),
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and almost equal to what isexplained by SGD (37.2 - 46.2%). The high aid value
of the marker alleles showing significant association with the SCA effects is
consistent with the fact that 1) allelic divergence among groups at the marker loci
and the QTL involved in the trait of interest produces linkage disequilibrium
between marker loci and QTL involved in SCA (Charcosset et Essioux 1994), or 2)
the process of inbreeding and selection by which lines are commonly developed
generates linkage disequilibria by favoring linkage phases and by fixing them in
homozygous condition (Weir et al. 1972).
Since many metabolic processes in the maize plant ultimately affect GY, it seems
very likely that multiple genetic factors are involved in the inheritance of GY.
Finding a large number of QTL is not surprising in view of the complex nature of
the trait/phenotype. However, the aim of the breeder is to accumulate in the
same genotype the maximum number of favorable genes. Since all putative QTL
mentioned in Table 5.2 show additive to partial dominance gene effects, fixing
one or more of the favorable QTL alleles in the inbred line isdesirable. More than
GCSM, the TCSM per se value of an inbred line is suited to monitor the
improvement of an inbred line by fixation of favorable alleles and, subsequently,
marker-assisted selection, since the TCSM per sevalue can be calculated directly
from the genotype of the inbred line.
Although direct comparisons of QTL are complicated by differences in parental
lines, design of the cross, number of progeny and the environments in which the
progeny was assessed, as well as by different marker loci and QTL detection
methods, other reports have identified some of the same regions detected in the
present study to be associated with GY.Austin and Lee (1996; 1998) detected GY
QTL on 5S/umc72, 6L/bnl5.47-npi280 and 8L/umc7 that were also associated with
GY in the present study (5S/20.7; 6L/64.7-68.4; 8L/124.6-124.7). Also Zehr et al.
(1992) reported the GY QTL on 6L, showing marker association with umc38a.
Another GYQTL reported by Zehr et al.(1992) was associated with umc44 on 25,
likely to coincide with 2S/53.4 in our study. Ajmone Marsan et al.(1995) reported
a major GY QTL associated with umc051 on chromosome 6, which is in the
vicinity of the putative QTL on 6C/70.3-70.8 found in our study. Another GYQTL,
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found on 9C/54.1-58.6, is likely to co-incide with the GY QTL found on 9C by
Stuber et al. (1992), Zehr et al. (1992) and Ajmone Marsan et al. (1995). Finally,
Ajmone-Marsan et al. (1995) also detected a GY QTL in the interval 4L/umc42umc19, associated with GY in the present study (4Q'56.2-58.0). Beside the
agreement in chromosomal location for afew GYQTL, agreement in origin of the
superior and inferior allele is present only for the QTL on 4C, 9C, and on 2S,
respectively. Of the chromosomal regions selected asbeingsignificantly associated
with QTL contributing to the SCA for GY, one (9/58.6.O5/M50-228.7) was also
selected asbeingsignificantly (P<0.001) associatedwith aQTL contributingto the
HP for GY in this study, and four (7/53.7, 7/69.0, 2/70.4 and 10/37.7) were
associatedwith heterosisfor GY in Stuber et al. (1992).
The efficiency of the TCSM method as a prediction method and/or as a QTL
screening method may be increased by fulfilling the following requirements: 1) a
higher marker density on the map will allow to pick up more marker alleles tightly
linked to specific QTL, consolidating already identified QTL or identifying new
putative QTL. Where a higher marker density can be obtained by intensifying the
mapping efforts, a higher number of specific alleles per locus can be obtained by
integrating linkage maps coveringdifferent genomes; 2) a more reliable and easier
evaluation of the effect of aQTL allele will be obtained when the three genotypic
classes are more equally represented. This balance can be obtained by enlarging
the half-diallel; and 3) yield data of hybrids, available from multiple trials carried
out acrossdifferent environments andyears are highly desirable in order to reduce
the phenotypic variance, representingagain in accuracy.
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Summarizingconclusion

In the 1980s, intensive research started using molecular markers to characterize
and utilize genetic diversity for major crop plants such as maize (Zea mays L).
Nowadays, molecular markers arearoutine component of 1)the genetic mapping
of traits of high heritability and/or economic worth, and 2) backcrossing
monogenic traits, thereby helping to more efficiently and effectively organize,
combine and select new genotypic combinations. For purposes of varietal
identification and the protection of Plant Breeders' Rights, molecular marker
technology playsapreeminent role inthe provision of data.So, molecular markers
already are indispensable in some applications in maize breeding, but for other
applications there is hesitancy to apply them. Nonetheless, molecular markers
provide additional ancillary and important supportfor agriculture.
It is important to determine the obstacles that need to be overcome to facilitate
the application of molecular markers in some applications in maize breeding.

Rapid map construction
In rapid (trait) mapping and marker based selection applications, emphasis must
be placed upon attaining reduced time costsof dataacquisition.Throughput using
the time and labor intensive restriction fragment length polymorphism (RFLP;
Botstein et al. 1980) assay islimiting,especially during progeny selection with time
constraints imposed prior to pollination or harvest. For that reason, plant breeders
are increasingly using PCR-based methods such as randomly amplified
polymorphic DNA (RAPD, Williams et al. 1990), simple sequence repeats (SSR,
Tautz et al. 1989) and the AFLP® technique (Vos et al. 1995), since these can
provide faster and more time and cost effective (trait) mapping and marker
assisted progeny selection.
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InChapter 3, it isshown thatthe high multiplex ratio of the AFLPtechnique offers
the potential to improve the efficiency of genetic map construction in maize and
to generate high-density maps around loci that control important traits in maize.
The useof the AFLPmethod hasledto the generation of two "second-generation"
high-density AFLP linkage maps of maize based on: 1) a B73 x Mo17
Recombinant Inbred (Rl) population and 2) a D32 x D145 Immortalized F2(IF2)
population. The IF2 map spans 1376 cM and the lengths of most of its linkage
groups are systematically longer than in the Rl map (1178 cM). The number of
mapped polymorphic AFLP fragments in the IF2and Rl map are 1355 and 1539,
respectively.
AFLP markers were generated using the enzyme combinations EcoRI/Msel (E/M)
and Pstl/Msel (P/M). Among the mapped P/M AFLP markers, mP/M markers,
fragments bounded by a methylated Pstl site, are included. mP/M markers were
generated using the methylation AFLP® technique (Chapter 2), a novel PCRbased method to detect methylation of restriction sites randomly over the
genome. The methylation AFLPassayallows the exploitation of two forms of DNA
polymophisms: 1) variation in the primary nucleotide sequence either in the
methylated restriction site or in the fragment size (mAFLP markers) and 2) allelespecific methylation polymorphism (asmAFLPmarkers).
By monitoring the segregation of both forms of DNA polymorphism in the Rl and
IF2 populations, it was shown that DNA methylation inherits in a Mendelian
fashion by the offspring and co-segregates in perfect accordance with the primary
target site. In addition, simultaneous mappingof P/M and mP/M markers, obtained
with complementary P/M PCs, allowed the identification of epi-alleles, showing
allelic variation in the CpNpG methylation only. The percentage of methylation
polymorphism in both mapping populations was low. Only three pairs of markers
of a coral of 673 and 595 mapped

(m)

P/M markers (obtained with the 14

complementary P/M PCs), behaved like epi-alleles in the Rl and IF2 map,
respectively. This level of DNA methylation variation islow in comparison with the
high degree of sequence polymorphism detected by the AFLP method, and can
be explained asfollows: a point mutation in any of the 15 nucleotides targeted by
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a Pstl+2/Msel+3 primer combination (PC) will result in AFLP marker, while DNA
methylation variation is restricted to the two cytosine residues of the Pst\
restriction site only. Thus, using aPstl+2/Msel+3 PC, the probability of detecting
DNA methylation variation is about eight times lower than detecting a point
mutation. However, taking this into account, DNA methylation variation occurs
still at a significant lower rate than DNA sequence variation. This would 1)
indicate that methylation polymorphism at the CpNpG target site is not common
in maize, and 2) show the high accuracy of the transmission of agiven pattern of
5m

C, accounting for the specificity of the pattern that can be highly conserved

between individuals.
AFLP markers segregating in the IF2 mapping population were scored as codominant markers, using proprietary software developed specifically for AFLP
analysis, at Keygene N.V. Quantitative analysis of AFLP marker bands in order to
differentiate heterozygotes from both homozygous classes makes co-dominant
scoringofAFLPmarkersfeasible.
Taking the present studies as an example, about 26,000 data points (one data
point = presence or absence of a band/lane) can be produced by one person, in
one working day. With a mean absolute effective mapped multiplex ratio (EMM)
(defining the number of mapped polymorphic fragments simultaneously analyzed
in asingle assay) of 19 and 22 for the IF2and Rl map, respectively, 2 1 % and 24%
of the total amount of data points produced, respectively, are valuable. So, the
marker datafor a1,500 AFLPmarker linkage map can beacquired within 6 weeks
by one person. Bychoosing P/M PCsonly, with amean EMM of 27 and 26 for the
Rland the IF2map, respectively, the mapping efforts will be further reduced by 34 days.
In addition, investigation of the genetic location oa the two linkage maps of the
AFLP markers revealed that P/M markers are more uniformly distributed over the
genetic map than E/M and m P/M. Clusters of E/M and mP/M markers co-localized
well with the putative centromeric regions of maize.This is in accordance with the
AT-richness of centromeres and the enrichment of methyl groups in the maize
heterochromatin, consisting of particular regions that are not transcribed, like
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centromeric regions, the nucleolus organizer region, telomeres and knobs. So, by
usingP/M PCs,the mapping process will not only be accelerated, but alsoa better
coverage of the genome will be attained. Equal representation of the genome by
genetic markers is of special interest in marker-assisted backcrossing: markers
uniformly spread on the regions unlinked to the introgressed region are necessary
to ensurethatthe genetic material from the recurrent parent iscarried forward.
The AFLPtechnique also has been used to improve the efficiency of genetic map
construction of other crops like barley (Becker et al. 1995; Qi et al. 1998), potato
(van Eck et al. 1995), rice (Maheswaran et al. 1997; Zhu et al. 1998), soybean
(Keim et al. 1997) and sugar beet (Schondelmaier et al. 1996). Even when no
inbred lines of homozygous individuals are available, like for forest trees and
potato, where standard analyses of backcross and inbred F2families for genetic
studies are not feasible, the AFLP analysis has proven to be a rapid and efficient
technique (van Ecket al. 1995; Marques et al. 1998).
The usefulness of a genetic map in top-down anchoring of physical maps and
mapping commercially important traits like grain yield depends on the accurate
determination of locus order. With the advent of AFLP markers, the bottleneck of
low and inefficient production of segregation data in quickly building highresolution genetic maps has been overcome. Because of the large number of
possible locus orders (n!/2 for n loci) on a linkage map, the major problem is
shifted to the 'locus ordering' with increasing numbers of markers. Therefore, a
tool to order large numbers of markers in an accurate and efficient way is
becomingthe keyfactor in generatinghigh-density linkage maps.
Finally, in the near future, with the availability of a huge amount of DNA
sequences, co-ordination between the genetic and physical maps and DNA
sequences may provide more efficient ways to identify and isolate genes
controiiing complex traits. So, genetic and physical maps will be bridges between
complex traitsand DNA sequences.
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DNA-methylation
An extension of the AFLP assay is the methylation AFLP, a novel PCR-based
method to detect DNA methylation. It shares the characteristics of the AFLP
method such as genome-wide detection, no need for prior sequence knowledge,
availability of only a limited set of generic primers, and a high multiplex ratio.
However, the power of the methylation AFLP technique resides especially in its
positivedisplay ofthe native methylated sites,avoidingdifficulties in interpretation.
In Chapter 2, we demonstrated that most moderately to highly repetitive DNA
sequences are strongly methylated. Methylation of repetitive sequences, including
transposable elements, is thought to serve as a genome-defense mechanism that
guards against the deleterious effects of multicopy transposable elements (Bender
1998). So, in this respect, mapping mAFLP markers might localize insertions of
cryptic transposons, which might contribute to the identification of genes
(Martienssen 1998).
In addition, the methylation AFLPtechnique hasthe potential to shed light on the
distribution of DNA methylation on the genetic map as well as on the physical
map. Furthermore, the assay can furnish sets of epi-alleles near or in any locus of
interest. DNA methylation is emerging asan important component of cell memory
or genomic imprinting, the process by which dividing cells inherit states of gene
activity, exhibiting a parent-of-origin effect. Therefore, detection of epi-alleles may
become aprerequisite to identify genes involved in the violation of Mendel's law of
inheritance.

Varietal identification
Apart from variety identification sensustricto the use of molecular markers for
identification purposes encompasses several other goals such as determining
genetic distances between inbred lines, typing germplasm for patent protection,
and assigning inbred lines to heterotic groups. The emphasis in varietal
identification is on genotyping a large number of individuals with relatively small
set of defined markers a in order to meet a given level of precision in the
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estimation of genetic distances among the individuals. Information content and
multiplex ratio of the marker assay,aswell asan equal distribution of the markers
on the genetic map,therefore become an issuefor this application.
For purposes of varietal identification, the RFLP technology has played a preeminent role in providing data. The RFLP assay first revealed an abundance of
genetic markers among elite inbred lines and varieties such that genetic distances
reflective of pedigree could be obtained. PCR-based methods such as SSR and
AFLP, however, offer significant practical improvements over RFLP. These
methods are increasingly popular because of their overall information content,
and may replace RFLPsfor varietal identification.
Chapter 4 hasfocused on the useof AFLP markers for varietal identification.AFLP
markers generated by CNG methylation sensitive (P/M) and CNG methylation
insensitive (E/M) ECsand AFLP markers collected from hypomethylated (P/M) and
hypermethylated ("P/M) regions have been compared for their polymorphism
information content (PIC), marker utility index (Ml) and patterns of genetic
diversity among a representative sample of 33 maize inbred lines. The PIC value
provides an estimate of the discriminatory power of a marker by taking into
account not only the number of alleles at a locus, but alsothe relative frequencies
of those alleles in the population under study. An AFLP marker is assumed to
correspond to alocus havingonly two alleles, defined by presence and absence of
the band, respectively. Therefore, the maximum PIC value of an AFLP marker
equals 0.5. Sets of P/M or mP/M PCs generate significantly higher PICav (an
arithmetic mean of PIC values of N AFLP markers generated by a PC) (0.38 and
0.38, respectively) than setsof E/M PCs(0.32), demonstratingthat the efficiency of
polymorphism detection bythe AFLP method can be adjusted by alteringthe ECs.
In contrast, similar studies have shown that mean PIC values for multi-allelic SSR
markers are higher, ranging from 0.59 to 0.62 (Senior et al. 1998; Smith et al.
1997), similar to a reported mean PIC value for RFLP markers (0.60) by Dubreuil
etal. (1996).
The Ml isdefined asthe product of the PICvalue and the effective multiplex ratio
(EM), the extent to which an assay can identify multiple polymorphisms
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simultaneously (Powell et al. 1996). Sets of P/M PCs generate, for a pair of
genotypes being compared, an average of 22.5 polymorphic fragments per assay.
This is four to five polymorphic fragments more per assay than sets of E/M (18.7)
or mP/M(17.2) PCs.So,not only the efficiency of polymorphism detection but also
the marker utility index of the AFLP method can be adjusted by alteringthe ECs.
Incontrast, the mean Ml of the SSRmarker equals 0.6. Technical developments to
multiplex SSRs in maize (Smith et al. 1997; Senior et al. 1998) are underway.
Multiplexing SSRs will provide a boost in the information yielded per assay.
However, it will add to the initial development costssince the primers must often
be redesigned and extensively tested to amplify all of the targets efficiently in the
same reaction vessel(Bateset al. 1996).
So, although AFLP markers have a lower polymorphism rate than SSR, the
numbers of AFLP markers generated per assay are sufficiently large to offset their
lower polymorphism rates.
The numerical values of PIC, EM and, consequently, Ml of the AFLP assay will
vary acrossspeciesand,in aspecies,with the degree of genetic relatedness among
the individuals analyzed. Assuming an equal representation of the alleles in the
individuals analyzed,adecreasing number of alleles per locus (with a minimum of
two alleles per locus) will result in a mean AFLP PIC value asymptotically
increasing to 0.5, while the mean SSR PIC value asymptotically decreases to 0.5.
Simultaneously, a lower number of alleles per locus narrows down the
heterogeneity amongthe individuals, resulting in alower EM.So,the difference in
efficiency of polymorphism detection between the AFLP and the SSR assay is
positively correlated with the degree of allele diversity present in aspecies.
Several factors may affect the estimate of genetic relationships between
individuals, like number of markers used and the distribution of markers over the
genome. In order to estimate the sample size of AFLP markers required to provide
a given level of precision in the estimation of genetic distances among a set of
inbred lines, bootstrap sampling variances were determined. Furthermore, the
overrepresentation of certain genomic regions and, subsequently, the sampling
variance of the estimates of genetic relationships were minimized by usingsubsets
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of AFLP markers uniformly distributed over the linkage groups. Over-sampling of
certain regions of the genome introduces some redundancy of information carried
by the markers, causing higher sampling variance of the estimates of genetic
relationships. Reducingmarker information redundancy was achieved by sampling
or weighing markers conditionally on their map position in the B73 x Mo17
genetic map, whether or not in combination with further selection or weighing
relative to their PICvalue. The sample size of E/M markers hadto be substantially
larger (173) than those of either P/M (135) or mP/M (129) in order to reduce the
mean standard deviation (scf) in the estimation of genetic distances among the 33
inbred lines to 5%. Accordingly, the average number of P/M, mP/M and E/M PCs
required to obtain a 5% precision in the GD estimate are 2-3, 3-4 and 3-4,
respectively. In contrast, investigating a set of 33 maize inbred lines, a similar
precision (5%) was attained with 30-40 clone-enzyme RFLPcombinations, 40-50
RAPD primers and 20-30 SSR primers, respectively (Pejic et al. 1998). So, it is
clear from this comparison that the AFLP method will produce in a faster and
more cost effective way than other methods aset of random markers providing a
given level of precision in the estimation of genetic distances among a set of
inbred lines. The speed with which the AFLP method generates marker data is
due not only to its high multiplex ratio, but alsoto its inherent easeof genotyping.
In the case of a inbred analysis,AFLPgenotyping requires only a plus/minus assay
rather than distinguishing several length-based alleles such as in the SSR
genotyping process, permittingeasier automation.
Reducing marker information redundancy by selecting markers evenly distributed
over each chromosome is even more effective in minimizing the sampling
variance: when evenly spread over the genome, only 106 AFLP markers are
required for ameansdof 5%.
This result shows the clear advantages of performing an analysis based on 'mapbased' AFLP markers in order to minimize the number of markers required for a
given level of precision in the estimation of genetic distances among individuals,
or alternatively in order to estimate genetic relationships among individuals more
precisely for agiven number of markers. However, in order to generate this subset
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of 106 AFLP markers, the number of assays required tremendously increases.
Therefore, deriving from a larger data setthe minimal set of PCsgeneratingAFLP
markers which meets best the criteria of being uniformly distributed over the
linkage groups and of giving the least sampling variance in the estimation of
genetic relationships, in practice will offer a more time- and cost-effective
alternative.

Marker-assisted breeding
Although AFLP markers are extremely useful for varietal identification,with regard
to agronomic performance, genetic distance (CD) data per se are not always
practically useful predictors of heterosis. The term heterosis is usually described in
terms of the increase in size or rate of growth of offspring over inbred parents. In
maize, the main strategy that has been followed towards hybrid prediction during
the lastdecade isbasedon the 'distance' model: heterosis in ahybrid isrelated to
the genetic divergence between its parental lines (Lee et al. 1989). In Chapter 5,
the 'distance' model-strategy has been applied to 78 hybrids, evaluated for grain
yield (CY). Estimates of the CD between parents did not consistently identify the
best crosses in terms of hybrid performance (HP), particularly not when the two
parents are non-related lines. On the contrary, linear correlations found between
the specific genetic distance (SCD) and the specific combining ability (SCA) were
highly significant (P<0.001) and of a fairly high magnitude (r = 0.61-0.68)
suggesting some practical utility in predicting SCA effects. The overall results,
therefore, were partly in good accordance with the general tendency found,
namely that the prediction efficiency of the 'distance' model is high when 1)
hybrids between related lines (intraheterotic crosses) and 2) hybrids between both
related and unrelated lines (intra- and interheterotic crosses) are considered.
However, correlations between genetic distances of unrelated lines only and their
respective interheterotic crosses,were of alow practical predictive value.
Drawbacks of the 'distance' model arethe following: 1) although the major part of
the molecular polymorphism detected between inbred lines has no direct effect
on the trait of interest (spatial separation), it is converted into the metric GD; and
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2) especially in the case of maize, linkage disequilibria between markers and QTL
may differ randomly from one heterotic group to the other. Therefore, a novel
method for predicting HP and SCA, circumventingthe drawbacks of the 'distance'
model hasbeen developed and presented in Chapter 5.
The method is based on: 1) AFLP markers which are, across a set of F/s,
significantly associated with the trait of interest; and 2) the joint added effect of
the several selected marker loci. Linear regression of the trait of interest on a
hybrid value representingthe total contribution of the selected markers (TCSM) in
terms of their additive and dominance effects estimates, results in a model for the
prediction ofthetrait of interest inthe hybrid.Since only the interheterotic crosses
are of commercial importance and therefore of interest to the breeder, the
practical value of the TCSM approach has been evaluated by applying this
procedure to the 53 interheterotic hybrids outofthe 78 hybrids,evaluated for CY.
The a en d values of the markers selected for HP for GY indicate that QTL with
additive (d = 0) to partial dominance (0 < \d\ < \a\) effects are prevalent. In
contrast, the a and d values of the markers selected for SCAfor GYfit single gene
models with only overdominance effects (|cf| > | a | ) . Results suggested practical
utility ofthe TCSM method especially in predictingthe HPfor GY: the joint added
contribution of single QTL involved in GY explained 59.3% (based on 7 markers
selected at P<0.0001) to 62.4% (based on 20 markers selected at P<0.001) of
the HP variance, indicating that the TCSM model has a higher HP prediction
efficiency than the 'distance' model (explained HPvariance rangesfrom 28.3% to
43.6%). In addition, cross-validation procedures, evaluating the HP prediction
efficiency of the TCSM method, identified the best single crosses, suggesting that
the TCSM approach is efficient as a preliminary screening of test hybrids before
field evaluation.
The novel method presented in Chapter 5 is attractive not only for its predictive
value, but also for its use as a 'low cost and effort' QTL screening method. The
established method for identification of QTL is the selection of two parents,
representing afraction of the germplasm used bythe breeder, that differ markedly
in one or more (related) particular quantitative traits of interest, followed by the
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determination of associations between markers and that character in a segregating
population. However, the segregational resolution of conventional segregating
populations (e.g. F2, BC) is too low to distinguish between tightly linked and less
tightly linked QTL-marker combinations. The approach to QTL identification
followed in Chapter 5 hasthe following potential advantages over QTL detection
in a segregating population. Firstly, marker-trait associations are only expected to
be found in caseamarker is highly linked to aQTL. This is because acrossaset of
lines, associations between QTL and loosely linked markers will be non-existent
due to accumulated recombination events during the establishment of the lines.
Basically, the type of associations we have identified are due to identity by
descent of QTL and marker alleles across lines. Secondly, only a limited number
of lines representing the gene pool used by the breeder need to be genotyped.
Thirdly, it may allow the detection of QTL that vary across awide spectrum of the
germplasm used.
Although direct comparisons of QTL are complicated by differences in parental
lines, design of the cross, number of progeny, the environments in which the
progeny was assessed, and by different marker loci and QTL detection methods,
other reports have identified some of the same regions detected by the TCSM
method to be associated with GY.
Despite the detection of many QTL such as for grain yield, the impact of QTL
mapping on the establishment of improved inbred lines hassofar been modest in
maize MAB programs. This may be due to: 1) the observed inconsistency of trait
means of marker genotypes across experiments, causing difficulty in improving
traits by selectingfor desirable marker alleles in any given breeding population; 2)
the lack of congruent QTL, best explained by recognizingthat there is little power
to identify QTL unlessthe trait exhibits afairly high heritability (van Ooijen 1992);
3) the use of insufficient numbers of mapped markers, not optimizing the
probability to find tight marker-trait associations; and 4) focusing on QTL studies
that have been uncoupled from breeding activities or else having been performed
in anon-elite breedinggermplasm.
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In order to find consistent and more applicable results, large segregating
population sizes (>1000) and many inbred lines, being used in actual breeding
programs, are needed. Furthermore, tools are needed to distinguish tightly linked
from less tightly linked QTL-marker combinations, either by analyzing a set of
inbred lines (Chapter 5) or by relaxing linkage disequilibrium through random
sibmating (Beavis et al. 1992), requiring both a high saturation with genetic
markers. Regardless of the mapping technology, other serious and fundamental
challenges to be met include: 1) obtaining reliable performance data for
quantitative traits; 2) an understanding of genotype x environment interaction;
and 3) improved detection of QTL with epistatic effects.
As already mentioned, most QTL studies have been uncoupled from standard
breeding practice.A recently proposed strategyfor molecular breeding, referred to
as advanced backcross QTL (AB-QTL; Tanksley and Nelson 1996) attempts to
integrate QTL analysis and variety improvement efforts. This method identifies
beneficial alleles in unadapted germplasm in order to transfer these into elite
cultivars, thus exploiting the hidden value of exotic germplasm. The general
strategy of AB-QTL analysis iscomprised of the following experimental phases: 1)
generation of an elite x unadapted donor hybrid; 2) backcross to the elite parent
to produce BC, and BC2 populations which are subjected to marker and/or
phenotypic selection against undesirable donor alleles; 3) molecular marker
characterization ofthe BC2or BC3 population; 4) generation of BC3or BC4 families
which are evaluated for agronomic performance and analyzed for QTL; 5)
selection of target genomic regions containing useful donor alleles for the
production of near-isogenic lines (NILs) in the elite background using markerassisted selection; and 6) evaluation of the agronomic performance of the NILs
and elite parent controls in multi-location trials (Tanksley and Nelson 1996).
Recently, published reports (Tanksley et al. 1996; Bernacchi et al. 1998a, b)
represent the first full cycle of AB-QTL analysis in tomato from the production of
the initial interspecific hybrid (L esculentum x L hirsutum and L esculentum xL.
pimpinellifolium) to the development of breeding lines improved for several
important agronomic traits, includingtotal yield, soluble solids,fruit color and fruit
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firmness. These results indicate that unadapted germplasm has genetic potential
for the improvement of quantitative traits of agronomic importance and that
molecular markers arevery instrumental to establish NILs.
Stuber and Sisco (1991) identified QTL in the inbred lines B73 and Mo17 that
could be improved after replacement with alleles from the lines TX303 and Oh43,
respectively. Subsequent crosses among the top performing enhanced lines
resulted in 5%ofthe hybrids outperformingthe original B73 x Mo17 hybrid.
The superiority of exotic alleles over adapted alleleswas alsodemonstrated clearly
at afew QTL for severaltraits, including grain yield and number of ears per plant,
in maize F2individuals andtheir selfed F3progeny (Ragotet al. 1995). However, it
remains to be seen what response these favorable alleles produce once
introgressed and evaluated in hybrid combinations and if these can surpass the
leadingprocessinghybrids.

Apartisan view onthefuture oftheAFLPassay
To date, more than any other molecular marker system,the AFLPassayfulfils best
the requirements of ahigh-throughput low-costgenotypingtechnology inorder to
genetically map traits of high heritability and backcross monogenic traits. The
AFLPtechnology hasa high amenability to automation, and at Keygene theAFLPrelated software usedfor the scoringof AFLPgels hasgreatly streamlined the data
production. Data for a 1500 AFLP marker linkage map, based on 100 segregating
individuals (15 x 104 data points), can be acquired in 6 weeks by one person. In
addition, AFLP markers are mutationally stable (while SSRexhibit some instability
(Weber and Wong 1993)) making them more suitable for association studies in
which linkage disequilibrium between markers and an unknown variant is used to
maptrait associations.
However, the greatest gains in efficiency from MAB would be for those traits that
are polygenic and exhibit low heritabilities (Lande and Thompson 1990). In order
to realizethesegains in MAB efficiency, it is importantto identify and fine-map as
many QTL as possible. This can be achieved by evaluating large numbers of
progeny (>1000) with large marker data sets (>10000). Thus, at least 10 x 106
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datapoints are required. Usingthe AFLP method, this would take more than 400
weeks, makingclear thatthe AFLP method in its present use isnot appropriate for
thistask, since it is inherently limited for ahigher sample throughput efficiency by
its gel based nature. A major jump in throughput, and therefore lowering of the
cost of data, can be obtained by the introduction of multichannel capillary
electrophoresis. Currently, two instrument builders have or will have 96-capillary
instruments available (Molecular Dynamics and Perkin-Elmer) that perform a
largely automated sample analysis. Usingthese machines, an average turn-around
time for a group of 96 AFLP reactions will be in the order of 2,5 hours. When
proven to be robust, these platforms will be able to process samples largely
unattended. It isexpected,thatthe implementation of such machines will increase
the throughput by at least a factor of 5, when both the data production process
and data extraction process are considered. The introduction of multiple dyes to
analyze 4 different product sets simultaneously in asingle capillary run will add a
further factor of 3-4 to this increase. Where capillary analysis of AFLP reactions
may thus allow a 15-20 fold increase in throughput, the next generation of
molecular markers clearly will be analyzed on a non-gel based platform, e.g.,
solid-phase DNA-arrays.Such non-gel basedassaysareexpected to assayat leasta
100-fold more quickly than a gel-based method. They are expected to enter the
field of molecular plant breeding soon after they are borne out in human
diagnostic applications. DNA polymorphisms that lend themselves very well to
automated analysis on a very large scale, e.g., with DNA array technology, are
single nucleotide polymorphisms (SNPs).SNPsarethe most important component
of genetic variation, widely distributed across the genome, mostly bi-allelic in
nature and mutationally stable. Nowadays, SNPs are acquiring a strong
momentum in human genetics, especially by the new U.S. Human Genome
Project plan for 1998-2003 (Collins et al. 1998). This ambitious program includes
goals for developing technologies for rapid, large-scale identification and scoring
of SNPs and for the generation of an SNP map of at least 100000 markers. So,
SNPs are expected to take the place of SSRs, just as the SSR markers rapidly
replaced the RFLPmarkers, in human genetics.
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Forsmallsamplesize,thegenomedensityofSNPs(dSNP)astheyaredetectedby
theAFLPmethodcanbeestimatedasfollows:

dSNP = P/
/k

wherep isthethefraction of polymorphic bandsandk isthe number oftargeted
nucleotides (restriction sites + selective bases) by an AFLP PC, e.g.,
Pstl+2/Msel+3 targets 15 nucleotides, while £coRI+3/Msel+3 targets 16
nucleotides.Notethattheoccurrenceoftwo pointmutations inthisshortmotif,is
neglected,leadingtoasmallunderestimation ofthegenomicdSNP.Calculatedon
the basisofexperimental dataobtainedfromthetwo inbred lines B73andMo17
(Table3.2),thedSNPinthe maizegenomeisestimatedto beonaverage1per50
basepairs. Incomparison,whentwo human haploidgenomesarecompared,the
dSNPisestimated to be on average 1 per 1000 base pairs (Collins et al. 1998).
Basedontheexperimental dataobtainedfromthethirty three maize inbredlines
investigated in Chapter 4 (Table 4.2), the dSNP in the maize genome is even
estimatedto beon average1per 20 basepairs.Notethatonaverage 10%ofthe
polymorphic AFLP bands are the result of insertion/deletion (Chapter 3), which
mayleadtoslightoverestimationofthedSNPinmaize.
As increasing amounts of sequence data become available in public and private
databases of plant species, and the pressing need for far greater throughput in
sample and marker analyses does not cease, biochips containing plant SNPsare
expectedtoenterthefieldofmolecular plantbreedingsoon. However, itremains
to be seenwhether acertain marker density on the biochip aswell asacertain
level of automation in the analysis can be obtained in order to assay at leasta
100-foldmorequicklythantheAFLP method.
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Deze samenvatting is geschreven voor diegenen die niet vertrouwd zijn met het
onderwerp van dit proefschrift of met biologie in het algemeen.

Dit proefschrift beschrijft de toepassing van de AFLP® merkertechnologie in de
genetische analyse van mais. De AFLPtechnologie iseen DNA merkertechnologie
die begin jaren negentig zijn opmars maakte. De AFLP techniek gaat als volgt te
werk: het DNA, de strengerfelijk materiaal die elke levende eel bevat, wordt met
behulp van restrictie-enzymen in kleine fragmenten geknipt. Restrictie-enzymen
zijn eiwitten die het DNA op heel specifieke plaatsen, de restrictieplaatsen
genoemd, knippen.Zo heeft nagenoeg ieder restrictie-enzym een eigen specifieke
restrictieplaats. Hoe frequenter een bepaalde restrictieplaats aanwezig is in het
DNA, hoe meer DNA fragmenten er worden gegenereerd door een bepaald
restrictie-enzym. De AFLP techniek maakt gebruik van een paar restrictieenzymen (een enzyme combinatie), die tegelijkertijd het DNA in miljoenen
stukjes knippen.
Dankzij een elegante techniek, kan de onderzoeker een fractie van alle DNA
stukjes ontelbare keren kopieren. Vervolgens worden de gekopieerde DNA
fragmenten op een gelkolom gezet. Hier geldt: hoe korter het stukje DNA, hoe
sneller het over de kolom beweegt en hoe lager het in de kolom terecht komt.
Met behulp van een radioactieve detectiemethode worden de verschillende DNA
fragmenten geidentificeerd als streepjes. Zo krijgt iedere plant zijn eigen
'vingerafdruk', zijn eigen verzameling streepjes. Wanneer streepjes in bepaalde
individuen wel en in andere niet aanwezig zijn, dan spreekt men van een DNA
merker. In het geval deze DNA merker wordt opgepikt met de AFLP techniek
spreekt menvan eenAFLP merker.
Inherent aan de AFLP methode is het grote aantal DNA fragmenten dat
tegelijkertijd op een gelkolom kan worden geplaatst, en dus het grote aantal DNA
merkers dat tegelijkertijd kan worden opgevist en geanalyseerd. Deze hoge mate
van efficientie heeft er toe geleid dat het gebruik van de DNA merkertechnologie,
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meer bepaald de AFLP methode, voor toepassingen in bv. de plantenveredeling,
commercieel aantrekkelijk isgeworden.
Restrictie-enzymen kunnen worden belemmerd in het knippen van het DNA
wanneer hun restrictieplaats 'geblokkeerd' is. Een kleine chemische verbinding,
namelijk een methylgroep, bindt zich op de restrictieplaats en zorgt er voor dat
het DNA op deze plaats niet kan worden geknipt. Het blokkeringsproces wordt
'DNA-methylatie'

genoemd;

geblokkeerde

restrictieplaatsen

zijn

dus

'gemethyleerd'.
In hoofdstuk 2 wordt een variant van de AFLP methode, namelijk de 'methylatie
AFLP®'

gepresenteerd.

De

methylatie

AFLP

techniek

demethyleert

restrictieplaatsen vooraleer AFLPfragmenten te genereren. DezeAFLP fragmenten
worden 'gemethyleerde' AFLP fragmenten genoemd, verwijzend naar het
oorspronkelijk gemethyleerd zijn van de plaats op het DNA waar het fragment
vandaan komt.
De methylatie AFLP methode kan dus worden ingezet in de studie van DNA
methylatie. DNA methylatie geniet algeruimetijd veel aandacht in de biologische
wetenschap. Er wordt vermoed dat het de moleculaire basis vormt van
chromosoominprenting. Chromosoominprenting lijkt een rol te spelen in het
ontstaan van kanker en in een aantal genetische ziekten bij de mens. In dit
proefschrift is de studie van DNA methylatie beperkt gebleven tot het meten van
de graadvan DNA methylatie in mais,tomaat en koolzaad,en het lokaliseren van
gemethyleerd DNA op de chromosomenvan mais.

Het totale DNA, ook wel het genoom genoemd, is opgedeeld in een aantal
pakketjes, chromosomen genoemd. Mais telt 10 chromosoomparen. Alle
eigenschappen van de plant, bv. virusresistentie, bloemkleur, bloeitijd,
korrelgrootte, hebben een welbepaalde plaats op de chromosomen. Niet alleen
eigenschappen, maar vanzelfsprekend ook de DNA fragmenten vinden hun
oorsprong op de chromosomen. DNA fragmenten en eigenschappen kunnen
genetisch worden gekarteerd, d.w.z. dat de relatieve positie van meerdere DNA
fragmenten en eigenschappen, liggend op een chromosoom of verspreid over
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meerdere chromosomen, kan worden bepaald. Het resultaat noemt men een
genetische kaart.
Tot voor kort was het toewijzen van een chromosoompositie aan DNA merkers
een kostbare en tijdsintensieve operatie. Met behulp van de AFLP techniek kan
het genetisch karteren van DNA fragmenten in een hogere versnelling
plaatsvinden. In hoofdstuk 3 worden twee hoge dichtheidskaarten van mais
gepresenteerd. De twee kaarten bevatten respectievelijk 1539 and 1355 AFLP
merkers. Eenfractie van deze gekarteerde AFLP merkers zijn gemethyleerde AFLP
merkers.Ze gevenweer waar hetchromosomaal DNA preciesgemethyleerd is.
Genetische

kaarten zijn onmisbaar wil

men

DNA

merkertechnologie

implementeren in plantenveredeling. Wanneer een merker Yen een eigenschapX
op eenzelfde plaats liggen op de genetische kaart, dan kan het voorkomen van
merker Y in een bepaald individu worden geassocieerd met het voorkomen van
de eigenschap X.Zo kunnen veredelaars met behulp van DNA merkertechnologie
reeds in een vroeg groeistadium van de plant inzicht krijgen in de aanwezigheid
van eigenschappen die zich pasmaanden ofjaren later manifesteren.

De meest simpele toepassing van de DNA merkertechnologie is het bepalen van
genetische afstanden tussen individuen, m.a.w. verwantschapsanalyse. De
genetische afstandtussen 2 individuen isgelijk aande fractie DNA fragmenten die
de 2 individuen nietgemeenschappelijk hebben. In hoofstuk 4 werden genetische
afstanden tussen 33 mais inteeltlijnen bepaald aan de hand van AFLP merkers.
Deze verwantschapsanalyse maakt duidelijk in welke mate bepaalde maislijnen
genetisch verwant zijn met elkaar. Verwantschapsanalyses zijn voor de
maisveredelaar van praktisch nut bij het selecteren van ouderlijnen voor het
opzetten van hybriden: twee ouderlijnen met een quasi identieke fingerprint
(sterk genetische verwant) zijn niet interessant om met elkaar te kruisen. Verder
hebben de resultaten uit hoofdstuk 4 aangetoond dat de efficientie van het
uitvoeren van een verwantschapsanalyse kan worden opgeschroefd (m.a.w. er zijn
minder merkers vereist) door 1) de keuze van de enzym combinatie waarmee het
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DNA wordt geknipt, en 2) een meer uniforme spreiding van de merkers over de
genetische kaart.

Hoofdstuk 5 isgewijd aan het onderwerp 'heterosis'. Heterosis wordt gedefinieerd
als de betere prestatie die de eerste generatie nakomelingen leveren in
vergelijking met hun ouders. Heterosis komt zowel bij planten als bij dieren voor.
Op zich is het geen eigenschap, maar een fenomeen dat eigenschappen positief
beinvloedt. Begin dezeeeuw werd voor het eerstgebruik gemaaktvan heterosis in
de maisveredeling, wat leidde tot de eerste hybride rassen. Tegenwoordig
domineert het hybride-concept niet alleen de maisveredeling, maar ook de
veredeling van heel wat andere land- en tuinbouwgewassen, zoals rijst,
zonnebloem,en tomaat.
In hoofdstuk 5 werd de manifestatie van heterosis in mais gemeten aan de
eigenschap korrelopbrengst. AFLP merkers geassocieerd met de eigenschap
korrelopbrengst, alsook met heterosis in korrelopbrengst werden geidentificeerd.
Deze AFLP merkers werden op de genetische kaart geplaatst, wat leidde tot de
identificatie van een aantal chromosomale gebieden die hoogstwaarschijnlijk de
genen herbergen die een belangrijke rolspelen in korrelopbrengst.
Deze setAFLP merkers geassocieerd met korrelopbrengst kunnen heel waardevol
zijn voor de maisveredelaar in zijn speurtocht naar goede oudercombinaties die
superieure hybriden moeten opleveren. De veredelaar kan zijn collectie
ouderlijnen screenen of de aanwezigheid van dezeAFLP merkers: ouderlijnen die
veelvandezeAFLPmerkers in hun fingerprints vertonenworden geselekteerd om
mee verder te werken. Meer zelfs, twee ouderlijnen die samen veel van deze
AFLP merkers in hun fingerprints vertonen (ouderlijnen zijn complementair), zijn
geschikt om met elkaar te worden gekruist. Zo kan de veredelaar efficienter te
werk gaan in het selekteren van geschikte oudercombinaties.
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