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STELLINGEN

1. De oude definities van “Dm” en “R’-genen zijn achterhaald. Het verdient voorkeur
om dit onderscheid te baseren op gekloneerde genen.

2. De extra inspanning die nodig is om AFLP merkers co-dominant te kunnen scoren
wordt ruimschoots gecompenseerd door het grote gemak waarmee genetische kaarten
met behulp van co-dominante merkers geconstrueerd worden.

3. De niet-waard resistentie van Lactuca saligna tegen Bremia lactucae is de meest
waardevolle resistentie voor de sla-veredeling.

4. De Backcross Inbred Line karteringsstrategie kan genen onthullen die verborgen
blijven in een F: karteringsbenadering (dit proefschrift).

5. De F, karteringsstrategie kan genen onthullen die verborgen blijw;n in een
Backcross Inbred Line karteringsbenadering (dit proefschrift).

6. Wetenschappers in de plantenbiotechnologie, die de wereldvoedselvoorziening
aangrijpen als verantwoording voor hun onderzoek, kunnen beter condooms uitdelen.

7. Zwanger zijn is een van de meest veelvoorkomende blessures bij vrouwenvoetbal.

Stellingen behorende bij het proefschrift “The genetics of non-host resistance to the
lettuce pathogen Bremia lactucae in Lactuca saligna”, door Marieke J.W. Jeuken, in
het openbaar te verdedigen op 22 mei 2002, te Wageningen.
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GENERAL INTRODUCTION

Many crops harbor resistances against potential pathogens. Often resistances are not
durable since the pathogen adapts rapidly to its host. As a consequence new
potentially durable resistances are searched for in other sources. A good example of a
valuable alternative source may be a non-host species that is crossable with the
cultivated crop. However, this is a rare possibility that may be hard to identify. Still,
such pathosystem exists in the Lactuca genus: Lactuca saligna is non-host to lettuce
downy mildew (Bremia Lactucae) and is crossable with cultivated lettuce (Lactuca
sativa; Bonnier et al. 1992). Lettuce breeders have to put a large effort in breeding for
lettuce downy mildew resistance since downy mildew resistances are constantly
rendered ineffective by rapid adaptation of the pathogen. Therefore, an alternative
resistance from a non-host would be very welcome. The intriguing non-host status of
L. saligna holds promises to find unknown downy mildew resistance(s) based on
possibly new resistance mechanisms, We studied this non-host resistance through a
genetical dissection. In this chapter non-host resistance, the crop, the pathogen, the
pathosystem, the novel source of resistance, the scope of this thesis and the research
plan will be introduced.

PLANT DEFENSE AND NON-HOST RESISTANCE

Plants are continuously exposed to a wide variety of pathogens. However, all plant
species are hosts for only a minority of the potentiai plant pathogens. When the
requirements for pathogen growth are met and the pathogen circumvents or tolerates
the general defense reactions of a plant, the plant species is a host to the pathogen that
may establish a compatible interaction with the plant. Still, in such host-pathogen
interactions, the invading pathogen may be recognized by the host and a defense
reaction may restrict the infection. Several defense reactions in host-pathogen
interactions are known. Surely the best-studied defense reaction is race-specific
resistance associated with the hypersensitive response (Flor 1942). Another resistance
reaction that is observed for rusts and mildews is partial resistance that reduces
epidemical development of the pathogen (Parlevliet 1975, Rubiales and Niks 1995,
Singh et al. 1988). Resistance in plants can also be induced locally and systemically
through various biotic stresses. Two signal pathways have been characterized for this
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induced disease resistance in plants: systemic acquired resistance (SAR) and induced
systemic resistance {ISR; Oostendorp et al. 2001, Van Wees et al. 2000).

Besides knowledge of crucial resistance genes involved in the process of pathogen
recognition by the plant, many downstream genes in several signal pathways from
pathogen recognition to the actual defense reaction are known. Most downstream
genes have been characterized in the model plant Arabidopsis by mutant analyses,
gene isolation and ordering of genes within branches of signal transduction networks
{(Glazebrook 2001).

All plant species are non-hosts for the majority of the potential plant pathogens.
Either the plant does not fulfil the growth requirements of the potential pathogen or
the plant perceives the invading pathogen and a general defense reaction follows that
is effective in prevention of growth and reproduction of the pathogen (Heath 1981). A
plant species is a non-host to a potential pathogen species, when all genotypes of that
plant species are fuily resistant to all genotypes of that pathogen species (Heath 1981,
Niks 1987). Non-host resistance is durable and gives complete resistance, which
makes it a very interesting source for applications in resistance breeding. Compared
to defense reactions in host-pathogen interactions, not much research has been done
on the genetic basis and mechanism of non-host resistance of plants or on the lack of
pathogenicity of the non-pathogens (Heath 2001). A few studies on non-host
resistance will be briefly illustrated. The INF! protein of the pathogen Phytophthora
infestans of potato elicits cell death in the non-host Nicotiana benthamiana (Kamoun
et al 1998). This resistance is lost if Phytophthora does not produce this “non-host
avirulence gene”. However, the absence of these “non-host avirulence genes” in
Phytophthora was not sufficient to allow this pathogen to extend its host range to
additional Nicotinana species (Kamoun et al 1998).

Similarly, Xanthomonas campestris pv. vesicatoria, pathogen on pepper and tomato,
induces a hypersensitive resistance response on non-hosts like bean, soybean,
cowpea, alfalfa and cotton. A *non-host avirulence gene” was cloned and appeared to
induce resistance in five non-host plant species (Whalen et al 1988). This was
demonstrated by the fact that the “non-host avirulence gene”, after transfer to several
X. campestris pathovars, inhibited development of disease symptoms by these
transformed X. campestris pathovars on their normally susceptible hosts. The
hypersensitivity response resistance in bean induced by the non-host avirulence gene
segregated as a single incompletely dominant gene.

Another example of non-hosts with resistance genes against “non-host avirulence
genes” of inappropriate pathogens is wheat and wheatgrass with two formae speciales
of Erysiphe graminis. Wheat is host for E. g. f. sp. tritici and non-host for E. g. f. sp.
agropyri and wheatgrass is host for E. g. f. sp. agropyri and non-host for E. g. f. sp.
tritici, It has been shown that wheat and wheatgrass both have monogenic resistances
conferring the hypersensitive response against the inappropriate E. graminis formae
speciales (Tosa 1992).

These three studies demonstrate that major resistance genes in interaction with non-
host avirulence genes may explain the resistance of non-host plant species to




INTRODUCTION | 3

inappropriate pathogens, which is similar to the race-specific resistance in many
plant-pathogen interactions. If non-host resistance were completely based on this
principle then this would imply that for each inappropriate pathogen at least one
Tesistance gene is present. Consequently, each plant should have thousands of
resistance genes, effective against each potential, but inappropriate pathogen species.
This seems not very likely. The Arabidopsis genome was estimated to contain only
about 200 loci that carried nucleotide binding site (NBS) motifs and were analogues
of known resistance genes (Meyers et al 1999). Similarly, the Arabidopsis genome-
sequencing project predicted 174 resistance genes encoding receptor-like kinases with
leucine rich repeats (LRR; the Arabidopsis Genome Initiative 2000). For most of
these sequences (resistance gene analogues) expression has not even been proven yet,
let alone their possible function and specificity. We assume that major resistance
genes can only explain part of the non-host resistance to inappropriate pathogens. So
what other resistance mechanisms may be the cause of non-host resistances?

Another explanation for non-host resistance is a general defense mechanism
not triggered by specific stimuli of the pathogen but by plant metabolites that are
toxic to inappropriate pathogens. For example, secondary metabolites, saponines, are
implicated (o cause the non-host resistance of diploid oat to the inappropriate fungus
Gaemannomyces graminis var. tritici, a pathogen of wheat (Papadopoulou et al 1999).

A third possible explanation of non-host resistance is a non-specific defense
reaction induced by non-specific stimuli (Heath 2001). In this model the inappropriate
pathogen is not able to suppress a general defense system, causing an incompatible
reaction. For example, treatment of non-host plants with a heat shock or with protein
synthesis inhibitors before the inoculation of several rust fungi enhanced hyphal
growth and haustorium development (Heath 1979). In another study, barley and
melon were firstly inoculated with an appropriate powdery mildew that led to
penetration and initial growth. When the superficial growth of these pathogens was
removed and a second inoculation with an inappropriate powdery mildew was
performed, this inappropriate pathogen was now able to grow on the non-hosts (Ouchi
et al. 1974).

In a histological study of the inappropriate wheat powdery mildew on barley, it was
indicated that there were differences among five barley cultivars in cellular defense
reactions from mainly papillae formation till formation of small quantities of colonies
(Tosa and Shishiyama 1984). Another study on the prehaustorial resistance of barley
to two inappropriate rusts indicated that this resistance was quantitative and was
polygenically inherited (Hoogkamp et al 1998, Zhang et al 1994). This is one of the
few studies about the genetics behind a general defense system.

In conclusion, we state that more genetical analyses on non-host resistances are
needed to understand which resistance mechanisms and genes result in a plant’s non-
host status, This will also shed more light on the potential durability of these genes,
when used in plant breeding.
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LETTUCE

Lettuce (Lactuca sativa) belongs to the genus Lacruca L. (Compositae) that comprises
about 100 species. It is classified in the section Lactuca L., subsection Lactuca.

The lettuce crop has a long history as a leaf and stalk vegetable. The center of origin
of cultivated lettuce probably lies in Southwest Asia, in the area around the Euphrates
and the Tigris rivers (de Vries 1997, Boukema et al 1990). From there it spread to
Egypt where images of lettuce appeared on wall paintings circa 2500 BC {Lindqvist
1960). The Egyptians and later also the Greek and Romans used lettuce not only as a
vegetable but also as a sacrificial crop, an aphrodisiac, a soporific and for its good
qualities in relation with the digestion (Harlan 1986, Oost 1980). In the Middle Ages
lettuce has been introduced in Northwest Europe. Nowadays lettuce is mainly a
popular leaf vegetable. It can be consumed all year round because it is cultivated both
outdoors and in the greenhouse.

L. sativa has been domesticated from the direct ancestor L. serriola, with probably
involvement of one or two more wild lettuce species, L. virosa and L. saligna (Hill et
al 1996, de Vries 1997, Koopman et al 2001). These four autogamous lettuce species
are compatible for making successful crosses (Thompson et al 1941). L. sativa and L.
serriola are very easily reciprocally crossed. Crosses between L. sativa or L. serriola
as one parent and L. saligna or L. virosa as the other parent are often accompanied
with low seed sel, inviable seeds, stunted plants and sterile hybrids (Lindgvist 1960)
The haploid genome of L. sativa contains nine chromosomes (2n=18) and about
2.6x10” bp (Arumuganathan and Earle 1991). This is 2.6 and 18 times larger than the
tomato and Arabidopsis genome, respectively. Such a relatively large genome is
common for Compositae species (Kesseli and Michelmore [996).

Since the first gene was identified in lettuce (Durst 1929) many morphological,
isozyme and disease resistance loci have been identified (Robinson et al. 1983,
Kesseli and Michelmore 1986, Farrara et al. 1987). In the nineties the first linkage
map of lettuce based on RFLP and RAPD markers was described from a cross
between two cultivars {Kesseli et al. 1994). This map is incomplete as it contains
more than 13 linkage groups and major gaps of up to 28 ¢cM. However, several
resistance genes have been mapped using this RFLP map as a reference {Witsenboer
et al. 1995, Maisonneuve et al. 1994).

LETTUCE DOWNY MILDEW

Bremia Lactucae belongs to the Oomycetes, order Peronosporales and family of
Peronosporaceae. Qomycetes are organisms that exhibit a filamentous growth habit
and are therefore often erroneously referred to as fungi. However, oomycetes are
structurally, biochemically and genetically different from all fungal taxa (Campbell
1993). For instance, oomycetes have cell walls predominantly consisting of cellulose,
while the major compound in cell walls of true fungi is chitin (Campbell 1993).
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QOomycetes belong to the Kingdom of Protista and their closest relatives are
heterokont algae and goldenbrown algae (ciliates and dinoflagellates; Campbell 1993,
Van de Peer and De Wachter 1997).

The downy mildews (= family of Peronosporaceae) are primarily foliage blights that
attack and spread rapidly in young, tender green leaf, twig, and fruit tissues. The
downy mildews can cause severe losses of 40 to 90% of young plants in short periods
of time (Agrios 1997, Lebeda and Schwinn 1994). The most spectacular and
catastrophic epidemic was probably the one caused by the downy mildew of grapes,
which soon after it’s introduction from the USA in 1875, almost completely destroyed
the grape and wine industry in Europe and resulted in the discovery of the first
fungicide, Bordeaux mixiure, in 1885 {(Agrios 1997). Although several downy
mildews have been studied, from only a few downy mildew species pathogenic
variation (=occurrence of races) is known: Bremia Lactucae (Crute and Johnson
1976), Peronospora parasitica (Holub et al 1994), Peronospora viciae (Stegmark
1990, Stegmark 1995, Taylor et al 1989) and Plasmopara halstedii (Gulya et al 1991,
Mouzeyar et al 1994). Peronospora parasitica has been well studied on its model host
Arabidopsis. Many race-specific resistance genes (RPP) are described as well as the
HRT/RPPS family of resistance genes that confer resistance to both viral and
oomycete pathogens (Botella et al 1998, Cooley et al. 2000, McDowell et al. 2000)
Still, one of the best-studied downy mildews on crops is Bremia Lactucae on lettuce.
Bremia is an obligate biotrophic pathogen that grows in and sporulates on the leaves
of lettuce and several other Lactuca species (Lebeda and Syrovatko 1988). A diagram
of the infection of a susceptible lettuce epidermal cell by Bremia Lactucae is
presented in Figure 1,
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FIGURE 1, A representation of the infection of a susceptible lettuce epidermal cell by Bremia
lactucae (after Ingram et af 1973).



6 | CHAPTER 1

Bremia is dispersed primarily by windblown spores. It reproduces mainly asexually
and occasionally sexually. In Bremia sexual reproduction occurs when isolates of
opposite sexual compatibility types (Bl and B2) are in close proximity and mate,
yielding large numbers of oospores (Crute 1992). Many races of Bremia are known
from lettuce cultivars as well as from wild lettuce species like L. serriola (Crute and
Johnson 1976, Lebeda and Boukema [991). For instance, in Europe at least 24
commonly found races on L. sativa have been described from 1964 to 1999 (Van
Ettekoven and Van der Arend 1999, Lebeda and Schwinn 1994),

PATHOSYSTEM AND MONOGENIC RACE-SPECIFIC RESISTANCE

Bremia Lactucae is pathogenic on cultivated lettuce and on some wild lettuce species
(L. serriola, L. virosa, L. altaica and I. degreana; 1.ebeda and Syrovatko 1988,
Lebeda and Boukema 1991). It is an important disease in letiuce worldwide and
resistance to Bremia is one of the most important breeding goals in all lettuce types
{Reinink 1999). The lettuce species L. sativa, I. serriola and L. virosa show a large
variation of resistances to downy mildew (Bonnier et al 1992). The most common and
exploited resistance is qualitative and is under genetic control of single dominant
genes, Dm genes (Downy mildew) or R-genes. It is generally agreed among
phytopathologists, geneticists and lettuce breeders that when it is shown that this
resistance is explained by one single gene, it is designated “Dm gene”. Until that time,
the resistance is named “R-gene”. Plants harboring Dim genes are resistant to some but
susceptible to other Bremia races because of a classical gene-for-gene interaction
{Flor 1942). The combination of a Dm gene and a corresponding avirulence gene of
Bremia results in an incompatible interaction, which is associated with a
hypersensitive response of the host (Crute & Johnson 1976). Nineteen Dm genes have
been ideatified from cultivated germplasm sources or closely related species like L.
serriola {Landry et al. 1987, Crute 1992, Bonnier et al. 1994, van Ettekoven and van
der Arend 1999). Like dominant monogenic resistances in other plant species, the D
genes are distributed in clusters over the genome (Kesseli and Michelmore 1996).
Three major clusters of resistance genes have been located on Chromosome 1, 2 and 4
(Kesseli et al. 1994). Remarkably, the resistance gene cluster at the Dm3 region, which
has a size of at least 3.5 Mb, is very large compared to other resistance clusters in
other species (Meyers et al. 1998a). The Dm3 gene has been cloned from a highly
divergent family of 22 resistance gene homologues. The Dm3 gene belongs to a class
of resistance genes with a nucleotide binding site (NBS) domain and leucine-rich
repeats (LRR) (Meyers et al 1998a, Michelmore and Meyers 1998). Sequence
comparison of Dm3 and eight resistance gene homologues indicated that diversifying
selection has resulted in increased codon variation in the LLR region (Meyers et al.
1998b). These results support a “birth and death”model that supposes that the
variation in the LRR regions, is due to mutations rather than to events like intergenic
unequal crossing over and gene conversions (Michelmore and Meyers 1998).
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During half a century of commercial resistance breeding of lettuce, the emphasis has
invariably been on dominant Dm genes (Crute 1992, Reinink 1999). Over nineteen
Dm genes have been introgressed into commercial cultivars. Unfortunately, Dm genes
have been rendered ineffective by rapid adaptation of the pathogen (Lebeda and
Zinkernagel 1999). For example, in 1987 a new race of Bremia, NL16 spread over
large parts of Europe in a relatively short period of time and remained the dominant
race for about ten years. A new resistance gene effective against race NL16 was
introduced: R18 (Reinink 1999). However, after 1995 many new races of Bremia have
been found in Europe on cultivars containing R!8 and later also on cultivars with
newly introduced resistances R36, R37 and R38. This illustrates that the effectivity of
Dm genes does not last very long.

L. SALIGNA, A LETTUCE DOWNY MILDEW NON-HOST

Among the non-hosts of lettuce downy mildew, Lactuca saligna is the best-studied
Lactuca species. L. saligna can be crossed with cultivated lettuce and is completely
resistant to Bremia (Norwood 1981, Gustafsson 1989, Lebeda and Boukema 1991,
Bonnier et al. 1992). Therefore, it can be considered a non-host. In histological studies
it was observed that in L. saligna, a smaller proportion of the primary vesicles of
Bremia (race NL16) formed a secondary vesicle as compared to a L. sativa cultivar
with a Dm gene effective against this race (Sedlarova et al 1999). Furthermore, L.
saligna accessions varied in resistance reactions like necrosis formation after Bremia
inoculation (Lebeda and Reinink 1994). It may be that this hypersensitivity is due to a
resistance acting in a gene-for-gene like manner, like Dm genes and avirulence genes.
Some L. saligna accessions, however, do not show necrosis. The latter resistance may
be ascribed to an alternative resistance mechanism.

LETTUCE BREEDING FOR RESISTANCE TO BREMIA LACTUCAE

As described above, lettuce breeders have focused mainly on Dm genes for resistance
to Bremia, although these are not effective for a long time. Breeding for other
resistance like quantitative resistance has been attempted (Crute and Norwood 1981,
Eenink 1981, Gustafsson 1989, Lebeda 1990, Reinink 1999). Howevet, no successful
cultivars have been released with increased level of this resistance (Reinink 1999).
Quantitative resistance is a difficult trait to select for and therefore difficult to
introgress into cultivars, due to it’s smaller effects and often polygenic inheritance. If
in some cases quantitative resistance was introgressed, the obtained resistance levels
were too low to make the cultivar successful.

A good alternative strategy for breeding for resistance to Bremia could be the
introduction of novel types of resistance from the wild species L. saligna, a non-host
for Bremia. This source of resistance has occasionally been exploited for Dm genes
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that have been rendered as ineffective as the Dm genes in L. sativa sources (Lebeda
and Zinkernagel 1999). But L. saligna has not been exploited and introgressed earlier
yet for the novel types of resistance that may explain the non-host status of L. saligna.
Two reasons account for this. Firstly, interspecific crossing barriers result in low seed
set, low viability of those seeds, stunted plants and sterile hybrids. Secondly, the
resistance is very difficult to select for with classical breeding tools, which indicates a
quantitative character and/or a polygenic inheritance of this resistance.

However, new possibilities for research are offered with the recent developments in
Marker Assisted Selection, QTL mapping and high throughput molecular marker
techniques. By using these techniques plants can be screened and selected on basis of
genotype instead of phenotype. The intensive and crucial phenotyping tests can be
postponed till the most promising genotype has been obtained or till the introgression
program has reached the optimal stage for phenotyping.

SCOPE OF THIS THESIS

This thesis presents a study on the genetical dissection of the resistance of L. saligna
based on two accessions, in order to locate the resistance gene(s) that confer complete
resistance to all Bremia races on the Lactuca genome. This is of scientific interest as
not much is known about the character and inheritance of the resistance(s) that
renders a species a non-host. It is also of breeders’ interest to find out which genes are
necessary to introgress from the non-host to the host in order to transform it into a
non-host.

In order to map the genes responsible for the resistance of L. saligna to Bremia, we
seiected breeding material of an F, population and a BC, population from two crosses
of two L. saligna accessions with a susceptible L. sativa. Most emphasis was put on
the progeny of the L. saligna accession with the largest, most viable and fertile F» and
BC,; populations (Figure 2). All the progeny of this most successful cross is described
in Chapters 2, 3, 4 and 5. The progeny of the cross with a different L. saligna
accession with a smaller F; population is described in Chapters 2 and 6.

We planned two strategies to unravel the genetics of the resistance of L. saligna. The
effectiveness of the two strategies will be compared. For both strategies a linkage map
based on molecular markers is required. To develop a molecular marker map of a L.
saligna x L. sativa cross, we performed AFLP analyses on both F, populations and
used both data sets to assemble an integrated map (Chapter 2).
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FIGURE 2. Lactuca sativa cv “Olof” and Laciuca saligna CGN 5271

The first strategy is a classical F; mapping population strategy, in which all F, plants
are genotyped with molecular markers and phenotyped by Bremia disease tests
(Figure 3). In a QTL mapping procedure genotypic and phenotypic data are
combined, to identify genomic regions with genes responsible for the resistance
(Chapter 3 and 6).

The second strategy is the mapping of resistance genes in a set of Backcross Inbred
Lines (BIL); each BIL harbors a single L. saligna introgression fragment in a L. sativa
background, while all BILs together cover the total L. saligna genome. The
development of a set of BILs by repeated backcrossing and Marker Assisted Selection
is described in Chapter 4. The first results of Bremia disease tests on a selection of
BILs are described in Chapter 5. Comparison of the two strategies and the detection
of resistance genes are discussed in the general discussion (Chapter 7).
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L. saligna X L. sativa

resistant Pl Pz susceptible

P, x BC,

Strategy A
by Marker Assisted Selection genotype F, plants
BC Bremia‘disease test
2
¢ QTL-mapping
BC,
J’Q Strategy B
genotype BILs
set of BILs Bremia disease test
+
Locate QTLs

FIGURE 3, Working plan for the genetical dissection of the resistance of L. saligna
to Bremia lactucae by two strategies. @ = selfing
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AN INTEGRATED INTERSPECIFIC AFLP® MAP OF LETTUCE

(LACTUCA) BASED ON TWO L. SALIGNA X L. SATIVA
F> POPULATIONS

Marieke Jeuken, Rik van Wijk, Johan Peleman and Pim Lindhout

Published in Theoretical and Applied Genetics 103 (2001); 638-647

AFLP markers were obtained with twelve EcoRl/Msegl primer combinations
on two independent Fz populations of L. sativa x L. saligna. The
polymorphism rates of the AFLP products between the two different L.
saligna lines was 39 %, between the two different L. sativa cultivars
13% and between the L. sativa and L. saligna parents on average 81%.
In both F: populations segregation distortion was found, but only
Chromosome 5 showed skewness that was similar for both populations.
Two independent genetic maps of the two F:z populations were
constructed that could be integrated due to high similarity in marker order
and map distances of 124 markers common to both populations. The
integrated map consisted of 476 AFLP markers and twelve SSRs on nine
linkage groups spanning 854 cM. The AFLP markers on the integrated
map were randomly distributed with an average spacing between markers
of 1.8 cM and a maximal distance of 16 cM. Furthermore, the AFLP
markers did not show severe clustering. This AFLP map provides good
opportunities for use in QTL mapping and marker-assisted selection.

Our knowledge on the structure and function of plant genomes is rapidly expanding
by the fast development of techniques in molecular biology like automated
sequencing, DNA library construction and screening, and DNA marker technologies.
The new research field about maintaining, ordering and using all this genome
information is designated as “Bioinformatics”. This covers fundamental research
topics like gene organisation and synteny among genomes. A more applied field is
plant breeding where bioinformatics will facilitate marker-assisted selection programs
with most emphasis on quantitative traits.
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The molecular information of a plant genome is usually presented in a framework of a
genetic linkage map. To create such a genetic map informative markers need to be
developed and screened on a segregating population. To this end, markers of several
types are available. Former genetic maps of many plant species are mainly
constructed with RFLPs as markers. The advantages of RFLPs are the locus
specificity and codominant inheritance. The disadvantage is that the technology is
time consuming, laborious and costly. Nowadays, new DNA marker technologies are
available, which are PCR based, need less template DNA and are less laborious.
Examples of commonly used PCR based marker technologies are CAPS (Konieczyn
& Ausubel 1993), SSR (Van de Wiel et al. 1999) and AFLP (Vos et al. 1995). CAPS
and SSR are reliable markers with potentially many alleles and hence a codominant
inheritance. These markers are mainly used as easy applicable markers for specific
loci. Their disadvantage is the a priori sequence information that is required to design
the locus specific primers. In contrast, the AFLP technique does not require a priori
sequence information and combines the advantages of RFLP markers with the
advantages of PCR. AFLP markers are efficient and reliable and can be used across
species like is shown for tomato, potato, barley and maize (Haanstra et al. 1999; Van
Eck et al. 1995; Qi et al 1998; Vuylsteke et al. 1999),

These new marker technologies allow the efficient construction of high-density maps,
which have several applications in genetics and breeding. For instance, comparison of
the synteny among genomes of related species or genera as shown for Solanaceae,
cereals and Brassica species {Livingstone et al. 1999, Gale and Devos 1998, Hu et al
1998). This allows the construction of integrated genetic maps among species or
within genera and so to make comparisons between related genera (Qi et al. 1996,
Sebastian et al. 2000),

Furthermore, genetic maps are essential to locate the genes that are involved in the
expression of traits. This can easily be done for simple heritable traits based on one
gene, but also for complex traits which are based on more genes (QTLs). In the latter
case large segregating populations (n>100) are required to unravel the number of loci
involved in the trait.

When the map positions of important genes are known indirect selection of plants,
bearing the useful genes, can take place at the DNA level on the basis of flanking
markers linked to the genes of interest. This so called “marker-assisted selection”, has
high potentials in plant breeding (Bernatsky & Tanksley, 1989; Lande & Thompson,
1990; Knapp 1998).

In lettuce, a genetic map is available, which is based on an intraspecific cross “‘Calmar
x Kordaat™ and consists of thirteen major and four minor linkage groups spanning a
total length of 1950 cM (Kesseli et al. 1994). It consists mainly of RFLP and RAPD
markers with an average spacing of 6.1 ¢cM and major gaps up to 28 ¢M. This map has
been used to map Dm genes and other disease resistance genes (Okubara et al. 1994;
Witsenboer et al. 1995; Maisonneuve et al. 1994).

We are interested in Lactuca saligna (wild lettuce) as a source for resistance to downy
mildew (Bremia lactucae). The resistance from L. saligna is probably not race-
specific and therefore probably controlled by a different resistance mechanism than
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the gene-for-gene resistance mechanism of introgressed race-specific resistance genes
(Dm genes) in L. sativa (Bonnier et al. 1992, Lebeda & Reinink 1994). L. saligna and
lettuce {L. sativa) are crossable but due to their genetic distance the success of crosses
is low, which resutts in reduced germination, vigour and fertility of the progenies (De
Vries, 1990; Koopman et al. 1998). To map the downy mildew resistance in L
saligna we aimed at constructing a genetic map based on a L. saligna X L. sativa
CTOSS.

In the present study two different independent F; populations of L. saligna x L. sativa
crosses were generated of which a dense integrated genetic linkage map was
constructed mainly based on AFLP markers.

MATERIALS AND METHODS

Plant material

Two F, mapping populations were generated for this study. The parents of Population A were
L. saligna CGN 5271 as female parent, and L. sativa cv “Olof” , a butterhead cultivar as male
parent. The parents of Population B were L. saligna CGN 11341 as female parent and L.
sativa cv “Norden”, a butterhead cultivar as male parent. The two L. saligna parents had a
very distinct morphology. There is no information available on their geographical origin.

The F; populations consisted of 126 plants for Population A and 54 plants for Population B.
Each F; population was derived from a randomly chosen single F, plant.

Populations A and B were supplied by the breeding companies Nickerson-Zwaan and Rijk
Zwaan, respectively.

DNA isolation

Leaf material was collected from eight weeks old F, plants that were grown in the
greenhouse. Genomic DNA was extracted from frozen leaves according to the procedure as
described by Van der Beek et al. {1992) with some minor modifications: after hooking the
DNA out of the isopropanol mixture, the DNA was washed overnight in 76 % ethanol and 10
mM NH,Ac, dried and dissolved in 200 pl sterile TE buffer {10 mM Tris-HCI, pH 8.0, and 1
mM EDTA).

TABLE 1. List of primer combinations used for AFLP analyses
M48 M49 M54 M58 MS9 MeD
CAC CAG CCT CGT CTA CTC
E35 ACA |x % X pd
E38 ACT X

E44 ATC |x X

E45 ATG | x X

E49 CAG X

E51 CCA X

ES4 CCT |x

The names and the last three selective nucleotides of the primers are shown.
For pre-amplification, the same primers were used without the last two
selective nucleotides.
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AFLP analysis

The AFLP procedure was performed according to the two step amplification as described by
Vos et al. (1995) using the enzyme combination EcoRU/Msel. A total of twelve primer
combinations, selected from a study on informative primer combinations in lettuce (Van
Wijk, personal communication) were applied. The following seven primer combinations
E44M48, E35M48, E49M 38, ES4M48, E45M49, E51M49, E38M54 were applied 1o all F;
plants of both populations, while five other primer combinations, i.e. E45M48, E35M60,
E44M49, E35M49 and E35M59, were only applied to 90 F; plants of Population A (Table 1).

AFLP marker nomenclature and analysis of gel images

AFLP markers were designated with the name of the two primers (e.g. E35M48) used to
amplify the DNA, followed by the molecular size as number of nucleotides of the
amplification product as estimated from the mobility in the gel compared to a size standard. In
case two different bands from the same primer combination were almost but not exactly
identical in size, their marker names were extended with "a” for the larger fragment and *b”
for the smaller one. The other extensions in the marker names referred to the specific parent
that showed this amplification product (see legends of Figure 1).

The scoring of the AFLP markers produced with primer combinations E44M48, E35M48,
E49M58, E54M48, E45M49, E51M49, E38M54 were mainly based upon the presence or
absence of the amplification product {e.g. dominant scoring). Only when intensity differences
of amplification products allowed distingunishing between homozygotes and heterozygotes,
the markers were scored codominantly. All markers generated with these seven primer
combinations were scored twice, and discrepancies were resolved. The AFLP markers in
Population A produced with primer combinations E45M48, E35M60, E44M49, E35M49,
E35M59 were predominantly scored codominantly using proprietary software {developed at
Keygene).

Calculation of polymorphism rates based on AFLP data

All amplification products obtained by using the 12 primer combinations on all four parents
were counted. The polymorphism rate was defined as the number of segregating amplification
products divided by the total number of amplification products within the size range of 60-
590 basepairs.

SSR primers

The following SSR primer pairs obtained from Van de Wiel and developed on L. sativa were
tested on the four parent lines: LsAOO1, LsA002a, LsA003, LsAO04a, LsAOD6, LsB101,
LsB102, LsB104, LsB105, LsB106, LsB107, LsB108, LsB110, LsB11ta, LsB71f6r, LsBS8,
LsD035, LsD046, LsD101, LsD103a, LsD106G, LsDI07G, LsD108, LsD109, LsD110a,
LsE003a, LsEO06, LsE009, LsE011, L.sE0L8, LsF018, LsGO01G and LsH(O01 (Van de Wiel et
al. 1999). Only in case both parents showed unique alleles, the F> populations were screened
for segregation of such SSR marker.

The following additional SSR primer pairs obtained from Michelmore (Davis, California,
USA) were tested and showed polymorphism among four parental lines and in the two F
populations: L1722, L1723, L222, L2211, L2278, L2524#2 and L317. More SSRs obtained
from Michelmore were tested on the parental lines, but did not show unique alleles for each
parent and were not tested on the F, populations (results not shown),

SSR analysis

Amplification of SSRs was performed in 20 pl PCR reactions containing 20 ng template
DNA, 0.4 U Taq polymerase, 40 ng of both primers, 2 gl 10x reaction buffer {same as used in
AFLP analysis) and 0.1 mM of all four dNTPs. The following PCR program was used; 1 min
94°C, 40 cycle of 45 s of annealing temperature, 1 min 45 s of extension at 72°C, 45 s of
denaturation 94°C with a final step of 3 min at 72°C. PCR products were run on 3% agarose
gels to separate amplification products with larger size differences. Otherwise, they were




INTERSPECIFIC AFLP MAP OF LETTUCE | 17

separated on denaturing polyacrylamide gels with conditions similar to AFLP analysis to
separate amplification products with lengths between 80 and 500 nucleotides.

In case more amplification products were obtained (the SSR was multilocus), an extension to
the original name was given with first the specification of the parent and than the estimated
fragment size.

The SSRs were scored based upon the presence or absence of the amplification products of
the parents. SSRs were scored codominantly in case both parents showed unique alleles.

Linkage analysis and map integration

To analyse the scored markers, segregation distortion tests and linkage analyses were
performed by using JoinMap 2.0 (Stam and Van Ooijen 1995) on each mapping population,
For the F; segregation ratios a x” test for skewness was performed with a threshold level for
significance of 0.5%. For Population A markers codominantly scored were tested against the
1:2:1 ratio, referring to homozygous L. sativa: heterozygous: homozygous L. saligna.
Markers dominantly scored were tested against the 3:1 ratio, representing homozygous L.
sativa plus heterozygous: homozygous L. saligna or homozygous L. saligna plus
heterozygotes: homozygous L. sativa.

For linkage analysis markers were assigned to linkage groups by increasing the LOD score for
grouping with steps of one LOD unit. The calculations of the linkage maps were dane by
using all pairwise recombination estimates smaller than 0.45, LOD scores higher than 0.01
and Kosambi's mapping function.

After the calculation of a map for each population the two maps were integrated by using
JoinMap 2.0 after merging the pairwise recombination frequencies and the corresponding
LOD scores of both populations, Again, linkage groups were assigned by increasing the LOD
score for grouping with steps of one LOD unit. Map distances were calculated using
Kosambi’s mapping function, pairwise recombination estimates smaller than 0.45 and LOD
scores higher than 0.5 to save calculation time.

Markers, that could not reliably be fitted by JoinMap due to conflicting recombination
estimates but that had a LOD score for linkage with another marker higher than or equal to 10
or 5 combined with a recombination frequency smaller than or equal to 5 or 10 % were
manually placed on the map on the most likely position and given an extension “{”.

RESULTS

Plant material

To establish a reliable map it was aimed that the population size was more than 100 F,
individuals. Population A consisted of 162 seeds, which germinated well and resulted
in 126 full-grown F, plants. Population B had a much lower germination rate of 42 %,
resulting in only 54 F; plants out of 130 seeds.

The variation in the morphology of the F; plants of both populations was very high.
The fertility of the F; plants was very low compared to the parent plants. In both
populations 37% of the F; plants were sterile. The rest of the F, plants varied in seed
set, ranging from a dozen to more than 100 seeds per plant.
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TABLE 2. Specificity and number of AFLP amplification products generated with twelve
primer combinations

12 primer L sativa Olof Norden L. saligna L. saligna A L. salipna B Constant Total # of
__combinations __ specific _specific __ specific specific specific specific bands bands
Average 39 3 3 28 10 8 18 109
Total 473 40 33 338 119 93 221 1317

L. sativa specific means that the amplification product is found in L. sativa ¢v *Olof” and in L. sativa
cv “Norden”, while Olof specific means that the amplification product is found in L. sativa cv “Olof”
only and not in Norden. Similarly for L. saligna specific, L. saligna A specific and L. saligna B
specific amplification products. Constant bands are amplification products found in all four parents.

AFLP analysis and polymorphism rates

By analysing 12 primer combinations on all four parents 1317 different amplification
products were generated. From these AFLP amplification products 1096 were
segregating in the F; populations and ascribed to one of the parents as they showed to
be parent specific (Table 2). The polymorphism rate between L. sativa and L. saligna
in Population A and B was 81.4 % and 80.9 % respectively, the polymorphism rate
between L. sativa cv “Olof” and L. sativa cv “Norden” was 13.4 % and between L.
saligna A and L. saligna B 38.5%. Twenty-nine amplification products were excluded
from the analyses, because they could not be ascribed to only one parent.

On average, with each primer combination 109 amplification products were produced
of which 45 (=39+3+3) were detected only in L. sativa and 46 (=28+10+8) were
detected only in L. saligna {Table 2).

In Population A, screened with all twelve primer combinations, 482 polymorphisms
were scored. Fifty present of the segregating amplification products showed nearly
identical mobility on the gel. Therefore they could not be scored reliably and were not
included in the analyses. The other fifty percent of the segregating amplification
products were scored unambiguously. Population B was analysed with seven primer
combinations and yielded 294 scorable polymorphisms.

SSR analysis

From the 76 SSR primer pairs tested, only four of them, i.e. 1317, L222, 1.2211 and
LsB104 were scored codominantly. Most of the other SSR primer pairs yielded an
amplification product in the L. sativa parent only, which resulted in a dominant
scoring. The rest did not show any polymorphism between the parents.

Genetic linkage map and segregation distortion of Population A

In Population A 482 AFLP markers and 12 SSR markers were scored and used for
map calculation. These markers were assigned to linkage groups at a LOD threshold
of 6.0. The genetic map derived from Population A contained 412 markers (83% of
the total number of markers) on ten linkage groups covering a total map length of 895
¢M (data not shown),

In this F; population 25% of the loci showed segregation distortion. Linkage Group 7
showed an average skewed ratio of 37 : 44 : 8 instead of 1 : 2 : 1 over ils entire length
severely favouring L. sativa alleles. Furthermore, skewness of similar severity was
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observed at one of the ends of the Linkage Groups 4, 6 and 9, all in favour of L. sativa
alleles (Table 3). An average segregation distortion of 3 : 43 : 39 favouring L. saligna
alleles was found distal on Linkage Group 4 and a similar severe skewness was found
on Linkage Group 5 (Table 3). Besides skewness also an excess of heterozygotes was
found with an average ratio of 20:62: 4 on Linkage Group 8 at 21-45 cM.

Genetic linkage map and segregation distortion of Population B

In the smaller F; Population B, 294 AFL.P markers and 8 SSRs were used for map
calculation. The markers were assigned to linkage groups at a LOD threshold of 4.0
resulting in a map of 13 linkage groups (data not shown). The alignment of the maps
of both populations revealed that the common markers fell in the same linkage
groups. Based on the alignment six groups in Population B corresponded with three
groups of Population A, as Population A contained several bridging markers that were
not scored in Population B. Consequently, the six groups in Population B were
merged into three groups.

Fixed order files from Population A with common markers at 215 ¢M intervals were
used to generate a genetic map of Population B. This resulted in 2 map of 223 markers
{74% of total number of markers) on ten linkage groups covering a total map length of
627 cM.

Two regions on Linkage Group 5 and 6 in population B showed severe skewness
favouring both L. saligna alleles (Table 3).

Integrated map

The two linkage maps, gencrated from the two F populations were very similar with
respect to marker order and distance for each linkage group. Consequently, an
integrated map, comprising markers of both populations, was constructed. The
markers were assigned to nine linkage groups at a LOD threshold of 6.0. This
corresponds with the chromosomal number of lettuce. The numbers given to the

TABLE 3. Observed segregation distortion, per population and per linkage group

Linkage Group RegionincM  Favouring alleles of
Population A

4 0-7 L. saligna
4 116-142 L. sativa
5 0-41 L. saligna
6 73-84 L. sativa
7 0-75 L. safiva
9 0-31 L. sativa
9 78-101 L. sativa
Population B
5 0-37 L. saligna

6 0-9 L. saligna
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linkage groups correspond with the group numbering used for the “Calmar x Kordaat”
map (Kesseli et al 1994} with exception of Group 6 in this map that corresponds with
Group 12 in the “Calmar x Kordaat” map. We follow the nomenclature for
chromosomal numbers as proposed by Michelmore and Van Wijk for the “Calmar x
Kordaat” map, which allows the alignment of both maps with other maps of lettuce
with markers in common (Michelmore & Van Wijk in preparation).

Over the two populations 533 different markers were scored, of which 488 {=92%)
were mapped covering a total map length of 854 ¢cM (Fig.1). From these mapped
markers, 124 (25%) were scored in both populations and were located on similar map
positions. Therefore, they were considered as common markers. Out of 488 mapped
markers twelve were SSR markers of which four were scored codominantly.

The distribution of the markers over the map was random and no clear clustering of
markers was observed except for a small cluster in the centre of Chromosome 6 where
17 markers were present at an interval of 0.6 ¢M.

The average spacing between markers (including markers at the same position) was
1.8 cM and the largest gap between two markers was 16 cM.

Co-linearity between the three maps

Both individual maps had ten linkage groups, while the integrated map had nine
linkage groups corresponding to the nine chromosomes of lettuce (Table 4). The two
linkage groups representing Chromosome 8 in both individual maps were not joined
because the linkage between the distal markers E49M58-258sal, E38M354-140sal and
E51M49-245sal was lower than the LOD threshold for grouping (LOD 6.0 and 4.0 in
Population A and B, respectively). In the integrated map the two groups were joined
because the linkage between the distal markers of the two groups was above the LOD
threshold for grouping (LOD 6.0). This was due to the summed number of genotypes
from both populations, which increases the 1.OD score for linkage between these
markers (Fig. 2). The other eight linkage groups were similar in marker order and
distance among the maps. The only exception is marker E54M48-216, which was
mapped in Population A on Chromosome 6 and in Population B on Chromosome 4.
Apparently, this is not a common marker. On the integrated map their parent specific
extensions *satA” and “satB” distinguish these markers.

Furthermore, through integration of the maps the number of population specific
markers dropped from 385 to 363. These lost specific markers were “Population B”-
specific markers that had a LOD score higher than 4.0 but lower than 6.0 and
therefore could not meet the criteria for the integrated map.

The marker order between all three maps was highly similar with some minor
rearrangements of marker orders at small map intervals of less than five cM (For
example, in Chromosome 8 in Fig.2). As the accuracy of the location of the markers
in the maps is about five cM, these smaller differences are probably due to errors in
the data set.

The genetic distances between the maps were similar although the length of the map
of Population B is 30 % smaller than the length of the map of Population A. By
counting the map distances from the most distal common markers to the end of the
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FIGURE 1. An integrated map based on two interspecific F2 populations between L. saligna
and L. sariva. Chromosome 4 is split up because of its length. Markers with no extension only
give an amplification product in L. sariva. The extensions satA, satB, sal, salA, and salB
represent markers that only give amplification products in respectively L. sativa Olof, L.
sativa Norden, L. saligna, L. saligna A and L. saligna B. The extension ! means that a marker
is placed there manually at the most likely position with restrictions to recombination
frequency and the LOD score (see results). When three or more markers mapped on the same
position they were put aside.
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TABLE 4. Comparison of maps of Population A, B and the integrated map

Map of Map of Integrated map
Population A Population B
# of linkage groups 10 10 9
Total map length (cM) 895 627 854
# of common markers' 124 124 124
# of specific markers® 288 99 364
Total # of markers 412 223 4388

* Common markers are scored and mapped in both populations.
2 Specific markers are scored and mapped in just one of two populations.

chromosome in Population A minus the map distances from the most distal common
markers to the end of the chromosome in Population B, it was estimated that one third
of the 30% difference in map lengths between the populations was due to an extension
of the chromosome lengths by distal markers only scored in Population A,

DISCUSSION

Polymorphism rates

As expected the polymorphism rate between the two species L. sativa and L. saligna
was very high (81 %). The polymorphism rate between the two L. saligna parents was
also quite high (38.5%). This was not really surprising because morphologically they
were also quite different. For instance, line A had pinnatifid, deeply lobed leaves and
line B did not have lobed leaves. The polymorphism rate between the two L. sativa
parents was 13.4%, which is similar as in the “Calmar x Kordaat” map (Kesseli et
al.1994). In conseguence, our integrated map consists predominantly of markers that
discriminate between L. sativa and L. saligna. In addition, it provides several markers
that can be used to distinguish between L. saligna lines and between L. sativa
cultivars, although the latter to a lesser extend.

Segregation distortion

The observed distorted segregation ratios calculated from the AFLP markers in the
populations were only similar between the populations for the top of Chromosorme 5,
favouring L. safigra alleles. This may mean that gametes with one or more L. saligna
alleles on the top of Chromosome 5 have a much higher fitness than those genotypes
with the corresponding L. sativa alleles. The observed selection for heterozygotes on
Chromosome 8 of Population A can be due to a locus with a high overdominance
effect.

The amount and severity of observed skewness in the F; populations was similar to
other reported skewnesses in F; populations, like tomato (Haanstra et al. 1999), onion
{Van Heusden et al. 2000) and maize (Vuylsteke et al. 1999)
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FIGURE 2. Comparison of Chromosome 8 of the integrated map and the corresponding
linkage groups of Population A and B. For the nomenclature of markers see legends of Figure
1. Common markers between maps are connected by lines.

Map construction

The high level of polymorphism between L. sativa and L. saligna and the high
number of loci simultaneocusly analysed per experiment by the AFLP technique
facilitated the efficient construction of genetic linkage maps of the two interspecific
populations.

When the individual maps of the populations were compared, both were highly
similar in marker order and distances. The 3(0% difference in map length between the
populations can be explained by two causes, First, map inflation is known to result
from scoring errors, even if these occur at a rate below 2%. This is because errors
induce an increase of recombinants. This relative map inflation becomes more severe
as the average marker distance gets smaller (Lincoln & Lander 1992). So Population






