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ABSTRACT

Lettuce downy mildew is the most destructive disdéaskettuce Lactucaspp.) cultivation
and is caused bBremia lactucae The successful cross between its Hostativaand the
nonhostL. saligna,offers a rare chance to study the genetics ofittidost resistance. From
a set of 29 Backcross Inbred Lines (BILs) represgritirtotal 96% of thé.. salignagenome,
15 introgressions were identified to contributahis resistance at one to four tested lettuce
developmental stages and were provisionally consitlas 15 QTLs. QTL pyramiding of
four “target QTLs” and the subsequent disease evahstisplayed that the combination of
two to three QTLs was enough for almost completestasce. This shows a redundancy of
guantitative genes for nonhost resistanck.isaligna In histological studies, the pathogen
development was obviously arrested earliet.irsalignathan in the BILs with the “target
QTL(s)". The fine mapping of the four “target QTLsliava Near Isogenic Line (NIL)
approach suggested the presence of both singlenahdQTLs per introgression. In twio.
sativa-L. salignacrossing combinations, we observed typical ‘hylmétrosis’ symptoms,
like necrotic lesions on leaves and stems, andd®dagrowth. This hybrid necrosis is caused
by aRIN4-Rinteraction betweeRIN4 allele(s) fromL. salignaand a probabl® gene inL.
sativa
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General Introduction

CHAPTER 1

General Introduction

Lettuce
Lettuce,Lactuca sativais a temperate annual or biennial plant speciat lielongs to the
genusLactucaL. and the family Asteraceae or Compositae. The geactucal. consists of
about 100 species (de Vries 1997). Lettuce probatdyted out as a weed around the
Mediterranean basin and has been used as a safatbcimore than 4500 years (Davis et al.
1997). The evidence for this is the depiction of yndifferent lettuce varieties in ancient
Greek relics found in tomb paintings in Egypt 280C. (Davis et al. 1997; de Vries 1997).
Probably, lettuce was introduced to northern ansteva Europe around the Middle Ages by
the Romans (Davis et al. 1997; de Vries 1997; Limtgl/960). Nowadays, both leafy and
stalk lettuce have been included in people’s ddiét. Seven commonly recognized edible
lettuce cultivar groups appear: Butterhead, Latinsghead (Iceberg types), Cos (romaine
type), Cutting (lollo and oakleaf types), Stalk {ixaet al. 1997; de Vries 1997) and Oilseed
lettuce (Rulkens 1987). There are types more deitidr field production and others for
glasshouse cultivation (de Vries 1997).

The direct ancestor df. sativa (domesticated lettuce) wads serriola (de Vries
1997; Kesseli et al. 1991; Zohary 1990).serriolais a weed that belongs to the primary
gene pool of lettuce that further consistd o$ativa L. dregeanal. altaica andL. aculeata
(Koopman et al. 1998).. salignaand L. virosa branch off this clade and belong to the
secondary gene pool. The primary and secondary pewlespecies are classified in section
LactucasubsectiorLactuca(Koopman et al. 1998; Lindqvist 196Q). sativais fully cross-
compatible and inter-fertile with wild. serriola and others from the primary gene pool;
partly cross-fertile with_. saligng and almost cross-sterile with virosa (Lindqvist 1960;
Zohary 1991). These wild species are used as resofarciettuce improvement.

Modern breeding programs for cultivated lettuceeéhfocused on the improvement
of the cultivars with regard to: resistance to d&eand insects, improved horticultural type
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(color, size, taste, head shape, uniformity, easknof head formation and yield) and
adaptation to environment (temperature, day leng#ter quality, soil type and low energy
need) (Davis et al. 1997; de Vries 1997; Eenink &mieets 1978).

A major focus has been the introduction of resistagenes to diseases and insects
in cultivated lettuce. Resistances to diseasestandsects were found in wild specids:
serriola to downy mildew Bremia lactucag and lettuce mosaic virus (LMV),. virosato
downy mildew and leaf aphidN(sonoviu ribis-nigii andL. salignato downy mildew and
cabbage loopgfTrichoplusia n) (Bonnier et al. 1992; de Vries 1997; Eenink angklé&nan
1983; Gustafsson 1989; Whitaker et al. 1974).

L. sativais autogamous, diploid (2n=18) and its genome @iz€) is about 2.6 Gb.
This is 2.6 and 18 times larger than the tomatofsmathidopsisgenome, respectively. Such a
relatively large genome is common f6ompositae species (DoleZalova et al. 2002; Kesseli
and Michelmore 1996; Michaelson et al. 1991).

Several genetic linkage maps for lettuce have eade. The first one was based
on the K of aL. sativax L. sativacross (cv. Calmar x cv. Kordaat), consisting o8>1
linkage groups and mainly RFLP and RAPD markers ¢kt al. 1994). In 2001, the first
genetic map with 9 linkage groups and 476 markeesnly AFLP, was made on g Bf L.
saligna x L. sativa cv. Olof cross (Jeuken et al. 2001). Another genetap from a
recombinant inbred line (RIL) population af sativacv. Salinasx L. serriola cross was
made and had been publicly available on the CGPBtBbdse with 9 linkage groups and
1600 markers (mainly AFLP and ESTt{p://compgenomics.ucdavis.edu/

Recently, Truco et al. (2007) published a consenssin lettuce comprising over
2700 markers that integrated in total seven indizidiettuce maps, including the three
genetic maps mentioned above. This integratedckettnap provides utilities of markers
across different genetic backgrounds (Truco €2@07).

At the public The Compositae Genome Project websitiCGPDB;
(http://compgenomics.ucdavis.ediu/a resource for lettuce and sunflower genetic and
genomic data is available. To date, this databadedas >225,555 expressed sequence tags
(ESTs), providing on average >20,000 unigenes p&déeactucaspecies.

Lettuce downy mildew

Lettuce downy mildew, caused Byemia lactucadregel, is a devastating disease for lettuce
cultivation worldwide. Lettuce downy mildew diseasas reported in Europe as early as
1843 (Raid and Datnoff 1992). This foliar disease directly cause lettuce yield and
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postharvest loss. During the past several yeasts do control downy mildew have risen
dramatically and resistance to this disease hasnhethe first breeding priority in lettuce.

B. lactucaeis an obligate biotrophic pathogen that belongh&Oomycetes, order
Peronosporales and family of Peronosporaceae. Gaimytysically resembles fungus, but
shows distinct phylogeny and physiology from fungDgher well-known plant- pathogenic
members of this group aRythiumandPhytophthora To date, genomes of several related
oomycete plant pathogens have been sequemtgdophthora sojagdsoybean blight)P.
ramorum(sudden oak deathp. infestangpotato late blight)P. capsici(root-rot and foliar
blight disease in pepper) andlyaloperonospora parasiticgArabidopsisdowny mildew)
(Lamour et al. 2007; Tyler 2001; Tyler et al. 200&)pbrtant research focus in oomycetes is
on the molecular biology of effector genes (Birtlale 2006; Kamoun 2003; Kamoun 2006)

B. lactucaecan infect lettuce and several othexrctuca species, for instanck.
serriolaandL. virosa at any developmental stage from seedling to regilant (Lebeda and
Schwinn 1994; Lebeda and Syrovatko 1988; Petrzedonvh Lebeda 2004) Symptoms of
downy mildew first appear as pale yellow areastmn upper side of lettuce leaves. Under
cool, moist conditions favorable for growth of thathogen, a white cotton-like sporulation
generally appears on the lower leaf surface aneciafl areas are enlarged with time and
eventually turn brown. The infected areas may a&we as portals for secondary invaders,
such as the funguBotrytis cinerea

The life cycle ofB. lactucaestarts when a spore (conidium) produces a germ tub
and forms an appressorium to directly penetratedpalermal cells (Lebeda et al. 2001).
Subsequently formation of a primary vesicle (PViegondary vesicle (SV), hyphae (HY)
and haustoria (HA) take place in turn within 24 fsopost inoculation (hpi) (Ingram et al.
1973; Lebeda and Reinink 1994) (Figure. 1). Colatmin occurs when intercellular hyphae
grow and penetrate neighbouring cells and conidioggh bearing conidia emerge from the
stomata. Wind disseminates the conidia to repeatirtfection process. Conidia may also
form into zoospores that either directly infectfleissue or become encysted for later
infection (Figure. 2).

The population structure d@. lactucaeis complex and consists of multiple races
(pathotypes) and two mating types (B1 and B2). Meaoes ofB. lactucaeare identified
from lettuce cultivars and wild relatives. In Eueppat least 25 races & lactucaewere
found and described, wherein at least Bl:17, 18220vere newly discovered between 1998
and 2006. These new racesBflactucaetogether can overcome all tilam/R genes that
were exploited and effective before 1998 (Van Etteko2006; Van Ettekoven and Van der
Arend 1999).B. lactucaereproduces mainly asexually and occasionally déxiaccurs
when the compatible types B1 and B2 are in closgipity) (Crute 1992a).
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B. lactucaeis known to infect more than 200 species of Cortpesrom about 40
genera of the tribes Lactuceae, Cynareae and Adetmi (Crute and Dixon 1981; Lebeda et
al. 2002). However, only a limited numberlaictucaspp. and closely related genera show
infection on naturally growing plants (Lebeda angiro8atko 1988). The cross-inoculation
experiments indicated th&. lactucaeis highly specific and mostly limited to the same
genus of plants. So far, at leastfd@nae specialeff.sp.) ofB. lactucaehave been proposed
(Koike and Ochoa 2007; Lebeda et al. 2002)

MC

Figure 1. A representation of a compatible interaction befe. sativacv. Olof
andB. lactucaerace Bl:14.A: a schematic drawing of the infection process until
haustoria are formed: a trypan blue stained infectéd sativacv. Olof tissue
under white light microscope at 48 hours post itetion (hpi). C: infection at
72hpi. The scale bar at the left lower corner repnés 20m. EC=epidermal cell;
MC= mesophyll cell; Co=conidium; Gt=germtube; Apappressorium;
PV=primary vesicle; SV=secondary vesicle; HY=hypghHdA=haustoria.
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Figure 2. Disease cycle of lettuce downy mildew causedBrogmia lactucae
Modified from (Agrios 1988).
Reprinted fromhttp://cesantabarbara.ucdavis.edu/ipm9.hd&+08-2008.
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Resistance mechanisms of lettuce to downy mildew

BOX | Plant host resistancein general
Qualitative resistance proteins with nucleotide-binding site (NBS
Qualitative resistance refers to complete and C-terminal leucine-rich repeat (LRH
and often race-specific resistance. Its domains (Dangl and Jones 2001).
expression is normally independent of

environmental conditions and this type of Quantitative resistance

resistance inherits often monogenically. So Quantitative resistance refers to all types|of
far, two types of mechanisms have been resistance that behave in a quantitative way.
described for such resistance. One is thelt associates with many terms and conce
“specific toxin” system that involves such as horizontal, partial, intermedial
encoding the toxin reductase and incomplete, multigenic and field resistan

~

~

(Johal and Briggs 1992). Another several genes whose individual effects
mechanism is based on the famous gene-small and together contribute to the

direct or indirect recognition of avirulence resistance is often influenced
protein (Avr) of a pathogen by race- environmental conditions and plant
specific resistance (R) proteins of the host developmental stages (Mackay 2001).
plant (Flor 1942; Mackey et al. 2002; commonly used strategy of studyi
Reignault and Sancholle 2005; Santangeloinheritance of quantitative resistance
et al. 2003). The interaction between Avr-R mapping resistance quantitative traits Iqci
proteins often leads to a localized necrotic (QTLs) to particular genomic regio
response occurring at the infection site, the (Young 1996). Because no resistance Q[I'L
hypersensitive response (HR). The largesthas been cloned yet, knowledge on |ts
known family of plantR-genes encodes molecular features is lacking.
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Host resistance in lettuce to downy mildew
Monogenic race-specific resistance
Seeking for genetic resources of resistance to gawmitdew has been a major activity in
lettuce breeding. The lettuce speclessativg L. serriola and L. virosa show a large
variation of resistances to downy mildew (Bonni¢raé 1992). The most common and
exploited resistance is qualitative, race-spedfid based on single dominant geres)
genes downy mildew) orRgenes (BOX I). To date, mamym genes are known and at least
20 race-specificDm genes have been introgressed into lettuce cudtiy@rute 1992b;
Lebeda and Zinkernagel 2003; Meyers et al. 1998).KRtownDm genes are mainly located
in clusters on four different chromosomes (Boneieal. 1994; Kesseli et al. 1994). In 1998,
the Dm3 gene was cloned and it was characterized to & dasesistance genes with a
nucleotide binding site (NBS) and leucine-rich @s€LRR) region (Meyers et al. 1998).
Unfortunately, resistance based Dm genes is not durable since the resistance is
usually overcome by rapid adaptationBflactucaeraces (Lebeda and Zinkernagel 1999).
In the last eight years, at least eight nBw lactucaeraces appeared in Europe (Van
Ettekoven 2006; Van Ettekoven and Van der Arend 19%8is rapid adaptation is
determined by several factors: quick asexual raprtioh (ca. 1 week); rapid windblown
spread of conidium (migration and gene-flow) andhederothallic sexual mating system
(mutation and new recombination) (McDonald Bruced anLinde 2002). Even the
combination of differenDm genes in lettuce has been unsuccessful to keepesigtance
effective against newly appearBdlactucadsolates (Crute 1992a; Crute and Johnson 1976;
Gustafsson 1986). Therefore, breeders are seeking §ood alternative approach to give
lettuce durable protection agaiistlactucae

Quantitative resistance

Quantitative resistance in lettuce to downy mildéas been reported ih. serriola
accessions (Gustafsson 1989; Petrzelova and Leéti¥ip, L. sativacultivars Iceberg and
Grand Rapids (Grube and Ochoa 2005; Gustafssd?) 59@ probably appears in other wild
lettuce species. There is not much information algmantitative resistance in serriola
The quantitative resistance of cv. Iceberg and aan@ Rapids is race-non-specific and
active in adult plants but not in seedlings. Thidicated cv. Iceberg and cv. Grand Rapids
have potential to be sources Bf lactucaeresistance alleles in breeding programs (Grube
and Ochoa 2005; Gustafsson 1992). However, théhamégms and the inheritance of the
quantitative resistance in lettuce to downy mildave not clearly understood and no
resistance QTL has been mapped so far.
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BOX Il  Plant nonhost resistance in general

Molecular basis of nonhost resistance heat-shock proteins (Hsps), SGT1, and many

The classical definition of nonhost resistancemore proteins are involved in the signali
is: all accessions of a given plant speciespathways of plant defenses (Mysore and H

providing resistance against all races of a2004). Two models of plant nonhost resista]Lce

given pathogen. This is the most commonare postulated: one model proposes
form of plant resistance against potential inducible nonhost resistance depends
pathogens in nature (Heath 1981; Niks 1988). PAMP-induced basal resistance in the absqg

To date, nonhost resistance is consideredf defence suppression (absence of effec

g
yu

at
on
nce
ive

to be associated with multiple protective effectors); another model postulates that

mechanisms, which can be categorized intononhost resistance depends on stacks

constitutive barriers and inducible reactions. “classical’ R-genes of the NBS-LRR typq.

of

Constitutive  barriers include preformed These two models do not necessarily exclyude

physical barriers such as cell wall thicknesseach other which means a combination of
and composition, the cuticle (Nurnberger andtwo mechanisms might also occur (Schwei
Lipka 2005; Thordal Christensen 2003), and 2007).

preformed chemical barriers such as phenols

and alkaloids (Heath 2000; Kamoun 2001; Inheritance of nonhost resistance
Nurnberger and  Lipka 2005). Inducible Investigating the inheritance of nonhd

reactions include cell wall deposition, resistance might allow the identification of the

hypersensitive response (HR), transcriptionalessential regulators that underly nonh
activation of defence related genes, resistance. However, study the inheritance
phyloalexin ~ production and polarized nonhost resistance requires intersped
secretion triggered by the pathogen (Ellis crosses between host and nonhost specieq
2006; Nurnberger and Lipka 2005; Trujillo et such species are often sexually incompat
al. 2004; Wolter et al. 1993). or produce aberrant or sterile proge

Recognition of  pathogen-associated (Atienza et al. 2004; Jeuken and Lindhg
molecular patterns (PAMPs) in  both 2002; Niks 1988). Therefore, fruitfy
compatible and incompatible pathogensexamples of studies on the inheritance
through specific receptors at the plant cell nonhost resistance are scarce. Only a
surface is thought to activate inducible studies on wheat and barley to ¢

the
rer

St

DSt
of
fic
and
ble

ut

of
ew
he

defence responses. These responses amonpathogenic leaf and stripe rust fungal

subsequently suppressed by compatiblespecies have been reported and suggest
pathogens, but cannot be suppressed byesistance QTLs as well as singRgenes

that

effectors from incompatible pathogens (Li et contribute to the corresponding nonh@st

al. 2005; zipfel and Felix 2005). The resistance (Rodrigues et al. 2004).
compounds such as ethylene and salicylic acid,




General Introduction

Nonhost resistance irL. saligna to downy mildew

Wild speciesL. salignais considered as nonhost B lactucaebecause nd.. saligna
accession (N=52) has been found to be susceptilday of the 20 teste. lactucaeraces
(Bonnier et al. 1992). Therefore it may be a goesource for the durable protection of
Lactucaspp. species againBt lactucae(Bonnier et al. 1992; Gustafsson 1989; Jeuken and
Lindhout 2002; Lebeda and Boukema 1991; Lebeda armiviBn 1994). The mechanism(s)
underlying this nonhost resistance are not cleaty Qome histological studies suggested
that the resistance mechanismsLofsaligna seem to be very different from both race-
specific resistance in lettuce cultivars and theigla(field) resistance of lettuce cv. Iceberg
(Lebeda and Reinink 1994). Resistancé&.afalignaseems to be based on restriction of the
B. lactucaeafter the formation of secondary vesicle, howedéfering betweerl. saligna
accessions for both the rate of pathogen developamh the proportion of infection sites
with HR (Lebeda and Reinink 1994; Lebeda et al. 2@@8llaova et al. 2001).

Fortunately, the nonhost specikes salignais sexually compatible with the host
speciesL. sativa This creates the possibility to study the intaerie of the nonhost
resistance. In order to analyze this resistanneRapopulation based on k. saligna
(nonhost) xL. sativa (host) cross has been developed (Jeuken et al; 2ZI¥uken and
Lindhout 2004). QTL mapping at adult plant stage \{gio greenhouse) revealed three
QTLs, Rbgl Rbg2andrbg3, involved in the quantitative resistance to bBtHactucaeraces
Bl:14 and BIl:16 and &-gene-like resistancd&k@9 to BIl:16 but not to Bl:14. The sterility of
many k, plants prevented the development of a Recombilmdméed Line population (RIL)
(Jeuken and Lindhout 2002). Later on, a set of 86kBross Inbred Lines (BILs) covering
96% of theL. salignaCGNO05271genome was generated from the,BG and BGS,., of
the originalL. salignax L. sativacross by Marker Assisted Selection (MAS). Each BIL
contains one homozygous salignaintrogression of about 30 cM inLa sativabackground.
BIL6.3, BIL7.1, BIL7.3 and BIL 8.3 contain one or tadditional introgressions in each line.
A few BILs contain the introgression in heterozygostate and were designated as
“preBILs".

All 29 BILs were tested againgt lactucaeBl:14 and BIl:16 at adult plant stage in
the greenhouse using detached leaf discs and 6 Biilosved quantitative resistance.
Introgression regions that are associated with tifasime resistance are considered to harbor
a QTL. Comparing this result with the results fromadneady existing Fpopulation derived
from the same cross, two QTLs are in common and fiewly detected recessive QTLs in
the set of BILs were designatduh4, rbq5, rbg6 andrbq7 (Jeuken et al. 2008).
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Genetic incompatibility in interspecific crosses

In our study, the plant materials were derived frovo interspecific crosses between two
distantly related speciés salignaandL. sativa Although they are sexually compatible, the
crosses are difficult to make and thepFogeny are mostly sterile (Jeuken et al. 2001)hé
set of BILs, we detected four preBlLs that remainehmtygous for introgressions in
sativa background even after several selfing generatidesiken and Lindhout 2004),
probably because homozygous introgression arel leth#he carrier. This suggests genetic
incompatibilities in such interspecific cross betwe. salignaandL. sativa

One of these preBILs, preBIL9.1 shows symptoms oweeaand stems that
resemble a phenomenon described as hybrid necitdgiwid necrosis is a post-zygotic
incompatibility leading to necrotic spots on legvetarded growth, gradual death of leaves
and leaf sheaths in certain hybrid plants. Its phgsic characteristics are similar to
responses induced by environmental stress, incuaithogen attack (Bomblies and Weigel
2007; Ren and Lelley 1988). The earliest recogneaimples of hybrid necrosis and its
association with immunity was in the early™@ntury in bean and tobacco (Burkholder and
Muller 1926; Kostoff 1930). Consequently hybrid resis has been observed in many and
studied in few intra- and interspecific plant cesssuch as in wheat, tomato, potato, bean
andArabidopsis(Bomblies et al. 2007).

In addition to its role in hybrid necrosis, the drezygous introgression of
preBIL9.1 also carries our previously mappgediene-like resistanceR@9 on the top of
Chromosome 9 in the,Bpopulation and preBIL9.1. The mechanism and resiptsgenes
behind hybrid resistance and its related resistaec®ined unclear, although some studies
assumed the involvement Bfgenes in hybrid necrosis (Bomblies et al. 2004dgér et al.
2002; Wulff et al. 2004). The observed hybrid nsg@nd resistance of preBIL9.1 offer us
an opportunity to identify the associated loci #&meir underlying mechanisms.

Scope of this thesis

Our study aims at (1) studying the inheritancehaf honhost resistance bf salignato B.
lactucaeat various developmental stages of lettuce; (2htifléng how many introgressed
QTLs fromL. salignaare sufficient to give complete broad-spectrunistasce inL. sativg
(3) understanding what are the mechanisms undgriyliis nonhost resistance; (4)
determining more accurate positions of the idesdifQTLs and (4) finding out the relation
between the hybrid necrosis of preBIL9.1 and itsstasce tdB. lactucae

10
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In Chapter 2, we present the identification andabti@rization of the QTLs that are
responsible for the resistance lof salignato B. lactucaeat various plant developmental
stages through four types of bioassays.

In Chapter 3, we studied how many QTLs are suffidergivel. sativaa complete
protection againsB. lactucaeand determined the resistance mechanisms by dustal
observations.

In Chapter 4, we fine mapped four target QTLs invdlire this nonhost resistance
to determine their positions and to determine wérethne introgression might contain
several QTLs for resistance.

In Chapter 5, we studied genetic and molecularasp# the hybrid necrosis and
the resistance observed from preBIL9.1.

In Chapter 6, the results obtained in the previthapters are discussed in the light
of roles of QTLs for nonhost resistance, the resttamechanisms and the perspectives for
cloning of the identified QTLs, and the genetic anibldgical model of genetic
incompatibilities in particular hybrid necrosis.

11
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Field Test in July, 2006, Nergena, The Netherlands
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Nonhost resistance is polygenic and QTL effectstage dependent

Lactuca salignanonhost resistance to downy mildew is polygenic,
and resistance QTL effects are dependent on davelojal stage

N.W. Zhang, P. Lindhout, R. E. Niks and M. J. W. deuk

Laboratory of Plant Breeding, Wageningen Universitiageningen, PO Box 386, 6700 AJ,
the Netherlands

Abstract

Nonhost resistance is the most common form of gramunity to potential pathogens. We
used thelactuca saligna — Bremia lactucaepathosystem as a model to investigate the
inheritance of nonhost resistance. We focused erctimtribution of Quantitative Trait Loci
(QTLs) to nonhost resistance at various developrhetdges in the lettuce life cycle. A set
of 29 Backcross Inbred Lines (BILs) bf salighaCGN05271 (nonhost) introgressions ih.a
sativacv. Olof (host) background identified 16 introggiess that contributed to resistance at
four plant developmental stages: seedlings, yodagtg adult plants in the greenhouse and
adult plants in the field. We provisionally congielé these introgressions to be 16 QTLs. Of
these 16 QTLs, 7 were identified previously and 9emeew QTLs. For 15 QTLSRpql,
Rbg2, rbg3 to 7and Rbg8 to 1} the resistance alleles were derived from thehnetL.
saligna; the resistance allele of the other QRb{1§ was from the susceptible sativacv.
Olof. Of the 15 QTLs ot. saligng only 2 QTLs,rbg5 andrbq7, were effective at every
plant developmental stage; the other 13 QTLs werg effiéctive at certain developmental
stages. Experiments with sevBnlactucaeraces did not provide evidence that any QTL was
race-specific. We suggest that nonhost resistaricé. csaligna might be due to the
cumulative effects of many resistance QTLs operatingarious developmental stages.

Keywords: Quantitative resistance
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Introduction

Nonhost resistance is a phenomenon wherein arequitint species is strongly resistant to
all isolates of a pathogenic species. This is tlstnprevalent form of disease resistance
exhibited by plants, and it is the most durable aathplete source of plant immunity to
potential pathogens (Heath 1981; Niks 19&®)derstanding genes that are responsible for
nonhost resistance in plants could potentially ltaeuinew strategies for introducing durable
resistance into cultivated crop$herefore, knowledge of both the molecular basid an
inheritance of nonhost resistance is extremelyalzaki

The molecular basis of nonhost resistance has eestigated intensively, and
there is evidence that it relies on multiple pratecmechanisms, which can be categorized
into constitutive barriers and inducible reactioi@onstitutive barriers include physical
defences such as cell wall thickness and compasiti@ cuticle (Thordal Christensen 2003),
and chemical compounds such as phenols and alkalpieéath 2000; Kamoun 2001;
Nurnberger and Lipka 2005). Inducible reactionslude cell wall deposition, papilla
formation and the Hypersensitive Response (HR)JRWO6; Trujillo et al. 2004; Wolter et
al. 1993). Recognition of pathogen-associated nutdec patterns (PAMPS) in both
compatible and incompatible pathogens by planthasight to activate inducible defence
responses, but these responses are subsequemitgsagul by compatible pathogens (Li et al.
2005; Zipfel and Felix 2005). Plant signalling cayapds such as ethylene and salicylic acid,
heat-shock proteins (Hsps), SGT1 and many moreipoare involved in the induction of
plant defence (Mysore and Ryu 2004). Induciblehush resistance has been proposed to
depend either on PAMP-induced basal resistandeeimlbsence of defence suppression or on
stacks of “classical'R-genes of the NBS-LRR type, although a combinatibrihe two
mechanisms might also occur (Schweizer 2007).

Studies of nonhost resistance have mainly idextithe downstream components
and transcription factors that are involved in defe signal transduction pathways. These
include the PEN genes identified in studies dfrabidopsis nonhost resistance against
incompatible powdery mildew fungi (Ellis 2006) arttetRor genes, which are associated
with the nonhost resistance of barleyBlumeria graminisf. sp. tritici (Bgt) (Schweizer
2007; Trujillo et al. 2004). Such genes are unjikid be the central and most upstream
regulators that determine the host/nonhost stafus @lant species. Investigating the
inheritance of nonhost resistance might allow thentification of the essential regulators
that underly nonhost resistance. However, examgfidruitful studies of the inheritance of
nonhost resistance are scarce, since they requisses between host and nonhost species
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and such species are often sexually incompatiblproduce aberrant or sterile progeny
(Atienza et al. 2004; Jeuken and Lindhout 2002sNi@88).

Research on the resistance of the progeny of leatintra-species cross ‘Lemhi’ x
‘Chinese 166’ to the barley yellow ruBt striiformisf. sp.hordeihas identified two QTLs
with major effects and two QTLs with minor effectattliconfer resistance to this pathogen in
wheat. The two QTLs with major effects account for548 and 33.2% of the phenotypic
variance in resistance, and the two QTLs with mirfeecés contribute 5.1% and 10.9% of
the variance. Three out of the four nonhost QTLs ewafl hypersensitive cell death-
associated resistance to barley yellow rust. Onth@ftwo major QTLsQPsh.jic-2B was
mapped on the long arm of chromosome 2B, wherengbau of hostR-genes also reside.
These QTLs may therefore serve a classic host-typstaese function by recognizing
avirulence factors presenthh striiformisf. sp.hordeiisolates (Rodrigues et al. 2004).

In a series of crosses between “normal” nonhasstant barley lines and a nonhost
susceptible line (SusPtrit), the authors identifledumber of resistance QTLs and dhe
gene responsible for barley nonhost resistancadonipatible rust fungi. They speculated
that in barley-rust interactions, nonhost resistaiscdue to non-suppressed basal resistance,
which depends on a group of defence-related gdrasassociate with nonhost resistance
QTLs (Jafary et al. 2006). On the other hand, studiethe resistance of intéormae
specialescrosses to powdery mildew fungi support the ided single or stackeR-genes,
such a®®m1Q are the basis of nonhost resistance in wheai&ekr 2007).

Studies of the resistance of lettuce spediegt(icaspp.) against downy mildew
(Bremia lactucag provide an example of the polygenic inheritan€en@nhost resistance.
The wild lettucel. salignais considered to be a nonhostBolactucae since nd.. saligna
accession has been found to be susceptible tofahg @0 teste®. lactucaeraces (Bonnier
et al. 1992; Gustafsson 1989; Lebeda and Bouker@d; 1®beda and Zinkernagel 2003;
Norwood et al. 1981). This wild lettuce is sexuatlgmpatible with the cultivated host
specied.. sativg of which most accessions are susceptible unlesstiarbour a classical
race-specificR-gene (Jeuken and Lindhout 2002). To investigatetwhenes determine
host/nonhost status ih. sativa (host) andL. saligna (nonhost), we initiated the genetic
dissection of nonhost resistancelinsaligna Using Marker Assisted Selection (MAS), a set
of 29 Backcross Inbred Lines (BILs) were developedmf the BGS,, and BGS;.,
generations of crosses betweensativa cv. Olof andL. saligna CGN05271. Each BIL
consists of one introgression lof saligna(average of 33cM and ~4% of the genome), in the
L. sativacv. Olof background. Together, the 29 BILs cover 96PthelL. salignagenome
(Jeuken and Lindhout 2004). The identification @fen QTLs for resistance B lactucae
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in adult lettuce plants from the, And the BIL approach together suggest that nonhost
resistance is polygenic In saligna(Jeuken et al. 2008).

Studies of host resistance QTLs in other pathosystemgest that QTLs for host
resistance vary from being developmental stageribpe to developmental stage-
independent (Castro et al. 2002; Miedaner et &122@rioul et al. 2004). It is interesting to
know which QTLs act in stage-dependent or stage-ienidgnt manners. In the case of plant
protection in nature or under cultivation, resistaat the young plant or adult stage is more
important than at the seedling stage, since theges cover the largest part of the plant life
cycle. An ideal lettuce phenotype would be resistamB. lactucaeduring the entire lettuce
life cycle.

We used thd.. saligna— B. lactucaepathosystem as a model to investigate the
contribution of QTLs to nonhost resistance at varistages in the lettuce life cycle. Results
from the following four stages were compared: segd| young plants, adult plants under
greenhouse conditions (Jeuken et al. 2008) andt aflrits under field conditions. Our
research questions were fourfold: first, how mamyL®are involved in nonhost resistance
over the entire lettuce life cycle? Second, ares¢h@TLs stage-dependent or stage-
independent? Third, are the QTLs race-specific? Fowlat can we conclude about the
contribution of any identified QTLS to nonhost resiste inL. salign&

Materials and methods

Plant and pathogen materials

A set of 27 Backcross Inbred Lines (BILs) from a srbetweerl. saligna CGN05271
(resistant donor parent) and sativacv. Olof (susceptible recurrent parent) (Jeuked an
Lindhout 2004) was used in the present study. Tlas et of 29 BILs covers 96% of the
salignaCGNO05271 genome and consists of 21 lines witmglsihomozygous introgression,
three lines with more than one homozygous intragoesand five lines with one or more
heterozygous introgressions (preBILs). We excludeBiL7.2 and preBIL9.1 because they
segregate, and their aberrant phenotypes coulddram@asurements of infection levels. The
nomenclature of the BILs refers to the locationtlof introgression: for example, BIL1.2
stands for the second introgression on Chromoso(deuken and Lindhout 2004).

The following controls were used: (i) the pareriaés L. saligna CGNO05271
(resistant) and.. sativacv. Olof (susceptible); (iiL. sativacv. Iceberg and.. sativacv.
Grand Rapids as control lines for quantitativedfiedsistance (Crute and Norwood 1981,
Grube and Ochoa 2005; Norwood et al. 1983); [{ii@s harbouring Downy Mildew(m)
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resistance genes. serriola LSE/18 withDm16 andL. sativacv. Mariska withDm18 are
resistant to Bl:14 but are susceptible to the nmmshmonly appearing races in Europe,
Bl:17-25. Natural infections bi. lactucaeraces from BIl:17-25 can be monitored by these
two cultivars. By testind. lactucaeraces from these two lines with the differentiet, sve
can characterize the putatiBe lactucaerace composition (other than race Bl:14) in field
tests (Van Ettekoven 2006; Van Ettekoven and VarAdemnd 1999).

We appliedB. lactucaeraces Bl:14 and BI:16 for the Seedling Disease [®BfT)
and Young plant Disease Test (YDT) (Figure 1), are 1l:14 in the Adult plant Disease
Test in Field (ADE) in Wageningen. The virulence spectrum of thesesapathogen
maintenance, purification, and monitoring, inoculpneparation and inoculation methods
were described previously (Jeuken and Lindhout pd82culum concentrations were 2-4 x
10° conidia /ml for SDT and YDT analysis, and 1-4 X t6nidia /ml for ADT analysis.

Disease test types

The SDT (Figure 1) used 12 day old seedlings growra iglimate chamber with a
photoperiod of 16 h, light intensity of ~2f@nol m?s?, relative humidity (RH) of 70% and
a constant temperature of 15°C. Two cotyledons sdealling were detached and submerged
in distilled water for approximately 20 min. Cotgttms were then placed abaxial side up on
moist filter paper in boxes covered with transpai@s to reach 100% relative humidity
(RH) (Eenink and De Jong 1982). The severity okdtibn for each cotyledon was
evaluated as the percentage of sporulating aredoparcotyledon area 7 or 8 days post
inoculation (dpi).

We performed four independent SDT experiments bgutation withB. lactucae
The first two experiments included all 27 BILs and tontrol lines. Five seedlings per line
per experiment were inoculated By lactucaeraces Bl:14 or Bl:16. The seedlings of each
genotype were randomly distributed over two inottalaboxes that contained 260 positions
in each box. Two cotyledons per seedling were plawxt to each other. Afterwards, two
additional experiments were performed that incluthedcontrols and the 13 BlLs selected as
likely to be more resistant or more susceptiblenttie parental line cv. Olof. In the latter
two experiments, 16 seedlings per line per testewesed to allow for more accurate
guantification of infection severity. Two cotyledoper seedling were again placed next to
each other; the 16 seedlings of each genotype digided into two inoculation boxes
according to a complete randomized block desigyhf(edeedlings per genotype in each box).

The YDT (Figure 1) used 3- to 4-week old young tdawith three to eight true
leaves (number of leaves is genotype-dependemnt).plaints per genotype were grown
randomly in a climate chamber under the same conditas for the SDT. After inoculation
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with a B. lactucaeconidium suspension, plants were placed in a pest plastic box to
maintain 100% RH. The severity of infection for legqudant was evaluated at 9 or 10 dpi as a
percentage of sporulating area per total arearepeesentative leaf. Representative leaves
were the two youngest well-expanded leaves atithe of inoculation. Five independent
experiments were performed on all 27 BlLs plus thetwl lines: four with Bl:14 and one
with Bl:16.

One Adult plant Disease Test in Field (ADTFigure 1) was carried out in the
autumn of 2005 in sandy soil at Wageningen, The &t&thds. We sowed seeds for all BILs
and the control lines in moist 5 émpeat blocks with a thin layer of moist silver sand
covering. Sowed seeds were first grown at 12°Chim dark for two days to stimulate
germination, and then grown in the greenhouse tnatilsplanting. Young plants with three
or four true leaves were transplanted to the fiald..5 nf plots. Each plot contained 25
plants from one line that were planted in five roaval five columns with 30 cm between
plants. Plots were isolated by oat border rows tofeast 30 cm to reduce inter-plot
interference. The experimental set up was accoriregcomplete randomized block design
with two replicates. One month after transplantiptants were artificially inoculated by
spraying with an inoculum of Bl:14 twice with a eweek interval.

Disease evaluations were performed 20 days dfterfitst inoculation. We first
performed a semi-quantitative assessment basedservations in each plot with a scale
from O (completely resistant) to 10 (most suscéptitbBased on the results of this semi-
quantitative assessment, the controls, all the BHat showed resistance and the most
susceptible BlLs were selected for more accuratentgative evaluation. We randomly
sampled four non-border plants per line for quatitie evaluation of infection severity. This
evaluation was performed by estimating the percenta infected area for each leaf of a
plant. An average percentage of infected leaf e@scalculated from all the infected leaves
of that plant to represent its infection severity.

In addition, breeding companies performed eleveld fexperiments with natural
infection by differentB. lactucaeraces on all 27 BILs. These eleven field experiments
consisted of eight experiments with at least twalicates and three experiments had a single
observation per genotype. Experiments were perfoiméuree consecutive years in several
locations with sandy or clay soils in The Netherlaadd France. Plants were scored on a O-
10 scale as above.

Data analysis

To improve data normality, we performed an arcsigeage root transformation on all
percentage data (infection severity) (Jeuken e2@08). A two-way ANOVA was used to
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analyze data for the AQ¥Tand a linear mixed model was employed to analgte fbr SDTs
and YDTs (“experiment”, “genotype” and “inoculatitix” were fixed factors; “plant” was
a random factor in the model). Because differentireonments might influence plant
conditions and resistance levels, experiment x typeointeractions were measured to
determine the similarity between the repeated éxets.

A Tukey Honestly Significant Differences (HSD) ttesas applied for multiple
comparisons among all of the BILs and their parefiteds =0.05). The criterion for
detecting an introgression with an effect on tHedtion level was defined as a significant
difference from the susceptible. sativa cv. Olof parent. All statistical analyses were
performed with the SPSS12.0.1 for Windows (SPSS @iuicago IL).

Based on statistical analysis, the following categs of resistance were defined: (i)
“completely resistant” refers to less than 1% itifet severity. (ii) “quantitatively resistant”
means significantly less infected than cv. Olof Bhibwing more than 1% of infection
severity; (iii) “susceptible” means showing similafection severity to cv. Olof; (iv) “super
susceptible” means significantly higher infectiogverity than cv. Olof. We considered
introgressions that associated with infection Iswblat were quantitatively lower or higher
than cv. Olof to harbour a QTL.

To quantify the resistance level of each line arakencomparisons between the
disease test types, we calculated the Relativetinfe Severity (RIS) for each line using the
formula RIS = (b/a)*100%, where the absolute infacseverity ofL. sativacv. Olof and of
the examined line were a and b, respectively. ¢Jsirch a data transformation, the infection
severity of cv. Olof is always 100% in differensédase tests, and the resistance effect for
different lines is indicated by changes in RIS.
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Figure 1. Overview of disease tests performed at four devetygal stages in the lettuce
life cycle

(a): Grey bar indicates the vegetative growing estagf the lettuce plant. The pictures
above the grey bar schematically show the lettlmet @t different growing stages (plants
are not drawn to scale). Plants at heading andekimaturity stages are considered to be
adult plants. For each disease test, boxes (I) @)dindicate the inoculation and
evaluation periods, respectiveft2-day old plants’3- to 4-week old plants7- to 9-week
old plants®7- to 8-week old plants.

(b): Photo presentation of four disease tests tesasthe infection severity of lettuce
againstB. lactucaeat different developmental stages. The upper rantains four pictures
indicating the four stages tested; the bottom rdwws examples of resistant and
susceptible observations from the four diseass.test
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Results

We developed four different disease tests and eteduthe quantitative resistance of
individual BILs to B. lactucae(Figure 1). The results of the tests of all BILsvgnoin
greenhouses at the adult stage (APave recently been reported (Jeuken et al. 2008).
total, seven resistance QTLRHQq1, 2 rbg3to 7) have previously been identified using both
F, and BIL approaches (Jeuken et al. 2008).

Ideally, the same disease tests should be usedntpare resistance & lactucae
in the same line at various plant developmentajestaTherefore, we performed leaf disc
disease tests from seedlings, young plants and fidult plants. For seedlings, it was
effective to detach cotyledons and evaluate rasistéevels. However, experiments with leaf
discs from young and adult plants from the fieldleth since the detached leaf tissues could
not be kept long enough to ass@&slactucaeinfection. Therefore, we performed disease
tests on whole plants at these two stages.

No experiment x genotype interactions within efgie of disease test was detected
by statistical analysis, indicating that the datald be pooled from multiple experiments to
produce general conclusions about each line atcifgpdevelopmental stage. None of the
quantitative resistance identified showed evidesfd®. lactucaestrain specificity.

Five BILs display quantitative resistance at the sefing stage

At the seedling stage, the resistant patensaligna CGN05271 displayed 0.3% average
infection severity using the SDT and was therefomred as being completely resistant (data
not shown). The susceptible paréntsativacv. Olof showed an infection severity of 82%
(Figure 2A). The control lines for field quantitati resistancel,.. sativacv. Iceberg (85%)
and cv. Grand Rapids (86%), showed susceptibiigy tvas similar to that of the susceptible
parent. Five BILs displayed resistanceBtolactucaethat the infection severity ranged from
11% to 58% lower than that of the susceptible pafEigure 2A). The twenty-two other
BILs were susceptible to infection (Figure 2A).
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Figure 2. Bremia lactucaenfection severity in 27 BILs and control linessatedling and
young plant stages

(@) and (b) show infection severities at the segdfitage and at the young plant stage,
respectively. Error bars represent 95% confidentavals. Letters in common indicate no
significant difference o=0.05, Tukey HSD test). Solid bars indicate resistmes; open
bars indicate susceptible lines; grey bar indictitessuper susceptible line. In panel A and
B, “other 17 BILs” and “other 13 BILs” representtdgor 17 and 13 susceptible BILs,
respectively, from two experiments. Solid arrowghtight three examples of BILs
showing quantitative resistance at both plant stadgg@ashed arrows highlight two
examples of BILs showing quantitative resistancerdy one of the two stages.



Nonhost resistance is polygenic and QTL effectstage dependent

Eleven BILs display quantitative resistance and onéIL is super-susceptible at the
young plant stage

At the young plant stage, the resistant patenBalignaCGN05271 remained completely
resistant as determined by YDT. The susceptiblenparesativacv. Olof showed an average
infection severity of 57%L. sativacv. Iceberg showed the highest resistance, with an
infection severity of 2%. Eleven BILs displayed rémige, with infection severities ranging
from 6% to 28% (Figure 2B). Three of these BILs, 2.2, and 5.2, showed resistance at the
seedling stage (Figure 2A). BIL4.4 was super-sudidep(84% infection severity). The
fifteen other BILs tested were as susceptible.amtivacv. Olof (Figure 2B).

Eight BILs display quantitative resistance at the dult plant stage in the field

Applying the ADT: in Wageningen after artificial inoculation with:B4, we also detectdsl.
lactucaeraces other than Bl:14 on cv. Mariska dndserriola LSE/18 plants. This natural
infection was identified as being due Bo lactucaestrain Bl:24. Using semi-quantitative
assessment, seven BILs were scored at 5 or loweseladted to be quantitatively assessed
(Figure 3). The control lines and twelve BILs wittoses of>7 were also included in the
guantitative assessment (Figure 3).

We observed a high correlation € 0.79) between the quantitative assessment
(percentage of infected leaf area) and the semitative assessment with a 0-10 scale
(Figure 3).L. salignaCGN05271 did not show any disease symptoms evemwths after
inoculation, and the susceptible paréntsativacv. Olof showed 25% infection severity
(semi-quantitative score of 7). The control lines loeberg and cv. Grand Rapids showed
the highest quantitative resistance levels with iBféction severity and were significantly
more resistant than most BILs with quantitative sesice. Nine BILs displayed 7-12%
infection severity based on quantitative assessofdanfected leaf area (Figure 3). However,
BIL8.1 and BIL9.2 were scored 8 and 7, respectiveling the semi-quantitative scoring
method (Figure 3). This discrepancy might be duthéodwarf phenotype of BIL9.2, which
led to overestimation of the severity of infectédnps, and BIL8.1 had an infection severity
of 12%, which was at the border between the suidegfroup and the resistant group.

To study disease resistance over different seasadsenvironments, we also
performed eleven additional field trials includirdi of the BILs under normal culture
conditions at various locations. The additionalditdst plants were infected naturally By
lactucaeraces Bl:16, 18, 22, 24 and 25. In these fieldlstrithe same BILs displayed
resistance as in the Wageningen trial (data notvshoexcept that BIL9.2 had an average
score of 4, and BIL8.1 and BIL8.3 had average scof@&s Therefore, BIL9.2 was scored as
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resistant, and BIL8.1 and BIL8.3 were scored as gtibbe to B. lactucaein these tests
(Figure 3). In all of the field tests, BIL4.4 wasvalys the first line to shoMB. lactucae
infection symptoms. BIL7.3 plants were very smaltl &olted earlier than the other lines;
hence, the resistance/susceptibility of this lemained unclear after the ART
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Figure 3. Bremia lactucadnfection severity in the nineteen BILs and cohtirges in the
field disease test (ADY)

L. salignaalways showed 0% infection severity and was tloeeegéxcluded from the data
analysis and figure. Bars and dots indicate reduitsy the quantitative and the semi-
quantitative assessments, respectively. Error bapsesent 95% confidence intervals.
Letters in common indicate no significant differen@=0.05, Tukey HSD test) from the
quantitative assessment. Solid bars indicate esgislines and open bars indicate
susceptible lines.

Discussion

Disease resistance in some BILs indicated thatrtregression regions of these BILs were
responsible for resistance. We considered the greéssion regions in the BILs to be the
locations of resistance QTLs. Such large introgressémions (between 20 and 40 cM on
average) could each contain several QTLs for remistainteracting in different ways over

the life cycle of the plant. For the present distws, we assume that only one QTL resides
in each BIL introgression region. Future study afr$ with smaller introgressions, such as
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Near Isogenic Lines (NILs), might identify more psay the location of one or more QTLs
contributing to resistance.

Not all resistance QTLs are effective at each plardevelopmental stage

Using four types of disease tests, we identifiedQIa_s for resistance t&. lactucae 15
from L. salignaand one fromL. sativa (Figures 2 and 3). We compared the effective
developmental stages and the size of the resistaffeet for each QTL (Table 1). To
describe the developmental stage in which each @Hiféective, we used the terms “stage-
independent QTL” for resistance QTLs that were effectivall stages and “stage-dependent
QTL" for resistance QTLs that did not act at all stagitage-dependent QTLs consisted of
three types: “early”, in which the QTL was only efige until the young plant stage;
“intermediate”, in which the QTL was effective frotine young plant stage until the adult
plant stage; and “late”, in which the QTL was onlfeefive at the adult stage (Table 1).

The majority of the 15 QTLs frorh. salignacaused a 50-90% reduction in RIS as
compared to the susceptible cv. Olof parent (TableRbglto 7 have been detected and
assigned previously by AQT (Jeuken et al. 2008Rbg8to 15 were assigned to the BILs
with newly detected QTLs. We do not know whether ¢hasw QTLs are dominant or
recessive. Remarkably, only two of the 16 QTitxi5 andrbq7, were effective during the
entire lettuce life cycle. The other QTLs showed ditstive resistance at some but not all
stages of plant development (Table 1).

BIL4.1, BIL6.3 and BIL8.3 have an introgression ionamon, from 0cM to 16cM
of Chromosome 4 (Jeuken et al. 2004) and theyiglayed quantitative resistance at young
plant stage (Table 1 and Figure 2). Theref®eqllis very likely to locate on the top of
Chromosome 4 from 0 cM to 16 cM. Based on this liypsis, the presence Bbql10from
another introgression of BIL8.3 (bottom of Chromwso8) is doubtful. The quantitative
resistance of BIL8.3 is explained either by oRlggllor by the combination dRbgl0and
Rbgll

The QTL detected in BIL4.4 was nam&ibgl6.The increased susceptibility of
BIL4.4 might be caused by the lack of a resistaledeafrom L. sativacv. Olof or by the
presence of an infection-promoting allele fram saligna It is likely that BIL4.4 lost a
resistance allele from cv. Olof, since cv. Olof a@ required one or two additional days to
reach 100% infection severity as compared to BlL4.4

Many host resistance studies have described theafamental stage-dependence of
QTL effects. The correlation between resistance QTlheatseedling stage and resistance
QTLs at subsequent developmental stages is gentaiyonly a few QTLs are effective at
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both seedling and adult stages (Castro et al. 2B8@ink and De Jong 1982; Mallard et al.
2005; Monteiro et al. 2005; Prioul et al. 2004;eQal. 1998).

A few studies of nonhost resistance have showdegwie of polygenic inheritance
of nonhost resistance status (Jafary et al. 208@keh and Lindhout 2002; Jeuken et al.
2008). Our study not only confirmed the involvemehQTL effects in nonhost resistance,
but also identified new QTLs and monitored the dbntion of different QTLs at multiple
developmental stages. Stage-dependent and staggeimdent QTLs were found to
contribute to nonhost resistance. One factor thghtexplain the stage-dependence of QTL
effects is that the expression of these genes rbiglitmited to a certain plant developmental
stage (Prioul et al. 2004).

In the present study, the fewest number of QTLseffiwere effective at the
seedling stage; the other three stages had moresilaeffective QTLs (Table 1). This
finding is in an agreement with host resistanceliss) where fewer resistance QTLs were
effective at the seedling stage as compared totimeber of QTLs effective at advanced
developmental stages (Castro et al. 2002; Eenink Bxe Jong 1982; Mallard et al. 2005;
Monteiro et al. 2005; Prioul et al. 2004; Qi et 4098). This might have evolutionary
significance since the seedling stage is relatigblyrt, survival depends on growth and the
chances of being confronted with lactucaespores are low. In contrast, established plants
might have a competitive advantage if they canebettithstand biotic attacks at later
developmental stages. However, when plants reaeh atiult stage, investment in
reproduction might compete with investment in deéeagainst biotic stress. Such a trade-off
might result in resistance QTLs that are effectivéha young plant stage and not during
reproduction. This might also explain why a groupQdfLs was young plant-specific in the
present study.

Two lettuce cultivardl.. sativacv. Iceberg and cv. Grand Rapids, showed very high
levels of quantitative resistance in YDT and ADd all testedB. lactucaeraces, but were
susceptible at the seedling stage. Similar stageft#ent resistance was observedrba4
andrbqg6 (Figures 2 and 3 and Table 1). It has been suggésidesistance in cv. Iceberg
and cv. Grand Rapids has complex inheritance pattdiowever, the resistance loci and
mechanisms of cv. Iceberg and cv. Grand Rapidsuateown and are therefore not
comparable with our detected QTLs framsaligna(Grube and Ochoa 2005).

The resistance QTLs detected in the BILs are not i@e-specific

Resistance that is regulated by QTLs is mostly cemsil to be race-non-specific and
durable. However, some studies have described QEctsfthat are specific to certain races
of virulent pathogens in both host/pathogen anchostinon-pathogen reactions (Jafary et al.
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2006; Marcel et al. 2007b; Parlevliet 1978; Qi £t1®99). In the present study of the
resistance of BlLs against differeBt lactucaeraces, all 16 QTLs were most likely race-
non-specific. We drew this conclusion based onftlewing factors: (i) we observed no
significant genotype x race interactions with ra@isl4 and Bl:16 at any of the four
developmental stages studies, and (ii) all additidield tests confirmed that the same QTLs
were also effective against five additioBallactucaeraces (BI:18, 22, 23, 24 and 25), which
together can overcome 17 of the 20 identifizid genes (Downy mildew resistance genes)
(Van Ettekoven 2006; Van Ettekoven and Van der 4r2899). Therefore, the BILs that
harbour resistance QTLs might be a good source feedimg durable resistance B
lactucae Such QTLs would ideally be applied combinatoriaity achieve a high level
resistance with broad-spectrum effectiveness.

Table 1. Overview of lines harbouring QTLs for resistanagd econtrols at different
developmental stages.

ADT g results refer to Jeukest al 2008 (Jeuken et al., 2008). SDT=Seedling Dis@ast
YDT=Young plant Disease Test; ARFAdult plant Disease Test in Greenhouse; ADT
Adult plant Disease Test in Field. Black grids tate resistant and quantitatively resistant
BiLs/lines (significantly lower infection severithan susceptible parebt sativacv. Olof
with 95% confidence) in the corresponding test $yp&vhite grids indicate the
susceptibility of the BIL/line (not significantlyifferent from the susceptible parent cv.
Olof) in the corresponding test types; grey gridpresents super susceptibility
(significantly higher infection severity than sugtible parent cv. Olof with 95%
confidence); “N.D.”, not determined. The numberstive grid indicate the Relative
Infection Severity (RIS) of each line compared vo©lof. The absolute infection severity
of cv. Olof in SDT, YDT, ADT; and ADT: were 82%, 57%, 87% and 25%, respectively.
“R"= Resistance; “S"= Susceptibility; “?"= likelyotbe.

BIL / Line SDT YDT ADT; ADT: LevelofR/S Effects
L.saligna CGN5271 0 (0] (0] (0] Complete R stage-independent
L. sativa cv.Olof 100 100 100 100 S stage-independent

BIL4.4 (Rbql6) 110 116 Super S Early

BIL2.2 (rbg5)

BIL4.2 (rbq7)

BIL8.2 (rbqg4)

BIL6.3 (rbg6)

BIL9.2 (rbg3)

BIL5.2 (Rbg8)
BIL1.2 (Rbg9)
BIL1.1 (Rbg2)
BIL8.3 (Rbg10)
BIL4.1 (Rbg11)
BIL7.3 (Rbg12)
BIL2.1 (Rbg13)
BIL7.1 (Rbg14)
BIL4.6 (Rbg15)

PreBIL7.2 (Rbql)
L. sativa cv. Iceberg

L.sativa cv.Grand Rapids

Quantitative R

stage-independent

Quantitative R

stage-independent

Quantitative R

Intermediate

Quantitative R

Intermediate

Quantitative R

stage-independent?

Quantitative R

stage-independent?

Quantitative R

Intermediate

Quantitative R Early
Quantitative R Early
Quantitative R Early
Quantitative R Early
Quantitative R Early
Quantitative R Late
Quantitative R Late?
Quantitative R Late?
Quantitative R Intermediate
Quantitative R Late?
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The contribution of QTLs to nonhost resistance

In the present study, 15 QTLs froln salignawere effective in a range of one to four
developmental stages, and at least five QTLs wdeetefe at each stage (Table 1). No QTL
displayed a particularly high level of resistan@aly rbg6 (BIL6.3) andrbg3 (BIL9.2) were
more effective than the other QTLs at one developahestage (Table 1). The major
difference between QTLs was the stage at which theng ffective during the lettuce life
cycle. Thus, we speculate that combining a numbeDBis that are effective at various
developmental stages might lead to high or evenpbete resistance over the lettuce life
cycle.

The majority of the 15 QTLs did not coincide withetfour knownR-gene Dm
gene) clusters; exceptions might be BIL1Rb{2, BIL2.1 (Rbgl3 and BIL4.6 Rbql5
(Jeuken et al. 2008). However, the introgressiarteése three BILs are around 40 cM long,
and it is conceivable that the QTLs in these thrdes e outside of th®m loci. In addition,
the five QTLs that were previously shown to be reiwessere also unlikely to be alleles of
known R-genes or newly detectd@igenes, sinc&-genes have hitherto displayed dominant
inheritance (Jeuken et al. 2008). Hence, nonhe#temce status ib. salignais more likely
to be explained by the combined effects of numen@ee-non-specific resistance QTL
alleles rather than the combined effects of ra@sifp R-genes.

Ideally, all combinations of the 15 QTLs will be deato determine which QTL
combinations give complete resistance as for teestant parent. saligna Because each
effective QTL caused more than a 50% reduction i RTable 1), theoretically the
accumulated effects of two or three QTLs might lEadomplete resistance (100% reduction
in RIS). If two or three QTLs are sufficient to prmd complete resistance, why ddes
salignahave so many QTLs for resistance? One possiblenréasioat different sets of QTLs
(minimally five QTLs/developmental stage) contributed resistance at various
developmental stages.

Two molecular models of nonhost resistance in plaaie recently been proposed:
one model postulates the absence of compatibleafigffgctors that would lead to a PAMP-
triggered defence response to suppress furthectiofe(known as the basal defence in host
system); the second model postulates the presenstaaks of multiple “gene-for-gene”
interactions in which dominant resistané® @enes are responsible for the recognition of
pathogen-derived avirulenc@&\r) genes (Schweizer 2007; Zipfel and Felix 2005)tha
nonhost lettuce specids saligng B. lactucaemight be stopped by a PAMP-triggered
defence by stacks of effective pattern recognitimeeptors (PRRs) (the QTLs), in
combination with ineffective protein effectors frobh lactucaethat cannot suppress this
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defence or otherwise improve pathogenicity. We slage that during evolutigri. saligna
which is relatively distantly related th. serriola, the progenitor of cultivated lettuce
(Koopman et al. 1998), escaped from the pathodgro€ B. lactucaebecauseB. lactucae
has not adapted its protein effectors to targeteprs fromL. saligna One current challenge
for science is to identify and recognize these tptargets and to elucidate their biological
functions.
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Hypha and hausoria &remia lactucaddl:14 at 72 hours after inoculation
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Redundancy of QTLs for nonhost resistanceantuca salignao
Bremia lactucae

N.W. Zhang, K.Pelgrom, R. E. Niks, R. G. F. VisserMnJ. W. Jeuken

Laboratory of Plant Breeding, Wageningen Universitiageningen, PO Box 386, 6700 AJ,
the Netherlands

Abstract

The nonhost resistance of wild lettut@agtuca salignajo downy mildew Bremia lactucae)

is based on at least 15 Quantitative Trait Loci (QTkskch effective at one or more plant
developmental stages. We used QTL pyramiding (stagko determine how many of these
QTLs from L. salignaare sufficient to impart complete resistance talsd@. lactucaeto
cultivated lettucel.. sativa The four most promising QTLsbqg4, rbg5, rbq6+11 andrbq7
are effective at both the young and adult plangesta Lines with these four QTLs in all
possible combinations were generated by crossiagrespective Backcross Inbred Lines
(BILs). Using the eleven resulting lines (combiBlLs)e determined that combinations of
the three QTLstbqg4, rbg5 andrbg6+11, led to increased levels of resistance; howeves, on
QTL, rbq7, did not add to the resistance level when combwigid the other QTLs. One line,
tripleBIL268, which contains the three QTlbqg4, rbg5 and rbg6+11, was completely
resistant toB. lactucaeat the young plant stage. This suggests that tthese QTLs are
sufficient to explain the complete resistance efionhost.. salignaand any extra QTLs in
L. salignaare redundant. Histological analysis Bf lactucaeinfection in L. saligna the
BlLs, and the combiBILs 48 hours after inoculatiorveaed that different resistance
mechanisms were employed. The interference withy eaxtl later phases of the infection
process depended on the QTLs.

Keywords: epistatic effects; hypersensitive response (HRnaete
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Introduction

Nonhost resistance is the most common form of tasi® in a given plant species to provide
both strong and broad protection against poteptidhogens (Heath 1981; Niks 1988). In
contrast to host resistance, the mechanisms umgigriyonhost resistance are not as well
understood (Mysore and Ryu 2004; Schweizer 200/ investigation of the genetic
inheritance of nonhost resistance will lead to ttentification of genes that determine
whether a plant is a host or nonhost to a partiqudgéhogen. However, it is difficult to study
the genetics of nonhost resistance as host andosbplant species are usually either not
sexually compatible or give aberrant or sterilegery when crossed (Atienza et al. 2004;
Jeuken and Lindhout 2002; Niks 1988). In the lettdcactucaspp.) - downy mildew
(Bremia lactucag plant-pathosystem, the nonhost spetiesalignais crossable with the
host specied.. sativa This thus makes it possible to study the inhecéaof nonhost
resistance.

We were able to identify 15 BILs displaying raceargpecific quantitative
resistance at one or more plant developmental sté@kapter 2) by infecting a set of 27
Backcross Inbred Lines (BILs) covering 91% of thesalignagenome; each BIL contains
one introgression df. salignain L. sativabackground (Jeuken and Lindhout 2004). The 15
BIL introgressions are considered to be 15 QTLs, tigtpossible that an introgression can
contain more than one gene that contributes totgatwe resistance. These QTLs displayed
Relative Infection Severities (RIS) of 10-71% comgshwith the susceptible parental line.
These findings suggest that the nonhost resistanicesalignais based on at least 15 QTLs,
each with moderate to large effect (Chapter 2).

Exploiting this nonhost resistance in cultivatedue¢ might be beneficial, since the
resistance might prove more durable than the hidhextensively deployedm genes
(Lebeda and Schwinn 1994). In order to exploit ishost resistance in cultivated lettuce
(L. sativg, we need to know how many of the about 15 QTLssafficient to givel. sativa
complete protection t8. lactucae One way to address this question is to pyrantiack$
different QTLs in thel. sativabackground and evaluate their effects on infectieverity.
However, it is almost impossible to develop allubands of different combinations of 2 to
15 QTLs. Therefore, we selected four recessive Qiies4, rbgb, rbg6andrbq7 that are
effective at both the young and adult plant staged,combined them into. sativacv. Olof
background (Chapter 2). These QTLs were mapped inLthgaligna introgressions of
BIL8.2, BIL2.2, BIL6.3 and BIL4.2, respectively. InlB.3, the presence abgb6 is always
combined with another QTIRbgl1that is only effective at the young plant stage snvery
likely to be located at 0-16 cM of Chromosome 4 gftier 2). We refer to this situation as
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rbg6+11, and count them as one inseparable QTL. To studjntbeactions between these
selected QTLs, eleven lines that contain homozydousalignaintrogressions with more
than one resistance allele of the respective QTihén.. sativabackground were developed
and designated as combiBILs.

In most biotrophic plant-pathosystems, the meclmamitresistance to incompatible
(nonhost) pathogens differs from qualitative resise in a host to its compatible pathogen
species. The latter case is usually based on postdrial Hypersensitive Response (HR)
(Niks and Dekens 1991; Niks and Rubiales 2003)ilewnonhost resistance is often
characterized by pre-penetration defence. Most plesof such mechanisms involve fungal
biotrophic pathogens, especially powdery mildewd amsts (Ferreira et al. 2006; Heath
2000; Heath 2001; Niks and Rubiales 2002). In ometgs, HR seems to play a
comparatively larger role as it is associated wiibth R-gene-mediated and nonhost
resistance (Kamoun et al. 1999; Vleeshouwers €080).

We carried out histological observations to chamdme different resistance
mechanisms of the target QTLs Bo lactucae an obligate biotrophic oomycete pathogen.
Different mechanisms of resistance in accessiorisaofucaspp. toB. lactucaehave been
described, including differences in the timing arade of pathogen infection structure
development, the occurrence of HR (Lebeda et al22D8beda et al. 2001; Maclean and
Tommerup 1979), accumulation of phenolics (Bennétiale 1996) and occurrence of
oxidative stress (Bestwick et al. 2001).

The nonhost resistance mechanismsLofsaligna accessions seem to be very
different from race-specific resistance conferrgdDiim genes in lettuce cultivars and from
the partial (field) resistance of lettuce cv. lcgpf ebeda and Reinink 1994). At 48 hours
post inoculation (hpi)L. saligna CGN05271 had a much lower frequency of hypha and
haustorium formation, but a higher frequency ofdepinal necrosis at the infection sites
compared to susceptible sativacultivars (Lebeda and Reinink 1994). Some stubase
reported variation betweeh. saligna accessions in their predominant mechanisms of
resistance tdB. lactucae(Lebeda and Reinink 1994; Lebeda et al. 2006; Sedl&o al.
2001).

The present study reports on:; (1) the developmerdlefen combiBILs; (2) the
comparison of resistance levels between the ele@nbiBILs and the BILs carrying
individual resistance QTLs, primarily at the yourign stage; (3) determination of QTLs
that lead to additive or epistatic effects when bomd with other QTLs; and (4) the
resistance mechanismslofsalignaand the QTLs based on histological studies.
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Materials and Methods

Plant materials

For QTL pyramiding, four BILs harbouring quantitativesistance alleles of QTL tB.
lactucaewere used, namely, BIL2.2b@5), BIL4.2 (rbg7), BIL6.3 (rbg6+11) and BIL8.2
(rbg4). The nomenclature of the BILs refers to the locatibthe introgression. For example,
BIL2.2 stands for the second introgression in Chreonee 2 (Jeuken and Lindhout 2004).
Each BIL contains one homozygous saligna CGN05271 (non-host) introgression lin
sativacv. Olof (host) background, except BIL6.3, whichntzins an additional introgression
on top of Chromosome 4 from 0 to 32 cM harbouRiify11 The resistance alleles of QTLs
on introgressions 2.2, 4.2, 6.3 and 8.2 are effectit both the young and adult plant
(greenhouse) stages, and for BIL2.2 and 4.2, alfweateedling stage (Chapter 2).

The following genotypes were included in the disdasts to evaluate the resistance
level of each combiBIL (lines containing more thaneotarget QTL): (1) the eleven
combiBILs that were developed in the present studgluding six doubleBILs, four
tripleBILs and one quatroBIL. (2) the individual Blusth QTLs, BIL2.2, 4.2, 6.3 and 8.2 ;
(3) the parental lined:. salignaCGN5271 (nonhost},. sativacv. Olof (host), and (4) three
extra-susceptible reference lines: BIL4.4, BIL5.1 &hidB.1 (Chapter 2).

Pyramiding QTL procedure

According to the formula C(n,m)=nl/(m!*(n-m)! (c=mber of combinations; m=number of
QTLs in one line; n=total number of QTLS), we could elep eleven combiBILs from four
target BlLs to obtain all the possible QTL combinasio We first crossed BIL2.2 with
BIL6.3 and BIL4.2 with BIL8.2. The fprogeny from these two crosses were selfed to
obtain K plants. Among these ,F plants, we selected doubleBIL2.2+6.3 and
doubleBIL4.2+8.2, respectively, by Marker Assist8dlection (MAS). We then crossed
doubleBIL2.2+6.3 with doubleBIL4.2+8.2, followed lpne round of selfing to obtain a
second Epopulation. This second, population and subsequent generations from selfing
and R) were genotyped and selection was carried outhfierother combiBILs (Figure 1).
The combiBILs are designated by the chromosome nwsmbewhich the introgression is
located, For example, we refer to the doubleBILB.2+ as “doubleBIL26” and
tripleBIL2.2+6.3+8.2 was designated “tripleBIL268"igkre 2).
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BIL2.2 x BIL6.3 BIL4.2 x BIL8.2 Figure 1. Development of the lettuce downy
| 1 mildew resistance QTL pyramided population.
lFlD 1F1D MAS stands for Marker Assisted Selection.
Ff@ Flz e O=selfing
| doubleBIL2.2+6.3| x| doubleBIL4.2+8.2]
/Fl O Genotyping
E{'E' WS> FII’St, thg B pla.n'ts were genotyped by
Fo O WAS introgression-specific-EST  markers  (EST:
F,O expressed sequence tags). that are .mapped on
| BIL2.2, 4.2, 6.3 and 8.2 introgressions. The
) 6 doubleBILs (2 QTLs) positions and primers of these markers were
genolglr;)aels 4 tripleBILs (3 QTLs) described in Jeuken et al. (2008). To confirm
1 quatroBIL (4 QTLs) that the complete introgression was present,

selected plants were again genotyped using gendde-wmplified Fragment Length
Polymorphism (AFLB) analyses (Jeuken et al. 2001). DNA isolationtfer first screening
using EST-markers was done by the NaOH method (Véarad, 1993). DNA isolation for
confirmation and genome wide genotyping by ABLRas performed according to the
modified CTAB method (Jeuken et al. 2001; Stewad a&/ia 1993). The amplification of
EST-markers, Cleaved Amplified Polymorphic SequefCAPS) digestion and AFLP
analysis were described previously (Jeuken et0fI8R Each final candidate combiBIL plant
was genotyped independently at least three times.

Disease evaluation

To evaluate the infection severities of combiBILs asf¢rence lines, we performed disease
tests at the seedling, young plant and adult [Htages. The experimental procedures of the
SDT (Seedling Disease Test), YDT (Young plant Dieebast), ADTE (Adult plant Diseases
Test in Greenhouse) and APTAdult plant Disease Test in Field) were descripesliously
(Jeuken et al. 2008) (Chapter 2).

We first tested six doubleBILs, together with thdividual BILs, the parental lines
and the reference lines using four different typébioassays. For SDT, YDT and ART
two independent tests were performed for each b&yasype, one witlB. lactucaerace
Bl:14 and another with race BIl:16. The concentretiof the inoculum used in these tests
were 2~4 x 10 conidia/ml. For ADF, we performed artificial inoculation by sprayingtfw
Bl:14 at a concentration of 1 x 46onidia/ml. The virulence spectra of race Bl:14 &hd6
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are stated in Jeuken and Lindhout (2002). Pathogentemance, inoculum preparation and
the method of inoculation were done as describedipusly (Jeuken and Lindhout 2002).

For the SDT, we tested 14 seedlings per line peiiries climate chamber. For the
YDT, we tested six young plants (three to four weeeld) per genotype per test, under the
same conditions as those used for the SDT. For h&czAseven plants were used per
genotype per experiment with four detached leaddger plant. In all three bioassay types,
we evaluated infection severities from 8 to 10ldpestimating the percentage of sporulating
area per cotyledon, representative leaf, and lisaf @he representative leaves are two of the
youngest, well expanded leaves at the moment eliiation of each plant.

The ADT: was carried out in sandy soil at Wageningen in Ne¢erlands in the
autumn of 2006 according to a randomized, comtllstek design with five replicates. Each
plot contained 5x5 plants from one genotype andriptant spacing of 30 cm. One month
after transplantation, the plants were artificialipculated withB. lactucaerace Bl:14. The
disease evaluations were done at 20 days aftenlaiten. We performed a semi-quantitative
assessment based on observations per plot witale se1ging from 0 (completely resistant)
to 10 (the most susceptible) as described in Ch&pte

In subsequent experiments, we evaluated all theseleombiBILs, four individual
BILs, the parental lines and the reference lineagugiiree additional YDTs by inoculation
with race Bl:14 at a similar inoculum concentratias for previous YDTs on doubleBILs.
The YDT is the most efficient test in terms of timmelaspace, and is relevant since the level
of resistance is positively correlated with theeleaf resistance in adult plants (Chapter 2).

All the severity percentage data were arcsine requ@ot transformed to improve
the homogeneity of the residual variance. A two-Ww&OVA was performed on the AQT
data and the linear mixed model was employed tdyamahe SDT, YDT and AD{ data.
We set “genotype” and “inoculation box” as fixeatiars and “plant” as the random factor.
The results are presented as the relative infectewerity (RIS) for each examined line,
which was calculated using the formula RIS = (b{8P%, where the absolute infection
severity ofL. sativacv. Olof and the examined line were a% and b%peevely. Hence,
the severity of.. sativacv. Olof was always 100% in different bioassay s/pe

The Tukey Honestly Significant Differences (HSD)tt¢s=0.05) was used for
multiple comparisons between all the genotypesiwitine type of disease test. The criterion
for detecting an introgression with an effect oa ififection level was set using a significant
difference from the susceptible parental linesativacv. Olof. We considered introgressions
that were associated with significantly higherawér infection levels thah. sativacv. Olof,
to harbour a QTL allele for resistance or suscdiijibiTo detect epistatic effects of the
QTLs, we set a significance level of 0.05 for the tiplé comparisons between the

40



Redundancy of QTLs for nonhost resistance

individual BILs and the combiBILs in a pairwise manndll statistical analyses were
performed with SPSS12.0.1 (SPSS Inc., Chicago IL).

We used the terms “additive effect” and “epistatifect” to describe the results of
QTL combinations. Additive effects refer to sitwais where the combined effect of the
QTLs is (almost) equal to the sum of the individudIL(effects, i.e. the QTL combination
showing significantly lower RIS than the individu@TL lines and the decrease in RIS
should be similar to the sum of the reductions i Rom the individual QTLs. An epistatic
effect refers to a situation where there is intéoacbhetween QTLs such that the combined
effect of the QTLs is lower or higher than the sunthefindividual QTLs effects.

Histology

An additional YDT was performed for a histologisaiidy on variants, includinig. sativacv.
Olof, L. saligna CGN05271, BIL4.4, BIL2.2, BIL4.2, BIL6.3, BIL8.2, BWL.1, one
doubleBIL that showed an epistatic effect on resista(later called doubleBIL68) and one
tripleBIL that showed complete resistancdtdactucaeat the young plant stage (later called
tripleBIL268). The other combiBILs were not includetice they did not display more
outstanding results from the disease evaluation ti@ubleBIL68 and tripleBIL268. Six
four-week-old plants of each genotype were inoedatith B. lactucaerace Bl:14 conidia
suspension (3xf0conidia/ml). For each genotype, three plants weed for microscopic
observations, and the remaining three for macrasooipservations (the infection severity
evaluation and data analysis were as describedDan).

For microscopic observations, two leaf segments2lcnf in size, per plant were
sampled at 48 hpi. The sampled leaf segments westdified in acetic acid-ethanol (1:3, v:v)
solution and stained with lacto-phenol and tryparetas described by Van Damme et al.
(2005). The leaf segments were examined with agpbastrast (Zeiss Axiophot) microscope
equipped with a digital camera at 400 x magnifmatiPhotographs were taken by the digital
camera and transferred to a computer using an As@VLE Rel.4.6 (Carl Zeiss).

The typical compatible infection process Bf lactucae starts from conidium
germination, followed by formation of an appressgoriand penetration of the epidermal cell
wall, then by formation of a primary vesicle (P\d) secondary vesicle (SV), hyphae (HY)
and haustoria (HA) within 24 hours post inoculat{bpi) (Ingram et al. 1973; Lebeda and
Reinink 1994).

On each leaf segment, we counted the total numbarfection units (IUs) and
recorded the presence of the various infectiorcgiras ofB. lactucae We defined an IU as
a germinated conidium with a PV. Except for the B¢ frequency of subsequent infection
structures was calculated as a proportion (pergesjaof the structures from which they
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were derived. To identify the HR, autofluorescendetrgpan blue-stained tissue was
observed as described by Vleeshouwers et al, (2000¢@ number of IUs that were
associated with onlgpidermal HR (EHR) and alsgubepidermal HR (SEHR) cells was
recorded, respectively. HR frequency (HR%) wasdated using the number of 1Us that
showed HR (EHR and SEHR) at infection sites dividgdhe total number of IUs.

For data analysis, we combined the number of Idmftwo leaf segments of the
same plant to obtain a better representation diog@n development in that plant. The
frequency of each infection structure was compaoetthat onL. salignaCGNO05271 and..
sativacv. Olof, respectively, using the Mann-Whitneydsttat the 95% level. The statistical
analyses were performed with SPSS12.0.1.

For L. sativacv. Olof, L. salignaCGN05271, BIL4.4, BIL2.2, BIL4.2, histological
observations were also carried out in a similar viay in a separate experiment. The results
were similar between the previous and the presistalbgical test. Here, we only show the
results from the present and the most extensiwy stu

Results

Development of the combiBILs

DoubleBIL26 and doubleBIL48 were selected from Fa@opulations from crosses between
the target BlLs by Marker Assisted Selection (MASjing the EST-markers at the
introgression regions (Figure 1). Next, 48 plamesf the F population of doubleBIL26 x
doubleBIL48 were screened using EST-markers. Thisulted in the selection of
doubleBIL24 and six plants with potential genotyfiest could lead to the other eight types
of combiBILs. These six plants were selfed to obtaeF; and the fgeneration (Figure 1).
After genotyping the fand the [k plants, the other eight combiBILs were selected/A\s5,
and genotypes of all eleven combiBILs were confirmesing 94 molecular markers
scattered across the introgression segments.

Due to the extra introgression on top of Chromosdnf@-32 cM) in BIL6.3, all the
combiBILs that were derived from BIL6.3 also had thisogression. Severe preferenced.of
salignaalleles on the top of Chromosome 4 preventeddhexson of genotypes without this
introgression. Thereforebg6 andRbgllwere always combined in each combiBIL derived
from BIL6.3. DoubleBIL28 contained a small introgsEs from 29-43 cM on Chromosome
4, but this doubleBIL may not contain eithRbqgll (located on segment 4.1) obg7
(located on segment 4.2) for two reasons: Rbgllis likely to locate on the top of
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Chromosome 4 from 0-16 cM (Chapter 2); (2) BILA&agression is nearly 60 cM (29-83
cM) long and the chance fdoq7 residing in 29-43 cM is low.

Introgression segments in BIL2.2, BIL6.3 and BIL&®Rererbq5, rbg6+11 and
rbg4 reside did not cause abnormial sativa morphology; however, the introgression in
BIL4.2 (rbq7) caused dark-green, long-narrow leaf and non-ingaglieuken and Lindhout
2004). The same morphological features were logicpyramided in the subsequent
combiBILs.

CombiBILs containing introgressions of BIL6.®{6+11) and BIL8.2 (bq4) were
expected to be difficult to retrieve due to sewemiktorted segregations with a deficit of
homozygoud.. salignaalleles in the fFpopulation (Jeuken et al. 2001; Jeuken et al. 2008
The segregation ratios of introgression 6.3 andd@rihg combiBIL development are listed
in Table 1. Surprisingly, the segregation of intexgion 6.3 was not as distorted as observed
in the original k population fromL. salignaCGNO05271 x_. sativacv. Olof (n=126). The
allele frequency ofL. salignawas 0.46 and the genotype frequency of homozydous
salignawas 0.26, close to the respective normal valugs®fand 0.25. The segregation of
introgression 8.2 was severely distorted comparyedhypothetical ratio of 1:2:1 (Chi-square
test,P<0.001) and with a clear deficit against homozydousalignagenotype and excess of
heterozygous genotype, while the allele frequentayesl normal for thé.. salignaallele
(Table 1).

Table 1 The segregation ratio, genotype frequency andealfetquency of BIL6.3
(rbg6+11) and BIL8.2 (bqg4) introgression segments.

Introgression Segregation ratio Genotype frequenpcy Allele freqyenc
(@a:h:b) of homo.L.saligna| of L. saligna
F BIL F, BIL F, BIL

BIL6.3 36:46:9 P<0.001)  60:68:45(P <0.005) 0.10 0.26 0.35 0.46
BIL8.2 30:90:6 P<0.001) 192:228:8 (P<0.001)[ 0.05 0.02 0.40 0.55

The segregation ratios were examined by Chi-squese against hypothetic ratio that is
a:h:b=1:2:1. a=homozygous sativg h=heterozygous; b=homozygolussaligna

" data from the progeny of one line

™ data from the progeny of four lines with similagsagation ratio

Disease evaluation for combiBILs
We first evaluated the infection severities of &g doubleBILs compared to the four
individual BILs using the four different types ofohssays. In subsequent experiments, all
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eleven combiBILs (quatro-, triple- and doubleBILs)revevaluated only at the young plant
stage due to time and space limitations (Figure 2).

Line QTL presence Graphical genotype Relative infection severity (%)
C2 _C4 C6_cC8] SDT [ YDT | ADTg | ADT:

g a L. saligna >15QTL " I I I I 0.0a 0.0a 0.0a 0.0a

;:E 5 L. sativa No QTL |:| |:| |:| |:| 100gh 1009 100f 100 &f

BIL2.2 rbgs E |:| |:| |:| 28bc | 12bc | 47bc | 32abed

0

;‘i BIL4.2 rbqg7 D E D D 40 bed 40 ef 64 de 51 bed

é’ BIL6.3 rbg6+11 ™" |:| D D |:| 73 defgh| 16cd 38 bc 65 de

BIL8.2 rbgd |:| |:| |:| E 86 efgh 57 f 28 bc 41 abcd

BIL4.1 Rbg11 " |:| D D D 108h 44 ¢f 91f N.D.
doubleBIL68 rbo6+11+rbgd |:| D D E 89fgh | O2a* [ 10a* [ 22ab*
doubleBIL26 osrrboern M [ [] [] | Steser | 03a | 46be | 35abcd

% doubleBIL28 * rbg5+rbg E B D E 14 b* 3 ab* 29 be 10 a*

g doubleBIL24 rboB+bq7 E E |:| |:| 33bed | 31de | 50cd | 46bed
doubleBIL46 rba7+rbg6/11 |:| H D |:| 90 fgh 17 cd 29 bc 55 bed
doubleBIL48 rbg7+rbgd |:| E |:| E 45 bede 38 ef 27b 41 abed
tripleBIL246 rbo5+rbg7+rbg6/11 E H D |:| N.D. 0.la N.D. N.D.

% tripleBIL248 rbg5+rbq7+rbgd E E |:| E N.D. 6 bc N.D. N.D.

é tripleBIL468 rbq7+rbg6+11+rbgd |:| H D E N.D. 0.4a N.D. N.D.
tipleBIL268  rbg5+rbab+1l+rbgs E D D E N.D. m N.D. N.D.

quartoBIL quartoBIL2468 rbg5+rbq7+rbg6+11+rbgd E H D E N.D. m N.D. N.D.

Figure 2. The genotypes of the lettuce downy mildew rest#a@TL pyramid population
and their Relative Infection Severities (RIS)Bolactucaeat various plant development
stages.

In the genotype presentation, Cx stands for Chromesx. A solid bar indicates the
homozygouslL. salignaintrogression; an open bar indicates the homozydouwsativa
background. For RIS comparedliosativacv. Olof, the absolute infection severity lof
sativa cv. Olof in SDT, YDT, ADT; and ADT: were 82%, 57%, 87% and 25%,
respectively. SDT=Seedling Disease Test; YDT=Yoplamt Disease Test; AQZFAdult
plant Disease Test in Greenhouse and ADAdult plant Disease Test in Greenhouse.
Letters next to the RIS numbers indicate the sicgnifce between different lines within
one type of disease test. Letters in common meansignificant difference of=0.05,
Tukey HSD test). Black grids indicate the completasistant lines in the corresponding
bioassay types; grey grids indicate the quantihtivesistant lines (significantly lower
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infection severity thah. sativacv. Olof with 95% confidence); white grids indieathe
susceptible lines (not significantly different framwm. Olof). N.D. = not determined.

" fifteen QTLs are identified ih. saligng

" The presence of bothg6 andRbql1s designatedbq6+11

" Rbq11is only effective at young plant stage (Chapter 2)

doubleBIL28 contains an introgression on Chromosdnteat has a small overlap with
BIL4.1 and BIL4.2, but the precise locationsRifqllandrbq7 are unknown.

*no significant difference from the individual BlLsut infection severity decreased
suggestively than the individual BILs.

**|ines showed epistatic effect with significanttiecreased infection severity compared to
the individual BILs.

The results are presented as relative infection rggvéRIS) compared to the
susceptible parental line sativacv. Olof as described in Materials and Methods.réfoee,

L. sativacv. Olof was always set as 100% RIS, althougthdwsed 59%, 83% and 60%
absolute infection severity at the seedling (SDyQung plant (YDT) and adult plant
(greenhouse) stages (ABR)T respectively, and scored 7 on a 0-10 scale staedi to
susceptible) in the field test (AR L. salignashowed 0% infection severity in all the
experiments. The extra-susceptible reference liBds}.4, BIL5.1 and BIL8.1 all showed
either a similar or higher infection severity (983%) compared th. sativacv. Olof. All
RIS values for the target BILs were as expectediaratcordance with earlier results at all
developmental stages (Figure 2) (Chapter 2). Innsam, BIL2.2 and BIL4.2 showed
guantitative resistance at all four developmentayess, BIL8.2 was resistant in the YDT,
ADTs and ADT: and BIL6.3 in the YDT and ADd: BIL4.1 showed quantitative resistance
only in the YDT.

At none of the tested developmental stages did beerve additive effects for any
of the QTL combinations, as the increased resistine of each combiBIL was not equal
to the sum of the effects of the individual BILsdtie 2).

At the seedling stage (SDT), doubleBIL28 had a Ri%4%6, which is lower than
BIL2.2 and BIL8.2, but not significantly so. We asmd that doubleBIL28 is likely to show
an epistatic effect for the resistance (FigureT2le RIS of doubleBIL24 and doubleBIL26
were similar to their corresponding individual BILAs expected, doubleBIL68 showed
susceptibility with similar RIS td.. sativacv. Olof because both BIL6.3 and BIL8.2 are
susceptible at the seedling stage (Chapter 2) (&i@). Surprisingly, doubleBIL46 was
susceptible, although we expected it would havérdlas or lower RIS to BIL4.2 rpq7)
(Figure 2). This suggested a negative epistaticcetie the seedling stage, whebg6+11
andrbq7 arecombined.
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At the adult plant stage in the greenhouse (ARTall doubleBILs had a
significantly lower RIS (10~50%) thah. sativacv. Olof. Only doubleBIL68 showed a
significantly lower RIS (10%) than its corresporglimdividual BILs (BIL6.3, 38% and
BIL8.2, 28%), which suggests epistatic effects ofLQTbg6+11 andrbg4, leading to an
increased level of resistance. The RIS of the dtherdoubleBILs were close to the levels of
their respective individual BILs (Figure 2). In tfield disease test (AD, similar results
were obtained as in the greenhouse, except thdle®ilL68 and doubleBIL28 had a lower
(but not significantly so) RIS than their corresgimy individual BlLs (Figure 2).

At the young plant stage (YDT), the correlation bedw the two experiments with
only doubleBILs and the two with all combiBILs wagyhi (=0.9). Therefore, we only
present the results from the latter of these (Eid)r All combiBILs showed a significantly
lower RIS than the susceptitle sativacv. Olof. For doubleBILs, doubleBIL68 (0.2%) and
doubleBIL26 (0.3%) stood out and showed very liiforulation. Moreover, the RIS was
significantly lower for the combiBILs than for thercesponding individual BILs (Figure 2).
DoubleBIL28 also had a low RIS (3%), but it was sigtificantly lower than that of BIL2.2
(12%).

TripleBIL268 showed complete resistance (0% RISBtdactucae,similar to the
nonhost L. saligna The corresponding doubleBILs, doubleBIL68, doulbleB and
doubleBIL26 all showed very little infection seugribut were not completely resistant. This
result confirms the epistatic effectsrbfj4, rbg5,andrbq6+11alleles for the resistance. The
other three tripleBILs, tripleBIL246, tripleBIL248 artdpleBIL468 showed very low RIS
(0.1% to 6%) that were significantly lower than twresponding individual BILs, but not
significantly lower than the corresponding doubleB(Figure 2). For instance, tripleBIL468
(0.4%) showed a similar severity level as doubleBl(8.2%). These three tripleBILs have,
in common, introgression 4.2. Furthermore, the ltestonfirmed that the resistance alleles
of rbq7 do not contribute to a higher resistance levekt€uBIL2468 also showed complete
resistance like tripleBIL268 (Figure 2).

Histological observation
Macroscopic infection severity observations of éitramined genotypes confirmed the results
(Table 2) presented in Figure 2. In this set ofdhigfical observations, non-penetrating
appressoria were very rarely observed in all tedteels. Therefore, we excluded the
frequency of appressoria formation from this report

At 48 hours after inoculation witB. lactucaerace Bl:14, the susceptible genotypes
L. sativacv. Olof and BIL4.4 showed a very high frequenc9{®) of SV formation (SV /
PV), hyphae formation (HY / SV) and haustoria fotima (HY / HA) and an HR frequency
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of 56% and 43%, respectively. The HR was mostlried to the epidermal cell where the
penetration took place (Table 2 and Figures 3 and 4

Table 2.Development oB. lactucaerace Bl:14 in the testddactucagenotypes at 48hpi.

Genotype RIS% #PV (IU) Freq. Freq. Freq. Freq. HR% EHRYHRBH®
/plant SV/IPV mal-HY/SV HY/SV HA/HY
L.sativa 100° 81 97° (0 o4 o4 56° 98 2
L.saligna  0.¢° 167 86° 23 o° 0° 8g® 97 3
BIL4.4 1193 43 94° 0° 94° 96° 43° 100 0
BIL4.2 4375 28 87 9 773 79° 65 93 7
BIL2.2 15°% 30 7528 24° 15°% 83° 8 3% 6P°
BIL8.2 56°° 32 86° 35° 29°% 0% 68 47°s 53PS
BIL4.1 37°s 39 69> S 4 7° 60°° 56 3PS  68”"
BIL6.3 19°S 66 8 8gPs o° o° 64 195 819
doubleBIL68 0.2 77 73°8 g2pPs o° o° 95° 1S 819®
tripleBIL268  0.0° 129 8% 7408 o° o° 84°  157° gy’*®

OS significantly different frorL. sativa(cv. Olof) andL. saligna(CGN05271), respectively.

RIS=Relative Infection Severity compared.tosativacv. Olof at 10dpi. The absolute infection
severity ofL. sativacv. Olof was 84%.

PV=primary vesicle; IU=infection unit; SV=secondavesicle; mal-HY=malformed hyphae
like structure; HY=hyphae; HA=haustorium; Freq.eduency / proportion in percentage;
HR%=percentage of IUs showed hypersensitive respoB$iR%=percentage of IUs that
showed HR were only epidermal-HR; SEHR%=percentafelUs that showed also
subepidermal-HR.

The most striking observations for the nonHassalignacompared td.. sativacv.
Olof were that (1) no real healthy hyphae were nlegk (consequently the frequency of
haustorium was 0%) and (2) 23% of SVs formed ebrnalformed hypha-like structures
(mal-HY) (Figure 3). The mal-HY and 0% real hyptiaamation suggested that all the 1Us
in L. salignawere arrested after their SV were formed. (3) Thyhdr frequency of HR
appeared irL. saligna (88%) than inL. sativacv. Olof (56%) (Table 2). The resistance
mechanism oL. salignaseemed to be based mainly on pre-hyphal resistandea high
frequency of HR (Table 2 and Figures 3 and 4).

TheB. lactucaedevelopment process in BIL2.2, BIL8.2 and BIL4.bwhd similar
patterns to each other in the frequency of fornmatibeach pathogen structure, in which the
responses were intermediate between the susceptiblaesistant parental lines. In these
BILs, the infection was largely stopped before H¥hiation since the HY/SV ratios in these
lines were significantly lower than in the suscelgtiparent.. sativacv. Olof (Table 2 and
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Figure 3). All three BILs had a higher proportionRibepidermal-HR (SEHR) occurrence,
in contrast td_. sativacv. Olof andL. salignawhich were mainly associated with epidermal-
HR (EHR) (Table 2 and Figure 4).

BIL6.3, doubleBIL68 and tripleBIL268 plants all hachgh proportion of 1Us that
formed SV, but no IUs that formed healthy hyphag haustoria. Large proportions (~80%)
of the mal-HY were observed in these three linas @ften, the mal-HY was accompanied
by SEHR (Table 2 and Figures 3 and 4). Such a ppbdiyresistance mechanism was
similar to that ofL. saligng however, the pathogen development was obviousksted
earlier inL. salignathan in tripleBIL268, doubleBIL68 and BIL6.3 becausf the different
frequencies of mal-HY formation and the occurrente&SEHR. For BIL4.2, we observed
only minor differences in pathogen development fritvat of L. sativacv. Olof at 48 hpi
(Table 2 and Figure 3).

Discussion

The present study aims to determine how mangalignaresistance QTLs are sufficient to
impart complete resistance . lactucae and to identify the resistance mechanisms
underlying each target QTL. To achieve the first dfje¢c we selected four “target BILS”
with “target QTLs” and developed eleven combiBILs,which L. salignaintrogressions
carrying QTLs for resistance were combined in thesativa background. In parallel,
histological studies were carried out to achieve skcond objective of understanding the
resistance mechanisms.

Redundancy of QTLs in the nonhost resistance df. saligna

We observed only epistatic effects of the elevemlmBILs at different developmental
stages, as the increased resistance level of eachiBIL was not equal to the sum of the
effects of the individual BILs (Figure 2). At botloyng and adult plant stages, the epistatic
effects of QTLs rbg4 (introgression 8.2),rbg5 (introgression 2.2) andrbg6+11
(introgression 6.3+4.1) in combiBILs led to an irased level of resistance (decrease RIS)
compared to their respective individual BILs. Thismase in RIS was 97~99% at the young
plant stage and 54~90% at adult plant stage (ABAd ADT:), compared td_.sativacv.
Olof (Figure 2).
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L. sativa cv. Olof L. saligna CGN05271 BIL4.2
BIL2.2 BIL8.2 BIL4.1

BIL6.3 doubleBIL68 tripleBIL268

Figure 3. Diagrammatic representation of the infection precefB. lactucaerace Bl:14
in tested_actucagenotypes. The barriers whigh lactucaemay encounter while invading
lettuce plants are represented on the left sidk different colored arrows. PV=primary
vesicle, SV=secondary vesicle; mal-HY=malformed trgg like structure; HY=hyphae
formation and HA=haustorium formation. The widtlidte arrows are proportional to the
fractions of the infection units encountering tespective barriers.
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Such effects even resulted in complete resistarfcéripleBIL268 towardsB.
lactucaeat young plant stage. In contrast, the resistafieles ofrbq7 (introgression 4.2) in
combiBILs did not contribute to increased resistateeels and only showed similar
resistance levels as the individual BILs (FigureAlt)the seedling stagehq6+11 andrbq?,
when combined, showed a negative epistatic effecaliserbq7 lost its resistance effect
after being combined witibg6+11 Similar situations of epistatic effects were népd
previously in other QTL pyramiding studies. For exdan in barley to stripe rust (Castro et
al. 2003a; Castro et al. 2003b; Richardson et@6P and in wheafTfiticum aestivuto
leaf rust caused byuccinia reconditd.sp.tritici (Kloppers and Pretorius 1997).

The complete and almost complete resistance ofeBip268, quatroBIL2468 and
doubleBIL68, respectively, suggests a redundanc@Tfs in the nonhost resistance lof
saligna where 15 QTLs for resistance have been identifsedfar, we only have evidence
for the almost complete to complete resistance ofibteBIL68, tripleBIL268 and
quatroBIL2468 at the young plant stage, but we exfiext these three lines will also show
very high levels of resistance at the adult pldages. At the seedling stage, tripleBIL268
might not be more resistant than doubleBIL28 sintie6B, BIL8.2 and doubleBIL68 were
all susceptible (Chapter 2). But the resistancelle¥ quatroBIL2468 is more difficult to
predict as more interactions between the QTL may roctupleBIL268 may need one or
more QTLs to be resistant at other developmentaéstaye hypothesize that the redundant
QTLs might be a good backup in case some QTLs aremwerbyB. lactucaeraces.

Resistance mechanisms underlying the QTLs

We observed that the mechanism of the nonhostaesss ofL. salignaCGNO05271 mainly
involves pre-hyphal resistance, which is similarth® previous findings based on the
inoculation ofL. salignaaccessions wittB. lactucaeraces Bl:5 and BIl:16 on detached
tissues (Lebeda and Reinink 1994; Sedlaova eall)2 Compared to previously reported
results, our samples showed generally higher Hgu&acies (HR%) in all tested lines, even
in the susceptible reference lines. This is probdbly to differences in growth conditions or
tissue types used between studies.
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Figure 4. Microscopic illustration oB. lactucaerace Bl:14 development stages observed
in testedLactuca genotypes. The scale bar at the left lower cormprakls to 2Qm.
Co=conidium; PV=primary vesicle; SV=secondary viesielY=hyphae; HA=haustorium;
EHR=epidermal HR cell; SEHR=subepidermal HR cell.

A, B U in L. sativacv. Olof with hypha and haustoria and HR epidercedl

C, DU in L. salignaCGN05271 with primary vesicle (PV) and HR epidelroell

E, F IU in L. salignaCGNO05271 with deformed hypha-like structure and éfflermal
cell

G, HIU in BIL2.2 with secondary vesicle (SV) and HR dgimal cell

I, J IU in doubleBIL68 with deformed hypha-like strustuand HR epidermal and
subepidermal cells
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The resistance mechanisms in BIL2.2 BIL8.2 and Blliight be characterized as
incomplete pre-hyphal resistance associated witle@dermal HR (Table 2 and Figures 3
and 4). For BIL6.3 rpg6+11), doubleBIL68 (bgd+rbg6+11) and tripleBIL268
(rbg4+rbq5+rbg6+11), the resistance mechanism most resembled that. isaligna.
However, the pathogen could form haustoria durhng later phase of infection in BIL6.3
and doubleBIL68, else we would not have observed H8fb 0.3% RIS in BIL6.3 and
doubleBIL68, respectively (Table 2). The resistamoechanism of doubleBIL68 and
tripleBIL268 might be based on the respective coiiimm of BIL2.2, BIL6.3 and BIL8.2,
but the effect ofbq6+11in BIL6.3 seemed to mask most of the effect fndom4 in BIL8.2
andrbg5in BIL2.2 (Table 2 and Figure 3). The epistatic effeaf these QTLs might be due
to complementary effects from their different remice mechanisms. BIL4.2b7) might
show a delayed (after 48 hpi) defensive action @meqbto other QTL lines. Such a delayed
defensive action might be redundant with the earieting resistance mechanisms of
rbg6+11, rbg4 andrbg5 and therefore explain why the resistance levehdidincrease when
it was combined with other QTLs.

Interestingly, the resistance mechanisms of tripll268 do not completely
resemble that of. salignaCGNO05271, although this line showed the complesistance.
The subepidermal HR-based resistance in doubleBd@BtripleBIL268 were derived from
BIL2.2, BIL6.3 and BIL8.2, which was not observedLinsalignaCGN05271 andL.. sativa
cv. Olof. The reasons for such deviation betweenhaeisms of dissected resistance and of
the intact nonhost resistance remain unknown. @msible explanation may be that in the
nonhostL. saligng the resistance level is very high and the pathageinhibited early,
before it can induce SEHR. In the BlLs and combiBlh® resistance is less strong, hence
the inhibition might be slightly later and/or weakallowing the pathogen to more greatly
affect the tissue and hence, induce HR at a ldtese like in subepidermal cells. In the
compatible interaction with either lower doses @iL® or none at all, the pathogen organizes
its infection well and suppresses HR more thahéonhost parent.

Observations at time points later than 48 hpi nisy useful for further
characterizing the resistance mechanisms of thddes.Qn the future, histological studies
may assist determination of the QTL effect and fiaté both the fine mapping of QTLs and
ongoing QTL cloning.

Perspectives for breeding

Pyramiding or stacking QTLs for resistance by MAS Heeen reported as an effective
strategy for increasing the resistance level aedptiobability of durable resistance towards
different pathogens or pests (Richardson et al620@rshney et al. 2006; Yang et al. 2005).
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Our four target resistance QTLs are recessive and probably not specific to
individual B. lactucaeraces (Jeuken et al. 2008 and Chapter 2). We pgeahthese four
target QTLs in eleven combiBILs. The best combiBILs wawableBIL68 and tripleBIL268
as they showed very low or no infection severittdactucagFigure 2)

QTLs in BIL2.2 ¢bg5), BIL6.3 (rbgq6+11) and BIL8.2 (bg4) are more interesting
for introgression in lettuce cultivars than the QTLBIL4.2 (bq7) for three reasons: (1) the
former three QTLs showed epistatic effects with iasesl resistance levels whileq7 did
not; (2) the resistance mechanism of these three Qfled at early phase of pathogen
development compared thq7; and (3) the former three BILs have a normal lettagltivar
morphology while BIL4.2 showed undesired traitsukin and Lindhout 2004). All the
above features of the QTLdyg4, rbg5 andrbg6+11, suggest that introducing them into a
lettuce cultivar might lead to more durable resistatoB. lactucae
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A portrait of lettuce leaf discs from experiment W06

56



Fine mapping of four QTLs for nonhost resistance

Fine mapping of four QTLs for nonhost resistanceldtiuce
downy mildew, reveals both single- and multi-QTL r pe
introgression segment

N. W. Zhang, K. Pelgrom, R. E. Niks, R. G. F. Visseand. W. Jeuken

Laboratory of Plant Breeding, Wageningen Universitiggeningen, PO Box 386, 6700 AJ,
the Netherlands

Abstract:

An earlier study identified foutactuca salignaintrogressions with recessive Quantitative
Trait Loci (QTLs), rbg4 (BIL8.2), rbg5 (BIL2.2), rbg6 (BIL6.3) and rbq7 (BIL4.2)
contributing to the nonhost resistance of this ddod@dremia lactucag¢downy mildew) in a
backcross population derived from a crost.ofalignaCGNO05271 (nonhost) k. sativacv.
Olof (host). These QTLs are effective at both theingp and adult plant stages and are
considered to play a major role in this nonhosistasce. The QTLs were located in varying
sized introgressions, between 20 cM and 60 cM. e fhap these QTLs and to separate
them from undesired agronomic traits, we develdped sets of Near Isogenic Lines (NILs)
with smaller L. saligna introgressions by marker assisted selection (MAB)e disease
evaluation revealed that the introgression 8.2 @Bdikely each contained one single QTL
for the resistance tB. lactucae These QTLsrbg4 andrbqg6) were fine mapped in 11 cM
and 14 cM intervals, respectively. Unlike BIL8.2 aRtl 6.3, results on BIL4.2 suggested
multi-QTL in its introgression and the putative ldoas of sub-QTLsrbq7a, rbg7band
rbq7c were proposed. The location digs was assumed in a 0.7 cM interval, although
BIL2.2 introgression seemed also to contain multi-QThis is the first report where four
QTLs contributing to the nonhost resistance have beenmapped and introduced into
cultivated lettuce species. The results also dfferunique possibility to clone these nonhost
resistance QTLs.

Keywords: Backcross Inbred Lines (BILd)actucaspp., Substitution mapping
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Introduction

Resistance t@remia lactucaes an important trait in lettuce.dctucaspp.) breeding and
cultivation. To date, many downy mildew resistanemas Dm genes) are known (Crute
1992b; Kesseli et al. 1994; Lebeda et al. 2001; Lelsedl Zinkernagel 2003) and at least 20
race-specificOm genes have been introgressed into lettuce cudtif@rute 1992b; Lebeda
and Zinkernagel 2003). However, this type of qatiire resistance is not durable since the
resistance is usually overcome by rapid adaptatmn B. lactucae races. The
nonhostresistance af salignais an alternative option for the durable protettid Lactuca
spp. species againBt lactucae(Bonnier et al. 1992; Jeuken and Lindhout 2002;eldab
and Boukema 1991). We are interested in identifgire genes contributing to this nonhost
resistance.

Lactuca species are diploid inbreeding/self fertilizingapl species with nine
chromosome pairs. In the lettucka€tuca spp.) - downy mildew Bremia lactucap
pathosystem, we studied the inheritance of nonfesistance irL. saligna Originally, we
made a cross df. salignaCGNO05271 x_. sativacv. Olof resulting in an Fpopulation of
126 plants. A set of 29 Backcross Inbred Lines (Blitsm the BGS,., and BGS,., were
developed by Marker Assisted Selection (MAS). Thmenclature of the BILs refers to the
location of the introgression. For example, BIL3tands for the second introgression in
Chromosome 2 (Jeuken and Lindhout 2004).

We identified 15 introgressions that contribute th@ nonhost resistance &f
salignaand provisionally assigned them as 15 QTRbpglto 15, by evaluating infection
severity levels of thepopulation at adult plant stage and each BIL atlkeg, young plant
and adult plant stages (Jeuken et al. 2008 andt&h2)p Such polygenic inheritance implies
that the nonhost resistance laf salignais due to the combined effects of the resistance
alleles at these QTL3he effects of the 15 QTLs appear to be mainly plawvetbpmental
stage dependent. However, four recessive Qficgl (BIL8.2), rbg5(BIL2.2), rbg6 (BIL6.3)
andrbq7 (BIL4.2), are effective at both the young and aghlédnt stages and each reduces
the Relative Infection Severity (RIS) by 46%~90%npared to the susceptible parental line,
L. sativa cv. Olof. We consider these four QTLs to play a anajole in the nonhost
resistance of. saligna(Jeuken et al. 2008) (Chapter 2). They are thetborget QTLs in the
present study. The size of the introgression setgneh BIL8.2 (bg4), BIL2.2 (rbg5),
BIL6.3 (rbg6) and BIL4.2 (bq7) are between 20 cM and 60 cM (Jeuken and Lindhout
2004).

Fine mapping of the QTL effects on these four igtessions will lead to
identification of the genes contributing to the host resistance ih. saligna and the
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underlying resistance mechanisms. An effective oektto dissect QTLs is substitution
mapping. With this strategy, donor introgressiogmsents that affect the quantitative trait
are broken-up in smaller and overlapping segmentxrder to identify more precisely the
position of the genetic factor(s) responsible fbe tQTL effect (Paterson et al. 1990;
Thomson et al. 2006).

In this study, we developed sets of Near Isogenited (NILs) with smaller,
overlapping introgressions across the introgressiegments of BIL8.2rfg4), BIL2.2
(rbg5), BIL6.3 (rbg6) and BIL4.2 (bq7) in L. sativabackground to: (1) identify the number
of loci that contribute to the resistance on eaelgnment (single- or multi-QTL per
introgression); (2) find flanking markers as clgskhked as possible to the genetic factors
affecting resistance; (3) separate the resistafides@om genes on the same introgression
that affect plant morphology.

Materials and Methods

Map saturation

To saturate and improve the genetic linkage mapeif tsalignaCGN05271 X_. sativacv.
Olof cross, additional marker analyses were perfotron the fpopulation (n=126, Jeuken
et al. 2001). New Amplified Fragment Length Polyptasm (AFLP) analyses with two
new primer combinations E48M59 (selective nuclexgidCAC and CTA) and E33M59
(selective nucleotides AAG and CTA) were performilbre than 100 EST markers from
lettuce EST sequences of BempositaeGenome Project Database were mapped in the F
population (CGPDBgcompgenomics.ucdavis.efland 12 SSR markers were developed and
mapped by Syngenta Seeds B. V., The Netherlands.

Linkage analyses
Linkage analyses were performed using JoinMap 4tvare (Van Ooijen 2006) on this, F
population with the following mapping conditiongrfgrouping Regression Mapping was
used with weak linkages recombination and LOD tho&ts of 0.45 and 0.5. Markers were
assigned to nine linkage groups at a LOD threshblgl. €alculations of the linkage maps
were done by using all pair-wise recombinationrestes smaller than 0.40, LOD scores
higher than 1, jump threshold of 5, and Haldanegpping function. For this research, new
linkage maps, marker information and data are shiowthe introgression regions of BIL2.2,
BIL4.2, BIL6.3 and BIL8.2 only.

We also used additional AFLP markers that can beressored in BlLs and NILs
than in K plants due to a less busy banding pattern in Bhd NILs. The map positions of
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these AFLP markers were defined on segregationseeéral backcross populations. We
have tagged these AFLP-markers with “_b”, like E4@M4£8 b. Markers labeled with the
extension “sal”, such as E38M54-140sal, gave angplifbon products fot. salignaalleles.
AFLP-markers without “sal” gave amplification prodsiforL. sativaalleles.

NIL development procedure

We developed plant genotypes with smaller, oveitapb. salignaintrogressions than in the
four BILs harbouring the selected QTLs, BIL2rbd5), BIL4.2 (tbq7), BIL6.3 (rbg6) and
BIL8.2 (rbg4). To select the recombinant plants that have ox@sssites within each
introgression, we used selfed segregating populgtiivom the preBILs. PreBlLs are
heterozygous parental lines of the corresponding BPreBIL2.2, preBIL4.2 and preBIL8.2
have no otheL. salignaintrogressions, but preBIL6.3 contains one addéldeterozygous
L. saligna introgression, i.e. on top of Chromosome 4 fromo032 cM, called here
introgression 4.1.

We used two codominant PCR-markers (PolymerasenTReaction, PCR) that are
near the extremities of the introgression to sc@eaverage 400 plants per introgression for
recombinant plants. The selected recombinant plaate transplanted and their DNA was
isolated for the second round of genotyping. Ingkeond round of genotyping, we used five
PCR-markers including the two markers near theeenities of the introgression to confirm
the genotype of each selected plant. Afterwardsperdormed more extensive genotyping
by AFLP markers to validate genotypes of the redamnit plants that were confirmed by the
PCR-markers.

The next step was to develop homozygous lines frmmécombinant plants. To save
labour, we selected only one or two plants fromdhes that had the same cross-over point
according to the current map resolution. If later QTL is mapped close to this cross-over
point, we will use the selfing progeny of the otlhecombinant plants to increase the map
resolution. After selfing the recombinant plantprageny of about 20 plants was screened
with PCR-markers. The plants that were homozygougheL. salignaintrogression were
selected and we confirmed their genotypes with morarkers. These homozygous
recombinant lines were designated NILs as they aostaaller introgressions than the BlLs
in uniformL. sativabackground. The NILs that were obtained are predeantEigures 1 to 4.

Genotyping

For recombinant screening in the preBIL progeny (2%e used PCR-markers based on
EST or SSR. The primer sequences for each markerhancestriction enzymes that were
used for Cleaved Amplified Polymorphic Sequence PSAdigestion are listed in Table 1.
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The PCR and CAPS procedure were as described berdatlal, (2008). DNA extractions
were performed by two methods: for the first rowridecombinant screening, we used the
simple NaOH method (Wang et al. 1993); for the ramdtion of the selected recombinants
and AFLP genotyping, we used the CTAB method (Jeulteal. 2001). The two PCR-
markers near the extremities of most introgressiere less than 10 cM away from the ends
of the introgression. Only BIL8.2 had markers furtlaavay from the extremities of the
introgression at 11cM and 14cM; BIL4.2 had a distadrker away from the top of the
introgression at 19 cM (Figures 1 to 4). AFLP anadysvere run as described previously
(Jeuken et al. 2001; Vos et al. 1995).

Disease evaluation

Plant materials used in the disease evaluatiofisiesl in Table 2. Experimental procedures
of Young plant Disease Test (YDT) and Adult plantdaises Test in Greenhouse (ADT
were as described previously (Jeuken et al. 200B3fter 2). For fine mapping of each QTL,
two independent YDT were performed. Additionallyotindependent ADd were carried
out to fine map QTlrbg6.

For YDT, we used four-week-old young plants with &ixeight true leaves (number
of leaves is genotype dependent). Six young pla@tgenotype per experiment were grown
in a randomized complete block design with six k#ocThe infection severity of each plant
was evaluated at nine or ten days post inoculdtpi) as percentage of sporulating area per
representative leaf (the two youngest, well expdridaves at the moment of inoculation of
each plant). For ADd, seven plants per genotype per experiment wengrgrandomly in
the greenhouse. Four detached leaf discs from glach were placed on moist filter paper
according to randomized complete block design (blaxks per experiment and two discs
from one plant in each block). Infection severitgsnevaluated by scoring the percentage of
sporulating area per leaf disc.

We applied artificial inoculation using. lactucaerace Bl:14 for all the disease tests
as the QTL effects were previously shown to be ramespecific (Chapter 2). The
concentrations of the inoculum used in these erpmnis were 2~4 x fQconidia/ml. The
virulence spectrum of race Bl:14, the pathogen teasnce, inoculum preparation and the
way of inoculation were as described previouslyikéa and Lindhout 2002).
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Table 1. PCR-markers used for genotyping recombinants. mlkers that used for the
first round of recombinants selection are highkghin bold and underlined.

Marker Chr. Marker Restriction Primer sequences (5" - 3)
Name Type Enzyme
KLK1473_850 2 dCAPS Hhal Fw: AATCGGAACTCCACCACAA
Rv: GTGGTTTACAAATAGGGTGATTACAGCG
NL0212 2 SSR Fw: CCAGTGAAGAAACCAAAGG
Rv: CTTCTCCTTCATCGTCACC
LE4034 2 SCAR Fw: AATCTCTGACATGAAATCGGC
Rv: TGCCCTCTTCCAAGATTATCA
LE0350 2 CAPS Hinfl Fw: CGGTTGCTCAAGACCTCTCA
Rv: AGCGAACGACCCTCTAACG
LE1276 2 SCAR Fw: TTTGGGTTCCTTCAGTTTGC
Rv: CACAGTTTGGGATGAACACG
LE7003 2 SCAR Ddel Fw: GGTCTACTGGTTCGCAGAGC
Rv: AAGCCTCACATGTTCTTCCC
LK1336 2 CAPS Eco88l Fw: TGAGGAGTCCATGGATACGG
Rv: CGATGCAACAGCATGGATAC
LE1244 2 SCAR Fw: CATCCGCTTCCTCTTCAGTC
Rv: ACGAGCACCTGCATCTACAA
LE0142 2 CAPS Hinfl Fw: AGCAGTGGTGGATCGATTTC
Rv: TTGGTTCTGCAAGTTGCTTC
LK1475 2 SCAR Fw: GGAGTTCAGGGCCTCTGTC
Rv: CCGATTCTGCGGTTATCTTC
LE1114 2 CAPS Msel Fw: CAAGAGGTGAATGGGAAGGA
Rv: TACCACACAAACAAGCGGAA
NLO157 2 SSR Fw: ATTGATCCATGGCTACGAC
Rv: GAGCCTATTTCATCCATGC
LK1525 4 CAPS Haelll Fw: CAGACGTCCACCTGGAATTG
Rv: ATTCAGTGCGTCTGTTGCAG
NL1186 4 SSR Fw: AGGGGCTGATGATGATATG
Rv: AGTACATACTTGTGTCTTGTGG
LEO0351 4 CAPS Nlalv Fw: GAATATGCGGCGGAGATAAG
Rv: AATCACATGAATGGATGCAAA
NL1088 4 SSR Fw: ATTTGAAAGCCATGGAAAC
Rv: TTGCTTCAAATTTTCCACC
LE0333 4 SCAR Fw: GGACCGGGTTTTTAAGTCGT
Rv: TTTCTCTGTATATATGCAATCTCCATT
LEO0337 4 CAPS Scrfl Fw: CCATGGCTAAAAAGCAAACC
Rv: ACATTAGCCAAGCGACAACA
LK1406 4 CAPS Rsal Fw: CACCACCCTCACCTTAGCTC
Rv: ACCGTTGAATATCGGACACG
LE1106 4 SCAR Fw: TGATTATGGAGGCGAAGAGG
Rv: CACAAAGATTCATTACTTGCCATC
KLEO053 4 CAPS Aval Fw: TACCCCTAAAGCCCACCTCT
Rv: CGGTGGTGAAGATTCGTTTT
LsB104 * 4 SSR Fw:
Rv:
NLO589 6 SSR Fw: AACGAATGTATACCGCAGC
Rv: ACGATTGGTCAAGGAAGTG
LE1126 6 CAPS Alul Fw: CTTTGCTCCAATTCCTCTCG
Rv: AATGCCATAGTGAAGCTGGG
NL1114 6 SSR Fw: AAGGCCATTGTAGGTGATG
Rv: GCTTCACTTGCTCTTGGAC
NLO653 6 SSR Fw: TCTCAATCCTGTGGCTTTC
Rv: GCGAATGATCGAGAAGAAG
NL1084 6 SSR Fw: CAACAGCAACAATCTGCAC
Rv: AGCACTTCCAAATTTCAGC
M7120 6 CAPS SSil Fw: ACAGCAACAGCCGACCG
Rv: CGCACATTATTCGGCTCAAA
NL0833 6 SSR Fw: ATGTCTAGAGGCGCAACAG
Rv: CTTGTTCCTCCCATGACTC
LE1211 6 CAPS Hinfl Fw: CGGGTGATTACATCGGCTAT
Rv: CGCAACCAACCAAATTTACC
NL0418 6 SSR Fw: AAGCCCAAAGAAGAAGAGG
Rv: ATGCATTTGGATTCTCGTC
LE0232_dCAPS 8 dCAPS Hnf Fw: CCATCGCGTAAACATGCCCGGGAGT
Rv: TAAAGGTCGATTAGGGCACG
NLO0935 8 SSR Fw: GTGAACCAATGAGTGGAGG
Rv: GAACATCCACTTGGTCCAG
KLE0263 8 CAPS Mnll Fw: CAACCTCACCGGAGTTTTGT
Rv: GCCGGAAAGTTTGTTGTTGT
NL1187 8 SSR Fw: ACCTTCATCCTATGAAACCC
Rv: TCTCCCTCCAAAACCAAC
KLK1366 8 CAPS Mnll Fw: GAATCGCTCAGGCAAACAAT
Rv: TGGCCTCTCAAGCAGATTTT
LK1225 8 SCAR Fw: CGCAGTGAACATTACGAACG
Rv: CCACGTATGAACACGTCAGC
LE1111 8 SCAR Fw: AATTCACTCCACCACCGAAG
Rv: CTACGTCAGTGCCTATGCCA
LE0026 8 CAPS Msel Fw: AGGTATTTTCCGGCGAACTT
Rv: CTTTGTGCCTCAAACCCAAT
LE3019 8 CAPS Clal Fw: ATTGCTGGAGTCGTGGTTTC

Rv: CTTTGTGCCTCAAACCCAAT

* This SSR refers to (Van de Wiel et al. 1999)
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Table 2. Plant materials used for the disease evaluati@iT=§oung plant disease test
and ADTg=adult plant disease test in greenhouse. x=lingsvilere used

Lines Description Disease Evaluation
YDT ADTg
% L. sativa cv. Olof susceptible parent X X
‘g L. saligna CGNO05271 non-host resistant parent X X
O BIL4.4 Rbq16, super susceptible control X X
BIL2.2 rbg5 X
T 9 BlL42 rbg7 X
S @ BIL63® rbq6+Rbg11® X X
BIL8.2 rbg4 X
BIL4.1 Rbq11® X X
2  BIL21 Rbq13” x
g “2 BIL8.3 Rbg10"® X
S o BIL2.3 susceptible X
z BIL4.3 susceptible X
BIL8.1 susceptible X
2.2-NILs developed from the present study 11 NILs
9 4.2-NILs developed from the present study 11 NILs
z 6.3-NILs developed from the present study 5 NILs 5 NILs
8.2-NILs developed from the present study 12 NILs

@ BIL6.3 contains an additional introgression on tbp of Chromosome 4 wheRbgllwas
located.

P QTLs that are effective only at young plant sté@eapter 2)

° Neighbouring BILs are the lines with overlappimgrogression to the target BILs (Figures 1
to 4)

Data analysis

The infection severity recorded in percentage wassformed (arcsine square root) to
improve the normality of the distribution. Differegs in mean infection severity values of
each tested line were analysed by univariate aisabfsvariance, using the general linear
model module of the statistical package SPSS wers®0.1. For each analysis, infection
severity values were used as a dependent variablgenotypes were used as a fixed factor.
Tukey's Honestly Significant Differences (HSD) t&st=0.05) was applied for multiple
comparisons between all the genotype pairs in gpe bf disease test. The pair-wise
multiple comparisons allowed us to compare infectseverity levels between NILs and
BILs. If all the NILs that shared one common intreggion region showed lower infection
severity than the susceptible reference line aatiwas similar to the infection severity of
the target BIL, we concluded the QTL to be residimghie overlap introgression region of
these NILs.
QTL-mapping was executed using MapQTL®5.0 (Van Ooigd04). Interval

Mapping (IM) was run and markers at the LOD peaksawised as cofactors for running the
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Multiple-QTL Model (MQM) mapping. The explained pheygic variance was estimated

with the MQM results. The threshold values of diteca QTL were determined by a

permutation test and they were 2.2, 1.1, 1.9 aBdrnthe introgression 8.2, 2.2, 6.3 and 4.2,
respectively.

Results

Map saturation and development of NILs

The target introgression segments 2.2, 4.2, 6.38&pdvere saturated with 45 additional
markers. The updated linkage maps for the fouretaBjL introgression regions are shown
in Figures 1 to 4.

To develop multiple NILs, which contain smallersalignaintrogression irL. sativa
background than the target BIL introgression regiarg started with a recombinant
screening of a selfed preBIL progeny. Table 3 preséme number of plants that were
screened per preBIL, the number of recombinant plaidtected and the number of
homozygous NILs per BIL/QTL region developed. The regimation frequency of the
selfed progeny from preBIL8.2, preBIL2.2, preBIL6a®d preBIL4.2 between the two
markers near the extremities of the introgressioat twere used for the recombinant
screening was 4.0%, 1.2%, 1.6% and 1.6%, respécti@mpared to the original ,F
population, recombination in the introgression oegi for BIL8.2 (bg4), BIL2.2 (rbg5),
BIL6.3 (rbg6) and BIL4.2 tbq7) were suppressed 2 to 15 times, respectively (Tgble 3

Table 3. Summary of development of the substitution lines
# = number of, Rec. = Recombinant; Rec. freq. =oRdgination frequency;
Rec. suppre.= times of recombination suppressiompased to the Fpopulation

Material QTL #Plants #Rec #NILs Rec freq. in BIL Rec freq.in F, Rec suppre.
Progeny of preBIL8.2 rbg4 361 29 12° 4.0% 9.1% 2
Progeny of preBIL2.2 rbg5 442 11 11 1.2% 15.1% 12
Progeny of preBIL6.3 rbg6 448 14 5 1.6% 10.3% 7
Progeny of preBIL4.2 rbq7 258 8 11° 1.6% 22.6% 15

® selected 11 out of 29 recombinant plants includimg double-recombinant to make 12
homozygous NILs

b selected 9 out of 14 recombinant plants to makedzygous NILs but four died before seeds
harvesting

“three additional NILs developed from other experitme

For the BIL8.2 introgression region, we found 28ambinant plants and selected 11
of them as described in Material and Methods, wlifferent cross-over points to further
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develop homozygous NILs (Table 2 and Figure 1). Fir2R region, we identified 11
recombinant plants and selfed them to obtain 11dzygous NILs (Table 2 and Figure 2).
For the BIL6.3 introgression region, a hot spot @fambination was discovered between
marker E45M48-300 and E44M49-352sal (a 0.4 cM valr Five out of the fourteen
recombinant plants discovered from preBIL6.3 progdmag cross-over at this marker
interval. In addition, five recombinant plants dieefore seed harvesting. Finally, five 6.3-
NILs were developed and they all contained the exXtoenozygousL. saligna 4.1
introgression. Due to the distorted segregatioBlaft.1 introgression with a preference for
L. salignaalleles as reported previously (Jeuken et al. Z0@BChapter 2), we were not able
to select against the 4.1 introgression as thisnsag was never homozygolss sativa
NIL6.3-2 contains a smaller introgression on the @b Chromosome 4 from 0 to 16 cM, and
all other four 6.3-NILs had an entire homozygousidtiogression from 0 to 32 cM. For the
BIL4.2 introgression region, we detected eight relsimant plants in this study and three
additional recombinant plants from previous experis (unpublished data) and have
developed eleven NILs. The final genotypes and thieesponding marker positions of each
set of NILs are presented in Figures 1 to 4.

Disease evaluation in general

In all disease tests (both YDT and AE)Tthe nonhost pareht salignaand the susceptible
parentL. sativacv. Olof, BIL4.4, the four target BILs and the ndigliring BILs (Table 1)
all had a similar infection severity as observegiriavious experiments (Chapter 2). We did
not observe experiment x genotype interaction efioee, data from different experiments for
the same lines were pooled to generate followisglts.

Fine mapping ofrbg4

We performed YDTs on all 8.2-NILs (Table 1) to fineprbg4 at both young plant and
adult plant stages. At young plant stage, five 8IPs, (NIL8.2-2 to —6) all showed
guantitative resistance with similar low severitid2% to 28%) as BIL8.2 (18%), and
significantly lower than the susceptible referelice L. sativacv. Olof (63%). The other six
NILs, NIL8.2-7 to 12 and neighboring BIL8.1 showeigthinfection severity (39%~70%)
similar asL. sativa cv. Olof which suggested that the common introgjogs region of
NIL8.2-2 to NIL8.2-6 was the most likely locatiorf dog4, which was a 7cM interval
between marker E38M54-268 b and E44M49-97sal. HorveM# 8.2-1 showed 39%
infection severity which was significantly lowerath the susceptible reference line, although
it was significantly higher than BIL8.2. Therefombg4 might also be flanked by marker
NL0935 and E35M59-299 in a 5 cM region (Figure 1).
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MapQTL® calculation revealed one single peak witlo tmarkers E35M59-299 and
KLE0263, which showed the highest LOD value of 4.3e Tasults also showed that this
QTL explained 71% of the phenotypic variance. Furtieee, this indicated thabg4 region
was more likely located between markers E38M54-26@ B44M49-97sal than between
markers NL0935 and E35M59-299.

In addition, neighboring BIL8.3 showed significantbwer infection severity (21%)
than L. sativacv. Olof confirming the previous detection Bbql0 (Chapter 2).Rbgql0
resides from marker E48M59-197 towards the distdl@BIL8.3 introgression as NIL8.2-7
to 12 showed a similar infection severity leveLasativacv. Olof (Figure 1).

Fine mapping ofrbg5
We evaluated the infection severity of all 2.2-Nlg YDT. BIL2.2 showed significantly
lower infection severity (20%) thah. sativacv. Olof (64%) (Figure 2). The 11 NILs
showed a gradient level of infection severity ameré was no obvious delimitation between
the susceptible and resistant group among the NDindy NIL2.2-7 (31%) and NIL2.2-10
(30%) stood out and showed significantly lower atiien severity tharl.. sativacv. Olof.
However, NIL2.2-7 and NIL2.2-10 did not share aqus introgression segment. The rest of
2.2-NILs and neighboring BIL2.3 showed an infecti@vegity with a range from 37% to
76% and were not significantly different from tlewél ofL. sativacv. Olof (Figure 2). The
above mentioned results suggest that the BIL2.2gn&ssion region contains more than one
resistance QTL which contributed to the quantitatigsistance of BIL2.2. This seems to
preclude determination of an exact locatiorrkmf5 or of possible sub-QTLs in this region.
The resistance shown by BIL2.2 introgression is Yikekplained by a multiple interacting
loci.

Nevertheless, based on the multiple comparisongdeet each pair of lines, NIL2.2-
2, -4, -5, -6 and -8 had intermediate infectionesity of 37% to 48%, which were higher but
not significantly different from that of BIL2.2 aridwer but not significantly different from
that ofL. sativacv. Olof. The tendency of infection severity ofstigroup of NILs leads to a
hypothesis that the infection severity levels afsih five NILs might be in one category that
was similar to BIL2.2. Interestingly, these fivelldlshared a common marker, E35M59-
107sal_b with NIL2.2-7 and NIL2.2-10. Therefore, #féective gene(s) contributing to the
quantitative resistance of BIL2.2 are likely to loedted in the 0.7cM interval flanked by
markers E38M54-63 b and E35M48-153 b (Figure 2)s Tlgpothesis was supported by a
peak in the LOD profile (LOD 1.4) at markers E38M&3l b and E35M59-107sal_b. The
effect of this QTL was estimated to explain only 3dfthe phenotypic variation.
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In addition, neighboring BIL2.1 showed significantbwer infection severity (18%)
than onL. sativacv. Olof, which confirmed the presence RIfql3(Chapter 2). NIL2.2-1
and NIL2.2-3 showed similar infection severity aslo sativacv. Olof (Figure 2) which
suggested the location Bbgl3should be above marker E35M59-396sal towards theto
chromosome 2.

Fine mapping ofrbg6
In YDT, the severity of infection on BIL 6.3 (12%)] five 6.3-derived NILs (13% to 37%)
and BIL4.1 (18%) was significantly lower than bnsativacv. Olof (63%). As the BIL6.3
and the five 6.3-NILs all contain the 4.1 introgiess which carriesRbqll the low
infection severity are most likely due ®bgllor sometimes in combination wittbg6
(Figure 3). Therefore, it is difficult to fine mapqg6 through disease tests at young plant
stage.

As expected at adult plant stagggqgllon introgression 4.1 was not effective against
B. lactucae. NIL6.3-2 and -3 showed infection severity as lasvBIL6.3, while NIL6.3-1,
and -5 showed similar infection severity compaethe susceptible reference lihesativa
cv. Olof. NIL6.3-4 showed an infection severity lemthanL. sativacv. Olof but higher than
BIL6.3. Therefore, the location obg6 was probably between markers E45M48-102sal_b
and E44M49-352sal. Most likelgbg6 located in the interval between markers E45M48-
102sal_b and NL0653 because NIL6.3-4 showed sigmifig higher level of infection
severity than BIL6.3 (Figure 3).

The marker loci located between markers E45M48-10Bsahd E44M49-352sal
gave highest LOD value (2.51) and explained 76% haf phenotypic variance. This
suggested that a single-QTibg6, contributes to the resistance of 6.3 introgressegment.

Fine mapping ofrbq7
In YDT, BIL4.2 had 15% infection severity which waggnificantly lower than for the
reference lind_. sativacv. Olof. All 4.2-NILs showed a gradient level oféction severities
similar as for 2.2-NILs, which suggest the presesfamultiple sub-QTLs in this segment.
Infection severity levels of four 4.2-NILs (-4, -5 and -8) were in a range of 8% to
37% and similar as on BIL4.2. The other 4.2-NIL§,2,-3,-7,-9,-10 and -11) and the
neighboring BIL4.3 all showed similar infection setyeas on cv. Olof in a range of 41% to
70%. Strikingly, the infection severity level of INL.2-7 (43%) did not show a significant
difference fromL. sativacv. Olof while that of NIL4.2-8 (37%) did, althoughese two lines
had an identical genotype based on the currentresagution. However, the small difference
between their severity levels allowed us to platied4R-7 in the group of NIL4.2-4, -5, -6
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and -8. Thereforebq7 was possibly located on the overlapping regiothese five NILs for
an 8.3 cM interval between marker NL1088 and E35M480This region was designated as
rbq7a

Interestingly, NIL4.2-11 without introgression obqg7a region showed a relatively
lower infection severity (43%) than &n sativacv. Olof (64%), although not significantly so.
This suggested possible sub-QTL presence in the rremidsiderbg7a location. Because
NIL4.2-6 had a significant lower severity level thallL4.2-7 and NIL4.2-8, we assume
another sub-QTLrbq7hb to be located from 28cM to 48cM on top of intreggion 4.2,
which was absent in NIL4.2-7 and NIL4.2-8. Analoglguto explain the severity difference
between NIL4.2-6 and NIL4.2-4, NIL4.2-5, we assume pihesence of sub-QTikhqg7c, on
the bottom of the BIL4.2 introgression between rearkE1106 and E45M48-156_b. The
high infection severity level of NIL4.2-1, -2, -3 and NIL4.2-10 suggested that the sole
presence of eitherbq7b or rbq7c was not sufficient to lead to quantitative resis&a
However, wherany two of these sub-QTLs fronbg7a, rbg7bandrbq7c were combined,
the subsequent NILs showed a decreased infectiarigegompared td. sativacv. Olof.

MapQTL® showed two peaks of LOD value of 3.7 ansl for markers E35M60-85
and E35M49-298sal, respectively. The position of éhego peaks exactly coincided with
the former proposed region abqg7a and rbq7b respectively(Figure 4). Therefore, we
propose that at least two sub-QTLs were present i .Blintrogression. The phenotypic
variations explained by these two sub-QTLs were 44@h27%, respectively.

Additionally, NIL4.2-1, NIL4.2-2 and NIL4.2-3 showed similar seite levels as on
L. sativacv. Olof suggested thabqgll(in BIL4.1) was mapped above NL1186, the last
common marker between BIL4.1 and BIL4.2.

Fine mapping of morphological traits

Some of the BILs studied in this work showed dem@tinorphology, i.e. long dark green
and twisted leaf and non-heading phenotype in BAL(deuken and Lindhout 2004) and a
lobed leaf shape in BIL8.2. We fine mapped thesistrgithin the BIL introgressions by
scoring presence or absence of the traits in the.NThe morphological traits “dark green
leaf” from L. salignaand “twisted leaf” were both mapped between matket106 and
E44M48-474 on Chromosome 4, designatedrKgreen_sdland “Twisted, respectively
(Figure 4). It was not obvious whether the traitisted leaf” was froni. sativaor fromL.
salignaas both parental lines did not show such a pheeotyhe traits “long narrow leaf”
from L. salignaand “heading” froni. sativawere fine mapped in a 2.9 cM interval between
marker LEO351 and LE2211 on Chromosome 4 and desigrnabngnarrow_sdl and
“Heading_sdt respectively (Figure 4). Morphological traitohed leaf” was mapped to a

68



Fine mapping of four QTLs for nonhost resistance

3.6 cM interval flanked by markers KLK1366 and E#4®385 on Chromosome 8 (Figure
1). Traits “Darkgreen leaf”, “Twisted leaf” and “Led leaf” were dominant because they
were also observed in plants heterozygous for tyeping region.
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Figure 1 Genotypes and disease evaluation at young plagé sif lettuce NILs covering
BIL8.2 (rbg4) introgression, the neighbouring BlLs and the nefiee lines.In the
genotype graphthe marker positions are presented in cM. Markel®ld and underlined
are the distal markers used for recombinant sangeri@pen bars represent homozygous
L.sativa solid bars represent homozygaussalignaand grey bars represent intervals
containing a recombination event. The putative timss ofrbg4 and morphological trait
geneLobedare indicated by the bars above the markers.nitaoe likely thatrbqg4 resides

in the region indicated by the black bar rathentttee hatched bar region as the infection
severity of NIL8.2-1 was significantly higher thar BIL8.2. In the Bremia disease
evaluation graph infection severities are presented. Error baendstfor the 95%
confidence interval. Letters in common, right o€ tarror bars, indicate no significant
difference ¢=0.05, Tukey HSD test). Black columns stand for lines that showed
significantly lower infection severity thdn sativacv. Olof and similar infection severity
as BIL8.2; white columns indicate the lines thabwbd similar or higher infection
severity thanL. sativacv. Olof; hatched column stands for the line shngwinfection
severity that was significantly lower than cv. Qlblt significantly higher than BIL8.2;
vertically striped column stands for the neighbogriBIL contains overlapping
introgression with BIL8.2 and showed significartiyver infection severity than cv. Olof.
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Figure 2 Genotypes and disease evaluation at young plage sif lettuce NILs covering
BIL2.2 (rbgb) introgression, the neighbouring BILs and the mafiee lines.In the
genotype graphfor explanations refer to Figurel. The putativesipon of rbg5 is
indicated by the black bar above the markénsthe Bremia disease evaluation graph
error bars stand for the 95% confidence intervattdrs in common, right of the error bars,
indicate no significant difference<0.05, Tukey HSD test). Black columns stand for the
lines that showed significantly lower infection séty thanL. sativacv. Olof and similar
infection severity as BIL2.2; white columns indiedahe lines that showed similar or
higher infection severity thaln. sativacv. Olof; grey bars stand for the lines that shdwe
infection severity levels higher than BIL2.2 andvér thanL. sativacv. Olof, but not
significantly different from both reference linertically striped column stands for the
neighbouring BIL that has overlapping introgressiavith BIL2.2 and showed
significantly lower infection severity than cv. @lo
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Figure 3 Genotypes and disease evaluation at both youngduitl plant stages of lettuce
NILs covering BIL6.3 (bg6) introgression, the neighbouring BILs and the mexfiee lines.

In the genotype graphthe explanations refer to Figure 1. Grey barsesgnt intervals
containing a recombination event. The putative twsiof rbg6 is indicated by the bar
above the markers. It is more likely thiaty6 resides in the region indicated by the black
bar rather than the hatched bar region as the tiofecseverity of NIL6.3-4 was
significantly higher than of BIL6.3In theBremiadisease evaluation grapthe upper and
lower columns of each line stand for the correspandesults from Young plant Disease
Tests (YDT) and from Adult plant Disease Tests ire€hhouse (ADJ), respectively.
Error bars stand for the 95% confidence intervattdrs in common, right of the error bars,
indicate no significant difference£0.05, Tukey HSD test). Black columns stand far th
lines that showed significantly lower infection sety thanL. sativacv. Olof and similar
infection severity as BIL6.3; white columns indieathe lines that showed similar or
higher infection severity thah. sativacv. Olof; grey columns stand for the line showing
the infection severity that was significantly lowdgran cv. Olof, but was significantly
higher than BIL6.3. BIL6.2 contains heterozygousdgression (hatched bar) which does
not overlap with BIL6.3 based on current map resmtuand this BIL showed similar
infection severity as cv. Olof according to Chater
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Figure 4 Genotypes and disease evaluation of lettuce Nibgering BIL4.2 (bq7)
introgression, the neighbouring BILs and the refeeelines.In the genotype graphhe
explanations refer to Figure 1. The putative posgiofrbg7aand traitsDarkgreen_sal
Twisted Longnarrow_saland Heading_sat are indicated by the black bars above the
markers. The proposed positionsrbfi7bandrbg7care indicated by the hatched bdrs.
the Bremia disease evaluation grapkrror bars stand for the 95% confidence interval.
Letters in common, right of the error bars, indicawo significant differenceo£0.05,
Tukey HSD test). Black columns stand for the linkat showed significantly lower
infection severity tharh.. sativacv. Olof and similar infection severity as BIL4®&hite
columns indicate the lines that showed similar ighér infection severity thah. sativa
cv. Olof; grey column stands for the line that floever but not significantly lower
infection severity than cv. Olof and the infectiseverity was also not significantly higher
than BIL4.2; vertically striped column stands fdnet BIL that has overlapping
introgression with BIL4.2 and showed lower infeotgeverity than cv. Olof.
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Discussion

Single- and multi-QTL detection within one target ntrogression

In the present study, the quantitative resistardethe target BILs can be explained two
times by a single-QTL and two times by multi-QTL. Maneperiments for phenotyping the

NILs for resistance level are probably helpful taroborate the hypothesis of several QTLs
within the same introgression.

We successfully fine mappetq4 from 39cM into an 11cM interval (Figure 1) and
fine mappedrbg6 from 28cM into a 14cM interval (Figure 3). In coedt to this, fine
mapping ofrbg5 andrbq7 suggested multi-QTL presence in one introgresstun-QTLs
rbq7b andrbqg7c hardly gave any contribution to the resistancearolwB. lactucaewhen
they were present solely in the NILs. Only when ohéhese two sub-QTLs was combined
with rbq7a the NIL showed a reduction in severity as stros@laserved in BIL4.2 (Figure
4). Such multi-QTL presence in one single chromososeiment has been reported
previously in rice for flowering-time QTLdth1l.1aanddthl.1h and for heading date QTLs
Hd3aandHd3b, and inArabidopsisfor two tightly linked growth-rate QTLs (Thomsonadt
2006). A common feature of above mentioned tradtstrolled by the QTLs is the genetic
complexity.

Our fine mapped QTL locations showed no coincidendtt known Dm-gene
(downy mildew resistance gene) clusters in lettuce gendrne.introgression regions of the
QTLs, rbg5, rbg6 andrbg?7 do not overlap with any of the knowdm-gene clusters. Only
BIL8.2 (rbg4) introgression region could possibly overlap wilm13locus (Jeuken et al.
2008). However, we have mappBf:CJ, a candidate obm13 (Shen et al. 1998), to the
position of 9.5cM away from the top of Chromosomiea8ed on our saturated Rap. This
result indicated thatbg4 region did not overlap with thBm13locus because our putative
position ofrbg4 was between 25.2 cM to 36.1 cM.

We detected the QTLshq4, rbg5, rbg6 andbq7 in disease tests on the set of BILs,
but not in the original Fpopulation .. salignax L. sativg. Earlier, it was reported that the
failure of detection ofbg4 andrbg6 was probably due to the combination of recesss®ne
of the traits with skewed segregation against goessive wild species alleles (Jeuken et al,
2008). Results from the present study indicaté ttiefailure of detection abg5 andrbq7
in the k, population might be due to the genetic compleaityhese introgression segments,
i.e. presence of multi-QTL.
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Recombination suppression
The recombination frequencies in the BILs were suggme at different levels (2 to 15 times)
compared to that in the,Bpopulation for the same chromosomal region (TableS8ich
recombination suppression was discovered in intsgrd segments from wild tomato
species (Brouwer and St Clair 2004; Paterson. &t980), but not in intra-specific NILs of
maize (Graham et al. 1997) and rice (Wissuwa ande 2801). The reduction of
recombination in inter-specific cross offspring mhg explained by reduced reciprocal
exchange, together with positive interference (RRBate et al. 1990). Recombination
suppression was more severe when the introgresggdesit was smaller (Brouwer and St
Clair 2004).

Our plant materials were derived from an inter-ffgecross and the two parental
lines, L. sativa and L. saligng have great sequence divergence. This resultechen t
recombination suppression in the subsequent baskcgenerations compared to thg F
population (Jeuken and Lindhout 2004). Recombinatguppression increases the
difficulties to identify recombinants in the targetrogression region. Therefore, we need a
large segregating population to identify sufficieatombinants and to further fine map the
QTLs by development of sub-NILs. However, our intregien segments with single-QTL
only had 2x and 7x recombination suppression coetp#w the ones with multi-QTL that
had 12x and 15x suppression. This offers opporesiftir cloning the single-QTLs.

Breeding perspectives

In the present study, the NILs carrying single-QTiig4 andrbq6, are very useful genetic
stocks to be exploited in resistance breeding jarogr (1) These two recessive QTLs show
high level resistance to at least se¥enactucaeraces at both young and adult plant stages
(Jeuken et al, 2008 and Chapter 2). (2) The resistalleles ofbg4 andrbg6 also showed
epistatic effects that led to increased resistaeeel when combined with each other
(chapter 3, this thesis). (3) Different resistanoechanisms were postulated for these two
QTLs based on the histological studies (chapteri8 thiesis). (4) The fine-mapped intervals
containing these two QTLs did not carry genes comigiundesired morphological effects as
far as we see (Figures 1 and 3). The simple PCR-markers presented in this study are
useful diagnostic markers in practical breedinggpams for MAS. Therefore, further
characterization of these two loci will provide radanformation and materials for breeders to
incorporate high level and likely durable downydwailv resistance into lettuce cultivars.
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CHAPTER 5

RIN4R gene interaction explains hybrid necrosis
and race-specific resistance
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Ningwen and Koen were doing infiltration for theGS experiment
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RIN4R gene interaction explains hybrid necrosis and -race
specific resistance

M. J.W. Jeuken, N. W. Zhang, K. Pelgrom, E. den,Baetindhout, R. G. F Visser and R.
E. Niks

Laboratory of Plant Breeding, Wageningen Universitiaggeningen, PO Box 386, 6700 AJ,
the Netherlands

Abstract:

Among other things evolutionary plant biology seslithe mechanisms that underlie the
birth and perpetuation of plant species. Speciatouires gene flow barriers that reduce or
prevent hybridization between diverging plant pagiohs derived from a common ancestor
species. A well-described postzygotic barrier igbitid necrosis’.Earlier studies indicated
that hybrid necrosis is mostly due to an interachbetween alleles in a two-locus system, in
which one of the loci encodes a resistance (R«e)Xlgene. Here we show a case in lettuce
hybrids where hybrid necrosis involves an inteacthetweerRIN4 and what aR gene is
probably, resulting in autoimmunity and race-speadiésistanceA molecular and genetic
model is proposed. IArabidopsis RIN4 is known to interact with ar-gene product, where
their disturbed interaction results in hypersewsitiesistance. The present case indicates that
RIN4 may play a role in establishing interspecifigbridization barriers between closely
related plant taxa.
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Introduction

During evolution, ancestral plant species can digeinto several derived species that
become genetically isolated from each other duprée and postzygotic barriers, reducing
the capacity for hybridization (Rieseberg and Wi#007).

One of the best described postzygotic barriershybrid necrosis’, having been
recognized for more than eight decades (Bomblieks 8¥eigel 2007). This type of genetic
incompatibility is manifested as necrotic lesionsseedlings or adult plants and is often
associated with phenotypes like wilting, chlorostinted growth and lethality. Hybrid
necrosis has been reported in several interspexificsome intraspecific plant crosses, and
its genetic architecture is explained in a two-kcsystem in the classical Bateson-
Dobzhansky-Muller model reviewed in (Bomblies andNeigel 2007). Studies on
interspecific hybrids in tomatoes and intraspedifydrids inArabidopsisimply that hybrid
necrosis may result from changes in resistancesg@tigenes) that induce autoimmunity-
like responses when combined with a particularlealtd a gene elsewhere in the genome
(Bomblies et al. 2007; Kruger et al. 2002; Wulfa&t2004).

We detected an interesting example of hybrid nésiiosthe progeny of cultivated
lettuce (actuca sativiand a wild lettuce speciels, saligna.The latter is a honhost species
to Bremia lactucae lettuce downy mildew (Bonnier et al. 1992). Bosipecies are
autogamous and therefore homozygous. In ordenmidate the inheritance of this nonhost
resistance, we made interspecific crosses betweealignaand L. sativa We developed
two F, populations (populations A and B) based on difiete salignaaccessions and.
sativa cultivars and a set of 29 Backcross Inbred LineH Bwith single L. saligna
introgressions into &A. sativagenetic background (Jeuken et al. 2001; Jeukenlandhout
2004; Jeuken et al. 2008).

From nonhost related experiments on these hybaidt phaterials we observed three
possibly correlated traits - necrotic lesions oavés, lethality, and resistance to downy
mildew - which all mapped to the same locus anddeslr assumption of hybrid necrosis.

Of these three traits, the first one that we detketasR-gene-like resistance from
the wild lettuce species in the twg populations (formerly designaté&B9 that mapped to
Chromosome 9 (hereafter referred to as C9, Seed-igl)). Introgression of this C9 segment
into a BIL (in the cultivated lettuce background)sukted only in plants that were
heterozygous, and not homozygous, for the C9 inésmion. Lethality was also observed.
These plants heterozygous for the introgressiongdatedpreBIL9.1, ‘pre’-suffix indicates
that the introgression is still heterozygously préy were resistant to bof lactucaerace
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Bl:16 and BI:14, while in both Fpopulations plants heterozygous for the C9 in&egjion
were resistant to Bl:16 and susceptible to Bl:14isTresult constituted a remarkable
discrepancy betweern, Bnd preBIL9.1 in the specificity of the resistance

PreBIL9.1 plants showed a remarkable phenotypesofatic lesions on leaves and
stem and retarded growth, especially in winter (Fégl). This observation suggested a
possible temperature-dependent phenotype.

Seedlings homozygous for the saligna C9 introgression (BIL9.1) did arise but
were extremely necrotic and died within a week (Fégl). The apparent lethality effect for
BIL9.1 plants corresponded to the presence of orfgmaplants that were homozygous for
the L. saligna C9 introgression in the,Fpopulations (severe distorted segregations with
preference fot.. sativaalleles for this C9 segment (Jeuken et al. 208itice, of course, the
L. salignaalleles at the C9 locus are not lethal in a gursalignabackground, the lethality
of BIL9.1 plants should be due to one or mbreativaalleles elsewhere on the genome that
epistatically interact with the. salignaallele at the C9 locus, causing extreme necrbsis t
leads to lethality.

Figure 1. ‘Hybrid necrosis’

phenotypes in lettuce.

(A) Completely necrotic
seedling (6A9B) unable to
survive compared to normal
seedling phenotype (6A9A)
grown at 15°C. (B) Detail of
leaf with a high density of
necrotic lesions in 6 weeks
old plants of preBIL9.1
(6A9H) grown under
greenhouse conditions.

All these observations of necrotic lesions, letijaland resistance resemble
previously described cases of hybrid necrosis (Bmsband Weigel 2007) and its
association with resistance, and indicate a gefmetiempatibility due to the interaction of
two or more loci.

Here we provide evidence for the identity of twiehacting loci and their candidate
genes. We furthermore show that there is a relatietween hybrid necrosis and the
resistance response, and we propose a geneticaaduiar model to explain this relation.
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Results

Two epistatic loci are involved in hybrid necrosis

To determine the epistatic loci for hybrid necrosig, focused on the “lethality” of plants
that were homozygous for the salignaC9 introgression in &. sativabackground. We
analyzed the genotypes of the gopulations(L. salignax L. sativacrosses) by sorting for
individuals that were homozygous salignaat the top of C9K39locus), and we found one
such genotype in cross A and seven such genotype®ss B (See Table S1, panel A). All
eight plants were either homozygdussalignatype or heterozygous for a region from about
37 to 42 cM on Chromosome 6 (hereafter referredst&€6, Table S1 panel A). This result
suggested an interactive role for thesativaallele in this C6 segment in inducing necrosis
leading to lethality and absence of this interactiehen at least onk. salignaallele is
present at this C6 locus. This C6 locus segregatechally (1:2:1) in the Fpopulations
(0=0.05 cross Ag=0.01 cross B).

Plant materials and their corresponding Figure 2. Genetic nomenclature of genotypes
genetic codes for locion C6 and C9 4C6 and C9 are Chromosome 6 and 9; all other
A=homozygous L. sativa; blue bar chromosomes are homozygols sativa Olof;
H=heterozygous; yellow bar The C6 and C9 introgressions are 40 and 11 cM
B=homozygous L. saligna ; brown bar long respectively.

Q preNIL9.1 6A9H

d BIL6.1 6B9A

selected F; 6H9H

Nine genotypes in F  from selected F ; To corroborate a role for C6 in hybrid

f NIL9.1xBIL6.1; h @ .
rom preNILS. 1xBILE.1; Coand CO are shown___| o ergsis, we crossed preNIL9.1 and BIL6.1 that

| cover the putative epistatic loci (BIL6.1 has an
6A9A 6H9A 6B9A introgression from 0-42 cM on C6). We used
preNIL9.1 plants instead of pEL9.1 plants
because preNIL9.1 plants have identical
phenotypes for hybrid necrosis and show
6A9H 6HIH 6B9H resistance t@. lactucae but they have a smaller
heterozygous C9 segment (0-11 cM) than
preBIL9.1 (0-48 cM).

The R, progeny from a selected plant
(heterozygous at C6 and C9 loci) segregated,
and by DNA marker analyses we identified nine
genotype classes for which we introduce an

6A9B 6H9B 6B9B

80



RIN4-Rgene interaction in hybrid necrosis

appropriate nomenclature (See Figure 2). We scoefemd, plants that were homozygols
saligna for the top of C9. Besides detecting seedling6A®B genotype that shriveled,
became necrotic and died after a week, we alscciéeteadult plants with the genotypes
6B9B and 6H9B with a normal and a slightly necrptienotype, respectively.

Similar phenotypes and a similar segregation oecuin the progeny of a BS;
line from cross B (backcrosses lo sativg that had a 6H9B genotype. These results
demonstrated that for both salignaaccessionL. sativacultivar combinations, the lethality
due to the homozygous salignaC9 segment was nullified when at least dnsalignaC6
allele was present.

Seeds were collected from the eight differeng&notypes resulting from preNIL9.1
x BIL6.1 cross A; the ninth, 6A9B, was lethal aftarte week (Figure 2). Plants from six
genotypes were further analyzed for their phenatyqmmpared to the original parental lines
L. sativacv. Olof andL. saligna CGN05271 (6A9B plants until they died). Of the six
genotypes, four contained at least one C6-C9 afiale that should lead to at least some
degree of necrosis (6A9B, 6A9H, 6H9B and 6H9H) ana representative lines are
expected to lack a necrotic interaction (6B9A aB®B). Macroscopic symptoms of hybrid
necrosis were extreme for genotype 6A9B, sever&A8H, less severe for 6HIB, and nil
for 6H9H (L. sativa cv. Olof served as reference, Figure 3). The lefehecrosis was
negatively correlated with the dry weight of theamik. We conclude that macroscopic
necrosis only occurred in plants that carry twcsativaalleles at the C6 locus and at least
onel. salignaallele at the C9 locus, or at least dnesativaallele at C6 and twa. saligna
alleles at C9.The most extreme hybrid necrosis phenotype of thiealleseedlings of
genotype 6A9B was explained by twosativaalleles at C6 interacting with twia saligna
alleles at C9.

For cross B we observed macroscopically-similarross phenotypes and a
reduced growth rate for 6A9B and 6H9B. Thereforegrivss B the same epistatic interaction
for hybrid necrosis occurred as in cross A.

Hybrid necrosis is temperature sensitive

Our earlier observations of less severe macrosawgmoosis phenotypes in summer
than in winter suggested that hybrid necrosis wagperature sensitive. Therefore, we tested
the genotypes at 15°C and 30°C. The 6A9B genotype&hadied quickly after germination
at 15°C, survived at 30°C without any necrosis grelv at the same rate hssativaOlof
(Figure 4). At 30°C the genotypes 6A9H and 6HI9B ajsew at similar rates ds sativa
Olof and without necrosis, while at 15°C they shdweduced growth and hybrid necrosis.
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Plant material Hybrid necrosis Resistance levels
genotype © macrosc. microsc.  dry T=17°C" T=19°C', 6 hr 1 24C
specific genetic C C necrosis necrosis  weight © rAUDPC“TAUDPC {rauDPC*rAUDPC®? IS’ IS
name  code 6 level level” Bl:14 Bl:16 Bl:14 Bl:16 Bl:14 BIl:16

] 4+
6A9B N.D. N.D. N.D. N.D. N.D. N.D. N.D.

lethal®

preNIL9.1 6A9H ++ 12.28a 04a 0.03a 000a 0.24a 000a 21 0

[ |
I | o )

6H9B + 0.72b 9.2b 032ab 008a 1.02b 004a 82 2
6HOH [T 050bc 13.3c 0.8labc 025a 1.10bc 0.15a 82 6
BIL6.1 6B9A U |:| 0.39bc 139c 268e 235c 124bc 18lc 89 99
6B9B U D 0.39bc 126c 1.35cd 1.183b 130c 188c 96 98
Lactuca
. |:| |:| 00lc 132c 1.00bc 1.00b 1.00b 1.00b 80 58
sativa
Lactuca
. I 0.29bc 156c 0.00a 000a 0.00a 0.00a 0 0
saligna
BIL4.4 |:| |:| N.D. N.D. 211de 149b 121bc 1.88c 92 98

Figure 3. Hybrid necrosis and resistance levels

Letters in common within a column indicate that tadues are not significantly different
(0=0.05, Tukey HSD procedure).

% Percentage of necrotic leaf area. Per genotypafzskgments x 3 plants were examined.
® Seedling gets completely necrotic and shrivelsrafeveral days

° Dry weight in grams from 11 week old plants grawrhe greenhouse (n=7).

¢ Relative AUDPC from YDT in climate cell calculatéem observations for infection
severity at 8, 10 and 12 dpi. sativaOlof was set at 1.00.

¢ Relative AUDPC from YDT in greenhouse calculateahf observations for infection
severity at 8, 9, 10 and 11 dpi.sativaOlof was set at 1.00.

" Similar results were observed with disease teiits race Bl:14 on cotyledons of these
genotypes.

9 Similar results were observed with four diseassstavith race Bl:14 and BIl:16 on
detached leaf discs from 9 and 12 week old plaitisese genotypes.

" In the climate chamber with day/ night cycles &/12°C (block intervals) and an
average temperature of 17°C.

" In the greenhouse with an average temperaturedgf rhinimal night temperature of
15°C; and the day temperature was 6 hours abov@ 24d 12 hours above 22°C.

! Average Infection Severity level of downy mildew HL dpi on young plant (YDT)
scored as percentage of leaf area showing sporamngies.

¥ graphical genotype of C6 and C9; blue means hogmeyL. sativa brown means
homozygoud.. salignaand yellow is heterozygous.
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Figure 4. Temperature sensitivity of
hybrid necrosis

(A) Average dry weight (n=5, 45 days
old); sat=L. sativacv. Olof (6A9A),
sal = L. saligna (6B9B); 95%
confidence intervals are shown. (B) 7
weeks old C6C9-genotypes, grown at
15°C and 30°C

After seven weeks, we
transferred a selection of plants (6A9B,
6A9H, 6A9A and 6B9B) grown at
30°C to 15°C. The first symptoms of
hybrid necrosis appeared as brown,
necrotic lesions in the youngest leaf at
48 hours for 6A9B and at 80 hours for
6A9H, especially close to major veins
(Figure S2). All leaves of 6A9B plants
started to wilt after five days and
shriveled, becoming completely
necrotic after eight days. For 6A9H
plants similar symptoms appeared but
at a slower rate. Most leaves showed
necrotic spots after eight days and were
completely necrotic and shriveled after
twenty days (Figure S3).

Earlier observations in the,Fpopulation and in preBIL9.1 plants suggested atiogla

between hybrid necrosis (necrotic lesions and lgghaand resistance (see introduction).
Hybrid necrosis is explained by two loci (on C6 a@f) as described above, and this
explanation could be expected for the associate@dtamce as well. However, QTL mapping
for resistance t®. lactucaewith the original k data (Jeuken et al 2001, Figure S1) only
resulted in one race specific resistance QTL effedt Bl:16 but not to Bl:14, namely at C9

and no such QTL at C6.

To investigate whether there is a relationship betwthe resistance response and
hybrid necrosis we performed disease tests withdwweny mildew races on the same C6C9-
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genotypes as used in the experiment for hybrid asérphenotyping. The results of the
disease tests were very similar between the thiae ptages: seedling, young plant and
adult plant. The results for young plants are shwfigure 3.

Most surprisingly, genotype 6B9B was susceptiblédbath downy mildew races,
indicating that thel. saligna C9 introgression does not lead to resistapee se A
discrepancy in the resistance specificity agaiastés Bl:16 and Bl:14, as observed for the F
and preBIL9.1 (6A9H), was observed again, since typ@o6H9H was only resistant to
Bl:16 and 6A9H was resistant to both Bl:16 and BI:1

A complete race-specific resistance to downy mildeee Bl:16 was only observed
in genotypes 6A9H, 6H9B and 6H9H, namely in thespnee of at least one sativaallele
on C6 and at least ohe salignaallele on C9. One possible explanation for thisrapecific
resistance to Bl:16 is the combination ofRmgene and a gene “required for resistance”, one
from L. sativaand the other from. saligna However at present we cannot conclude which
gene is located on C6 and which on C9.

The three genotypes 6A9H, 6H9B and 6H9H showed fiofecseverity levels to
race Bl:14 that ranged from very low to high to aéihthe same level as the susceptible
parentL. sativaOlof at 17° C (Figure 3). With a 2°C higher grovi#mperature, the Bl:14
infection severity levels of all genotypes rosengfigantly, which resulted in only 6A9H still
being strongly quantitatively resistant, while 6H8Bd 6H9H became as susceptible_as
sativaOlof (Figure 3). The resistance to Bl:14 dependedhe number of interactive alleles
at C6 and C9 and also on the temperature, parajlgtie level of hybrid necrosis (necrosis,
reduced dry weight) observed in uninoculated pla(Egure 3). Consequently, we
hypothesized that the interaction betweenRagene and a gene “required for resistance”
triggered a Hypersensitive Response both in thegpee and absence of pathogen attack
(=an autoimmune like response). This quantitativieianmune-like resistance response was
overshadowed in the tests with race Bl:16 by theglete character of the race-specific
resistance. At least orie sativaallele on C6 with at least one salignaallele on C9 was
sufficient to give strong resistance to BI:16.

The correlation between hybrid necrosis, the autaimerlike resistance response
and the race-specific resistance respon&e tactucads consistent with a hypothesis that all
phenomena depend on the same interactive allethe &6 and C9 loci (Figure S1).

In the F, population ofL. salignax L. sativg we detected only one peak LOD value
for race-specific resistance at the C9 locus anmerad the C6 locus (Jeuken and Lindhout
2002) (Figure S1). In hindsight, this absence peak LOD value on C6 in this specifig F
can be explained by the differences being very Isibetween the three genotype classes for
the C6 locus caused by the distorted segregatitimeof9 locus (Table S1, panel B). Normal
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segregation at the C9 locus would have resultedpeak LOD value for resistance to Bl:16
at the C6 and C9 loci (Table S1, panel C).

RIN4 is the candidate gene on C9

EST marker LE0O478 was most closely associated withakistance t®. lactucaeBl:16 in
the F, population, and it was also located in thesalignaC9 introgression of preNIL9.1
(Figure S1). Primer design for LE0478 was based aordig of lettuce EST sequences
(QG_CA Contig7104 in CGP1 database by The Composi@enome Project,
http://compgenomics.ucdavis.edu This contig showed the highest homology with
At3g25070 in a blastx search against ArabidopsisTIGR database (predicted ORFs) of
unigene set, and is known as RIN4, RPM1 INTERACTINGOHFEIN 4. RIN4 is one of the
first and best studied molecules that provide ostecsupport of the “guard” function of an
indirectly workingR gene. RIN4 is a 211 amino acid, acylated, plasmalpnane associated
protein inArabidopsis being a negative regulator of basal defense aridukence target for
three effectors fromPseudomonas syringa@AvrRpm1, AvrB and AvrRpt2), which is
“guarded” by two independent R proteins (RPM1 amBR) (Axtell and Staskawicz 2003;
Ingle et al. 2006; Mackey et al. 2003; Mackey ePaD?2).

We obtained the full cDNA sequences of the RINdla$ from our parental linds
sativaOlof andL. salignaCGN5271 and from the wild lettuce spediesirosaCGNO05978.
From each Lactuca species we detected two RIN4drghsersions with different lengths
of 735 and 732 base pairs long (from start to stapon, named Transcriptl and Transcript2),
due to a CAG indel at base pair position 705; thduded amino acid sequences are 244 and
243 amino acids lon@®y sequencing the genomic DNA we detected only geree version
in L. sativaandL. saligna thatwith the CAG sequence. An alternative splicing eveninsee
responsible for the two transcript versions (segufei S4).The deduced RIN4 amino acid
sequences showed six amino acid differences betlesativaandL. saligna (Figure 5,
panel A).L. virosacontained at the six mentioned specific polymargiies four times the
same amino acid ds sativaand two times the same amino acidLasaligna (Figure 5,
panel A).
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A

Lsativa - - -
Lvirosa Kl\/l NPNDPQENPENFADKTPPTPPRSRPQP - -
Lsaligna qKM NPNDPCENPENFADKTPPTPPRSRPQP - -
At 3925070 |- VPKFCNV\ NVPYTRYFD NTIRAP NDPE){

Lsativa
Lvirosa
Lsal i gna
At 3925070

Lsativa
Lvirosa
Lsal i gna
At 3925070

Genotype classes
6A9A  6A9H 6B9B

Construct L. sativa preNIL9.1 L. saligna
water 1002 0 0
Empty vector 95 0 0
pTRV2-leRIN4 88 52P° 0

Figure 5. RIN4is the candidate gene on C9

(A) RIN4 homologues fronk.. sativa L. saligna L. virosaandA. thaliana(At3g25070).
The deduced amino acid sequences of letRidé4 transcript2 were aligned using the
Clustal W software. Transcriptl has one extra ansicid, a glutamine, Q, between the
lysine, K, and the cysteine, C, at positions 236 287 (not shown). Conserved residues
betweenA. thalianaandLactucaspecies are shaded in black, conserved residubs wi
Lactucaspecies are shaded in grey. Orange and greendshadeo acids highlight amino
acid differences betwedn salignaandL. sativg while L. virosahas at this position the
same amino acid ds sativaor L. saligna,respectively.

The blue lines represent AvrRpt2 cleavage sité®Ii of A. thaliana(Chisholm et
al. 2005). The red line marks the DNA sequence W engineered into pTRV2 vector
for VIGS silencing experiments.

(B) Transient expression witRIN4 alleles/ transcripts infiltrated ib. sativacv. Olof (8
days post infiltration). Per genotype class, 5 @an2 leaves. Alleles: sat= sativg sal=

L. salignaand vir=L. virosa.T1 and T2 ar&IN4transcript versions 1 and 2. Infiltrations:
B= empty vector, C= PsojNIP, D= RIN4salTl, E= RIEAR, F= RIN4satT2, G=
RIN4satT1, H= RIN4virT1 and I= RIN4virT2

(C) Relative Infection Severity (RIS) tB. lactucaeBl:16 of RIN4 silenced lettuce
genotypes by VIGS® The absolute infection severity of 6A9A, sativacv. Olof, was
82% at 10 dpi in Young plant Disease T&sthe infection severity was estimated for the
entire leaves, although we could not observe whetteeentire leaf was silenced fietN4.
Therefore the presented RIS value may underestithateffect of the silencing.
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The RIN4sal T2 allele causes necrosis

To examine whether one or both RIN4 proteins ftarsalignawere directly involved in the
hybrid necrosis,Agrobacteriummediated transient assays were executed to oygesx
different RIN4 transcripts. Transcript2, but not Transcriptl, le#lt. salignaallele of RIN4
(RIN4salT2 caused a severe necrotic reactiorLinsativa plants harboring thé. sativa
allele at the C6 locus (Figure 5, panel C and T&l2lp Neither of th&kIN4 transcripts ot..
sativa and L. virosa caused necrosis. As the amino acid sequence of.tvgosa RIN4
protein is intermediate betweén sativaandL. saligna the polymorphic amino acids in the
L. salignaRIN4 protein are now reduced from six to four (Kig5, panel A).

Silenced RIN4 impairs resistance

To validate the involvement d®IN4 in the hypersensitive resistance response of difter
C6C9 genotypes tB. lactucae we reducedRIN4 transcript levels by VIGS and challenged
these plants wittB. lactucaeBl:16. The silencing oRIN4 did not cause abnormal plant
phenotypes in any of the tested genotypes. SilgnafrRIN4 rendered resistant preNIL9.1
(6A9H) susceptible (Figure 5, panel C). This resalfirms thatRIN4 is involved in theR
genemediated resistance reaction.

We propose that the candidate gene on the C9 messipn is thé.. salignaallele
of RIN4, which is known to be a virulence target and iarded by R genes iirabidopsis
ThereforeRIN4 represents the gene that is “required for resigfarand is also a partner in
the two-locus interaction leading to hybrid necsosi

R gene may be the candidate gene on C6

As the candidate gene on the C9 locus iRii4 gene, we presume that the candidate gene
at C6 is most likely aiR gene fromL. sativa There are no resistance genes against downy
mildew or any other pathogen yet mapped in lettut€6 (our Chromosome 6 corresponds
with linkage group 8 of the integrated lettuce m@puco et al. 2007). The smallest
introgression region on C6 associated with hybedrasis lies between marker E35M48-
399 b at 37 cM and marker E54M48-154 b at 43.5 chjufieé S1). In the search for
candidateR genes we selectddGC3 and RGC4 which have been reported as resistance
gene candidates by PCR with degenerate primersd bmseheDm3 gene against downy
mildew (Shen et al. 2002RGC3andRGC4do not map to any of the four resistance clusters
in lettuce and have been reported to co-segregéttermarkers that map at a linkage group
that corresponds to our Chromosome 6 (Shen et082)2 PCR markers, developed for
RGC3andRGC4(GenBank accession numbers AF017753 and AF01##8aped to C9 32
cM and C6 62 cM, respectively, i.e. not in or near C6 locus, 37-42 cM.
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Genetic and molecular model

The results on hybrid necrosis and the resistanad thfferences to botB. lactucaeraces
between C6C9 genotypes are visualized in our peipogenetic model (Figure 6).
Analogous to RIN4 inArabidopsis we assume that in lettuce the RIN4 protein i® als
guarded by an R protein (gene on C6) and that RéNsttarget for pathogen effectors that
can modify it (e.g. by phosphorylation or degradiatas inArabidopsis P. syringag. This
R-RIN4 protein communication can be influenced leguence variants of the partner
molecules or by the action of a pathogen effe@sulting in the Hypersensitive Response.

For our model we introduce the definition “guardicapacity”, which refers to the
capacity of an R protein to watch over its targeitgin, perceive any modifications and
trigger a Hypersensitive Response.

In the present case, two aspects of hybrid necargsstill unsolved and need a
molecular explanation: 1) The gene dose of intergdilleles at the C6 and C9 loci parallels
the level of autoimmunity (necrosis, reduced dryighte quantitative resistance to Bl:14),
but of the two genotypes with three interactingelaeh, 6H9B has a considerably lower
autoimmunity level than 6A9H; 2) The genotype witlotinteracting alleles, 6H9H, shows
race-specific resistance to BIl:16, but does notvstuay level of autoimmunity.

R-RIN4 model in relation to:

s Hybrid necrosis "N/~ Resistance reactionto B. lactucae I

A A [N AA B A A EA M Bl:14 BI:16
Woo || A8 A8, |80V
* (KA L. - o0 “
Veee | pee Teehe Teehy
6A9B—NL extreme| | 6A9H— NL high 6A9H— quantit. R | |6A9H—complete R

n

C?» A Aﬂ D A A G A A Bl14 | 4 A BI:16
AAAA
2520 || 844 8800 MSNuT
* % % @O ¥ & OO ¥ ¥ e <
\AA YV VN YVvN VVV‘%‘
6H9B—NL low 6H9H— NL zero 6H9H— S 6H9H—complete R
@ P— RN QV #’?
V V<—guardingR @
L sativa L. saligna RIN4 forms recognized by Effector BIl:16 recognizes
Rsat that triggers HR and modifies RIN4sal
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Figure 6. Proposed genetic and molecular model for hybeicrosis and resistance Bo
lactucaein lettuce (at lower temperatures < 30°C).

Abbreviations: “sat” and “sal” refer tb. sativaandL. salignaalleles or protein versions;
“NL” means necrosis level; “S” means susceptiblR’ ‘means resistant, “quantit. R”
means quantitative resistant.

Genotype codes A= homozygaussativa H= heterozygous, B= homozygolussaligna.
Assumptions for the model: 1. There is an abundaf&eprotein to guard its target RIN4.
2. “guarding capacity’= the capacity of an R protéd watch over its target protein,
perceive any modifications and trigger a HyperderesiResponse .To explain the lower
hybrid necrosis level of 6H9B (Rsat+RsabRIN4sal) compared to 6A9H (Rsat
—RIN4sat+RIN4sal), the guarding capacity of Rsal RiIN4sal must be higher than of
Rsat. If the guarding capacities of Rsat for bothRalleles were the same, the same
necrosis level would be expected for 6A9H and 6H9B.

Proposed guarding capacities to illustrate thisollypsized model are - RIN4sat is
guarded best by its own Rsat and RIN4sal is guabdstl by its own Rsal, both a 100%
guarding capacity; and - RIN4sal can be guardeRsat with a 50% guarding capacity.

R-RIN4 model in relation to hybrid necrosis: L. sativaandL. salignaRIN4 proteins are
guarded by their native R proteins, no modificagiane sensed, and no activation of HR is
triggered (not illustratedA: Half of all RIN4 proteins is sensed by Rsat ang i
activated extremely, visible as extreme and ldtlyakid necrosisB. A quarter of all RIN4
proteins are sensed by Rsat and HR is activatallyias severe hybrid necrosi€.
Majority of RIN4sal is guarded by its own R proteitue to the higher binding capacities.
Minority of RIN4sal is sensed by Rsat and HR isvated, visible as light hybrid necrosis
(16 instead of 8 R proteins were drawn here, téebellustrate the result of guarding
capacity differenced). RIN4sat and RINsal are guarded by there own Reprs.

R-RIN4 model in relation to resistance reactié The autoimmunity induces constant
HR (See B) and quantitative resistance to BIA.4An effector of Bl:16 recognizes and
modifies RIN4sal (and not RIN4sat), which is senbgdhe R gene, leading to activation
of local hypersensitive response resulting in catgplresistance to Bl:16, masking the
quantitative autoimmune-like resistance respoilkestrated in E. G. The plant is
susceptible as its infection is not stopped by fomn of HR. H. An effector of Bl:16
recognizesand modifies RIN4sal (and not RIN4sat), which issssl by the R gene,
leading to activation of local hypersensitive rasgpm resulting in complete resistance to
BI:16.

We have developed a hypothetical molecular modelxygain these two aspects.

We hypothesize that aspects 1 and 2 are only edgécif all three of the following
assumptions hold true: 1) there is an abundandé® mfotein to guard its target RIN4 in all
genotypes; 2) the guarding capacity of an R prdigirits native RIN4 is higher than for a
nonnative RIN4; and 3) only tHe salignaRIN4 is modified by a Bl:16 effector, and only
theL. sativaR perceives this modified RIN4 and triggers a HR.
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The higher guarding capacity bf salignaR forL. salignaRIN4 than ofL. sativaR
explains the lower autoimmunity level for 6H9B. d&ie 6, panels B and C). If the guarding
capacities ot.. sativaR for bothL. sativaandL. salignaRIN4 proteins were the same, the
same necrosis level would have been expected fBHG#d 6HIB.

The higher guarding capacity &f sativaR for its native RIN4 than for the.
salignaRIN4 explains the absence of an autoimmune likparse in 6H9H (Figure 6, panel
D).

Discussion

Earlier studies showed that hybrid necrosis casesrastly due to two interacting genes,
causing some autoimmune-like responses (Bomblids\&keigel 2007). In at least two cases,
one of the interacting genes was demonstratedggested to be aR gene (Bomblies et al.
2007; Kriger et al. 2002). In the present studyettace, the interacting pair of genes is.a
sativaallele on C6 interacting with la salignaallele on C9. The C9 gene was demonstrated
to beRIN4, most probably interacting with &gene on C6.

In the absence of infection, tikegene interacting with thie. salignaallele ofRIN4
tends to trigger an autoimmune-like response maomeally visible as the hybrid necrosis
phenotype. This autoimmune-like response causesma-specific resistance B lactucae
(demonstrated for Bl:14). The severity of the autoune-like response depends on the gene
dose of interacting alleles and the presumed higbarding capacity of an R protein for its
native RIN4 than for a nonnative RIN4 (See the gersnd molecular model in Figure 6).

In the presence of infection, thiggene apparently requires tRéN4 allele of L.
saligna to confer complete HR resistance to Bl:16. We msstthat a pathogen effector
recognizes and modifies RIN4sal (and not RIN4sat)ich is sensed by the. sativaR
protein, leading to the activation of a completealoHR resistance to Bl:16. Such indirect
interaction between a pathogen effector and and®jor via RIN4 was demonstrated for
AvriRpml and AvrB versus RPM1, and AvrRpt2 versusSRPin the Pseudomonas
syringae Arabidopsis pathosystem (Axtell and Staskawicz 2003; Mackeyale 2003;
Mackey et al. 2002).

The R protein in lettuce may guard and interact wittendogenouk. sativaRIN4
to protect the plant from some pathogen, but mmhfthe pathogeB. lactucae(at least not
the known and described races Bl:1-Bl:24, Table S3).

A difference of only a few amino acids betweersalignaRIN4 andL. sativaRIN4
was sufficient to initiate interaction between RIaRIN4. We hypothesize that during the
speciation of a commadractucaancestor intd.. sativaandL. saligng this R-RIN4 complex
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has diverged. Iih. saligna,a Bl:16-specific effector modifies RIN4, but thepRotein does
not recognize this modification anymore. Assalignapossibly developed into a non-host
species, relying on a different resistance mechaeisplained by QTL rather thdgenes,
there was no selective advantage for a functi®gne (Jeuken and Lindhout 2002; Jeuken
et al. 2008) (Chapter 2). In sativa,a Bl:16-specific effector either does not modifiNR

or it modifies RIN4 in an unperceivable way; consenfly RIN4 is not recognized by its
native R gene. The divergence of this R-RIN4 complex hasllted in a genetic
incompatibility in the form of hybrid necrosis.

This R-RIN4 complex seems conservedLinsativaand L. salignaas the same
hybrid necrosis was demonstrated for two differpatent pairs (cross A and B). More
knowledge about the allele frequency of hgene and about polymorphismsRiiN4 alleles
in the Lactuca germplasm will give us more insightoi the events leading to this
diversification and the molecular evolution of ReRIN4 complex.

In ArabidopsisRIN4 has been demonstrated to be a negative tegudé basal
defense and a target for pathogen effectors. Quatystiemonstrated that RIN4 may also
contribute to speciation by its involvement in highmecrosis.

Experimental procedures

Material

Lettuce material

L. sativaandL. saligna

Two crosses were made between wild lettucealignaand cultivated lettuce. sativa L.
salignaCGNO05271 x.. sativacv. Olof (cross A) andl.. salignaCGN11341 X_. sativacv.
Norden (cross B). From both crosses thenBs selfed and backcrossed to its recurkent
sativaparent. The selfed;Fesulted in an Fpopulation of 126 and 54 plants from crosses A
and B, respectively. The genetic linkage map anectidn severity levels in adult plants to
downy mildew in the fpopulations were described in (Jeuken and LindB602; Jeuken
et al. 2001). Both BCpopulations were further backcrossed with theeetpe cultivated..
sativa parent until the Bggeneration. For cross B, we selfed the,B@d genotyped the
BC,S,. For cross A we developed a set of Backcross thhiees (BILs) from the BGS;.,
and BGS,., by Marker Assisted Selection. This resulted ined of 29 BILs that was
genotyped with more than 700 DNA markers (AFLP, E&fd SSRs) and covers 96% of
theL. salignagenome (Jeuken and Lindhout 2004). Most BILs capthione homozygous
introgression fragment of the wild species withaaerage genetic length of 33 cM (about
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20-40% of a chromosome) inLa sativaOlof background. For some lines it was not possibl
to obtain the introgression in a homozygous statkthe best alternative was a line with the
introgression in heterozygous state. We desigrtaese lines “preBILs”.

An overview of lettuce material is shown in Table S3

C6C9 plant materials

PreNIL9.1 showed hybrid necrosis and containedh@terozygous introgression, from 0-11
cM on Chromosome 9. This line was designated Nesagdnic Line (NIL) as the
introgression size was smaller than the introgosssi preBIL9.1 (introgression from 0-48
cM) from which it was derived. BIL6.1 harbored or@ozygous introgression from 0 to 42
cM on Chromosome 6.

From a cross between preNIL9.1 and BIL6.1, aplgnt that was heterozygous for
both loci was selected and was selfed. Thepegeny segregated according to classical
genetics in nine different genotypes for the twa tm Chromosome 6 and 9. For facilitating
a description of the results we introduce genaiites for these nine genotype classes of the
F, progeny (see Figure 2). By genotyping theoF preNIL9.1 x BIL6.1 we identified the
nine genotypes and after selfing we harvested seedept from one genotype that was
lethal. These eight viable genotypes consisted reethomozygous lines and five lines that
segregated at one or both chromosome regions (§aeeR2). Six of these nine genotypes
were used in all following experiments described.

Pathogen material

The complete virulence spectrumBf lactucaeraces Bl:14 and BI:16 is described
in (Jeuken and Lindhout 2002) and in the evaluatgport by the International Bremia
Evaluation Board (IBEB).

B. lactucaeraces were maintained on lettuce seedlings at,18°Q00% relative
humidity, and in cycles of 16 h light/8 h darknedter inoculation withB. lactucaeconidia
(Jeuken and Lindhout 2002).

Methods

Linkage analyses, genotyping and QTL mapping

Additional markers, preferably codominant ones,enggcessary to saturate and improve the
genetic linkage map of thke. saligna x L. sativa cross in general, especially near the
interactive loci. Therefore, marker analyses wesdgsmed on the fpopulation of cross A.
Markers consist of AFLP markers from two primer camations E48M59 (primer+CAC,
Primer+CTA) and E33M59 (Primer+AAG, Primer+CTA), S$&irkers and EST markers
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that were developed from lettuce EST sequences bgahgositae Genome Project (Table
S4, http://compgenomics.ucdavis.efluPolymorphisms of EST and SSR markers between
saligna and L. sativawere visualized by the size differences of the@RPproducts on
agarose gels (directly or after enzyme digestisrjescribed in Jeuken et al, (2008).

Linkage analyses were performed by using JoinMapsdf@vare (Van Ooijen 2006)
on the K population of Cross A with the following mappingnaitions. For grouping,
Regression Mapping was used with weak linkagesmbawation and LOD thresholds of
0.45 and 0.05. Markers were assigned to nine liakaigpups at a LOD threshold of 8.
Calculations of the linkage maps were done by ualhgair wise recombination estimates
smaller than 0.40, LOD scores higher than 1, a jtimgshold of 5, and Haldane’s mapping
function. As the integration of former linkage mdps F, populations from Cross A and B
showed high co-linearity with respect to markeresrdnd distance, we consider the linkage
map for cross B to be identical (Jeuken et al. 20@®notypic nomenclature is as follows:
A= homozygoud.. sativg H=heterozygous, B=homozygolssaligna

To fine map the race-specific resistance to the Rglinkage map we performed
QTL mapping procedures like simple Interval Mappingd aapproximate multiple QTL
mapping (MQM) by MapQTL 5.0 (Van Ooijen 2004).
All plant material used in the following describexperiments was genotyped for C6 and C9
with a minimum of 8 DNA markers (combination of ESISR and AFLP markers) per
introgression segment at an early plant stageléctstne desired genotypes.

Phenotyping hybrid necrosis
Plants were phenotyped by observing cotyledonseavds for macroscopically visible
necrotic lesions or areas. Plants were categorammbrding to a general impression of
abundance and size of necrotic lesions compareth&y plants under the same conditions.
A microscopic evaluation was performed to quaritify level of necrotic leaf area.
Three plants per genotype were randomly grown irearthouse at 16%or five weeks. The
4" true leaf from each plant was sampled by cuttimg leaf segments, 1x2 cm in size. Leaf
segments were discolored for three days in aceta/ethanol solution (viv=1:3) and then
cleared and stored in saturated chloral hydratetisal (5 g / 2 ml). The cleared samples
were mounted in 70% glycerol. Slides were obsemeder the light microscope and the
necrotic area was recognized by cytoplasm grammasind darkening with a yellow or
brown color. The necrotic area was captured throagiigital camera and measured by
AxioVison LE. 4.6 (Carl Zeiss) inm® The percentage of necrotic area per leaf segmasit w
calculated. For multiple comparisons of the per@gatof necrotic area and the dry weights
per genotype, we used two-way ANOVA and the Tuk&PHest ¢=0.05).
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To quantify the retardation of growth, dry weightsnaeasured from 11-week old
plants that were grown in a randomized block desigma greenhouse. Seven plants per
genotype were examined. Above-ground parts wergebted and dried for 16 hours at
105°C. Weight was measured in grams per plant. iraltiple comparisons of the dry
weights between genotypes, we used one-way ANO\Wtla@ Tukey HSD test(=0.05).

Resistance levels

To measure the level of infection severityBemia lactucagace Bl:14 and race Bl:16 on
different genotypes at three plant developmentajest, we executed Seedling Disease Tests
(SDT) (14 seedlings per genotype), Young plant Bie€kests (YDT) (8 plants per genotype)
and Adult plant Disease Tests in the Greenhouse AT plants x 8 leaf discs per
genotype) (Jeuken and Lindhout 2002) (Chapter 2).

For all three disease tests (SDT, YDT and ADinfection severity levels were
scored daily between 8 and 11 dpi as the percentafgesporulating area per
cotyledon/representative leaf/leaf disc. For eash the Area Under Disease Progress Curve
(AUDPC) was calculated. The relative AUDPC was daled as relative to the susceptible
control parent.. sativacv. Olof (set at 1.00). For multiple comparisofishe AUDPC data
between genotypes, we used one-way ANOVA and Tuk& kests ¢ =0.05).

Young plant Disease Teqf¢DT)

Attached leaves were tested from young, three to feeek-old plants. One test with race
Bl:14 and one test with Bl:16 were performed ifimate chamber. In parallel, one test with
Bl:14 and one test with Bl:16 were performed in reaephouse compartment. The same
inoculum was used for the tests with Bl:14 andtffer tests with Bl:16. The temperature was
conditioned during growth and after inoculationbath locations, which is of course more
variable in the greenhouse due to a natural day/migcle (in June: 17 h day/7 h night) and
natural light conditions. In the greenhouse theperature ranged gradually with a lowest
point of 15°C during the night to a peak of 29°@iabn during day; the average was 18.6°C.
In the climate cell the temperature shifted in kkbfrom 19.6°C in the artificial day of 16
hours to 12.3°C in the artificial night, with anes&ge temperature of 17.2°C. Representative
leaves of young plants were scored at 8, 9, 10lardpi.

RIN4sequences

We used Qiagen RNeasy plant mini kit with on coluiNase treatment per the
manufacturer’s directions for RNA isolation and di$gcript for cDNA synthesis (Bio-Rad).
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Additional exon DNA sequences of RIN4 from threttuee genotyped,. sativacv Salinas,
L. serriolaaccession UC96US23, ahdsalignaCGN5322, were provided by Leah McHale
(Michelmore lab UC Davis). Additional cDNA sequencef ESTs homologues to RIN4
from L. virosaandL. salignawere selected from the Compositae Genome Projatatase
(http://compgenomics.ucdavis.edu/). Based on thesguences, internal oligonucleotide
primers and two primers at the start and the enth@fcDNA sequence of tHeIN4 gene
were designed (Table S5). In subsequent PCR expasméhe cDNA and genomic
sequences spanning the complete open reading fri@fdss) ofRIN4 were obtained fok.
sativacv. Olof,L. salignaCGN05271 andl.. virosaCGN05978.

Agrobacteriummediated transient assays

Transient assays were executed to overexpress afiff@IN4 transcripts. Total RNA
isolation and cDNA syntheses were described abiewklength cDNAs encoding thRIN4
alleles (sat, sal, vir) and transcript versions,(T2), RIN4satT1, RIN4satT2, RIN4sa|T1
RINsalT2 RIN4virT1 and RIN4virT2were amplified from lettuce cDNA from leaves laf
sativa cv. Olof, L. saligna CGN05271 andL. virosa CGN05978. PCR products with
proofreading enzyme Phusion DNA polymerase (Finreg)nwere cloned into pENTR/D-
TOPO entry vector (Invitrogen), followed by recondtion into the GATEWAY" T-DNA
binary vector pK7WG2 (Karimi et al. 2002) by LR ciése (Invitrogen). The resulting binary
vector pK7WG2 with target genes were electroporatéal anA. tumefacienstrain C58C1
(pGV2260).

The A. tumefacienstrain C58C1 (pGV2260) and the strain containrgRsojNIP
gene cloned in the binary vector pB7WG2 were predidby G. Van den Ackerveken
(Utrecht University). PsojNIP is a necrosis-indggprotein fromPhytophthora sojaéQutob
et al. 2002). LB medium (bacteriological peptong/LONaCl 10g/L;yeast extract 5g/L) was
used for liquid and solid (15g/L agar) bacterialtards. Spectomycine (50mg /L) was used
to maintain pB7WG2 iA. tumefaciens

Two independent experiments were performed. Plaate @rown in a greenhouse
at 21 in the daytime and at 109n the nighttime until the sixth to seventh letfge. The
5" and @' true leaves were infiltrated. The culture preparaend leaf infiltrations were
performed as described by (Wroblewski et al. 2005).

Virus Induced Gene silencing (VIGS)

In the first place, a VIGS protocol was adapted l&ttuce. Next, the VIGS approach was
used to validate the potential involvementRiN4 in the resistance responseBRolactucae
Bl:16.
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Lettuce is a host for tobacco rattle virus (Mojtahetdal. 2003). We examined the
ability of the tobacco rattle virus (TRV)-based VI@&ctor of Dinesh Kumar to suppress the
expression of the endogenous phytoene desaturaseRRS of lettuce inL. sativaandL.
saligng following the protocol for tomato(Liu et al. 20Q2&u et al. 2002b). Details on the
construction of above clones are given below.

In the initial experiments to set up the TRV-VIGSstgm for lettuce, two
independent sets of infiltrations were performedh\20 L. sativaand 20L. salignaplants
infiltrated with a mixture ofAgrobacterium culture containing the pTRV2®BDS and
pTRV1. The same numbers of plants were also infttalvith the pTRV1 and empty
pTRV2 (empty vector control) and mock infiltratedthviwater. Twenty-three days post
agro-infiltration the expected photo-bleaching phenetypaused by inhibition of carotenoid
synthesis, and was observed on thetat 14" leaf in L. sativaand on 3 to 10" leaf inL.
saligna on at least 75% of the plants (Figure SBPS suppression effect was visible
uniformly throughout the entire leaf (Figure S5pecially for §' to 8" leaves ofL. sativa
and ¥ to 5" leaves ol.. saligna

We validated the silencing by measuring the trapstevels for lettucdPDSusing
a quantitative RT-PCR. Primers that anneal toRB& gene outside the region targeted for
silencing were used (primer pair le-PDS-RT3 Table. &&periment was conducted in an
iCycler MyiQ detection system (Bio-Rad), using tReSYBR Green Super mix (Bio-Rad).
Assays were done in duplicate. Relative quantificatof Le-PDS transcript level was
normalized to results from the lettuce ubiquitimizol by applying the 2 formula. Three
plants for each group and RNA target were analyZBokey Honestly Significant
Differences (HSD) test with=0.05 was applied for pair-wise multiple compars@etween
the groups.

After confirming the effectiveness of the VIGS apgch (Figure S5 and Figure S6),
a new TRV construct pTRVE2RIN4, was made with 285 base pairs fragment of lettuce
RIN4 (Figure 5). In several independent experimentantsl were agro-infiltrated with
pTRV2{eRIN4 and 30 days after agro-infiltration the plants everhallenged withB.
lactucaeBl:16 as in a normal Young Plants Disease Test (Y&2E description disease tests).
Infection severities were measured and analyzedeasribed (see method disease tests).
Similar trends were displayed in different expernitse Detailed results of one experiment
are presented.

Plasmid construction VIGS
pTRV1 and pTRV2 VIGS vectors have been describddlinet al., 2002). pTRV2-lePDS:
a 315-bp fragment of PDS cDNA fragment correspogpdin bases 1334-1648 of lettuce
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PDS gene (Contig CLS_S3_Contig8919) was PCR anmplffiem L. sativacv. Olof cDNA
using Taq DNA polymerase and the primer ga#PDS1 (Table S5)The resulting PCR
product was cloned into the pGEM-T Easy vector as ritest by the manufacturer
(Promega) and later was ligated into EcoRI-cut pTRV2.

pPpTRV2-leRIN4: a 285-bp fragment of RIN4satT1 cDNAgn@ent corresponding to
bases 451-735 of lettuce cDNA (Figure 5) was PCRIiéied from lettuce cDNA using Taq
DNA polymerase and the primer pair RINA_TOT (Tablg. S4e resulting PCR product was
digested with EcoRI and the 285 fragment was ligatedlEcoRI-cut pTRV2.

Agro-infiltration

For Agrobacterium tumefacienmmediated virus infection, cultures Af tumefacien&V3101
containing pTRV1, empty pTRV2 vector control, andleaf the constructs derived from
pPpTRV2 were grown, harvested and subsequently iafdtt as described (Bai et al. 2008;
Van der Hoorn et al. 2000). The infiltration wasfpamed on the abaxial side of both
cotyledons of each lettuce seedling at nine dags abwing using a needleless syringe. The
infiltrated plants were grown under normal greergguaonditions (20°C daytime and 18°C
nighttime), and were checked for virus symptomsegtlar intervals. The only symptoms of
TRYV infection were the restricted plant growth comgubto mock infiltrated plants.

Temperature sensitivity test

Per genotype class eight plants were grown in damaized design at 15°C and at 30°C in
identical climate chambers with identical condisagxcept for the temperature. Plants were
weekly observed for necrotic lesions or any othmarant phenotypes. After 45 days the dry
weight of five plants per genotype was measuredeasribed above. Forty-nine days after
sowing, plants of four genotypes, grown at 30°Crewteansferred to room temperature for
21 hours, and next to 15°C. The plants were monitesery 12 hours until 14 days for
necrotic lesions or any other aberrant phenotypes.

Endnotes:

Author contributions: M. J. W. Jeuken and N. W. @falesigned the experiments and analyzed
the data; M. J. W. Jeuken, N. W. Zhang, K. Pelgeod E. den Boer performed the research; and
M. J. W. Jeuken wrote the paper.
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Supplementary Figures and Tables
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Figure S1 Map positions of hybrid necrosis loci.

Maps with the two interactive loci on chromosomerl 9 (C6 and C9) and the LOD
profile for racespecific resistance on C9BolactucaeBl:16 (formerly designate&®39.
Genetic map is based on ffom L. salignax L. sativa The grey bars show the two
smallest fine mapped segments that are associaitbd hwbrid necrosis based or, F
populations and introgression lines from cross 4 Bn

The LOD profile of race specific resistance Bo lactucaeBl:16 (solid bullets) and
susceptibility to Bl:14 (open diamants) is showm €9 with one LOD and two LOD
support confidence intervals (approximate multiQi€L mapping, MQM). The highest
associated marker is underlined and bold. LEO4®Bi@nderived markers (LEO478INT,
LEO478indel not shown) all mapped at the same iposit

6A9B 6A9H

Figure S2 Hybrid necrosis symptoms in youngest leaf aftemperature shift.
Observations on genotypes classes with extremewueras hybrid necrosis symptoms at
lower temperatures: 6A9B and 6A9H, in hours afteft rom 30° to 15°C. Left: detail of
necrotic cells in 6A9B appearing near the majonseRight: time frame of appearance of
necrotic lesions in a 6A9H leaf.
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Figure S3  Hybrid necrosis
symptoms in whole plants after
temperature shift. Observations on
genotypes classes with extreme to
severe hybrid necrosis symptoms at
lower temperatures: 6A9B and 6A9H,
and genotypes with no hybrid
necrosis symptoms 6A9A. sativa
Olof and 6B9B doubleBIL6.1+9.1, at
5 and 17 days after a shift from 30° to
15°C.
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Figure S4 Proposed alternative splicing of RIN4.

The proposed alternative splicing event that @didifferent 3’splice sites within the
second intron at a ‘TAGCAG’ sequence leading to tremscript versions ih. sativg L.
salignaandL. virosa Transcriptl and transcript2 arose from a spliter édhe ‘TAG’ and
the ‘CAG’ motif, respectively. This results in oegtra amino acid, namely glutamine at
position 237 in transcriptl.

99



Chapter 5

Figure S5 Silencing of PDS in lettuce by VIGS

L. sativaOlof andL. salignaCGNO05271 at 23 days after infiltration. Infectiaith TRYV-
lePDSsilences endogeno®DSand causes inhibition of carotenoid biosynthesssiiting

in photo-bleaching phenotype.
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Relative amount of Le-PDS transcripts in
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difference between groups40.05, Tukey HSD test).
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Figure S6. Real-time
PCR expression data
of Le-PDS in lettuce
leaves.

mean * s.d., satd.

sativa cv. Olof and
sal= L. saligna

CGNO05271. PDS
means leaves showing
photo bleaching for
75%-100% leaf area;
EV means infiltrated
with  empty vector
(leafs are green).
Letters in common,
above the error bars,
indicate no significant
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Table S1.F, Segregation ratios (pan&) and real infection severities B lactucaerace
Bl:16 per genotype class at epistatic loci C6 arfl (BanelB). Predicted infection
severities per locus in case of nhormal segregattios are shown in Pan€l White bold
numbers indicate low infection severities (resisespecific to BIl:16). Italic numbers
indicate predicted values.

A. Segregation ratios

F, cross A F cross B

co? co?
c6* A H B tot ce* A H B tot
A 20 12 0 32 A 5 0 0 5
H 27 25 0 52 H 5 24 2 31
B 18 10 1 29 B 2 10 5 17
tot | 65 47 1 113 | tot 12 34 7 53

B. Infection severity’

co? co?
ce* A H B tot ce* A H B tot
A 2.19 137 | A 2.53 2.53
H 1.96 127 | H 2.33 0.81
B 194 150 113 176 |B 3.33 1.23 1.00 141
tot | 203 0.60 1.13 tot |258 0.76 0.71

C. Predicted infection severity per locus in case oformal segregation
ratios (1:2:1 and n=112§

C9?
ce® A H B tot
A | 219 0.55°
H 1.96 0.76

B 194 150 1.13 152°
tot | 201 064 028

@Epistatic loci at Chromosome 9 (C9) around 8 cM &fdomosome 6 (C6) around 40 cM.
A=homozygoud.. sativg H=heterozygous, B=homozygolssaligna

® From 126 k plants 13 plants could not be classified as thtg@e was unknown for one or
both loci.

¢ From 54 E plants 1 plant could not be classified as the tgrgowas unknown for both loci.

4 Average infection severity per genotype classgtasn one (cross B) and two (cross A)
disease tests witB. lactucaeBl:16. Scoring classes ranged from 0-4, resistargusceptible
(class 0: no sporulation, class 1: 1-25% of leat direa sporulates; class 2: 26-50%; class 3:
50-75% and class 4: 75-100%; Jeuken and Lindhdd@)20
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® Predicted average infection severities per gereotyass per locus. The values of the seven of
the nine genotype classes are used from the real(dee above). The values for genotype

6H9B was predicted to be 0, based grtioss B. The value of genotype 6A9B was predicted
to be 0, as 6A9H and 6B9H were both 0. A normatesgation ratio of 1:2:1 for both loci and

112 K individuals were used for calculations.
In panel C , the predicted infection severitiestfe genotypes at the C6 locus show a larger

difference between B genotypes and the A or H ggmastin case of normal segregation ratios
than in case of the real segregation ratios in I[pBn&his implies that a higher LOD value at
the C6 locus would have been detected in caserafalsegregation.

Table S2.Transient expression &IN4alleles and transcripts. Macroscopic observations
at leaf area at 8 days after infiltration. ‘+'= nesis phenotype, ‘—‘= no symptoms . dat=
sativaallele, sal=L. salignaallele, vire_. virosaallele, T1 and T2 are transcript versions 1

and 2.

RIN4alleles/transcript controls
sal | ) Pso
_ sat sat sal vir vir wate )
line genotype T2 eV |jNI
TW T2 T4, T1 T2 r
P
L. sativa®  6A9A - - - o+ - - - -+
L. saligna’ 6B9B - - - - - - - =
BIL6.1+9.1 - - - - - — — _
g 6B9B +
BIL6.1" 6B9A - - - - - - - =

2 Alleles: satt. sativa,sal=L. saligna,vir=L. viros.T1 and T2 are RIN4 transcript versions 1
and 2.

® first symptom visible 6 dpi

¢ empty vector

9 first symptom visible 4 dpi, bphytophthora sojaeecrosis-inducing protein

€ cv. Olof and cv. Norden

faccessions CGN05271 and CGN11341

9like L. sativaOlof but withL. salignaintrogression at C6 and C9 locus respectively

"like L. sativaOlof but withL. salignaintrogression at C6 locus
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Table S3Lettuce material

genotype accessions features
L. sativa cv. Olof Cultivated lettuce species, host for downy
cv. Norden mildew, Olof harbors no knowR genes and
is susceptible to race Bl:1-Bl:24, Norden
harborsDm3andDm11
L. saligna CGNO05271 Wild lettuce species, nonhost to downy
CGN11341 mildew
L. virosa CGNO05978 Wild lettuce species
preNIL9.1  Background cv. Olof Hybrid necrosis phempeat, Heterozygouk.
salignaintrogression on C9
BIL6.1 Background cv. Olof Homozygols salignaintrogression on C6
BiL4.4 Background cv. Olof Homozygols salignaintrogression on C4,

super susceptible to downy mildew

Table S4.DNA markers

Marker namé® Restrict enzym  Forward prime Reverse prime

LE0395 Ddel GCGTGATGTCGCTTTGTTAAT ACAGTGAGTGTGTCGCAAGG
LE0414 CGATTGGGAACACATGTCAG TCCTAAAGAACCACGCAACG
NL1010 CTTCCCAATCTGAAAGCTG CAAATGCATAAGGGAGCAC
KLK1127 GCAACACCACTTCGGATTCT CCATGAAAATTGCAAGAAAACA
LE0060 Rsal GGCACATCTGCAAGAAACAA ATTGTGCCCCAAATCTGAAG
LE0138 Hinfl GGGCTGTAGCTGGTGTTTGT CCAGCTAAAGATCTGCGCTC
NLO656 GCAATGGAGATGAAAGAGC TTTTTGGTTTCACTTTCGG
LE1109 GGACGTTCAAATCCAGCAAT GCAAATCAGCCGATAAATCC
M283 ATGTGTCTGGGGTGGCTTTA TTGCCCCATAATCATAAAGAATG
LE7020 Hinfl CGCTGTCATCGGAGTTGTAA CCAGTGGAATTTGGGAABA
NLO279 AGCTTGACCAGTTCCACAG GTCCTTTCTGACTCCTCCC
LE0478" Hincll GCATATGGCCCATGAATTCTCGC GCCCTTTAGAGCTATTCACAACA
LE0478indel ATAGACCAAATTGCCGTCCA CCCCTTTCAATTTTGATCE
LEO478INT GGTAAAACCGGTGGGAAGAT TTGGTCACGTGGAATGTTGT
NLO0919 CTGAGGGTTGCTCTTTCTG TGTTCATTTCAAAGTTAACCAC
LE0329 Apol GGATATCAACGATCGGAGGA GTTATCGCTGGCCTCAAGTC
LE3008 Msel CATGCTGAACTCCACGTAACA CAAATTCCCTGCAGCAARGA
LE7027 Mnll CTATCGCCGGACTATGGAAA GCATTAGGACGGATGAGCT
KLK1133 AGGCAGAACACCAACTCCAG CTCCTTGTTGTTGGGGAAGA
LE1019 TTTTTCCCGATCTTTGCATC AGCGAATCTTTGCTTTTTCG
KLK1115dCAPs  Hindlll GAAGATGGATATTGAAGTTCTGGACAAGCT AGCCATCACCAAAGAATCCA
M431dCAPs Ddel GATCGATCGTTCATCGTTCTCTCA TTGTTGAAACAAGIICACTATTTGG
M3636 CCAGAGACATTCCACAAGCA CAACAACACGATAATGGGACA
LK1501 Nlalll GTTGAACATGCGGTGTCTTG TAAATCCTCCCATGCAGTC
RGC3 Ddel CACTCAAGCACCCAACAAGA CTTTCGAAAAGAAGCCATGC
RGC4 Alul TCCGGGAGGAATCAAGTAAG CCACGTCTTTTGGAAGAAGC

®For markers that start their name with M, LE or pKmers were originally designed on EST
contigs in the Compositae Genome Project Datab@&PDB). For markers that start with
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KLK we designed new primers on EST contigs fromQeenpositae Genome Project Database.
Marker names starting with NL are SSR markers.

P E0478 is the original primer pair derived from CIOI, LEO478INT and LE0478indel were
developed on additional sequence information ofivet RIN4.

Table S5Primer pairs for RIN4 sequencing, cloning and RORP

Primer pairs for sequencing RIN4 cDNA and gDNA

Forward primer Reverse primer begin-end bp®
RIN4_TOT ATGGCGCAGCGTCCAACTGTA TCACTTCGACIATGGGAAG 0-732/735
RIN4_INT GGTAAAACCGGTGGGAAGAT TTGGTCACGTGGAATGTTGT 91-667
RIN4_END GTTTGGTGAGTGGGATGAAAACAA TCACTTCGACIATGGGAAG 546-732/735
RIN4_STA ATGGCGCAGCGTCCAACTGTA GACAGGTTCTTCCGGTTGAG 0-208
Primer pairs for Agro-assay fragment cloning
RIN4-topoall CACCATGGCGCAGCGTCCAACT TCACTTCGACIATGGGAAG
VIGS and RT-PCR
le-PDS1° TACCCGAAGAATGGAAACCA CAGCTGCAATTTCATCAGGA
le-PDS-RT3* CCACCCACCATAACATCCATTCAG TGGCAGAAACATTTCCAAACAGAG
le-Ubiquitinc GAAGAAGACCTACACCAAGCCAAAG  ACTCAGCATTAGGGCACTCTTTCC

2begin and end base pair number of PCR product bffcBequence RIN4
b primer pair used for fragment cloning in pTRV2 4GS
¢ primer pair used in RT-PCR on VIGS silenced plants
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CHAPTER 6

General Discussion

The genetic architecture ofL. saligna nonhost resistance td. lactucae

L. saligna nonhost resistance is polygenic

The inheritance of nonhost resistance has not beensively studied due to the difficulties
such as sexually incompatibility between most lamgt nonhost species. In this research we
provide one of the few fruitful examples in whichet genetic architecture of nonhost
resistance can be unraveled, viz. in thesaligna— B. lactucaepathosystem. Based on a
successful cross betwedn saligna (nonhost) and.. sativa (host), we developed an, F
population and a set of BILs to dissect thesalignagenome into thé&. sativabackground.
QTL mapping in the Fpopulation at adult plant stage (ABPTdetected three resistance
QTLs, Rbgl Rbg2andrbg3 that locate on Chromosome 7, 1 and 9, respectidelyken and
Lindhout 2002). Later on, Jeuken et al. (2008) detksix QTLs in BILs compared to only
three in the [k population, of which two QTLs were in common. Each tbé BIL
introgressions contributing to the quantitativeigesce was provisionally considered to be
due to one QTL.

The four newly detected QTLbqg4, rbg5, rbg6 and rbq7 were proven to inherit
recessively. They remained unnoticed in theépulation. The reasons for unnoticiriay4
andrbg6in the k, are probably due to a combination of recessiveokette trait and skewed
segregation causing a deficit of the wild specikdes (Jeuken et al. 2008). The reason for
missingrbg5 andrbqg7 in F, mapping were understood only after fine mappirgséhtwo
QTLs by NILs (see below).

In this thesis, we report that in total 15 BIL irgressions fronk. salignacontributed
to the quantitative resistance against downy miléévour developmental stages: seedling
stage, young plant stage, adult plant stage irgteenhouse and in the field. The 15 BIL
introgressions are provisionally considered QTLsluiding 9 new QTLs and 6 QTLs that
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were identified before (Jeuken and Lindhout 20G2jkén et al. 2008). Each QTL was
effective at one to four developmental stages.réstingly, none of these 15 QTLs showed
race specificity against 7 differeBt lactucaeraces (Chapter 2). Moreover, the majority of
these 15 QTLs did not coincide with the four knoRmgene Dm gene) clusters according to
the updated genetic map of lettuce (Figure 1 andp@hns 1 and 4). This indicates that
nonhost resistance is due to different genes fluose that are responsible for monogenic
resistance based dbnVR-genes, and are unlikely to represent weak allefeBm genes
(Chapter 2). The above mentioned results strongggest that the nonhost resistancé..of
saligna to B. lactucaeis polygenic and the effectiveness of these QTLmasnly plant
developmental stage dependent (Chapter 2). We ddcos four “target BILS” in the
subsequent studies, BIL2.2b(5), BIL4.2 (bq7), BIL6.3 (tbg6) and BIL8.2 (bgd). They
contributed to a high level of quantitative regis& at both the young and adult plant stages
(Chapters 2, 3 and 4).

The polygenic inheritance of the nonhost resistahes not been reported
comprehensively elsewhere, except by Jafary (2006 reported that several QTLs are
involved in the nonhost resistance of barley ter®bgous rust fungi, and by Shafiei et al.
(2007) who identified three QTLs in the nonhost ttesise ofArabidopsis thalianaagainst
wheat leaf rustRuccinia triticing).

We did not only introgress resistance alleles mto. sativabackground, but also
seemed to introduce a susceptibility allele flionsalignainto L. sativa.This was concluded
from the increased infection severity in BILARbQ1§ compared to the susceptible parental
line L. sativa cv. Olof at all stages but particularly at yountarp stage. Such super
susceptibility is due to an introgression of a giEmea susceptibility factor frorh. salignaor
replacement of a resistance alleld_insativaby a neutral. salignaintrogression (Chapter
2).

Redundancy of QTLs in the nonhost resistance
The results of the experiments on pyramiding the €QTLs of the “target BILS” suggested a

great redundancy of QTLs in the nonhost spektiesalignaCGN05271. Introducing three
QTLs fromL. salignainto thelL. sativabackground was sufficient to gike sativacomplete
protection to downy mildew. Combining the three QTksqg4, rbg5 and rbg6, led to
complete resistance at young plant stage and likélyalso lead to a high level or complete
resistance at adult plant stage. Significantly éased resistance was observed even when
only two out of these three QTLs were combined. Th&,Qbqg7 did not lead to increased
resistance when we combined it with any other ta@je.s (Chapter 3).
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We determined the resistance mechanisms underlyirgaligna CGN05271 and
these four QTLs and their (dis)similarities throdustological studies. At 48 hpl,. saligna
(nonhost) showed pre-hyphal resistance that adestest of theB. lactucaeinfection units
before hypha formation, while >90% of the infectianits onL. sativa cv. Olof (host)
formed hyphae and haustoria. The BILs with QTLs dismdageveral grades of incomplete
pre-hyphal resistance, allowing only <30% of Bhdactucaeinfection units to form hyphae
and haustoria. The extent of incomplete pre-hypésibtance varied for different QTLs from
similar to L. saligna CGN05271 (BIL6.3 and doubleBIL68) to almost nondlL{B2).
Particularly, BIL2.2, BIL6.3 and BIL8.2, showed subrermal HR, whild_. salignaandL.
sativacv. Olof did not.

Redundancy of resistance QTLs framsalignais shown by the many resistance
QTLs of L. salignaCGNO05271 operating at various plant developmesitades (Chapter 2)
and the sufficiency of three QTLs to lead to the plate resistance to downy mildew
(Chapter 3). With such abundance of QTLs governisgtance to downy mildew, one may
wonder whether differerit. salignaaccessions share a common set of genes to keiep the
nonhost status or mainly different sets of geneslated to this question, Jafary and his
colleagues (2006) have used three different bamagping populations to identify the QTLs
contributing to nonhost resistance to heterologasts. Their results suggested that different
populations only had very few QTLs (genes) in comraad indicated a high diversity of
genes for nonhost resistance to heterologous anstgg the populations (Jafary et al. 2008).
Therefore, we do not rule out the possibility thiffiedent L. salignaaccessions might harbor
different sets of QTLs for resistance, while a dar@TL combination may occur in a high
frequency in most df. salignaaccessions. During evolutioh, salignamay have developed
a strategy, whereby high frequency of a certain Qdinlsination occurs to prevent the rapid
adaptation ofB. lactucaeraces. One way to prove this assumption is to ckossaligha
accessions and perform disease tests on many Fargepulations. Our hypothesis about
different L. saligha containing different sets of loci for resistancell vile supported if
susceptibld.. salignaF;individuals appear.
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Figure 1. Position of resistance QTLs to downy mildew, tlybrid necrosis related genes,
some morphological traits, and formerly mapped s of four known resistance gene
(Dm) clusters in lettuce linkage maps, according te3€d et al., (1994), Jeuken et al,
(2002), Truco et al, (2007) and Chapters 4 and 5.
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In the F, populationof the cross between salignaCGNO05271 and.. sativacv.
Olof, QTLs Rbqgl Rbg2 and rbq3 were mapped with LOD value >3.5 (Jeuken and
Lindhout 2002). QTL bar dRbglindicates the QTL interval in which the inner lsdows
a one LOD and the outer bar shows a two LOD supmmnfidence interval based on the
results of Multiple-QTL Mapping (MQM)Rbg2and rbqg3 with LOD value of only 1.1
and 2.2, respectively in the latest updated gemedip with 784 markers became doubtful
QTLs (M. Jeuken, personal communication). Thereftre QTL bars foRbg2andrbqg3
indicate the intervals with LOD >1.0.

In the sets of BlLs and NIl ghe following traits were mapped: resistance QTLs
rbg4 to 7, Rbg8to 16 were mapped according to the introgression regibresch BIL and
NIL that showed quantitative resistance to downldew at various developmental stages
(Jeuken et al. 2008) (Chapter 2). The colors of @¥ bars stand for the different
categories of each QTL according the developmestégle(s) at which they are effective.
Black: the QTL was effective at all four plant developitaistages, seedling, young plant,
adult plant in greenhouse and adult plant in fi€lstage-independent”); Redonly
effective until the young plant stage (“early”);ust effective from young plant stage until
adult stage (“intermediate”); Orangeffective at three non-continuous developmental
stages (“likely stage-independent”); Greemly effective at adult plant stage (“late”).
Four QTLs tagged withd- are our target QTLs dbed in Chapters 3 and 4 that were
used for QTL pyramiding and fine mapping. The en@TL bar for each target QTL
indicates the original BIL introgression region. €TBolid region within the QTL bar
indicates the most likely positions of this QTL dirmapped by the NILs with smaller
introgressions; hatched region indicates the ptessiktension of the QTL interval.

Morphological traits:DarkG=dark green leaf Twist=twisted leaf Long=long
narrow leafandH_sat=heading, Lobed=lobed leaf

Genes related to hybrid necrosiere mapped and indicated blybrid_satand

RIN4. The loci with a*_sat” tag means this QTL is frorh. sativa otherwise fromL.
saligna.

The hypothetic molecular basislofsalignanonhost resistance

Two models have been postulated to explain the mtaebasis of nonhost resistance: one is
based on the discovery of PAMP-triggered defengk amother one is based on effector-
triggered defense which is associated with stadksdtiple “gene-for-gene” interactions
betweenR-genes and correspondidyr genes from the pathogen (Nurnberger and Lipka
2005; Schweizer 2007). As we did not detect anyegéar resistance of.. saligna
CGNO05271 to be localized in @gene cluster and the resistance mechanisms @ Thes

are not mainly based on HR (Chapter 3), downy mildgection is likely to be arrested by a
PAMP-triggered defense in this wild lettuce specigiserein the effectors frofd. lactucae
cannot suppress this defense. We presume thatTthe @e identified in this thesis (or their
transcripts) may act as the plant targets for gahceffectors and determine the success or
failure of suppression of basal defense in plat$.cé-uture fine mapping and cloning of the
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QTLs, and genome sequencing will facilitate the idieation and understanding of these
plant targets and their contribution to nonhosistasce.

Fine mapping QTLs and the feasibilities of QTL clonng

In Chapter 4, we used sets of NILs to fine map the farget QTLs residing in each BIL
introgression. The mapping intervals for the two QTrbg4 andrbg6 were narrowed down
from 38 cM to 11 cM (BIL8.2rbg4) and 28 cM to 14 cM (BIL6.3bg6), respectively. In
contrast to those genabg5 andrbq7 were more likely to be explained by several QTLs in
their respective introgressions and with the presesolution capacity of these NILs it was
not possible to clearly fine map all the sub-QTLse Tgresence of several quantitative
resistance genes (sub-QTLS) in @anesalignaintrogression suggests a genetic complexity of
these chromosomal regions. This complexity migho agplain why these QTLs went
unnoticed in the fFpopulation (Chapter 4).

The single QTLsrbg4 and rbg6 provide better possibilities for future map-based
cloning of the underlying genes. Particularly, sinicq4 is also effective in the adult plant
stage in the field whilebg6 is not, we will focus orrbg4 to discuss the feasibilities for
cloning.

In general, cloning of lettuce QTLs is a great chmagke due to the limited sequence
information for the lettuce genome and the lackirgarity between lettuce and any other
model plants’ chromosomes that have been fully eeced. No genome of a Compositae
species has been sequenced so far, although plamsaale to sequence lettuce, sunflower
and Leontodon taraxacoidewhen sequence costs are further reduced (Compoditite
Draft, http://compgenomics.ucdavis.edu/cwp/drgdft Nevertheless, we list the current
feasibilities of cloningrbg4 by map-based cloning in combination with a canidgene
approach.

For the map-based cloning, the availability of mandgitional mapped EST markers
would enhance the genetic map resolution and iserd# chance to find candidate genes at
the same time. The number of markers can be inedelag ESTs that come available from
the lettuce genome chiftfp://chiplett.ucdavis.equOur plant material permits us to further
backcross NIL8.2-2 with.. sativacv. Olof to identify more recombinants within tfiae
mappedrbg4 region. Fortunately, the recombination was notmagh suppressed in the
BIL8.2 introgression as it was for other introgressi (Chapter 4, Table 3). A similar
approach has been utilized in the fine mapping @fTa for basal resistance of barley to rust
fungi, in which the authors precisely pinned dovae QTL Rphg2to a 0.1cM interval
flanked by two markers. The cloning of this QTL iswnongoing (Marcel et al. 2007a).
Further on, construction of Bacterial Artificial @mosomal (BAC) Libraries of the nonhost
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specied.. salignaand host specids sativamight be essential to land on the genes closely
associated with the resistance.

So far, the only EST marker mapped in the 11cM iteo¥rbq4 is KLE0263 and it
showed the highest LOD value for resistance (Chapteihis EST is homologous to a
leucine-rich repeat transmembrane protein kinas&ramidopsis(At3g02130) with E-value
of 5e-22 (tBlastx against NCBI). This protein is wggd for the establishment of
Arabidopsiscotyledon primordia (Nodine and Tax 2008). It is too early to consitiés
gene a serious candidate fbg4.

Hybrid Necrosis

Hybrid necrosis is one of the phenomena that isidoin intra- and inter-specific plant
hybrids to prevent gene exchange. Such a hybridizabarrier contributes to genetic
isolation and delimitation of related plant specidgbrids in which hybrid necrosis occurs
show clear symptoms such as necrotic spots on demve retarded growth (Chapters 1 and
5). We found that the necrosis of preBIL9.1 is agged with race-non-specific and race-
specific resistance againBt lactucaeraces. In addition, we found that also a locus on
Chromosome 6 is involved and two interactive loci @hromosome 6 and 9 respectively
were implicated in this hybrid necrosis and thestaace. Over-expression and silencing the
RIN4 alleles ofL. salignaproved the involvement of one of the two translatproducts of
this gene in the hybrid necrosis and the resisté@@bapter 5).

To our knowledge, we are the first to show concesieence thaRIN4 is involved
in hybrid necrosis (Chapter 5). Wrabidopsis thalianato Pseudomonas syringastudies,
RIN4 is already known to interact with aR-gene product and leads to resistance
accompanied by hypersensitive response (HR) afihhogen attack (Mackey et al. 2002;
Shang et al. 2006). Bomblies et al. (2007) repoetddence that resistance gene is involved
in hybrid necrosis if\rabidopsis In our case, the locus on Chromosome 6 thataotemwith
L. saligna RINdon Chromosome 9 is very likely &igene fromL. sativa In the light of
rapidly increasing lettuce genome information armbern technologies (454 sequendlihig
microarray, Virus Induced Gene Silencing (VIGS) agfobacteriumamediated Transient
Assay (ATTA), the identification of the other intetiwe locus, on Chromosome 6 is
practically “just around the corner”.

As we detected this hybrid necrosis from two hybrizktween different. sativa
cultivars andL. salignaaccessions (Chapter 5), one may wonder whethaheall. sativa
cultivars harbor the same gene that interacts thigh.. saligna RIN4or not and whether all
L. salignaaccessions carryRIN4gene that interacts with sativato elicit an auto-necrosis
and resistance response. By ATTA, it is possibldet@rmine the induction of auto-necrosis
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in cv. Olof and cv. Norden (Chapter 5). This ATTA testould be extended to more
cultivated lettuce accessions, in order to findftequency of th&IN4-interacting allele irL..
sativa Inheritance studies should demonstrate whetheln am interacting gene is also in
those accessions located on Chromosome 6 or natldition, different disease tests can be
performed to find out whether this hybrid necrdsiads to a general defense of plants to
various diseases or only to a specific resistamckwvny mildew.

Another chromosomal region with symptoms of a gen@&tcompatibility and
resistance by a QTL is on Chromosome 7 ardrhbdl Firstly, Rbglwas detected in the, F
of a cross betweeh. salignax L. sativaby bothB. lactucaerace Bl:14 and Bl:16 (Jeuken
and Lindhout 2002). Later on, in the BILs, the intessgion region of preBIL7.2 coincided
with Rbgl So far it has been impossible to obtain BIL7.2hva homozygous. saligna
introgression from 38 to 73cM on Chromosome 7 (daudnd Lindhout 2004). Moreover,
preBIL7.2 also shows retarded growth but also fad#tiny and the plants are much smaller
than the cultivated lettuce cv. Olof (Jeuken anchdhbut 2004). We may assume that this
incompatibility is also due to an epistatic intdiae between an allele on Chromosome 7
and another allele from another locus in the genome

Additionally, BIL6.3 has two homozygous introgressiofrom L. saligna on
Chromosome 4 and 6. A severe distorted segregaithrpreference foL. salignaalleles at
the location of the Chromosome 4 segment prevehtedelection of genotypes without this
segment in BIL6.3 and subsequent combiBILs and NHa tvere derived from BIL6.3
(Chapters 3 and 4). This phenomenon may indicateodocus incompatibility betweeh.
salignaandL. sativasimilar to theRIN4-Rgene case.

L. saligna - B. lactucae pathosystem is a good model to study nonhost resince

A good model system brings light to a particulase@ch. There are different types of
resistance involved in the lettuce-downy mildewhpalstem, consisting of basal defense,
major ONM/R) gene-mediated resistance and nonhost resist@magpier 1). In particular, the
successful cross between wild lettucesaligna (nonhost) and cultivated lettute sativa
(host) offers a unique chance to study the inhee#aof this nonhost resistance.

Nonhost resistance has been a hot topic for plathiofogists for a long time. Recent
studies on plant nonhost resistance used both fdnaad reverse genetic approaches.
Especially inArabidopsis thalianatwo types of systems are discovered to explaa th
nonhost resistance, including PAMP triggered immur(iPTl) and effector triggered
immunity (ETI). Many genes and transcription factoase been identified to be involved in
nonhost resistance and the suppression of thistaese (Nurnberger and Lipka 2005; Ryan
et al. 2007; Schweizer 2007; Thordal Christenser3R@@owever, most of these findings are
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unlikely to be the central and most upstream regrdathat determine the host or nonhost
status of a plant species. Studying inheritancéhefnonhost resistance in saligna x L.
sativaallows identification of genes responsible for tiaural variation in (non)host status
of the two species tB. lactucag especially with the following materials and genotools.

Materials:

In the recent 10 years, we have developed apdpulation, a set of 29 BILs, a set of
combiBILs with QTL combinations (Chapter 3), fourssef NILs derived from four target
BILs (Chapter 4) and also a set of hybrids for stoughhybrid necrosis (Chapter 5). These
plant materials with uniform genetic background banused in breeding programs and also
provide an excellent basis to set up future apm@isd fundamental researches.

Genomic tools:

Although the genome of lettuce has not been fuidlyugnced, the current tools available are
nevertheless impressive. High density genetic maghsthousands of molecular markers, an
EST database for Compositae genon@@snpgenomics.ucdavis.ejaccurate bioassays for
guantitative disease evaluation at various planeld@mental stages (Chapter 2), practical
functional assays such as ATTA and VIGS (Chapteand, protocols for histological studies
(Chapter 3). Furthermore, an Affymetrix chip wikdbme available and is currently being
tested with the cv. Salinas Ix serriola Recombinant Inbred Line (RIL) population for
massively parallel genetic mapping (Michelmore spaal communication). This chip has a
total of 6.6 million features representing >35,Q00genes, each with ~200 oligonucleotides
with a 2 bp staggethftp://chiplett.ucdavis.edu

Future research focus
Based on above mentioned results, information gedidations, our future research may
focus on (1) further fine mapping of QTLS, especidig4 andrbg6; (2) cloning the QTL by
map-based cloning approach and functionally vadidiite candidate genes; (3) further
characterization of the mechanisms underlying thgistance QTLs; (4) identifying the
assumedR-gene inL. sativathat interacts witiRIN4 from L. salignaand test this resistance
to otherB. lactucaeraces and even other diseases; (5) scrednisgtivacultivars to look
for genes interacting with. saligna RIN4

The information delivered by this PhD thesis prosidesolid basis for both applied
and fundamental studies dn saligna nonhost resistance to downy mildew. We are
confident that the materials and tools developedhis study will facilitate the future
research on plant defense and its related aspects.
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Summary

SUMMARY

Lettuce (actuca sativais a popular leafy vegetable worldwide. Lettucevdy mildew is
the most destructive disease in lettuce cultivatmal is caused bBremia lactucage an
obligate biotrophic oomycete pathogen. To date, gomildew control heavily relies on the
use of chemicals and on breeding of host resistéycéntrogressing disease resistance
(Dm/R genes into cultivars. So far, mabyn/Rgenes are known and more than 20 of them
have been deployed in lettuce breeding programsveder, the application of pestcides
raises environmental concerns and develops theatale ofB. lactucaeto some pesticides,
and use of host resistance mediatedby/R genes offers no durable solution due to rapid
development of newB. lactucaeraces.

Introduction of nonhost resistance of the wild Ued specied.. salignato B.
lactucaeis a potential alternative strategy of introducingre durable resistance into lettuce
cultivars. The successful cross between the norhosalignaCGN05271 and the hokt
sativacv. Olof offers a rare chance to study the gesnaiicthis nonhost resistance. From a
selfed k of this crossve developed an,population of 126 plants and a set of 29 Backcross
Inbred Lines (BILS) representing in total 96% of thesalignagenome.

In Chapter 2, the set of BILs were evaluated agaiBstactucaeinfections at three
plant developmental stages, seedling (SDT), yougtp(YDT) and adult plant in field
(ADTg). The QTLs that were identified in these tests wenapared with seven previously
determined QTLs at adult plant stage in greenhoBa §). In total, 16 introgressions were
identified to contribute to the resistance at omenmwre of the four above mentioned
developmental stages and were provisionally consitlas 16 QTLsRbglto 16). For 15 of
these QTLs, the resistance allele is contributedhigynonhost.. saligng for Rbgl6the
resistance allele is contributed by the Hastativa All the 15 QTLs fronL. salignaseemed
to be race-non-specific agairat lactucae Interestingly, only 2 out of the 15 QTLs frdm
salignawere effective at all tested stages, the effetthmother 13 QTLs depended on the
plant developmental stage. We focused on four Bilis, BIL2.2, BIL4.2, BIL6.3 and
BIL8.2, which contained QTLthat were effective at both young and adult pléagesrbqg5,
rbq7, rbg6+11 and rbq4, respectively. They were selected as “target BILsid(4target
QTLs", respectively) for the subsequent studies.
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To find out how many of these four target QTLs fransalignaare sufficient for
complete protection again®. lactucaewhen introgressed intd. sativa background,
Chapter 3 describes the development, disease evaluationhestological studies on 11
combiBILs that each contains two to four target QL. sativabackground (doubleBIL,
tripleBIL and quartoBIL). The results showed that theee QTLsybg4, rbg5 andrbg6+11
led to increased levels of resistance when theywembined; butbq7 did not add to the
resistance level when combined with the other QTLsstNhterestingly, one tripleBIL, with
QTL combination ofrbg4, rbg5 andrbq6+11 displayed complete resistance at young plant
stage. This suggests a redundancy of quantitaimegfor nonhost resistancelinsaligna

In histological studies, we determined the resistamechanisms underlying.
saligng four target BILs, doubleBIL6.3+8.2 and tripleBIL223+8.2. The results
suggested that. salignaarrested all thé8. lactucaeinfection units (IUs) before normal
hypha formation; whereas in the susceptiblesativa, >90% of 1Us formed hyphae and
haustoria. Most BILs with resistance QTLs allowedwa fgs to form hyphae and haustoria
and displayed incomplete pre-hyphal resistance. &ktent of incomplete pre-hyphal
resistance varied for different QTLs:

- In BIL6.3, doubleBIL6.3+8.2 and tripleBIL2.2+6.3£3.we did not observe normal
hyphae and haustoria, only malformed hypha-likaucstres. The resistance
mechanisms in these lines resembled most thoke gsi#ligna but in addition they
showed a subepidermal hypersensitive response.

- BIL2.2 and BIL8.2 showed mechanisms similar to tho$el. saligna but in
addition allowed a few hyphae and haustoria to form
The pathogen in BIL4.2 displayed a similar infectaevelopment as ih. sativa

The quantitative resistance observed in BIL4.2 isreftoee probably due to defense

mechanisms activated later during the infectiorcess Chapter 3).

In Chapter 4, we describe the fine mapping of these four ta@jELs via a Near
Isogenic Line (NIL) approach. The QTLs were mappedyioally in various-sized
introgressions, between 20 cM and 60 cM. We fiestaloped four sets of NILs with smaller
L. saligna introgressions. Disease evaluations on these cfefdlLs indicated that the
intervals in which the resistance QTLs were likalybe located were narrowed down from
38 to 11 cM (BIL8.2,rbg4) and from 24 to 11 cM (BIL 6,3rbg6). Unlike BIL8.2 and
BIL6.3, results on BIL2.2 rpg5) and BIL4.2 (bq7) suggested multi-QTL in each
introgression and the putative locations of threlk-@TLs,rbg7a, rbq7bandrbg7c were
determined. More experiments for phenotyping rasist levels in these sets of NILs are
required to corroborate the hypothesis of sevefELQwithin the same introgression. In
Chapter 6, the feasibility to clonebqg4 is further discussed.
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Summary

We observed necrotic lesions on leaves and stemisredarded growth in hybrids
from two interspecific crossing combinatioris, saligna CGN05271 xL. sativacv. Olof
(cross A) andL. saligna CGN11341 xL.sativa cv. Norden (cross B)Ghapter 5). Such
phenomena are symptoms of “hybrid necrosis”: a tfpgenetic incompatibility that occurs
in intra- or interspecific crosseGhapter 5 describes that this hybrid necrosis is caused by a
RIN4-Rinteraction betweeRIN4 allele(s) fromL. saligna(located on top of Chromosome 9)
and a probableR gene inL. sativa (located on Chromosome 6). This hybrid necrosis
correlated positively with resistance levelsBolactucae,and was a temperature sensitive
trait, since it did not occur at 30°C. Definitiveopf of involvement oRIN4 transcripts ot..
salignain hybrid necrosis and the resistanceBtolactucaerace Bl:16 was obtained from
over expression experimentsAgrobacteriumamediated Transient Assay, ATTA) and
silencing experiments (Virus Induced Gene SilencifiGS).

In Chapter 6, the main results reported in this thesis areudised in a broader
perspective. The contributions of the QTLd tosalignanonhost resistance, the redundancy
of QTLs in this nonhost resistance and the moreiggemapping positions of the target
QTLs are discussed. The possibilities to use theithyl@rcrosis in lettuce as an example to
study other genetic incompatibilities caused bgriattive loci in hybrids are also addressed.
At last, we also discuss the perspective and fuuse of thisL. saligna— B. lactucae
pathosystem to investigate the nonhost resistance.
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SAMENVATTING

Sla (Lactuca sativa is wereldwijd een populaire bladgroente. Valsesloh@uw in sla (ook
wel “het wit"genoemd) is de meest schadelijke zahtslateelten en wordt veroorzaakt door
Bremia lactucageen obligate biotrofe oomyceet. Op dit momemedeheersing van valse
meeldauw sterk aangewezen op het gebruik van cheenigesticiden en op de toepassing
van waard-resistentie door introgressie van ragisteggenen Pm/R in slarassen. Tot op
heden zijn er veeDm/R genen bekend en meer dan 20 ervan zijn toegepastai
veredelingsprogramma’s. Echter het gebruik van gdsti is potentieel schadelijk voor het
milieu, valse meeldauw kan tolerantie voor pestinidbntwikkelen, en het gebruik van
waard-resistentiem/R genen) is niet duurzaam door de snelle ontwikgelian nieuweB.
lactucaefysio’s.

Niet-waard-resistentie in de wilde sla-sobdctuca salignaegenB. lactucaezou
benut kunnen worden als een meer duurzame registentcommerciéle slarassen. De
succesvolle kruising tussen de niet-wahrdalignaCGN05271 en de waatd sativaOlof
biedt een zeldzame kans om de genetica van nigdwaaistentie te bestuderen. Uit de
zelfbevruchte Fvan deze kruising ontwikkelden we eenpépulatie van 126 planten en een
set van 29 terugkruisingslijnen, zogenaamde “Baxdrinbred Lines (BILs). Het totale
aantal introgressies binnen deze 29 BILs vertegerdigae 96% van het genoom véan
saligna

In Hoofdstuk 2 werd de set van BILs geévalueerd v@orlactucaeaantasting in
drie plantontwikkelingsstadia: zaailing, jonge plaan volwassen plant (veldtoets). De
geidentificeerde QTLs (=loci voor kwantitatieve eigehappen) in deze tests werden
vergeleken met zeven QTLs die eerder geidentificeenan in volwassen planten in een
kastoets. In totaal werden 16 introgressies gefdmdrd die bijdragen aan de resistentie in
€én of meer van de vier genoemde ontwikkelingstadideze worden voorlopig beschouwd
als 16 QTLs Rbqltot 16). Voor 15 van deze QTLs is het resistentie-allkbafstig van de
niet-waardL. saligng voor één QTLRbq1§ is het resistentieallel afkomstig van de waard
sativa Alle 15 QTLs varL. salignaleken fysio-niet-speciek te zijn.

Interessant was dat slechts 2 van de 15 QTLd.vaalignaeffectief waren in alle
geteste plantontwikkelingsstadia; de effecten vae dndere 13 QTLs waren
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ontwikkelingsstadiumafhankelijk. Vier BILs, BIL2.BIL4.2, BIL6.3 en BIL8.2 bevatten

QTLs die effectief waren in zowel jong als in volwaisplant stadiuntbqs, rbq7, rbg6+11

en rbg4. We concentreerden ons voor vervolgstudies op dekze & hun QTLs vooB.

lactucaeresistentie (“target-BILs” en “target-QTLS").

Om te bepalen hoeveel van deze vier introgressied v salignavoldoende zijn
voor volledige bescherming tegdd. lactucae na inkruising inL. sativa worden in
Hoofdstuk 3 de ontwikkeling, de ziekte-evaluatie en de higi@ohe studies van 11
combinatie-BlLs (combiBIL) beschreven. Deze combiBtianbineren ieder twee tot vier
target-QTLs in eeh. sativaachtergrond (doubleBIL, tripleBIL en quartoBIL). Desultaten
lieten zien dat combinaties van de drie QTkg4, rbg5 en rbg6+11 tot verhoogde
resistentie niveaus leidden, terwiphq7 het effect van de andere QTLs niet versterkte.
Wetenswaardig was dat één tripleBIL miet|4, rbg5 enrbg6+11 volledig resistent was in
het jonge plant-stadium. Dit suggereert dat er.isalignaeen overschot aan kwantitatieve
genen voor niet-waard resistentie is, meer dakt stoidig voor volledige bescherming.

In histologische studies bepaalden we de resist@etthanismen ih. saligng de
vier target-BILs, de doubleBIL6.3+8.2 en de tripleBI2+6.3+8.2. De resultaten weren uit
dat L. salignahet allesB. lactucaeinfectie eenheden (IE) stopt védr vorming van hyfen
terwijl in de vatbard.. sativa>90% van de IE hyfen en haustoria vormden. De radgiits
met resistentie QTLs lieten enkele IE tot hyfen emsharia uitgroeien en vertoonden dus een
onvolledige pre-hyfen resistentie. De mate van nmglete pre-hyfen resistentie varieerde
voor verschillende QTLs:

- In BIL6.3, doubleBIL6.3+8.2 en tripleBIL2.2+6.3+8.2 ggm we geen normale,
maar alleen abnormale (verschrompelde) hyfen en stbaa. Hun
resistentiemechanismen leken het meest op did vaalignamet daarbovenop een
subepidermale overgevoeligheidsreactie.

- BIL2.2 en BIL8.2 lieten soortgelijke mechanismen zada L. saligng maar deze
lijnen stonden daarnaast de vorming van enkelenhgffiehaustoria toe.

In BIL4.2 vertoondeB. lactucaeeenzelfde infectieontwikkeling als in sativa De
kwantitatieve resistentie, waargenomen in BlL4.2ydv@aarom waarschijnlijk veroorzaakt
door defensiemechanismen die later in het infeoiees geactiveerd wordeddofdstuk 3).

In Hoofdstuk 4 beschrijven we de fijnkartering van de vier tar@diL.s volgens
een Near Isogenic Line (NIL) benadering. De QTLs werderspronkelijk gekarteerd in
introgressies van verschillende grootten, tusse20den 60 centiMorgan. Eerst ontwikkelden
we vier sets van NILs met kleinele salignaintrogressies. Vervolgens bleek na analyse van
de ziektetoetsen dat de intervallen waarin de tergie QTLs waarschijnlijk gelegen zijn
verkleind zijn van 38 tot 11 cM (BIL8.2bg4) en van 24 tot 11 cM (BIL 6,3bg6). In
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tegenstelling tot deze resultaten voor BIL8.2 en L@, suggereerden de
fijnkarteringsresultaten van BIL2.2rbg5) en BIL4.2 ¢bq7) meerdere QTLs in elke
introgressie en de mogelijke locaties van de diteQTLs,rbq7a, rbq7benrbq7c¢ werden
bepaald. Meer fenotyperings-experimenten voor ter#ieniveau zijn in deze sets NILs
nodig om de hypothese van meerdere QTLs in dezeéfftegressie te bevestigen. De
mogelijkheden tot het cloneren veig4 worden besproken iHoofdstuk 6.

Wij observeerden necrotische viekjes op bladererstengels, en achtergebleven
groei in hybriden van twee interspecifieke kruisiogmbinatiesl.. salignaCGN05271 X_.
sativa cv. Olof (cross A) enL. saligna CGN11341 xL. sativa cv. Norden (cross B)
(Hoofdstuk 5). Dergelijke verschijnselen zijn symptomen van bihgle necrose”, dat een
type van genetische incompatibiliteit is die voarktdn intra- of interspecifieke kruisingen.
Hoofdstuk 5 beschrijft dat deze hybride necrosis wordt veraakt door eerRIN4-R
interactie tusserRIN4 allele(n) vanL. saligna (locus bovenaan Chromosoom 9) en
waarschijnlijk eenR gen inL. sativa(locus op Chromosoom 6). Deze hybride necrose is
positief gecorreleerd met resistentieniveaus teégelactucae en was temperatuurgevoelig,
want trad niet op bij 30°C. Definitief bewijs vae 8etrokkenheid vaRIN4 transcripten van
L. salignain hybride necrose en resistentie tedenlactucaeBl:16 werden verkregen uit
overexpressieAgrobacteriuramediated Transient Assay, ATTA), en uitschakelings-
experimenten (Virus Induced Gene Silencing, VIGS).

In Hoofdstuk 6 worden de belangrijkste resultaten van dit prdefiidesproken en
in een breder perspectief geplaatst. De bijdragende QTLs voor niet-waard resistentie
van L. saligng de overtolligheid van het aantal QTLs dat bijdraagh deze niet-waard
resistentie en de preciezere kaartposities vanangettQTLs worden bediscussieerd. De
mogelijkheden om deze hybride necrose in sla teujjedn als een voorbeeld om genetische
incompatibiliteiten tengevolge van wisselwerkingsgen loci te bestuderen worden
besproken. Tot slot, behandelen we de perspectiendret toekomstige gebruik van Hit
saligna— B. lactucaepathosysteem voor het onderzoeken van niet-waaistentie.
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