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Downy mildew is a devastating disease in cultivated lettuce ( Lactuca sativa ) cause d by

the oomycete Bremia lactucae . Monogenic resistance (R) genes, pro viding complete

resistance, have been introgressed into lettuce cultivars but B. lactucae overcomes this
resistance in one to two years. The main objective of  the current study is to map downy
mildew resistance loci in two wild lettuce ( Lactuca saligna ) ac cessions.

In the current study 85 primer pairs are tested for their usability as markers. Fourteen
new markers are developed that can distinguish at least two genotypic groups in a
F2_05271_1997

A BC1lsat population of 87 plants, with L. saligna SK1 as a parent, was studied to map
resistance loci. Both hybrid necrosis symptoms and Bl:21 resistance were scored. Hybrid
necrosis symptoms were linked with a homozygous L. sativa allele at C6 at 30 cM and an

L. saligna allele C9 at 6.7 cM. Seventy  -five percent of the BC1 sat SK1 population showed
an RIS lower than ten percent, indicating the presence of an R gene. A homozygous L.
sativa genotype at the bottom of C9 was correlated to susceptibility for Bl:21. One
BClsat SK1 carryingan L. saligna introgression atthe bottom of C9  was backcrossed to
susceptible cv Olof.  Of the 48 studied BC2 sat SK1 plants, 40 percent had an infection of
Bl:21 corresponding with an RIS class of ten percent. Thirty -three percent of the plants

had an infection of  BI:29 corresponding with an RIS class of ten percent. Both indicating

the presence of an R gene. A susceptible phenotype toward both Bl:21 and BI:29 was
correlated with homozygous L. sativa alleles at the bottom of C9. The resistance was
mapped at the bottom of C9 between markers QGC23M07 (94.4 cM / 169 Mb T 210 Mb)

and CLR_S1_1948 (113.2 cM / 242 Mb).

A F2 population of 36 plants, with L. saligna SK2 as a parent, was studied to map
resistance loci. Sixty -nine percent of this population had a RIS lower than ten percent
when inoculated with  BI:24 , indicating the presence of an R gene. A susceptible genotype

was correlated with L. sativa alleles at C6 between the markers QGH8M10 (54.0 cM / 34
T 100 Mb) and CLS_S3 7127 (86.6 cM / 2 Mb). Eight out of eleven susceptib  le plants

had no L. saligna introgession in this region.

A BC1lsal consisting out of seven plants, with L. saligna SK1 as a parent, was used to
explore the possibilities of L. saligna breeding towards a leafy vegetable. Markers
LK1513, KLK1366 and the combi nation of QGB24E10 and RIN4snp4 were, as in L. sativa

BIL lines, correlated to bolting time, leaf shape and HN respectively.



Key abbreviations

BC1 sal

BC1 sat

BC2 sat

BIL

C(1 -9)

EST

F1

F2

HN

LG

RIS

Genetic nomenclature

Population created by crossing an L. saligna x L.sativa F1with an

L. saligna.

Population created by crossing an L. saligna x L.sativa F1with an

L. sativa .

Population created by crossing a BClsat with an L. sativa .
Backcross inbred line.

C1: chromosome 1, C2: chromosome 2, etc.

Expressed sequence tagq.

The first generation of offspring created by crossing two distinctly

different parents.
A population that is the result of self - pollination of F1.
Hybrid necrosis.

Linkage group s according to the Lettuce Versio n 3.2 Database from

Lettuce Genome Resource (USDavis)

Relative infection severity. Relative to the infection level of

L. sativa cv Olof.

susceptible control

Homozygous L. sativa

Heterozygous

Homozygous L. saligna

Not genotype OhO

Not determined



The oomycete Bremia lactucae causes downy mildew, leading to huge economic losses in
the cultivation of lettuce ( Lactuca sativa ). Symptoms of downy mildew include f ormation
of chlorotic leaf tissue , light green to yellow spots on the upper surface of leaves and
wh ite sporulation on the lower side of these spots. Because the oomycete damages the

parts that are consumed, even a mild infection can seriously impair the quality of lettuce
heads . The disease is ¢ ontrolled through the use of resistant cultivars, spraying

fungicides and cultivation measures (Barriere et al.,, 2013). This MSc. thesis research

focuses on genetic downy mildew resistances in wild lettuce (Lactuca saligna).

In the following paragraphs let tuce in general and  B. lactucae will be introduced in more
detail ; subsequently the plant immune system will be presented. Next, the current status
of downy mildew resistance in lettuce will be explained, where after the aim and research

questions will be  stated.

Lettuce is a vegetable mainly produced in temperate zones and considered as a staple

crop in the United States by Ryder (2001), a crop that is regularly consumed in a

standard diet. The Food and Agriculture Organisation of the Unit ed Nations (  FAO)
provides no data of only lettuce but groups it with chicory. The FAO states that ov er 67%
of all lettuce and chicory were produced in Asia in 2013. The top three producers of

lettuce and chicory, China, United States and India, produced ov er ei ghteen million tons

in 2013 . In the western market, it is mainly a leafy vegetable commonly used in salads,

but there are also cultivars bred for the harvest of the flower stem or oil gathered from

seeds. This report focuses on lettuce as a leafy vege table.

There is a lot of discussion about the exact centre of origin of cultivated lettuce. Overall

the centre of origin is mentioned to be in the Middle East (De Vries, 1997). L. serriola is
assumed to be one of, or the, ancestor of lettuce (De Vries & va n Raamsdonk, 1994).
Lettuce appeared in 2500 B.C. on wall paintings in Egypt as a vegetable with an

elongated head with pointed leaves. From Egypt, it initially spread to Greece and Rome

where the first leafy types were found. Later, lettuce was also culti vated in China, Europe

and America (De Vries, 1997)

Lettuce cultivars (L. sativa ) are closely related to the wild species L. serriola both of

which belong to the Asteraceae family (Zohary, 1991). L. serriola and L. aculeata are



part of the primary gene pool. L. saligna and L. virosa are species within the secondary

gene pool (Zohary, 1991). L. sativa is diploid (2n = 18) and has a genome size of 2.7
Gb. L. sativa has recently been sequenced (The Lettuce Genome Sequencing Consorti um,
https://Igr.genomecenter.ucdavis.edu/). There is an ultra

13,943 markers (Truco etal ., 2013).

- high -density genetic map

consisting of

Table 1. Characteristics of types (cultivar groups) of lettuce as described by De Vries (1997

).

Type Use Leaves Head Mal_n region of Addltlona! .
cultivation characteristics
Butter Consumption of Soft Head formed Western Europe Midrib
head fresh leaves branches into
smaller veins
Cos Consumption of Firm, upright Recent cultivars Around the Formerly loose
fresh/cooked compact heads Mediterranean non -folding
leaves leaves
Crisp Consumption of Broad, crispy Flattened head USA and Europe Thick white
head/ fresh leaves crisp veins
Iceberg/
Cabbage
Cutting Consumption of Often curled No head formed USA and Europe Heterogeneous
fresh leaves group
Latin Consumption of leathery, poor head formed Around the Short and
fresh leaves dark green Mediterranean small plants
and South
America
Oilseed Oil from seeds Bitter - Egypt High oil
content in
seeds
Stalk/ Consumption of Type 1: Light No head formed Asia Thickened
Asparagus  stem grey, Cos stem
shape like;
Type 2:
Lanceolate
with pointed
apex
The first public lettuce breeding was reported in 1922. The aim of this breeding
programme was to  develop a cultivar resistant to a disease called brown blight , caused

by an unknown soil born pathogen (Bohn, 1953)

breeding programmes in lettuce were started (Ryder, 2001). Seven different types

(cultivar groups) of le

1997). Every type has its own specific

short stem leaves forming a rosette. Influenced by developmental stage, day length and
temperature, th

autogamous plant

e plant forms a prolonged stem with florets.

s that for m a taproot with feeder roots.

Important

ttuce can be distinguished and are generally agreed

. Hereafter, many public and private

upon (De Vries,

traits (Table 1 ). Some types of lettuce have a

All types are  annual

resistances bred for



are resistances against downy mildew (B. lactucae ), lettuce mosaic virus and lettuce big-

vein virus (Lebeda etal ., 2014).

B. lactucae is an oomycete belonging to the order Peronosporales and family of
Peronosporaceae. It is an obligate biotroph known to infect more than 200 species of

Compositae (Lebeda etal. , 2002 ). However, cross -inoculation experiments indicated that
the pathogen is mostly adapted to a genus of plants ( Lebeda and Syrovatko, 1988 ). In
lettuce and other  Lactuca e Species, B. lactucae can infect the plant at any developmental

stage from the seedling to the mature plant ( Lebeda and Schwinn, 1994 ).

During a compatible interaction, the first step of infection is germination of a B. lactucae
spore (conidium). Germination is affected by temperature, with optimal temperatures
bet ween 15 and 20 e Ckesptaced -3oafier ihogulatioa(  Sargent, 1976 ).

After agermtubeis  formed, an oomycete appressorium develops.

This appressorium  penetrates a plant  surface with a combination of mechanical force and

secreted chemicals (Lebeda  etal. , 2001). The optimal temperature for penetration is 12 -

15¢eC (MaclLean and Tommerup, 1979). After penetration
are formed. Followed by formation of inter cellular hypha. Hyphal development mostly

takes place 24 -28 h after inoculation. Char acteristic pear -shaped haustoria are formed in

to accomplish parasitic feeding (Vogima yr etal. , 2004).

Defence of plants can be separated into three groups; avoidance, tolerance and
resistance. Plants that avoid attackers reduce the chanc e of contact between a pathogen
and the plant. Tolerant plants restrict the amount of damage caused by a certain

guantity of pathogens. The plant immune system can give rise to resistance in plants;

resistance reduces or stops the growth and/or development of a pathoge n after intimate
contact.

Terminology: Host and non -host resistance

Host resistance is a type of defence specific to a particular plant genotype (cultivar - or

accession -specific) against a particular race of a pathogen. If immunity to a specific
pathogen species is not pathogen -race -specific and resistance is exhibited by all

accessions of a plant species, it is considered non -host resistance  (Heath, 2000) . The



terms host and non  -host resistance do not resemble the term resistance as explained
above because the definition of both host and non -host resistance do not exclude

defence based on avoidance.

The definitions of host and non -host resistance do not include any mechanism on which
this defence should be based. So there is no evident distinction between these forms of

defence on a molecular level. However, in practice different forms of defence are

commonly associated with host resistance than with non -host re sistance (Gill et al.,
2015). T he two types of defence can be better understood with an example that clearly
differentiates between microbial - or pathogen -associated molecular patterns (MAMPs or
PAMPSs) and effectors. Below, these terms will be explained in relation to an example of a

mechanism of host and non -host resistance.

PAMPs are described as slowly evolving structures and thus conserved within and

between species, like bacterial flagellin (Jones and Dangl, 2006 ). Another characteristic

of a P AMP is t hat a microbe cannot easily discard the structure because it is crucial in at

least some point of the lifecycle of the microbe. In case a defence response as reaction to
recognition of a PAMP  gives rise to resistance to the pathogen, it is defined as PAMP -
triggered immunity (PTI). Specific PAMP recognition is considered to be conserved within

plant species. Therefore, PTI is often related to non -host resistance as when conserved
within a plant species this defence works in the whole plant species against a whole

species of a certain pathogen (Dodds and Rathjen, 2010)

Host resistance, on the other hand, is often associated with effector recognition (Gill et
al., 2015). An effector is a molecule produced by a microbe that functions outside the

microbe and co ntributes to the establishment of symbiosis. Resistance based on a
hypersensitive response (HR) as reaction to the recognition of an effector is called

effector -triggered immunity (ETI). Because effectors are often pathogen race - specific,

ETl is often race -specific and therefore related to host resistance.

The plant immune system model by Jones and Dangl (2006)

Jones and Dangl (2006) described a nowadays well -accepted model of the plant immune
system. Understanding this model can give insight in both host and non -host resistance.
The model is based on the distinction between PAMPs and effectors and describes how

the i mmune system of plants has evolved. The

06zigzagd model 06 (Figure 1).

mod e |

S



PTI ETS ETI ETS ETI

""""""""""""""""""""" ° ..o
Pathogen ° ® o
effectors .

Pathogen

Figure 1. The plantimmune zigzag model by Jones and Dangl (2006). PTI is an immune system

effective against a broad range of pathogens. Pathogens evolve effectors to supress or get around PTI.
Plants utilise effectors to recognise infection, inducing defence. Pathogens evolve unrecognisable

effectors to avoid being recognised. Plant receptors adapt to recognise the ada pted effectors causing
induced defence. Abbreviations see text.

The phases described in this model are hypothetical evolutionary steps of the plant

immune system. Phase 1 consists of PTI as mentioned above. In phase 2, pathogens

evolve effectors that supre ss or get around PTI resulting in effector -triggered
susceptibility (ETS). In phase 3, plants evolve receptors based on nucleotide -binding
leucine -rich repeat (NB -LRR) proteins that can recognise specific effectors excreted by a
pathogen. Downstream of thi s effector recognition an HR is induced, giving rise to
resistance towards pathogens secreting the recognised effector (ETI). The genes that

encode for NB -LRR proteins that give resistance  are called resistance (R) genes. In phase
4, pathogens face selecti  on pressure against the effector that is recognised by a plant.
Recognition can be lost due to the modification of the effector or complete loss of the

effector. A new effector is needed to overcome PTI in the latter case. Adapted pathogens

will drive evol ution of plant receptors to recognise new or modified effectors. Adapted

plant receptors drive evolution of pathogen effectors, resulting in an ongoing drive of

evolution in both plants and pathogens.

The plant immune system model by Cook etal. (2015)

One of the latest plant immune system models is the model by Cook etal. (2015). This
model does not distinguish between PAMPs and effectors as it states that this distinction

is not meaningful during host detection. It states that the origin of a molecule that is
recognised is not meaningful during host detection, but if the molecule is recognised is

importantt. The model does not describe, in contrast

of the plant immune system but the attempted microbe symbiosis for a specific microbe -

10
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plant combination. Understanding this model can be important in the comprehension of
hostandnon -host resistance as it is applicable in more si
model. For example, a lineage specific NB -LRR receptor could recogni  se a conserved

structure of a pathogen. This situati ofistales elmt not f i t

lineage specific NB -LRR receptors only recognise effectors.

The model of Cook etal. (2015) assumes that a pathogen is detectable by invasion
patter ns (IPs) (Figure 2). Plants have IP receptors (IPRs) that can or cannot recognise
these IPs. If IPRs cannot recognise the IPs symbiosis continues and a pathogen can
further develop. When IPRs detect IPs an IP -triggered response (IPTR) follows. If this
IPTR is suppressed, symbiosis continues and a pathogen can also further develop. If this
IPTR is not suppressed, symbiosis is stopped and a pathogen cannot utilize the plant

anymore.

Effector
-

Failure to suppress IFTR
Symbiosis stopped

IPTR 1
B >
Utilize IPTR

Symbiosis continued

Suppress IPTR

e

Y

Symbiosis continued

Figure 2. The Invasion Model by Cook etal. (2015) . During invasion, invasion patterns (IPs) come in
close contact with IP receptors (IPRs). When IPRs recognise IPs, an IP -triggered response (IPTR) follows.
Microbes might suppress the IPTR.

The first time breeding for do wny mildew resistance in protected lettuce, cultivation in
glasshouses or polythene clad structures was in 1932 (MacPherson, 1932). Nowadays,
downy mildew is an even more important problem in lettuce cultivation than it was in

1932 (Bauriegel etal ., 2014; Fall etal ., 2015; Lebeda etal. , 2008).

Downy mildew host resistance in lettuce

As explained in the previous chapter, ETI is commonly associated with host resistance.
Over 40 monogenic  race -specific R genes effective against  downy mildew ( Dm genes)

have been introgressed in cultivated lettuce (Hayes et al. , 2014). One of these Dm
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genes, dm3, is shown to encode fora NB  -LRR region ( Meyers etal. , 1998 ). Lebeda and

Zinkernagel (2003) evaluated the virulence and distribution of Bremia lactucae in let tuce
cultivation in Germany. This showed how effective B. lactucae isin responding to new

Dm genes in cultivation. In practice, new isolates that overcame an introgressed Dm
gene are found 1 -3 years after introduction of the Dm gene in large -scale cultiva tion.
Therefore, it is necessary to keep introducing new Dm genes in lettuce cultivars until a

more durable resistance is introduced. For example, Dm genes targeting core effectors

that contribute toward B. lactucae virulence are most interesting as the lo ss of such
effectors inhibits pathogens from infecting (Cruz etal. ,2000). A diversity of Dm genesis
found in L. serriola (Lebeda etal. , 2014). Out of 250 studied L. serriola accessions 45

(18%) showed arace -specific resistant phenotype (Lebeda etal. , 2008). In the
secondary genepool, nine monogenic R genes are found within the species L. saligna .
Within the species L. sativa , L. serriola and L. virosa are 12, 27 and 3 monogenic R genes
found respectively (Parra etal. , accepted 2016 ). Christopoulou etal. (2015) defined
major resistance clustersinthe L. sativa reference genome by screening the genome for

NB-LRR receptor encoding sequences (Table 2) .

Table 2. Major resistance clusters in the L. sativa reference genome define d by NB-LRR receptor
encoding sequences (by Christopoulou etal ., 2015).

Linkage group/ WUR Beginning End cluster
chromosome nr. Name cluster cluster (Mb) (Mb)
LG1/1 MRC1 113 174
LG2 /2 MRC2 2 75
LG3 /8 MRC3 214 254
LG4 /4 MRC4 333 395
LG5 /5 MRC5 97 291
LG8 /6 MRCS8A 3 58
MRC8B 81 89
MRC8C 203 229
LG9 /9 MRC9A 19 91
MRC9B 159 196
MRC9C 227 241
Downy mildew non - host resistance in lettuce
Bonnier etal. (1992)tested 52 adult L. saligna accessions for the susceptibility of 20 B.
lactucae races. All of them were resistant to all the tested B. lactucae races, giving L.

saligna anon -host status regarding  B. lactucae . Petrzelovd etal. (2011 ) carried out a
more comprehensive study on L. saligna with 146 accessions from 25 L. saligna
populations which were tested at the seedling and adult stage for their resistance to ten

B. lactucae races, including five new isolates in comparison with the study of Bonnier et
al. (1992). At the seedling stage, some accessions showed a race - specific response,

which is a characteristic of host resistance. At the adult stage, all accessions were tested

12



resistant towards all  B. lactucae races. Therefore, L. saligna is considered a non -host at

adult stage regarding B. lactucae.

Non - host resistanc e might be more d urable than resistance based on R genes with NB -
LRR receptors because there seems to be a different resistance mechanism in play than
recognition with these receptors (Lebeda & Reinink, 1994 ). The nature of thisnon  -host

resistance is unde r discussion as Lebeda & Reinink (1994) claim it is recessive based on
the susceptibility of F1 plants from a cross L. saligna (CGNO05271) x cv. Cobham Green.
In contrast, den Boer  etal. (2014 a) argues that the resistance is dominant based on the

resistanc e found in all tested F1 plants from a cross L. saligna (CGNO05271) x cv. Olof.

Resistant L. saligna accession CGN05271 revealed no monogenic race - specific R genes
but indicated a polygenic inheritance and a quantitative character regarding downy

mildew res istance (Jeuken and Lindhout, 2002). Fifteen introgression regions are

identified in Backcross Inbred Lines (BILs; single L. saligna introgression regions in an L.
sativa background) covering 96% of the L. saligna genome (Jeuken and lindhout, 2004).
Eight BILs showed race -nonspecific quantitative resistance according to Zhang etal.
(2009). Three BILs showed a reduced infection of 60 -70% at the young plant stage and

of 30 -50% at the adult plant stage in field conditions. Sub -BILs of those three BILs
reveale d that resistance was not based on a single locus but multiple sub - quantitative
trait loci (sub -QTLs) were identified (  den Boer etal. , 2013 ). Sub -QTLs had an individual
effect of about 10% infection reduction. Combining the eight BILs showing quantitative

resistance in pairs revealed in one case an additive (combination gave more infection

reduction) and in two cases an epistatic effect (comb ination gave higher infection
reduction than effect of single BIL could explain) (den Boer etal ., 2014 a). In seven
cases, a hon -additive effect was found (infection reduction not lower than most resistant

parent). The results indicate that the non -host re sistance found in L. saligna is inherited
in a complex manner and/or is based on multiple interactive loci. Due to the indication of

multiple interactive loci, den Boer etal. (2014 a) searched for QTLs in an F2 population, a
population in which multi -locus interactions between L. saligna alleles can still occur.
Three resistan ce loci without an accession specific effect were identified (den Boer,
2014b) . While research is  ongoing, the underlying processes of the non -host resistance

found in L. saligna are s till unclear.

Since the precise underlying processes of this non -host resistance are not known and
identification and utilization of this in crop improvement is still not feasible on short -term

(Gill etal. ,2015), introgression of Dm genes is preferred in  breeding programs for a

13



short -term solution. The discovery of new Dm genes provides genetic resources for a

downy mildew resistant lettuce crop in the near future.

In offspring of L. saligna CGNO05271 x L. sativa cv Olof crosses hybr id necrosis (HN) did
occur due to the  hybrid interaction of two genes (Jeuken et al. , 2009). HN is a common

phenotype of hybrid incompatibility and hypothesised to result from autoimmunity

(Bomblies & Weigel, 2007). It is an important variable that should be taken into account
when researching downy mildew resistance found in L. saligna because it can reduce the
viable population size . Jeuken etal. (2009) showed that RIN4 from L. saligna (C9) and
an unknown gene from L. sativa (CB6) interacted, provoking HN . Interestingly, the

combination of these two genes also induced qualitative resistance (absence of disease)

to B. lactucae race BIl: 16 and quantitative resistance (reduction of disease) against BI: 14.

Itis sugg ested that the unknown gene on C 6 of L. sativa guards the RIN4 protein. When

it interacts with RIN4 of L. saligna it provokes an HR, which is visible as HN.

In this thesis, two workarounds to provide resistance to downy mildew will be covered;

(1) the genetic dissection o f downy mildew resistance of two L. saligna accessionsin a
BC1/BC2 and F2 population and (2) a pilot to explore the possibility to introgress

agronomical traits of L. sativa into L. saligna while maintaining non  -host resistance to

downy mildew.

Genetic di  ssection of downy mildew resistance in two L. saligna accessions
In this thesis, the genetic background of downy mildew resistance in two L. saligna
accessions is studied. In this report, the accessions are referred to as L. saligna SK1 and

L. saligna SK2 because of confidentiality agreements. The questions that need to be

answered for both accessions are: Is there a(n) (additional) monogenic qualitative Dm
gene present in the studied accession? What is the genetic location (chromosome

number and locus inte  rval) of this R gene when present? The presence of quantitative
resistance genes are expected in L. saligna SK1 because of the non -host status of L.

saligna .
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Previous results on L. saligna SK1

In 2014 a previous MSc. student performed p ilot studies with 25 F2 L. saligna SK1 plants

and Bl: 21 that showed a segregation of five resistant plants with HN symptoms, sixteen
resistant plants without HN, three partly resistant plants and one very susceptible plant

(Figure 3). Resistant parent L. saligna SK1 did not show sporulation. Leaf discs of
susceptible parent L. sativa cv Olof showed sporulation from 78 till 96%. The HN
symptoms can be caused by the same interacting loci as found by Jeuken etal. (2009).
If this is the case, these plants can be resistant due to these loci. Therefor these plants

are not taken into account in this analysis. Mendelian segregation of an R gene would

result in fifteen resistant plants (75%) in an F2 population of 20 plants. Stacked
gualitative resistance genes can give complete resistance ( Jeuken & Lindhout , 2002 ).
Because of the expected presence of qualitative resistance genes , a higher percentage of
resistant plants is expected. The segregation in the pilot study (80% resistant)  therefore
indicates the presence 0 fan Rgenein L. saligna SK1. In this study, attempts are made

to map the resistance found in L. saligna SK1 inaBC1 (( L.saligna SK1 x L.sativa cv
Olof) x L. sativa cv Olof) . To validate the results of the BC1, also attempts are made to

map the resista nceina BC2 population (BC1 sat x L. sativa cv Olof).

20

16 -

12 A

# plants

10 20 30 40 50 60 70 80 90 100
Absolute infection severity classes (%)

o . , . . —mn B m

B F2 SK1 plants without HN (n=20) B F2 SK1 plants with HN symptoms (n=5)
sal_SK1 (n=4) m cv Olof (n=4)
Figure 3. Frequency distribution of F2 plants according to absolute infection severity against Bl: 21 at 10
dpi. Shown absolute infection severity scores are the average of four observa tions (4 leaf pieces per

plant) . Resistant parent of the F2 population is L. saligna SK1 and susceptible parent is L. sativa cv Olof.

Previous results on L. saligna SK2

Agro -infiltration studies by Anne Giesbers in November 2015 demonstrated that L.
saligna SK2 reacts to effector BLR31, a B. lactucae effector that is not recognised by L.

sativa cv Olof. This response was associated with resistance to Bl: 24 in an F2 population
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The response is dominant and mapped on top of C2 (Pers. comm. Anne Giesbers).
However, there were also resistant plants without an L. saligna allele ontop of C2and
without a response to effector BLR31 (30%) (Figure 4). This resistance could be

explained by the presence of non  -host resistance. Though in other L. saligna F2
populations (selfed (L. saligna CGNO05271 x L. sativa cv Olof)), only 7 -13% of the plants
were resistant due to the presence of non -host resistance. The high number of resistant
plants wi thout an L. saligna allele ontop of C2 suggests the presence of a monogenic
resistance next to the L. saligna wide non -host resistance and resistance found on top of
C2. In this study, attempts are made to map this additional resistance in an F2

populatio n (selfed ( L. saligna SK2 x L. sativa cv Olof)).

70
60
50 -
o 40 -
<
o
2 30
F*
_—
20 -
10 -
O .
10 20 30 40 50 60 70 80 90 100
Absolute infection severity classes (%)
B F2 SK2 (saligna C2 + BLR31 response n=27) F2 SK2 (saligna C2 no BLR31 response n=8)
B F2 SK2 (no saligna C2 + BLR3L1 response n=2) ® F2 SK2 (no saligna C2 no BLR31 response n=23)
Hcv Olof (n=4) Sal_SK2 (n=4)
Figure 4. Frequency distribution of F2 plants according to absolute infection severity against Bl: 24 at 10
dpi. Shown absolute infection severity scores are the average of four observations (4 leaf pieces per
plant). Resistant parent of the F2 population is L. saligna SK2 and susceptible parent is L. sativa cv Olof.
Both accessions might reveal new qualitative and/or quantitative downy mildew

resistance genes. If a resistance is found, the genetic location can help distinguish it from
other found resistances. Therefore, both genotyping and phenotyping will be used to

identify and map the resistances.

For a resistance gene against  B. lactucae to be useful in breeding and cultivation, it
should at least meet certain requirements. First of all, the gene needs to give resistance

to pathotypes of  B. lactucae that are relevant in cultivated lettuce. Therefor the latest
pathotypes of B. lactucae that are relevant in cultivation are used in this study. These
pathotypes have overcome R genes introgressed in different cultivars (International
Bremia Evaluation Board, http://pestlist.worldseed.org/isf/ibeb.html ). Secondly

introgression of an R gene in a breeding programme is more straight forward if a gene is
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not closely linked with currently used resistances and/or agronomical important genes.

Therefore, an R gene that is not closely linked to other agronomical important traits is
preferred.

In addition to the characterisation of resistance, HN, found in crossings between L.
saligna SK1 and L. sativa cv Olof, will be mapped to determine if also in accession SK1
the same underlying interacting genes are found as studied by Jeuken etal. (2009) in L.

saligna accession CGN05271 and CGN11341.

Exploration of the possibility to introgress agronomical traits into L. saligna

To exploit the non -host resistance of L. saligha , it might be possible to introgress
agronomical traits from L. sativa into L. saligna , giving rise to a downy mildew resistant

L. saligna cultivar that can be used in lettuce cultivation, instead of an L. sativa cultivar.
No other species than L. sativa is grown as a lettuce crop worldwide (Lebeda etal. ,
2008). Wild L. saligna plants do not meet many of the agronomical standards requested

by people in the entire producti on chain and at consumer level for lettuce as a leafy
vegetable. These standards include leaf width, colour and shape. Also a lot of

agronomical important traits are  unknown in L. saligna .

It is not known if it is possible to gain an agronomical ly acceptable crop by introgress  ing
agronomical traits into L. saligna . One of the questions is if it is true that key trait

differences between a wild type plant and its deriv ed cultivar are genetically based on

just several major genes. Doebley (2004) states that it is often incorrectly opted. He

shows that in maize, gene(s) controlling one key trait are usually mapped to different

chromosomes in different studies. Moreover , he points out that in many of these studies
guantitative variants are reported as Mendelian classes by forcing qualitative results into

categories. In contrast, Wang etal. (2015) showed that only a single amino acid

substitution is responsible for the diff erence between covered kernels in the wild

progenitor of maize and naked kernels in maize.

Moreover, due to the making of BILs with L. saligna (donor parent) and L. sativa
(recurrent parent) , several areas within the lettuce genome could be identified that were
correlated with clear morphological traits (Jeuken & Lindhout, 2004) (Table 2). This

shows that the introgression of a specific genomic region in lettuce can result in plain

phenotypic differences. However, this research is not completely representat ive because
here, the effect of the introgression of L. saligna alleles is investigated and in this pilot
experiment, the effect of the introgression of L. sativa allelesin an L. saligna background
is studied.
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Table 3. Genetic location of various phenotypical traits found in BILs ( L. saligna introgressionin L. sativa
cv Olof) (adapted Jeuken & Lindhout, 2004).

Genetic location trait (chromosome

number and locus interval in Phenotype

centiMorgans (calculation 1997))

C3(0-3) Reflected involucre

C4 (18 -61) Linear, dark -green leaves, open head

C4 (114 -142) Blistered leaves

C5(0 -15) Pointed leaf apex

C5 (32 -90) Highly branching

C7 (62 -75) Early bolting

C8 (76 -91) Brown seeds instead of black like those of both parents, L.
saligna CGNO05271 and L. sativa cv Olof

C9 (35 -58) Irregular and not  -waxy leaf surface; irregular leaf colour
distribution with many light -green areas

This leads to the research question: What is the phenotype of L. sativa introgressions in

an L. saligna background? More specifically, the phenotype of introgressions at C4
(heading, leaf width and colour ), C5 (leaftip shape ), C7 (bolting ), C8 (leaf shape) and C6

and C9 ( hybrid necrosis). If the phenotype of these introgressions are known, it can be

determined if it is useful to select for or against  these loci to breed towards a leafy
vegetable . Introgression of leafy vegetable -morphology -loci, like studied in this pilot
experiment, might be more efficient than finding mutants within L. saligna becau se the

agronomical traits in L. sativa are already selected for agronomical use. Potentially, more

agronomical ly important alleles can be found within L. sativa than within L. saligna .

Workflow

In order to answer the research questions different steps need to be taken. First new
markers need to be developed to improve the marker density on the genetic map. Some
of these, together with existing ones, will be used to genotype a BC1 sat and BC1 sal SK1.
These data will be combined with phenotype data (including disease assay data) to
potentially map hybrid necrosis, map a monogenic resistance gene and evaluate L.
saligna breeding. ABC2 sat SK1 will be created to validate the region mapped with

BC1lsat data. Hereafter an F2 population (selfed ( L. saligna SK2x L.sativa cv Olof)) will
be scored for resistance and genotyped to potentially map a monogenic resistance gene

in L. saligna SK2 (Figure 5) .
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Marker development

Phenotype and genotype BC1  sat and BC1 sal (L. saligna SK1)

Map hybrid necrosis

Map R gene L. saligna SK1

Phenotype and genotype BC2  sat (L. saligna SK1)

Validate resistance locus L. saligna SK1 with BC2 sat data

Phenotype and genotype F2 (L. saligna SK2)

Map R gene L. saligna SK2

Figure 5. Basis workflow of planned proceedings in this Thesis.
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Plant material and growing conditions

Previously, d owny mildew resistant L. saligna accession SK1 has been crossed with
susceptible L. sativa cv Olof creating an F1 population (Figure 6 ). One F1 plant was
crossed with its recurrent L. saligna parent to create a BC1 sal population consisting of 34
seeds . Another F1 plant was crossed with its recurrent L. sativa parent to create a
BC1sat population consisting of 116 seeds. The seeds were sown in August at the depth

of 0.5t0 1 cm in wet potting soil and placed in the dark

at

4eC

pl ants were transported to a greenhouse compartment W

temperature and a minimum of 16h light and a maximum of 8h dark period. Plants were

potted into 14 -cm pots fo ur weeks after sowing and into 19 cm pots seven weeks after

sowing.
L. Saligna SK populations L. Saligna SK2 populations
P, resistant P, susceptible P, resistant P, susceptible
L. Saligna SK L. sativa cv Olof L. Saligha SK2 L. sativa cv Olof

Q l o] Q o]

P, x F1

(0} Q g

‘.g

34 seeds 116 seeds 186 seeds

v
®

v

—XR e  «—

mm L. saligna
w |, sativa
Heterozygous
11 seeds 65 seeds
Figure 6. Crossing scheme of all studied populations. Studied populations in black circles. Circle

diagrams visualise genotype frequencies expected when Mendelian segregation and no selection takes
place.
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One of the downy mildew resistant BC1 sat plants (donor parent L. saligna SK1) was
backcros sed with susceptible L. sativa cv Olof creating an BC2 sat population consisting of
65 seeds . This BC1 sat plant had an introgression at the chromosome region that was

linked to resistance in the BC1 sat. Eleven seeds, emerged from selfing, were collected

from this same BC1 sat plant, resulting in an BC1S1 population. The seeds were sown in

November; seeds and plants received the same treatment as the BC1 sat seeds/plants.

An F2 population consisting of 186 seeds was created by selfing an F1 plant ( L. salign a
accession SK2 x L. sativa cv Olof) . The seeds were sown in October; seeds and plants

received the same treatment as the BC1 sat seeds/plants.

Control plants consisted of the parents, L. sativa cv Cobham green, L. sativa cv Iceberg
and L. sativa dBIL468 ( den Boer, 2014 a), received the same treatment as the studied
populations. L. sativa cv Cobham Green is a susceptible control without any R genes

effective against  BIl:1-31 (International Bremia Evaluation Board,

http://pestlist.worldseed.org/isf/ibeb.html ). Expected are infection levels are between 38

and 93 (den Boer, 2014a). L. sativa cv Iceberg is an partial resistant control showing a

high level of field resistance (Lebeda & Reinink, 1991). Expected are infection levels of cv
Iceberg are between 0 and 45 (den Boer, 2014a). L. sativa dBIL468 consists out L.
saligna introgression s onC4,6and8 in anL. sativa cv Olof background. T his genotype
shows a reduc ed infection level in adult disease assays compared to susceptible control
sativa cv Olof . The expected infection levels of this BIL are between 1 and 35% (den
Boer, 2014a)

Pathogen material

The virulent phenotypes of B. lactucae race (Bl) 21, BI:24 and BI: 29 have been described
by the International Bremia Evaluation Board
(http://pestlist.worldsee d.org/isf/ibeb.html ). Maintenance and inoculum preparation were

performed as described by Jeuken and Lindthout (2002).

In total, 85 primer pair combinations were designed in 50 expressed sequence tags

(ESTs) using Primer3Plus (http://www.bioinformatics.nl/cgi -
bin/primer3plus/primer3plus.cgi/ ). The Lettuce Version 3.2 Database from Lettuce
Genome Resource ( UCDavis) was used to find ESTs and sequences. Primer sequences
were designed in exons, the PCR product was desig ned to be between 400 and 500 base

pairs long and include at least one intron. Within one EST, up to two primer pair

L.
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combinations were created depending on the number of introns and possibilities.
Exceptiontothisare ESTs 6 QGC19F22.yg. abldatamgd a@®@daIourS3 _Co
and seven primer pair combinations were designed respectively. This because of the

importance of these ESTs (pers. comm. Anne Giesbers).

Designed primer pairs were tested on reference genotypes L. sativa cv Olof, five L.

saligna accessions and three different 6 L. s axl icgvn aO|l so(Tab lé 4 )FAll fragment

amplification was performed with a PCR programme as in Table 5. Polymorphisms were

visualised by high -resolution melting curve differences pictured with a LightScanner

System (Idaho Technology). Analysis of the melting curves were do
Scanning6 in Light Scanner(ldshoTethnobogye Pi2merOpai@that 3 3 1

showed at the minimum , differences between ¢ v Olof, L. saligha and hetero zygous F1s

were considered as potential markers.

Table 4. Layout of PCR plate with reference lines used to test designed primer pairs.

Genotype name # replicas Cross

cv Olof 4 L. sativa cv Olof selfing

Sal_FR 3 L. saligna CGNO05271 selfing

Sal GEO 3 L. saligna CGN15705 selfing

Sal_ RUS 3 L. saligna CGN15726 selfing

Sal_SK 3 L. saligna Sal SK1 selfing

Sal_SK2 3 L. saligna Sal SK2 selfing

F1_5304 2 L. saligna CGNO05304 x L. sativa cv Olof
F1_15705 2 L. saligna CGN15705x L. sativa cv Olof
F1 5271 1 L. saligna CGNO05271 x L. sativa cv Olof
Primer pairs that showed potential in the parental panel were validated and if possible

mapped in an F2 population of L. saligna CGNO05271 xcv Olof consisting of 126 plants

With JoinMap 4.1, new linkage maps were calculated that included the newly designed

mar kers. During the regression mapping using Kosambi 6
recombination frequency were set to smaller than 0.4500. The LOD score was set to

larger than 0.5 0 and goodness -of-fit jump threshold for removal of loci was set to 5.00.

The number of added loci after which a ripple was performed was set to one. No third

round was used to fit in markers in the new linkage map. MapChart 2.3 was used to

visualise the n ewly created linkage maps.
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Table 5. PCR program me (A) and ingredients (B) used for all DNA duplications.

A Temperature Duration B Volume
Step ( e C (seconds) Ingredient (T 1)
Initial denaturation 98 30 Milli - Q water 5.45
Denaturation 98 10 Phire Reaction Buffer 2.0
Annealing 60 10 } 40x dNTP (5 mM) 0.4
Elongation 72 30 Forward pri mer 0.025
Final elongation 72 30 Reverse pri mer 0.025
Denaturation 94 30 LC Green (LCG) 1.0
Final annealing 25 30 Phire Hot Start Il DNA 0.1

Polymerase
DNA(10-100 ng/ 311 1.0

Hybrid necrosis

Macroscopic observations were made in the BC1 sat SK1 and BC1 sal SK1 population s to
score hybrid necrosis. Macroscopic observations were made when plants were five weeks
old; unless hybrid necrosis was lethal, those plants were score d earlier. Inthe BClsat

population, severe macroscopic necrosis was  expected , inthe BC1 sal population , low
levels of macroscopic necrosis were expected (Jeuken etal. 2009). Jeuken etal. showed
that there was a distorted segregation of the RIN4 locus at C9 in the studied F2, resulting

in a deficiency of L. saligna alleles at this locus.  Considering this distorted segregation,
the genotype O6C6 ar oundL.8afiva cakd 09 caround ¥ olo heserozygous 6
is expected to be more rare than expected when Mendelian segregation. Therefore, less

than 25 % of the plants were expected to show necrosis due to hy brid incompatibility in

these BC1 populations.

Leafy vegetable traits

Leaf tip shape (round or pointy), serration of the leaf edge, bolting and general vitality
were scored in the BC1  sal population until the plant age of 80 days. Pictures to show the

general appearance of the plants were made 62 days after sowing.

Resistance to BIl: 21 and BI: 29 was quantified in all studied L. saligna SK1 populations
(BClsat, BClsal, BClsatS1 and BC2sat) by scoring the percentage of sporulating area on
leaf dis cs. In assays involving  Bl: 21, | eaf discs were collected from 5.5 -week -old plants
(BC1lsat and BC1 sal) or 6 week -old-plants ( BClsatS1 and BC2sat) and scored daily
between 7and 11 (BClsat and BCl sal)or8and 13( BClsatS1and BC2sat) days after

inocul ation. In assays involving BI: 29, plants were 6.5 weeks old (BC1 sat) or 6 weeks old
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(BClsatS1 and BC2sat) when leaf discs were collected. Only a selection of plants from

the BC1 sat were tested with  BI: 29 to look at the s pecificity of the resistance. The
selection consisted out of nineteen plants that did not show sporulation when inoculated

with BIl:21 and six plants that did show sporulation when inoculated with Bl:21. Daily
scoring was between 10 and 13 days (BC1 sat and BC1 sal) or 8 and 13 days ( BClsatSl

and BC2sat) after inoculation.

In the F2 SK2 population, resistance to Bl: 24 was also quantified by scoring the

percentage of sporulation on leaf dis cs. Plants were 6 weeks old when leaf discs were
sampled and scoring took place bet ween 9 and 11 days after inoculation. To validate this
assay, the assay was repeated by taking leaf discs when plants were 7 weeks old and

performing the same assay on these discs. Scoring of this assay took place between 8

and 10 days after inoculation.

All genotypes were scored with f our technical replications by taking four leaf disc samples
per plant. Leaf disc s were inoculated by spraying spore s uspension (2 x 10 5 conidia/ml)

on them; subsequently, they were incubated for 16 hours in the dark. The leaf  discs were
kept at 15eC in a 16 hour s-2k-l)g&hours(ddridséhedule.cr Amol e m
selection of BC1 sat plants inoculated with Bl: 29 was also kept at 19 e Cto investigate the
effect of temperature during infection. A disease assay at 19 e Cwould h ave practical
advertences due to the availability of climate rooms. Both parents (resistant and

susceptible), dBIL468 (partial resistant), cv Cobham G reen (susceptible) and cv Iceberg
(partial resistant) were used as control in disease assays . Scores were converted as
relative infection severity levels (RIS), relative to the absolute infection level of

susceptible L. sativa cv Olof. Plants with a relative infection level >10 were classified

susceptible and plants with a relative infection level <10 were cla ssified resistant.  Plants
were scored daily from the moment susceptible parent L. sativa cv Olof showed

sporulation. Daily scoring was stopped when whole leaf pieces started to rot.

DNA isolation

Two methods were used to isolate DNA: CTAB isolat ion and NaOH extraction . DNA
isolated with the CTAB method is purer and therefor e suitable for long -time storage.
Extracting DNA with the NaOH method is cheaper and faster but the DNA will degrade

over time when stored. Leaf samples used for DNA isolation of 0.5 cm 2 were collected on

ice.
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CTAB DNA isolation

To isolate DNA , leaf samples were  frozen in liquid nitrogen and lysed (TissueLyser I,

Qiagen). Samples were kept frozenuntil5 007 | b uf f eatriunfbiSuifiet L , 17 I/ml
RNAse, 416ml/L extraction  buffer (0.35 M Sorbitol, 0.1 M Tris -HCL pH 8.0, 5 mM EDTA

pH 8.0), 416ml/L lysis buffer (0.2 M Tris -HCL pH 8.0, 0.05 M EDTA pH 8.0, 2 M NaCl, 2%
CTAB), 8.35gr/L sarcosyl) was added. After incubation a5 06%eC for
chlorof orm was added and mi xed with the sample for five minutes. Samples were spun
forten minutes where after 3 50-4007T | a q u ghase svas taken. An equal amount of
isopropanol was added to the aqueous space and tubes were 8 times inverted. Next,
samples were spun down for fifteen m inutes and all fluid was removed. The pellet  was
washed with 70% ethanol. After drying the sample , 1007 1Q witér wasiadded,
dissolving the pellet overnight. DNAwas storedin 4eC until PCR.

NaOH DNA extraction

DNA was extracted by adding 20 T INaOH 0.5 M to the leaf discs. Afterwards, samples

were grinded in five minutes in a Tissue striker ( KisanBiotech ). Twenty 1 ITris 100 mM
was added directly after striking. Five 1 lof the sample was transferred to another tube
together with 200 T ITris 100 mM.

Genotyping

DNA replicaton and genotype anal Pesigning, kesingiamd vadidating .
primers 6 . First ma-LRRecoding regionsN BChristopoulou etal ., 2015 ) were used
to find a possible linkage with downy mildew resistance. If no linka ge was found using
these markers, markers throughout the genome were used to identify the region with the

highest linkage. Additional markers, closely linked to the markers that showed linkage

with resistance, were used fine -map the resistance. M arkers flanking the fine -mapped

region were identified
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To develop new markers , 85 primer pair combinations in

reference genotypes.  Eighteen primer pair combinations

reliable mark er, because p olymorphisms could be visualised between at least

Olofand an L. saligna accession or F1 hybrid.

F2 population to both validate the results seen with the reference genotypes and map the

markers in the available linkage map (Table 6

The potential markers

). In the fluorescence melting curves of

50 ESTs were tested on the

showed potential to become a

were tested on the

twelve of those eighteen tested primer combinations (67%) , three genotypic groups

could be di stinguished (co-dominant) ; (i) homozygous
saligna , (iii) heterozygous. In two of the tested combinations
groups could be distinguished (dominant) and in the fluorescence melting curves of

another four primer combination s (22%) , no group could be distinguished. Newly

mapped markers  are positioned on chromosome one, two, four, seven and nine

7).

Table 6. Overview of tested primer pairs and newly mapped markers.

# primer __ pairs (tested on)

# selected Reference  F2 success ¢

Chromosome ESTs lines ? 1997° Mapped ¢ (%)
1 7 14 3 24 14
2 12 17 3 1 6

3 2 4 0 0 0

4 5 10 5 5 50
5 1 4 0 0 0

6 - - - - -

7 18 29 6 5e 17
8 2 4 0 0 0

9 3 3 1 1 33
Total: 50 85 18 14 16

a See Table 3.

b Primer pairs showed potential in reference lines and were sub

¢ Mapped in F2_05271_1997 (validated markers)

d Percentage of mapped primer pairs  (validated markers)

(potential markers)
€ Including one dominant marker.

L. sativa , (ii) homozygous

L.

(11%) , only two of those

(Table

sequently test ed onthe F2_05271_1997

of total primer pairs tested on refere

nce lines

L. sativa cv
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L. saligna CGNO05271 x L. sativa cv Olof 1997. Genotype

Table 7. New markers mapped in F2 population
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Linkage maps of all nine chromosomes were created using all lettuce markers available

within the Laboratory of Plant Breeding (Wageningen UR ) mapped in F2_05271_1997
(first three chromosomes in Appendix 1). The markers given in Table 7 were included in

this analysis. All newly calculated maps comprised more centimorgan (cM) than the maps
based on JoinMap data from 1997 (Table 7).

Table 8. Chromosome sizes in centimorgan (cM) of linkage maps from 2009 and newly calculated maps
using F2_05271_1997  created by JoinMap.

Size Size
Chromosome Size 2009 SK 2015 @  increase
(cM) (cM) (%)
1 91 164 80
2 104 197 89
3 94 172 83
4 154 336 118
5 134 223 66
6 87 285 228
7 77 130 69
8 108 207 92
9 115 189 64
a Markers used to calculate map : markers used to create the map of 2009 + 14 SK -markers + ~50 other
markers.
Segregating populations derived from crosses between L. saligna SK1and L.sativa cv
Olof were studied for  hybrid necrosis, downy mildew resistance and L. saligna breeding
(Table 9) .
Table 9. Population sizes of segregating populations derived from crosses between L. saligna SK1and L.
sativa cv Olof.
Population # Seeds Germination (%) # Studied adult plants
BC1lsal 34 21 7
BClsat 116 75 87
BClsatS1 11 73 7
BC2sat 65 95 48
Hybrid necrosis
Jeuken etal. (2009) found an interaction between RIN4 from L. saligna (C9) andan

unknown gene from L. sativa (C6). Marker RIN4_snp4 is located on the RIN4 gene on C9
(6.7 cM), marker QGB24E10 is closely linked with the locus of the unknown gene on C6

(31.3cM). Inthe current BClsat population , 66 plants were genotyped with markers;
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QGB24E10 and RIN4_snp4  to investigate the underlying genetics causing HN. For
another seventeen plants the genotype could only be determined for one of these
markers due to the quality of the isolated DNA. Inthe current BClsal population , seven
plants were genotyped with both m arkers. All genotyped plants were scored for

macroscopic necrosis.  Inthe BC1 sat population different levels of necrosis are seen

(Figure 7). Plants A,Band C have HN symptoms, high density of necrotic lesions. Plant A
shows the most severe necrosis, foll owed by plant C and B respectively. One plant with

the phenotype as in plant D was found. This is not scored as HN as necrosis symptoms
differ from the necrosis found in Jeuken etal. (2009). Plant D only showed necrosis on

the tip and edge of the leaves, whereas HN symptoms have been found distributed over

the leaf.

A

HN HN HN Other
necrosis
Figure 7. Different necrotic phenotypes found in BC1lsat plants 45 days after sowing. HN = Hybrid
necrosis.
All fourteen plants that showed necrosis as defined in Figure 7 were homozygous L.

sativa at 31.3 cM at C6 and heterozygous for the RIN4 gene (Table 10). This is in line

with wat was found by Jeuken etal. (2009). No plant, with only the allele combination of
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one locu s determined, showed data that were in conflict with the correlation between

expected necrosis and scored necrosis, data not shown.

Table 10 . Number of plants that showed necrosis per genotype at C6 and C9. In bold genotypes which
would show hybrid necrosis in L. saligna CGNO05271 x L. sativa cv Olof hybrids (Jeuken  etal. , 2009).

Genotype Phenotype
Population Chr6? Chrob Necrosis  No Necrosis Total
h 14 0 14
BClsat 0 21 21
0 14 14
h h 0 17 17
1N o 2 2
BClsal h B s 0 3
h h 0 2 2
Total: 17 56 73
aMar ker 6QGB24E1006 positioned at 31.3 ¢cM in linkage map 2015.
bMar ker ORI N4_snp4d6 positiomap®ilat 6.7 c¢cM in |linkage

Resistance mapping
BClsat

Thirty -nine out of 68 BC1 sat plants without HN symptoms (57%) had a relative infection

severity level (RIS) (relative to susceptible parent L. sativa cv Olof) lowerthan 10% ina
downy mildew disease assay with Bl: 21 (Fi gure 8 ). When one R gene is present and
Mendelian segregation takes place, 50% of a BC1 population is expected to be resistant.

The other BC1lsat plants without HN symptoms showed a RIS between 10% and 170%
and were continuously spread over the infection  severity classes . All plants with  HN
symptoms had a RIS of zero . Susceptible parent L. sativa cv Olof had an ave rage
absolute infection of 30%. This is lower than the expected values of 60 -80%. Controls L.
saligna SK1, cv Cobham Green, cv Iceberg and dBIL4 68 had an average absolute

infection of 0, 45, 0 and 4% respectively.
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Figure 8. Frequency distribution of BC1  sat SK1 plants and control plants according to relative infection
severity against  Bl: 21 at 11 dpi. Shown relative infection severity scores are the average of four

observations (4 leaf pieces per plant) and relative to the average of susceptible control L. sativa cv Olof.
Cv Olof and cv Cobham G  reen are the susceptible controls, cv Iceberg and dBIL468 are intermediate
controls, sal_  SK1 is the resistant control.

The RIS of the selection of 25 BC1 sat SK1 plants , all without HN symptoms, that were
screened for resistance against Bl: 29 at 1 5 e Was plotted ag ainst the RIS of BI: 21
(Figure 9 ). In the assay with Bl: 29, L. sativa cv Olof had an average absolute infection

level of 53%. The average absolute infection of cv Cobham Green, cv Iceberg and

dBIL468 was 45,1, and 0% respectively. Two genotypes showed a compatible

interaction with  BI: 21 but no compatible interacti on with Bl 29 was observed  with these
genotypes . Sporulation was visible on one other genotype when inoculated with Bl: 29 but
not when inoculated with Bl: 21. The R? of the plot is 0.22, a complete correlation

between thetwo  assays would resultina R 2 of one.

Five genotypes susceptible for B:21at15eC were used in a dBl:2dnase

19eC. Four out déwedsuseeptbityfarn tB:29%at 15eC with average

absolute infection scores per genotype of 13, 13,35and 86% . One ge notype did n ot

show sporulation when inoculated with Bl: 29 at 1 5 e Gusceptible control L. sativa cv

Olof did not reveal any visible sign of infection 11 dpi when infection took place at l19ecC.

In the disease assay , one leaf piece of susceptible control cv Cobham Green showed 1%
sporulation at 11 dpi. The BC1 sat plants showed absolute infection levels up to 5%.
Sixteen out of 20 BClsat leaf pieces did not show any visible sign infection. The wet
filtration paper, sup  porting the leaf discs during the disease assay, was infected by a

fungus. This was not seen in any disease assay
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Figure 9. Comparison of Bl:29 and BI: 21 responses at 11 dpi in a selection of BC1 sat SK1 plants

(n=25) . Shown relative infection severity scores are the average of four observations (4 leaf pieces per

plant) and relative to the susceptible control L. sativa cv Olof (average of cv Olof is set to RIS 100%) .Cv
Olof and cv  Cobham G reen are the susceptible controls, cv Iceberg and dBI L468 are intermediate

controls, averages of four control plants per genotype are shown

Fourteen markers are successfully used to genotype the BC1 sat (Table 11). Atleastone
marker in every NB -LRR region was used to genotype the BC1 sat. The disease assay

data of 11 dpi were divided intotwo  classes; susceptible (RIS  Bl: 21 > 10) and resis tant
(RIS Bl:21 >10). Twenty -nine genotypes were classified as susceptible and 39 genotypes
were categorised as resistant . Markers at the bottom of C9 showed values close to the
expected segregation of the markers in case of linkage with a resistance gene. Therefore

more markers at the bottom of C9 are used to genotype the BC1  sat.
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Table 11 . Markers used to genotype BC1  sat SK1 population to map resistance. Genotypes are
categorised into a susceptible group when RIS Bl: 21 (11 dpi) was higher than 10 and classified resistant
when RIS BI:21 (11 dpi) was <10.
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map nr cal. 2009 5 5 ) : o f.
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& 2 & 2 & &
O3 O3 oL O
LG1 1 QGD7M24 - 173 50% 50% 39% 61%
LG2 2 CLSM16923 11 - 54% 46% 56% 44%
LG4 4 CLS_S3 6943 360 50% 50% 39% 61%
LG8 6 QGB24E10 31.3 - 38% 63% 53% 47%
LG8 6 QGH8M10 54 - - - 54% 46%
LG7 7 CLS_S3 1990 - 212 71% 29% 53% 47%
LG3 8 CLS_S3 9019 - 20  62% 38% 12% 88%
LG9 9 RIN4 6.7 - 71% 29% 65% 35%
LG9 9 CLLX1765_F1 - 159 68% 32% 54% 46%
LG9 9 CLX12996 95.1 - 89% 11% 44% 56%
LG9 9 QGC18F20 103.2 223 83% 17% 67% 33%
LG9 9 CLS_S3_4696 104.3 224 | 92% 8% 53% 47%
LG9 9 CLR_S1_4210 1121 241 84% 16% 41% 59%
LG9 9 CLR_S1_1948 113.2 - 67% 33% 29% 71%
a Expected value when markers are 100% linked with resistance. Susceptible group, n = 29.

b Expected value when markers are 100% linked with resistance, values based on percentage of plants
resistant because of non  -host resistance in previous experiments (pers. comm. Marieke Jeuken).
Resistant group, n = 39

Within the susceptible group at least three plants (10%) are heterozy gous for the studied
loci at the bottom of C9 (Figure 10). Without crossing -overs between two markers, no
locus can be determined where all plants are homozygous L. sativa , as is expected when
an R gene giving complete resistance is located in this region. However if an R gene is
present that does not give complete resistance , aregion where all plants are

homozygous L. sativa can be determined.  This would mean that a plant that has the R

gene can still show a RIS of 22. Ten plants (26%) within the resistan t group are
homozygous L. sativa at all loci covered by five tested marker at the bottom of C9

(Figure 11). This is higher than the expected 7 -13%, based on percentage of plants
resistant because of non  -host resistance in previous experiments (pers. comm. Marieke

Jeuken).
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Figure 10 . Genotype and disease assay values of the susceptible BC1 sat SK1 plants (RIS BL:21>10).

PV132xx.xx = plant number . Genrlosttiyap,e gero t=y theo mbledy go utset er ozygou
Infection classes; S = susceptible (RIS BL: 21 >10), R = resistant (RIS BL: 21 <10).
All three susceptible plants with an L. saligna introgression had a relatively low RIS (<24)

and more homozygous L. sativa loci are present in plants with a RIS of 1 to 10 than in

plants with a RIS of 0. Therefore an intermediate infection class is created. All plants that

do not have a RIS <24 or did not show any infection in the disease assay with both Bl:21
and Bl:29 are fa Ilin this class. Between marker CLX12996 and CLR_S1_1948, all plants

within the newly defined infection class susceptible could be homozygous L. sativa
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(Figure 12). Marker CLX12996 is based on plant PV13218.06 . Because this is only one
plant also marker C  LLX1765 is highlighted. Proposing CLLX1765 is based on eight plants.

Among the proposed flanking markers, the plants within the resistant infection class are
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Figure 11 . Genotype and disease assay values of the resistant BClsat SK1 plants (RIS BL:21 < 10).
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mostly heterozygous. If marker CLX12996 is a flanking marker, one to three plants

within the resistant group are homozygous L. sativa . Within the intermediate infection

group both heterozygous and homozygous L. sativa is pres ent.

Plant PV13220.13 did not show any sign of infection when inoculated with BI: 21,
however , a RIS of 17 was measured when inoculated with Bl: 29. Plant PV13220.21
displayed the opposite infection pattern by showing infection when inoculated with BIl: 21
and not showing any symptoms of infection when inoculated with BI: 29.

BC2sat

The results found in the BClsat population were validated witha BC2  sat. All 48

genotypes within the BC2  sat population and 7 genotypes within the BC1 sat S1 population
were tested f or resistance against  Bl: 21 and BI: 29. The frequency distribution of the

infection severity classes of BC2sat plants inoculated with  BIl: 21 is visualised in Figure 1 3.
The frequency distribution of these classes of BC2 sat plants inoculated with Bl: 29 is

shown in Figure 1 4.

In the assay with  BIl: 21, nineteen BC2sat plants (40 %) showed an infection

corresponding with a RIS class of 10 % . Thirty -seven % of all BC1 sat SK1 plants had an

L. saligna introgression at the marker closest linked with resistance in the BClsat. Due to
the presence of qualitative resistance genes more than 37% of BC2 sat plants was
expected to be resistant. Nine plants f all into infection class 20. No BC2sat plant had an
average infection higher than cv Olof. In this assay , the absolute average infection of all
cv Olof plants  was 59 % . What is on the low side of the expected value of between 60 and

80%. The lowest RIS of a Olof plant was 55%. One BC1 sat S1 plant did not show any

sporulation, the other six plants had a RIS between 13 % and 38 %.

A different division of RIS was observed after inoculation with Bl: 29. S ixteen BC2sat
plants (33%) had a RIS lowerthan 10%. In contrast to the assay with Bl: 21,2 0 BC2sat
plants had an average infection higher than cv Olof. Also one cv Iceberg plant had a

higher average infection than the average of cv Olof. Susceptible parent cv Olof had an
average absolute infection of 40% in this assay . Which is below the expected of between

60 and 80%.
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Figure 13 . Frequ ency distribution of BC2 sat SK1 plants and control plants according to relative infection
severity against  Bl: 21 at 1 3 dpi. Shown relative infection severity scores are the average of four

observations (4 leaf pieces per plant (BC2sat) and 2 leaf pieces per plant (controls )) and relative to the
average of susceptible control L. sativa cv Olof. Cv Olof and cv Cobham G reen are the susceptible
controls, cv  Iceberg and dBIL468 are intermediate controls, sal_ SK1 is the resistant control.
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Figure 14 . Frequ ency distribution of BC2 sat SK1 plants and control plants according to relative infection
severity against  Bl: 29 at 13 dpi. Shown relative infection severity scores are the average of four

observations (4 leaf pieces per plant (BC2sat) and 2 leaf pieces  per plant (controls) ) and relative to the
average of susceptible control L. sativa cv Olof. Cv Olof and cv Cobham Green are the susceptible
controls, cv  Iceberg and dBIL468 are intermediate controls, sal_ SK1 is the resistant control.
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To verify the genotyp e results found in the BClsat SK1 population, only markers on C9

were used (Table 11). The groups O6ésuscep29i bl ebd

infection data, because a clearer difference between RIS <10 and RIS >10 was seen in

the BIl:29 data. Markers  CLLX1765 and QGC23MO07 were homozygous L. sativa in both
the BC1 sat and cv Olof parent plant. Therefore, there is no segregation of these markers.
Segregation is found within the disease assay results, 32 BC2 sat plants fall into the class
6suscept i aRI®Mgherthan B0% (lowest RIS 44). Sixteen plants are classified
0resistantd (hi ghes satR pdpuladion,inodulatedtwithe BIC29, one plant
has a RIS lower than 10%, the six other plants have a RIS higher than 10%. These

plants had a Rl S of 16, 33, 69, 142, 148 and 179. The plant with a RIS lower than 10%

and the plants with RIS 16 and 33 had an L. saligna introgression at the bottom of C9
(marker CLS12996 till LE0456). The plants with a higher RIS did not have this

introgression.

Table 12 . Markers used to genotype BC2  sat SK1 population to map resistance. Genotypes are
categorised into susceptible group when RIS Bl: 29 (13 dpi) was higher than 10; and classified resistant
when RIS BI: 29 was lower than 10 (13 dpi).
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LG9 9 CLLX1765 - 159 100% 0% 100% 0%
LG9 9 QGC23M07 94.4 - 100% 0% 100% 0%
LG9 9 CLS12996 95.1 - 100% 0% 0% 100%
LG9 9 QGC18F20 103.2 223 100% 0% 0% 100%
LG9 9 CLR_S1 4210 112.1 241 100% 0% 0% 100%
LG9 9 LEO0456 115.1 - 100% 0% 0% 100%

a Expected value when markers are 100% linked with resistance. Susceptible group, n = 32.

b Expected value when markers are 100% linked with resistance, values based on percentage of plants
resistant because of non  -host resistance in previous experiments (pers. comm. Marieke Jeuken).
Resistant group, n = 16.

The RIS of the disease assays with Bl: 21 and BI: 29 are plott ed against each other (Figure
15). Clearly seen in this figure is that the scored RIS in the disease assay with Bl: 29 is on
average higher than the RIS scored in the disease as say with BI: 21. The R ? between both
assays is 0.004, a value of 0.0 would indicate that there is no correlation at all between

the assays. The disease assay with  BI: 21 showed a more progressive increase in RIS

between plant in both BC2  sat and BC1sat S1 population. The biggest difference between

two sequential infection scores was a RIS of 8%. The thirteen plants with the highest RIS

(RIS higher than 45) in the disease assay with Bl: 21 were homozygous L. sativa for all
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markers. All eleven BC2sat SK1 plants with a RIS lower than 5, exceptone , hadan L.

saligna introgression at the bottom of C9 . Out of the 31 plants with a RIS between 5 and
38, nine plants had an L. saligna introgression at the bottom of Co.
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Figure 15. Comparis on of Bl:29 and BI: 21 responses at 13  dpi in BC2 sat plants (n=5 5). Shown relative
infection severity scores are the average of four observations (4 leaf pieces per plant (BC2sat) and 2 leaf
pieces per plant (controls) ) and relative to the susceptible control L. sativa cv Olof (average of cv Olof is
set to RIS 100%). Cv  Olof and cv Cobham Green are the susceptible controls, cv Iceberg and dBIL468
are intermediate controls, averages of four control plants per genotype ar e shown.

L. saligna breeding

Out of the 34 BC1 sal seeds, seven germinated, giving rise to a germination rate of 21%.
Three BC1sal plan ts suffered from HN, leaving a population of four BC1 sal plants for
further breeding and phenotyping (Figure 16) . The three plants that showed necrosis had

a genotype that matched a known hybrid necrosis genotype, homozygous L. saligna on

C6 around 31 cM and heterozygous on C9 at 6.7 cM.

Eight markers were used to genotype the population. No variation was found in le af tip
shape. Genotyping with marker NL0853 showed that the gene giving rise to a round leaf
tip (from L. sativa ) is not present in the population. Variation was found for both bolting

time and leaf shape.  Plant A4 bolted earlier than  plant s A1-A3 and both parents. This
indicates at transgressive segregation. Plant A4 was the only plant in the population that

was homozygous for a marker linked to bolting time (LK1513). The other plants were

heterozygous for this locus. Plants A1 and A2 had highly serrated | eaf edges with
corresponding homozygous L. saligna genotype for marker KLK1366. Both plant s A3 and

A4 were heterozygous for this marker but plant A3 had a medium serrated leaf edge
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phenotype whereas plant A4 had a moderate one No differences in leaf colour are seen.

A dark green leaf colour seems to be dominant as no light green is visible in the BC1 sal
population while cv ~ Olof alleles are present. Cv Olof has light green leafs. In this
population no visible steps in breeding for wider leafs was found as no phenotypical
variation in leaf width of fully stretched leafs was visible . This could mean that this trait is

recessive as the locus linked to wider leafs is present in two plants. The phenotype of
head formation rating was not scorable due to the signifi cant difference between a head

forming crop and the  BClsal plants. Linked markersto those traits showed genetic

differences.

B 1

2
L

v

C WUR Plants .A Plants .B
chrom Linked cv L. Saligna
Trait nr cM marker 1 2 3 4 1 2 3 Olof SK

RLFCLR, leaf colour / RLFWDTH, leaf width 4 52.0 LE1106
58.7 NL0243
43.3  NL1088
42.2 NLO853

RLFCLR, leaf colour
HEADING1, head formation rating
RLFAPEX, leaf tip shape

(50 IR

Phenotype 1 1

BOLTDAY, bolting time 7 60.5 LK1513 h h
Phenotype® 0 0 0
h

1

RLFSHAP, leaf shape 8 37.7 KLK1366 -

Phenotypec 2 2
Hybrid necrosis, CGN05271 6 31.3 QGB24E10 h
h
0

O

6.7 RIN4snp4

Phenotyped 0 0

Figure 16 . Characteristics of backcross population L. saligna SK1 x cv Olof (BC1 sal).

(A) BC1lsal plants that showed no hybrid necrosis (HN) pictured 62 days after sowing. Pot size is 19 cm.
Plant 1 = PV13227.02; plant 2 = PV13229.01; plant 3 = PV13230.01; plant 4 = PV13230.02.

(B) BC1sal plant s that showed hybrid necrosis (HN) pictured 45 days after sowing. Plant 1 =
PV13225.01; plant 2 = PV13227.01; plant 3 = PV13229.02.

(C) Results of marker analysis for markers |linked to phenotypic
shaped, 6l eaf shaped and 6hybr CWOldf bz Homezygsud . Lasaligna HSiKmheez y go u s

Heterozygous; n = no result.

2 0 = Round leaf tip; 1 = Pointy leaf tip.

5 0= No bolting visible 80 days after sowing; 1 = bolting visible after 80 days after sowing.
¢ 0= Slightly serrated leaf edge; 1 = Medium serrated leaf edge; 2 = Highly serrated leaf edge.

4 0 = No hybrid necrosis; 1 = Hybrid necrosis.



Previous studies indicated an R gene at thetop of C2in L. saligna SK2, however , thisR
gene could not explain  all resistance observed in a F2 population . The F2 population in

the current  study consisted of 95 plants with an L. saligna introgression atthe top of C 2,
4 of these plants had a crossover between 6.1 and 17.5 cM. Thirty -two plants were

lacking an L. saligna introgression at the top of C2 (at6.1and 17.5cM , markers
CLM16923 and NL1283 respectively ). Plants without an L. saligna allele at 6.1 and /or
17.5 cM were used to study resistance against Bl: 24. Plants carrying the R gene at the

top of C2 are not useful to map a second R gene because all these plants will be

resistant, independent of the presence of an additional monogenic R gene.

Resistance mapping

In the assay with leaf discs taken from 6 we eks old plants, 25 out of the 36 tested
genotypes (69%) had a RIS lower than 10% (Figure 1 7). When one R gene is present
and Mendelian segregation takes place, 75% of an F2 population is expected to be

resistant. Because qualitative genes, inherited from L. saligan , are present in this
population a higher percentage resistant plants is expected. The deviation of the RIS
values of the eleven plants with a RIS higher than 10% is continuous over the different
infection severity classes . Susceptible control cv Olof had an absolute average infection

of 69%. Which is in line with the expected average infection of 60 to 80%. One F2 plant

had a higher average infection than cv Olof.
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Figure 17 . Frequency distribution of F2 SK2  plants and control plants according to relative infection

severity against Bl: 24 at 1 1 dpi. Shown relative infection severity scores are the average of four

observations (4 leaf pieces per plant ) and relative to the  average of susceptible control L. sativa cv Olof.
Cv Olof and cv Cobham G reen are the susceptible controls, cv Iceberg and dBIL468 are intermediate
controls, sal_  SK1 is the resistant control.
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Results of the assay with leaf discs taken from 6 weeks old plants had an R 2 of a linear
regression line of 0.69 when plotted against the results of the assay with leaf discs taken
from 7 weeks old plants (Figure 1 8). A complete correlation between the two assays

would give a R 2 of 1.00. All 25 plants with a RIS lower than 10% in t he assay with leaf

discs taken from 6 weeks old plants also have a RIS lower than 10% in the assay with

leaf discs taken from 7 weeks old plants. Besides the 25 plants with a RIS lower than
10% in the assay with leaf discs taken from 6 weeks old plants, in the assay with leaf
discs taken from 7 weeks old plants a n additional three plants have a RIS lower than
10%. Susceptible control cv Olof had an average absolute infection of 72% in the disease
assay with leaf discs taken from 7 weeks old plants . Which is comparable to the disease
assay with leaf discs taken from 6 weeks old plants and the expected infection.
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Figure 18 . Comparison of disease assays with leaf discs from plants of 6 (11 dpi) and 7 (10 dpi) weeks
old and BI: 24. Shown relative infection severity scores are the average of four observations (4 leaf pieces
per plant) and relative to the susceptible control L. sativa cv Olof (average of cv Olof is set to RIS
100%). Cv  Olof and cv Cobham Green are the susceptible cont rols, cv Iceberg and dBIL468 are
intermediate controls, averages of four control plants per genotype are shown.

To find a correlation between genotype and disease assay data, genotype information of
the F2 plants was obtained with 52 markers that covered a [l nine chromosomes (Table

13). The biggest gap between two markers is 43.1 cM, with an average gap of 16.9 cM.
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To map the resistance,  disease assay results of the assay with leaf discs taken from 6

weeks old plants were used because this assay had the hi ghest average infection of the

F2 SK2 population.  Plants are marked susceptible if the RIS Bl: 24 11 dpi was higher than
10% . A plant was marked resistant if the RIS Bl: 24 11 dpi was lower than 10% . Itis
expected that if a marker would be completely linked with an R gene all susceptible

plants are homozygous L. sativa at that locus. In the resistant group both stacked

gualitative resistance genes and an R gene could give rise to resistance. Because only

one genotype at a locus that is linked to resistance i s expected in the susceptible group,

this group is used to map the monogenic resistance. The correlation between genotype
and phenotype , closest to the expected in the susceptible group, is seen atthe bottom of
C6. Inthisregion , seven of the eleven plants (64%) in the susceptible group do not have

an L. saligna introgression. At the loci that have the best correlation between genotype

and phenotype in the susceptible group, thirteen of the seventeen plants (76%) had an

L. saligna introgression in the resistant group. Itis expected that an L. saligha
introgression , carrying an R gene,  gives resistance, therefore a high percentage of plants

with an L. saligna introgression at the locus of the R gene is anticipated in the resistant
group. Genotyp e frequ ency data of dominant markers are not shown in Table 13 because
no separation could be made between genotype homozygous L. sativa and not
homozygous L. sativa . Therefor no genotype frequencies between these genotypes could

be given.

Doubtful data  points are not taken into account during flanking marker selection.

Proposed top flanking marker is QGH8M10 , which is based on three plants susceptible
plants with a L. satigna allele at 54.0 cM (Figure 19) . Proposed bottom flanking marker is
NL1114. Based on susceptible plant PV13084.01 with an L. saligna allele at 69.6 cM.
Marker CLS_S3 7127 is secondly proposed as a bottom flanking marker because two

plants (PV13084.01 and PV13081.05 ) identify this marker as a flanking marker.

Therefore this marker is mo re reliable as a flanking marker.
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