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Preface

The majority of this work has been completed at the Centre of Carbohydrate
Recognition and Signalling at the Department of Molecular Biology and Genetics,
University of Aarhus. I was enrolled in a 3-year program from 1st of August 2011
to 31st of July 2014. In the duration of my PhD-studies I was under the supervision
of Professor Jens Stougaard and Dr Stig Uggerhøj Andersen. My PhD studies
included two stays at the Gregor Mendel Institue in Vienna, a short visit from 24th25th of November 2011 to establish contact and a longer visit from 1st-24th of
August 2012 to start our collaboration. The major aim of my PhD studies was to
establish novel approaches for automated quantitative phenotyping for use in
mutant characterization and association mapping. These were combined with
association and linkage studies of root growth in Lotus in the presence and absence
of rhizobia and pathogen interaction studies related to the necrotrophic fungus
Sclerotinia trifoliorum. In addition, detailed microscopy studies were performed to
gather information regarding root developmental events connected to symbiosis.
This thesis consist of six chapters and one appendix:
Chapter 1: “Introduction” focuses on symbiosis and defense, plant-microbe
interaction and signaling. This is followed by a description of two widely used tools
in molecular breeding, association mapping and QTL mapping, and how these
methods can be used to identify genes or gene regions of interest.
Chapter 2: “Results” is divided into three part. Individually, the parts present the
automated phenotyping systems with current and potential output. Part I and II
describe how complete phenotype data can be used for association and QTL
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mapping to identify genes or gene regions involved in symbiont and pathogen
responses. Finally, part I and III also add information from mutant phenotyping.
Chapter 3: “Discussion” summarize the obtained results and shows the utility of
the automated systems. The resulting QTL and candidate genes are discussed as
well as a possible tolerance mutant.
Chapter 4: “Conclusion” recapitulates the main points of the discussion and
enhances the main outcome of this thesis.
Chapter 5: “Future perspectives” presents the future work necessary to optimize
complete the automated phenotyping systems.
Chapter 6: “Materials and Methods” describes the plants, bacteria, fungi used and
the analyses performed in this thesis.
Appendix 1: The manuscript – “QTL analysis of Lotus japonicus tolerance towards
the necrotrophic fungus Sclerotinia trifoliorum”.
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Abstract

Legumes and soil bacteria called rhizobia are capable of forming a mutualistic
symbiotic relationship that results in fixation of atmospheric nitrogen, which is of
world-wide ecological importance. As all other plants, legumes also encounter an
array of microorganisms, which induce pathogen responses, and even symbiotic
rhizobia trigger these responses.
In this work both symbiotic and pathogenic interactions were studied in the model
legume Lotus japonicus and novel approaches based on accurate and efficient
phenotyping were established. We have introduced an automated system for highthroughput phenotyping of whole plants. Additionally, a system for automated
confocal microscopy aiming at automated detection of infection thread formation
as well as detection of lateral root and nodule primordia is being developed. The
objective was to use both systems in genome wide association studies and mutant
characterization. Another focus area was lateral root and nodule primordia that
develop from already differentiated root cells. Different cell labeling techniques
were tested in order to clearly distinguish one from the other and derive metrics to
describe cell division patterns during development of the two organ structures.
As proof of principle and to study regulators of growth, association mapping on
automatically monitored growth rates was performed on roots of Lotus accessions
in presence and absence of rhizobia. This resulted in six candidate genes, three
involved in growth in presence and three in growth in absence of rhizobia.
To investigate Lotus-pathogen interaction, QTL mapping and association mapping
of tolerance towards the necrotrophic fungus Sclerotinia trifoliorum was performed. A
minor QTL on chromosome 3 was found, however, variation in fungal activity and
a complex trait architecture complicated the analysis. Additional phenotyping of
defense mutants revealed that MLO, which confers susceptibility towards Blumeria
graminis in barley, is also a prime candidate for a S. trifoliorum susceptibility gene in
Lotus.
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Abstract in Danish

Bælgplanter og jordbakterier kaldet rhizobia kan indgå i et mutualistisk symbiotisk
forhold, som resulterer i fiksering af atmosfærisk kvælstof, en proces af
verdensomspændende økologisk betydning. Som alle andre planter er bælgplanter i
kontakt med en række mikroorganismer, der kan inducere patogen respons i
planten, og selv rhizobia kan udløse disse.
Dette projekt inkluderede studier af både symbiotiske og patogene interaktioner i
model-bælgplanten Lotus japonicus og etableringen af innovative metoder baseret på
præcis og effektiv fænotypning. Vi har introduceret et automatisk system til ”highthroughput” fænotypning af hele planter. Herudover er et system til automatisk
konfokal mikroskopi rettet imod automatisk detektering af infektionstråde såvel
som tidlige udviklingsstadier af laterale rødder og rodknolde under udvikling.
Formålet var at benytte begge systemer i associationsstudier og til mutantkarakterisering. Et andet fokusområde var differentiering mellem tidlige
udviklingsstadier af laterale rødder og rodknolde. Forskellige tests for markering af
celler blev udført for tydeligt at kunne skelne de to og udlede parametre som
beskriver celledelingsmønstre under udvikling af de to organstruturer.
Som demonstration af systemet og for at studere regulatorer af vækst, blev
associationsstudier af automatisk moniterede rodvækstrater udført på Lotus groet
med og uden rhizobia til stede. Dette resulterede i seks kandidat-gener, tre
involveret i rodvækst med og tre involveret i rodvækst uden rhizobia.
For at undersøge Lotus-patogen-interaktioner, blev QTL-kortlægning og
associationsstudier af tolerance mod den nekrotrofe svamp Sclerotinia trifliorum
udført. Dette resulterede i en QTL på kromosom 3, dog hæmmede variation i
svampens aktivitet samt et komplekst fænotypningtræk analysen. Yderligere
fænotypning af forsvarsmutanter afslørede at MLO, som øger modtageligheden
overfor Blumeria graminis i byg, også øger modtagelighed for S. trifolorum infektion i
Lotus.
16

1. Introduction

Legumes
Legumes are plants belonging to the family Leguminosae. Most legumes are
capable of entering beneficial symbiosis with both bacteria and fungi to great
benefit for both plant and microorganism. The legume-symbiont relationship
opens up many questions about plant defense mechanisms, tolerance to
colonization, generation of new organs to support symbiosis and the mutualistic
effects of symbiosis (Deakin & Broughton 2009; Oldroyd 2013). These features
make legumes interesting and important to study.
Legumes in agriculture
As a key source of proteins, carbohydrates and oils, legume crops are of great
importance for both human and animal nutrition. Legumes are not only suitable as
crops for harvest but also as foliage in pastures where they are a very nutritious
feed for livestock (Pajuelo & Stougaard 2005).
Through symbiosis with soil bacteria legumes are capable of fixing atmospheric
nitrogen. As atmospheric nitrogen is a very stable molecule, the conversion to
chemically available nitrogen is very energy consuming. Nitrogen for artificial
fertilizers is harvested from the air by use of the Harber-Bosch method, which
accounts for ~1 % of the total world energy consumption (Smith 2002). In
addition, legumes can form symbiotic relations with soil fungi, which will improve
availability of other essential nutrients such as phosphorous. Together these
symbiotic relations make legumes capable of growing in nutrient poor soil. By
providing nitrogen legumes can even improve soil quality thus reducing the need
for inorganic N-fertilizers (Oldroyd 2013; Thorsted et al. 2001).
The benefits legumes provide can be exploited in agriculture through the use of
legumes as green fertilizer and in crop rotation programs. Also intercropping of
17

legumes and cereals can be beneficial (for suitable cereals) as the legume supplies
the cereal with nitrogen and simultaneously reduces leakage of other nutrients.
Especially for sustainable and organic farming, in which nitrogen is often the
limiting factor, these methods of fixing nitrogen have proven themselves valuable
as a supplement to animal manure (Thorsted et al. 2001).
Lotus japonicus as a model legume
Lotus japonicus is a small legume, which is easy to cultivate, has a short life cycle, is a
self-fertilizing diploid with a small genome size and is easy to transform using
Agrobacterium tumefaciens (Handberg & Stougaard 1992). These advantages have
resulted in the extensive use of L. japonicus as a model legume in research
(Kawaguchi 2000). In 1992, ecotype Gifu B-129 was established as the key model
plant in legume research (Handberg & Stougaard 1992). Since then, several L.
japonicus ecotypes have been collected which revealed high genetic and biological
variation across the species. In 2000, ecotype Miyakojima-20 (MG20) joined Gifu
in being the most frequently used laboratory lines. Due to the availability of genetic
maps, recombinant inbred lines, various ecotypes and a genomic sequence of
relatively good coverage, L. japonicus serves as a very good candidate for
quantitative phenotyping, QTL mapping and association mapping (Kawaguchi
2000; Sandal et al. 2006).

Symbiosis versus defense
Symbiosis with Rhizobia
Legumes are capable of forming symbiotic relationships with soil bacteria, which
enables the fixation of atmospheric nitrogen and the conversion into NH4+ in
specialized organs, root nodules. These symbiotic soil bacteria are collectively called
rhizobia (Oldroyd et al. 2011). Symbiotic nitrogen fixation from root nodules is
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limited to four orders of the euroside clade of angiosperms of which legumes are
the agronomically most important (Soltis et al. 1995).
To initiate symbiosis, legumes secrete flavonoids to attract the bacteria, which in
response will secrete signal molecules called Nod factors. These signal molecules
consist of a chitooligosaccharide backbone decorated with different groups; the
length of the chitooligosaccharide and decorations vary among the rhizobia species
that produce them (Dénarié et al. 1996). The Nod factors are perceived at the root
surface by extracellular lysine-motif containing (LysM) Nod factor receptors that
bind chitooligosaccharides (Madsen et al. 2003; Broghammer et al. 2012).

Figure 1.1: Symbiotic signaling. Perception of Nod factors and Myc factors at the cell surface
induces the symbiotic signaling pathway, which results in calcium spiking in the cell nucleus,
activation of CCaMK and regulation of transcription factors involved in nodule organogenesis
and mychorrhiza formation. Known genes involved in symbiotic signaling are marked with light
blue squares. This figure illustrates two different interpretations of the signaling pathway resulting
from combined analyses in L. japonicus and M. truncatula (figure from Oldroyd 2013).
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Recognition of Nod factors leads to calcium spiking in the nuclear region
(Ehrhardt et al. 1996) and subsequent regulation of several transcription factors
involved in nodule organogenesis through the function of calmodulin dependent
protein kinase (CCaMK) (Fig 1.1) (Kalo et al. 2005; Marsh et al. 2007; Levy et al.
2004; Tirichine et al. 2006). In the case of L. japonicus that forms determinate
nodules, nodule development is initiated in the central cortex. In species such as
Medicago truncatula and alfalfa that form indeterminate nodules (nodules in which
active meristematic growth is maintained), however, nodule development is
initiated in the inner cortex. After initiation, nodule development continues
relatively independently of the remaining bacterial infection process (Oldroyd et al.
2011).
More ways exist in which the bacteria can enter the plant root; crack entry (through
cavities caused by localized cell death) and infection thread formation are the most
common (Madsen et al. 2010). In the latter case, nod factor perception will cause
the tip of the root hairs to curl up and entrap the bacteria (Gage et al. 2004). From
this so-called infection pocket an infection thread (IT) will form as an inward
growth inside the root hair, which will eventually result in a thin tunnel that guides
the bacteria towards the root cortex (Fig. 1.2). IT formation is initiated
by/associated with a pre-infection thread, which forms at the site of infection by
cytoskeleton alignment along the length of the root hair in response to a migrating
cell nucleus (Timmers et al. 2008; van Brussel et al. 1992). The invagination of the
plant plasma membrane, which results in the IT, prevents direct contact between
the bacteria and the plant cell cytosol. When reaching the outer cortex, the
epidermal IT will end and a new cortical IT will form. The process continues and
extends the collective IT through the first cortical layers until it reaches the
developing nodule in the cortex (van Brussel et al. 1992; Oldroyd et al. 2011). The
IT ramifies the nodule primordium and releases the bacteria into a subset of plant
cells. However, the bacteria are still separated from the plant cell cytosol by a
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Figure 1.2: Comparison of rhizobia and mycorrhiza infection processes. Several similarities
exist between rhizobia (a) and arbuscular mycorrhiza (b) in establishment of symbiosis both in
relation to signaling and in the infection process (Figure from Oldroyd 2011).

peribacteroid membrane derived from the IT. Subsequently the bacteria undergo a
minor morphological transition from the vegetative to the bacteroid state at which
nitrogen fixation will take place (Szczyglowski et al. 1998; Markmann et al. 2012).
Apart from nodule organogenesis and increased nutrient uptake, not much is
known about the effect of symbiosis on plant physiology. It is obvious that scarce
nutrient supply limits growth but to which extent nitrogen fixation influences plant
growth rate is unknown. Perhaps the morphological changes during nodule
organogenesis limits growth, whereby establishment of symbiosis is an energetic
hurdle that must be overcome before the benefits of nitrogen fixation can be
reaped.
Symbiosis with arbuscular mycorrhiza
The hyphal network of arbuscular mycorrhiza (AM) fungi improves the ability of
plant roots to sequester water and minerals from the rhizosphere. In return, the
plant supplies the fungus with photosynthetic products that are vital for the
survival and reproduction of the obligate biotroph fungus (Parniske 2008).
Arbuscular mycorrhiza has a far wider host range than rhizobia and is estimated to
21

form associations with 80% of all vascular plant families (Schlüssler et al. 2001).
However, the infection pathway of AM bears great resemblance to nod factorinduced infection by Rhizobia (Fig. 1.2).
To initiate symbiosis, strigolactones are released by the plant and perceived by the
fungus. Stigolactones have been shown to promote hyphal branching and other
changes of fungal physiology as well as spore germination (Besserer et al. 2006;
Maillet et al. 2011). Next, the fungus secretes a mix of signaling molecules, Myc
factors, which include chitooligosaccharides (LCOs) very similar to Nod factors
and chitin oligomers (COs), with CO4 and CO5 being most active; however, it is
unclear if secretion of Myc factors is induced by stingolactone perception (Parniske
2008; Genre et al. 2013). The Myc factors activate responses in the plant and
calcium oscillations are subsequently induced, with a profile comparable to but
clearly different from nod factor induced calcium spiking (Kosuta et al. 2008;
Maillet et al. 2011). In the purified form, however, Myc-LCOs induce calcium
spiking similar to Nod factor induced spiking (Giles Oldroyd, personal
communication). Whether a fungal version of the Nod factor receptor exists
remains to be discovered but it is assumed that Myc factor perception from a
receptor complex results in regulation of calcium channels through a secondary
messenger (Parniske 2008; Oldroyd 2013).
CCaMK activation follows as well as regulation of transcription factors involved in
mycorrhiza formation (Fig. 1.1) e.g. through promotion of the pre-penetration
apparatus (PPA) (Takeda et al. 2012). Reminiscent of the function of the preinfection thread, hyphal invasion is guided from the site of expected fungal entry
through the epidermal root cell and the outer cortex by the PPA, a clustering of
endoplasmatic reticulum (ER) and cytoskeleton. Invagination of the plant plasma
membrane around the hyphae creates a symbiotic interface. In the cortex, the
hyphae leave the root cell, branch and grow laterally through the apoplast. This
induces the formation of PPA-like structures in the inner cortical cells after which
the hyphae can enter the cells, branch and form arbuscules. The tree-like structure
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that the arbuscule make up inside the cells is believed to be the site of nutrient
exchange between plant and fungus (Genre et al. 2008).
The similarities are obvious when comparing rhizobial and mycorrhizal infection
and at least seven genes required for both processes have been identified in
legumes (Kistner et al. 2005). Evidence exists that date AM symbiosis back more
than 400 million years (Parniske 2008). The origin of rhizobial symbiosis is
unknown but due to the more narrow host range and the many parallels between
rhizobial and AM symbiosis, rhizobial symbiosis is assumed to have evolved from
AM symbiosis thereby exploiting many processes of an already existing and
functioning system (Oldroyd 2013).
Defense against pathogens
Like symbionts, pathogens invade a plant host to acquire nutrients and support
their own growth; however, pathogens do not give anything in return and often the
interaction results in disease, injury or death of the host (Soto et al. 2006). Plants
thus developed an array of defenses to prevent pathogen attack, which resulted in
resistance towards most pathogens (Dangl & Jones 2001).
When pathogens set out to invade a plant they first encounter the armor of the
plant, a passive protection consisting of waxy cuticular “skin” layers and preformed
anti-microbial compounds (Dangl & Jones 2001). Microbes must enter the plant
interior to be pathogenic either mechanically or through natural openings (e.g.
stomata). The next obstacle is the rigid cell wall. The first active plant defense
response is initiated when the intruder encounters the plant plasma membrane.
Surface receptors, most often receptor-like kinases (RLKs), on the plasma
membrane recognize pathogen associated molecular patterns (PAMPs) and activate
PAMP-triggered immunity (PTI) (Fig 1.3). Well known PAMPs are bacterial
flagellin and fungal chitin. Through MAP kinase signaling, PTI induces
transcription of pathogen-responsive genes, production of reactive oxygen species
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Figure 1.3: Bacterial resistance in plants. Recognition of pathogen-associated molecular
patterns (PAMPs) elicits PAMP-triggered immunity. Effector protein secreted from the pathogen
counteract these immune responses by targeting host proteins. Recognition of effector proteins
by plant resistance proteins restores pathogen resistance through activation of effector-triggered
immunity (Figure from Chrisholm et al. 2006).

and reinforcement of the cell wall at the site of infection through callose
deposition; all to prevent microbial growth (Nürnberger et al. 2004).
In response, plant pathogenic microbes have developed ways of circumventing PTI
by secreting effector proteins directly into the plant cell which function to promote
pathogenesis (Chang et al. 2005; Staskawitz et al. 2001). Different pathogens have
acquired different ways of delivering effectors to the plant cell cytoplasm: Gram
negative bacteria have attained a type III secretion system which allows the bacteria
to deliver effectors directly into the plant cells; effectors from fungi are thought to
be delivered to the plant cell cytoplasm from haustoria (hyphal tip); and oomycetes
effectors show a conserved amino acid motif RXLR which is believed to be
necessary for translocation of the secreted effector from the apoplast to the cytosol
(Staskawitz et al. 2001; Catanzariti et al. 2005; Rehnamy et al. 2005).
As a second line of defense, plants developed a way to recognize the effector
proteins (Fig 1.3), either directly or indirectly, by plant resistance proteins (R24

proteins) and initiate effector triggered immunity (ETI) (Chrisholm et al. 2006).
The earliest ETI responses are calcium influx, alkalization of the extracellular space,
activation of protein kinases, production of nitric oxide and reactive oxygen
intermediates and transcriptional reprogramming (Jabs et al. 1997; Felix et al. 1999;
Peidras et al. 1998). Minutes after, transcription of defense genes can be seen
(Durrant et al. 2000) which are involved in the production of ethylene, salicylic acid
(SA) and jasmonic acid (JA), which are key mediators of stress responses in plants
(Fig. 1.4), as well as antimicrobial compounds, cell wall reinforcement and
programmed cell death/ hypersensitive response (HR) (Wang & Ecker 2002;
Scheel 1998). Additionally, ETI can lead to the establishment of systemic acquired
resistance (SAR), thus raising awareness of the intruder (Delaney 1997).

Figure 1.4: Signal transduction pathways in plant disease resistance. Ethylene, salicylic
acid (SA) and jasmonic acid (JA) are all mediators of plant stress responses that result in plant
resistance (figure from Wang & Ecker 2002).
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Despite the wide range of pathogens and even wider range of effectors, R-proteins
are represented by only 4 different protein classes (Niks et al. 2011). The largest
class encodes a nucleotide-binding site and a leucine-rich repeat domain (NB-LRR)
which can be further subdivided based on N-terminal features, the presence of
Toll/Interleukin-1 receptor or coiled coil motifs. The second class covers LRR (or
eLRR), which are membrane anchored proteins with an extracellular LRR domain.
The third class consists of cytoplasmic serine protein kinases. Finally, the forth
class contains LRR-protein kinases with an extracellular LRR and an intracellular
serine kinase domain (Dangl & Jones 2001, Chrisholm et al. 2006; Niks et al. 2011).
Circumvention of defense by symbionts
During defense, PAMP recognition triggers PTI responses such as ROS
production and callose deposition (Nürnberger et al. 2004). In the second line of
defense, effector recognition triggers ETI responses including ethylene and SA
production and HR (Scheel 1998). Conversely, during symbiosis, Nod factor or
Myc factor perception triggers calcium oscillations in the nucleus (Ehrhardt et al.
1996; Genre et al. 2013), activation of CCaMK and regulation of transcription
factors involved in nodule organogenesis or mycorrhiza formation (Kalo et al.
2005; Takada 2012).
Clearly, legumes and symbionts have found a way to communicate that allows
colonization to take place. However, as for pathogens several defense mechanisms
are activated in the plant during the symbiotic infection process and it is not yet
known exactly why colonization is permitted by the plant (Savouré et al. 1997;
Nakagawa et al. 2011).
Whether pathogenic or mutualistic, invading microorganisms share common
mechanisms when communicating with their host (Soto et al. 2006). Like many
invading microorganisms, rhizobia and AM secrete effector proteins to assist
colonization. However, in rhizobia these effectors have been shown able to both

26

facilitate colonization but also to block infection, which in the latter case indicates
that the plant recognizes the effectors (Deakin & Broughton 2009).
In alfalfa, rhizobia have been shown to suppress (SA) production (Martínez-Abarca
et al. 1998). Exogenous addition of SA has been shown to inhibit nodule formation
of the indeterminate nodule-type but not the determinate nodule-type (van Sprosen
et al. 2003) and reduced endogeneous SA levels have been shown to increase
infection and nodule number in L. japonicus (Stacey et al. 2006). SA is involved in
control of oxidative bust in early defense responses, local and systemic acquired
resistance (SAR), and HR, however, the exact mechanism is not yet known
(Nimchuk et al. 2003).
LysM proteins are also suspected to play an important role, as PAMPs are often
recognized by RLKs (Fig. 1.5). Nod factor receptor 1 and 5 (NFR1 and NFR5)
from L. japonicus have been shown to act in complex in Nod factor perception
(Madsen et al. 2011), however, NFR1 and NFR5 are not the only receptors
containing a LysM domain involved in perception of possible PAMPs. Chitin
elicitor receptor kinase 1 (CERK1) from Arabidopsis thaliana is a LysM receptor-like
chitin receptor that is essential for chitin perception and chitin induced defense
responses (Miya et al. 2007). CERK1 shows close resemblance to L. japonicus
NFR1, however, where CERK1 has been shown to dimerise and bind chitin (Liu et
al. 2012) NFR1 plays no role in chitin signaling indicating that chitin recognition
involves other LysM RLKs (Wan et al. 2008). CERK1 has interestingly also been
shown to restrict bacterial infection through the recognition of peptidoglycans (part
of the bacterial cell wall) (Willmann et al. 2011). In Nicotiana benthamiana,
overexpression of L. japonicus NFR1 and NFR5 leads to cell death, which indicates
a role of the two receptors in the plant defense pathway in a heterologous system
(Madsen et al. 2011). These results indicate that slight discrepancy between ligands
and PAMPs activates different receptors and results in alternate responses through
individual downstream signaling patterns (Oldroyd 2013).
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Figure 1.5: PAMP recognition by LysM receptors. Nod factors, chitin and peptidoglycans are
all perceived by LysM receptors on the plant cell surface (Figure from Oldroyd 2013).

Additional knowledge about how plant and symbionts communicate will provide a
better understanding of the mechanisms of endosymbiosis. Furthermore,
identification of plant elements responsible for tolerating rhizobial colonization
may aid the transfer of nitrogen-fixating symbiosis to non-fixing plant species,
which is of high interest in the field of genetic engineering (Oldroyd 2013).
Sclerotinia trifoliorum
The necrotrophic fungus Sclerotinia trifoliorum is the cause of clover rot in fields
across the world (Hanson & Kreitlow, 1953; Öhberg 2008) and has been shown to
induce the same symptoms in L. japonicus (Hansen et al. - pending). The host range
of S. trifoliorum is mainly limited to legumes, particularly forage legumes, but also
vegetable legumes such as faba bean and chick pea are infected by the fungus
(Kohn 1979; Lithourgirdis et al. 2003, Njambere et al. 2008).
Infections caused by S. trifoliorum are very hard to get rid of as the fungus can
survive for years and even decades by forming dormant structures called Sclerotia
(varying in size from 0.3-10 mm) which consist of a hard black carbonaceous coat
and a softer white medulla made up of loosely woven fungal hyphae (Öhberg
2008). From the sclerotia fruiting bodies, apothecia, will bloom. In contrast to
other Sclerotinia species, S. trifoliorum produces its apothecia in late summer or
autumn compared to late spring or summer (Williams & Western 1965; Kohn
1979). From the apothecia ascospores are released which, dispersed by the wind,
will spread to the surrounding foliage and cause local necrosis. When weather
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conditions are favorable (temperatures above 0oC combined with high humidity
and preferably after frost i.e. late autumn or spring) the fungus will start growing
within the host (Dijkstra 1966). As the infection progresses the leaves will turn
dark, wilt and subsequently become covered in mycelium. Ultimately, all that will
be left is a dead plant covered in grayish mycelium (Hesselman 1962) with sclerotia
forming in dead tissue around and inside the plant. These will stay in the ground
until weather conditions favor the onset of clover rot once again (Öhberg 2008).
S. trifoliorum infection from mycelium is also possible. This way S. trifoliorum can
spread between plants and create patches of dead plants in the field (Öhberg 2008).
Plant penetration is thus not dependent on necrosis induced by ascospores. In faba
bean, S. trifoliorum has been shown to enter healthy stems through stomatal
openings (Lithourgirdis et al. 2004).
Breeding resistance
In agriculture there is an obvious interest in breeding plants that are resistant
towards pathogens, are more efficient in symbiosis, give higher yield and which
possess other agronomically valuable traits.
However, traditional breeding methods can be very laborious and time consuming
as not all traits are controlled by one single gene but by two or more genes. The
chromosomal regions that contain the genes that control specific quantitative traits
are called quantitative trait loci, QTL (plural: loci, singular: locus) (Collard et al.
2005). Continued advances in development of molecular tools for sequencing and
mapping, however, have made identification of genes quicker and simpler (Jones et
al. 2009). Complete sequences exist for model plant A. thaliana (Arabidopsis
Genome Initiative, 2000) and most of the L. japonicus genome (Sato et al. 2008,
genomic information is published on the Kazusa DNA research institute website:
http://www.kazusa.or.jp/lotus/). Crop plants such as rice (Project IRGS 2005),
maize (Schnable et al. 2009) and soybean (Schmutz et al. 2010) have also been
sequenced resulting in identification of agronomiaclly valuable traits.
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Advances in gene-modified organisms (GMOs) have made gene transfer possible
not only within but also between species, hereby conferring e.g. herbicide
resistance in soy and corn (Green 2009). However, due to the continued opposition
against and restricted use of GMOs in Europe this option is limited (Davidson
2009). Luckily, the area of molecular breeding allow for a combination of sequence
data and gene information with traditional breeding. In marker-assisted selection,
genetic markers closely associated to the gene of interest are used to select for traits
that show weak phenotypes (Collard et al. 2005).
First the genes or QTL have to be identified, though. The two main methods of
identifying QTL are QTL mapping and association mapping.

QTL mapping
QTL mapping or linkage mapping aims to detect linkage between the phenotype
and the genotype of population individuals in order to identify loci responsible for
variation in quantitative traits (Rafalski 2010). The analysis is often performed on a
bi-parental population, which limits the genetic variation of the population,
however, if present, even weak phenotypes can result in identification of QTLs
(Jorde 2000; Gaut & Long 2003).
Genetic markers
QTL mapping first became possible with the development of genetic markers. The
purpose of genetic markers is to mark positions, which represent genetic
differences between individuals in the experimental population. Single nucleotide
polymorphisms (SNPs) are frequently used markers in linkage mapping. These
markers arise from differences, polymorphisms, in the genomic sequence between
the investigated individuals that are the result of point mutations. Polymorphisms
are of particular value if they differentiate between singular genotypes i.e. show
differences between members of the population. Polyploid species present extra
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challenges by containing genetic material from more multiple homeologous
chromosomes and polymorphic markers are thus easier to identify in diploid
species (Collard et al. 2005).
SNPs are the most common type of difference between alleles and can be found in
the vicinity of practically all genes. To discover SNPs, individuals, which best
represent the diversity of the population, are sequenced and polymorphisms
identified (Rafalski 2002). Different methods can be used to detect SNPs e.g. PCRbased and sequence-based methods. The latter are both more accurate and
sensitive and can thus register more recombination breakpoints. Mapping
resolution is dependent on the number of detected recombination breakpoints
across the genome and a marker must be present in the interval between each
breakpoint in order to detect these. By increasing the number of detected
recombination break points, it is thus possible to construct high-density markers
without increasing the population size (Collard et al. 2005, Rafalski 2010; Graham
et al. 2005).
Linkage maps
The principle that genes and markers segregate during meiosis as a result of
recombination is the foundation of QTL mapping (Paterson 1996). The tighter a
marker and a gene are linked the greater the probability that they will be inherited
together from parent to offspring. Thus, if a genetic marker is located in close
proximity to a gene of interest it is expected to segregate in the same way as that
gene (Collard et al. 2005).
By analyzing the segregation of many genetic markers it is possible to construct a
linkage map (Fig. 1.6), which indicates the order of genetic markers and their
relative distance to each other based on the recombination frequency between the
markers (Paterson 1996). A recombination frequency of 1% is described by the unit
centiMorgan (cM) and indicates that recombination happens in one out of one
hundred meiotic events between two respective markers. The higher the
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recombination frequency, the further apart the markers are assumed to be.
However, cM does not say anything about physical distance as recombination
varies across the genome and 1 cM in some places will correspond to 10 and in
other places 1,000 kbp (Narain 2010).
When constructing a linkage map, it is important to choose founding parents that
show great genetic variation and thereby plenty of polymorphism. Especially in the
case of selfing species, parents that are distantly related are usually chosen, as outcrossing species generally possess greater levels of polymorphism compared to
selfing species (Collard 2005).

Figure 1.6: Linkage map of LORE1 insertion sites. The map positions 28 LORE1 insertion
sites in L. japonicus. Chromosomal distances are indicated by cM (Figure from Fukai et al. 2010).
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Mapping population
Linkage mapping requires a segregating population for which it is essential that the
parents of the population differ for the trait of interest in order to see any
difference among the offspring. If the parents differ in more than one trait multiple
analyses can be run on the same population (Collard et al. 2005).
Different population types can be used for linkage mapping. F2 and backcross
populations are the simplest to develop as they only require F1 selfing or
intercrossing and backcross of F1s to one of the parents, respectively. These
populations require sequencing after phenotyping and subsequent linkage map
construction and QTL mapping. In double haploid (DH) populations, artificial
homozygote diploids are created by doubling chromosomes of haploid cells, such

Figure 1.7: Generation of recombinant inbred lines (RILs). By self-pollinating F2 plants,
almost completely homozygous RILs can be obtained (Figure from Takeda & Matsuoka 2008).
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as pollen, which are then grown in tissue cultures. Being homozygous, DH
populations have the advantage of generating progeny without genetic change.
Thus, a genetic map can be produced which can be used for all progeny of the DH
population (McCouch & Doerge, 1995; Paterson 1996; Collard et al. 2005).
The same advantage can be obtained from inbreeding populations through
production of recombinant inbred lines (RILs) that are highly homozygous
(Collard et al. 2005). F2 progeny from genetically diverse parents are self-pollinated
a minimum of 8 times to obtain RILs (Fig. 1.7) that are almost completely
homozygous (less than 1% chance of heterozygosity) (Sandal et al. 2005). Although
establishing RILs is time consuming and laborious, it pays off in the end. Breeding
lines such as RILs (as well as DH) can be reproduced indefinitely and provide a
permanent mapping population with an already existing genetic map. Any trait that
shows measurable phenotypic difference between the parents of the population can
be investigated in the RIL population (Collard et al. 2005).
QTL mapping methods
During the analysis of linkage between trait and marker, the mapping population is
divided into groups based on marker genotype and analyzed for linkage to the
phenotype at each individual marker position (Tanksley 1993; Young 1996). If one
pool has genotype A at a specific marker position and the other genotype B at the
same position and these two pools show a significant difference in phenotype, it
indicates linkage between the marker and the QTL controlling the phenotype
(Collard et al. 2005).
QTL mapping is most often based on one of three methods: single-marker analysis,
simple interval mapping and composite interval mapping (Lui 1998; Tanksley
1993). Single-marker analysis can be performed with basic statistical tools and is
used for detection of QTL linked to single markers. However, the method has the
disadvantage of overlooking QTL that are loosely linked to the marker. Simple
interval mapping analyses the intervals between neighboring markers and is thus
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able to detect QTL which are lost in single-marker analysis due to recombination
between QTL and marker. Finally, composite interval mapping adds more
precision to the QTL mapping among others by adding additional genetic markers
to the statistical model (Tanksley 1993; Lander & Botstein 1989; Jansen 1993;
Jansen & Stam 1994; Zheng 1994; Collard et al. 2005).
All interval mapping methods use maximum likelihood to estimate analysis
parameters such as QTL number, effect and location. The maximum likelihood
method assumes normal distribution of the data, which is important when
assessing the phenotype data that are used as input for the analysis (Narain 2010).
The resulting output is typically in the form of logarithmic of odds (LOD) scores,
which are plotted against chromosome positions. The highest LOD score indicates
the most likely position of the QTL relative to the linkage map (Collard et al.,
2005). To determine the significance level of the LOD score, permutation tests are
performed. These tests shuffle around the phenotypic data and thereby break all
associations between marker and phenotype. By running QTL mapping over and
over, the collective output plots the level of false positives that will make out the
significance level of resulting QTL (Churchill & Doerge 1994; Hackett 2002; Haley
& Andersson 1997). All LOD scores higher than the level of false positives are
regarded as statistically significant.
When a QTL has been mapped to a certain chromosomal region, the genome
sequence can be used to search for synteny with relatives in which candidate genes
have been identified (Borewitz & Chory 2004).

Association mapping
Association mapping is closely related to QTL mapping, however, different
methodology makes mapping based on natural populations of great genetic
diversity possible which improves the resolution of the analysis making finemapping to gene-level possible (Rafalski 2010).
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Linkage disequilibrium
Recombination of genetic material between chromosomes is essential to secure
genetic diversity and evolution. However, recombination across the genome has
been shown to be very non-uniform. Some regions show high and other regions
low frequency of recombination thereby moving genetic linkage from random
towards non-random. This non-random association between genetic loci is called
linkage disequilibrium (LD) (Gaut & Long 2003; Jorde 2000; Rafalski 2010). LD
can cause deviations from Mendelian segregation and range from complete
disequilibrium to equilibrium (Fig. 1.8). When considering two adjacent genetic loci
carrying the alleles A and B, A will be in complete disequilibrium with B if AB is
the only observed haplotype, and in equilibrium with B if A and B segregate
completely randomly. The degree of LD between A and B can be calculated as D
(Lewontin 1964; Jorde 2000; Gaut & Long 2003):
DAB = PAB - pApB
where PAB is the observed and pApB the expected haplotype frequencies (A and B
on the same chromosome) or the allele frequencies of A and B respectively (Jorde
2000).
More often LD is described as the squared correlation coefficient r2:
(DAB)2
r2 = p A p ap B p b
At complete LD r2 =1 (Hill & Robertson 1968; Flint-Garcia et al. 2003).
Matching recombination, LD is non-uniformly distributed across the genome with
hotspots in centromeric regions, however, local hotspot also occur as well as areas
of very low LD (Rafalski 2004; Stumpf 2002). To further complicate things, sites
ten and even one hundred kb apart may have strong LD while sites in the same
region but much closer may show weak LD (Reich et al. 2001; Wall & Pritchard
2003).
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Figure 1.8: Linkage disequilibrium versus linkage equilibrium. Linkage disequilibrium
conserves the observed haplotypes through low recombination frequency. Conversely, linkage
equilibrium shuffles the alleles randomly via recombination (modified figure from Rafalski et al.
2002).

LD decay
Over time LD will decrease as a result of recombination events. The more
recombination events take place between two markers in LD, the faster LD will
decay (Fig. 1.9) (Chakraborty and Weiss 1988; Gaut & Long 2003). Thus, LD
decreases with the distance between genetic loci and over time as recombination
occur through generations (Jorde 2000; Rafalski 2010). However, LD decay is also
affected by population structure such as bottlenecks (reduction in population size
and thereby genetic variation) and admixture (mixture of genetically diverse
populations) which increase LD (Nei & Li 1973; Przeworski 2002; Wall &
Pritchard 2003; Gaut & Long 2003). LD thus reflects, and can be used to
backtrack, the recombination history of the analyzed population (Jorde 2000; Wall
& Pritchard 2003).
Due to the presence of fewer effective recombination events in individuals with a
greater degree of homozygosity at different loci, LD decays more slowly in selfing
species compared to outcrossing species (Nordborg & Donnelly 1997). In addition,
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Figure 1.9: LD decays as a result of recombination. A ) LD decrease over genetic distances as
recombination frequencies increase. B) Different degrees of LD are seen in different species. For
example, in selfing species LD decrease less rapidly than in out-crossing species. Effective
recombination events move LD from the top curve to the bottom curve (Modified figure from
Gaut & Long 2003).

LD is observed to stretch over greater distances in selfing species. In outcrossing
maize, LD (with r2 > 0.2) has been observed to extend up to 400 bp in specieswide populations and up to 1.5 kb in genetically diverse but inbred lines. However,
in selfing Arabidopsis, LD (with r2 > 0.2) has been observed to extend beyond 250
kb in local populations (Tenaillon et al. 2001; Hagenblad & Nordborg 2002).
The extent of LD across the genome goes hand in hand with possible mapping
resolution and marker density (Zhu et al. 2008). More recombination events
decrease LD, creating more differences and higher resolution (Jorde 2000; Rafalski
2002). When the marker density is sufficiently high, rapid LD decay over short
distances renders association mapping quite precise due to the higher possibility of
markers being located near the causative genetic loci (Whitt & Buckler 2003; Zhu et
al. 2008; Gaut & Long 2003). In contrast, the greater extent of LD in selfing
species makes fine-mapping more difficult as markers and causative loci may be
located far from each other (Flint-Garcia et al. 2003).
Genetic markers
LD between the causative gene and physically linked markers is the foundation of
association mapping and knowledge about LD in the population is indispensable
when choosing marker density. LD decay determines the number of markers
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necessary as rapid LD decay calls for higher marker density in order to detect
markers close to the causative gene (Fig. 1.10) (Yu and Buckler 2006).
As for linkage mapping, SNPs are the most frequently used markers for association
mapping. As association mapping involves natural and genetically diverse
populations, several alleles may be evaluated at each locus. Association mapping
based on natural populations will hence result in the association of several alleles
compared to two alleles in a bi-parental population (Rafalski 2010).
SNPs used as markers for association mapping can be located in promoters, exons,
introns and UTRs, but the polymorphisms tend to be higher in non-coding regions
compared to coding (Zhu et al. 2008).
Mapping population
The size of the experimental population plays a, perhaps more obvious, key role in
determining the precision of association mapping. More individuals provides more
recombination information, and in a population of substantial genetic variation
many individuals are necessary to detect moderate gene effects (Rafalski 2010; Zhu
et al. 2008).

A

B

Figure 1.10: LD affects the resolution of association mapping. LD affect the number of
markers (red lines) necessary to detect the causative gene (red sphere). Lower marker density is
required in the case of slow LD decay (light-green area) (A) compared to faster LD decay (lightgreen area) (B), which provides higher mapping resolution and results in a less associated markers
(yellow arrows) (Modified figure from Rafalski 2002).
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An ideal mapping population for fine-mapping could therefore be an old, large and
isolated population - as isolated populations usually contain less structure - with
rapidly decaying LD that stretches across minor distances (de la Chapelle & Wright
1998; Jorde 2000).
Based on greater population structure and slower LD decay, association mapping
on selfing species appears disadvantageous. However, by choosing a selfing
population of great genetic diversity, LD will extend less and decay more rapidly
compared to a less diverse population. Thus, natural populations of high diversity
increase mapping resolution compared to local populations and bi-parental lines in
which genetic variation can be limited to the traits the crossing population was
based on (Gaut & Long 2003).
Mapping methods
Like linkage mapping, LD mapping or association mapping involves a comparison
of phenotypes and genotypes (Fig. 1.11) of individuals carrying or lacking a specific
genetic marker, usually SNPs, making mapping of complex traits possible along
with identification of causative genes. The association mapping output is the
probability of association as a function of genetic marker position (Rafalski 2010).
Two association mapping strategies are primarily used: candidate gene association
and Genome-wide association studies (GWAS). However, where candidate gene
association requires on-hand knowledge or hunches about association, GWAS has
the advantage of testing associations of most segments of the genome (Rafalski
2010). For complex traits, many genes influence the phenotype and candidates may
be spread across the genome making GWAS the preferred association method
(Zhu et al. 2008).
The statistics behind association mapping are based upon relatively simple analysis
such as linear regression, variance (ANOVA), t-tests and chi-square, however,
population structure can be the cause of deviation and false positives and must be
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Figure 1.11: Basic outline of association mapping. A genetically diverse population is
genotyped (a) and divided into groups based on SNP haplotypes at each locus (b). The
population is then phenotyped and the distribution of phenotypic values for each haplotype are
compared and evaluated statistically (c) (Figure from Rafalski 2010).

dealt with before running the analysis (Zhu et al. 2008). The statistical methods,
genomic control and structured association, use random markers to retrieve
genotypic information from across the genome which are then used to account for
population structure. A third method, the mixed model approach, takes multiple
levels of relatedness into account, again by using random markers to estimate both
population structure and relative relatedness, kinship. The result is a kinship matrix
which is then included in the association studies (Yu & Buckler 2006.). However,
when correcting for population structure, it is important to remember that the
methods and tools are not flawless and removing false positives might cause false
negatives i.e. elimination of true positives. This leads back to the experimental
population which must be chosen with care in order to reduce structure in the best
possible way (Rafalski 2010).
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QTL mapping versus association mapping
As association mapping is based upon natural populations several alleles may be
evaluated simultaneously at each locus compared to only two alleles for the biparental population used in QTL mapping (Rafalski 2010). Due to higher genetic
diversity of the mapping population, association mapping surpasses linkage
mapping in relation to fine-mapping (Gaut & Long 2003). However, LD mapping
is limited by the effect of the QTL; if rare, the QTL will not be detected unless the
effect is very large. For rare alleles, QTL mapping of a defined bi-parental
population is preferred (Rafalski 2010). Given that the phenotype is clearly
distinguishable in the parents of the population, it can be possible to isolate the
QTL through linkage mapping but not through LD as the associations are too
weak to detect in the natural population (Jorde 2000). In addition association
mapping is prone to false positives due to population structure. By correcting for
these using programs that account for population structure there is a risk of
creating false negatives (Rafalski 2010).
For both types of analysis, genetic factors such as the magnitude of the phenotypic
effect and the distance between linked QTLs will influence the detection of QTLs.
Experimental errors are the main error source in QTL mapping, for instance
mistakes in or missing marker genotypes and inaccurate phenotyping (Collard et al.,
2005). The statistical tools require the phenotype data to be normally distributed
for optimal analytical conditions (Rafalski 2010).
The two methods are closely related but can also be viewed as complementary due
to the oppositely directed strengths and weaknesses (Table 1.1). By performing
QTL mapping and association mapping simultaneously on two different
populations of the same species, advantages of both methods can be exploited.
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Table 1.1: Comparison of advantages and disadvantages of QTL mapping and
association mapping.
QTL mapping (Linkage)

Association mapping (LD)

Rare alleles and subtle phenotypes*

Strong phenotypes

Mapping to chromosome region

Fine-mapping to gene level

No population structure

Population structures

Moderate genetic diversity of population

High genetic diversity of population

*dependent on clear difference in phenotype of parents
Mapping methods used in this project
Linkage mapping
The free open source multi-platform software R/qtl will be used for QTL mapping
of the RILs. Multiple QTL mapping (MQM) is based on mapping methods that
include composite interval mapping, and combines the advantages of generalized
linear model regression and interval mapping (Arends et al. 2010).
The TASSEL platform will also be used as a linkage analysis tool. In TASSEL two
methods of association exist: general linear model (GLM) and mixed linear model
(MLM). MLM takes another degree of population structure into account and adds
information from a kinship matrix thus taking both fixed and random effects into
account (fixed effects consist of genetic marker and population structure, random
effects consist of random additive effect). Other methods such as restricted
maximum likelihood (REML) and efficient mixed model association (EMMA) are
implemented as well to improve the statistical power of MLM (Bradbury et al.
2007).
All phenotype information stems from a bi-parental population of MG20xGifu
RILs (Sandal et al. 2006) Two sets of molecular markers will be used in connection
with the RILs. A low density marker which consists of 96 PCR-markers and a high
density marker set of 1130 SNP-markers.
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LD mapping
The GWAS strategy is used for association mapping based on the fully
parameterized multi-trait mixed model (MTMM). This method takes it a step
further than MLM as MTMM in addition to kinship considers variance both within
and between traits simultaneously for multiple traits. This gives MTMM the
advantage of being able to separate effects caused by pleiotropy, the correlation of
unrelated phenotypes (Korte et al. 2012).
All phenotype information stems from wild L. japonicus accessions collected in
Miyakojima, Japan (Kai et al. 2010).
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Project description and aim

This project consist of three parts:
I)

QTL analysis of Lotus japonicus tolerance towards the necrotrophic
fungus Sclerotinia trifoliorum

II)

Association mapping of Lotus japonicus growth rate in presence
and absence of rhizobia

III)

Establishment of a system for automated confocal microscopy of
developmental events in Lotus japonicus roots
a) Automated microscopy of infection thread formation
b) Modeling of nodule and lateral root primordial using confocal
microscopy

The objectives of these studies were to establish novel approaches for investigating
symbiont and pathogen responses in legumes and define components of the plant
genetic programs that distinguish these plant-microbe interactions. From these
studies we hope to gain more knowledge about plant tolerance towards the
necrotrophic fungus S. trifoliorum, identify regulators of legume growth in the
presence or absence of rhizobia as well as detailed information regarding root
developmental events connected to symbiosis.
We believe that accurate and efficient phenotyping tools will be an advantage for
characterization of plant mutant phenotypes but also for automated highthroughput phenotyping of mapping populations as well as natural populations for
use in QTL and association mapping. Genome-based analysis tools have become
very robust in recent years whereas phenotyping in some cases are prone to
subjectivity. By establishing a system for automated phenotyping the resulting
phenotypic data sets should be more objective, reproducible and more quantitative,
which will contribute to more accurate mapping.
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From the three project parts we aim to:
I)
- Evaluate the response of L. japonicus to the fungus S. trifoliorum.
- Perform QTL mapping and association mapping to identify genes involved
in tolerance towards pathogens such as S. trifoliorum.
- Evaluate the possible use of L. japonicus as a model for the white clover-S.
trifoliorum pathosystem.
II)
- Establish a system for high-throughput phenotyping of whole plants and
produce quantitative phenotyping data which can be used for association
mapping and identify genes involved in symbiosis and development.
- Perform QTL mapping and association mapping on automatically
monitored growth rates of L. japonicus roots as proof of principle.
III)
- Establish a system based on confocal microscopy for automated quantitative
phenotyping of root developmental events such as infection threads and
nodule organogenesis which can be used for association mapping and
identification of genes involved in symbiosis.
- Image and study the development of lateral root and nodule primordia in
Lotus roots with the objective of clearly distinguishing one from the other
and derive metrics to describe cell division patterns in the two organ
structures.
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2. RESULTS

PART I: QTL analysis of Lotus japonicus tolerance towards
the necrotrophic fungus Sclerotinia trifoliorum
Experimental details and image acquisition
Pathogenity of S. trifoliorum towards L. japonicus was investigated by inoculating the
plant with paper discs coved in S. trifoliorum mycelium. The paper discs provided a
useful way of controlling the inoculum size and the method was chosen as previous
work has shown that S. trifoliorum resistance does not differentiate between
mycelium or ascospore inoculation (Öhberg 2008). In addition, mycelium
inoculation reduced the risk of spreading spores to the laboratory. A final size of Ø
= 2 mm was used for fungal inoculation.
In 1962, Hesselman found that selection for resistance only increased the resistance
of the offspring if the parents were subjected to cold hardening prior to infection
(Öhberg 2008). Therefore it was decided to subject the plants to a hardening period
consisting of 10 days at 4oC in a 16/8 light cycle before applying the fungus.
Additionally, it was observed that the fungus was more aggressive when added
directly from incubation at room temperature than if the fungus was
exposed to a cold treatment prior to inoculation (results not shown). Hence the
fungal plates were placed at 4oC for 24 hours before the transfer of discs to plants.
The final experimental timeline is outlined in Table 2.1.
Table 2.1: Experimental timeline for L. japonicus inoculated with S. trifoliorum.
Day
0
4
25
30
34
35

L. japonicus
Germination
Transfer to plates
Cold-hardening

S. trifoliorum

Growth from sclerotia
Growth on paper discs
Cold treatment

Inoculation with S. trifoliorum
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Figure 2.1: Serial scanning system. A scanning system for high-throughput scanning
consisting of eight scanners was used for acquisition of image data for phenotyping.

A high-throughput imaging system was established for scanning and subsequent
phenotyping of plant plates based upon the system of our collaborative partner
Wolfgang Bush at GMI in Vienna. The plants were grown on flat gels with an agar
content adjusted to 0.8 % for a more transparent gel but still solid enough to
support the weight of the plants. By scanning the plates from the bottom, noise
from water condensation on the lid of the petri dish was reduced making
phenotyping easier and less prone to error. Eight scanners were combined in a
serial system that scanned 16 plates per round resulting in time efficient data
acquisition (Fig. 2.1). Fungal infection was monitored and scored every day post
inoculation (dpi).
Effect of S. trifoliorum on L. japonicus and other Lotus species
S. trifoliorum is clearly a lotus pathogen. Observed S. trifoliorum symptoms were
pointed leaf tips and bending stems in the initial phase, followed by yellowing and
browning of leaves as well as occasional leaf abscission. In the MG20 Lotus
accession, reduced coloring was observed as the plant turned paler green. The
response chosen for onwards screenings was first visible fungal hyphae on the
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cotyledons or first real leaves (which in rare cases were visible prior to hyphae
protruding from the cotyledons). This phenotype was in most cases a clear
indicator of fatal fungal infection. In very rare cases plants were seen to defend
themselves by shedding the infected leaf but in most cases, although slightly
delayed, the infection continued.
Several lotus species and accessions were tested for their response to S. trifoliorum to
evaluate which were the most susceptible and which where the most tolerant (Fig.
2.2). The plants were subjected to different inoculation sizes and disc placement
(discs were placed either on or between plants). Great differences were seen in total
resistance as well as response over time. For example, when inoculated with 2 mm
discs, Lotus corniculatus showed visible fungal growth 4 dpi but only 50% of the
plants were visibly infected at the end of the experiment. In contrast, Gifu did not
show visible fungal growth until 8 dpi but all Gifu were visibly infected 14 dpi.
MG20 and Lotus uliginosus were equally resistant and showed the lowest infection
level of the tested species/accessions at 17 dpi. Gifu, Lotus burttii and Lotus krylovii
were at the other end of the scale.
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Figure 2.2: Percent visible fungus on different Lotus species and accessions. Total
percentage is calculated from three to six individuals inoculated with mycelium-covered paper
discs (Ø 2 mm). Note: Lj MG20 and L. uliginosus show the same response to S. trifoliorum and
thus they are marked with the same color.
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Figure 2.3: Segregating S. trifoliorum tolerance in L. japonicus RILs. RIL68 (marked by
arrowhead) show lower infection level at 20 dpi than the remaining RILs on the plate. Images
show infection progression at 01 dpi (left ) and 20 dpi (right).

As a result of the stable relation between Gifu and MG20 in relation to resistance
to S. trifoliorum and due to the existence of Gifu x MG20 RILs these accessions
were chosen for further investigations.	
   Additionally, L. japonicus MG accessions
were chosen for further studies due to the high morphological and genetic variance
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Phenotyping S. trifoliorum infection of L. japonicus
As expected, based on the chosen parents, the population segregated for fungal
resistance (Fig. 2.3). In some RILs half the individuals showed visible fungal
hyphae 6 dpi, in others not until 26 dpi (LD50). The plants were assigned a score
of either 0, 0.5 or 1, ranging from no visible symptoms (0) to visible fungal hyphae
(1). 12 individuals represented each RIL and parent in every experiment. From the
number of individuals with a score of 0.5 or 1 for each RIL/parent, the percentage
of visibly infected individuals was calculated and constituted the total phenotype
per RIL/parent for each scanning day. Based on infection progression, the plants
were scored every day from 1-8 dpi and every other day from 8-32 dpi.
For each experiment, the infection average (average percentile infection of all RILs
and parents in an experiment) varied, as did the infection level of the parents. The
effect of S. trifoliorum infection was thus calibrated based on the response of Gifu
50

and MG20 (controls), which were present in each batch. The response of the two
controls showed a stable relation to S. trifoliorum throughout the different
experiments as in every case MG20 showed increased tolerance to S. trifoliorum
compared to Gifu. In the first two RIL experiments the controls were missing so
additional experiments (including controls and selected RIL from the two
experiments) were carried out to make calibration of the data possible. Different
calibration methods were attempted to align the results, however, most often
calibration was noted to make some differences smaller and others greater. In the
following, calibrated data is data calibrated from the ratio between the actual and
average LD50 of the parents hereby aiming to make the response of the parents in
each experiment more similar.
For the MG accessions, the fungal infection progressed much slower compared to
the RIL population i.e. the MG accessions appeared more tolerant than the RILs.
As the MG accessions are a collection of ecotypes they do not generate the same
expectations for the outcome as RILs originating from parents whose response to
S. trifoliorum is known, however, MG20 and Gifu also showed increased tolerance
towards the fungus compared to the results from the RIL experiments. Some
experiments were replicated which resulted in Gifu and MG20 responses more
similar to the responses observed during the RIL experiments. However, significant
deviations in infection average of each experiment were still seen (interexperimental differences). The activity level of the fungus is believed to be the
reason for this difference in infection average.
Validation of scoring method
The phenotype score was based on a clear phenotype that in most cases led to the
same outcome – complete infection and death of the plant. To test if the scoring
method was valid and useful in relation to breeding purposes, heritability of the
trait was calculated. For this, values of genetic and residual variance were generated
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Table 2.2: Genetic variance, residual variances and heritability of Gifu/MG20 RILs
infected with S. trifoliorum. The variances stem from MLM analysis and are used to calculate
heritability. MLM analysis is performed on the low density marker set. LD50: day upon which
half the individuals of each RIL are infected, Av32: average infection per RIL across all scoring
days, Stacked: sum of infection per RIL across all scoring days.
Trait
01 dpi
02 dpi
03 dpi
04 dpi
05 dpi
06 dpi
07 dpi
08 dpi
10 dpi
12 dpi
14 dpi
16 dpi
18 dpi
20 dpi
22 dpi
24 dpi
26 dpi
28 dpi
30 dpi
32 dpi
Average
LD50
Av32
Stacked

Varg
0
0
3.54
0.07
89.73
127.61
277.79
147.15
262.46
138.71
162.37
146.99
109.14
162.97
81.57
104.65
125.32
121.90
165.17
199.06

Non-calibrated
Vare
0
0
1.83
34.70
114.45
213.75
321.25
415.38
580.38
546.73
460.32
480.43
450.59
410.16
368.54
328.29
310.12
295.34
260.87
233.19

82.75
12.31
32706.34

162.60
38.96
65308.69

h2
NA
NA
0.66
0.00
0.44
0.37
0.46
0.26
0.31
0.20
0.26
0.23
0.19
0.28
0.18
0.24
0.29
0.29
0.39
0.46
0.31
0.34
0.24
0.33

Varg
0
0
3.01
0.00
68.06
138.39
328.46
371.94
408.04
278.03
329.54
299.86
268.77
315.81
541.12
525.17
507.67
458.94
253.17
283.04

Calibrated
Vare
0
0
1.88
20.30
104.72
197.07
327.73
553.34
709.38
695.46
644.31
688.30
670.18
664.10
654.89
645.32
644.00
647.71
452.93
444.18

158.34
34.31
58570.20

275.63
42.14
98485.27

h2
NA
NA
0.62
0.00
0.39
0.41
0.50
0.40
0.37
0.29
0.34
0.30
0.29
0.32
0.45
0.45
0.44
0.42
0.36
0.39
0.37
0.37
0.45
0.37

in TASSEL using MLM. This resulted in an average heritability of 0.306 for noncalibrated and 0.374 for calibrated data (Table 2.2). For the non-calibrated data the
highest heritability was seen at 3, 5, 7 and 32 dpi, however as the genetic and
residual variance at 3 dpi is very low this heritability is not included in further
considerations. The heritability of both 5 and 32 dpi decreased as a result of
calibration but increased at 7 dpi. At most days, heritability increased as a result of
calibration.
In addition, the correlation between visible fungus on the plant and actual amount
of fungus on the plant was studied. This was done by quantitative PCR on fungal
and plant DNA from infected Lotus that were visually phenotyped beforehand at
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5, 8 and 12 dpi and divided into sub-groups of positive (visible hyphae) or negative
(no visible hyphae) visual phenotypes. DNA amounts were quantified according to
Pfaffl (2001). The ratio between fungal and plant DNA in positive and negative
samples showed a clear correlation to the positive and negative visual phenotypes.
Positive samples showed a ratio > 1, negative samples (but inoculated) < 1 (with
the exception of two Gifu samples) and finally mock and negative controls (no
inoculation) showed a ration << 1 (Fig. 2.4). By pooling the positive and negative
samples for each line and including the number of positive and negative individuals
in the calculations, the fungal/plant DNA ratio for each line and parent was found
(Fig. 2.5). By comparing the visible phenotype with the fungal/plant DNA ratio for
each line an apparent correlation was seen
Positive

Negative

Controls

10000
1000
100
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1
0.1
0.01
0.001
0.0001
0.00001
0.000001
0.0000001
5dpi

Gifu̲8dpi

Gifu̲12dpi

MG20̲8dpi

MG20̲12dpi

71̲8dpi

71̲12dpi

143̲8dpi

143̲12dpi

174̲8dpi

174̲12dpi

200̲8dpi

200̲12dpi

Mock

Gifu̲ control

MG20̲control

Figure 2.4: Relative amount of fungal DNA in L. japonicus. All plants were visually
phenotyped, 5, 8 and 12 dpi. Subsequently the plants were harvested and pooled for each
RIL/parent showing positive and negative visual phenotype. At 5 dpi all plants were pooled.
qPCR was performed using primers for S. trifoliorum Ssp1 and L. japonicus microsatellite
markers. Three replicate experiments were performed. For each replicate RILs/parents were
represented by five individuals divided into sub-groups of positive or negative visual phenotypes
consisting of zero to five individuals. Error bars represent technical standard deviations.
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As for the visual phenotype the fungal/plant DNA ratio increased over time for
most samples. In addition, RILs that, based on their visual phenotype, were
regarded as more tolerant had a lower fungal/plant DNA ratio than more
susceptible RILs: MG20, RIL 174 and RIL143 showed a more tolerant phenotype
than Gifu, RIL71 and RIL200. Visually the three more tolerant lines showed visible
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LN [Amount fungal DNA/plant DNA/plant line]

infection from ~6% to ~20% at 8 dpi and from ~6 to ~35% on 12 dpi and also

B
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Figure 2.5: Comparison of fungal DNA/plant DNA ratio and visible fungal hyphae of
L. japonicus infected with S. trifoliorum. A) Ratio between fungal DNA and plant DNA for
each RIL/parent. B) Percent visible fungal hyphae. 5 dpi data points are generated from a pooled
sample of all individuals across three replicated experiments (dark grey background). 8 dpi and 12
dpi data points (grey and light grey backgrounds, respectively) are generated as the average of
three replicated experiments of 5 individuals of each RIL or parent. Error bars represent standard
deviations across the averages of the three replicated experiments.
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showed a fungal/plant DNA ratio < 0 at 8 dpi and < 5 at 12 dpi. In contrast, Gifu,
RIL71 and RIL200 showed visible infection from ~20% to ~70% at 8 dpi and
from ~40 to ~70% on 12 dpi and a fungal/plant DNA ratio > 3 at 8 dpi and > 6
at 12 dpi.
Microscopy of fungal spreading
To investigate whether the spreading pattern of S. trifoliorum varies between
susceptible and more tolerant lines, infected roots from RILs representing more
and less susceptible lines as well as parents were stained with wheat germ agglutinin
(WGA) and observed using both fluorescence and confocal microscopy.
The hyphae spread from the mycelium discs in all directions and clear growth of
the fungus was already seen at 1 dpi (Fig. 2.6A). In the vertical direction, a tendency
towards growth between the cells was seen, yet not exclusively (Fig. 2.6B). In the
horizontal direction growth was more disorganized (Fig. 2.6B). The hyphae
primarily spread along the surface of the root (Fig. 2.6C). However, in a number of
samples spreading was seen along the vascular tissue in which growth can continue
with less obstruction (Fig. 2.6D). Yet no clear difference in hyphal growth in the
vasculature was observed for susceptible and more tolerant RILs. In a few samples,
the fungus did not appear to get properly established and growth was reduced to a
few hyphae (Fig. 2.6E). In contrast, some plants were severely infected and the
appearance of the hyphae indicates plant cell wall degradation (Fig. 2.6F). No clear
correlation between degree of fungal spreading and tolerance towards S. trifoliorum
was seen. However, further investigation of the spreading pattern may reveal a
connection and, additionally, whether the spreading along the vasculature is more
prominent in susceptible lines.
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Figure 2.6: Spreading pattern of S. trifoliorum on L. japonicus. Flourescence microscopy of
fungal cell walls stained with wheat germ agglutinin (green). Autofluorescence of the plant
(primarily vasculature) is seen in red. A) RIL67, 1 dpi. White arrowhead indicate the place of
infection (location of paper disc). B) RIL68, 1 dpi. C) RIL82, 2 dpi. D) RIL89, 3 dpi. E) RIL68, 3
dpi. F) Gifu, 3 dpi. Scale bar: 100 µm.
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Preliminary QTL analysis on a simple trait: red stem color
The stated objective is to identify QTL conferring tolerance towards S. trifoliorum.
However, to test a newly developed set of high-density markers on the analysis
software R/qtl a simple trait was used: red stem color. This trait segregated through
the RIL population with red stem color linked to the Gifu marker allele and green
stem color linked to the MG20 marker allele, as previously observed by Wang et al.
(2008). Two different genetic marker sets were thus used for the analysis: a lowdensity marker set of 96 markers (TM or BM, non- chronological numbering) and a
high-density marker set of 1130 markers (SG, chronological numbering). The QTL
analysis was based on the phenotype scores of 144 L. japonicus RILs.
Testing the low-density marker (Suppl. table S1) set resulted in a single peak on
chromosome 2 at marker TM0225, position 16,565,819. By adding TM0225 as
cofactor the LOD score increased from 19.96 to 40.50. The high-density markers
(Suppl. table S2) also resulted in a peak on chromosome 2 at markers SG0302,
Table 2.3: LOD score of low-density and high-density markers in high-scoring area of
chromosome 2 using different analysis methods for red stem color. All markers of the
respective sets are neighboring.
Marker
TM0310
TM0065
TM0400
TM0225
SG0299
SG0300
SG0301
SG0302
SG0303
BM1626

Position on chromosome 3
11,757,452
13,260,656
15,532,730
16,565,819
16,582,466
17,167,630
17,173,379
17,459,168
17,597,054
18,225,092

R/qtl
16.17
26.19
34.33
40.50
41.56
41.56
42.74
43.92
43.14
24.83

LOD score
TASSEL/GLM TASSEL/MLM
7.34
1.21
4.92
0.22
12.53
2.73
10.25
2.94
24.63
6.94
24.63
6.94
27.04
8.12
23.79
7.04
21.13
6.03
11.74
3.20

57

SG0302
45

TM0225

40
TM0400
35

LOD

30

TM0065

BM1626

25
20

TM0310

15

TM0120

10
5
0
11000000

13000000

15000000

17000000

19000000

21000000

Chr2 coordinate

Figure 2.7: LOD score of low-density and high-density markers in high-scoring area of
chromosome 2 after QTL analysis of red stem color. Black points: low-density markers. Grey
points: high-density markers. Orange point: Highest scoring high-density marker.

position 17,459,168. By adding marker SG0302 as cofactor, the LOD score
increased from 12.98 to 43.90. The neighboring marker downstream of TM0225 is
located at position 18,225,092 and SG0302 is therefore placed in between these
two markers (Table 2.3 and Fig. 2.7).
QTL analysis of tolerance towards S. trifoliorum
Based on the phenotype scores of 107 L. japonicus RILs, QTL analysis was
performed. Tests were run on both non-calibrated and calibrated data for the
accumulated phenotype (the total phenotype score at every dpi), differential
phenotype (change in score between x dpi and x+1 dpi) and stacked phenotype
(sum of accumulated phenotype scores). In total, 18 scanning days (1 and 2 dpi
were excluded from the test due to no visible symptoms in any line i.e. no
phenotype) were tested along with LD50 and the average infection per line across
32 days (Av32). With both non-calibrated and calibrated phenotypes, a total of 40
traits were tested.
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R/qtl function mqmscan was used to perform the QTL analysis. For both the lowdensity (Suppl. table S3) and high-density (Suppl. table S4) marker set no significant
LOD score peaks resulted when performing an mqmscan of all traits. From singleday analysis, however, a few scoring days stood out after analysis on the lowdensity marker set. LOD score peaks were observed at 22 dpi and 32 dpi (App. 1,
Fig. S1), however, the former appeared to be the result of calibration while the
latter was eliminated by calibration. Different phenotyping transformations
(accumulated, differential and stacked) also gave different results on these scoring
days. In contrast, at 5 dpi a clear peak at marker TM0246 on chromosome 3 was
observed (position 30,908,634). Calibration slightly reduced the LOD score at
TM0246 but resulted in a narrower peak. Also, after different phenotype
transformations the peak persisted. Using the highest scoring marker as cofactor
results in a LOD score increase from 3.32 to 3.72. A comparison of the threshold
value computed by permutation (perm.=1000) for an error rate of 5% and the peak
at TM0246 showed that the peak is statistically significant as the LOD score of
TM0246 exceeded the threshold.
Single day analysis was also performed using the high-density marker set. Generally,
the result was very small LOD scores at all analysis days and numerous
Table 2.4: Position and LOD score of low-density and high-density markers in highscoring area of chromosome 3 (5 dpi) after test of tolerance towards S. trifoliorum. All
markers of the respective sets are neighboring. NL: No linkage observed.
LOD score
Marker
TM0083
SG0551
SG0552
SG0553
SG0554
SG0555
SG0556
TM0246
TM0406
TM0049

Position on chromosome
3
27,402,871
28,256,680
28,462,061
29,007,708
29,023,691
29,195,021
29,195,964
30,908,634
32,990,799
35,809,146

R/qtl
0.94
1.53
1.57
1.57
1.61
1.60
1.51
3.73
2.62
1.32

TASSEL/GLM TASSEL/MLM
1.12
2.28
1.75
1.75
1.96
2.20
2.50
2.60
2.15
1.83

0.72
NL
NL
NL
NL
NL
NL
1.97
1.39
1.22
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Figure 2.8: LOD score of low-density and high-density markers in high-scoring area of
chromosome 3 after QTL analysis of S. trifoliorum tolerance. Black points: low-density
markers. Grey points: high-density markers. Orange point: Highest scoring high-density marker.

small peaks. A high LOD score was seen at 18 dpi for the calibrated data, however,
when testing the non-calibrated data the peak reduced and was exceeded by other
peaks at 18 dpi. At 5 dpi, the highest LOD scores were observed for makers in the
same area of chromosome 3 that TM0246 is located in (Table 2.4 and Fig. 2.8),
however, as part of a broad peak along with other smaller peaks. The highest LOD
score was correlated to marker SG0554 on chromosome 3 (position 29,023,691).
When using this marker as cofactor, the LOD score at SG0554 increased from 1.48
to 1.61. Unfortunately, the peak at SG0554 was below the threshold computed by
permutation test (perm.=25).
In addition to R/qtl, TASSEL software was used as a supporting linkage tool.
From the low-density markers, GLM resulted in a peak around marker TM0246
with a LOD score of 2.60 (Fig. 2.9A). The same analysis using the MLM also
resulted in a peak around TM0246; however, only with a LOD score of 1.97. For
the high-density markers, the highest LOD score of 2.50 was seen at marker
SG0556 on chromosome 3 (position 29,195,964) using GLM (Fig. 2.9B). Using
MLM no linkage was found.
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Figure 2.9: QTL analysis of L. japonicus tolerance towards S. trifoliorum performed in
TASSEL using GLM. A) Low-density marker set. B) High-density marker set.

Using an ANOVA model in R, the fraction of phenotype variation explained by

the marker TM0246 was calculated (Table 2.3). This assigned 8.36% of the

phenotype variation to TM0246.
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Table 2.5: Phenotype variation explained by TM0246. Marker TM0246 explains phenotype
variation for S. trifoliorum tolerance at 5dpi. Significance codes: p-value < 0.001: ***, < 0.01: **,
< 0.05: *.
Df
1
105

TM0246
Residuals
Total variance
Explained variance

Sum sq
1223.1
13400.1

Mean sq
1223.07
127.62

F
9.5837

Pr(>F) Significance
0.002517
**

14623.2
8.36

Association mapping
GWAS was performed on sequence data including all markers and sequence data
where repetitive regions, and thus the markers in these regions, were removed. In
addition, the phenotype data was analyzed in a raw non-calibrated version or as
ranked data to achieve Gaussian distribution. As fungal activity gave some
difficulties when subjecting the MG accessions to S. trifoliorum, only two
experiments were approved for association studies i.e. 46 accessions.
Unfortunately, the variation between these two experiments was too high and the
identified SNPs only reflected the inter-experimental differences. Calibration from
the ratio between the actual and average LD50 of Gifu and MG20 (as was used in
connection with the RIL experiments) did not help as these two accessions showed
comparable responses to S. trifoliorum. However, the infection averages of the two
experiments were significantly different and associations were found to SNPs
related to this difference instead of SNPs related to fungal tolerance.
Effect of S. trifoliorum on L. japonicus defense and nodulation mutants
In order to elucidate which genes may be involved in the response towards S.
trifoliorum, 18 different mutants of genes involved in defense in A. thaliana and in
nodulation in L. japonicus were tested in relation to fungal tolerance. The defense
mutants included sid2 and npr3 involved in the salicylic acid defense pathway
(Nawrath & Métraux 1999; Fu et al. 2012), ein2 and ctr1 involved in the ethylene
response pathway (Alonso et al. 1999; Kieber et al. 1993), coi1 involved in jasmonic
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Figure 2.10: Percent visible fungal hyphae on Lotus defense and nodulation mutants. A) 8
dpi, B) 12 dpi and C) 32 dpi. Data points are generated as the average of three replicated
experiments of 20 individuals of each mutant or parent.* Error bars represent standard
deviations across the averages of the replicated experiments.
*Some individuals showed bad growth or died before inoculation and were not included in the
calculations.
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Table 2.6: Randomization batches. All plants are randomized before inoculation with S.
trifoliorum. For the mutant experiment randomization was done across batches of four
mutants/parents. Each mutant/parent was represented by 20 individuals randomized across eight
plates.
Batch 1
Gifu
nfr1-1
nfr5-2
sym7

Batch 2
pub1
sym6-2
sym43
sym79

Batch 3
ctr1-a
eds1-b
lym5
sid2

Batch 4
MG20
coi1-a
mlo1
npr3-b

acid signaling pathway (Xie et al. 1998) (Fig. 1.4), eds1 involved in connecting
effector recognition to defense responses (Heidrich et al. 2011), and mlo1 involved
in pathogen defense and cell death (Büschges et al. 1997). The nodulation mutants
included among others the well known symbiotic mutants nfr1 and nfr5, involved in
Nod factor perception (Radutoiu et al. 2003), cyclops (sym6-2) involved in nodule
organogenesis (Singh et al. 2014) (Fig. 1.1), and crinkle (sym79) involved control of
early stage of infection (Myra 2003).
Three identical experiments were performed and the response of the mutants to S.
trifoliorum registered (Fig. 2.10). A clear tendency was observed from early on in the
analysis. From 8 dpi (Fig. 2.10A) a division of the mutants was noticeable with
defense mutants among the more tolerant individuals and nodulation mutants
among the more susceptible. This tendency was particularly noticeable at 32 dpi
(Fig. 2.10C), where MG20, mlo1, npr3-a, npr3-b, and coi1-a formed a more tolerant
group separate from the mutants and Gifu. Also Gifu, sym7, sym8, nfr1-1 and nfr5-2
seemed to form a group of more susceptible individuals.
Unfortunately, these groups correlated with two randomization batches that were
used in all three replicates of the experiments (Table 2.6). To assess the batch effect
on the results, the experiment was performed again on selected mutants and
randomized across all plates. The selected defense mutants were: mlo1, sid2, ein2 and
npr3-b. Of nodulation mutants, nfr5-2 was included along with the not previously
tested symRK-14, which is involved in colonization by both rhizobia and
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Figure 2.11: Percent visible fungal hyphae on L. japonicus defense and nodulation
mutants infected with S. trifoliorum. Data points for 8 dpi, 12 dpi and 32 dpi (dark grey, grey
and light grey background colors, respectively) are generated as the average of three replicated
experiments of 20 individuals of each mutant/line. Error bars represent standard deviations
across the averages of the three replicated experiments.

arbuscular mycorrhiza (Gherbi et al. 2008). Gifu and MG20 were included as
controls. The result supported the previous experiments as mlo1 was seen as the
most tolerant mutant, MG20, npr3-b and sid2 formed a slightly less tolerant group
with symRK-14 following (Fig. 2.11). Gifu and nfr5-2 showed the lowest tolerance
with nfr5-2 as the most susceptible. ein2 was excluded from the results as an outlier
with unstable infection level.
Effect of S. trifoliorum on cultivated clover varieties
In addition to L. japonicus, the experimental setup and phenotype scoring method
was tested on white clover. The tested clover varieties were provided by DLFTRIFOLIUM A/S and represented two more and less tolerant cultivars, Klondyke
and Avoka, respectively. Compared to L. japonicus, infection in white clover
progressed much faster and after 10 days all plants were visually infected or dead
(Fig. 2.12). Additionally, any difference in tolerance to S. trifoliorum between the two
cultivars was hard to distinguish as they both responded in a comparable way.

65

%	
  visible	
  fungal	
  hyphae	
  

100	
  
90	
  
80	
  
70	
  
60	
  
50	
  
40	
  
30	
  
20	
  
10	
  
0	
  

Avoka	
  (99DK03)	
  
Avoka	
  (DLF)	
  
Avoka_c	
  
Klondyke	
  (99DK03)	
  
Klondyke	
  (DLF)	
  
Klondyke_c	
  

0	
  

1	
  

2	
  

3	
  

4	
  

dpi	
  

5	
  

6	
  

7	
  

8	
  

10	
  

Figure 2.12: Percent visible fungus on white clover cultivars. Total percentage is calculated
from 20 individuals inoculated with mycelium-covered paper discs (Ø 2 mm).
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PART II: QTL analysis of Lotus japonicus growth rate in presence
and absence of rhizobia
Performing automated whole-plant image analysis
Prior to inoculation with S. trifoliorum the growth of RILs and MGs was assessed in
the course of three weeks from age 4-25 days. During these three weeks of growth,
the plants showed clear differences in growth traits, such as root length and shot
length, which were possible to spot with the naked eye. In some plates it was
possible to identify a particular RIL from the phenotype alone.
From scanned images of growing plants, quantitative information about root
length, root angle, etc. were extracted using the analytical tool RoMe (root
measurement) developed by Wolfgang Busch and his group at GMI. The software
made it possible to detect the plant, distinguish shoot from root, sketch a skeleton
of the plant and form a diagnostic image (Fig. 2.13). From these images, numerical

Figure 2.13: Diagnostic image from the RoMe software. A red square covers the selected
plant area which is magnified and displayed to the right in a traced and non-traced version.
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information from various traits was extracted to form a measurement file. In this
work, however, only root length is assessed.
To ensure the accuracy of the quantitative data, every diagnostic image was
manually assessed. Elements such as condensation, dust and gel cracks could cause
the root tracing to deviate from the actual root path. Images that did not trace the
root correctly were eliminated from the sample pool and further calculations.
From root lengths on consecutive days, root growth rates were computed. Plants
showing bad or no growth as well as outliers were removed from the analysis.
QTL analysis of growth rate
QTL analysis on low density-markers was performed in R/qtl based on 72 RILs
(Suppl. table S5). From single day analysis two peaks were observed for growth
rates on day 5 to 6 on chromosome 6 at marker TM0302 and TM0756 (position
5,778,311 and 23,489,075, respectively) (Fig. 2.14A). The highest scoring marker,
TM0756, is located at the end of chromosome 6. By setting TM0756 as cofactor
and re-running the analysis, the LOD score of both high-scoring markers on
chromosome 6 increased and the peaks became better separated (Fig. 2.14B).
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Figure 2.14: QTL analysis of L. japonicus RIL growth rate. A) Without cofactors. B) With
cofactors after permutation test (perm.=1000). Dashed green line: 5% significance threshold.
Dashed blue line: 10% significance threshold.
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When including TM0756 as cofactor, the LOD score of both high-scoring peaks
on chromosome 6 exceeded the threshold value computed by permutation
(perm.=1000) for an error rate of 5% which indicates that both peaks are
statistically significant.
These QTL results are preliminary as the RoMe software has been updated since
the analysis was run and the corresponding results from the high-density markers
have for this reason not been produced.
Assessing growth rate with and without rhizobia
For the lotus MG accessions not only the plants destined for S. trifoliorum
inoculation were analyzed for growth rates. An additional set of experiments was
performed where the plants were inoculated with M. loti. The overall effect of
inoculation with rhizobia varied among the accessions. For Gifu, the total growth
rate over 11 days appeared to increase as a result of inoculation with M. loti,
however, root growth rate of MG20 was somewhat unaffected by the treatment
A
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D

E

F

Figure 2.15: Effect of inoculation with rhizobium on L. japonicus growth rate. A and D)
Gifu, B and E) MG20, D and F) MG15. A-C) Non-inoculated plants. D-F) Plants inoculated
with M. loti. Individual plants belonging to each accession are represented by different colors.
Note: difference in axis scale.
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(Fig. 2.15A-D). In contrast, root growth rate of MG15 decreased as a result of
inoculation with M. loti (Fig. 2.15E-F).
From day 4 to day 5 the growth rate of most accessions appeared to decrease, Gifu
being one of these. As the plants were transferred from germination plates to B&D
plates on day 4 and subsequently inoculated with M. loti it was unclear whether
inoculation or a combination of transfer and inoculation caused the reduction in
growth rate.
Association mapping of growth rate with and without rhizobia
The growth rates of the two treatment groups were analyzed through GWAS based
on 58 and 62 accessions, respectively, for growth without and with M. loti. The
analysis was performed with either raw or ranked phenotype data on sequence
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Figure 2.16: GWAS of L. japonicus growth rate (day 5-6, 6-7 and 7-8). Ranked phenotype
data tested on non-repetitive markers. Results are shown for growth rates from day 5 to 6 (A),
day 6 to 7 (B) and day 7 to 8 (C). Note: chromosome 0 is a pseudo-molecule consisting of
contigs with unknown chromosomal locations (Urbanski et al. 2012).
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Figure 2.17: GWAS of L. japonicus growth rate after inoculation with M. loti (day 4-5). A)
Raw phenotype data tested on all markers, B) Raw phenotype data tested on non-repetitive
markers, C) Ranked phenotype data tested on non-repetitive markers. Note: chromosome 0 is a
pseudo-molecule consisting of contigs with unknown chromosomal locations (Urbanski et al.
2012).

data including all markers and sequence data where repetitive regions were
removed. Daily growth rates from day 4 to 15 were used as input resulting in a total
of 11 traits. The resulting SNP p-values were plotted against their physical distance
along the chromosomes (Fig. 2.16 and 2.17). Genes linked to markers with the
smallest p-values were cross-referenced to the Lotus japonicus gene expression atlas
(LjGEA).
For the non-inoculated plants, most SNP associations were seen for day 4 to 5
growth rates when analyzing raw data on all markers; but also for day 5 to 6, 7 to 8
and 8 to 9 growth rates. However, when removing the repetitive regions all
associations disappeared. When ranking the phenotype data, new associations
appeared for day 5 to 6, 7 to 8, 8 to 9, 11 to 12 and 13 to 14 growth rates. Yet none
of these were the same as for the analysis on raw phenotype data. After cross71

referencing to the LjGEA and comparing expression patterns of the genes located
in the vicinity of the SNPs with the smallest p-values, three genes stood out:
Lj2g3085370 encoding 60S ribosomal protein L18a [Medicago truncatula],
Lj2g1020000 encoding SAG101 [Medicago truncatula] and Lj0g0284229 encoding
plant cell wall protein SlTFR88 [Solanum lycopersicum] to which associations were
seen for day 5 to 6, 6 to 7 and 7 to 8 growth rates, respectively. Although
associations to these genes were seen on different days they showed comparable
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expression patterns both in non-inoculated and inoculated roots (Fig. 2.18A).

I
II
III
B
IV
V
VI
Genes:
I: Lj2g1020000 - SAG101 [Medicago truncatula] (day6-7)
II: Lj2g3085370 - 60S ribosomal protein L18a [Medicago truncatula] (day5-6)
III: Lj0g0284229 - plant cell wall protein SlTFR88 [Solanum lycopersicum] (day7-8)
IV: Lj6g1444510 - Flowering promoting factor 1 [Theobroma cacao] (day4-5)
V: Lj0g0085739 - No hit (day4-5)
VI: Lj1g1525930 - transcription factor bHLH96-like [Glycine max] (day4-5)
Figure 2.18: Gene expression pattern of candidate genes resulting from GWAS. A) Noninoculated MG accessions. B) MG accessions inoculated with M. loti. Gene expression patterns
are based on the Lotus japonicus gene expression atlas (LjGEA).
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For the plants inoculated with M. loti, most SNP associations were seen for day 4 to
5 growth rates at all testing conditions. One of these SNPs appeared as a result of
all three tests. This SNP was located 1873 bp downstream of Lj6g1444510encoding
flowering promoting factor 1 [Theobroma cacao], which has been found to be highly
expressed in inoculated roots (LjGEA). From GWAS of raw data on all markers,
associations to two additional genes were found whose gene expression patterns
were reminiscent of Lj6g1444510: Lj0g0085739, which gave no hit in the Lotus
Base but was found to encode a Xyloglucan endotransglucolyase/hydrolase by
BLAST of the partial protein sequence, and Lj1g1525930 encoding a bHLH96-like
transcription factor [Glycine max]. No p-values were smaller than 10-5, however. The
SNP downstream of Lj6g1444510 is located at position 16,980,568, thus, in
between the two peaks at marker TM0302 and TM0756 from the QTL analysis.
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PART III: Establishment of a system for automated confocal
microscopy of developmental events in Lotus japonicus roots

a) Automated microscopy of infection thread formation
Using LSM780 functions for multiple-slide overview scans and pin-pointing
L. japonicus roots inoculated with marked M. loti were observed by confocal laser
scanning microscopy. All observations were made on Zeiss LSM780 at Aarhus
University and Zeiss LSM700 at GMI in Vienna. A setup for high resolution
overview scans of the root was established using the tile function of the
microscope, whereby it was possible to scan partial images of a root and
subsequently assemble the parts into a whole (Fig. 2.19). This could be achieved
both for single images and stacked images, which add a third dimension to the
scan.
The scanning area was defined by marking corner coordinates of a square
surrounding the root. Based on the size of this square, the scanning area was
divided into a certain number of tiles (e.g. 3 tiles along the width of the root and 9
tiles along the length, totaling 27 tiles). Each tile represented a z-stack. Top and
bottom of the root in the z-direction were identified and used to set the boundaries
for the first and last slice of the z-stack. However, the thickness of the roots varied
across the sample and it was thus necessary to select the maximal boundaries for
top and bottom to include the entire root in the assembled images. The optimal
number of slices in the z-stack is defined by image resolution and the slice distance
suggested by ZEN2010 was most often followed. By subsequently scanning partial
sections of a root it was possible to achieve higher resolution of an overview scan
than if the whole root was to be visible in the scanning area.
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Figure 2.19: Overview scan of Lotus japonicus root. Tile scans of the root are performed across
the area of the root (A) and from top to bottom forming collated z-stacks (B). The tiles are
stitched together (C) to form complete images (D).

As the bacteria were marked with DsRed they were easy to distinguish from the
root auto-fluorescence. When bacteria were located close together the fluorescence
intensity in that area increased. Thus the increase in fluorescence intensity was used
to specify an area of interest, e.g. infection pockets and during infection thread
formation. From overview images, which are defined by coordinates on the slide, it
was possible to select areas/positions that were to be scanned at a higher
resolution.
The bacterial concentration of the inoculum was adjusted to limit the background
from bacteria that are not related to the areas of interest. Additionally, laser power,
resolution, and other image acquisition parameters were adjusted for best image
quality and speed. Often the setting could be directly transferred to other roots of
similar age and bacterial inoculum treatment. This is an apparent advantage in
construction of an automated system.
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Collecting detailed images for software development
When developing a tool for automated phenotyping, it is crucial to make the
software sensitive to the various scenarios of possible infection events so that it is
possible for the software to distinguish: what is an infection event and what is not?
Numerous confocal images were thus collected of different events resulting from a
high bacterial concentration/fluorescence intensity.
From the overview scan, areas of interest were selected and observed at a higher
resolution. Events representing different developmental stages of IT formation,
and what initially appeared to be infection events, were imaged. This included ITs,
“mock” ITs consisting e.g. of bacteria clustered along an edge of the root or lodged
at the interface of two root hairs, root hair curls entrapping bacteria, as well as
caves and cavities containing bacteria at the root surface or formed by root hairs.
All images were collected for software development to illustrate the variation of the
events and make identification of actual infection events possible.
Observations on epidermal and cortical infection thread behavior
Substantial variations in infection events were observed among specific Lotus lines
and mutants, which were chosen for their different response to rhizobia perception
and infection. Most often observation began at 6 dpi (on 10 days old plants) and
was resumed in the subsequent days to follow IT development over time.
In Gifu, ITs were observed in practically all individuals inoculated with M. loti but
to a varying degree; on some only a few ITs were observed, on others many. Often
clusters of ITs were observed, “hotspots” with several root hairs containing ITs in
close vicinity to each other. When the IT reached the base of the root hair
epidermal cell the IT was observed to coil around and often swelled into one great
bulge from which ITs appeared to continue into the underlying cortical cell (Fig.
2.20A).
None of the nfr5-2 mutants showed any infection threads (results not shown).
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All observed hit1-1 mutants formed ITs and many of them. As for Gifu, there was
a tendency for “hotspots”, areas with many ITs. In the base of the epidermal cell
ITs were observed to coil around but not to continue into the underlying cortical
cells (Fig. 2.20B).
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Figure 2.20: Epidermal and cortical infection thread behavior in L. japonicus and L.
burttii. A) Gifu (17dpi) B) Lj hit1-1 (20 dpi), C) Lj LORE1 mutant (25 dpi), D) L. Burttii (25
dpi). All lotus lines were inoculated with M. loti MAFF DsRed (green) at 4 days of age and
imaged using laser scanning confocal microscopy. Scale bar: 100µm.
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A Lj LORE1 insertion mutant population of Mendelian segregation (1:2:1), from
which the homozygote mutant was recognized by stunted growth, was also
observed.

In IT formation, no significant differences were seen between

heterozygote and homozygote phenotypes. Both formed ITs with M. loti; however
a special pattern was observed in the base of the epidermal cell, which was
distinguishable by the appearance of a neuron sending out axons and reaching
other neurons (Fig. 2.20C). It was not clear if the ITs progressed deeper into the
cortex.
Lotus Burttii very willingly interacted with M. loti through infection thread
formation. Infection was observed to take place through root hair curling. The
resulting infection threads were numerous and very long. In the base of the
epidermal cell, IT behavior was often distinguished by formation of “balloons”
from which infection threads protruded into the underlying cortical cell (Fig.
2.20D).

b) Modeling of nodule and lateral root primordia using confocal
microscopy
Visualization of cell divisions in L. japonicus roots
To investigate cell patterns connected with nodule and lateral root primordia, roots
of inoculated and non-inoculated L. japonicus were cleared and observed by
confocal laser scanning microscopy.
The purpose of tissue clearing is to remove the protoplasmic content of the cell
and thereby improve image clarity and quality. Different clearing strategies were
attempted (Table 2.7). Methanol and chloral hydrate were tested, however, lactic
acid superseded both and provided a gentle and harmless clearing. However,
clearing with lactic acid was only capable of clearing the first 2-3 cell layers and was
thus not sufficient for detection of early cell divisions. By changing the clearing
agent to visikol deeper clearing became possible.
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Table 2.7: Clearing treatments of L. japonicus root tissue.
Treatment
Lactic Acid (30%)
Methanol
Chloral hydrate
Visikol

Time
24 h
12 h (minimum)
Over night
Over night

Temperature
Room temperature
48oC
Room temperature
Room temperature

Common for all clearing methods was the elimination of fluorescent signal from
the bacteria marked with DsRed. Thus, it was not possible to image fluorescent ITs
in cleared tissue. Attempts were also made to fix the tissue after clearing, however,
this reduced image clarity.
To better visualize individual cells, different staining options were looked into as
well (Table 2.8). Propidium iodide (PI) was used to stain cell walls (Fig. 2.21A-B)
and gave the best results when dissolved in PBS compared to water and when
imaged in 87% glycerol. However, staining of cell walls made identification of cell
boundaries in the z-direction difficult due to the high background.
Next, 4',6-diamidino-2-phenylindole (DAPI), which primarily stain cell nuclei, was
tested (Fig. 2.21C-D). This stain gave good results both when dissolved in water
and PBS and clearly marked the position of each cell in relation to others through
staining of cell nuclei. Plant cell walls were vaguely stained as well. Compared to PI,
DAPI resulted in clearer cell definition and thus earlier characterization of clustered
root cells. However, DAPI did not work together with visikol and it was therefore
difficult to locate early cell divisions.
Table 2.8: Staining treatments of L. japonicus root tissue.
Solution
Propidium iodide
DAPI
Aniline blue

Staining of
Call walls
Cell nuclei
Cell walls, cell nuclei, ITs
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Figure 2 21: Development in clearing and staining methods. A-B) Roots cleared in lactic acid
stained with popidium iodide. C-D) Roots cleared in lactic acid stained with DAPI. E-F) Roots
cleared in visokol stained with aniline blue. A, C and E shows lateral root primordia. B, D and F
show nodule primordia. All samples show Lj Gifu. Scale bar: 100µm.
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Finally, aniline blue was tested (Fig. 2.21E-F) which, in addition to cell walls, also
stained nuclei and ITs. Staining of ITs was a great advantage as cell divisions
connected to nodule primordia were easier to identify. Aniline blue was only tested
in connection with visikol. Cell wall staining resulted in a clear outline of the cells
but also in more background, which made cell nuclei harder to distinguish deeper
down the tissue.
From cleared and stained samples, overview scans of roots were performed. Due
to staining, increased signal was observed in connection with cell divisions. Areas
of interest containing cell divisions associated to nodule or lateral root primordia
were selected and observed at higher resolution.
Observations on nodule and lateral root primordia
Clear differences between nodule and lateral root primordia were observed from
very early on in the developmental process.
nfr5-2, which is unable of forming nodule primordial, was used as a positive control
for lateral root formation. Early cell divisions were observed in the pericycle as an
organized, flat bell-shaped structure (Fig. 2.22A,C). This area, which later was to
become the lateral root vasculature, was characterized by a cluster of dividing cells
in or along the pericycle flanked by “tails” of elongating and dividing cells,
resembling a bell. Over time, the bell shape became more pronounced (Fig. 2.22C)
until the tip of the lateral root primordium became pointed and breached the
primary root epidermis (Fig. 2.22E).
As several nodulation mutants exist which completely abolish nodule
organogenesis, it was not a problem to find a positive control for lateral root
formation. However, as we did not have mutants that abolish lateral root formation
we did not have a positive control for nodule formation. The observation that
aniline blue stains ITs was therefore very useful, as cell division in connection with
an IT indicates a nodule primordium. However, additional information about the
origin of the dividing cells was necessary to finally determine the identity of the
primordium.
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By clearing with visikol and staining with aniline blue it was possible to trace ITs to
the first cell divisions of the nodule primordium in the root cortex. Early cell
divisions were observed in the first and second cortical layer (Fig. 2.22B) from
where the nodule continued as a spherical growth. Over time the nodule
primordium fused with the pericycle and vascular tissue of the root. Compared to
lateral root formation, the cell division pattern of the nodule primordium appeared
more disorganized.
Lateral root development

Nodule devolopment
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Figure 2.22: Cell divisions in development of lateral roots and nodules. A, C and E shows
lateral root primordia. B, D and F show nodule primordia. Latarel root primordia were among
others characterized by pericycle origin and a bell shaped structure. Arrow heads indicate the
“tails” that flank the emerging lateral root. Conversely, nodule primordial developed from
cortical cells. Scale bar: 100µm.
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Statistical analysis of cell division patterns in nodule and lateral root
development
In a collaboration with Markus Kiderlen and his group from the Department of
Mathematics, Aarhus University, the cell division patterning of developmental
events in the roots were assessed from a statistical viewpoint.
Samples cleared in lactic acid and stained with DAPI were used for the preliminary
assessment. These images provided sufficient contrast between cell nuclei and
background to use the nuclei as cell indicators. The mathematical morphology
library MAMBA (http://www.mamba-image.org/) was used to extract nuclei
positions by increasing the image contrast. Subsequently, thresholding was
performed manually and lastly the center of gravity was identified for each
component of the image. The result was a point pattern (Fig. 2.23C-D) from which
the four nearest neighbors (nuclei) of each point were identified and indicated with
arrows using the R package spatstat (package for analyzing spatial data). Thus each
point was marked with a so-called 4-neighbor star, a mathematical object (usually
called marked point process) which summarize the geometric pattern of nuclei
positions. Together, the points and 4-neighbor stars express the orderedness of the
cell pattern (Fig. 2.23E-F); for example, in a perfect crystalline pattern all 4neighbor stars will consist of arrows pointing at the four cardinal directions: north,
south, east and west. A correlation analysis of the 4-neighbor stars will therefore be
a measure of orderedness: the closer the structure is to a perfect crystalline pattern,
the higher the correlation 4-neighbor stars will be. Biological patterns are not as
rigid as crystalline patterns; however, statistical analysis so far indicates that the
pattern related to lateral root primordia is more ordered than the pattern related to
nodule primordia at the same developmental stage.
The current analysis is based on images of two dimensions but the strategy is to
extend the statistical concepts to 3D images obtained from z-stacks.
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Figure 2.23: Statistical analysis of cell patterning in lateral root and nodule primordia.
Images of developing lateral roots and nodules make up the foundation of the analysis (A-B).
From these images a point pattern is produced which mark all cells distinguishable by the
software (C-D) The direction of the four nearest neighbors from each point are indicated by
arrows which make up a 4-neighbor star (E-F). A, C and E shows lateral root primordia. B, D
and F show nodule primordia. Note: The shown examples represent extreme cases in which the
pattern is visible by the naked eye.
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3. Discussion
Establishment of high-throughput phenotyping systems
Many questions remain unanswered on what controls the balance between
symbiont and pathogen response in symbiotic legumes. In order to elucidate which
gene are involved, accurate and efficient phenotyping plays an important role. By
phenotyping mutants or segregating populations for a trait of interest, important
information about the function of mutated genes or the allele causing a difference
in phenotype between individuals of a segregating population can be revealed.
In this project, a system for high-throughput phenotyping of whole plants was
established by joining eight scanners in a serial system for efficient image
acquisition. By combining acquired images with the analytical tool RoMe,
developed by our collaborator Wolfgang Busch and his group a GMI, automated
phenotyping of root length was possible. The acquired images make up a vast
resource for manual phenotyping or future automated phenotyping assays. Over
time RoMe functions are expected to include root width, root angle, shoot area,
etc., and previously acquired images can be used for phenotyping.
The first steps in establishing high-throughput phenotyping of developmental
events in roots have also been taken, using confocal microscopy. Images for
software development and analysis have been collected for ITs and IT-related
events as well as cell division patterns connected with lateral root and nodule
development. Software for automated detection of ITs based on fluorescence
intensity and shape is to be developed in collaboration with Wolfgang Busch.
Additionally, statistical analysis of cell division patterns in lateral root and nodule
primordia is to be systemized and optimized for use in phenotyping. The Zeiss
LSM780 contains automatic functions that allow for multi-tile scans of entire
microscopy slides on a platform containing eight slides. Manual pin-pointing of
areas of interest is so far necessary to initiate detailed scanning of areas of interest;
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however, an automated system for pin-pointing based on fluorescence intensity is
planned as well as automated detection of z-stack centers.
Fine-tuning of image acquisition from microscopy still necessary
To assess the differences in lateral root and nodule development, intended for
statistical analysis, different clearing and staining methods were tested: clearing was
primarily accomplished with lactic acid and visikol and staining with PI, DAPI and
aniline blue. The best clearing result was seen with visikol; however, this clearing
agent cannot be used together with DAPI, which provided the best staining for the
use in point-analysis. Processing of 2D images will thus be continued on samples
cleared in lactic acid and stained with DAPI. For the 3D images, which are still to
come, further tests on visikol will be performed with other nuclear staining agents
such as ethidium bromide. LacZ staining of bacteria will also be tested together
with visikol to provide information about possible IT presence in connection with
cortical cell divisions. Additionally, improvement in sensitivity of the software that
generates the point pattern is necessary as points visible by the naked eye are not
detected by the software (Fig. 2.23C-D). It is important to detect as many cells as
possible in order to clearly differentiate between lateral root and nodule primordia
and optimize the precision and accuracy of the automated phenotyping system.
From the 2D images available at present, point-patterns based on nuclear locations
illustrate developmental differences between the nodule and lateral root primordia.
Lateral root primordia appear to be more organized with a 4-neighbor star pattern
closer to a crystalline pattern than the nodule primordia, which shows a more
sporadic 4-neighbor star pattern. The angle from which the primordia are imaged
greatly influences the 4-neighbor star pattern and identification of the primordia,
thus large-scale imaging should be limited to primordia in “profile”.
Imaging of cell division patterns is often based on microscopy sections (Herrbach
et al 2014; van Spronsen et al. 2001), a tempting approach as the image resolution is
greatly enhanced. However, due to the aim of using confocal images for high-
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throughput phenotyping, it is not possible to exploit the advantages of microscopic
sections or to use stable transformed lines which e.g. show GUS activity related to
the presence of auxin or cytokinin and thus will mark areas of interest at an early
time point. A simple and sensitive setup based on whole roots (or root windows) is
necessary to ensure the efficiency of this phenotyping tool in large-scale
phenotyping. The present results show that meticulous sample treatment and
powerful microscopy can allow for detailed imaging of whole roots that
distinguishes between lateral root and nodule primordia.
Origin and cell division patterns of nodule and lateral root primordia in
L. japonicus clearly differentiate
The origin and development of lateral roots in legume Medicago truncatula has been
described in detail by Herrbach et al. (2014). Their findings showed that early cell
division related to lateral root formation included divisions of both pericycle and
endodermis, rather than only pericycle cells as observed in A. thaliana (Malamy &
Benfey 1997). The images presented here are not of the same detail level, and it is
not possible to distinguish between pericycle and endodermis because of the high
background of the vascular tissue. However, it is clear that early cell divisions of
the lateral root primordia of L. japonius take place in pericycle, endodermis or both
(Fig. 2.19A).
Unlike the indeterminate nodules of M. truncatula, which have been shown to
originate from both pericycle and cortical cells (Timmers et al. 1999), the
determinate nodules of L. japonicus have only been shown to originate from cortical
cells. From samples stained with aniline blue, clear cell division was seen in the first
and second cortical cell layer (Fig. 2.15B). These results are supported by previous
studies: in 2001 van Spronsen et al. observed the first cell divisions in the first
cortical cell layer, and more recently Held et al. (2014) showed that cytokinin
signaling related to nodule primordium initiation was localized to the second
and/or third cortical cell layer.
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Speculations emerged on whether nodule development, instead of developing
independently, somehow employed the program for lateral root development
(Desbrosses & Stougaard 2011). If so, the difference in the origin of determinate
and indeterminate nodules suggests that the situation might be a little more
complex in the case of determinate nodules (L. japonicus) where the origin of
nodules and lateral roots are physically separated. By imaging and phenotyping cell
division patterns related to lateral root and nodule primordia in various L. japonicus
accessions it may be possible to identify genes regulating the developmental
processes in these, as well as possible overlaps.
Identification of genes associated to growth rate of L. japonicus roots with
and without rhizobial infection
Automated phenotyping of growing roots was performed using the serial scanning
system and the analytical tool RoMe. Growth rates of MG accessions grown with
and without rhizobia were calculated and compared for each accession. For most
accessions a reduction in growth rate was seen from day 4 to 5, right after transfer
to plant plates, in connection with rhizobial inoculation. The experiment has since
been duplicated, however, with the difference that inoculation was performed on
day 6 (this experiment was performed by Terry Mun and Sara Moeskjær). Growth
rates resulting from this experiment showed that neither growth rates from day 4 to
5 nor 6 to 7 were reduced (personal communication). The reduction of growth rate
was thus a combinatorial effect of both transfer and inoculation.
Association mapping was carried out on the growth of both inoculated and noninoculated plants. Association to a number of SNPs was found in both analyses.
By cross-referencing the resulting SNPs with LjGEA, three gene-candidates were
identified in each analysis. For the plants grown without M. loti, very similar
expression patterns in LjGEA drew attention to Lj2g3085370 encoding 60S
ribosomal protein L18a, Lj2g1020000 encoding SAG101 and Lj0g0284229
encoding plant cell wall protein SlTFR88. Phenotype variation explained by the
three SNPs associated to these genes ranged from ~11.5 to 19%.
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For the plants grown with M. loti, GWAS and cross-referencing to Lj GEA also
resulted in three candidates associated to growth rates from day 4 to 5:
Lj6g1444510, encoding flowering promoting factor 1 (FPF1), Lj0g0085739,
encoding a xyloglucan endotransglucolyase/ hydrolase, and Lj1g1525930, encoding
a bHLH96-like transcription factor. A rice homolog of FPF1, OsRAA1, has been
shown to reduce growth of the primary root when over-expressed (Ge at al. 2004) and this
supports the role of FPF1 in root growth. Additionally, in M. truncatula, MtbHLH, a
bHLH transcription factor, was shown to be involved in vascular patterning in root
nodules and to be upregulated during nodule development (Godiard et al. 2011).
This indicates that phenotyping and subsequent GWAS from growth rates of
inoculated L. japonicus can reveal information about players involved in nodule
organogenesis. Lj6g1444510 is located in between two peaks on chromosome 6
resulting from a preliminary QTL analysis of day 5 to 6 growth rates, thus no
overlap is seen.
It is important to note that the p-values of our six candidates are not above the
significance threshold. The p-values may be improved by adding more accessions
to the pool of analyzed and sequenced plants. GWAS on both non-inoculated and
inoculated plants is based on a limited number of L. japonicus accessions: some
accessions have not yet been sequenced and others were not available for
phenotyping. 131 accessions are currently growing in the greenhouse and more
accessions will be sequenced as soon as seeds are produced. LORE1 mutants exist
of all six gene-candidates. Further analysis of these mutants will show if mutants of
the mentioned genes display an altered growth phenotype.
qPCR proves the validity of visual phenotype
QTL analysis was carried out on infection level scores based on a manually
obtained visual phenotype of S. trifoliorum infection. To test if the visual phenotype
correlated with the actual amount of fungus present on the plant, qPCR was
performed. Inspired by Lahrman et al. (2013) the fungal/plant DNA ratio was used
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to express the infection level. However, instead of RT-qPCR, qPCR on genomic
DNA was performed. Primers against S. trifoliorum development specific protein
Ssp1, present in mature sclerotia (Li & Rollins 2009), were used as well as primers
targeting microsatellite markers in L. japonicus. Due to uncertainties concerning the
copy number of housekeeping genes in Gifu and MG20 these were not used as
primer targets.
The scored plants were divided into sub-groups of positive and negative visual
phenotypes. The fungal/plant DNA ratio resulting from qPCR assigned all visually
positive samples with a ratio > 1 and all visually negative samples with a ratio < 1,
excluding two negative Gifu samples with a ratio <5. All mock and control samples
gave a fungal/plant DNA ratio << 1. When calculating the fungal/plant DNA
ratio per plant line, a clear correlation between visual and qPCR-derived
phenotypes was seen. Tolerant lines showed less visible fungal growth and had a
lower fungal/plant DNA ratio compared to more susceptible lines (App. 1, Fig. 2).
These results indicate that the visual phenotype relates to the actual amount of
fungus on each plant and thus verifies the scoring method.
However, when the scoring method was used on the clover cultivars the infection
level of the more and less resistant cultivars was very similar. The experimental
setup may be the explanation, as this is based on lotus and the rate of infection in
this species. Additionally, the growth medium with added micronutrients is primed
for lotus growth. From these results it is unfortunately not possible to show that
the scoring method is also valid for white clover.
Minor QTL may confer tolerance towards S. trifoliorum
QTL analysis of L. japonicus tolerance towards S. trifoliorum was tested using both
low-density and a newly developed high-density marker set. To test the highdensity markers in R/qtl, QTL analysis was carried out on a simple trait, red stem
color, which resulted in one major QTL for each test. The highest scoring markers
of the respective tests were located 1000 kb apart on chromosome 2 with the high-
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density marker in between the highest scoring low-density marker and its
downstream neighbor. This location coincides with the results of Wang et al.
(2008) who also placed the gene for stem color in L. japonicus on chromosome 2.
The close vicinity of the highest scoring markers for the two marker sets and the
connection to Wang et al. (2008) prove the utility of the high-density markers in
R/qtl.
For the analysis of fungal tolerance, different calibration methods of the data and
phenotype transformations were tested on the two marker sets. Based on the single
day QTL plots and supporting information from heritability calculations, special
attention was drawn to a QTL on 5 dpi. This QTL was located at marker TM0246
on chromosome 3 and showed a LOD score of 3.72 including TM0246 as cofactor.
Analysis of both non-calibrated and calibrated data as well as three different
phenotype transformations in R/qtl all resulted in a peak at marker TM0246 on 5
dpi. The peak from R/qtl was supported by linkage mapping in TASSEL both
using GLM and MLM. Permutation tests (perm.=1000) in R/qtl rendered the peak
at TM0246 statistically significant for an error rate of 5%. To some extent, the
QTL was confirmed by the high-density marker set; however, the QTL obtained
from analysis of the high-density markers in R/qtl was not statistically significant.
The reason for the reduced strength of the QTL on chromosome 3 when using the
high-density marker set is unknown. Perhaps the phenotype is too weak for the
analysis or the difference between the parents is not apparent enough. This might
also explain the low fraction, 8.36%, of phenotype variation explained by TM0246
(Table 2.3). In addition, previous studies have shown that the gene architecture of
S. trifoliorum tolerance/resistance is very complex (Klimenko et al. 2010).
QTL studies on S. trifoliorum have been carried out in red clover (Trifolium pratense)
by Klimenko et al. (2010) who found QTL interactions to be more significant than
single effect QTLs, and that the QTL interactions explained more of the
phenotype variance than the single effect QTLs, indicating that single QTLs had a
small effect on plant persistency but a large effect in combination with other QTLs.
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This supports the lack of high-scoring single QTLs in this work and shows that S.
trifoliorum tolerance is a complicated trait. During QTL analysis of this trait it is thus
crucial to be able to distinguish between background and real QTLs, which was an
issue in this work. Variation in fungal activity is believed to be the reason for the
substantial background noise and a change in inoculation method may be necessary
to improve this factor.
In the more widespread and more studied sclerotinia species Sclerotinia sclerotiorum,
which has a broader host range than S. trifoliorum, QTL studies have been
performed in soybean (Arahana et al. 2001), common bean (Park et al. 2001) and
sunflower (Micic et al. 2004), etc. A common aspect of these studies was that only
QTLs, and not the genes behind the QTLs, were identified. However, in oilseed
rape QTL analysis of S. sclerotiorum resistance resulted in two major QTLs, one of
which was related to a homolog of A. thaliana IGMT5 encoding an indole
glucosinolate methyltransferase (Wu et al. 2013). IGMT5 belongs to a family
involved in the monolignol biosynthesis, which has been shown to be associated
with S. sclerotiorum resistance in Camelina sativa (Eynck et al. 2012).
Previous studies on S. sclerotiorum, not based on QTL analysis, have shown different
genes involved in tolerance and susceptibility towards this fungus. In soybean
expression of an oxalate decarboxylase was found to improve resistance to S.
sclerotiorum (Cunha et al. 2010) and in oilseed rape expression of a wheat oxalate
oxidase was also found to improve resistance towards S. sclerotiorum (Dong et al.
2008). The oxalate oxidases/decarboxylases are believed to prevent oxalic acid
secreted from the fungus from causing plant tissue damage (Dutton & Evans
1996). Furthermore, in A. thaliana, Zhang et al. (2013) found that the receptor-like
protein30 (RLP30) confered sensitivity to the fungal elicitor sclerotinia culture
filtrate elicitor, which induced MAMP-triggered immunity.
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Mutation of the Mlo gene improves tolerance towards S. trifoliorum
The tolerance of different Lj defense and nodulation mutants towards S. trifoliorum
was tested as well. Compared to Gifu, Lj mlo1 mutants showed significantly
increased tolerance towards S. trifoliorum at 8 and 12 dpi (App. 1, Table 8). mlo
mutants have been shown to increase resistance towards the pathogenic fungus
Blumeria graminis, which causes powdery mildew, in a number of plants e.g. barley
(Büschges et al. 1997) and pea (Paven et al. 2011). In barley, Piffanelli et al. (2002)
showed that MLO plays a role in cell death protection in connection with abiotic
and biotic stress and pathogens. Most barley mlo mutants allowed no growth of the
pathogen but instead showed tissue necrosis at the site of attempted fungal
infection whereas Mlo plants showed no sign of cell death in connection with the
fungal colony (Piffanelli et al. 2002). The present results indicate that growth of S.
trifoliorum in L. japonicus is also reduced as a result of Mlo mutation.
Along with ein2, sid2, ctr1 and coi1, the mlo1 mutant is the result of a LORE1
retrotransposon insertion in the respective gene. As the LORE1 resource consists
of mutants with several LORE1 insertions (Urbanski et al. 2012; Fukai et al. 2011),
speculations can arise as to whether the mlo1 mutation is in fact the cause of the
phenotype. Thus, to eliminate the possibility that the increased tolerance of the
LORE1 mlo1 mutant is caused by a LORE1 insertion in a gene other than mlo1,
insertional mutants in other alleles of mlo will be tested as well as LORE1 mutants
of the same family but without LORE1 insertions in Mlo1. Additionally, Piffanelli
et al. (2002) showed that mlo-conferred resistance differs between mutated alleles. It
may thus be possible to find mlo mutants resistant to S.trifoliorum infection.
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4. Conclusion
Many genes controlling the balance between symbiont and pathogen response in
symbiotic legumes are still unknown. In order to ensure efficient and accurate
phenotyping for use in GWAS and mutant characterization, we have established an
automated system for high-throughput phenotyping of root growth rates which will
soon be extended to include other growth traits. In addition, we are well on the
way to establishing a system for automated confocal microscopy of IT formation as
well as lateral root and nodule development which will be completed together with
collaborators from GMI in Vienna and the Department of Mathematics at Aarhus
University, respectively.
QTL mapping as well as association mapping have been performed in L. japonicus
on automatically acquired phenotype data of root growth rates in presence and
absence of M. loti as well as manually acquired phenotype data of tolerance towards
the necrotrophic fungus S. trifoliorum. Through GWAS of L. japonicus root growth
rates we arrived at 6 candidate genes. Due to the low number of analyzed
accessions these results are preliminary, but more accession will be sequenced and
phenotyped to improve mapping power.
The manual scoring system for S. trifoliorum tolerance was validated by qPCR which
showed that the visual infection level and the amount of fungal DNA per plant
correlate. QTL analysis of tolerance towards S. trifoliorum resulted in a single QTL
on chromosome 3, yet this QTL only explains a minor fraction of the phenotypic
variation. Variation in fungal activity is believed to cause background noise which,
in combination with a complex trait architecture, made QTL analysis of S.
trifoliorum tolerance difficult. However, phenotyping of various defense mutants
revealed that MLO is a prime candidate for a S. trifoliorum susceptibility gene. More
work on other LORE1 mlo mutants will follow to clarify the role of mlo in S.
trifoliorum tolerance.
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All in all, the system for automated phenotyping is still the initial phase and need
further adjustments to also include phenotyping at the microscopic level.
Nevertheless, the work presented here shows the benefit of such a system in QTL
analysis and association mapping. In a near future, we aim to complete this system
for efficient genetic dissection of natural variation in L. japonicus.
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5. Future work and perspectives
The work described in this thesis has employed high-throughput phenotyping for
characterization of known mutants as well as mapping populations and natural
populations in connection with defense and symbiosis. The acquired phenotype
information has been used to identify genes involved in defense against the
necrotrophic fungus S. trifoliorum and growth of L. japonicus in the presence and
absence of symbiotic M. loti either through mutant phenotyping or QTL analysis of
mapping and natural populations. The system for automated analysis of growth
phenotypes from whole plants is close to complete but the system for automated
microscopy of root developmental event is still in development.
The

following

describes

the

work

necessary

for

completing

mutant

characterizations, association studies and automated phenotyping systems:
PART I
- To verify that the QTL identified on chromosome 3 confers tolerance
towards S. trifoliorum, LORE1 mutants of functionally interesting genes in the
vicinity of the highest scoring markers resulting from QTL analysis will be
screened for S. trifoliorum tolerance.
- The role of MLO (Büschges et al. 1997) in tolerance towards S. trifoliorum
will be further investigated by analyzing the effect of the fungus on LORE1
mlo mutants with insertions in other Mlo alleles and mutants from the
corresponding LORE1 families but without insertions in Mlo.
PART II
- To elucidate which genes are affecting growth of L. japonicus with and
without symbiont present, LORE1 mutants of the six candidate genes
identified through association mapping will be tested and compared to the
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Gifu background. Furthermore, sequencing and phenotyping of additional
Lj MG accessions will be performed to improve mapping power. This work
is ongoing and will be completed by PhD-student Terry Mun who will also
investigate growth phenotypes of various LORE1 defense mutants.
- Further potentials of the RoMe tool will be assessed to broaden the field of
automated phenotyping. For this, already acquired image data will comprise
an on-hand resource for fast phenotyping.
- The objective is to use the acquired phenotype information for GWAS of
natural variation in L. japoonicus. MG accessions are still being collected in
Japan hereby adding further information to the genetic diversity of L.
japonicus.
PART III
- In collaboration with Wolfgang Busch and his group at GMI in Vienna,
automated detection of ITs based on fluorescence intensity will be
accomplished.

Additional

software

development

will

make

IT

characterization and mutant phenotying possible. A further aspiration is to
make automated detection of the root middle (for z-stacks) possible as this
will aid the automation by eliminating another manual step.
- In collaboration with Markus Kiderlen and his group at the Department of
Mathematics, systematic phenotyping based upon point-patterns of lateral
root and nodule primordia will be established. So far this is possible in 2D
but over time the analysis should be extended to 3D.
- As for the phenotype data collected from whole plants, the objective is to
use the developmental phenotype information for GWAS of Lj MG
accessions aiming to decipher the natural variation of the population in
relation to IT formation, nodule organogenesis at the cellular level, and the
balance between formation of lateral root and nodule primordia.
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6. Materials and Methods

Plant material and growth conditions
Lotus japonicus Gifu B-129 and MG20 were used as controls in the resistance
experiments. Gifu x MG20 RILs produced from Gifu B-129 maternal and MG20
paternal F2 progeny were used for QTL analysis (Sandal et al. 2006). MG
accessions with high morphological and genetic variation were collected in Japan
and were used for association mapping (Kai et al. 2010).
For mutant phenotyping the following L. japonicus mutants were used:
Defense mutants: mlo1, sid2, npr3-a, npr3-b, ein2, ctr1-a, coi1-a and eds1-b.,
Nodulation mutants: hit1-1, sym6-2 (cyclops), sym7, sym8, sym74-1, sym79 (crinkle), nfr11, nfr5-2 and symRK-14.
Additional mutants: sym43, pub1 and lym5.
From these mlo1, npr3-a, npr3-b, ein2, ctr1-a, coi1-a, eds1-b and pub1 were obtained
from the LORE1 insertion mutant population (Urbanski et al. 2011).
Seeds of white clover varieties Avoka and Klondike were kindly provided by DLF
Trifolium.
Seed germination was boosted in 95-97% sulfuric acid [MERCK KgaA, Germany]
(except for the seeds of L. japonicus defense and nodulation mutants as well as the
clover varietis, which were scarified using sandpaper) and surface sterilized in a
1:30 dilution of 6-14% Sodium hypochlorite [MERCK KgaA, Germany]. The
treatments were seed dependent and varied from 12-35 minutes and 10-20 minutes,
for acid and hypochlorite treatments respectively. If the seeds were not imbibed
after this treatment, they were left to swell in water for 2-3 hours. Under sterile
conditions, the seeds were transferred to moist filter paper in a Greiner square petri
dish and left germinate over the next 4 days at standard condition defined by 21oC
and a photoperiod of 16/8h light/dark.

The 4-day old seedlings were then

transferred to flat gels consisting of 50 mL 0.8% Agar Noble [Difco, BD, France]
added ¼ B&D medium (Broughton & Dilworth, 1971). The plantlets were
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transferred to the plates under sterile conditions and placed 2/3 up the plate to
make room for root growth. Again, the plants were grown at standard conditions.
After 3 weeks of growth, the plates were transferred to 4oC with a photoperiod of
16/8h light/dark [MEGAMAN Plant lamp W1215P]. Every few days the plant
plates were scrambled to ensure random light conditions. After 10 days of coldhardening the plants were inoculated with S. trifoliorum.
For each experiment the plants were randomized; all individuals of an experiment
were divided into subpopulations which were scrambled and given a random
position on the growth plates.
Rhizobia cultures and growth conditions
Rhizobium strain Mesorhizobium loti MAFF303099 with chromosome integrated
DsRed was used for microscopy and infection in growth rate experiments.
Bacterial cultures were grown on YMA medium (2 g/L Mannitol [Sigma-Aldrich
Chemie GmbH, Germany], 0,4g/L Yeast extract [Scharlau Chemie S.A., Spain], 0,5
g/L K2HPO4 [Merck KGaA, Germany], 0,2 g/L MgSO4.7H2O [Merck KGaA,
Germany], 0,1 g/L NaCl, pH was adjusted to 6.8 with HCl, 15 g/L Bacto Agar
[Bacto Agar, BD, France]) with 100 µg/ml phosphomycin and 10 µg/ml
gentamicin.
Liquid bacterial cultures were grown in YMB (YMA without Bacto Agar) with 100
µg/ml phosphomycin and 10 µg/ml gentamicin. Bacterial slabs were transferred
from YMA plates to ~5 mL YMB and the cultures were incubated at 28oC/200
rpm for 72 h. The bacterial concentration for inoculation was estimated from
optical density (OD) at 600 nm.
Sclerotinia trifoliorum isolates and growth conditions
Sclerotia of Sclerotinia trifoliorum were collected and kindly provided by DLF
Trifolium. All isolates were collected in white clover fields in Denmark. The
utilized strain was supplied as sclerotia on PDA plates. All sclerotia were kept dry
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and dark at room temperature. To obtain the mycelium covered discs used in the
experiments, the sclerotia were disinfected in ~5% sodium hypochlorite, washed in
dH2O 5 times, kept in 70% ethanol for 1 min and flambéed shortly. Next, the
sclerotia were cut in thin slices which were transferred to and grown on PDA plates
(39 g/L Potato dextrose agar [Difco, BD, France], ph-adjusted with 1 mL/100 mL
tataric acid 10%[L-2,3-Dihydroxybatanedioic acid, Sigma-Aldrich Chemie GmbH,
Germany]). Sclerotia from these plates where then harvested and grown in the
same way. After 5 days of growth agar plugs (ca. 5 x 5 mm) from the leading edge
of the colony were transferred to fresh PDA plates with Ø 3 mm paper discs (from
sterilization paper) placed in a circular pattern 3-3.5 cm from the center. After 4
days of growth, when the mycelium had covered the discs, the plates were
transferred to 4oC. After 24 hours the paper discs were used for infection of L.
japonicus by placing the disc (mycelium-side down) ~ 1 cm below the cotyledons.
Fluorescence microscopy of S. trifoliorum infection
Roots were harvested by severing the shoot from the root and immediately cleared
and stained. Root samples were cleared in 10% KOH [Merck KGaA, Germany] for
30 min. in a 90-95oC water bath; rinsed once in 10% acetic acid and twice in water;
ink-stained with 5% black ink in 5% acetic acid for 30 min. in a 90-95oC water
bath; de-stained by rinsing twice in water and submerging in 5% acetic acid for 30
min. at room temperature. The samples were drained and left at 4oC overnight.
Additionally, the fungal cell walls were stained with wheat germ agglutimin [WGA
(Agarose Bound), VWR – Bie & Berntsen, Denmark] ): the samples were washed
three times in 1x PBS, stained with 1 µg/mL WGA in 1x PBS by vacuum for 1
hour at room temperature and rinsed once in 1x PBS.
For microscopic analysis the samples were mounted in 87% glycerol. For long term
storage the samples were kept at 4oC also in 87% glycerol. The fungal spreading
pattern was observed on Zeiss Axioplan 2 fluorescence microscope. Images were
processed using Fiji Image J (Schindelin et al. 2010).
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Confocal microscopy of rhizobia infection
4-day old seedlings were transferred to slanted gels consisting of 1.4% Agar Noble
[Difco Agar Noble, BD, France] added ¼ Broughton & Dilworth and covered with
lint-free filter paper [Filtrerpapir, Fnugfrit Filter Extra Strong, AGF 651-41x41 cm,
EDB no. 130.941, Frisenette, Denmark]. The seedlings were placed in the small
holes of metal grids placed at the top of the gel (halfway up the plate) and
inoculated by distributing 200 µL bacterial solution (of OD600 = 0.01) per plate
across the roots. The plants were grown at 21oC with 16/8 light cycle. The plants
were observed from 3 dpi and onwards.
For microscopic analysis the samples were mounted in water added smalls amounts
of detergent. Infection threads and root cell divisions were observed on Zeiss
LSM700 and Zeiss LSM780. Images were captured by ZEN 2010 software and
processed by Fiji Image J.
Confocal microscopy of root cell divisions
M. loti MAFF DsRed-inoculated seedlings were used for the analysis. The plants
were observed from 1 dpi and onwards. Roots were harvested and observed
directly or after clearing. The following clearing methods were tested:
Treatment

Time

Temperature

Lactic Acid (30%)

24 h

Room temperature

12 h (minimum)

48oC

Chloral hydrate

Over night

Room temperature

Visikol

Over night

Room temperature

Methanol

Staining of cleared and non-cleared roots was tested with propidium iodide,
4',6-diamidino-2-phenylindole (DAPI) and aniline blue.
For microscopic analysis the samples were mounted in water added smalls amounts
of detergent or 87% glycerol. Infection threads and root cell divisions were
observed on Zeiss LSM780. Images were captured by ZEN 2010 software and
processed by Fiji Image J.
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Image acquisition
A multi-scanner system of 8 EPSON Perfection V600 Photo scanners were
connected in a serial system which allowed sequential scanning of 8 plates at once
at a resolution of 1200 dpi.
In relation to Lotus growth traits, all plates were scanned on the day of inoculation
and the following 25 days. Day 4 to 15 dpi, the plates were scanned every day; day
15 to 25 dpi, the plates were scanned every other day; totaling 20 scanning days.
In relation to S. trifoliorum infection, all plates were scanned on the day of
inoculation and the following 32 days. 1 to 8 dpi, the plates were scanned every
day; 8 to 32 dpi, the plates were scanned every other day; totaling 20 scanning days.
Acquisition of growth rates
Lotus seedlings, non-inoculated and inoculated with M. loti MAFF DsRed at 4 day
of age, were used for the analysis.
The analytical tool RoMe, developed by our collaborator Wolfgang Busch and his
group at GMI, Vienna, was used for tracking and tracing of Lotus root. However,
in some cases tracing was off, thus rendering manual quality control necessary.
From the image data, which passed quality control, numerical data was generated
resulting in root lengths for all individuals on all scanning days and growth rates
were manually calculated. Outliers and missing growth lengths were filtered away.
The resulting root growth rates constituted the phenotypes for QTL analysis.
Phenotyping and calibration
The phenotype was visually assessed from the collected images and scored for stem
color by 0: green stem and 1: red stem, and visible fungal hyphae from cotyledons
or first real leaves by 0: no visible hyphae, 1: visible hyphae and 0.5: other fungal
symptoms e.g. brownish leaves or fungal hyphae from the hypocotyl (note: only
deemed a valid if a score of 1 was obtained for the subsequent data point). Based
on the number of individuals with a score of 0.5 or 1 for each RIL/parent the
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percentage of visibly infected individuals was calculated, which hence constituted
the total phenotype per RIL/parent for each scanning day. In addition, phenotypes
of LD50 (the day upon which 50% of the Lotus lines showed visible fungal
hyphae) and Av32 (the average infection level across all 20 scanning days) were
generated.
Three different phenotype transformations were tested by QTL analysis: an
accumulated phenotype, the total phenotype score at every dpi; a differential
phenotype, the change in score between x dpi and x+1 dpi; and a stacked
phenotype, the sum of accumulated phenotype scores. For all phenotype
transformations, both non-calibrated and calibrated data was tested.
The fungal response data was calibrated from LD50. The average LD50 of the
parents was calculated from LD50 for each experiment. The ratio between the
actual and average LD50 is then calculated for each parent for each day. Next, the
mean of the LD50 ratio for the parents is calculated for each experiment and make
out individual correction factors. The phenotype data for each experiment is then
calibrated by multiplying the corresponding correction factor. This shifts the data
towards a common mean of LD50 for the two parents.
DNA extraction
After visual phenotyping, 5, 8 and 12 dpi, the plants were pooled for each
RIL/parent showing positive and negative visual phenotype. At 5 dpi all plants
were pooled. For each replicate RILs/parents were represented by five individuals
divided into sub-groups of positive or negative visual phenotypes consisting of
zero to five individuals
Cotyledons were harvested and collected in eppendorf tubes that were frozen at
-20oC. Subsequently, the tissue was crushed on the TissueLyzer with a single
tungsten bead in each tube and DNA extracted by the CTAB method. Three
replicate experiments were performed.
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qPCR
qPCR was performed using SYBR Green double stranded DNA binding dye on
the Roche LSC 480 II. 10 µL reaction samples were analyzed consisting of:
LC water

Forward primer

Reverse primer

LC master mix

Extracted DNA

3 µL

0.5 µL (10 µM)

0.5 µL (10 µM)

5 µL

1 µL

Light cycler program:
Denaturation

Amplification

95 oC

95 oC

10 min

54-58

oC

*

Melting

10 sec

95 oC

5 sec

72 oC

10 sec

81 oC

1 sec

75-81

oC

*

1 sec

Cooling
40 oC

30 sec

15 sec

* Primer specific.

L. japonicus TM markers TM002 and TM200 were used to quantify the amount of
plant genomic DNA and SSp1 from S. trifoliorum to quantify the amount of fungal
genomic DNA (Li & Rollins 2009):
Primer set

Forward

Reverse

Amplification

Melting

oC

Ssp1 # 1

CTTACCACAGAGCTTGCTTG

CGCCTCGAGAATGTTTTGAC

58

78 oC

Ssp1 # 2

CTCATTCAACCAAGGCACTG

TTTGGGGTGCGTCGAATTTC

58 oC

80 oC

TM002

AGCGATCTACATTCAAGAG

AGCGTTCTCTCAGTGTTG

54 oC

81 oC

TM200

ATCGGAGAATCAGAGAAATG

TGATTCAGGTTTCAATCTTC

54 oC

75 oC

The fungal/plant DNA ratio among positive and negative samples was calculated
according to Pfaffl (2001):
R = (Etarget) ΔCPtarget (control-sample) or R = (Efungus) ΔCPtarget (plant-fungus)
where Efungus is the efficiency of the Ssp1 primers and CP is the crossing point of
the samples.
The fungal/plant DNA ratio per plant line was calculated by multiplying the
positive and negative samples with the number of individuals in the pool and
summing the positive and negative samples.
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Heritability
From the TASSEL MLM results ‘Genetic Var’ (σ2g) and ‘Residual Var’ (σ2e) is used
to calculate h2 using the formula:
σ2g
h2 =

σ2g + σ2e

Phenotype variation
S. trifoliorum trait scores were merged with the Gifu x MG20 RILs genetic marker
map

and

imported

to

R/qtl

as

comma

separated

files

(data1=read.csv(file.choose(),header=T, sep = ';')). The data was attached
(attach(data1)) and from chosen phenotype and marker headlines (head(data1)) a
model was defined (model1=lm(“phenotype”~”marker”)). From this model,
analysis of variance (ANOVA) was used to calculate the faction of phenotype
variation on a certain day explained by a specific marker (anova(model1)).
QTL mapping with R/qtl
The trait scores were merged with the Gifu x MG20 RILs genetic marker map and
imported to R/qtl as a comma separated text file in Unix format.
Augmentation of data: The imported data was specified as resulting from recombinant
inbred lines (ril.self <- convert2riself(ril)). A new map was estimated from the
converted

data

(newmap

<-

est.map

(ril.self);

ril.self

<-

replace.map

(ril.self,newmap)). The data was augmented to estimate missing data and fill in
possible genotypes for incomplete markers based on information from neighboring
markers and recombination frequencies (Arends et al. 2010) (ril.self.aug <mqmaugment(ril.self)).
QTL mapping: All traits were scanned (all.scan <- mqmscanall (ril.self.aug)) and the
profiles of each scan were plotted (plot(mqmscan(ril.self.aug, pheno.col =”x”))).
A clustered heatmap was generated (mqmplot.clusteredheatmap (ril.self, all.scan,
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breaks= c(-3.5, -2.5, -1, -0.5, 0, 0.5, 1, 1.5, 2.5, 3.5, 4.5, color: "darkblue" , "blue" ,
"dodgerblue", "lightblue" , "yellow" , "orange" , "tomato", "red", "maroon",
"brown")).

Cofactors

were

tested

(cofactors

<-

mqmsetcofactors

(ril.self.aug,cofactors=”y”) and the plots re-plotted (plot(mqmscan(ril.self.aug,
cofactors = cofactors, pheno.col =1)). Permutation tests were performed
(permutation <- mqmpermutation(ril.self.aug, pheno.col =”x”, scanfunction =
mqmscan, cofactors = cofactors, n.cluster = 2, n.perm = 1000)) and plotted
(mqmplot.permutations(permutation)).
Based on the concurrently available sequenced and phenotypes RILs, QTL
mapping was performed on the following number of individuals:
Trait

Low-density markers

High-density markers

Red stem

144

88

S. trifoliorum tolerance

107

71

Growth rates (non-inoculated)

72

Analysis not performed

QTL mapping in TASSEL
Genotype and phenotype information was loaded into TASSEL (Bradbury et al.
2007) as tab separated text files and analyzed using GLM and MLM.
GLM: The imported geno- and phenotype files are merged using ‘Join (∪)’ and
analyzed with ‘GLM’ using permutation tests of a number of 1000 permutations.
MLM: From the genotype file, a kinship matrix in computed using ‘Kinship’. The
geno- and phenotype files are merged using ‘Join (∪)’. The joined file and the
kinship matrix are both marked and analyzed with ‘MLM’.
The result files were exported to Microsoft Excel for further calculations and
modifications to achieve LOD scores, plots and tables.
Association mapping
Genome wide association studies were performed by PhD student Niraj Shah using
the EMMAX software package (Kang et al. 2010).
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Based on the concurrently available sequenced and phenotyped Lj MG accessions,
association mapping was performed on the following number of individuals:
Trait

Accessions

S. trifoliorum tolerance

46

Growth rates without M. loti

62

Growth rates with M. loti

58
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Supplementary tables

Table S1: LD_red-stem.csv. This table includes phenotype information for red
stem in Lj Gifu x MG20 RIL fused with marker information for the 96 low-density
markers.

Table S2: HD_red-stem.csv. This table includes phenotype information for red
stem in Lj Gifu x MG20 RIL fused with marker information for the 1130 highdensity markers.

Table S3: LD_s-trifoliorum.csv. This table includes phenotype information for S.
trifoliorum tolerance in Lj Gifu x MG20 RIL fused with marker information for the
96 low-density markers.

Table S4: HD_s-trifoliorum.csv. This table includes phenotype information for
S. trifoliorum tolerance in Lj Gifu x MG20 RIL fused with marker information for
the 1130 high-density markers.

Table S5: LD_growth-rate.csv. This table includes phenotype information for
root growth rates in Lj Gifu x MG20 RIL fused with marker information for the
96 low-density markers.

Note:

The supplementary tables have been sent electronically to the
reviewers of this thesis.
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ABSTRACT
Necrotrophic pathogenic fungi like Sclerotinia are severe pathogens on crop plants and no major
plant resistance genes have so far been identified. Dissection of plant response mechanisms and
advances in breeding therefore rely on assessment of multigene inherited contributions to
resistance or tolerance. Here, we show that the model legume Lotus japonicus can be used to fine
map QTL for tolerance towards the necrotrophic fungus Sclerotinia trifoliorum causing clover rot.
Using re-sequencing, we accurately mapped breakpoints in a set of recombinant inbred lines
(RILs), and used these to map a QTL for tolerance to S. trifoliorum to a region of 227 kb on
chromosome 3. In addition we tested plant lines carrying mutations in known defense and
symbiotic genes for tolerance towards S. trifoliorum. We found that a L. japonicus LORE1 mlo1
mutant showed a significantly decreased infection compared to wild type L. japonicus, suggesting
that mlo mutants mount a response inhibiting or delaying fungel infection and that loss of
function mlo alleles might be used for control of necrotrophic Sclerotinia infections in clover and
other legume crop plants.

INTRODUCTION
Disease resistance and disease tolerance are important traits for increased crop yield and reduced
application of pesticides. Access to genome sequences and next generation sequencing
technologies has recently provided new and powerful tools in the search for such resistances.
Molecular breeding tools such as quantitative trait loci (QTL) analysis and association mapping
supersede traditional methods in the analysis of complex	
   traits that are not easily selected for
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through traditional breeding (Collard et al. 2005, Zhu et al 2008), and by providing valuable
genetic knowledge that might be transferred to related species. We have used a QTL analysis to
investigate a multigene controlled disease tolerance toward the necrotrophic fungus Sclerotinia
trifoliorum. S. trifoliorum is the causing agent of clover rot, which for many years has been a major
pest in white (Trifolium repens) and red clover (Trifolium pratense) fields across the globe (Hanson &
Kreitlow, 1953; Öhberg 2008). Analysis of Sclerotinia trifoliorum tolerence in white clover has
however been hampered by lack of a genome sequence, the allotetraploid configuration of the
white clover genome and the outcrossing breeding pattern (Hand et al. 2010). To cimcumvent
these limitations and to exploit the microsynteny between L. japonicus and T. repens (Hand et al.
2010), the analysis was performed in Lotus japonicus which has many advantages compared to
white clover. In addition to being an inbreeding diploid, L. japonicus has a short generation time
and genetic maps, recombinant inbred lines and a genomic sequence is available.
QTL analysis can be performed on both inbreeding and outbreeding populations; however, the
advantage of inbreeding populations is the possibility to create recombinant inbred lines (RILs).
Two L. japonicus accessions, MG20 and Gifu, differ in their susceptibility towards Sclerotinia
trifoliorum and this difference in parental phenotype was used to correlate marker-associated
genetic variance and phenotypic variance in a search for causal variance. Though QTL analysis,
we show that L. japonicus MG20 x Gifu RILs (Sandal et al. 2005) can be used to identify genetic
loci related to simple traits such as stem color but also more complex traits such as fungal
tolerance. We also show that LORE1 insertion mutants can be used to identify genes related to
tolerance towards the necrotrophic fungus S. trifoliorum.

MATERIALS AND METHODS
Plant material and growth conditions
Lotus japonicus Gifu B-129 and MG20 were used as controls in the resistance experiments. Gifu x
MG20 RILs produced from Gifu B-129 maternal and MG20 paternal F2 progeny were used for
QTL analysis (Sandal et al. 2006). MG accessions with high morphological and genetic variation
were collected in Japan and were used for association mapping (Kai et al. 2010).
For mutant phenotyping the following L. japonicus mutants were used:
Defense mutants: mlo1, sid2, npr3-b
Nodulation mutants: nfr5-2 and symRK-14.
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From these mlo1 and npr3-b were obtained from the LORE1 insertion mutant population
(Urbanski et al. 2011).
Seed germination was boosted in 95-97% sulfuric acid [MERCK KgaA, Germany] (except for
the seeds of L. japonicus defense and nodulation mutants, which were scarified using sandpaper)
and surface sterilized in a 1:30 dilution of 6-14% Sodium hypochlorite [MERCK KgaA,
Germany]. The treatments were seed dependent and varied from 12-35 minutes and 10-20
minutes, respectively for acid and hypochlorite treatments. If the seeds were not imbibed after
this treatment, they were left to swell in water for 2-3 hours. Under sterile conditions, the seeds
were transferred to moist filter paper in a Greiner square petri dish and left germinate over the
next 4 days at 21oC in a 16/8 light cycle. The 4-day old seedlings were then transferred to flat gels
consisting of 50 mL 0.8% Agar Noble [Difco, BD, France] added ¼ Broughton & Dilworth. The
plantlets were transferred to the plate under sterile conditions and placed 2/3 up the plate to
make room for root growth. Again, the plants were grown at 21oC with 16/8 light cycle. After 3
weeks of growth, the plates were transferred to 4oC with 16/8 light cycle [MEGAMAN Plant
lamp W1215P]. Every few days the plant plates were scrambles to ensure random light
conditions.
For each experiment the plants were randomized, all individuals of an experiment were divided
into subpopulations which were scrambled and given a random position on the growth plates.
Sclerotinia cultures and growth conditions
Sclerotia of Sclerotinia trifoliorum were collected and kindly provided by DLF Trifolium. All isolates
were collected in white clover fields in Denmark. The utilized strain was supplied as sclerotia on
PDA plates. All sclerotia were kept dry and dark at room temperature. To obtain the mycelium
covered discs used in the experiments, the sclerotia were disinfected in ~5% sodium
hypochlorite, washed in dH2O 5 times, kept in 70% ethanol for 1 min and flambéed shortly.
Next, the sclerotia were cut in thin slices which were transferred to and grown on PDA plates (39
g/L Potato dextrose agar [Difco, BD, France], ph-adjusted with 1 mL/100 mL tataric acid
10%[L-2,3-Dihydroxybatanedioic acid, Sigma-Aldrich Chemie GmbH, Germany]). Sclerotia from
these plates where then harvested and grown in the same way, and after 5 days of growth ager
plugs (ca. 5 x 5 mm) from the leading edge of the colony were transferred to fresh PDA plates
with Ø 3 mm paper discs (from sterilization paper) placed in a circular pattern 3-3.5 cm from the
center. After 4 days of growth, when the mycelium had covered the discs, the plates were
transferred to 4oC. After 24 hours the paper discs were used for infection of Lotus japonicus by
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placing the disc (mycelium-side down) ~ 1 cm below the cotyledons. Infection was performed on
35 day-old plants after 10 days of cold-hardening at 4oC.
DNA extraction
Three replicate experiments were performed. After visual phenotyping, 5, 8 and 12 dpi, the plants
were pooled for each RIL/parent showing positive and negative visual phenotype. At 5 dpi all
plants were pooled. For each replicate RILs/parents were represented by five individuals divided
into sub-groups of positive or negative visual phenotypes consisting of zero to five individuals
Cotyledons were harvested and collected in eppendorf tubes that were frozen at -20oC.
Subsequently, the tissue was crushed on the TissueLyzer with a single tungsten bead in each tube
and DNA extracted by the CTAB method.
qPCR
qPCR was performed using SYBR Green double stranded DNA binding dye on the Roche LSC
480 II. 10 uL reaction samples were analyzed consisting of:
LC water

Forward primer

Reverse primer

LC master mix

Extracted DNA

3 µL

0.5 µL (10 µM)

0.5 µL (10 µM)

5 µL

1 µL

Light cycler program:
Denaturation

Amplification

95 oC

95 oC

10 min

54-58 oC *
72 oC
81

oC

Melting

10 sec

95 oC

5 sec

75-81 oC *

1 sec

Cooling
40 oC

30 sec

15 sec

10 sec
1 sec

* Primer specific.
L. japonicus TM markers TM002 and TM200 were used to quantify the amount of plant genomic
DNA and SSp1 from S. trifoliorum to quantify the amount of fungal genomic DNA (Li & Rollins
2009):
Primer set

Forward

Reverse

Amplification

Melting

Ssp1 # 1

CTTACCACAGAGCTTGCTTG

CGCCTCGAGAATGTTTTGAC

58 oC

78 oC

Ssp1 # 2

CTCATTCAACCAAGGCACTG

TTTGGGGTGCGTCGAATTTC

58 oC

80 oC

TM002

AGCGATCTACATTCAAGAG

AGCGTTCTCTCAGTGTTG

54 oC

81 oC

TM200

ATCGGAGAATCAGAGAAATG

TGATTCAGGTTTCAATCTTC

54 oC

75 oC

The fungal/plant DNA ratio among positive and negative samples was calculated according to
Pfaffl (2001):
R = (Etarget) ΔCPtarget (control-sample) or R = (Efungus) ΔCPtarget (plant-fungus)
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where Efungus is the efficiency of the Ssp1 primers and CP is the crossing point of the samples.
The fungal/plant DNA ratio per plant line was calculated by multiplying the positive and
negative samples with the number of individuals in the pool and summing the positive and
negative samples.
Image acquisition
A multi-scanner system of 8 EPSON Perfection V600 Photo scanners were connected in a serial
system which allowed sequential scanning of 8 plates at once at a resolution of 1200 dpi. All
plates were scanned on the day of inoculation and the following 32 days. 1 to 8 dpi, the plates
were scanned every day; 8 to 32 dpi, the plates were scanned every other day; totaling 20 scanning
days.
Phenotyping and calibration
The phenotype was visually assessed form the collected images and scored for red stem by 0:
green stem and 1: red stem, and visible fungal hyphae from cotyledons or first real leaves by 0: no
visible hyphae, 1: visible hyphae and 0.5: other fungal symptoms e.g. brownish leaves or fungal
hyphae from the hypocotyl (note: only deemed a valid if a score of 1 was obtained for the
subsequent data point). Based on the number of individuals with a score of 0.5 or 1 for each
RIL/parent the percentage of visibly infected individuals was calculated, which hence constituted
the total phenotype per RIL/parent for each scanning day. In addition, phenotypes of LD50, the
day upon which 50% of the Lotus lines showed visible fungal hyphae, and Av32, the average
infection level across all 20 scanning days, were generated.
Three different phenotype transformations were tested by QTL analysis: an accumulated
phenotype, the total phenotype score at every dpi; a differential phenotype, the change in score
between x dpi and x+1 dpi; and a stacked phenotype, the sum of accumulated phenotype scores.
For all phenotype transformations, both non-calibrated and calibrated data was tested.
The fungal response data was calibrated from LD50 (the day upon which 50% of the Lotus lines
showed visible fungal hyphae). The average LD50 of the parents was calculated from LD50 for
each experiment. The ratio between the actual and average LD50 is then calculated for each
parent for each day. Next, the mean of the LD50 ratio for the parents is calculated for each
experiment and make out individual correction factors. The phenotype data for each experiment
is then calibrated by multiplying the corresponding correction factor. This shifts the data towards
a common mean of LD50 for the two parents.
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Heritability
From the TASSEL MLM results ‘Genetic Var’ (σ2g) and ‘Residual Var’ (σ2e) is used to calculate h2
using the formula:
σ2 g
h2 =

σ2 g + σ2 e

QTL analysis with R/qtl
The trait scores were merged with the Gifu x MG20 RILs genetic marker map and imported to
R/qtl as a comma separated text file in Unix format.
Augmentation of data: The imported data was specified as resulting from recombinant inbred lines
(ril.self <- convert2riself(ril)). A new map was estimated from the converted data (newmap <est.map (ril.self); ril.self <- replace.map (ril.self,newmap)). The data was augmented to estimate
missing data and fill in possible genotypes for incomplete markers based on information from
neighboring markers and recombination frequencies (Arends et al. 2010) (ril.self.aug <mqmaugment(ril.self)).
QTL analysis: All traits were scanned (all.scan <- mqmscanall (ril.self.aug)) and the profiles of
each scan were plotted (plot(mqmscan(ril.self.aug, pheno.col =”x”))). A clustered heatmap was
generated (mqmplot.clusteredheatmap (ril.self, all.scan, breaks= c(-3.5, -2.5, -1, -0.5, 0, 0.5, 1, 1.5,
2.5, 3.5, 4.5, color: "darkblue" , "blue" , "dodgerblue", "lightblue" , "yellow" , "orange" ,
"tomato",

"red",

"maroon",

"brown")).

Cofactors

were

tested

(cofactors

<-

mqmsetcofactors(ril.self.aug,cofactors=”y”) and the plots re-plotted (plot(mqmscan(ril.self.aug,
cofactors = cofactors, pheno.col =1)). Permutation tests were performed (permutation <mqmpermutation(ril.self.aug, pheno.col =”x”, scanfunction = mqmscan, cofactors = cofactors,
n.cluster = 2, n.perm = 1000)) and plotted (mqmplot.permutations(permutation)).

Based on the concurrently available sequenced and phenotypes RILs, QTL analysis
was performed on the following number of individuals:
Trait

Low-density markers

High-density markers

Red stem

144

88

S. trifoliorum tolerance

107

71

QTL analysis in TASSEL
Genotype and phenotype information was loaded into TASSEL (Bradbury et al. 2007) as tab
separated text files and analyzed using GLM and MLM.
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GLM: The imported geno- and phenotype files are merged using ‘Join (∪)’ and analyzed with
‘GLM’ using permutation tests of a number of 1000 permutations.
MLM: From the genotype file, a kinship matrix in computed using ‘Kinship’. The geno- and
phenotype files are merged using ‘Join (∪)’. The joined file and the kinship matrix are both
marked and analyzed with ‘MLM’.
The result files were exported to Microsoft Excel for further calculations and modifications to
achieve LOD scores, plots and tables.
Phenotype variation
S. trifoliorum trait scores were merged with the Gifu x MG20 RILs genetic marker map and
imported to R/qtl as comma separated files (data1=read.csv(file.choose(),header=T, sep = ';')).
The data was attached (attach(data1)) and from chosen phenotype and marker headlines
(head(data1)) a model was defined (model1=lm(“phenotype”~”marker”)). From this model,
analysis of variance (ANOVA) was used to calculate the faction of phenotype variation on a
certain day explained by a specific marker (anova(model1)).

RESULTS
The Lotus accessions Gifu and MG20 display differential tolerance to S. trifoliorum
Since S. trifoliorum infection can severely hamper white clover yield in temperate regions, we were
interested in identifying tolerance QTL. Preliminary infection experiments with S. trifoliorum on
Lotus japonicus Gifu and MG20 showed a consistent difference in response to the fungus between
the two ecotypes with Gifu being more susceptible than MG20 (Fig. 1).
Additionally, the preliminary experiments provided knowledge about growth period, hardening
period, inoculum type, size and placing (Fig. 2A-C), and fungal cold treatment before inoculation;
all of which resulted in the final experimental setup (Table 1).
Mapping recombination breakpoints in a set of recombinant inbred lines (RILs)
RILs from crosses between Gifu and MG20 already existed along with a linkage map (Sandal et
al. 2006). To facilitate accurate mapping of the traits of interest, a set of 96 RILs from a L.
japonicus Gifu x MG20 were re-sequenced to using Illumina technology to ~5x coverage.
Following read alignment to v. 3.0 of the L. japonicus genome assembly, genotypes were called at
positions of known Gifu/MG20 polymorphisms. Based on the genotype calls, genotype blocks
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and genomic breakpoints were identified for all 96 lines. A total of 1130 breakpoints were
detected and these were all used as markers in the QTL analysis.
Validation of the high-density breakpoint map
To validate the new set of re-sequencing-based markers, we carried out QTL analysis of stem
pigmentation, which is known to segregate as a simple trait in offspring from Gifu x MG20
crosses (Wang et al. 2008). The RILs was screened for red stem color, a strong phenotype in
both parents, where Gifu shows red stem color and MG20 green. The plants were scored with 0
or 1, 0 denoting green stem color and 1 denoting red stem color. Plate conditions appear to cause
some variation in the strength of the phenotype, however, the final phenotype for each line was
set to 0 or 1 based on the average score for each line.
Using the original set of 96 simple sequence repeat (SSR) markers (Suppl. table S1), we carried
out the QTL analysis in R/qtl (Arends et al. 2010) using the mqm.scan function, and the resulting
LOD scores were plotted (Figure 3). The result was a single peak close to marker TM0225 on
chromosome 2 with a LOD score of 19.96. By selecting this marker as cofactor and re-running
the analysis, the result was an increase of the LOD score to the double, 40.50. Through
permutation test (perm.=1000) the threshold value of significant LOD scores was set to LOD
2.50 for an error rate of 5% rendering the peak at marker TM0225 very significant (Table 3 and
Fig. 3B).
To test the possibility of increasing the resolution of the QTL analysis to gene level, the analysis
was repeated using the new set of 1130 markers (Suppl. table S2). The result of the first
mqm.scan was a single peak close to marker SG0302 on chromosome 2 with a LOD score of
12.98. The strategy with selecting the highest scoring marker as cofactor and re-running the
analysis was repeated and the LOD score at SG0302 increased to 43.90. Through permutation
test (perm.=1000) the threshold value was set to LOD 2.41 for an error rate of 5% showing the
significance of the peak at marker SG0302 (Table 3 and Fig. 3C). Using the high-density set of
markers thus reduced the candidate region from 2,892 kb to 419 kb (distance from marker
TM0400 to BM1626 and from SG0301 to SG0303, respectively) (Table 3 and Fig. 4).
Phenotyping and calibrating the RIL population for S. trifoliorum tolerance.
To assess the infection symptoms, we decided to score the plants from first visible hyphae
protruding from the cotyledons or first real leaves as this phenotype almost exclusively led to full
infection of the plant (Fig. 1D). At times, plants responded by shedding leaves or wilting which
in some cases stopped or halted the infection. This response may be more common for some
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RILs rather than others, however, the event was too rare for it to be investigated further. The
plants were scored from 0 to 1, where 0 denoted no visible fungal hyphae, 1 denoted visible
fungal hyphae from cotyledons or first real leaves and 0.5 denotes leaves which were close to
show visible fungal hyphae based on other screening factors (e.g. brownish leaves, fungal hyphae
from the hypocotyl; note: a score of 0.5 was only deemed a valid if a score of 1 was obtained for
the subsequent data point). From the scored values the percentage of infected individuals within
each line was calculated for each scoring day (trait) and this value made out the final phenotype.
For each experiment, variation was seen in the infection average (average infection of all RILs
and parents per experiment at 32 dpi) as well as for the infection level of Gifu and MG20. Based
on the response of the parents, present in each experiment, the data was calibrated from the ratio
between the actual and average LD50 of the parents hereby aiming to shift the fungal response of
Gifu and MG20 in each experiment towards a common mean.
Quantifying the ratio between fungal DNA and plant DNA
Visible symptoms of fungal infection were used as a proxy for the fungal infection phenotype. To
compare the visible fungal symptoms with the actual amount of fungus present on/in the plant,
qPCR was performed on fungal and plant genomic DNA after infection with S. trifoliorum. Prior
to harvest, the plants were screened and pooled into batches of positive and negative samples,
showing and not showing visible fungal symptoms, respectively. The plants were harvested 05, 08
and 12 dpi and DNA extracted. Gifu versus MG20 microsatellite markers were chosen to
represent plant DNA and the gene for development-specific protein (Ssp1) in S. trifoliorum (Li &
Rollins, 2009) to represent fungal DNA. The ratio (R) between the samples was found using the
formula (Pfaffl 2001):
R = (Etarget) ΔCPtarget (control-sample)
or
R = (Efungus) ΔCPtarget (plant-fungus)
where Efungus is the efficiency of the Ssp1 primers and CP is the crossing point of the samples.
The result clearly showed an increased amount of fungal DNA in plants of a positive visual
phenotype compared to samples of a negative visual phenotype (results not shown). By analyzing
the data further and including the total amount of plant material in the calculations it was
possible to find the ratio between fungal and plant DNA for each line and parent (Fig. 5). For all
RILs and parents it the fungal/plant DNA ratio increased from 8 dpi to 12 dpi (Fig. 5A),
corresponding to the assumption of more progressed fungal infection over time. Also the
percentage of individuals with visible fungal hyphae increased from 8 dpi to 12 dpi in all cases
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but for RIL43 and RIL71 (Fig. 5B). For these two RILs the level of infection remained
unchanged from 8 to 12 dpi.
The RILs used for qPCR represented tolerant and susceptible lines based on visual phenotyping.
Both at 8 and 12 dpi, the fungal/plant DNA ratio for MG20, RIL174 and RIL143, which
appeared more tolerant, was lower than Gifu, RIL200 and RIL71. This pattern was also seen for
the visual phenotype. Even though the tendency is not accurate down to each individual
RIL/parent when comparing the fungal/plant DNA ratio with visual fungus, the close
correlation between actual and visual amount of fungus on the plants supports the validity of the
visual scoring method.
Heritability of response to S. trifoliorum infection
To further verify the relevance of the scoring method and the obtained results, the heritability of
the response to fungal infection was calculated. Using the standalone version of TASSEL
(Bradbury et al. 2007), mixed linear model (MLM) linkage mapping was performed resulting in
values for genetic σ2g and residual variance σ2e for each trait. From these heritability is calculated
using the formula:
σ2 g
h2 =

σ2 g + σ2 e

For non-calibrated data heritability is highest for the first days (03 dpi and 05-07 dpi) and final
two days (30 and 32 dpi). From 7 to 28 dpi, calibration increase heritability by 0.042 (20 dpi) to
0.272 (22 dpi) which demonstrate the efficiency of the calibration. On the remaining days,
however, heritability decrease by 0.031 (30 dpi) to 0.071 (32 dpi). In total, calibration increase the
average heritability of all traits from 0.306 to 0.374 (Table 2).
The validity of the LOD scores was investigated further by performing linkage mapping in
TASSEL using two different models, general linear model (GLM) and mixed linear model
(MLM). For the low density markers, the markers with the three highest LOD scores for both
GLM and MLM were among the markers with the four highest LOD scores in the R/qtl analysis
(Table 4). In neither of the test, however, the same marker scored the highest. The picture was
somewhat the same for the high-density markers. Here the three highest scoring markers in GLM
and MLM were among the five highest scoring markers in the QTL analysis. For GLM and
MLM the same marker, SG0303, scored the highest LOD. For both low- and high-density
markers, the five markers with the highest scores in the QTL analysis are all neighboring markers.
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QTL analysis of response to S. trifoliorum infection
QTL analysis was performed in R/qtl. The 20 scanning days each represented a trait; however,
only scanning days showing a difference in phenotypes was tested resulting in an assessment of
18 traits. Different phenotype transformations were performed and tested: an accumulated
phenotype (the total phenotype score at every dpi), a differential phenotype (the change in score
between x dpi and x+1 dpi) and a stacked phenotype (the sum of accumulated phenotype
scores).
First, the low-density markers were tested using R/qtl (Suppl. table S3). When testing the entire
data set no clear LOD score peaks were seen in correlation to any markers. A clustered heap map
of all scoring days was produced which showed multiple peaks on various scoring days (Suppl.
fig. S1). Consequently, single day analyses were performed for all traits on both non-calibrated
and calibrated data. A few scoring days stood out. At 22 dpi and 32 dpi LOD score peaks were
observed (Suppl. fig. S2), however, the former resulted from of calibration while the latter was
removed by calibration. Also the different phenotyping transformations (accumulated,
differential and stacked) gave different results on these scoring days. The stacked phenotype
resulted in a peak at chromosome 1 that appeared to be a remnant from a peak at 6 dpi, which is
present all days after 6 dpi when analyzing the accumulated phenotype but disappears after 12 dpi
when analyzing the differential phenotype, as well as smaller peaks on day 7 and 8 dpi. On 5 dpi,
however, a clear peak with a LOD score of 3.32 was seen around marker TM0246 on
chromosome 3. This tendency was also visible for the calibrated data and for both the
accumulated and the differential phenotype. Markers correlated to the highest LOD scores were
tested as cofactors but only a slight increase was seen when adding TM00246 as cofactor.
Through permutation test (perm.=1000) the threshold value was set to LOD 2.33 for an error
rate of 5% showing the significance of the peak at marker TM0246 (Table 5 and Fig. 6).
Additionally, the phenotype variation explained by TM0246 was calculated (Table 6). This
assigned 8.36% of the phenotype variation to TM0246.
The analysis was performed again using the high-density marker set (Suppl. table S4). Again, no
clear LOD score peaks were seen in correlation to any markers. Single day analysis generally
resulted in very small LOD scores at all analysis days and numerous small peaks. At 18 dpi a peak
was observed but this appeared to be the result of calibration as the peak was not seen for noncalibrated data. When analyzing the 5 dpi trait, which stood out as a result of analysis with the
low-density markers, a single, yet broad, peak resulted close to marker SG0554 on chromosome 3
with a LOD score of 1.48. Again, this tendency was also seen for the calibrated data. When
adding marker SG0554 as cofactor the LOD score increased slightly. Using the high-density set
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of markers thus reduced the candidate region from 5,588 kb to 187 kb (distance from marker
TM0083 to TM0406 and from SG0553 to SG0555, respectively) (Table 7 and Fig. 7).
To further test the data, linkage mapping was also performed in TASSEL using both GLM and
MLM. For the low-density markers, the same marker, TM0246, was correlated to the highest
LOD score for both R/qtl and TASSEL GLM and MLM analysis with scores of 3.32, 2.60 and
1.97, respectively. The markers with the three highest LOD scores for GLM and the two highest
scoring markers for MLM were among the markers with the four highest LOD scores in the
R/qtl analysis (Results not shown). MLM distinguished itself from the other analysis methods in
having marker TM0616 correlated to the second highest LOD score as this marker scored 8th and
10th highest for R/qtl and TASSEL GLM, respectively (Table 7).
For the high-density markers SG0554 and SG0555 were correlated to the highest LOD scores
for R/qtl and TASSEL GLM, respectively, with scores of 1.48 and 2.20. The markers with the
three highest LOD scores for GLM were among the markers with the six highest LOD scores in
the R/qtl analysis. However, MLM analysis in TASSEL showed no association between specific
markers and trait. In contrast to the result of the red stem color analysis, the highest scoring
markers in the QTL analysis of the low-density markers are not all neighboring markers.
Especially, markers TM0055 and TM0027 stands out as these markers are located on
chromosome 1 and 6, respectively, whereas the other markers are located on chromosome 3
(supplementary). For the high-density markers, all highest scoring markers are neighboring
markers. Three of the markers with the six highest LOD scores form TASSEL GLM were
among the markers with the three highest LOD score in the R/qtl analysis. All of the highest
scoring high-density markers were placed upstream of the highest scoring low density markers
(Table 7).
All in all, however, the analysis in TASSEL confirms the interesting area on chromosome 3.
Based on analysis results from low-density and high-density markers, the candidate region was
reduced from 5,588 kb to 187 kb (distance from marker TM0083 to TM0406 and from SG0553
to SG0555, respectively) (Table 7 and Fig. 7).
Effect of S. trifoliorum on L. japonicus defense and nodulation mutants
To test the role of known defense and symbiosis genes in the tolerance towards S. trifoliorum,
different mutants of genes involved in defense in A. thaliana and in nodulation in L. japonicus were
infected with S. trifoliorum. The defense mutants included sid2 and npr3 involved in the salicylic
acid defense pathway (Nawrath & Métraux 1999 and Fu et al. 2012) and mlo1 involved in
pathogen defense and cell death (Büschges et al. 1997). The nodulation mutants included among
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others the well known symbiotic mutant nfr5, involved in Nod factor perception (Radutoiu et al.
2003), and symRK-14 necessary for successful infection by both rhizobia and arbuscular
mycorrhiza (Gherbi et al. 2008).
Three identical experiments were performed with plants randomized across all plates and the
response of the mutants to S. trifoliorum was registered (Fig. 5). 8 dpi a pattern formed which only
changed slightly throughout the rest of the scoring period: Gifu and nfr5-2 were the individuals
with the highest infection degree, symRK-14, sid2, MG20 and npr3-b followed with a more
intermediate response, and mlo1 showed the lowest infection degree at all scoring times.
From the ratio of infected plants to non-infected plants across the three replicated experiments
Fisher’s exact test is performed by comparing all mutants and MG20 to Gifu (Table 8). After
correcting for multiple testing (Benjamini & Hochberg 1995) mlo1, npr3-b and MG20 show a
infection degree significantly different from Gifu at 8 dpi. At 12 dpi mlo1and npr3-b are still
significantly different from Gifu, however, at 32 dpi none of the mutants or MG20 show a
significantly different infection degree compared to Gifu.

DISCUSSION
To investigate whether it is possible to isolate genes or genome regions involved in tolerance
towards the necrotrophic and highly pathogen fungus S. trifoliorum using the model plant L.
japonicus, we employed QTL analysis. Two sets of markers were used, a low-density marker set of
96 markers and a newly established high-density marker set of 1130 markers. Employment of
high-density marker sets hold great potential as they show advantages both in detection power
and resolution. In rice, a high-density SNP based marker set was shown to outcompete a set of
low-density markers in detection power as the high-density markers detected several contributing
loci in the same region whereas the low-density markers only revealed a single peak (Yu et al.
2010). Similar observations on the improved sensitivity of high-density marker sets were seen in
maize (Chen et al. 2014), sorghum (Zou et al. 2012) and peach (Martínez-Garzía et al. 2012).
To test the new high-density marker set on the analytical software R/qtl, we first performed QTL
analysis on the simple trait red stem color. For both low-density and high-density marker sets the
analysis resulted in a single QTL on chromosome 2. This correlates with previous studies by
Wang et al. (2008) who placed red stem pigmentation as a single gene on chromosome 2. For
both marker sets the LOD score doubled when setting the highest scoring marker as cofactor
and resulted in LOD scores high above the significance threshold for a 5% error rate. These
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results confirmed the validity of the high-density marker set. Using the high-density markers the
candidate region was reduced from 2,892 kb to 419 kb (Table 3 and Fig. 3).
In most herbaceous species anthocyanins are responsible for stem pigmentation (Davies 2009).
Red coloration may develop in response to abiotic stresses such as drought or low temperatures
(Chalker-Scott 1999; Shichijo et al. 1993) but largely the function of red stem pigmentation is
unknown (Gould et al. 2010).
QTL analysis on S. trifoliorum tolerance in L. japonicas was based on visually scored phenotypes up
to 32 dpi. The visual phenotype was validated by qPCR on infected plants, targeting both fungal
and plant genomic DNA, and generating a plant/fungal DNA ratio. The visual phenotype
correlated with the plant/fungal DNA ratio and showed comparable infection levels of
susceptible and tolerant Lj Gifu x MG20 RILs (Fig. 5). QTL analysis was performed on three
different phenotype transformations as well as calibrated and non-calibrated data and resulted in
several peaks. Most of these were inconsistent and either appeared to be the result of calibration,
transformation or marker set. Special attention was drawn to a QTL on 5 dpi which consistently
resulted from every test. This QTL was linked to markers on chromosome 2 at position
30,908,634 for the low-density markers and 29,023,691 for the high-density markers. All of
highest scoring high-density markers in this area were found between the highest scoring lowdensity marker and it’s neighboring upstream marker (Fig. 7). The LOD score of the low-density
marker at position 30,908,634 rendered the QTL significant when comparing to the significance
threshold for a 5% error rate. Although a minor QTL which explain 8.36% of the phenotype
variation this QTL shows a heritability of 0.44 and 0.39 for non-calibrated and calibrated data
respectively. Using the reduced the candidate region from 5,588 kb to 187 kb. Although the highdensity markers result in lower LOD scores than the low-density markers the highest scoring
low-density marker supports the position of the QTL at marker SG0554. The results from
TASSEL support both analyses yet by reducing the LOD score of the low-density markers and
increasing the LOD score of the high-density markers (Fig. 7). Thus making the significance of
marker TM0246 and marker SG0556 very similar. By including the TASSEL results the candidate
gene region is increased from 187 to 227 kb (the distance from marker SG0553 to SG0557).
QTL studies on S. trifoliorum in red clover have shown that single effect QTLs were less
significant than QTL interactions, and that more phenotype variation was explained by the QTL
interactions than the single effect QTLs, which indicates that single QTLs alone had a small
effect on plant persistency but in combination with other QTLs a large effect (Klimenko et al.
2010). This illustrates the complexity of the S. trifoliorum tolerance trait and may explain the lack
of high scoring single QTLs. Additional research has been carried out on the more widespread
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Sclerotinia sclerotiorum. QTL analysis of S. sclerotiorum resistance in oilseed rape resulted in two
major QTLs, of which one was related to an A. thaliana IGMT5 homolog encoding an indole
glucosinolate methyltransferase (Wu et al. 2013). The IGMT5 family is involved in monolignol
biosynthesis, which has been associated with S. sclerotiorum resistance in Camelina sativa (Eynck et
al. 2012). On the basis of purified fungal extracts it has additionally been found that receptor-like
protein30 (RLP30) is required for MAMP-triggered immunity induced by a fungal elicitor and
that the lack of RLP30 enhances susceptibility of A. thaliana towards S. sclerotiorum. (Zhang et al.
2013).
From the screening of defense and nodulation mutants for tolerance towards S. trifoliorum, Lj
mlo1 stood out by showing significantly reduced resistance towards S. trifoliorum at 8 and 12 dpi
(Table 7). In barley, MLO have been shown to reduce resistance towards the pathogenic fungus
Blumeria graminis, cause of powdery mildew (Büschges et al. 1997). MLO has been shown to play
a role in cell death protection in connection with abiotic and biotic stress (Piffanelli et al. 2002).
The increased tolerance of mlo1 towards S. trifoliorum suggests a similar role for MLO in L.
japonicus.

CONCLUSION
Based on accurately mapped breakpoints in a set of Lj RILs we have developed a set of highdensity markers and tested marker application on the simple trait red stem color. From QTL
analysis of Lj RILs with both low-density and high density markers we have shown that the highdensity marker set can be used to fine map a QTL for tolerance towards the necrotrophic fungus
S. trifoliorum. Additionally, we observed that the L. japonicus LORE1 mutant mlo1 showed a
significantly decreased infection degree compared to wild type L. japonicus Gifu, indicating a role
of mlo in S. trifoliorum tolerance.

135

REFERENCES
Arends, D., Prins, P., Jansen, R. C., Broman, K. W. (2010) R/qtl: high-throughput multiple QTL
mapping. Bioinformatics 26: 2990-2992.
Benjamini, Y. and Hochberg, Y. (1995) Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing, J. R. Statist. Soc. B (57) No. 1, 289-300.
Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y. and Buckler, E. S.
(2007) TASSEL: software for association mapping of complex traits in diverse samples.
Bioinformatics 23 (19): 2633-2635.
R. Büschges, K. Hollricher, R. Panstruga, G. Simons, M. Wolter, A. Frijters, R. van Daelen, T.
van der Lee, P. Diergaarde, J. Groenendijk et al. (1997) The Barley Mlo Gene: A Novel
Control Element of Plant Pathogen Resistance, Cell (88) 695–705.
Chalker-Scott, L. (1999) Environmental significance of anthocyanins in plant stress responses.
Photochemistry and photobiology 70 (1): 1-9.
Chen, Z., Wang, B., Dong, X., Liu, H., Ren, L., Chen, J., et al. (2014) An ultra-high density binmap for rapid QTL mapping for tassel and ear architecture in a large F2 maize population.
BMC genomics 15 (1): 433.
Collard, B. C. Y., Jahufer, M. Z. Z., Brouwer, J. B. and Pang, E. C. K. (2005) An Introduction To
Markers, Quantitative Trait Loci (QTL) Mapping And Marker-Assisted Selection For Crop
Improvement: The Basic Concepts, Euphytica (142) 169–196.
Davies, K. (2009) Annual Plant Reviews, Plant Pigments and their Manipulation, John Wiley &
Sons.
Eynck, C., Sèguin-Swartz, G., Clarke, W. E. and Parkin, I. A. (2012) Monolignol biosynthesis is
associated with resistance to Sclerotinia sclerotiorum in Camelina sativa. Molecular plant
pathology 13 (8): 887-899.
Fu, Z. Q., Yan, S., Saleh, A., Wang, W., Ruble, J., Oka, N., Mohan, R., Spoel, S. H., Tada, Y.,
Zheng, N. & Dong, X. (2012) NPR3 and NPR4 are receptors for the immune signal
salicylic acid in plants, Nature (486) 228-233.
Gherbi, H., Markmann, K., Svistoonoff, S., Estevan, J., Autran, D., et al. (2008) SymRK defines a
common genetic basis for plant root endosymbioses with arbuscular mycorrhiza fungi,
rhizobia, and Frankia bacteria, Proc Natl Acad Sci U S A (105) 4928-4932.
Gould, K. S., Dudle, D. A. and Neufeld, H. S. (2010) Why some stems are red: cauline
anthocyanins shield photosystem II against high light stress. Journal of experimental
botany: erq106.
Hand, M. L., Cogan, N. O. I., Sawbridge, T. I., Spangenberg, G. C. and Forster, J. W. (2010)
Comparison of homoeolocus organisation in paired BAC clones from white clover
(Trifolium repens L.) and microcolinearity with model legume species, BMC Plant Biology
2010 (10:94) 1-14.

136

Hanson, E. W. and Kreitlow, K. W. (1953) The many ailments of clover. Yearbook of agriculture
1953, 217-228.
Kai, S., Tanaka, H., Hashiguchi, M., Iwata, H. and Akashi, R. (2010) Analysis of genetic diversity
and morphological traits of Japanese Lotus japonicus for establishment of a core
collection. Breeding Science 60: 436-446.
Klimenko, I., Razgulayeva, N., Gau, M., Okumura, K., Nakaya, A., Tabata, S., et al. (2010)
Mapping candidate QTLs related to plant persistency in red clover. Theoretical and applied
genetics 120 (6): 1253-1263.
Li, M. and J. A. Rollins (2009) The development-specific protein (Ssp1) from Sclerotinia
sclerotiorum is encoded by a novel gene expressed exclusively in sclerotium tissues.
Mycologia 101 (1): 34-43.
Martìnez-Garcìa, P. J., Parfitt, D. E., Ogundiwin, E. A., Fass, J., Chan, H. M., Ahmad, R., et al.
(2013) High density SNP mapping and QTL analysis for fruit quality characteristics in
peach (Prunus persica L.). Tree Genetics & Genomes 9 (1): 19-36.
Nawrath, C. and Métraux, J.-P. (1999) Salicylic Acid Induction–Deficient Mutants of Arabidopsis
Express PR-2 and PR-5 and Accumulate High Levels of Camalexin after Pathogen
Inoculation, The Plant Cell (11) 1393–1404.
Pfaffl, M. W. (2001) A new mathematical model for relative quantification in real-time RT-PCR.
Nucleic acids research 29: e45-e45.
Radutoiu, S., Madsen, L. H., Madsen, E. B., Felle, H. H., Umehara, Y., Grønlund, M., Sato, S.,
Nakamura, Y., Tabata, S., Sandal, N., and Stougaard, J. (2003) Plant recognition of
symbiotic bacteria requires two LysM receptor-like kinases, Nature (425) 585–592.
Sandal, N., Krause, K., Frantescu, M., Radutoiu, S., Krusell, L., Madsen, L., et al. (2005) Mapping
and map-based cloning. Lotus japonicus Handbook. A. Márquez, Springer Netherlands:
217-232.
Sandal, N., Petersen, T. R., Murray, J., Umehara, Y., Karas, B., Yano, K., et al. (2006) Genetics of
symbiosis in Lotus japonicus: recombinant inbred lines, comparative genetic maps, and
map position of 35 symbiotic loci. Molecular plant-microbe interactions 19: 80-91.
Shichijo, C., Hamada, T., Hiraoka, M., Johnson, C. B. and Hashimoto, T. (1993) Enhancement of
red-light-induced anthocyanin synthesis in sorghum first internodes by moderate low
temperature given in the pre-irradiation culture period. Planta 191 (2): 238-245.
Urbanski, D. F., Malolepszy, A., Stougaard, J. and Andersen, S. U. (2012) Genome-wide LORE1
retrotransposon mutagenesis and high-throughput insertion detection in Lotus japonicus.
The Plant Journal 69: 731-741.
Wang, X., Sato, S., Tabata, S. and Kawasaki, S. (2008) A high-density linkage map of Lotus
japonicus based on AFLP and SSR markers. DNA research 15: 323-332.
Wu, J., Cai, G., Tu, J., Li, L., Liu, S., Luo, X., et al. (2013) Identification of QTLs for resistance to
Sclerotinia stem rot and BnaC. IGMT5. a as a candidate gene of the major resistant QTL
SRC6 in Brassica napus. PloS one 8 (7): e67740.

137

Yu, H., Xie, W., Wang, J., Xing, Y., Xu, C., Li, X., et al. (2011) Gains in QTL detection using an
ultra-high density SNP map based on population sequencing relative to traditional
RFLP/SSR markers. PloS one 6 (3): e17595.
Zhang, W., Fraiture, M., Kolb, D., Löffelhardt, B., Desaki, Y., Boutrot, F. F., et al. (2013)
Arabidopsis RECEPTOR-LIKE PROTEIN30 and receptor-like kinase SUPPRESSOR
OF BIR1-1/EVERSHED mediate innate immunity to necrotrophic fungi. The Plant Cell
Online 25 (10): 4227-4241.
Zhu, C., Gore, M., Buckler, E. S. and Yu, J. (2008) Status and prospects of association mapping
in plants. The plant genome 1: 5-20.
Yu, H., Xie, W., Wang, J., Xing, Y., Xu, C., Li, X., et al. (2011) Gains in QTL detection using an
ultra-high density SNP map based on population sequencing relative to traditional
RFLP/SSR markers. PloS one 6 (3): e17595.
Öhberg, H. (2008) Studies of the persistence of red clover cultivars in Sweden, Vol 2008.

138

TABLES

Table 0.1: Experimental setup for lotus inoculated with S. trifoliorum.
Day
0
4
25
30
34
35

L. japonicus
Germination
Transfer to plates
Cold-hardening

S. trifoliorum

Growth from sclerotia
Growth on paper discs
Cold treatment

Inoculation with S. trifoliorum

Table 0.2: Result of permutation test of the trait red stem color using R/qtl. LOD score of
highest peaking marker is shown for low- and high-density marker sets both without and
including cofactors. The threshold is based on permutation test of 1000 permutations of data
including cofactors for an error rate of 5%.

LOD

Low density markers
No
Threshold
Cofactors
cofactors
(5%)
19.96
40.50
2.50

High density markers
No
Threshold
Cofactors
cofactors
(5%)
12.98
43.92
2.41

	
  
Table 3: LOD score of low-density and high-density markers in high-scoring area of
chromosome 2 using different analysis methods for red stem color. All markers of the
respective sets are neighboring. R/qtl LOD scores include highest scoring marker as cofactor.
Marker
TM0310
TM0065
TM0400
TM0225
SG0299
SG0300
SG0301
SG0302
SG0303
BM1626

Position on chromosome 3
11,757,452
13,260,656
15,532,730
16,565,819
16,582,466
17,167,630
17,173,379
17,459,168
17,597,054
18,225,092

R/qtl
16.17
26.19
34.33
40.50
41.56
41.56
42.74
43.92
43.14
24.83

LOD score
TASSEL/GLM TASSEL/MLM
7.34
1.21
4.92
0.22
12.53
2.73
10.25
2.94
24.63
6.94
24.63
6.94
27.04
8.12
23.79
7.04
21.13
6.03
11.74
3.20
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Table 4: Genetic variance, residual variances and heritability of Gifu/MG20 RILs
infected with S. trifoliorum. The variances stem from MLM analysis and are used to calculate
heritability. MLM analysis is performed on the low density marker set. LD: day upon which half
the individuals of each RIL are infected, Av32: average infection per RIL across all scoring days,
Stacked: sum of infection per RIL across all scoring days.
Trait
01 dpi
02 dpi
03 dpi
04 dpi
05 dpi
06 dpi
07 dpi
08 dpi
10 dpi
12 dpi
14 dpi
16 dpi
18 dpi
20 dpi
22 dpi
24 dpi
26 dpi
28 dpi
30 dpi
32 dpi
Average
LD50
Av32
Stacked

Varg
0
0
3.54
0.07
89.73
127.61
277.79
147.15
262.46
138.71
162.37
146.99
109.14
162.97
81.57
104.65
125.32
121.90
165.17
199.06

Non-calibrated
Vare
0
0
1.83
34.70
114.45
213.75
321.25
415.38
580.38
546.73
460.32
480.43
450.59
410.16
368.54
328.29
310.12
295.34
260.87
233.19

82.75
12.31
32706.34

162.60
38.96
65308.69

h2
NA
NA
0.66
0.00
0.44
0.37
0.46
0.26
0.31
0.20
0.26
0.23
0.19
0.28
0.18
0.24
0.29
0.29
0.39
0.46
0.31
0.34
0.24
0.33

Varg
0
0
3.01
0.00
68.06
138.39
328.46
371.94
408.04
278.03
329.54
299.86
268.77
315.81
541.12
525.17
507.67
458.94
253.17
283.04

Calibrated
Vare
0
0
1.88
20.30
104.72
197.07
327.73
553.34
709.38
695.46
644.31
688.30
670.18
664.10
654.89
645.32
644.00
647.71
452.93
444.18

158.34
34.31
58570.20

275.63
42.14
98485.27

h2
NA
NA
0.62
0.00
0.39
0.41
0.50
0.40
0.37
0.29
0.34
0.30
0.29
0.32
0.45
0.45
0.44
0.42
0.36
0.39
0.37
0.37
0.45
0.37

Table 0.3: Result of permutation test of tolerance towards S. trifoliorum using R/qtl.
LOD score of highest peaking marker is shown for low- and high-density marker sets both
without and including cofactors. The threshold is based on permutation test of 1000
permutations for an error rate of 5%.

LOD
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Low density markers
No
Threshold
Cofactors
cofactors
(5%)
3.32
3.73
2.33

High density markers
No
Threshold
Cofactors
cofactors
(5%)
1.48
1.61
2.08

Table 6: Phenotype variation explained by TM0246. Phenotype variation for S. trifoliorum
tolerance at 5dpi explained by marker TM0246. Significance codes: p-value < 0.001: ***, < 0.01:
**, < 0.05: *.
TM0246
Residuals
Total variance
Explained variance

Df
1
105
14623.2
8.36

Sum sq
1223.1
13400.1

Mean sq
1223.07
127.62

F
9.5837

Pr(>F) Significance
0.002517
**

Table 7: Position and LOD score of low-density and high-density markers in highscoring area of chromosome 3 (5 dpi) after test of tolerance towards S. trifoliorum. All
markers of the respective sets are neighboring. NL: No linkage observed. R/qtl LOD scores
include highest scoring marker as cofactor.
Marker
TM0083
SG0551
SG0552
SG0553
SG0554
SG0555
SG0556
SG0557
TM0246
TM0406
TM0049

Position on chromosome 3
27,402,871
28,256,680
28,462,061
29,007,708
29,023,691
29,195,021
29,195,964
29,234,893
30,908,634
32,990,799
35,809,146

R/qtl
0.94
1.53
1.57
1.57
1.61
1.60
1.51
1.34
3.73
2.62
1.32

LOD score
TASSEL/GLM TASSEL/MLM
1.12
0.72
2.28
NL
1.75
NL
1.75
NL
1.96
NL
2.20
NL
2.50
NL
1.48
NL
2.60
1.97
2.15
1.39
1.83
1.22

Table 8: Difference in tolerance towards S. trifoliorum compared to Lj Gifu from
Fischer’s exact test. Comparison of L. japonicus defense and nodulation mutants to Gifu in
tolerance towards S. trifoliorum. The Fisher test p-values are corrected for multiple testing using
the Benjamini & Hochberg (1995) method (BH) in R (significance code: p < 0.05: *, p < 0.1: .).

8dpi

12 dpi

32dpi

Fisher
BH corr.
Significance
Fisher
BH corr.
Significance
Fisher
BH corr.
Significance

MG20

mlo1

nfr5-2

npr3-b

sid2

0.0218
0.0436
*
0.0412
0.0824

0.0034
0.0204
*
0.0046
0.0276
*
0.0094
0.0564

0.5807
0.5807

0.0218
0.0436
*
0.015
0.045
*
0.0665
0.1330

0.2735
0.3282

symRK14
0.1342
0.2013

0.1099
0.16485

0.1988
0.23856

0.1619
0.1943

0.2732
0.2732

.

0.0431
0.1293

0.7142
0.7142
0.1310
0.1943

.
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SUPPLEMENTAL TABLES

Table S1: LD_red-stem.csv. This table includes phenotype information for red stem in Lj Gifu
x MG20 RIL fused with marker information for the 96 low-density markers.

Table S2: HD_red-stem.csv. This table includes phenotype information for red stem in Lj
Gifu x MG20 RIL fused with marker information for the 1130 high-density markers.

Table S3: LD_s-trifoliorum.csv. This table includes phenotype information for S. trifoliorum
tolerance in Lj Gifu x MG20 RIL fused with marker information for the 96 low-density markers.

Table S4: HD_s-trifoliorum.csv. This table includes phenotype information for S. trifoliorum
tolerance in Lj Gifu x MG20 RIL fused with marker information for the 1130 high-density
markers.

Note: The supplementary tables have been sent electronically to the reviewers of this thesis.
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Figure 1: Difference in tolerance towards S. trifoliorum for Lj Gifu and MG20. MG20
consistently showed increased tolerance towards S. trifoliorum compared to Gifu; however,
variance in fungal activity made the average difference less evident (A). Calibration by LD50
made the differences between Gifu and MG20 more apparent (B). Gifu: grey points. MG20:
black points. Every point shows the average of 12 individuals in 3 replicate experiments.
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A

B

C

D

Figure 2: Inoculation of L. japonicus with S. trifoliorum. A) The fungus was grown on PDA
plates. Sclerotia were harvested and slices transferred to fresh plates. B) From these plates
mycelium plugs were transferred to paper disc plates. C) After ten days of hardening at 4oC, 35
day old Lotus plants were inoculated by placing mycelium covered discs ca. 1 cm below the
cotyledons. D) Over the next 32 days, the plants were phenotyped based on visible fungal hyphae
from the cotyledons (the shown example illustrates late infection).
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Figure 3: QTL analysis of red stem color in L. japonicus. A) Red stem color of Gifu
(left)compared to MG20 (right). B) Result from QTL analysis on LD marker set. C) Result from
QTL analysis on HD marker set. Both analysis are performed with the highest scoring marker as
cofactor. Dashed green line: 5% significance threshold. Dashed blue line: 10% significance
threshold. Analysis performed in R/qtl.
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Figure 4: LOD score of low-density and high-density markers in high-scoring area of
chromosome 2 after QTL analysis of red stem color. Black points: low-density markers. Grey
points: high-density markers. Orange point: Highest scoring high-density marker.
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Figure 5: Comparison of fungal DNA/plant DNA ratio and visible fungal hyphae of L.
japonicus infected with S. trifoliorum. A) Ratio between fungal DNA and plant DNA. B)
Percent visible fungal hyphae. 5 dpi data points are generated from a pooled sample of all
individuals across three replicated experiments (dark grey background). 8 dpi and 12 dpi data
points (grey and light grey backgrounds, respectively) are generated as the average of three
replicated experiments of 5 individuals of each RIL or parent. Error bars represent standard
deviations across the averages of the replicated experiments.
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Figure 6: QTL analysis of L. japonicus response to S. trifoliorum 5 dpi. A) Result from
QTL analysis on LD marker set. B) Result from QTL analysis on HD marker set. Both analysis
are performed with the highest scoring marker as cofactor. Dashed green line: 5% significance
threshold. Dashed blue line: 10% significance threshold. Analysis performed in R/qtl.
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Figure 7: LOD score of low-density and high-density markers in high-scoring area of
chromosome 3 after QTL analysis of S. trifoliorum tolerance at 5 dpi. LOD scores from
R/qtl are marked by filled points and results from TASSEL by unfilled points. Black points: lowdensity markers. Grey points: high-density markers. Orange points: Highest scoring high-density
marker.
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Figure 8: Percent visible fungal hyphae on L. japonicus defense and nodulation mutants
infected with S. trifoliorum. Data points for 8 dpi, 12 dpi and 32 dpi (dark grey, grey and light
grey background colors, respectively) are generated as the average of three replicated experiments
of 20 individuals of each mutant/line. Error bars represent standard deviations across the
averages of the three replicated experiments.
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Figure S1: Clustered heat map of tolerance towards S. trifoliorum. Color codes denote the
LOD score of low-density markers at all scoring days, LD50 and Av32 for non-calibrated and
calibrated phenotype data. Blue and red colors denote QTLs with a positive and negative
influence on S. trifoliorum tolerance, respectively. Breaks: -3.5, -2.5, -1, -0.5, 0, 0.5, 1, 1.5, 2.5, 3.5,
4.5, color: "darkblue" , "blue" , "dodgerblue", "lightblue" , "yellow" , "orange" , "tomato", "red",
"maroon", "brown". Analysis performed in R/qtl.
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Figure S2: QTL analysis of L. japonicus response to S. trifoliorum 22 and 32 dpi. Result
from QTL analysis on LD marker set. A) 22 dpi, non-calibrated. B) 22 dpi, calibrated. C) 32 dpi,
non-calibrated. D) 32 dpi, calibrated. Analysis performed in R/qtl.
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