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1.0. Introduction

1.1. The importance of biological nitrogen fixation

Nitrogen (N) is one of the major nutritional elemefds plants and is cycled
globally in the biogeochemical nitrogen cycle. Thereaalienited number of ways that
nitrogen becomes available in soils for plant growthluding: Entry of oxides of N in
rain produced by electrical discharge (lightening), bioldgitogen fixation of N to
ammonia, and a similar industrial process which providesiZer N for agriculture to
the tune of 80 million tonnes per anum (Vitoursek et1#97). 50-70% of the worlds
biological nitrogen fixation (BNF), leading to a terrégdtmput of 40-50 million tons of
nitrogen per year (Vitoursek et al., 1997), is carried ousymgbiotic nitrogen fixation
(SNF), mostly between bacteria of the famiRhizobiaceaeand legume plants.
Ammonia produced by biological and industrial reduction efchin be used by most
organisms. However, soil bacteria that derive theirggnby oxidation of NH to nitrite
(NOy) and nitrate (N@) are so abundant that nearly all ammonia in theisajtiickly
oxidized to nitrate. This process is called nitrificatiBlants and bacteria can reduce
nitrate to ammonia by the action of nitrate reductases{aiassimilation). Ammonia is
used for the biosynthesis of amino acids in plants ahdradutotrophs, which are
eventually consumed by heterotrophs, including humans. Maralegradation of
proteins after the death of organisms returns ammoni&eosail, where nitrifying
bacteria convert it to nitrate and nitrite again. A badaiscachieved between mineral or
fixed nitrogen and atomospheric nitrogen by bacteria thavert nitrate to N under
anaeobic conditions. In this process, called denittiboa soil bacteria use N{as the
final electron acceptor in a series of reactions thaeigdes a proton gradient for ATP
synthesis. In addition to inorganic, oxidised and reduceshdoof N, soil biological
activity also turns over large organic molecules contgimN, liberating smaller organic
N-molecules like amino acids that can be used by plants

1.2. Legumes and evolution of SNF

The legumes are a diverse and important family of @pgions. With more than
650 genera and 18,000 species, legumes are the third largdgtadbimgher plants and
are second only to grasses in agricultural importamegieved in Doyle, 2001).
Legumes range from tiny herbs to giant trees, dominatiagyntropical rainforests.
During symbiosis with bacteria of the root-colonising gariRhizobiumthese plants
form a novel organ called the root nodule that enables INE feature makes legumes
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relatively uniqgue among land-plants. SNF in legumes visdered in Germany over
100 years ago (Hellriegel and Wilfarth, 1888).

Ninety percent of all land plants are able to establisluszular mycorrhizal
symbioses (AM) with zygomycete fungi, which provide psamtith phosphorus and
other nutrients. It is believed that AM symbiosis &eal 450 million years ago (MYA),
at the time plants colonised the land (Brundrett, 2002). Rodtde symbiosis (RNS)
evolved much later, at around 65 MYA (Herendeen et al., 1968is et al., 2002).
Today, RNS is confined to the clade Eurosid | that include®tders Fabales, Fagales,
Cucurbitales and Rosales. While the ancestors of nowlylatants might have had a
predeposition for nodulation it seems possible that roolules themselves evolved
several times independently (Kistner and Parniske, 2002)edBas this genetic
overlap, it is believed that features of the evolutignalder AM symbiosis were
recruited during evolution of RNS (Albrecht et al., 1999; IGera and Bisseling, 2000;
Kistner and Parniske, 2002).

After map-based cloning of severayr® genes includingNork (Nodulation
Receptor Kinase) an&ymrk (Symbiosis Receptor-like Kinase) genes (Endre et al.,
2002; Stracke et al., 2002) it was finally proven that comsaigmalling components are
required to establish both rhizobial and mycorrhizal sysdsdfor review see: Albrecht
et al., 1999; Kistner and Parniske, 2002).

1.3. Bacteria-plant signalling prior to SNF: plant flavonoids andbacterial Nod
factors

Nitrogen limited legumes release flavone and flavonoompounds such as
luteolin, a tetrahydroxyflavone, or daidzein, an isoflaajoimto the surrounding soil.
Each plant species produces a distinct mixture of flaetsnand isoflavonoids, and the
guantity as well as the spectrum of the different comgsurary with age and the
physiological status of the plant (for reviews see: Bew1994; Phillips and Streit,
1996; Spaink, 2000). Such flavonoids are perceived by the rhizolpasas/e signals
to which they respond by the production and release oflBignenolecules called Nod
factors. Because Nod factors consist of an oligosacshéackbone of-1,4-linkedN-
acetyl-D-glucosamine and a fragment of chititer alia, Nod factors are often called
lipo-chitin oligosaccharides (LCOs). Rhizobial Nod factelisit complex responses in
legume root cells, including altered calcium fluxes andldieision (Felle et al., 1998;
Albrecht et al., 1999).
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1.4. Host specificity

Rhizobia-legume interactions exhibit specificity, wherelbyzabial strains
nodulate a limited range of legumes. For examplesorhizobium lotiinfects Lotus
most effectively,Sinorhizobium melilotinduces nodule development dmedicagq
Melilotus and Trigonella Rhizobium leguminosarutov viciae initiates nodulation on
Pisum Vicia, Lensand Lathyrusssp. Closely related t@hizobium leguminosarutov
viciae is R. leguminosarunbv trifolii, which nodulates only some species of clover
(Trifolium). However, not all rhizobia-legume associations aretifig. For example,
Rhizobiumstrain NGR234 nodulates 232 species of legumes from 112 gesiech aad
even nodulates the non-legurRarasponia andersoniia member of the elm family
(Pueppke and Broughton, 1999).

Host specificity is determined in part by the Nod factodpced by different
rhizobia, which differ in their R5 position of the redugiterminus of the Nod factors
and other side-groups. Thus, mutationdNiod genes can impair nodulation and alter

host specificity (reviewed in Spaink, 2000).

1.5. The infection process and nodule development
1.5.1. Morphological changes

Physical interactions between rhizobia and legumes tipidaegin by
attachment of compatible rhizobial strains to root hartsch lead to root hair swelling
and curling, and to formation of a hook-like structureef&rd’s crooks) (reviewed in
Gage, 2004). Rhizobia enter root hairs via the infection dhraa invagination of the
cell wall and plasma membrane, that provides accessderlying cortical cells of the
root. Rhizobia inside infection threads are topologicallysiole the root hair, as the
infection thread wall is contiguous with the cell wadlthe root hair. In parallel to the
infection processes that take place in the root hair, filr-ehtiation and activation of
cortical cells below infected root hairs result in tbenfation of the nodule primordia
(Brewin, 1991; Gage, 2004). During primordial development irerdahate nodules
divisions are observed in the outer cortical cells whilecase of the formation of
indeterminate nodules the cells of the inner cortex difficieher discussed below).

Infection threads eventually penetrate root cortical egitsrelease rhizobia into
the plant cells by endocytosis, resulting in a novel mede called symbiosome.
Symbiosomes consist of rhizobia surrounded by a plant nambicalled the
peribacteroid or symbiosome membrane (SM). Bacterhsymbiosomes continue to
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grow and divide until host cells are packed with thousasfdsymbiosomes, each
containing one or few bacteroids. Bacteroids are tfierdntiated nitrogen fixing form

of the rhizobia. Results from biochemical and proteornidiss indicate that the SM
harbours multiple transport systems that facilitatel aontrol nutrient exchange
between the plant cell cytoplasm and the bacteaat@? et al., 2000; Udvardi and Day,
1997; Saalbach et al., 2002; Wienkoop and Saalbach, 2003).

1.5.2. Determinate and indeterminate nodules

Two types of nodules are formed on different legumegu(E 1.1). Determinate
nodules lack a persistent meristem and are typicalhyerscal, as exemplified by
nodules onGlycine max(soybean) and.otus japonicus Determinate nodules are
ephemeral and have a life-span of a few weeks. Whemadules senescense new
nodules are formed when the root grows further (forildet@anformation see: Rolfe and
Gresshoff, 1988).

Indeterminate Determinate

Figure 1. 1: Schematic cross-sections of anatomy of indeterminate anigterminate nodules

M= meristem; Tl= thread invasion zone; ES= early sgtitb zone; NF= nitrogen fixing zone; S=
senescent zone; NC= nodule cortex; NE= nodule endodeNfrs;nodule parenchyma; VE= vascular

endodermis; VB= vascular bundle; SC= sclerenchyma; Rigger (from Hirsch, 1992).

Indeterminate nodules have a persistent meristem, whillts in nodules of
cylindrical shape, as exemplified by nodulesRi$um sativum(pea) andMedicago
truncatula The apical meristem continuously produces new cellsclwhiecome
infected with bacteria provided from older cells. Theselules have a much more
extensive vascular system than determinate nodules whrobunds the nitrogen-fixing
in the center of the nodule.
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1.5.3. Physiological changes during nodule development

Perception of the rhizobial Nod factors by the plamjgers downstream events
to occur that are needed to establish the symbiosisteéEleptor required for Nod factor
perception was recently clonedlintus japonicugMadsen et al., 2003; Radutoiu et al.,
2003) andMedicago truncatulgLimpens et al., 2003). Within seconds after Nod factor
addition, intracellular movement of €aH*, CI, and K ions as well as membrane
depolarization occurs (Ehrhardt et al., 1992; Felle et1895; Felle et al., 1998;
Kurkdjian, 1995). In the following minutes, changes in cytapiasC&*-concentrations
and calcium spiking occur (Ehrhardt et al., 1996; Catoirale 2000), which are
believed to trigger further downstream events, includinghgés in gene expression.
However, details of these processes remain unknown.

During nodule organogenesis large scale transcriptionah@tdbolic changes
occur that set the scene for SNF. One of the majornqdbgscal changes during nodule
developement is the reduction of free oxygen concenatiothe nodule tissue, which
enables the oxygen sensitive enzyme nitrogenase to fandteghemoglobins are
believed to play an important role in this context.

1.6. Leghemoglobins are the most abundant proteins in nodules

Leghemoglobins (Lb) are the most famous and probably temracterised
nodulins, or nodule-specific proteins (discussed below)legumes. They were
discovered in 1939 by Hideo Kubo, who described a protein grasextracts from
soybean nodules that showed similar spectral behaviouhgohemoglobins from
humans and mammals (Kubo, 1939). Kubo also showed thterizd respiration and
oxygen consumption were enhanced in the presence of thephatein. Since then,
extensive research has been carried out on hemoglobins fnany organisms,
including humans, mammals, plants, yeast and bacteridefWérg and Wittenberg,
1990). Plant hemoglobins can be divided into three classessyimbiotic hemoglobins
(in the following text called leghemoglobins), the ngmbiotic hemoglobins (Bogusz
et al., 1988; Trevaskis et al., 1997) and the truncated hebhinglthat are similar to
non-symbiotic hemoglobins (Watts et al., 2001). Leghemog#okare the most
prominent proteins in root nodules and accumulate to midimeoncentrations in the
infected cells of a nodule. Their backbone and theehemiety of the protein are
synthesised by the plant host (Santana et al., 1998).
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The binding affinity of leghemoglobins was reported to beua0-times higher
than human myoglobin (Trent et al., 2001). The rate eoh$dr Q binding for soybean
Lb, was determined to be 130 (I8t and the oxygen equilibrium constant to be 23 pM
s (Hargrove et al., 1997; Wittenberg et al., 1972). For regmirdb occur in the
presence of hemoglobin with a higher affinity for oxygenterminal oxidase is
required. Indeed, kvalues for rhizobial cyctochrome-c-oxidase of 2-5 nMr(rsen
and Turner, 1993; Kuzma et al., 1993; Preisig et al., 1996) arD-d4 nM for
leghemoglobins (Appleby, 1984) have been reported. In additiamas shown that the
presence of leghemoglobin protein is directly correlateith wespiration and
nitrogenase activity (Dakora, 1995). These findings make tagblbins likely
candidates for facilitation of oxygen diffusion at low gey concentrations in nodule
cells. Nonetheless, the physiological role of leghdotmgs in nodules was not proven

until now.

1.7. Nodule oxygen physiology: Solving the oxygen paradox

Low concentrations of free oxygen in the nodule tissieenecessary to protect
the oxygen sensitive enzyme nitrogenase which is the keymen for symbiotic
nitrogen fixation (Figure 1.2). On the other hand oxygenserdgl for respiration and
energy metabolism of rhizobia and plant cells in nodulsution of this apparent
paradox requires low oxygen concentrations to be maadaaround nitrogenase, but
high fluxes of oxygen to the sites of respiration (lsby, 1984). Leghemoglobins,
which are present in concentrations of 3-5 mM in theomgism of infected cells
(Appleby, 1984; Becana et al., 2000), are believed to be tanian both regards. The
concentration of leghemoglobins in nodule cells iseaist two-orders of magnitude
higher than all concentration of free oxygen (5-60nM) (tHamd Layzell, 1993), which
means that the flux of £carried out by Lb is greater than that of freg @espite the
slower diffusion rate of Lb-® The high affinity of Lb for @ also ensures that the-O
concentrations are buffered at a low level. Howeeemputer models estimated the
buffering capacity of leghemoglobins in cells with normeghemoglobins
concentrations to be equivalent to only about 10 secdn@spiratory G-consumption
under normal conditions (Denison and Harter, 1995). Tipesitle of this result is that
Lb could rapidly become saturated with, @ respiration is compromised, unless
additional mechanisms exist to restrict oxygen entry mtdules (Figure 1.2). In fact,
the presence of such restrictive site of oxygen entiquter cell layers of nodules was
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described in the early 1970s (Tjepkema and Yocum, 1974). The oxdiffasion
barrier (ODB) of nodules has been studied by a numbegroaips (Sheehy et al., 1985;
Denison and Layzell, 1991; Webb and Sheehy, 1991; Witty andniint998) leading
to models of oxygen diffusion in nodules (Layzell et B988; Denison, 1992; Moloney
and Layzell, 1993; Thumfort et al., 2000). Several authave kkoncluded that the ODB
is localised at the endodermis (Brown et al., 1997; BramthWalsh, 1996; Streeter and
Salminen, 1993; Witty and Minchin, 1994)

infected cells uninfected cells endodermis

Leghemoglokin
Mitrogenase

Figure 1. 2: Free oxygen concentrations decrease towardsthenter of the nodule.
Diffusion of oxygen into the nodules is blocketh an oxygen diffusion barrier (ODB). Inside the

infected cells leghemoglobin proteins binds the freger and deliver it to the site of respiration

1.8. Nodule metabolism
1.8.1. Nitrogen fixation

At the heart of SNF is the reaction catalysed byakyegen sensitive, bacterial
enzyme nitrogenase :
N, +8H +8€+ 16 ATP + 16 HO -~ 2 NHs + Hy + 16 ADP + 16 P

Reduction of N requires an enormous investment of ATP and reducing
equivalents, which are ultimately derived from oxidation miducts of plant
photosynthesis (see later). Another pre-requisiteéStdF is a low-oxygen environment
around the nitrogenase enzyme which is inactivated by kyggea.
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The bacterial nitrogenase protein complex is encoded déWiftd, NifD and
NifK genes. The latter two genes encodeothend theB-subunits of the FeMo protein,
respectively, which functions as a heterotetrameric ptexn called dinitrogenase
(component I)NifH produces the homodimeric Fe protein which is calledrdgénase
reductase (component II). The FeMo and the Fe proteissndle to form the
functional nitrogenase enzyme (for review see Fischer, )199%her genes are also
required for SNF, such asixL encoding a hemoprotein kinase aRckN which is
believed to be an oxygen senddif. andFix genes in rhizobia are mostly organised into
clusters of operons which are either located on megaplas as inBradyrhizobium
meliloti or on symbiotic islands on chromosomes likeMasorhizobium loti It was
shown that a mutation in any of the genes ofRix&BCXoperon leads to the inability
of SNF. Therefore these genes are essential fonaibnal symbiosis (Earl et al., 1987,
Gubler and Hennecke, 1988). Similar results were obtaindeiX&andNifA, latter one
is a positive regulator of sevendif andFix genes (Thony et al., 1987). Most of thi#
genes are induced upon low oxygen conditions in the balctamrrounding. This
induction is mainly achieved by the action of tA gene product (Thony et al., 1987;
Buikema et al., 1985).

1.8.2. C- and N-metabolism

The energy for nitrogenase activity in the Dbacteroidsivesr from
photosynthesis in leaves. Sucrose from the shoot iggtitao be the major source of
reduced carbon for the nodules. It is delivered via thegphland serves as an energy
source as well as for supply of carbon skeletons, wéiiehnecessary for ammonium
assimilation and export from nodules. Sucrose is mésasbmainly in the cytoplasm
of cells in the infected zone of the noduia the action of sucrose synthase which was
shown to be active in nodules of soybean (Thummler \dAerma, 1987), broadbean
(Kuster et al., 1993) anmlledicago truncatulgHohnjec et al., 1999). Enzymatic and
expression data indicate a higher capacity of glycelysi nodules compared to
uninfected roots, and enzymes involved in this pathway, includygemldehyde-3-
phosphate dehydrogenase, phosphoglycerate kinase and phospatgpymnydratase
were found to be induced during nodule development (Colebdtcal.,e2002a;
Copeland et al., 1995; Copeland et al., 1989; Vance and Gant), 1992
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Figure 1. 3: Schematic representation of metabolism and tmient exchange between a nitrogen

fixing bacteroid and the plant cell.

As: amino acids; BM: bacteroid membrane; GS-GOGATit&hine synthetase-Glutamate synthase;
MDH: malate dehydrogenase; PBM: peribacteroid membrdae; phosphoenolpyruvate; PEPC:
phosphoenolpyruvate carboxylase; SS: sucrose synfh@éetricarboxylicacid cycle (figure and legend
from Lodwig and Poole, 2003)

Cs-dicarboxylates, rather than sugars or glycolyticrmexiates are the primary
carbon and energy source for bacteroids (Udvardi ang [997). Dicarboxylates like
malate are metabolizeda the tri-carboxylic acid (TCA) in bacteroids (Bergersand
Turner, 1967; Kurz and Larue, 1977; Stowers and Elkan, 1983) (FigBjeatd
mutations in genes of the bacterial dicarboxylate tramgystem lead to the formation
of ineffective nodules (fixation minus mutants known &s fnutants) (Ronson et al.,
1981; Finan et al., 1983; Arwas et al., 1985; Bolton et al., 1986;Slooten et al.,
1992). Malate itself is produced in the plant from the gltol intermediate
phosphoenolpyruvate (PEP), via PEP carboxylase which peedualacetate (OAA),
and malate dehydrogenase (MDH), which converts OAA to tealgigure 1.3).
Transcripts of genes encoding these enzymes are typicdlliced in nodules (Xu et al.,
2003; Yoshioka et al., 1999).

Ammonia produced by the bacteroids is transported to taet mlytoplasm,
where it is assimilated by GS, GOGAT and asparaginesse (AS). Genes encoding
these plant enzymes as well as their activity arengistothose that are induced during
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nodule development (Cullimore and Miflin, 1984, Dunn et #4088, Cullimore and
Bennett, 1988; Trepp et al., 1999a; Trepp et al., 1999b; Gregerabn¥94, Hirel et
al., 1987; Colebatch et al., 2002a) (Figure 1.3).

1.9. Model legumes

A lot of knowledge about symbiosis was gained by the Gisacterial mutants
(e.g. Ardourel et al., 1994; Earl et al., 1987; Gubler and H&enel988). Several of
these rhizobial mutants were identified that lead tddh@ation of ineffective nodules
upon infection of their host legume or are unable to iadumdule development at all.
Tagging of mutant genes in rhizobia with transposable elensaicth as Tn5 led to the
isolation of numerous genes with crucial roles in SSimilar genetic approaches are
much more difficult in legumes. The genome of crop legsisuch as pea and soybean,
plants that have been used extensively for biochemigarawents for many years, are
large, complex and cumbersome for genetic analysis andiomutaapping. In addition,
reverse genetic approaches are likewise difficult @s¢lspecies.

To facilitate both forward and reverse genetics in leguesearch Handberg and
Stougaard suggested the diploid (n=6) legune¢éus japonicusas a model legume
(Handberg and Stougaard, 1992). The advantages of this spedieted a relatively
small genome (472 Mb) and short generation time of 2-3 o addition, it can be
genetically transformed stably and transiently wAtlirobacterium tumesfascierssd
Agrobacterium rhizogenegespectively (Morris and Robbins, 1992; Yu and Shao,
1991). Similar reasons were put forward by researches ehe iw favour oMedicago
truncatula(Barker et al., 1990; Cook, 1999). One of the main differsrfetween both
model legumes is thatotusforms determinate nodules whiléedicagoplants develop
indeterminate nodules on their root system.

Several mutagenesis projects have been initiated ipastewhere collections of
mutants have been created that are affected at diffstagés of nodule development
and function. These will be further discussed in sectidd.

1.10. Transformation of legumes with Agrobacterium rhizogenes (hairy root
transformation)

It is possible to transformotus japonicusising anAgrobacterium tumefasciens
mediated gene transfer in order to obtain stable tremsfuts that can be grown over
several generations (Yu and Shao, 1991; Oger et al., 1996r 8tilal., 1997). Stable
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transformation now also seems possible in other leguikeesoybean (Olhoft et al.,
2003), barrel medicMedicago truncatulaTrieu et al., 2000), andrifolium repens
(Larkin et al., 1996).

Legume transformation requires tissue culture that tage® 6 months before
transgenic shoots can be transferred to soil where they teabe grown for seed
production. It might be possible to reduce this time daw months using root instead
of shoot material for plant regeneration (Lombaraket 2003). To avoid the long time
required for tissue culturédgrobacterium rhizogenesan be used for so called hairy
root transformation. While hairy-root transformation sloeot lead to germ-like
transformation, it can be used to alter gene expressiomodules that develop on
transformed hairy roots. This system has been extendigslgd in legumes such as
Lotus japonicug(Morris and Robbins, 1992; Webb et al., 1996; Stiller et al., 1997
Medicago truncatulgTrieu and Harrison, 1996; Boisson-Dernier et al., 20Bé&jpania
rostrata (Van de Velde et al., 2003) and soybean (Olhoft et al., 2003&lso in non-
legumes such a8rassica napugDowns et al., 1994), tobacco and potato (Schmulling
et al., 1993). Recent improvements and developments imkdransformation are
reviewed in Somers et al. (2003).

To test the applicability of the hairy root system floe trapping of symbiotic
genes, transformation experiments with binary vegbossessing a beta-glucurosidase
(GUS) or a luciferase reporter driven by a cauliflowarsaic virus (CaMV) 35S
promoter were performed. In this study Stiller and co-warkeuld detect a frequency
of co-transfer of a binary T-DNA with a root-inducing (Ri}DNA of about 70%
(Stiller et al., 1997). But, transient transformation depe a mosaic root system that
makes it difficult to assess a phenotype (Limpens e804). Therefore this system
still requires improvement.

Thus, Agrobacterium rhizogenesediated hairy root transformation might be a
powerful tool for relatively fast screening of transgewiots for nodulation phenotypes
when introducing a construct to silence endogenous gene dazprelSsrthermore, it

could be used for other applications like promoter-gus studies.
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1.11. Isolation of legumesym-mutants reveals the function of several genes
involved in bacterial perception and the infection process

Establishing model legumes has led to a real revolutiohdrfield of legume
research as it became much easier to use techniquesalikéased cloning to identify
mutations and investigate the function of genes in thesamsutin recent years, many
legume symbiosissfn)-mutants defective in early steps of rhizobium recognition
nodule development have been identified (Figure 1.4; Schatiaér 1998; Kawaguchi
et al., 2002), including mutants impaired in root hair swelligf hair curling and the
formation of infection threads (reviewed in Geurts &islseling, 2002; Gresshoff,
2003).

h
Root hair swelling
_or deformation
LisYMAK | LiSYMd MIDMIT PsSYM8

MsNORK
MDA
PsSYM19

| Caleium spiking

LiSYM30 MIDMIZ PsSYMS
PsSYM30

 Gene activation
Endosymbiatic infection

TRENDOS in Plar Science

Figure 1. 4: Pathway defined by plant genes required for lib bacterial and fungal symbioses.
Genetic pathway required for symbiosis-related gene expreasid symbiotic infection. Genes required
for both root nodule symbiosis and arbuscular mycorriidd) define the common SYM pathway

(depicted in green) (from: Kistner and Parniske, 2002).

One of the first mutants identified showed an arresbanterial recognition
(Schauser et al., 1999). It was shown that this mutaitedcnodule-interceptiomin),
is blocked at the stage of infection thread formaticsh iadid not exhibit extensive cell
division in the cortical cells. Its orthologugy(m39 was later identified in pea (Borisov
et al., 2003). The coding region of thm gene is in part similar to transcription factors
and it contains motifs that confer nitrogen-control lommologues inArabidopsis

thaliana(Schauser et al., 1999).
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Radutoiu et al. (2003) and Madsen et al. (2003) were thke tér clone the
putative Nod factor receptors NFR1 and NFRZatus japonicusMutants affected in
Syml and §mb5 (Figure 1.4) do not show any responses towards the ajpiicat
rhizobia and Nod factors. Positional cloning of these gemesaled that they code for
LysM-type serine/threonine receptor kinases containing artrambrane segment that
is thought to anchor the NFR1 receptor in the plasma narmabrFurthermore a
topology with two extracellular LysM receiver domaiasd an intracellular kinase is
likely. Orthologs of these genes were also identifreMedicago truncatuland named
LYK3 and LYK4 (Limpens et al., 2003).

Map-based cloning of mutargym genes led to the identification of other
genes/proteins that are presumably downstream of the eutdtid factor receptors,
including the receptor like kinases like SYMRK frdrotus japonicugStracke et al.,
2002) and its orthologues fromedicago tuncatulfNORK) (Figure 1.4; Endre et al.,
2002). Calcium-spiking is a plant response downstreanodffiictor perception that is
believed to be an integral part of this signalling cascadsch leads to nodule
development. Severatym mutants that may be defective in calcium signalling
downstream of calcium-spiking have been discovered anddfective genes of two of
the mutants were identified recently. One of the muttmtsd inMedicago truncatula
was namedioes not make infections(@mi3). The mutated gene dmi3 shows strong
similarity to a calcium- and calmodulin-dependent prot@émasge that can interact with
free C&* and calcium-bound calmodulin (Levy et al., 2004). Sevehdranutants have
been identified and some of the affected genes wereatkS8chauser et al., 1999).

Another group of legumeym mutants are able to develop nodules, but the
nodules are ineffective. For instance, theedicago truncatula symimutant was
reported to form small, round nodules in which the infectiooris in the outer cortical
cells of the root. Other nodules developed to the norroabeked stage where bacteria
were released but were unable to differentiate into geindixing bacteroids (Benaben
et al., 1995). Two other mutants that are defective irciitie areritl andbitl both
identified in Medicago truncatulgMitra and Long, 2004). In these mutants, infection
threads abort in the epidermal or outer cortical leglers of the roots. Nevertheless,
root primordial formation was initiated in these plastssmall bumps were observed on

the root surface upon infection.
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1.12. RNAI technology in legumes

The development of model legumes that were suitablenégr-based cloning of
genes has accelerated the discovery of key genes for I&Brtantly, bothLotus
japonicusandMedicago truncatulaare also amerable to transformation and therefore,
reverse genetics, which should facilitate the funetiarharacterisation of many other
genes. Traditionally, reverse genetics has been dang astisense technology (e.g.
Temple et al.,, 1998; Crespi et al., 1994) which leads to-tpms$criptional gene
silencing (PTGS) (de Carvalho et al., 1992; Waterhouse, €t9%18; Baulcombe, 2000;
Matzke et al., 2001).

New findings about the influence of small inhibitory and noiBNAs on
transcriptional regulation of gene expression led todéneslopment of a new method
called RNA-interference (RNAI) that can be applieghiants (Waterhouse et al., 1998).
As this technique seems to have high potential for effid®GS new vectors were
created and tested recently (Helliwell and Waterhouse, Z#8ando Carrari and Ben
Trevaskis, personal communication). They contain wyeme specific fragments in
reverse orientation that are separated by an intrgur@ 1.5). Expression of these
constructs leads to the formation of double stranded inaRpA that is targeted for
degradation by specific endonucleases called Dicer (Waiseh et al., 2001a;
Waterhouse et al., 2001b).

PCR PCR
35S fragment  jnron  fragment POVA OCSen,

attL1 attL2 attL2 attL1

Figure 1. 5: An RNAI cassette that is typically used for tis approach.
In this case the flanking regions of the PCR fragmeattewconverted to be usable for GATEWAY
cloning. The construct is driven by a CaMV-35S-promaeted terminated by an OCS terminator after

polyadenylation.

Dicer produces 20-22 bp long fragments that are used for réoogmaf
endogenous MRNAs that show identity to these shonnieags (Metzlaff et al., 1997).
Upon detection of the target sense-RNAs these aresredeand further degraded
(reviewed in Waterhouse et al., 2001a; Vaucheret et al., 208ichéret and Fagard,

2001; Baulcombe, 2004). This technology enables reverse gapptwoaches to silence
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whole gene families rather than just a single geneswdh family. If sequence
conservation on nucleotide level is not high enough to iigesitetches of 20 bp among
different gene family members several small fragmeatsbe cloned behind each other
and than used for RNA..

There were no reports about the functionality of R&diated PTGS available
in legumes at the beginning of the thesis. However,Herreasons mentioned above,
RNAI technology was tested rotus japonicugluring this project.

1.13. Nodulins

Nodulin genes are those that are specifically induced durimylat@on in
plants. They are grouped into two classes: The eadylms (ENODs) are induced
within minutes of rhizobial binding and/or Nod factor percaptBNODs are believed
to mostly serve a function during nodule development. €bersl group of nodulins is
called late nodulins. These genes encode proteins thah@rght to be involved in
nodule function and rather than in nodule developrpentse Their induction can be
observed within days after inoculation of the planith whizobia.

One of the best characterised early nodulins is Ehed40 gene, which is
induced by Nod factors. Upon Nod factor treatment, exjoess Enod40is induced
first in the pericycle and subsequently in dividing aatticells and in all differentiating
cells of the growing nodule primordium (Crespi et 8094; Gamas et al., 1996; Fang
and Hirsch, 1998)Enod40genes encode highly structured short ORF-mRNAs that
seem to be involved in root nodule organogenesis (Cangelaal., 2004).

Two of the earliest Nod factor induced markers are EM®D[5cheres et al.,
1990) and RIP1 (Peng et al., 1996, Cook et al., 1995). The latyelbenavolved in the
breakdown of ROS during nodulation (Ramu et al., 2002). Botegyare associated
with the pre-infection stage and might function in te# wall modifications, which is
observed upoRRhizobiuminfection or Nod factor treatment (Journet et al., 1998
et al.,, 1996, Ramu et al., 2002). Promoter-gus studies shoatdthitd12andRipl are
expressed in nodule primordia as well as in root hdiesada et al., 2001; Bauer et al.,
1997; Peng et al., 1996). However, the physiological funafahe ENOD12protein,
like most nodulins, remains unknown. Furthermore no plypeohas been described
that results from silencing of the gene or from plaritene the gene was knocked out.

Other examples of early nodulins include proline-rich pnsteENOD2,
ENOD5, ENOD10, ENOD11, PRP4 (Munoz et al, 1996), extensins
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(ArsenijevicMaksimovic et al., 1997), glycine-rich proteins (GRRKuster et al.,
1995a; Kuster et al., 1995b; Schroder et al., 1997), an apyrasdrgensoybean (Day
et al., 2000), the clover nodultdd23b(Crockard et al., 2002) adod6from Medicago
truncatula(Kapranov et al., 1997). The function of most of themains still unknown.

One of the major and probably best characterised proteinsodules, the
leghemoglobin protein (see section 1.7), belongs tocthes of late nodulin genes.
Other late nodulins include a carbonic anhydrase (Kavrouwddlds, 2000), PEPC (Hata
et al., 1998), GOGAT (Temple et al., 1998) and sucrose ay®thwhich was named
Nod100 (Kuster et al., 1993; Thummler and Verma, 1987). Thoseinsdthalve known
biochemical functions and are obviously involved in C anohé&abolism. In contrast,
no specific function could so far be assigned to otaer hodulins such dgNod16
(Kapranov et al., 1997) aiigNod70(Szczyglowski et al., 1998).

Over the last three decades hundreds of nodulins heer identified. The first
nodulins were found using nodule-specific antibodies (Lega@rkd Verma, 1980;
Strozycki and Legocki, 1988). Nevertheless, this stratedyyrevealed the existence of
a few nodulins. Other methods, such as differentiallays(Gwiderski et al., 2000) and
transcriptome analysis are revealing many more noduldmdebatch et al., 2002a;
Fedorova et al., 2002).

1.14. Legume functional genomics in the postgenomic era

Although some of the tools of functional genomics erish@d were applied
before the completion of the first bacterial and ey genome projects, the
discipline of functional genomics emerged largely in respao the challenge posed by
complete genome sequences. This challenge is to understandiochemical and
physiological function of every gene product, and the dexmmterplay between them
all. Global analyses of various levels of the molecatganisation have been facilitated
by remarkable developments in high throughput technologibesel methods and
recent developments in this area have recently besswed in our group (Colebatch et
al., 2002b).

Large scale EST and genome sequencing projects in diffegumes provide
huge datasets to study genome organisation and trangcriptihese plants. At the
beginning of this thesis project about 36,000 EST sequermad.&itus japonicusvere
deposited in GenBank database (http://www.ncbi.nlm.nih.go8dhEdex.html).
Upon submission of the thesis (01/05) 111,459 sequences werdtsdbionLotus A
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similar increase in the amount of DNA sequence can ladsseen for each organism
represented in the TIGR database.

Until a few years ago, gene expression analysis waBneal to one or a few
genes at a time, and it was virtually impossible to ifleentire sets of genes involved
in a common process that are co-ordinately regulatetledsed numbers of publicly
available nucleotide sequences together with developmetecbhologies for high-
throughput measurement of gene transcript levels haveymaio changed the way in
which molecular biologists approach biological questiddmw it is possible to survey
the expression level of thousands of genes in paralbich not only enables
identification of novel ‘candidate’ genes involved in aeagi biological phenomenon,
but also reveals sets of genes and the corresponding bieethgmocesses that act in
concert to achieve a specific biological outcome.

Recently developed technologies for multi-parallel ysial of transcript levels
include: massively parallel signature sequencing (MPSS);AcBRLP; and DNA
array-based methods (Aharoni and Vorst, 2001).

At the beginning of this project there were only a veryw feDNA array
resources available for legumes world-wide including lupaybsan,Medicagoand
Lotus(Fedorova et al., 2002, Endo et al., 2000; Colebatch &08i2a). Transcriptome
analysis using DNA arrays enable us to identify noduliresnmore comprehensive way.
During this PhD project, the number of publications widmscriptome data and the
scale of the arrays used increased markedly (Thibaud-Ne$sdn 2003; Journet et al.,
2002; Kuster et al., 2004; Mitra et al., 2004; Colebatch e2@0D4, Kouchi et al., 2004).

In our lab data from a small cDNA array was publishethattime the project
was started (Colebatch et al., 2002a). Using the 2.3K §NEDNA array, transcripts
of 83 different genes were found to be more abundanbdulas than in roots out of
which 50 of these had never before been identified as nadideed in other plant
species. Among those genes some are involved in pldahsge responses and in
detoxification of reactive oxygen species (ROS) and omg prohibit phytoalexin
synthesis. The array experiments also revealed naekll® specific genes involved in
membrane transport (Colebatch et al., 2002a).

EST sequencing and cDNA array projects were also running her dabs
including at the Kazusa DNA Research Institute in J4E&RI) for Lotusand at the

Institut National de la Recherche Agronomique (INRA)Tioulouse Kedicagq. In
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order to use the newly released EST sequences fromDid K our own lab, our

cDNA array facilities needed to be expanded.

1.15. Aim of this work

This work was divided into two major parts. The aim of tin& part was to
improve resources fdrotustranscriptomics and molecular physiology which involved
expanding the cDNA array resources and implementinghadst for using RNAI
technology for reverse genetic approaches. The secondfghg project aimed to use
methods of functional genomics to investigate the wole physiology of selected

candidate genes and proteins inclusing the symbiotic legilebins.
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2.0. Materials and Methods

2.1. General Suppliers

AGOWA, Berlin, Germany DNA sequencing

Amersham, Braunschweig, Germany Readiprime I DNAllmigesystem, NAP5S
columns, Hybond Nmembranes for cDNA
arrays

Applied Biosystems, Forster City, USA  SYBRGreen rescinmix, Sequence
Detection System 7900HT

Beckman Coulter, Krefeld, Germany LS-6500 Multi-PurpogatBation Counter
Biometra, Gottingen, Germany UNO Il PCR machine
BioRad, Miinchen, Germany Smart Spec 3000, BioRad Proteay ASis

I, equipment for gel electrophoresis

Bio Tek, Winooski, Vermont, USA Synergy HT microgatader, KC4
software, HPLC system with components
522, 535, 560

Difco Laboratories, Augsburg, Germany Bacto-Agar, Bacto-brypt Yeast extract,

Peptone
Duchefa, Haarlem, The Netherlands Gamborg B5 mediumijtBimins
Eppendorf, Hamburg, Germany Microfuges 5417, 5417C, 5417R, electronic

and mechanical pipettes
Eurogentec, Seraing, Belgium Oligonucleotides
Fuji Photo Film, Dusseldorf, Germany BAS-1800 Il phosphor image

Gibco BRL, Eggenstein, Germany Geniticin 418

Hartmann, Braunschweig, Germany Radioisotopes

Heraeus Kulzer, Hanau, Germany Technovit tissue embedding kit
Invitrogen, Karlsruhe, Germany Oligonucleotides, Supersiitipeverse

Transcriptase, NUPAGE- precast protein
gels, -antioxidant, -LDS sample buffer,
XCell SureLock Mini-Cell, XCell 1l Blot
Module, Colloidal Coomassie G-250 stain,
Protein molecular weight Standard Seeblue,
Taq polymerase, Oligonucleotides, RACE-
PCR kit, GATEWAY cloning kit

Leica, Bensheim, Germany Rotation microtome RM2155
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Macherey & Nagel, Duren, Germany Porablot NY amp plusmgiembranes
Merck, Darmstadt, Germany Standard chemicals

Millipore, Schwalbach, Germany Membranes for cDNAagsr

New England Biolabs, Frankfurt, Restriction endonu@sas

Germany

Olympus, Hamburg, Germany Systemmicroscope BX41TF
Presens, Regensburg, Germany MicroxTX2 oxygen microsensor
Promega, Mannheim, Germany pGEM-Teasy cloning kit, Anti-rabbit

alkaline phosphatase F(ab’)2 fragment,
RNase inhibitor

Qiagen, Hilden, Germany QIAquick gel extraction kit, RE\ePlant
Extraction Kit, Oligo dT-primer, Nucleotide
removal kit, DNA minipreparation kit

Retch, Haan, Germany Mixer Mill MM300

Roche, Mannheim, Germany NBT / BCIP tablets, T4 DNjade,
Restriction endonucleases

Schleicher & Schuell, Einbeck, Germany Protran nitrocedierlmembrane, Filter 0860

Sigma, Deisenhofen, Germany Standard chemicals, sapaym DNA,
Ponceau staining for immunoblots, RNase

free DNasel

Manufactor’s details of technical equipment that was @sedDNA array production
are given in the specific section.
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2.2. Growth media and major buffers
(media used for stable transformation bbtus japonicusare described in the

corresponding section)

Y, B&D medium (Broughton and Dilworth, 1971)
14 g select agar were autoclaved in 1L water before 125 stedle solutions A, B,C
and D (sterile) and 100 pl of sterile 1 M Khl€blution were added.

solution compound molarity [LM]
A CaC} 1000
B P 500
C Fe 10
D Mg 250
K 1500
S 500
Mn 1
B 2
Zn 0.5
Cu 0.2
Co 0.1
Mo 0.1

AB medium (filter sterilized) (Cangelosi et al., 1991)
2.5 g sucrose in 450 ml dB

25 ml 20« AB Buffer

25 ml 20« AB Salts

20x AB Buffer (autoclaved) 2 AB Salts (filter sterilized)
60.0 g kHPO, 20.0 g NHCI

23.0 g NaHPQOy-H,0 6 g MgSQ@-7H,0O

dHOto 1L 3 g KClI

0.26 g CaGF2H,0
50 mg FeS®7H,0
dHOto 1L (pH 7.0)
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LB medium (autoclaved)

10 g Bacto-tryptone

5 g Bacto-yeast extract

10 g sodium chloride (NaCl)

pH was adjusted to 7.5 with 1 M sodium hydroxide (NaOH)
dHOto 1L

SOC medium (autoclaved)
59 Yeast extract

20g tryptone

dHOto 1L

final concentrations of:

10 mM NacCl

2.5 mM KCI

10 mM MgCh

20 mM MgSQ

20 mM glucose.

TY medium (autoclaved)
5 g tryptone

3 g yeast extract

1 g CaCl

dHOto 1L

YMB medium (autoclaved)
0.5 g KHPO,

0.1 g NaCl

10 g mannitol

0.4 g yeast extract

0.2 g MgSQ x 7TH,O
dHOto 1L
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YEB medium (autoclaved)
5 g Bacto-Pepton

1 g Yeast-Extract

5 g Beef-Extract

5 g sucrose

493 mg MgSQ@x 7HO

pH 7.2

dHOto 1L

LO medium (autoclaved)

3.1 g Gamborg B5 Medium (Duchefa)
pH was adjusted to 5.5 with 0.2 M NaOH
3.5 g Gelrite

dHOto 1L

10 x PCR buffer:

0.5M potassium acetate
1% Tween 20

15 mM magnesium acetate
0.35 M TrisBase, pH 10.4
0.15M TrisHCI, pH 4.8
final: pH 8.4

20x SSC

3.0M NaCl

0.3 M sodium citrate

pH 7.0

SSarc buffer

240 ml Sarcosyl NL30
200 ml 2k SSC
8 mi 0.5 M EDTA, pH 8.0

552 ml HO

31
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Diluted SSarc buffer

100 ml SSarc
2 ml 0.5 M EDTA, pH 8.0
898 ml HO

Formamide hybridisation buffer:

40 mM sodium phosphate buffer (pH 6.8)

5 x Denhardt Solution (1g/l BSA fraction V, 1g/l Ficoll 400, @tD)
1% SDS

0.5% BSA fraction V

10 pg/ml Herring Sperm (denatured)

50% Formamide

5 x SSC

Alkaline buffer for removing radioactivity:
0.4 M NaOH
0.6 M NacCl

Neutralisation buffer:

0.5 M Tris-HCI (pH 7.5)

1x SSC

0.1% SDS

CTAB buffer

16.36 g NacCl

8 ml 0.5 M EDTA (pH 8.0)
20 ml 1 M Tris-HCI (pH 8.0)
49 CTAB

H>0O to 200 ml

Gus-buffer

50 mM sodium phosphate-buffer pH 7.2
10 mM EDTA

0.1% Triton X-100

32
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0.1% Tween 20
1.05 g/50 ml  K(F€'(CNg))
0.83 g/50 ml  K(F€" (CNg))
0.5 mg/mi x-Glc

PBS buffer

8 g/l NacCl
0.2 g/l KCI
1.44 g/l NaPOy
0.24 g/l KHPO,
pH 7.4

The composition of the different sodium phosphatdebsfis described in Sambrook et
al. (1989).

2.3. Plant and bacterial growth
Dried Lotus seeds were placed in a reaction tube and 2 volumes of 95-97%

sulphuric acid were added. After 10 minutes incubation, seeds @arefully washed
six times with sterile water before being sterilise@i2% sodium hypochloride solution
for 10-20 minutes. Sterilisation time was dependent on thefate seeds. Sterilisation
was stopped when seed coats were bright brown in cdfterwards, seeds were again
washed six times in sterile water and then placed cmtdeswet filter paper in a
Petridish. Seeds were germinated for at least 3 days &thd6ifs day/night cycle and
22°C before being transferred onto squared Petridishesimogtéds B&D (described
above) for sterile cultivation or into pots containisgil or quartz sand into the
greenhouse. When grown on agar plates, the upper third wasved before the
medium was covered with a sterile wet filter paperdBegs were placed onto the
upper edge of the filter and then grown vertically wité tbot area being covered with
black plastic foil, in a phytotron (16/8 hours day/night eyd2°C). Plants were grown
for three weeks before being inoculated witasorhizobium lot{strain NZP2235). The
bacterial culture was grown for 2 days at 28°C on a rathaker in YMB (containing
6.5% KHPQO,) or TY medium prior to application. 2 ml of the ba@eésuspension

were spun down at 6000 g using a bench top centrifuge and taewad resuspended
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in liquid ¥ B&D medium. 800 pul of a 1:50 diluted bacterial susp@En were applied to
the roots of the plants.

For time course experiments nodulated roots were harves@@5s, 1, 2, 7, 14
and 21 days post inoculation (dpi). Non-inoculated contnare harvested 1, 7, 14 and
21 days after being “inoculated” with water. For experiraavitere isolated nodules of
different ages were used, plants were grown 2 weeks primotulation withM. loti.
Emerging nodules were labelled 1, 2, 3 and 4 weeks aftenlat@mn by marking them
with different colours on the plastic lid of the squhRetridish. Nodules were harvested
4 weeks after inoculation according to their labelapagate reaction tubes and frozen
in liquid nitrogen immediately.

To obtain tissue for analysis of organ specific exgogsof target genes, plants
were grown for 3 weeks under symbiotic conditions usirgyértical plate system.
Organs were harvested separately from plants grown onN.and on 5.0 mM KN@
Control plants (non-inoculated) were grown only onfNl KNOs.

The rhizobial mutants¢gs and Ipsf2 as well as the corresponding wild-type
strain (Ayac 1 BIll) were grown for 2 days in liquid AB nn@th (see above) containing
30 pg/ml Gentamycin for the mutants. For this experiméanitg were grown for two

weeks prior to infection.

2.4. cDNA arrays

Two cDNA arrays were constructed. The first one coe@iPCR amplicons
from 11,652 EST-clones (in vector pBluescript) received friiva Kazusa DNA
Reasearch Institute in Japan (KDRI). The second acayained 9,600 partially
redundant EST clones, representing approximately 3,800 genaghiedibrary created
at the Max-Planck-Institute of Plant Molecular Physiyl in Golm, which were cloned
into pSPORT and pBluescript (LJ]NEST) (Colebatch et al., 2002a

2.4.1. PCR amplification of cDNA clones

Lotus cDNA clones were PCR-amplified either frolfn coli colonies (11.6K
LjKDRI clones) or from purified plasmids (9.6K nodule dads). For colony PCR, sets
of 384 E. coli clones were grown over-night on solid LB-plates undier appropriate
antibiotic selection, then inoculated into PCR readiin 96-well plates. For PCR-
amplification from plasmids, purified DNA was diluted kO to approximately 50
ng/pl and one microliter was used as template in @ Feactions. For pSPORT and
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pBlueScript vectors, the followingacZ gene primers, which flanked each cDNA insert,
were used:
LacZl: GCTTCCGGCTCGTATGTTGTGTG
LacZ2: AAAGGGGGATGTGCTGCAAGGCG.

PCR was performed in 96 well plates in a reaction volofm&00 ul. A Master
Mix of 1x PCR buffer containing 0.2 mM of each dNTP, 10 pmol Priiyel0 pmol
Primer 2, 1.5 mM MgOAc, 1 unit Taq PolymeraseOHo 100 pl) was prepared in
appropriate amount and used for the reaction. The aogtidn programme was 96
for 5 min; then 35 cycles of [96 for 1 min, 63C for 1 min, 72C for 1.5 min] and
finally one cycle of 72C for 10 min.
Four sets of 96 PCR reactions were combined into one 384platd following the
pattern indicated in Figure 2.1, using a HYDRA96 Robbins Sciemibbotic system
(BioRobotics, England).

2.4.2. Array spotting

The cDNA amplicons were spotted onto Hybondrylon membranes using a
BioGrid robotic system with a 384 gridding tool (BioRobotiEsigland). The spotting
pins had a radius of 0.4 mm and each PCR reaction wasddreed 10 times per spot,
resulting in a total spotted volume of approximately 0.25-jiters were saturated with
0.5 M NaOH denaturation buffer during spotting, then incub#&te at least 5 minutes
in 1 M Tris (pH 7.5)/ 1.5 M NaCl neutralisation buffer. HigaDNA was covalently
linked to the membrane using a UV-crosslinker (UV Stnakali 1800, Stratagene) at
0.120 Joules.

A total of fourty-two 384 well plates (16,128 clones) can bdtsgmnto a 2
20 cm filter using the above robotic system. Each filtertiary grid) was divided into
six secondary grids, which in turn contaix B84 primary grids. Primary grids consist
of a 4x 4 pattern representing seven clones spotted in dupliGtesmpty spot for
guantifying the local background (LB), and a human desmin chadged as a control
for unspecific binding (Figure 2.1).
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Figure 2. 1: Spotting scheme and clone distribution orhe cDNA arrays.

A: Schematic distribution of four 96 well PCR plates afitesir content has been transferred to one 384
well plate.B: Tertiary grid: The whole filter was subdivided into si@condary grids. Seven 384 well
plates were spotted per subarray (primary g@d)All samples were spotted in duplicates within a 4

spot group within the primary grid; D= Desmin, LB= locatkground.

2.4.3. Probe synthesis and array hybridisation
2.4.3.1. Reference hybridisation
Due to slight variations in PCR amplification and sipgttefficiency it was
necessary to estimate the amount of DNA applied ih spot. This was achieved by
hybridising arrays with &P-labelled 13-mer oligonucleotide (5-TTCCCAGTCACGA-
3’) complementary to the vector part of each amplii®iNA. The signal obtained for
each spot after washing of arrays provides a measure aftbunt of DNA in that spot.
Subsequently, each filter was used multiple times (up tomes) to measure
transcript levels in different biological samples, iacalled complex hybridisations, as

described in detail below.

Pre-hybridisation:
Filters were incubated at least 1 hour in 200 ml (1-2$)t&Sarc (see above) a5
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Probe labelling and hybridisation (for 1-2 filters):
Reactions contained the following components:

60 pmol 13-mer oligonucleotide

3 ul 10x T4 buffer (Roche)

50 uCi V*P-dATP

20 units T4 polynucleotide kinase
H,O to 30 pl

Labelling reactions were carried out at@7or 30 min, then mixed with 10 ml SSarc
before being added to pre-hybridised filters in 200 ml SSand, incubated at°&

overnight.

Filter Washing:
Filters were washed at 5°C for 30 min in 200 ml (1-2 fijt&Sarc buffer.

Data capture
Each filter was exposed to a Biolmager screen over-ragit scanned the
following day in a phosphoimager with a resolution of 50 ¥&0 uM and 16 bits per

pixel. Evaluation of data is described below.

Removal of radioactivity:

Bound radioactive probe was removed from filters by iatmlg them twice in
an alkaline buffer at £Z for 30 min each time. Filters were then neutralised@min
at room temperature in neutralisation buffer (see @poComplete removal of
radioactivity was confirmed by exposing filters overnightat Biolmager screen. An
older procedure that was used during tests involved incubatitre diiter for 2 times
for 1 hour in 0.1 % SDS and 5 mM MO, (pH 7.2) at 95°C. Due to the strong thermal

strain of that treatment that procedure was dropped.

2.4.3.2. Complex hybridisation
Total RNA was used for the preparation of complex radiea probes for array
hybridisation. The radioactive signal associated watthespot on the array was used to
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calculate relative transcript abundance, after normaisdor DNA amount in each
spot.

Pre-hybridisation:

Different buffer systems were tested: Church buf@®e2§ M NaHPO,, pH 7.2,
5% SDS, 1 mM EDTA (Sambrook et al., 1989)), a commeftuybkidisation buffer
(Ambion) and a formamide based buffer system (includethe list of buffers at the
beginning of this chapter). All filters were pre-hybridided 4 hours at 65°C (Church
buffer) and 42°C (Ambion and formamide buffer).

Labelling of cDNA:

Radioactive cDNA probes were prepared from total RNA Ileyerse
transcription, as follows. A solution of 10-25 pg of toRNA and 1.5 pg of
oligo(dT)z-18 primer in 12.5 ul DEPC-treated,® was heated at 70 for 10 min to
denature the RNA, then cooled on ice for 5 min. Subselyudr I of cold probe
labelling solution (see below) were added and the sam@eneabated for a further 10
min at £C. The mixture was then incubated af@Zor 5 min before adding 1 ul of
SuperScript 1l reverse transcriptase (200 units/ul; Invitrpg&@he ensuing reaction
was allowed to proceed for 1 hour at°@2 before addition of 0.5 pl of 25 mM
unlabelled dCTP, and further incubation at@Zor 30 min. Reverse transcription was

terminatedvia inactivation of the enzyme by heating at@Gor 15 min.

Probe labelling solution:
Total volume 16 pl:
6 ul 5% RT buffer (Invitrogen)
25ul 0.1 MDTT (final conc. 8.3 mM)
0.5 ul 25 mM mix of dGTP, dATP, dTTP (final conc. 0.42 mM)
1 ul RNase inhibitor (40 units/pl)
6 ul  a*P-dCTP (10 pCilpl)

RNA template was finally hydrolysed by adding of 10 pl oNINaOH and
incubating the resulting solution at room temperaturd. @min, followed by 15 min at
50°C. The probe solution was then neutralised by adding 10 uNoHCI and 2 pl of 1
M sodium phosphate buffer (pH 7.2) and incubated at r@ampérature for 10 min.
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Unincorporated radioactive nucleotides were removed by applgen@robe to a silica
column (nucleotide removal kit) and eluted in 200 ul elutiwffer, following the
protocol provided with the kit (QIAGEN).

Labelling efficiency was determined by measuring ¥fferadioactivity of 1 pl

probe in a LS650&cintillation counter (Beckman Coulter).

Hybridisation:

Between 5-15 million cpm of labelled cDNA was added t@yarto the pre-
hybridisation solution after being denatured at 95°C for 10 m#and stored on ice for
5 minutes afterwards. The filters were then incubated &C 4@r approximately 24
hours (formamide buffer and Ambion buffer). Hybridisatitemperature for Church
buffer was 65°C.

Washing:

Non-specifically bound probe was removed by washing filtesghg the
following procedure. Filters were first washed for
20 min in 100 ml 1x SSC, 0.1% SDS, 4 mM sodium phosphate pH 7.2 4 ,6hen
for
20 min in 100 ml 0. SSC, 0.1% SDS, 4 mM sodium phosphate pH 7.2 &,6&nd
20 min in 100 ml 0.k SSC, 0.1% SDS, 4 mM sodium phosphate pH 7.2€.65

Data capture
Each filter was exposed to a Biolmager screen over-ragit scanned the
following day in a BAS-1800 II phosphor imager (Fuji) witlhegolution of 50 puM 50

UM per pixel (16 bits). Evaluation of data was performedessribed below.

Removal of radioactivity:
Removal of radioactivity from the filters was carriedt as described above (section
2.4.4.1)

2.4.4. Array image analysis and data evaluation
After scanning imaging screens, images were imported itfo(aterFocus), a

commercially available program and analysed using tooused evaluation protocol.
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Spot intensity values were exported into HARUSPEX (MRMRP) and statistical
analysis using the student T-test was carried out ird#tabase.

2.5. RNA extraction, cDNA synthesis and RealTime RT-PCR

Plant organs were harvested and immediately frozequidInitrogen in a 2 ml
reaction tube. Two clean metal balls were added intoyeube and frozen again. Plant
material was then ground using a Refsatixer mill for 2 minutes. RNA was extracted
from 100-200 mg ground tissue using an RNeasy extraction kitolthé eluted RNA
was run on a 1% agarose gel to check for degradation, andtgwaat determined
spectrophotometrically at 260 nm. 1 pg of total RNA was usedudbsequent cDNA
synthesis. Total RNA was mixed with 1 pl *@Nase reaction buffer and 1 pul DNasel
(2 U/ul) in a total volume of 10 pl and then incubated 30r minutes at room
temperature. After inactivation of the enzyme with 1060 mM EDTA, 1 pul RNA
was run on a 1% agarose gel again in order to check for Ry/adion. In addition
Real-Time RT-PCR was performed on each sample tdaesticcessful DNA removal
using an intron- and an ubiquitin10-specific primer pair:
harlintr2f:  5- CCTGAAATGCCTATTCGTTGAG-3’,
harlintr2r:  5- CACAGCTTCTTCTGCATGCG-3,,

LjUbilf: 5- TTCACCTTGTGCTCCGTCTTC-3,,
LjUbilr: 5'- AACAACAGCACACACAGCCAATCC-3.

Each PCR reaction was carried in out in a total volom&0 pl containing 1 pl
DNase treated RNA, 5 pI’%6 SYBR Green Reaction Mix and 4 pl primer mix (0.5 pM
of each primer) using a 384-well Real-Time RT-PCR machine.

After confirmation of successful DNA degradation, cDN#ynthesis was
performed using SuperScriptlll reverse transcriptase, iallp the protocol of the
supplier (Invitrogen). All RT-PCR steps and calculatiohsetative transcript amounts
were described previously (Czechowski et al., 2004).

In order to detect bacterial transcripts, 1 pl of 10 pNF@flifIR and MisigArl
oligonucleotides were added in addition to oligo dT-primermducDNA synthesis.
Sequences of these and all other primers used for quiaetiReal-Time RT-PCR
(QRT-PCR) can be found in the appendix (Table 8.1).
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2.6. RACE-PCR
To obtain full-length cDNA sequence 8bx15-RACE was performed. Total
RNA was extracted from 3-week old nodules using an RNieasynd cDNA synthesis
was performed with Superscriptlll and théox1-specific primer, LJAOXracelr.
Amplification of the 5’end olLjAox cDNA was performed with the 5' RACE
PCR kit from Invitrogen following the manufacturer’s ingttions. The first round of
PCR was performed with the abridged anchor primer fioenkit and a first.jAox1-
specific primer. Nested PCR was then performed withutineersal primer and a second
LjAoxI-specific primer, LjAOXrace2r. The PCR program used Wamin 95 °C; 35
cycles of 95 °C for 15 sec, 58 °C for 30 sec, 70 °C for 1 mid;fimally 70 °C for 10
min. The resulting single PCR product was cloned into pB&M-T-easy vector
follwing the manusfactor’s protocol and sequenced.
LJAOXracelr: 5- GACATTATTAATGGCATACATAGTGCG -3.
LJAOXrace2r: 5- GTAATCATCCCATTGAGGTGTGATAG-3'.

2.7. DNA extraction

200-300 mg of plant material was ground in liquid nitrogen lee®G0 pl of
CTAB buffer (described above) were added. Samples wenbated for 30 minutes at
60°C and mixed once during incubation. 300 pl chloroform:isoanohall (24:1) were
then added and the sample carefully mixed followed by 10 nsmzeéatrifugation at
6,000 g at room temperature. The upper phase was transferaedetw tube, 10 mg
RNase per ml were added and incubated at 37°C for 30 minwaftgs, samples were
stored on ice for 5 minutes before 0.6 volumes of isop@paare added and DNA
was precipitated 1 hour to overnight at 20°C. The DNA pelteted by centrifugation
at 10.600 g for 10 min at 4°C, the supernatant removed, apelieewashed with 70%
EtOH. After 10 minutes centrifugation at 4°C supernatant wesmsoved and DNA
pellets were air dried at room temperature. DNA was resdsgein 50 pl TE buffer

and stored at —20°C for further analysis.

2.8. Promoter:gus-fusion analysis

After in silico identification of the coding sequence of ascorbatelasa a
putative promoter region of 1046 bp was PCR-amplified usingtineers:
AOXprom1000fwd 5-AAGCTTCTTGCTAGTTGGCTAATTTGC-3’ and
AOX prom-rev 5’-GGATCCGTTGTTGCTTTTACTTGAAGA-3'.
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The forward primer contained a Hindlll restriction sitkile a BamHI site was
introduced into the reverse primer. After PCR amplifara of the promoter from
genomic DNA and Hindlll and BamHI restriction, the producswned into pBI101
containing the gus-reporter gene 3’ of the multiple cloniitg. #After obtaining a
correctly cloned promoter the construct was transfdrime Agrobacterium rhizogenes
which was used for hairy root transformatioriLofus japonicugsee below).

2.9. Gus-staining

Plant tissue was placed in an appropriate vessel andecbwath Gus-buffer
(described above). Samples were then placed in an vaapp@anatus and a vacuum was
applied three times for 10 minutes each time. Afterwasdsples were incubated at
37°C for 12-24 hours in the dark before being destained stepsiisg 30%, 50%, and
70% ethanol for 10 minutes per step. Tissue was then stordePb ethanol at room-

temperature.

2.10. RNAI constructs andAgrobacterium transformation

To create an RNAI construct for silencing the symbicgghlemoglobins a 401
bp long fragment was PCR amplified from EST clone LNRH4 (accession number:
B1416374) using the following primers:

LiLgEntryF
5-GGGGACAAGTTTGTACAAAAAAGCAGGCTGGGTTTCACTGCACAGCAAGS
LjLgEntryR
5-GGGGACCACTTTGTACAAGAAAGCTGGGTCATAGGCTACTCCCCAAGCA'.

The PCR amplicon contained several conserved regidntheo symbiotic
hemoglobin genes of appropriate length for induction of passtriptional gene
silencing (PTGS). Therefore, PTGS of the other membiettseosymbiotic hemoglobin
gene family was expected. The longest stretch of sequeectty with non-symbiotic
hemoglobin genes was 16 bp, which were expected to be taotshoduce PTGS of
these genes.

To produce an empty vector control, a 447 bp long fragmethtedd-lactamase
gene from the bacterial cloning vector pGEM-T-Easy wad @merecombination:
GW-bLACT1f
GGGGACAAGTTTGTACAAAAAAGCAGGCTCGTCGTGTAGATAACTACGATACGG;
GW-bLACT1r
GGGGACCACTTTGTACAAGAAAGCTGGGTCAACTTACTTCTGACAACGATGG.
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In all cases, primers contained the recombination $\¢B81 and AttB2 for
GATEWAY cloning. After PCR amplification using tag-polyrase, the fragment was
gel-purified and 150 ng were used for the GATEWAY BP readiiorecombine the
fragment into the entry vector pDONR207 containing a @m®gtin resistance in the
plasmid backbone. The recombination reaction was temsef into theE. coli strain
DH5a and grown at 37°C on LB plates containing 25 ng/ml Gentamyeer night.
Positive clones were selected on the basis of angdRCR reaction as well as after
restriction analysis of the purified plasmid using a pldsminipreparation procedure.
One selected entry-clone was sequenced before usedirfberf reactions. For the
subsequent LR reaction, 150 ng of the entry clone and 150f pdBIBIAR-RNAI
(pBIN19 backbone with a converted GATEWAY cassette fplawohl8) were used.
After growing transformedt.coli strain DH® at 37°C over-night on solid LB plates
containing 50 ng/ml kanamycin, positive clones were seldptadlony PCR as well as
by PCR on isolated plasmids after mini-preparation. Usaleprimers were designed
for this reaction that can be used for any insert in pBIN#¥RAI. Both recombination
cassettes (forward and reverse; see Figure 1.5) can bdieinwith the following
primer combinations: forward cassette (CaMV35Sf and RM#&BNnF) and reverse
cassette (RNAIi-intronR and OCS-termR).

CaMV35Sf : 5'-CCACGTCTTCAAAGCAAGTG-3’
RNAI-intronF: S-CTCTTTGAAACCGTTGACCCAT-3’
RNAI-intronR: 5'-GGTCAACGGTTTCAAAGAGAGAGA-3
OCS-termR: 5'-TGCACAACAGAATTGAAAGC-3

After successful confirmation by PCR and restrictioalgsis of the plasmid,
the destination clone was transformed into eithgrobacterium tumefascier(strain
LBA4404) for stable plant transformation or infggrobacterium rhizogenegstrain
AR10) in case of a hairy root transformation (describdavie

1 pg of plasmid suspended in sterile water was mixed widicadd,
electrocompetenfgrobacterium tumefasciemms Agrobacterium rhizogenesnd placed
into a electroporation cuvette (width: 0.1 cm). Aftpplcation of an electric pulse (1.8
kW), bacteria were immediately mixed with 1 ml YEBgfobacterium tumefasciens
or SOC Agrobacterium rhizogengsnedium and grown for four hours at 28°C on a
rotary shaker before 100 ul of the bacterial culture sgasad on solid YEB plates,
containing 50 ng/ml Kanamycin and 50 ng/ml Rifampicin. For gnguigrobacterium
rhizogenesl00 pg/ml histidine was also added to the medium. Positawesformants
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were selected by picking single colonies for further groatid for colony PCR.
Bacterial colonies were resuspended in 10 pl of a 20 mMHNs@ution and incubated
for 5 minutes at 37°C prior to PCR reaction. 2 ul of thipsosion was used for a 20 pl

PCR reaction.

2.11. Stable transformation ofL otusjaponicus

Stable transformation dfotus japonicus(Gifu) was performed as described
previously (Thykjaer et al., 1997), with slight modificatioSeeds were sterilised as
described above and placed in 0.15% agarose after washing. iXtusenwvas spread on
0.6% agar and incubated for 5 days in the dark at room tetaper&essels containing
the germinated seeds were transferred to 26°C and contirigbtisfor one day.
Afterwards, hypocotyls of at least 140 seedlings were seguhfilom roots and shoots,
placed in an over-night culture @fgrobacterium tumefascienand cut into about 4
pieces while immersed in that culture. Sections were tilaced on co-cultivation
medium (sterile 1/10 B5 medium; 50 mM MES, pH 5.2 (stdiiltered); 1.2 mg/I
kinetin; 1.2 mg/l dichlorophenoxyacetic acid (2,4-D),x0R5 vitamins and 25 mg/I
Geniticin (G-418)) that was covered with sterile filtepea Control hypocotyls were
sliced, incubated in sterile YEB medium, and placedmcultivation medium without
antibiotic selection. Plates were sealed with pama@ind incubated for 7 days in the
dark at 21°C before developing calli were transferred tecteé callus medium (LO
medium; 3 mg/l kinetin; 3 mg/l 2,4-D; 300 mg/l Claforam; B5 vitamins; 2 % sucrose
and 25 mg/l G-418). Callus formation proceeded for 20 weeksntincous light at
26°C before calli were removed from the remaining hypdsatyd placed on selective
callus medium for another 7 weeks at 21°C and 16/8 hagingdark rhythm. Next,
calli were placed on shoot induction medium (LO medimmtaining 10 mM NH"; 0.2
mg/l BAP; 25 mg/l G-418; 4 B5 vitamins and 2 % sucrose) for 10 weeks before being
transferred for at least 2 weeks onto shoot growth medilD medium containing 0.2
mg/l BAP, 25 mg/l G-418, 2 B5 vitamins and 2 % sucrose). Finally, calli with shoots
were placed on shoot elongation medium (LO medium @untalx vitamins and 2 %
sucrose) for 1-2 weeks before three outgrown shoots we@&fahe callus, transferred

into soil and grown for seed production.
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2.12. Hairy root transformation of Lotus japonicus

Seeds were sterilised and germinated as described abaten(s&3). 13-15
seedlings were placed in a square Petridish containing vaeltum (2 B5 macro-and
micronutrients; ¥2 B5 vitamins; 8 g/l Gelrite; pH 5.2) tilteda slope way when they
reached a length of 0.2-0.5 cm. The root was insertedtiomedium in order to
anchor the plant. Plants were grown for 3 days at 21°Crédieing transformed.
Agrobacterium rhizogenewas injected into the stem of the plant using a finedlee
Bacteria were pre-grown on plates as described abosBofs2.3) and resuspended in
4 ml YEB medium to obtain a milky suspension. Infectezhtd were grown for two
weeks before plants with visible hairy roots emergingnfrthe injection site were
placed in quartz sand and transferred to a phytotron at 2116/& hours light dark
rhythm for 3-4 weeks. Plants were inoculated with loti about 4 days after being
transferred into quartz sand.

When antibiotic selection was applied to the plantid-type roots were
removed from plants two weeks after infection wihrobacterium rhizogeneand
plants were grown for a further 14 days on the Y2 B5 meduescribed above)
containing 25 pg/ml G-418 before being transferred to quartz amther growth was
as described above.

2.13. Immunoblotting

20 mg of infected root or isolated nodule material were lyggmsed in liquid
nitrogen and proteins were extracted in an ice-cold batietaining 10 mM Tris (pH
8.0), 14 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1 mM PMSF and M lTT.
After centrifugation at 20,800 g for 15 minutes in a microfygetein concentrations of
the supernatants were determined using the Bradford Pratsdy &y following the
suppliers protocol (Biorad). 10-20 ug total protein was loaded actmmmercial 10 %
Bis-Tris SDS polyacrylamide gel and separated at 100 V forh@uws in X MES
buffer. Proteins were blotted onto a PROTRAN membraneguthe XCellll Blot
Module (Invitrogen). The blot was performed in»attansfer buffer (25 mM Tris-Base
(pH 8.0); 190 mM Glycine) for 2.5 hours at 400 mA and 4°C. Equalifg of the lanes
and the quality of transfer were checked by using Ponceanirff of the membrane.

The membrane was blocked with PBS buffer (described almoveaining 2 %
w/v BSA for at least one hour at room temperature bgforeary antibody was added.
Hybridisation was carried out overnight at 4°C. Befadeling the secondary anti-rat
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antibody with an IgG-AP conjugate, membranes were wagsbredOf minutes in PBS
buffer with 0.1 % Tween 20 and then in PBS buffer contgii.1 % Tween and 1 M
NaCl. After incubation of the membranes for 1-2 hourghwie secondary antibody,
membranes were washed as follows:
10 minutes in PBS, 0.1 % Tween20
10 minutes in PBS, 0.1 % Tween20, 1 M NaCl
10 minutes in PBS, 0.1 % Tween20
5 minutes in  PBS
10 minutes in 100 mM Tris-Base, pH 9.0

Staining was carried out by using NBT-BCIP (3 tablets in 3Watér) for 5-30
minutes. The reaction was stopped by placing the membiraR&S buffer.

Antisera against soybean leghemoglobin was kindly provimeN. Suganuma
(Aichi University of Education, Japan) and the antisergmairsst component | of the
nitrogenase protein was generously provided by T. Bisseling véhily of
Wageningen, The Netherlands). Both primary antibode® diluted 1:10.000 and the
secondary anti-rabbit antibody (1 mg/ml) was diluted 1:5008lanking solution prior

to application.

2.14. Oxygen measurements

Oxygen concentrations were measured in intact, 3-week aldle® using a
needle-type fiber-optic oxygen microsensor with a tgbter of less than 50 um. The
location of the tip within the nodule was derived from tkealing of the
micromanipulator with which the sensor was pierced throightissue. The entire

procedure was performed under a binocular microscope.

2.15. Tissue fixation, sectioning and microscopy

Nodules were fixed using Technovit 7100 following the protocol piexyiwith
the chemicals after stepwise dehydration of the maier&0%, 70%, 90%, 95%, 100%
ethanol. Embedded plant material was cut to a thickné®-15 pm using a RM2155
microtome (Leica). Dried sections were stained in 18toddine Blue solution for 2
minutes and rinsed with water afterwards. Starch gramdes detected by staining the
sections in Lugol solution (13 g/l iodide; 20 g/l potassiudide) for 5 minutes before

being washed with water.
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2.16. Adenylate Measurements

ATP and ADP were measured using a cycling assay, as desgrbeiously
(Gibon et al., 2002). To measure ATP-concentrationguals of extracts (5 ul) or
standards (0-50 pmol) were dispensed directly into a titerglate, followed by 95 ul
of 100 mM Tricine/KOH buffer (pH 8.0) containing 10 mM MgC2 units glycerol-3-
phosphate oxidase (Gly3POX), 130 units catalase, 0.4 units ghgehosphate
dehydrogenase (Gly3PDH), 0.05 units triose-phosphate isomérdasaM NADH and
2 mM 3-PGA. The sample was mixed and absorbance was maadu340 nm for 20
min until V; was stabilised. This was followed by addition of 0.05 unifs o
Glyceraldehyde-3-phosphate-dehydrogenase and 0.05 units of phigsphaidehyde
kinase. The sample was mixed and absorbance was neétasd40 nm for 20 min until
V, was stabilised.

ADP-concentrations were determined in a 200 ul reactartaming 60 pl
Tricine/KOH buffer (pH 8.0), 0.1 units pyruvate phosphatendike and 0.05 unit
pyrophosphatase. 1 pmol inorganic phosphate and 2 pmolgtg were added to 20 pl
of extract aliquots or the ADP standard (0-50 pmol). Mixduneere incubated for 50
min at 30°C before being heated for 5 min at 95°C. Sampes put on ice to cool and
collected using a microcentrifuge. Supernatants were &naedfto a microtiter plate,
and 20 pl of 200 mM Tricine/KOH buffer (pH 7.8) containin@®units glycerokinase,
2 units Gly3POX, 0.4 unit Gly3PDH, 130 units catalase, 0.12 pm®MA0.25 pmol
glycerol and 50 pmol ADP were added. Absorbance was wradOf min at 340 nm
until V; stabilised, then 2 units myokinase (in 100 mM Tricinefdsjifwere added.
Absorbance was monitored for further 20 min at 340 nm uatdtabilised.

2.17. Determination of amino acids

20 mg fresh weight of nodule tissue was ground in liquid gé&noand extracted
with 250 pl 80 % ethanol for 20 minutes at 80°C. After ¢irgation at 20.800 g the
supernatant was removed and kept and the pellet was egtie@gain with 250 pl 50 %
ethanol for 20 minutes at 80°C followed by a second cegsifon. 150 pl of 80%
ethanol was added to the remaining pellet and incubatddrfoer 20 minutes at 80°C
after the supernatant was transferred into a fresh Tut®e supernatants were combined
and later used for HPLC analysis of the amino acids 2tmM HEPES (pH 7.5) was
added to the total sample.

For derivatisation 35 pul of sample were transferred00 pl sample vials
(closed with SnapCaps, to prevent evaporation due to thedmgperature in the HPLC
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room). 35 ul of o-phthalic acid di-aldeyde (OPA) reagens awdded to each sample.
After 1.5 min the mixture was injected into the HPLC. Prapan of the OPA reagent
was as follows: 25 mg OPA were dissolved in 500 pl metkhanvhich were added 4.5
ml 0.8 M borate buffer, pH 10.4 (12.37 g boric acid solved in 2b@ater, adjusted
with about 4 g KOH to pH 10.4) and 50 ul 3-mercaptopropionit. aci

Analytical conditions:
Wavelengths of fluorescence: excitation 330 nm; emissiom#ab0
Standard: 10/20 uM and 20/40 pM amino acid mixture
Calibration: external standard
Column: Hypersil-ODS (C-18) 3um; Rent-a-column (KnaB&t8Y164)
Pre column: Hypersil-3um, self filled
Flow rate: 0.8 ml/min
Injection volume: 20-50 pl
Buffer A: 1000 ml (8 mM NgHPO, pH 6.8 (with 40% HPQy) + 4 ml tetrahydrofurane)
Buffer B: 250 ml (46.73%) 40 mM NHPQO, pH 6.8 (with 40% HPQy); 150 ml
(32.71%) Methanol; 110 ml (20.56%) Acetonitrile

Gradient program (OPA_July2003) Short program for major aa
0 min 95 % Buffer A 0 min 100 % Buffer A
4.3 min 95 % Buffer A 16min 87 % Buffer A
16.25 min 85 % Buffer A 17.25 min 85 % Buffer A
26.3 min 50 % Buffer A 19.5 min 0 % Buffer A
38.3 min 40 % Buffer A 25.5 min 0 % Buffer A
43 min 30 % Buffer A 27 min 100 % Buffer A
47 min 0 % Buffer A 35 min 100 % Buffer A
52 min 0 % Buffer A

53.5 min 95 % Buffer A
62 min 95 % Buffer A



Results 49

3.0. Results

A significant part of this PhD project was devoted toovese and methods
development for functional genomics laftus japonicuswhich is described in the first
section of this chapter. These tools were used subsegjtertharacterise in detail a
nodule-induced ascorbate oxidase, and three symbiotic leglems. The results of
this work are presented in sections 3.7 and 3.8, respectively

3.1. Extension ofLotus cDNA arrays

At the start of this project, two sets of partiallyduedant cDNA arrays had been
produced by Gillian Colebatch, which led to the identifmatof a large number of
nodule-induced genes inotus (Colebatch et al., 2002a). However, neither of these
arrays incorporated all the available nodule cDNAs hiaat been sequenced as part of
the EST-project in our group, or the large number oéotiones from EST-projects
elsewhere. To make full use of these resources, LeoseK and | produced nylon
arrays containing all 9,6000tusnodule cDNAs from our EST collection, and a second
set of arrays containing a non-redundant set of 11,652 clobksned from the
Japanese EST program. Because of intermittent problethsr@moving radioactive
probes from hybridised filters, a more robust method waseloped to enable
‘stripping’ and re-use of the filters (Ott et al., 200bpress. Finally, to accelerate data
mining from these arrays, considerable effort was pilganto creating a local database

in which all clones were annotated.

3.1.1. Creation of large-scale LJNEST and LjKDRI cDNA arrays

cDNA-clones in the MPI-MP EST-collection were presamteither pBluescript or
pSPORT. Of the 108 96 clones sequenced from these two libraries, 8,554 yielded in
high-quality sequences, which were deposited in GenBank, andriebrporated in the
Lotus database at TIGR (version 3.0). Our EST-collection wamtained as both
glycerol stocks oE. coliand as solutions of purified plasmid, each in 96-well &irm
The latter was used as template for PCR to produdiisat amounts of dsDNA for
robotic-spotting onto nylon membranes (see MateridlMethods). A small aliquot (5
pl) of each 100 pl PCR reaction was run on an agaroge gabnitor PCR efficiency
before each reaction was concentrated to approximatelyl 38y evaporation. On
average, 93% of all reactions yielded a substantial amdystoduct. The remaining
reactions failed to produce product.
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A non-redundant collection of 11,652 EST clones (31384 clones) was
obtained from the Kazusa DNA Research Institute (KDRI)Japan as bacterial
cultures. Colony PCR (see Material and Methods) wasopred directly from the
liquid bacterial stock or after overnight growth of coemispotted onto solid LB
medium containing 50 pg/ml Ampicillin. PCR reactions wpegformed in 384-well
plates, repeated three times and pooled prior to spottirg tbet membranes. PCR
amplification efficiency from bacterial clones dfet LjKDRI library was about 75%
which was less than that obtained using purified plasrfigiNEST) as template,
presumably due to inhibitory effects of bacterial cell geldn addition, not all clones
from the KDRI library grew and could not be amplified.

PCR amplicons were spotted onto nylon membranes witlaowyt further

purification as described in Material and Methods.

Figure 3.1. 1: Different membranes were tested for hybridation efficiency.
A: Porablot, B: Millipore, C: Hybond XL, D: Hybond NRNA from potato tubers (8ug) was used to
hybridise the filters containing tomato ESTs; 8 millicpm probes were added to the filters for

hybridisation.

At the time the arrays were produced there was a gepeodlem in our
institute of removing labelled probes from hybridised arrdygerefore, a substantial
amount of time was invested in identifying optimal hybrid@atbuffers and washing
conditions for use of the nelotusarrays. After comparing the initial Church buffer
hybridisation system (Sambrook et al., 1989) with a coromesystem (Ambion) and a
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formamide-based hybridisation system combined with an atkaliashing treatment
(see Material and Methods), the latter system waserhoThis system yielded good
signal intensity, higher specificity, and low background.aléo allowed efficient
stripping of probes after hybridisation.

Testing different nylon membranes like Hybond pAmersham), Hybond XL
(Amersham), Millipore and Porablot did not result in @iéfnces in signal intensity or
stripping ability (Figure 3.1.1). The current optimised protdoo hybridising and
stripping cDNA arrays is now in press (Ott et al., 200%ress.

3.2. Mining and computational analysis of cDNA array data

Data processing and mining is a crucial aspect of cDNayaanalysis (Figure 3.2.1),

and one of the objectives of this project was to imprd&& mining capabilities for

Lotustranscriptomics. This was achieved by:

1. Improving gene annotations
In collaboration with Peter Kruger (MPI-MP) a scriptasvdeveloped that
enables us to regularly compare thetus sequences to others deposited in
GenBank by using the BLAST algorithm. The first two BLASTshiogether
with their gene accession number and the e-valubdeohit were downloaded
and automatically formatted for database use.
2. Assigning groups of genes represented on both the partially redundant LiNEST

array and the non-redundant LjKDRI array
Gene annotations obtained from stepl were manually edassito functional
categories. All 11,652 KDRI-EST clones were annotated algnwsing
information from BLAST searches and classified intolP8 functional
categories (http://mips.gsf.de/projects/funcat) withdifications. Functional
categories used were: metabolism (M), signalling anesst(S), transcription
(R), protein synthesis and processing (P), intracellirkmsport (I), transport
(T), cellular biogenesis and organisation (B), cell glgwdivision and DNA
synthesis (C), no homology (N), unknown function (blijs to non-plant genes
(X). In total only 26.7% of the KDRI clones could be sl&éied into one of the
known functional categories, while 17.8% gave hits to proteinenknown
function and 55.5% showed no homology to any sequences tbepasithe
NCBI. This almost certainly reflects the fact thaegé clones were largely
sequenced from the 3’ untranslated end, which containspledein coding
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information. In contrast only 11% and 25% of the L]NESGnes, which were
sequenced from the 5’ end, were classified as ‘no haggolend ‘unknown
function’, respectively.
A schematic representation of these groups within bath afearrays can be
found in Figure 3.2.2.

3. Identification of clones representing the same gene on the LJNESTsdoay
make use of redundancy to verify ‘by consensus’ data for each gene
The TIGR database was used to identify LJINEST sequenetdéifonged to a
single Tentative Consensus sequence (TC), which likglgesented a single
gene. In collaboration with Maren Wandrey (MPI-MP) alailableLotus TCs
and singleton sequences were downloaded from the TIGRadatamd a list
was generated that consisted of all LJINEST clones agid ¢brresponding TC
number or singleton designation. This enabled sortingMEST hybridisation
data according to the TC number and immediate idenidicatf the redundant
clones on the filters. It also facilitated crosseaiieg of hybridisation data for
many genes.

Of the 9,600 clones that were spotted onto the LJNES&rdilt8,554
were represented by high quality sequences in NCBI of w883 sequences
were incorporated into the TIGR updal®iusversion 3.0). These 8,383 clones
represent 1,197 individual singletons and 2,641 different TCpmoaimately
3,800 genes. Thus, on average each gene was represented Bf ZBes on
the array. At the time of submission of this thessnilar data were not
available for the LJKDRI library, yet.
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Hybridise filters
(including biological and technical replicates)

|

Record signal intensity of each probe (cDNA)

|

Normalise signals and calculate mean and
standard error for each treatment

|

Compare between treatments

|

Identify genes with significantly
different expression levels (p<0.05)

Categorise into functional classes

|

Identify genes altered in biological processes
and target genes for further functional characterisation

Figure 3.2. 1: Flow chart of the evaluation of a cDNA array eperiment.

The measurement of signal intensities was done usingséft®are. Raw data were imported into the
local HARUSPEX database at MPI-MP and normalised ag#ie reference hybridisation. Student’s-T-
tests were performed on groups of biological and technégdicates. Categorisation according to the

MIPS database was done for all clones.

MAPMAN, a tool to visualize gene expression data, was deeel initially for
Arabidopsis thaliang Thimm et al., 2004). In order to display cDNA array diaten
Lotus japonicuswith MAPMAN, all Lotus sequences were compared to the entire
Arabidopsisgenome sequence using the BLAST algorithm. This step enabléd u
associate amrabidopsisgene identifier with each LJNEST clone and to ado- p
defined MAPMAN annotations (codes) for each LJNEST clofg not all BLAST hits

to the Arabidopsis genome gave comparable results tootitained from the entire
NCBI database, thArabidopsisresults had to be re-evaluated manually. This analysis

was ongoing at the time of submission of this thesis.
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; 50; 0%
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no seq; 1046; 11%

no entry; 171; 2%

X; 9; 0% N; 1095; 11%

M; 1330; 11% P; 783; 8%

U; 2374; 25%

N; 6472; 57% R; 455; 5%
S; 312; 3%

U; 2070; 18%

M; 2813; 29%

Figure 3.2. 2: Functional categories of the EST clones frothe LjKDRI (A) and LiNEST (B) filters.

All EST clones from both libraries were manually amed to one of the functional categories (MIPS)
according to their closest hit using the BLAST algoritiNe. no homology; U= unknown function; M=
metabolism; S= signalling and stress; R= transcriptiBr protein synthesis and processing; I=
intracellular transport; T= transport; B= cellular dptmesis and organisation; C= cell growth, divisiod an

DNA synthesis; X= hit to non-plant genes.

3.3. International collaborations using our cDNA arrays
After producing the 9.6K LINEST and the 11.6K KDRI arraysl aefining protocols
for their use, different experiments were carried muicollaboration with visiting

scientists.

3.3.1. Transcript profiling of Lotus inoculated with rhizobial mutants

In collaboration with Alejandra D’Antuono and Viviana gek (UNSAM-INTECH,
Buenos Aires, Argentina) the effects of mutations @&Nh loti cgsandlpsf2 genes of
M. loti on plant gene expression during nodulation were investigdtee cgs mutant
carries a Tn5 insertion in a gene coding for cyclic gtusynthase, a component of the
bacterial cell wall. When inoculated duotus tenuisthe cgs mutant forms white and
empty nodules and does not make infection threads. Inaculaf Lotus japonicuded

to the formation of a larger number of smaller nodthes those observed antenuis
The Ips genes encode lipopolysaccharide synthases andpff2 mutant cannot

produce the LPS O-antigen domain of lipopolysaccharidedi. v@all analysis of the
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mutant showed very low amounts of LPS with a rhanmughseose relation of 0.5, in

contrast to the wild-type strain with a ratio of 7.
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Figure 3.3. 1: Results from array hybridisation with different rhizobial mutants.

Values of normalised data are plotted in all panels.e8hriical variability when the same RNA was
hybridised to different membranes; B: variance betwgelogical samples; C-D: differential expression
of genes at 7 and 28 dpi in wild-type compared tatimutant; E-F: differential expression of genes at
7 and 28 dpi in wild-type compared to the mutant from two biological and two technical replicate

Inoculation of Lotus tenuisand Lotus japonicuswith the mutant strain
apparently led to normal nodule development and numbéeg(dra D’Antuono and
Viviana Lepek,personal communicatignLotus gene expression was determined in
roots inoculated with wild-typ#. loti, the cgs mutant and théps mutant, using the

LINEST arrays.



Results 56

Technical and biological variability was observed withia treatments (Figure
3.3.1). In the case of the technical replicates about 2&%4racase of the biological
replicates about 33% of all clones showed a differggreater than +/- 2-fold when
comparing the replicates with each other (Figure 3.3.helpa and B). Nonetheless,
significant changes in gene expression were found in piamtsilated with either the
cgsor Ips mutant compared to those inoculated with wild-tiybeloti both at 7 and 28
dpi (Figure 3.3.1).

When comparing wild-type with thegs mutant 7 and 28 dpi, 1,984 and 1,423
clones, gave significantly different signal intensiti@p<0.05), respectively. Among
those genes differentially expressed at 7 dpi were haguneb of the nodulinGnod36A
(Glycine mak, NIj21 (Lotus japonicus Enod18(Vicia fabg, NIj16 (Lotus japonicuks
uricase Lotus japonicug genes involved in sugar metabolism, glycolysis anchami
acid metabolism, some transcription factors of theBviahd WRKY family, several
transporters, and genes involved in flavonoid syntheslgpéant defense. Similar genes
were identified when comparing wild-type and the mutant at 7 dpi. After infecting
wt plants with thdps mutant more clones (3,406) showed significantly diffesegibal
intensities compared to wild-type 7 dpi than after méscwith thecgs mutant. This
was due to both, a high variability of the biological ptes and a delayed development
of nodules induced by tHps mutant.

A large number of genes were expressed at lower leveharcds mutant
compared to the wild-type at 28 dpi. Among these were gemesdarbon metabolism,
including genes encoding late nodulins such as trehalose-pfatesphosphatases,
fructose-bisphosphate aldolase, and glyceraldehyde 3-phosj@igtgrogenase as well
as genes coding for key enzymes in nitrogen metabolisnglikamine synthetase and
aspartate aminotransferase. On the other hand, no diigsences in expression levels
could be detected in comparisons of the wild-type andpkenutant. These results
were consistent with the phenotypes observed for thesants as thps mutants form
wild-type-like nodules orLotus japonicusvhereas only nodule-like structures that do
not contain bacteria can be found on roots after iricul with thecgs mutant.

This data-set was also used to compare nodulated rootsatestwith wild-typeM.
loti 7 and 28 dpi as major physiological changes were expectedcior due to
functional SNF at 28 dpi. Genes corresponding to 1,558 spditells were
differentially expressed at these developmental stafesiich 1,383 could be further



Results S7

processed in the database. 1,162 of these belonged togXi€ls, 182 were singletons
and no entry could be found in the TIGR database for #9edESTS.

3.3.2. Transcript profiling of Lotus responses to cadmium

A second collaboration was established with Loreto Nagd &lanuel Becana
(University of Zaragoza, Spain) to study transcriptioesponses ofotus japonicus
roots to different concentrations of the toxic metalncmuin. The experiments were
carried out using the LjKDRI arrays. Labelled cDNA frd®NA of roots that were
exposed to 100 uM Cd for 1 and 4 days was hybridised to thgsafRoots exposed to
Cd for 1 day showed 21 up-regulated genes (ratio ><20B5) and 95 down-regulated
genes (ratio < 0.5; R 0.05). After 4 days of Cd exposure, 79 genes showed significan
up-regulation and 81 down-regulation. Searching the TIGR daabas
(http://www.tigr.org/tdb/tgi/plant.shtml) for the 79 genéattwere up-regulated after 4
days revealed 17 genes (22%) that are involved in metabodisgenes (5%) In
transcription, 3 genes (4%) in protein synthesis, 3 get¥é3 i transport, 1 gene (1%)
in signalling, and 1 gene (1%) in cell biogenesis. Also,red&%) encodes a possible
vacuolar enzyme, 20 genes (25%) encode hypothetical proteilmver unknown
function, and 29 genes (37%) have no homology with sequelemessited in public
databases. 10 genes that were strongly up-regulated (&bo<<r18.8) in both Cd
treatments were selected for further analysis. Thesgenes encoding a putative AG-
motif binding protein and a serine/threonine protein kinaseegeamplicated in
metabolism, and a gene responsive to abiotic stress. carigy data of the most
interesting genes (transcription and signalling) weranficoed by quantitative
RealTime RT-PCR (gRT-PCR) of RNA isolated from rootsabfleast four series of

plants grown independently.

3.3.3. Transcript profiling of Lotus mutants inoculated with wt rhizobia

Several international guests used our cDNA array faslitor profiling differentLotus
mutants, includingin (Schauser et al., 1999; hybridisations done by Niels Jangense
from University of Aarhus), thenfl, 2, 3, 4 mutants that show spontaneous nodulation
(hybridisations done by Leila Tirichine from University A&rhus) and the recently
published nfrl and nfr5 mutants (Madsen et al., 2003; Radutoiu et al., 2003;
hybridisations done by Mette Grénlund, University of Aarhdspanscript profiles for
the Lotus mutantssymg sym13 sym43andsymllwere obtained by Vera Voroshilova
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in our group. All of these mutants show defects in eithedule development or
function. RNA was extracted from roots 3, 7, 14 and 21 \dfld-type plants grown
under the same conditions were used as controls. Farf éllese experiments data
mining and evaluation is currently in progress so thatumensary of this work can be
presented at this stage.

3.4. Ildentification of interesting candidate genes from arragxperiments

By using array hybridisations many interesting genesewdentified as differentially-
expressed during nodule development in wild-type or mutantspianculated with
wild-type or mutant rhizobia. Earlier work revealed higlexpression levels of a
sulphate transporter and a putative potassium transporteodules compared to
uninfected roots (Colebatch et al., 2002a). These transpaveses studied in more
detail by qRT-PCR as described in section 3.5.2. Another tietewas chosen for
further study, because of my interest in nodule redoxalmadism, encodes a putative
ascorbate oxidasé&j@ox1). This gene was 3.7-folg{value: 0.037) induced in the roots
(4 wpi) compared to roots harvested 1 wpi Withloti (see section 3.7).

3.5. Validation of cDNA array data by gRT-PCR
A partially-redundant cDNA array containing 5,376 LINESTnels, representing about
2,500 genes was constructed and used to compare gene traesedgptil nodules to
those in uninfected roots from 7-week-dldtus plants. Partial redundancy amongst
clones on the array enabled cross-checking of expredatarfor many genes. Although
a majority of the genes represented on the array warelifierentially expressed in
nodules compared with roots, approximately 860 genes wereeihdgignificantly in
nodules (nodule/root ratio >2, p < 0.05). Over 70% of thedeaha-value of less than
0.01 (Colebatch et al., 2004). Compared with the number déleenduced genes
discovered, relatively few genes were found to be expiestsa lower level in nodules
than in roots, a bias that can be explained by the fatthle arrays were created with
nodule cDNA clones.

Approximately one-third of all nodule-induced genes encoded psotavolved
in metabolism or transport (28 and 5%, respectively). 8#odtile-induced genes were
predicted to be involved in transcription and its contvdijle an additional 5% are
likely to be involved in signalling. Genes involved in proteynthesis (8%), cell
biogenesis (3%), cell division (2%), and intracellutansport processes (2%) were also
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induced in nodules compared with roots. Approximately one-qu@®és) of the genes

induced in nodules encode proteins that have homologs of wnkfumction in other

species, while the remainder have no known homologebatdh et al., 2004).

EST/TC Annotation Array Nod. Sig. Array Nod/Root  RT-PCR Mod./Root SE (n=23)
LINEST44C3TCRAD3 ONA-hinding protein 003 3.00 m 004
LjNESTSOD&TCEST ONA-hinding protein 004 ko] 1.38 03
LiNEST42C12/TC3685  Zine-finger protein 0,06 290 0.54 0.06
LjNEST&F1/TC1391 bZIP transcription factar 006 340 1.26 0.06
LiNEST10E7/TC 3007 Homeobox RRM-containing protein 0,07 230 0.83 0.06
LiMEST14BATC1629 KH domain/zing fingar protein 0,08 240 0.75 om
LiNEST42B1 Zing-finger protein 0,08 270 0.96 0.19
LiNESTEAZTCI02 CCAAT-box-binding transcription factor 0.09 360 »8.33 0.8
LiNESTR3CATC1468 Zinc-finger protein 0.09 250 0.51 0.m
LNEST12ESTC 2417 ONA-hinding protein 0.10 4.50 1.38 0.08
LiNEST24D&TC 1447 WREY family transcription factor 0.10 4.00 0.50 0.06
LiNESTEES Transcription factar 011 250 205 004
LiNESTS4F12TC2072 ONA-hinding protein 0.1 240 0.84 0.m
LjNEST16G12TC1091 MYE family transeription factor 0.12 230 0.95 0.05
LiMEST48HETC 3654 MADS-box protein 0.16 4.20 »168.85 348
LjNEST45H 11/TC 2350 Megative regulator of URS2 0.18 5.00 0.9 004
LjNESTS3C2 Transcription factar 0.18 310 1.65 004
LiMESTSSCE PHD-type zine fingar protein 0.18 340 = 267,44 1658
LiNEST40DSTC 367 MYE family transeription factor 0.19 11.60 13.82 1.73
LiMEST11A11/TC3269 Zinc-finger protein 0.19 4,60 1.8 004
LjNESTZ5D11/TCH07 Carbanic anhydrass 034 1.9 15.40 004
LjNESTIENTC 2283 Carbanic anhydrass 073 B4.20 41.78 028
LiMEST15A11/TC2173 lsaliquiritigenin 2 -0-methyltransferass 074 17.30 260,46 4.75
LiNEST12H1ZTC210% Modulin, NIj21 087 24.30 nH 0.3
LiNEST12C4 Sulphate transporter 113 3370 31354 Ba3
LjNEST16B9 GA Z-oxidase 137 .50 48,66 0.37
LjNEST22F11,TCa829 Leghasmaoglobin 2140 2460 623.99 1051

Figure 3.4. 1: Nodule/root gene transcript ratios determiad by Real-time RT-PCR.

The first 20 genes encode putative transcription faceash with relative transcript level in nodules
<0.2, as determined by cDNA array analysis (Array Noig.)SThe remaining seven genes were
expressed at higher levels (Array Nod. Sig. >0.2). Nodule/Raascript ratios obtained from cDNA
array and RT-PCR analysis are shown, togetherwitstdrelard error (SE) associated with the gRT-PCR
analysis. Transcripts of several genes were detectgdronbdules by gRT-PCR; nodule/root ratios for
these genes are given as the theoretical minimum(rgti@assuming the root value was at the detection
limit (Ct=40).

To validate cDNA array results for some of these geqie3-PCR was employed.

In general, there was good qualitative agreement betgiR&€rPCR results and
cDNA array data (Figure 3.4.1). Genes from different pagfsathat were found to be
induced on the arrays were confirmed by gRT-PCR. A rdetailed analysis can be
found in Colebatch et al., 2004).
gRT-PCR was also used to validate cDNA-array data fowumber of previously
identified symbiosis-induced genes (Colebatch et al., 20024)ding LjSstl1 and
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LjKup, andLjAox], encoding an ascorbate oxidase, which was identifiechgshdhe

hundreds of differentially expressed genes described above

3.5.1. Generation of different cDNA pools
To facilitate further quantitative analysis of expressidnhese and other genes during
nodule development, cDNA was prepared from root and nodaterial harvested at
multiple time points after inoculation as well agrir various plant organs.
Three cDNA pools were created for use by myself and auouscollaborators to
confirm expression of target genes:
1. Nodulation time course- infected roots
A series of cDNA pools derived from infected and uninfectamts (controls)
harvested 0, 0.25, 1, 2, 7, 14 and 21 dpi was produced to manitation and
repression of target genes in roots and nodules over time.
2. Nodulation time course- nodules only
A series of cDNA pools derived from nodule materialviated at 7, 14, 21 and
28 dpi was produced to validate and extend data obtained froay ar
experiments using nodule tissue.
3. Organ specificity
Pools of cDNAs were synthesised from different orgake hodules, roots
(inoculated and uninoculated), leaves, and stems oftsplgnown under
symbiotic and non-symbiotic conditions in order to tést organ-specific
expression of selected target genes.

3.5.2. Developmental regulation of jSst1 and LjKup

Amongst the genes studied in detail by gRT-PCR WwgBstlandLjKup, which encode

a sulphate transporter and a potassium transporterctieghe In both cases, transcript
levels in inoculated roots remained relatively low foe tfirst 7 dpi, but increased
substantially afterwards. This coincided with a periodapid organ growth, indicating
that the transporters may be required for resource s@e@LjSst) during rapid cell
growth. My data foiLjKup (Figure 3.5.1) were included in a publication from our group
(Desbrosses et al., 2004). The data_{(8stlwere included in a submitted manuscript
describing the map-based cloningLg®stlusing the_otussym13sym81lmutant, which

are defective in symbiotic nitrogen fixation (Figure 3.5.1).
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Figure 3.5. 1: Induction of LjKup and LjSst1 expression during nodule development.

Transcript levels foLjKup (A) andLjSst1(B) were determined in inoculated roots including nodules an
uninoculated roots (controls) bbtus japonicusising qRT-PCR. Tissue was harvested at the time points
between 0 and 21 days post inoculation (dpi). 8-10 plants m@oled prior to RNA extraction and 3
technical replicates were measured per time point; eas bepresent standard deviation of three
biological replicates. Expression levelslgbstlandLjKup are expressed relative to ubiquitin transcript

levels in the same sample.

3.6. Agrobacterium rhizogenes-mediated hairy root transformation for rapid
phenotypical analysis of nodule expressed genes
To facilitate ‘rapid’ phenotypical screening of potenyiahteresting nodule-expressed
genes, | combined a procedure for transformation of roated on the use of
Agrobacterium rhizogeng®lorris and Robbins, 1992; Webb et al., 1996; Stiller et al.,
1997) with a GATEWAY vector system for RNA interference (RNAI). In aopistudy
to test the efficacy of this approach, an RNAI constrtitat targeted three
leghemoglobin (Lb) genes was produced (Figure 3.6.1) and traresfanto root cells
usingAgrobacterium rhizogenes

Nodules that developed on transformed roots, following iladicun with M. loti
were typically white, rather than leghemoglobin-pinkg(ife 3.6.2). Western blot
analysis confirmed the absence of the Lb protein in thprinaof these nodules
(Figure 3.6.2).
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leghemoglobin leghemoglobin
355 fragment  jhiron  fragment POWYA OCSem
attL1 attL2 attL2 attL1

Figure 3.6. 1: Schematic representation of the GATEWAY cassette used for RNAI.

Two 401 bp PCR-fragments dfiLb2, cloned in opposite direction were separated by an intron.
Transcription was driven by the CaMV-35S promoter amrdhiteated by an OCS terminator. The
GATEWAY cassette was taken from the vector pJawohi®viged by Imre Somssich, MPI-ZF,
Cologne) and was cloned into the multiple cloning sitehef pBIN19 vector, containing a gene that

encodes a neomycin phosphotransferase Il. That sdkdeamycin resistance on transformants.

Thus, although hemoglobins are the most abundant protemature nodules,
they are not required for nodule developneat se On the other hand, leghemoglobins
are important for nodule function, a point that is takenin more detail later in this

chapter (section 3.8).

LbRNAi

Figure 3.6. 2: Hairy root transformation using an LbRNAI canstruct.

A: Hairy root transformation using an RNAI constructiterece expression of symbiotic leghemoglobins
led to formation of white nodules on transgenic rodtdenpink nodules developed on wild-type control
roots (panel A)B: closer view of the transgenic (upper) and wild-type nod{itesger) also revealed a
size difference between 4 wpi old nodules. Scale baredted? mmC: Western Blot analysis of nodules
following hairy root transformation. White nodules (larieS) and wild-type nodules (lane 6) as well as
root material from wild-type (lane 7) and transgenisués(lane 8) was harvested from the plants. 10 pg
total protein was loaded per lane and seperated by S[EEPBlotted onto nitrocellulose membrane and

probed with anti-body to soybean leghemoglobin.
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Thus, theAgrobacterium rhizogeneRNAI system proved to be effective in eliminating
endogenous gene expressiohatusnodules. This system is now being used by myself
and others in the group to identify genes with importanteld@mental or other
functional roles in nodules. In addition, hairy ro@nsformation can be used to study
gene expression using promoter-Gus constructs, an applichtd is also described
below (section 3.7.3).

3.7. Molecular, cellular, and physiological characterisation odscorbate oxidase in

nodules

After method establishment and testing its functioypadihd applicability hairy root

transformation was used during several biological apprsache

3.7.1. Identification of a symbiosis-induceddox using cDNA arrays andin silico

analysis

The apoplastic enzyme, ascorbate oxid@geX) regulates the reduction/oxidation
(redox) state of the apoplastic ascorbate pool (Pgnand Foyer, 2003). Because of
the perceived importance of the apoplastic redox staextwacellular signal perception
by plant cells and the involvement of ascorbate in pd@welopment, it was interesting
to find that anAox gene represented on the LJINEST array was one of thesgeduced
during nodule development (see section 3.4).

There are currently 6 tentative consensus sequencdalkdeaior Aox in the
LotusTIGR database. None of these is regarded as full-ldmgdutomatic annotation.
Comparing the predicted protein sequences, they can be gratipe?idistinct classes
with TC18839 and TC19920 forming group 1; TC12917, TC14506, and TC11125
belonging to group 2; and TC15779 as a member of group 3 (Figure JRelglone
LINEST98c11 that was found to be induced during nodule dpredat belongs to
TC11125 (=LjAoxJ).
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Figure 3.7. 1: Phylogenetic tree oAOX protein sequences from different plant species.

Results are presented as a dendogram.Lbgeis japonicus Mt= Medicago truncatula Gm= Glycine

max At= Arabidopsis thaliana Os= Oryza sativa Sequence information of tentative consensus

sequences was obtained from TIGR database.

Based on the EST abundance in different libraries twihefyenes represented
by TC11125 and TC12917 seem to be exclusively expressed in nodhlés,other

Aox genes are expressed more strongly in flowers eitdwds and pods (Table 3.7.2)..

TC number
TC11125
TC12917
TC14506
TC15779
TC18839
TC19920

Total no.

of ESTs
3
2
23

Whole
seedling Nodules Roots
0 3 0
0 2 0
1 0 1
1 0 0
0 0 0
0 0 0

Flower/
flower bud

0
0
13

Table 3.7. 2: EST representation in cDNA libraries deried from different plant organs.

The numbers given in the table represent the numb&SDclones in the individual libraries. Data were

obtained from the TIGR database. (http://www.tigr.ogg/ticripts/tgi/T_index.cgi?species=I|_japonicus;

Lotusversion 3.0)
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However, the genes expressed in nodules (TC11125 and TC129liiptacesely

related based on phylogenetic analysis (Figure 3.7.1) bubtialthe same group

3.7.2.LjAox1 is specifically expressed in nodules and induced dugmodulation
LjAox1transcript levels in roots increased following inocolatto values 85& higher

than in uninoculated controls 21 dpi (Figure 3.7.3).

0.005
© I control I
3 0.004 1 [ inoculated
=3
S 0.003 -
"
c
IS
< 0.002 A
)
2
T i
D 0.001
} i
0.000 T T T T T = T
0 0.25 1 2 7 14 21

Days post inoculation

Figure 3.7. 3: Relative transcript levels of jAox1 during nodule development.

Relative transcript levels djAox1were determined for inoculated roots plus nodules andculiated
roots (controls) oEotus japonicusising gRT-PCR. Tissue was harvested at the time poiditsaied
between 0 and 21 days post inoculation. 8-10 plants pamled per replicate prior to RNA extraction.
Expression levels dfjAox1were normalised and expressed relative to ubiquitin. Daratwo

independent biological replicates are shown. Error ftegmesent standard deviation of six measurements.

To verify whether the increase of expression derivedhfdeveloping nodules
on roots, the expression d@fjAox1l was tested in various organs (Figure 3.7.4).
Transcripts of ascorbate oxidase were more than 200zigkeer in nodules than in any
other organ (Figure 3.7.4). Expression levels in infected @adsnodules were higher
than in shoot and leaf material harvested from the splasts. Indications that
ascorbate oxidase is induced during nitrogen deprivation ofsplaere obtained as
transcript levels were 11-fold higher in roots of uninated plants grown for 21 days
on 0.1 mM KNQ compared to plants of the same age grown on 5.0 mMsKRiQure
3.7.4).
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Figure 3.7. 4: Expression of jAox1 in different plant organs.

Plants were grown on 5.0 mM (+) and 0.1 mM (-) KN@r three weeks under symbiotic (inf) and non-
symbiotic conditions (uninf). Shoots and leaves (SMgots (R) and nodules (N) were harvested
separately. Material was harvested and pooled from 8-10idlndi plants. Three technical replicates
were measured per treatment. Error bars indicate sthddaration. Expression levels bfAox1 were

normalised and expressed relative to ubiquitin.

To obtain more specific information aboltoxl expression during nodule
ontogeny transcript levels of the gene were also detedrin isolated nodule tissue 7,
14, 21 and 28 dpi. ExpressionlgfAox1 was highest in young, developing nodules and
declined in older tissue (Figure 3.7.5). Transcript levels wandar in 7 and 14 days
old nodules and dropped by more than 50% at 21 dpi in full-sizedilesd No

significant difference in expression was found betweearil28 dpi.
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Figure 3.7. 5:LjAox1 expression in nodules of different age.
Material from 10-30 nodules of at least 15 individual planteevearvested and pooled. Three technical
replicates were measured per stage. Error bars inditatdard deviation per sample. Expression levels

of LjAox1were normalised and expressed relative to ubiquitin.
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Figure 3.7. 6:LjAox1 expression requires rhizobial infection.

LjAox1 expression in roots after inoculation with wild-typet)(rhizobia and two mutantsgsandIps).

Inoculated plants were grown in the presence of 0.1 mNDKfdr 7 and 28 days. Roots were harvested
and pooled from 8-10 individual plants. 3 technical replicatesevneasured per treatment. Error bars
indicate standard deviation per sample. Expression l@fel§jAox1 were normalised and expressed

relative to ubiquitin.

In seperate experiment®tus seedlings were inoculated with the rhizolugk
andlpsf2 mutants (see section 3.4.1). Plants inoculated witleghenutant showed 7-

fold lower levels ofLjAox1 expression in nodulated roots compared to the wild-type
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(14% = 4% of wild-type-level) after one week whereas esgion of this gene was
similar in plants infected with the mutdps$2 and wild-typeM. loti both one and four

weeks post inoculation (Figure 3.7.6).

3.7.3.LjAox1 gene structure and promoter analysis

All EST clones with sequence similarity to ascorlmatelase genes, which were
represented in the LINEST and LjKDRI libraries wereestdd for further analysis.
Restriction analysis revealed that clone GNf036e07 (LjKDRary) derived from the
same gene as LJ]NEST98c11 was the longest cDNA represdnfiogl This cDNA
was sequenced completely, yielding 948 bp of sequence (Figurg. Sdbsequent 5’
RACE-PCR vyielded in further 345 bp of cDNA sequence (Figure B.ABLAST
search ot.otusgenomic DNA sequence that became available in thetmeaiocated
the LjAox1 gene on TAC clone TM1649. Comparison of tletus LjAox1lgene and

protein sequence with that of the closest and full-lengtindioge fromMedicago
truncatula (MtC20102_GC) led to the identification of a putative startion (Figure
3.7.7; underlined).

AGACCTACAGGATTAGGATTGCTAGCT CCACTTCCTTAGCTAATCTCAACT TTGCCAT TGOV L@V
AATGGT GGT GGT GGAAGCT GATGGAAACTAT GAGGAACCAT TCATCGTAGATGACT TAGACATATACTCT
GGTGAGACT TATTCTGI TATCATCACCACAAAT GAAAACCCAAAT CAAAACTACTGGATTTCAGI TGGT T
TTATAGGAGAAAAT CT CAAAACCCCACAAGCCCTAACCATACT AAACTACAAAGAAAACAAT GCCTCAGT
TTTTCCCACTTCTCCACCCCCTATCACACCT CAAT GGGAT GAT TACAATCGCAGCAAAATATTCTCTCAG
AAAATTCTTGCTCGAAAAGGAACCCCACGCCCT CCAATTTACTATGACCGTAGGECTTCTCCTTCTCAACA
CAGAAAGT TTGGT TGATGGACGCACTATGTATGCCATTAATAATGT CACTTTAATATTACCTTCAACTCC
TTATTTAGITTCCATTAAGTATAAACT TGATGATGCAT T TGACCAAAAAAGCCCCCCTGACAATTTCTCA
TTTGATTATGACATCTACAACT CCCCTGIT GTACCCTAAT TCAAATACT GGGAGTGGAATCTACATGITTC
AATTGAACCAAGT GGT TGACGT GGT CCTCCAAAATACCAATATACT GGAGAGGATCAAAAGAAGT GACT T
TCACCCATGGECATTTGCATGGTCATGATTTTTGGATTT TGGGATATGGAGAT GGGAT GT TCAAACCAGGT
GATGATGAGACCAAAT TCAACCT GGAAAACCCACCACT GAGGAACAATGCAGT GCTCT TCCCT TACGGAT
GGACTCCTTTAAGGT TTAAGCCAAATAACCCTGGAGT TTGGECCTTTCATTGTCACGT TGAGCCTCATTT
GCATATGGGAATGCCGTGTGGT TTTTGCGGAGCCTGI TGAAAAT GT GGAAGGAATACCT TGGGAAACTCTA
GCATGI GGCCTAT TCAGGGEGGAT TTCATGAAGAAAGAACATAAAT GATCAACCT TCTAGCCACTCTTGTA
TTTGCCCAATGI TCGTTTAAGT TAAAATTTCTCTCAAAAAAAAAAA

Figure 3.7. 7: Full-length cDNA sequence dfjAox1.

The major part of the sequence derived from clone GNf36@0F ijp marked in light grey). A further
345 bp of cDNA sequence were obtained by 5-RACE-PCR (blacHf)tla@ remaining 417 bp were
identified using the coding sequence of the TAC clone TM164& @gtey).
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Further analysis of the cDNA and gene sequence reveladedxistence of 6
exons, 5 introns, and a coding region of 1,710 bp leading totaipthat consists of

570 amino acids.

Figure 3.7. 8: Promoter analysis of jAox1 using hairy root transformation.

Lotus japonicusvas transformed witAgrobacterium rhizogenesarrying a 1049 bp long fragment of the
LjAox1 promoter fused to th@usgene. Gus staining was detected in the periphery of tracsgethiles
(A) and rarely in secondary roots (C). Controls weaagformed with the pBI101 vector alone (panels B
and D). E and F: Embedded cross-sections of nodules showt&nisg in cell layers of the nodule

endodermis. Bars indicate 1mm.

Part of the promoter region (1,049 bp upstream of thegieztistart codon) was
amplified by PCR, fused to the Gus-gene in the cloningovga81101 and transformed
into Agrobacterium rhizogenedor hairy root transformation. Gus-staining of
transformed roots revealed reporter gene expression aérolstsively in the nodules
and rarely in root tips and the vascular tissue ofdhteots (Figure 3.7.8). Gus-activity
was localised to a ring of cells in the periphery of tloelules. This pattern was also
evident in sections of embedded material which reveatae learly expression in the
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endodermal and subendodermal cell layers (Figure 3.7.8)tddfend uninfected cells
of the inner cortex did not show Gus-staining. Identieallts were obtained usitg
situ hybridisation, done in collaboration with Manolis flentakis, University of
Athens (data not shown).

Putative regulatory elements in the cloned (1,049 bp) pronmetgon were
identified using PLACE software (http://www.dna.affrc.gd?jpACE/signalscan.html).
Several potential regulatory motifs were found, includelgments associated with
stress responses (MYB1AT, CCAATBOX1), hormone respo(GAF ATGGMSAUR,
DPBFCOREDCDC3) and expression of seed storage proteins hier @pecies
(EBOXBNNAPA, RYREPEATLEGUMINBOX, SEF1MOTIF). In adddn, several
elements were identified that are responsible fauésspecific expression in other
systems like AACACOREOSGLUB1, CAATBOX1l and ROOTMOTIFF@X1.
Furthermore, a DOFCOREZM domain was identified that serye as a binding site
for Dof-transcription factors (Figure 3.7.9) and might regpAeox expression.

Motif name Motif sequence Number
AACACOREOSGLUB1 AACAAAC 1
CATATGGMSAUR CATATG 2
CAATBOX1 CAAT 20
DOFCOREZM AAAG 12
DPBFCOREDCDC3 ACACNNG 2
EBOXBNNAPA CANNTG 12
MYB1AT WAACCA 4
ROOTMOTIFTAPOX1 ATATT 13
RYREPEATBNNAPA CATGCA 1
SEF1IMOTIF ATATTTAWW 3
CCAATBOX1 CCAAT 4

Figure 3.7. 9: Promoter-motif analysis ol_jAox1 promoter.
A 1,049 bp fragment of thiggAox1 promoter was analysed using PLACE software. Motif tatiam, the
characteristic sequence, and the number of timesntité was found in the promoter sequence are

shown.
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3.8. Leghemoglobin: an essential late nodulin
3.8.1. Characterisation of the leghemoglobin-gene-family ibotus

Despite being the most abundant nodulin in legume root nodthes,
physiological role(s) of leghemoglobin proteins has newsnbfully proofed. Three
symbiotic leghemoglobins (Lb) are expressed.atus japonicusnodules (Uchiumi et
al.,, 2002) Although the TIGR Gene Indekofus version 3.0) reports 7 symbiotic
leghemoglobin tentative consensus sequences (TC 14039, TC14@3Y4052,
TC14053, TC14055, TC14063, TC14065) and 2 TCs for non-symbiotic hemaglobi
(TC10713 and TC16046) (Table 3.8.1). However, alignments of th&® TIGs with
genomic sequences for the symbiotic hemoglobins confitiregresence of just three
separate genes (Table 3.8.1).
In the following sections the different hemoglobins aaened as indicated in the table

below:

Name
(literature)  LjLb2 LjLb3 LjiLb1 LjLb3 LjiLb1 LjiLb1 LjiLb1 LNSG2  LjNSG1

TIGR TC14065 TC14039 TC14055 TC14063 TC14051 TC14052 TC14053 TC10713 TC16046

annotation

nodule 315 185 140 6 3 2 2 3 3

ESTs

seedling 0 0 0 0 0 0 0 0 5

ESTs

others 4 3 1 0 0 0 0 0 0
non- non-

class symbiotic symbiotic symbiotic symbiotic symbiotic symbiotic symbiotic symbiotic symbiotic

Locus on 106906- 47052- 90151- 47052- 90151- 90151- 90151- Other Other
Chr 5 107895 48461 91118 48461 91118 91118 91118 locus locus

Table 3.8. 1: Representation of hemoglobin transcripts idifferent EST libraries and chromosomal

localisation.

Tentative consensus sequences (TCs) and information diffenent libraries were obtained from the
TIGR database. The namegbl, LjLb2, LjLb3, LINSGlandLjNSG2are according to Uchiumi et al.
(2002). The numbers given in the table represent the nsnob&ST clones in the individual libraries.
Chromosomal positions of the genes are indicated ipahel below. Seven TCs were localised to only

three loci on chromosome 5 suggesting the existencdyftoee leghemoglobin genes.
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3.8.2. Leghemoglobins are highly conserved at the nucleotidedd

The three symbiotic leghemoglobins show an overagjlisace identity of 82%
at the nucleotide level when analysed with the CLUSTA&Mbrithm. cDNA sequence
conservation between symbiotic and non-symbiotic henhaggdas between 34-40% for
LjNsgland 52-63% foLjNsg2 (Figure 3.8.2). As expected, a high degree of sequence
conservation is also evident on the protein level @&ko identity betweehjLB1 and
LjLB2 for example.LjLB3 shows less similarity tbjLB1 andLjLB2 with an identity
score of 80.5% on amino acid level. The non-symbiotiodgdobins are as similar to
each other (45%) as they are to the symbiotic pro{eiNSG1 34-37%;LINSG2 50-
57%).

Lj Lb1 T R
Lj Lb3 1 CTTGAGGCTC TTGACCAGAT CAACGAGCOC AAGAGGCCCT CAGACAAGCC ACTCAGGTTG TCTCCCTCGA ACC
Lj Lb2 T R
Lj Nsg2 T R
Lj Nsg1 1o A AATACTTTTC ACCAAACAAG AGTAGTAATC ACATCAATTC CACCATTTTC TCA

bl 1 .....CC GGACCEETE: CoIYNe] NWVE-TNY MECY . .. (CYY ECaies
LiLb3 74 CAGAGAT GOGASIARE OVl MUVE-TNC M. . [ . .. (CNYY ECciiies

b2 1. P AMAC-CAT AN A G A G GG T TCACT GOECAG
LNSG2 1 ST B BTRTERC TICANECH §ACCE

Lj Nsgl 55 CTTCACT TCCATEEONA TTCTCANISR MATTARAJMAC RAreTcddccC TTEEEACdAC ATERNTNs] €ARdXe

ST C: A RAIGCT 1 TAGIGGGTAGCT CARTAIGAAGCATIT CAAGCAAAARCCT TCCT AGCIAAIAGT G TSRTGTTCTACA
LjLhs 140 (SN EVESRRES TAICAACCA T CAAGEAAAN ERERiC
T CRGCT 817G GO0 AGLT CARTASGAARCATIT CAACHAAAARCCT 1CCT RS ANSAGT G111l GT T CTACH
Linsgz 43 EIE VTR [eCENEEe MEReCEMYY ARISSACIA CTORECHA ISR
LjNsg1 126 EE VESTEN [EETORICHER HECRECETEA TCRREARSR TTORCRIIA CTCERIAICA ABCHTITET

FET TR RENRCT 1T AT T RGABAAAGCRJCAGCT GCT AAGACATGTT R TCCT TTCT AAGTS T TCT R ACC

TR RN T T AT AT T CRCARAAACUICACCT Gt AJAGACATGTT CJTCCT TTCTAARAGLS T TCT IR ssC §
Ljtb2 130 [§ SCITAANEE EXEATAEAS SASIES T AGCASTCT I =T B
LiNsg2z 116 8 STEACESAN (ECERNIERs ECIRRITIEY RESICSHE] TCAGTESSG [
LjNsg1 201 T GANNIINEIT [EXERTTESTS SATEAESICR ERATIENES [STIICTIER EAEMEAY AGTTCCTTTG &

Ljtbl 204 CESACIERS [SESEITES: (ESTESIENS 7T
LjLbs 279 CESACHERS [EESEICER: (ESTERIES [T
Ljth2 196 MECATAEHS IIECASIEN TSETETES T [ESCIMIEMS [Iscll
i Nsg2 188 EECATRVENS THCRTSHCR ESSTRATCH SRS TS [SSERACTES [ESCCTIIEA [iAAG
LjNsg1 273 EECRCRECE SCARERISAR [ECTEAIESC ATETCTEIC IIETCANERS TTETERATS: [ESAESIIEN {50

UERPIAR Ol GoraaGT JACACTT A AT oG TR G G CRAT G TCAGAIAGCAGTT
Ljlbs 352 CESN AT T A AT o T AT oot GG
TN G GCAGAGT JACACT T AT oG TG GLT Gl s G TCAGA GG 1
Lj Nsg2 261 [ESN EARCIICEAR] SAATIESTTT CARETIEITTE ESiTAREICS MIECENE MICHEgA
LjNsg1 346 [EAEEC TECRMAREC ASTCICHCRE HATCAZESTT GARIAACCTR [ESREMiZocs MTATARATE TECHSIA
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T ERE VAN G CCCCCAT TR T CReGoT ot BT AMAGAAGCARCTGCT TAAAARCAGT ASACCERAGIEGT T Gl I ACAAAT]
RPN G G CCCCCA T T T CCeG0T ot T AMAGAAGCARCT GCT TAAAARCAGT ASACGRRAGCAGT T G RIACAAA |
Ltb2 333 [ (EATESTIENN) eTEEHES EMRENSSC SHESRiONY AGCAGT T OGRS CRAAT]
LjNsg2 334 CTf] [EATESSSAN ISCTESRET IAENIESC (SES Y SeTIAMIEER MESMVIICEE: €. AR
LjNsgl 410 [ETA FESCACSAE] [TEASEITEC ARRETTTESR SESICEITE SOMMER MESTEHACCT E. .. BARTE]

SRR A G G GOARI T T GAGCACTJGCT TGGGAGRTAGUR TAT G T GACTRGCASGCT GCAAT TARAGAGGCAA TR
TR GO G G GOARAT T GAGCACTJGCT T GGGACRTAGLS TAT G TGOACTRGCASGCT GLAAT TARAGAAGGLAATICH
R o G G CARe T CACCACRR T T GO CREAGU T AT AT GOACTAGCARACT GCAAT T ARAGAAGGLAAT
LjNsg2 404 (EEECENER] [CIENESAA] (ESINIEEER, IAESENIER MEXTIEEST EccE eI RUEEC €
LiNsgl 489 [EETCACOER EATERICRAT (ESAEECEC ARESTIENISR OXCSIEETC ECESTNIE MTCTEAN] &

b1 483 E ... ... TTGAARGTRGEAATAT A TACSCAIAART GOl T AR TAT Ttk T ARSI
Liths 558 ... ... T GG HGAAAT T IATACSCAAATCOOR TAAAIIECT T TAA | S
b2 478 ...... ..... R CEAT TR ST EACHOME MICECATAZA ATATT
LiNsg2 476 ... ... HIEY eI ECTCANTARY ORTRIETRT [TCACHARAR CHTETTAAZC TG

Lj Nsgl 561 EGOCATCA TCTTORIAER CHONETAIA] TCOLGETOAT GOIEMICCTE MECIICCTAR THAEGTTTEA TATHT

TETYIECE I NN | BT T ConTRA-BAACTTARTTACAAAT AN T TSR I T ATA T THGAAT AAA
Litbs 606 .. RN MMM . CTAGISTNY Y . (NS HECNN O .. - WicAD O - - DO SR

Ljitbz 539 TAZT MGARENTT A CTTCRT T A T AN (T L s IR T
LjNsg2 537 ATEN BOITTAQ]. . TORSATGETH M . TETIT HACSRETIER BAGCATIATE INCAISITATl EXCR
Lj Nsg1 634 GATRE RETEOOCCS [ECRCRTETH CRCARRCOGC AETETTIRES .. . WIATE BT ETENSET

LiLtbl 588 Y - . TEATSIEITC [EETTTTESAT GCCTTTCCCA TAGGGTTAAG GATGCCATTT

AT
Litb3 666 BN . [ IEAKSTE - - SRR ACASTRITOH EETTTCEE . ......oovv ceeees oo,
Ltb2 602 BN [ HEHSRA - HETEIC - o o oe et en e e

LiNsg2 606 [ . INBATIRG . ITRNIGTE ARCGEAIAAG - .o s e
LiNsgl 704 [N ABAOATRY AITERRER TETHEAAL EEGGATIESTA GGTTGTAAAG TGTTTGTATT CAACAATTCT

LjLbl 656 GGGTTTGGGT TTACCGTGCC ATTTGACACA TTTAACAGCG AAAACTTTTT ATAAGT. ... .......... ...
LI LD3 oo
Li LD oo
LINSG2 oo
Lj Nsgl 776 GTAATTGAAA GTAATTGTGT AAATTGTAGT GTTTATGTAG TTATTTACTT ATTTGATATT GAGGTGGTTG GTT

Figure 3.8. 2: Multiple nucleotide sequence alignment dive Lotus leghemoglobins.

Nucleotide sequences of the three symbiotic leghemogl@bjis1[TC14055],LjLb2 [TC14065],LjLb3
[TC14039]) were compared to the non-symbiotic hemoglohipesgcesl(jNsg1[TC16046] and_jNsg2
[TC10713]). The alignment was done using the ClustalW algoriimah results were shaded using
BOXSHADE software.

Phylogenetic analysis of the hemoglobin sequences ftotns japonicus
Arabidopsis thalianaOryza sativaand Medicago truncatulsshowed that these genes
can be divided into symbiotic and non-symbiotic genegufiéi 3.8.3). The symbiotic
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hemoglobin sequences dfledicago closely cluster with those dfotus japonicus
whereas the non-symbiotic hemoglobins of these spgoes with those of the non-
leguminous plantsArabidopsisthalianaandOryza sativa

LiNsG2 MiTCRO405

NLh2S ALHEZ

MITCFEIAT

NETCTESST LINSCT

iihe NIGLR?
b2

MITCTEETR

ALHEY

Dafih?
LiLad CsHbT

Osfited

Figure 3.8. 3: Phylogenetic tree of hemoglobins fromotus japonicus and other plant species.

Included in the un-rooted tree are #abidopsis thalianahemoglobinsAtHb1 (TC211680) and\tHb2
(TC199105); theOryza sativa hemoglobins, OsHbl (TC231324), OsHb2 (TC224250), OsHb3
(TC229216), OsHb4 (TC246382); the Medicago truncatula hemoglobins MtLb2 (TC76879),
MtTC76878, MtTC76551, MtTC76548, MtLb29 (TC77993), MITC76987, MtTC80488GIbl
(TC76971); and thd.otus japonicushemoglobins,LjLbl (AB042716), LjLb2 (AB042717), LjLb3
(AB008224),LjNsgl (TC16046),LiNsg2 (TC10713). Phylogenetic analysis based on protein sequence
was performed using the GenomeNet CLUSTALW server (Koyeentre: http://clustalw.genome.jp);
the grey shading indicates the two groups of symbiotic (Igglely) and non-symbioti¢dark grey)
hemoglobins.

3.8.3. Expression patterns of the different hemoglobin genes

To obtain a more accurate measure of transcript lef@isthe different
leghemoglobins irLotus gene-specific PCR-primers were designedLjabl, LjLb2,
LjLb3, LjNsgl and LjNsg2 Symbiotic leghemoglobins were almost exclusively
expressed in nodules (Figure 3.8.4). Expression in noduleshetaeen 2,400- and
5,700-fold higher than in roots or leaves. In contragtpatjh expression @fjNsglwas
highest in nodules, transcript levels in roots and leawss wnly 35- and 5-fold lower,
respectively, indicating a more global expression ofgkise. The other non-symbiotic
hemoglobinLjNsg2 also showed highest expression in nodules. Trandexipls were
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622- and 733-fold lower in roots and leaves than in nodut@sis€ript levels of the two
non-symbiotic hemoglobins were approximately 100-fold lowenadules than levels
of the symbiotic leghemoglobins (Figure 3.8.4).
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Figure 3.8. 4: Organ-specific expression of different heaglobin genes irLotusjaponicus.
Transcript levels for all symbiotic and non-symhkiotiemoglobins were determined by gqRT-PCR.
N=nodule (21dpi), R=unioculated roots, L=leaves. Data weenalised and expressed relative to

ubiquitin. Error bars indicate standard deviation (n=3).

Induction of hemoglobin gene expression during nodule develupweas also
measured by gRT-PCR. Transcript leveld_fifol increased ten-fold after one day of
inoculation with rhizobia and continued to increase har tirst two weeks of nodule
development (Figure 3.8.5). In contrast, transcript ewdlLjLb2, LjLb3 andLjNsg2
remained low in roots until day two after inoculationegafivhich levels increased to
over 10,000-times higher than in uninoculated roots. The ymbistic hemoglobin
LjNsglwas not strongly induced during nodule development (Figure 3Bxpyession
of these genes in non-incoulated control roots did nong#anore than one order of

magnitude during the whole experiment.
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Figure 3.8. 5: Expression of the leghemoglobin and non-symatic hemoglobin genes during
nodulation.

Relative transcript levels were measured in infectedsroehich eventually included nodules and
compared to those in uninfected roots by gRT-PCR and glottea log-scale. Data were normalised and
expressed relative to ubiquitin. Error bars represent thedatd deviation of three independent

measurements.

3.8.4. Molecular physiology of nodule leghemoglobins

Multiple sequence alignment revealed several stretohesore than 22 base
pairs with 100% DNA sequence identity betweginb1, LjLb2 andLjLb3, but no such
region of identity was found between the two non-sytibihemoglobins and the three
symbiotic leghemoglobins (Figure 3.8.2). Thus, an RNAIi appromas chosen to
investigate the physiological role(s) of the three sytibileghemoglobins usingjLb2
to produce hairpin RNAs (see Materials and Methods).

3.8.4.1. Selection of appropriate transgenic lines showing PTGffleghemoglobin
After transformation and regeneration, five independeaamstyenic lines were
obtained from which three cuttings of each were growrséad production (T0). Plants
from the segregating T1 generation were analysed phenallypias a nutrient
starvation phenotype was expected due to inefficient. &itgt, the nodules of all lines
were visually inspected as it was assumed that the fdesglemoglobins should lead to
the lack of the pinkish colour. This phenotype was olesk for lines 2 and 3. Those



Results 7

plants with white nodules also showed a reduced shoothlemgen grown under
symbiotic conditions (Figure 3.8.6) while no phenotype couldliz=rved when plants
were grown in the presence of nitrate-containing feetili#igure 3.8.10). These results
indicated a defect in SNF in LbRNA: lines 2 and 3.
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Figure 3.8. 6: Shoot and root length of independent transgec RNAI-lines.

Shoot (A) and root (B) lengths were determined from plgnbwn in the greenhouse for 10 weeks under
symbiotic conditions. Five independent lines, includingglises, were analysed in the experiment. Error
bars indicate the standard deviation of 3-6 individuahtsl (except #2-1where just one plant could be
used for the experiment). In case of lines 2 and 3, plaete pre-selected based on the nodule

phenotype.

Transcript levels of total symbiotic leghemoglobins evergnificantly reduced
in lines 2-1, 2-2, 3-2 and 3-3 whereas expression in alinasobf lines 1, 4, 5 as well as
in subline 3-1 were higher than in wild-type (Figure 3.8.®prEssion in subline 2-3
could not be measured due to technical problems. Tl plamegste 1:2:1
(homozygous:hemizygous:null) for the inserted LbRNAI ¢t in the case that a
single T-DNA insertion event occurred during transfornmatidhus, one out of four
plants in the T1 generation should exhibit wt levelieghemoglobins. As nodules from
more than the plants used for the phenotypical aisa{{sgure 3.8.6) were harvested
for RNA extraction it is possible that, in case o&li3-1, nodules from a null-plant were
included, leading to the high expression level in this lingue 3.8.7).

As lines 2-2 and 3-2 showed low expression levels of legh&rhins and an N-
deprivation phenotype under symbiotic conditions, thesss lwere selected for further

experiments.



Results 78

Relative expression level

] H
N S U S N S WS S R

-1 12 13 21 22 31 32 33 43 53 wt

Genotype

Figure 3.8. 7: Transcript levels of total symbiotic leghemogbins in all LoRNAI lines obtained after
tissue culture.

Nodule tissue was harvested at 28 days post inoculation ftmules from 3-4 plants were pooled prior
to RNA extraction and 3 technical replicates were medspez line. Error bars represent standard
deviation of the sample. Expression levels of leghemawgalbere normalised to ubiquitin and expressed

relative to transcript levels of leghemoglobin in thie w

3.8.4.2. RNAI mediated PTGS of symbiotic leghemoglobins gengeesssion
Expression of the LbRNAI construct in lines 2-2 and 3-2 éegreater than 97%

decrease in transcript levels for all three symbiogimdglobin gened (Lb1, LjLb2 and

LjLb3, Figure 3.8.8 A) in the T1 generation. In contrast, taps levels of the non-

symbiotic hemoglobins were far less severely reducéldoise lines (Figure 3.8.8 A).

3.8.4.3. LbRNAiI lines lack leghemoglobin and nitrogenase protei

Western blot analysis was performed to confirm theats of leghemoglobin protein
in LbRNAI lines 2-2 and 3-2. While the leghemoglobin protein watected in the
wild-type plants at 14 dpi using a specific antibody againsat Ipghemoglobin, no
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Figure 3.8. 8: Molecular characteristics of LbRNAI lines.

A: Symbiotic and non-symbioitic hemoglobin transcript levim nodulated roots three weeks after
inoculation of wild-type (black) and LbRNAI line 2 (lightey) and 3 (dark grey). Transcript levels were
normalised and expressed relative to ubiquBn.Leghemoglobins were detected by Western Blot
analysis in isolated nodules of the wild-type (wt) but the two LbRNAI lines (2-2 and 3-2). Lane M
shows markers of 14 and 18 kD@: Western blot detection of leghemoglobins (Lb, above) an
nitrogenase (NifD, below) in nodulated roots of wild-type (and LbRNAI line 3-2, from 7 to 21 days
post-inoculation (dpi). Western blot analyses were peddrafter SDS-PAGE of 20g protein.

leghemoglobin protein was found in nodulated roots (Figure X8.8r in isolated
nodules of the RNAI-lines (Figure 3.8.8 B). Using an amtjpbagainst the nitrogenase
NIFD subunit, it was found that tdIFD protein was absent in inoculated root material
of the RNAI-plants, but present in nodulated roots ddwype plants 21 dpi.
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3.8.5. LbRNAI plant phenotypes

3.8.5.1. LbRNAI plants are defective in symbiotic nitrogen Xation

LbRNAI lines 2 and 3 exhibited severely stunted growth comptareéde wild-
type under symbiotic conditions (Figure 3.8.10). The leaveth® LbRNAI plants
grown symbiotically with rhizobia but no external nitrogerere yellowish and
chlorotic, a phenotype similar to that of wild-typeamis grown in the absence of
external nitrogen and without. Other signs of N-deprivaiio LobRNAI lines grown
under symbiotic conditions were the increase in root/shdmt (igure 3.8.9) and an
increased anthocyanin content, manifest as purple pigmehe stems of the plants
(Figure 3.8.10). Furthermore LbRNAI plants flowered about @kselater than the
wild-type plants under symbiotic conditions.
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Figure 3.8. 9:Time course of shoot, root and nodule development in LbRNAi#ie 3-2 compared to wt.

Shoot (A) and root (B) length as well as nodule numBgpér root were determined 7, 14 and 21dpi.
Plants were grown on vertical plates for 2 weeks ledf@ing inoculated witM. loti.

root length [cm]
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Another indication of N-deficiency in LobRNAI lines waan increase in nodule number
for these plants compared to the wild-type 21 dpi (Figur®B.8pparently, lack of N-
supply from SNF in the LbRNAI lines prohibited feedback iitiobh of nodule
development in these plants. In contrast, growth ofNLARlIines on soil with mineral
nitrogen added was similar to that of wild-type plantsyas the time to flower (Figure
3.8.10). Thus, the symbiotic growth defect of LbRNAIi plantsn most easily be
explained by a lack of symbiotic nitrogen fixation, a cas@n supported by the
observed absence of the nitrogenase protein in noduldse dibRNAI lines (Figure
3.8.8 C).

Figure 3.8. 10: Symbiotic and non-symbiotic phenotypes of [RNAI lines.

A: Typical nodules of wild-type and LbRNAI plants 14 days dfteculation with rhizobia. The top two
images show whole and sectioned wild-type nodules, regplgctivhile the bottom pair depicts the same
for LbRNAI line 3-2. Note the absence of leghemoglobin ggtation in the LbRNAI nodule, but the
similar extent of dark-staining, infected cells in thatca zone of the nodule section. The scale bars
indicate 1 mm.B: Ten-week old rhizobia-inoculated plants. Three individudlswo independent
LbRNAI lines (2-1, 2-2, 2-3 and 3-1, 3-2, 3-3) are compared wijipiaal wild-type control. Plants were
grown in sand without added mineral nitrogén.Ten-week old uninoculated plants grown in soil with

nitrogen fertiliser. Three LbRNAI individuals are compated typical wild-type plant.

Although nodule ontogeny of LbRNAI plants proceeded nognfal the first 2-
3 weeks post inoculation, nodule expansion ceased 21 dppninast to wt nodules
which continued to expand after this time (Figure 3.8.11).l&Mhild-type nodules
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developed prominent lenticels (raised white stripes orstiniace of the nodule) these

were not evident on the transgenic nodules.

7dpi 10dpi 14dpi 21dpi

Lb3-2

Figure 3.8. 11: Time course of nodule development in vahd LbRNAI plants.
Plants were grown on vertical plates as described iteldh and Methods (section 2.3). The nodules
depicted are typical of those on wild-type and LbRNAI plaattdhe times indicated. The scale bar

indicates 1mm

3.8.5.2. Microscopical examination of LoRNAI nodules

To determine whether changes in growth rate of LbRNAI sd@4 dpi was
associated with changes in cellular organisation anolfeer microscopically visible
features, microtome sections of nodules from wild-tyyrel LbRNAI plants were
prepared. Microscopical analysis of sections from nadbhégvested 14 dpi and 21 dpi
showed that wild-type and LbRNAi nodules both had a sim#aucture and
organisation of the infected cells (appearing blue) and unedecells (appearing
white) (Figure 3.8.12). However, staining with Lugol solutionveaded the
accumulation of starch granules in uninfected cell& @®RNAI lines. Those granules
were found in wild-type nodules only after 21 dpi and starcliraalation was always
greater in the LbRNAI lines (Figure 3.8.12).
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Figure 3.8. 12: Cellular morphology of nodules from wt and bRNAI plants 14 and 21 dpi.

Nodules were embedded in plastic (Technovit) and cut intioasobf 5 pm thickness. A-D: wildtype
nodules; E-H LbRNAIi nodules. Bars indicate 1 mm (A, C,Ht,and 50 um (B, D, F, H). The
corresponding close-up is located to the right of each nodods-section.

3.8.6. Further characterisation of LbRNAI plants
3.8.6.1. LbRNAI lines contain less bacteria inside the naté

gRT-PCR was used to measure the relative bacterial gapulsize in RNAI
and wild-type nodules at 14 and 21 dpi. Population ‘size’dedasrmined by measuring
the amount of bacterial DNA per unit fresh weight, udf@R primers for the genes
SigA NifH andNifD.

Similar results were obtained for all 3 genes with gemgy number between
0.6-0.8 of wild-type in the RNAI lines tested (Figure 3.8.13hug; the bacterial
population inside nodules of the RNAI lines was slightiyalier than in wild-type
nodules but certainly viable as the increase in expressiwards 21 dpi indicates.
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Figure 3.8. 13: Relative bacterial population within wild-type and LbRNAI nodules 14 and 21 dpi.
DNA was extracted from isolated nodules and primed withe ggrecific primers for the bacterial genes
SigA NifH (Fe protein), andNifD (FeMo protein), as well as with oligo-dT for plant genBacterial
DNA contents were normalised to plant ubiquitin and expresslative to wild-type (=1); dpi=days post

inoculation. Error bars indicate standard deviatibthiee replicates.

3.8.6.2. Lack of leghemoglobins leads to increased free oxygeoncentrations
inside LbRNAI nodules

In view of the proposed physiological roles of legherabugis, it was of interest
to measure oxygen concentrations in LbRNAI lines. This d@ne using a needle-type
fibre-optic oxygen micro-sensor. Steady-state levelsfreé-oxygen were higher
throughout nodules of LbRNAI lines than for the wild-typentrols (Figure 3.8.14).
Wild-type nodules exhibited a steep oxygen-gradient fromstiméace towards the
centre of the nodule, with levels of 14.9% (x 5.5%) ofo@nt oxygen within 0.2
diameters of the surface, and below 1% ambient oxygendst ofithe central, infected
zone. In contrast, nodules from LbRNAI lines exhibitedhallewer oxygen-gradient
with 48% (+ 5.3%) of ambient oxygen at 0.2 diameters and nlegerthan 4.5% (z

0.7%), even at the center of the nodules (Figure 3.8.14).
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Figure 3.8. 14: Transects of free-oxygen in nodules.

Free oxygen concentrations in nodules from wild-typée¢f) and LbRNAI lines (open) are shown and
levels are expressed as a percentage of the concentratiir. The surface and center of nodules are
indicated on the x-axis by 0.0 and 0.5, respectively. Datatpaoepresent the mean (+/- SD) of
measurements in 11-13 independent nodules.

3.8.6.3. Loss of leghemoglobins affects the energy status of nied
To test if changes in oxygen concentrations have a&ctedin the energy status
of the nodules, ATP and ADP concentrations in nodufewilol-type and LbRNAI-

plants were measured using a cycling assay.
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Figure 3.8. 15: Adenylate levels in nodules from wild-typand LbRNAI plants.
ATP (dark grey) and ADP (light grey) concentrations eveetermined in 21day old nodules using a
cycling assay. AMP concentrations could not be measUError bars indicate standard deviation of 6

independent measurements on different samples.
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In nodules of wild-type plants, an average ATP conegiotn of 98 nmolx
gFW?* (+ 16) was measured while in LbRNAI plants the value was 57 Arg&W* (+
11). Concentrations of ADP in nodules of wild-type atRNAI plants were 40 nmod
gFW? (+ 10) and 105 nmok gFW! (+ 26), respectively. Thus, the total amount of
ATP+ADP was similar in wild-type and LbRNAI nodules, ithé ratio ATP/ADP was
4.5-fold higher in wild-type nodules. In other words, legbglobins appeared to be

necessary to maintain a higher energy charge in nodules.

3.8.6.4. Concentrations of free amino acids is altered in LoRN nodules

HPLC was used to measure the concentrations of fre@aaids in nodules of
LbRNAI and wild-type plants. Several amino acids wess labundant in the LbRNAI
nodules than in the wild-type including glutamate and aspsatwo major amino
acids that are exported from nitrogen fixing nodules (Figu8el6). LbRNAI nodules
also contained less alanine, argenine, GABA, tyrosinegpaedylalanine than wild-type
nodules. In contrast, levels of aspartate and glutamere not significantly changed.
Of those amino acids that gave significant p-valual; wyptophan and valine showed
increased concentrations in LbRNAI nodules compared to esdinbm wild-type
plants (Figure 3.8.16).
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wild-type LbRNAI line 3
amino acid average stdev average stdev p-value
Aspartic acid 6.69 112 584 095 0.192
Glutamic acid 57.30 8.53 43.04 7.94 0.013
Asparagine  295.11 18.05 60.01 15.08 0.000

Serine 10.37 180 12.39 3.20 0.250
Glutamine 562 1.02 487 121 0.300
Glycine 6.07 0.72 6.45 183 0.689

Homoserine 0.95 0.31 0.77 0.35 0.397
Threonine 459 0.56 6.04 1.55 0.086
Histidine 13.57 2.00 8.49 1.05 0.000

Citrulline 6.20 084 502 120 0.098
3-Alanine 222 073 135 0.44 0.024
Alanine 83.98 8.77 3536 10.05 0.000
Arginine 3.28 045 242 041 0.006
GABA 36.65 8.99 1241 457 0.000
Tyrosine 3735 6.09 2165 3.20 0.000
Valine 277 035 399 092 0.021

Methionine 044 0.17 060 0.25 0.289
Tryptophan 0.58 0.19 1.63 0.57 0.003
Phenylalanine 4.76 0.70 2.48 0.64 0.000
L-Isoleucine 258 041 248 0.71 0.784

Leucine 6.26 107 645 168 0.832
Ornithine 049 026 1.07 0.73 0.140
Lysine 359 061 342 0.72 0.690

Figure 3.8. 16: Amino acid concentrations in nodules of wvand LbRNAI plants.

Amino acids were determined by HPLC analysis in isolatedules at 6 wpi. Concentrations are
expressed as [pmel gFW?!]. Measurements were done on 5 and 10 independent biologicplesaim
the wild-type and LbRNAI line 3, respectively. Varianwas tested by one-way ANOVA analysis and

expressed as a p-value. All pairs with a p-value @05 are regarded as being significantly different.
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4.0. Discussion

4.1.Lotusjaponicus cDNA arrays- an important tool for functional genomics

Global transcript profiling in plants has developed rapidlyhe last few years
and has become an important tool for plant functional g&® Several technologies
have been used to study the transcriptome of diffeylamt species under a variety of
different conditions. The complete sequence of spd&e#rabidopsis thalianded to
the development of full-genome arrays such as Affyxetrchips and other
oligonucleotide chips. The first legume Affymettichip was recently developed for
Medicago truncatula(Mitra et al., 2004) which contains probes for 10K genes. A
similar chip forLotus japonicuss currently being produced.

Resources for large scale transcript profilind-otus japonicusvere improved
during this PhD project. The LJNEST (9.6K) and LjKDRI (11.6&)ays, together with
an 18K cDNA array described recently (Kouchi et al., 2084, the largest cDNA
arrays currently available fdrotus japonicudranscriptome analysis. Optimisation of
the hybridisation protocol in combination with improved toals éflata mining and
evaluation, which were developed in this project, fatditmore rapid transcriptome
analysis than ever before Imotus japonicus This makes our resources a valuable
component ofotus japonicugunctional genomics (Ott et al., 2006;pres3. The two
different arrays that we have produced complement ettt because of the different
origin of the cDNAs that were spotted on the filtéfee LJNEST arrays were so far
used for the identification of genes involved in nodule tgraent and function, e.g. to
study the differences between nodules induced by wild-type rhiapbiahose derived
from rhizobial mutantsags andlpsf2), or to study gene expression in the spontaneous
nodulation mutantsnfl, snf2 snf3 snf4that form empty, nodule-like structures. In case
of transcriptome profiling of thafrl andnfr5 mutants, which do not form nodules, the
LJKDRI arrays (whole plant ESTs) were preferred. Témme holds true for the
investigation of cadmium stress on rootsLotus japonicus Several genes that were
tested independently by gqRT-PCR confirmed the results fnenarrays indicating high
robustness of the data.

To improve handling of array data, all clones on thayarwere functionally
annotated using categories defined in the MIPS databasbke loase of the LINEST
arrays, TC numbers for all clones were also acquite@diwenables the user to evaluate
easily the reliability and reproducibility of the resulty comparing hybridisation
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signals for all clones belonging to the same TC (gem#&pR database fototus
japonicusversion 3.0). TC numbers have not been attached to R|Kdlones, as the
sequences of these clones were not released to thedW@Bubsequently implemented
into the TIGR database until very recently. The séwmods and database structure used
for LINEST arrays will soon be developed for the LjKDd&rays.

Real-Time RT-PCR (qRT-PCR) was used to confirm cDNAayrdata
indicating differential expression of interesting genas,it was shown to be very
accurate even at low expression levels of genes (Cuesti et al., 2004). gRT-PCR
was performed on several genes that were found todoeed in nodules compared to
uninfected roots including transcription factors, a lysophokpase, two carbonic
anhydrases, an ent-kaurene synthase A, a GA 2-oxibls24, LjSstl cOMT and the
symbiotic leghemoglobins (Figure 3.4.1). This confirmed daffidtial expression of
these genes that was found using the 5.6K NEST arrayeli@oh et al., 2004).
Comparable data were recently published using an 18K cDNA taayas hybridised
with labelled ss-cDNAs from nodulated roots of differetages (Kouchi et al., 2004).
The authors identified 1076 up-regulated and 277 down-regulated déaeg.of the
genes that were found to be induced during nodulation were idéstified and
confirmed during our experiments.

The gene encoding the potassium transporter LiKUP dextified in the first
set of arrays to be highly expressed in nodules (Colebattal., 2002a) but lower
transcript levels were also found in other plant orgé@nsnore detailed study of the
developmental regulation of this gene showed it to lmngty induced 14 and 21 dpi
(Figure 3.5.2). The induction kinetics suggests an involvememtdule function rather
than developmenper seas no significant induction of the gene was found onekwe
after inoculation when roots contained immature nodulg&up was also induced in
plants with defective nodules resulting from inoculatmith the rhizobial mutamifA'.

A similar situation was found when thetus japonicusnutantssym11(fix’) andharl-

1 (fix") were inoculated with wild-typ®l. loti but transcript levels were not induced in
sym6 a mutant which only makes small bumps and does not gewsddure nodules
(Desbrosses et al., 2004). During nodule development, ootitad and pericycle cells
undergo substantial expansion (and division), which reqlarge amounts of K not
only to maintain ion homeostasis, but also to provide tupgessure for cell growth.
Massive induction oLjKup gene expression during nodulation, and the location of the
protein in the plasma membrane indicate that LIKUP play an important role in cell
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expansion during the latter stages of nodule developmentisent with this idea were
observations that KUP homologs in plants are essduntiaell and tissue expansion
(Elumalai et al., 2002; Rigas et al., 2001). Continued, highession levels dfjKup in
mature nodules dfotus japonicuswhich because of their determinate nature cease to
grow significantly after maturity, indicate that the miat fulfils additional and/or
alternative functions during SNF. From these and otheritdats concluded that KUPs
may play an active role in ionic and osmotic homesstan cells ofLotus japonicus
(Desbrosses et al., 2004). The amenability@tus japonicudo reverse genetics will
enable us test the importanceLgfup in nodule development and SNF in the future.

A second nodule-induced transporter, LjSST1, was identifisihg cDNA
arrays (Colebatch et al., 2002a, Kouchi et al., 2004). Map belssihg of the
mutations osym13andsym81lrevealed that both mutants were affected in this stdpha
transporter geneljSstl shows a similar expression patternliKup (Figure 3.6.2).
Nodules ofsym13sym81lare not able to fix nitrogen, which indicates that3]3 plays
a crucial role in SNF. Data from proteome analysis irtdidhat this transporter is
located on the symbiosome membrane (SM) (Wienkoop amath&dn, 2003). This
suggests thakjSstl may be necessary to provide sulphate to the bacsertfidhe
localisation data can be confirmed, LjSS@uld be the first transporter of the SM to
be found that is essential for SNF. As it is, LjSS3 1he first nodule transporter to be
identified that is crucial for SNF.

4.2. Ascorbate and AOX

The function of ascorbic acid (ascorbate; vitamin c)xiil@tive stress responses
was first described for photosynthetic tissue but inmegears information on the role
of vitamin ¢ in non-photosynthetic organs like roots hasnbgathered (for review see
Noctor and Foyer, 1998). The main function of ascorbatdants is believed to be in
detoxification of ROS. However, recently there hasdaereasing interest in its role in
plant development and cell proliferation, processesalalinked to ROS-metabolism
(Horemans et al., 2003).

Ascorbic acid %’E dehydroascorbic acid

(O H,0,

Figure 4.2. 1: The ascobate oxidase reaction
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AOXs (EC-number: 10.1.3.3) catalyse the oxidation of asterto DHA and
the two electrons reduction o, @ water (Figure 4.2.1). They belong to the family of
blue multicopper oxidases that includes laccases, cerumipleend some other less
characterised enzymes (Santagostini et al., 2004). Rexqmonts indicate that the AOX
protein is located almost exclusively in the apoplast (Ykeraet al., 1998) where it
may play a role in the detoxification of gases likerezthat can induce oxidative stress
(Sanmartin et al., 2003). This hypothesis is strengthenetfiebfindings thatAox was
induced during elicitor treatment and wounding stress, whaeasluction of the gene
was found when methyl-jasmonate was applied to thetpl@Barcia-Pineda et al.,
2004). In addition, inducedox expression upon rhizobial infection was leading it to its
designation as nodulin2daVi(N23) (Gamas et al., 1996). An early study on crude
extracts of soybean nodules reported an ascorbatexggeroconsuming enzyme that
was hypothesised to be an ascorbate oxidase (Udvaatlj €086). However, detailed
studies on AOXs in nodules are yet to be reported.

In non-leguminous plants high expressionAafx genes has been reported in roots,
stems and flower buds as well as in fruits of melompkin, cucumber and orange
(summarised in Garcia-Pineda et al.,, 2004). Horemans andorkers showed in
tobacco BY2 cells that ascorbate concentrationgl@wated during cell division, while
concentrations of DHA decline (Horemans et al., 2003). l@nather hand reduced
ascorbate levels in the quiescent center of maize veats correlated with the absence
of cell division in an extended G1 phase (Kerk et200Q0). These data are consistent
with a role of ascorbate in the cell cycle. Intéregy addition of ascorbate to roots of
Allium cepaand Pisum sativumaccelerated cell proliferation (De Pinto et al., 1999;
Cordoba-Pedregosa Mdel et al., 2003; Potters et al., 2000C&enen Cordoba-
Pedregosa et al., 2003; De Tullio et al.,, 1999). So, ascorhdt®HA seem to be
involved in cell expansion and cell division.

Cross-linking of the cell wall components is required dymievelopment and
can be achieved using hydrogen peroxide, a product of the A@Xoreg@Figure 4.2.1).
This is supported by the finding that ascorbate can seree casfactor of cytosolic
prolyl-hydroxylase. This enzyme is involved in the biosyntheklsydroxyproline-rich
proteins that have key functions for cell wall structid@e Tullio et al., 1999).

Using the 11.6K LJNEST arrays, an ascorbate oxidg8ex1 (L]NEST98c11)
was found to be more highly expressed in infected roots 4evppared to 1 wpi. EST
analysis suggests the existence ofAbx genes inLotus japonicusvith two of them
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predominantly expressed in nodules (TC11125 and TC12917). Phylogeradysisanf
the sequences showed that these two proteins are mular $0 AOX proteins from
leguminous plants than non-legumes (Figure 3.7.1). Thighegevith their nodule-
induced expression pattern suggests that the®e genes may serve specialised
functions during SNF.

It was shown above th&jAox1 transcript levels are highest in nodules (Figure
3.7.4) and increased constantly over time during nodule devetagfigure 3.7.3), but
eventually declined as nodules aged (Figure 3.7.5). Simitarwdere obtained fronm
silico analysis using the  Medicago truncatula database
(http://medicago.toulouse.inra.fr/Mt/EST/ DOC/MtB.htm@Jlone MtC20102_GC was
identified to be the closest homologue of LJ]NEST98c11, &#hgpw1% identity on
nucleotide level. MtC20102_GC was found to be mainly expreisseddules with the
highest value in young nodules (0.41%. of the total libraryis Tconfirms the
classification of this gene as an early nodulin (Gaetaal., 1996). Taken together,
these results imply that the gene may be involved in eodieNelopment rather than in
nodule functiorper se

In order to address possible functiond #ox1 in nodules, spatial expression of
the gene was investigated using promoter-gus fusion. Locafipedegus-activity
around the endodermis of the nodule was found and implpeaalised function of
the gene product in this tissue (Figure 3.7.8) which is beliewecbntribute to the
oxygen diffusion barrier (ODB) in nodules. Using the membrpermeable dye lucifer-
yellow it was shown earlier that the endodermis fits@ght not function as an ODB
alone (Brown and Walsh, 1996). Recent findings suggest the ampioplspace,
especially when it is filled with water, to maintairygen diffusion resistance (Streeter
and Salminen, 1993, Witty and Minchin, 1994). Interestingly, A€¥yme activity
was reported to be mainly apoplastic (Vanacker efL@08). An active involvement of
LjAox1in limiting O, diffusion at the site of the ODB is very unlikely thss barrier is
rather physical than biochemical. Biochemical impaatlddde supported by AOX
activity that leads to the formation ot®, (Figure 4.2.1) which is known to play a role
in cell wall cross-linking. Such cross-linking could enhaptgsical strength of the
endodermal cell layer while it is also needed for noeaklopment.

Its possible apoplastic localisation makes the enzymse ah interesting
candidate to be involved in controlling cell cycle by regialy the availability and the
redox status of cellular and apoplastic ascorbate @oshawn in tobacco (Horemans et
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al., 2000). This is also supported by high expressiohjAdx1 in young, developing
nodules (Figure 3.7.5) and its spatial expression aroundothdenendodermis (Figure
3.7.8). It is likely that induction ofLjAox1 expression during the time-course
experiments (Figure 3.7.3) was observed as, in case ohéegdeveloping determinate
nodules, new nodules are continuously formed on the sggiem. But, when nodule
development was impaired using the rhizobial mutagg LjAox1 expression was
significantly lower in those nodules compared to nodtieg were induced by the
corresponding wild-type rhizobial strain (Figure 3.7.6). A elation ofAox expression
with plant growth was recently demonstrated in toba@@mnocchi et al., 2003).
Tobacco plants over-expressing an endogerdass by 40-times showed enhanced
growth and stem elongation compared to the wild-type argl5&old increase of
apoplastic DHA. Furthermore, the authors showed by usitigreit plant hormones,
which either enhanced or stopped growth, that expressitmsofene correlates with
these effects (Pignocchi et al., 2003). To which extesgd findings can be applied to
nodule development remains to be shown.

Different motifs were identified in the putative promotegion of LjAox1l
Among them were sequences that were described to be edvalvstress (MYB1AT
(Arabidopsis thaliang CCAATBOX1 from Glycine max and hormone responses
(CATATGGMSAUR (Arabidopsis thalianp and DPBFCOREDCDC3 fronglycine
may), in tissue specific expression (A ACACOREOSGLUBL fr@myza sativaand the
CAATBOX1 from Pisum sativutnas well as a putative binding domain for Dof-
transcription factors (DOFCOREZM) which was identified Zea mays All these
motifs were predicted by the PLACE-software, but ss@aexperimental approach was
taken to investigate roles of these putative matifglanta It was suggested previously
that Aox expression and activity in maize may be controlled bytaet hormone auxin
(Kerk and Feldman, 1995). Auxin was also described to be impomanodule
development (de Billy et al., 2001; Pacios-Bras et al., P8063hat it may be possible
that the putative motifs CATATGGMSAUR and DPBFCOREDCD&re involved in
hormonal regulation otjAox1 in nodules (Figure 3.7.9). The DOFCOREZM-motif
could also be a likely candidate for further experimemaestigation, as Dof-
transcription factors have been recently described gulate Aox expression in
pumpkin (Umemura et al., 2004). Two putative Dof-like traipsion factors were
found in the LJNEST cDNA library (LJ]NEST13al2 and LJNE&Jd2). Interestingly
LJINEST13al12 was found to be 2.4-fold (p= 0.03) induced in the sxperiment in
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which theLjAox1induction was observed. Further experiments have talevpossible

functional correlation between these genes.

4.3. Symbiotic leghemoglobins are indispensable for SNF

Large-scale EST sequencing projects and clustering ofse§dences into TCs
has provided insights into some of the major playersatainvolved in SNF ihotus
japonicus This is especially the case for highly transcribediutio genes like
symbiotic leghemoglobin genes which direct the synghesmillimolar concentrations
of leghemoglobin proteins in root nodules. Leghemoglobirs the most abundant

nodulins in legume nodules.

4.3.1. Expression of leghemoglobins

Leghemoglobins are encoded by multi-gene families (Figu&& and 3.8.3),
and each gene being highly expressed in noduléstas japonicugFigures 3.8.4 and
3.8.5). Expression analysis revealed three symbiotic leghlebia (Lb) genes to be
predominantly expressed lrotus japonicugLjLbl, LjLb2 andLjLb3) (Figure 3.8.1)
(Uchiumi et al., 2002). Symbiotic as well as the two -sgmbiotic {(jNsgl and
LjNsg?2 hemoglobins were mainly expressed in nodules and inductidimese genes
(exceptLjNsgl) were observed already 24 hours after inoculatiomefroots withM.
loti (Figure 3.8.5). Expression pattern and accumulation géritein were shown to be
similar to earlier findings (Sato et al., 2001).

4.3.2 Successful PTGS of symbiotic leghemoglobins

A reverse genetic approach was chosehdtus japonicusnodules to induce
post-transcriptional gene silencing (PTGS) of all tHegghemoglobin genes. Sequence
identity was high between the three symbiotic legheotmglgenes, with 6 stretches of
at least 20 bp with 100% identity, providing the potential ttuge PTGS to all three
symbiotic hemoglobins using RNAi technology (Figure 3.8.2) tBAfuse et al.,
2001a; Waterhouse et al., 2001b). A 401 bp long PCR fragmeneddromLjLb2 was
sufficient to silence transcripts of all three legbghobins leading to the lack of
leghemoglobin protein in nodules of the transgenic likégufes 3.8.8). In contrast,
transcript levels of the non-symbiotic hemoglobin gdgdlsgl andLjNsg2were only
slightly reduced in these plants (Figure 3.8.8). Thus, RNAvegut to be a powerful
technology to silence simultaneously several memboéra gene family with high
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transcript levels. Until now the use of RNAI in legesnwas restricted to PTGS of lowly
transcribed genes (Limpens et al., 2003) or of exogenougémes like GFP and GUS
(Kumagai and Kouchi, 2003; Limpens et al., 2004). Expressionuof LiDRNAI
construct in hairy roots dfotus japonicussilenced Lb genes in transformed roots but
not adjacent non-transformed roots (Figure 3.6.2) indicabiagRTGS does not spread
systemically within the root system, as found previouleimpens et al., 2004).
Spreading of PTGS to the shoot as reported before (Kainaagl Kouchi, 2003) could
not be tested because the Lb genes are not expregbedsimot.

4.3.3. The LbRNAI phenotype

Silencing of leghemoglobin genes lmotus japonicusnodules enabled us to
show for the first time that leghemoglobins are ipdissable for SNF irLotus
japonicus(Figure 3.8.10).

Transgenic plants lacking symbiotic leghemoglobin protdmsved the typical
above-ground symptoms of nitrogen starvation, including agtmn accumulation in
the stem, chlorotic leaves, reduced shoot growth (redawé&ernandes and Rossiello,
1995; Banba et al., 2001) and consequently an increase in root/gtioof{Figure
3.8.9). As no phenotypical difference was found when grgvi.bRNAI plants and
wild-type on full N-nutrition (Figure 3.8.10), it can be ctmed that the observed
phenotype is exclusively derived from the lack of reduced getmecompounds in the
plants. Therefore, symbiotic hemoglobins are not esdefdr non-symbiotic plant
growth and development.

Nodules of LbRNAI plants were white and arrested in ghoatound 14 dpi
(Figure 3.8.10 and 3.8.11), a phenotype also observed infotherdules (Banba et al.,
2001). In general, legumes react to non-functional nodijesnvesting no further
nutritional resources to those nodules and by inductiareaf nodules in an attempt to
overcome nitrogen deficiency. This was also the cakbRNAI plants: the increase in
nodule number between 14-21 dpi (Figure 3.8.9) correlated watfartest of nodule
growth at the same time (Figure 3.8.11). Although transgemiules were smaller than
wild-type nodules, there were no major morphologic#fieences between the two
types of nodules (Figure 3.8.10). However, the bacterial ptpalwithin the LbRNAI
nodules was reduced by 30% compared to wild-type nodules (F&8r&3). Thus,
although rhizobial infection and nodule colonisation appk#meproceed normally in
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LbRNAI nodules, restricted resource allocation to finmetional LoRNAI nodules may
have limited rhizobial proliferation.

4.3.4. Molecular physiology of symbiotic leghemoglobins

Given the proposed roles of leghemoglobins in oxygen trangpdriuffering
in nodules, based on their biochemical characteristWétegnberg et al., 1972,
Bergersen and Goodchil, 1973; Wittenberg et al.,, 1974; Bergel®9€) it was
important to compare free oxygen concentrations in geams and wild-type nodules,
as these roles have not been confirmedplanta until now. Using an oxygen
microsensor it was demonstrated that free oxygen ctmatiems in the transgenic
nodules were elevated compared to the wild-type (Figurel8.8.The lack of
leghemoglobin in LbRNAI nodules resulted in a shallower oxygeadient from the
epidermis to the center of the nodule, where condsntsa reached a minimum
compared to wild-type nodules. Unlike wt nodules, whichtamed a large central
region of very low oxygen where SNF occurs, LbRNAI neduexhibited a much
restricted zone of very low free oxygen concentrat{®igure 3.8.14). Gradients in,©O
concentration were shown previously in other tissuediftdrent plant species like in
rape and wheat seeds, where almost hypoxic conditiores fwend (Porterfield et al.,
1999; van Dongen et al.,, 2004). But, here it was demonstfateithe first timein
planta that free oxygen concentrations are altered whenisiliod leghemoglobin
protein synthesis.

The findings are in partial agreement with a model tlalressed changes in
free oxygen concentrations upon nitrate treatment of esd(Denison and Harter,
1995). The authors calculated that reducing Lb concentsatimr5% of the controls
would lead to increased,@oncentration in intercellular airspaces more thadx. The
model also predicted big increases in the steepness gra@ients within infected cells
in the presence of leghemoglobins. Those gradients waise shown by imaging
fractional oxygenation of leghemoglobin in yellow sweetetonodules (Denison and
Okano, 2003). However, Denison and Harter assumed unifofnco@centrations
throughout the intercellular airspaces (in order to sawveputing time), so the model is
silent with respect to the gradients that were obseirvevt and LbRNAI nodules in the
experiments presented here.

It was also demonstrated that the nitrogenase proteinab&ent in transgenic
nodules (Figure 3.8.8). It is likely that elevateg-d@ncentrations found in LbRNAI
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nodules, led to inactivation and loss of the oxygen teasnitrogenase protein. A
strong correlation of leghemoglobin content and nitrogerectivity in nodules was
suggested previously (Dakora, 1995).

Facilitation of oxygen delivery to respiring bacteroidghsught to be one of the
main functions of leghemoglobin. To test this, thergyestatus of nodules was
determined by measuring concentrations of ATP and ADP.ak shown, that total
adenylate levels were similar in transgenic and wild-typdules while the ATP/ADP
ratio was significantly lower in LbRNAI nodules due tglmer concentrations of ADP
and lower concentrations of ATP (Figure 3.8.15). AMP, whishally makes up only a
small proportion of the total adenylate pool, could not rbeasured in these
experiments. These results suggest that respirationredased in LoRNAI nodules,
although this remains to be confirmed by more direct measemts. The results are
consistent with a role for Lb in oxygen delivery to tencipal site of respiration,
namely the bacteroids. Reduction in the rate gic@isumption as a result of loss of
leghemoglobins in LbRNAI nodules could account for theraased steady-state, O
levels measured through these nodules. Thus, leghemoglayesr to be important
not only to enhance oxygen delivery to the sites ofiraspn, but also to maintain the
low oxygen concentrations required for SNF. High flux esatmediated by
leghemoglobin in combination with low concentrationgreé oxygen are therefore one
of the major differences to other plant organs, wh@sefree oxygen leads to inhibition
of respiration and a higher ATP/ADP ratio (Geigenberg@g3).

Using light microscopy it was shown, that the morpgglof LbRNAIi nodules
was largely unchanged. However, starch accumulationfoversl in uninfected cells of
those nodules (Figure 3.8.12). Such accumulation was akserved in other legume
mutants likecrinkle (Tansengco et al., 2003), aathl andfenl (Imaizumi-Anraku et
al., 1997) inLotus japonicusand in ineffective mutants of alfalfa (Vance and Johnson,
1983), soybean (Forrest et al., 1991), and pea (Novak &085b). The accumulation of
starch in amyloplasts in mutants ineffective in SNF iaths that plant-derived
photosynthates, which serve as an energy source fogeiirfixation, cannot be fully
consumed in those nodules (Postma et al.,, 1990). Thisolsably due to a lower
demand for carbon by the resident rhizobia as it was prelyichown that starch also
accumulated to higher amounts in soybean nodules hogtmgrhizobial mutant
LSG184 which lacks alpha-ketoglutarate dehydrogenase and exhiaedelitrogen
fixation activity (Green and Emerich, 1997). Another pabsiis that the TCA cycle,
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needed to provide electrons to nitrogenase, is slowed @odmresulting in feedback
inhibition due to lack of bacterial nitrogenase proteinn€gguently sucrose cannot be
further metabolised to malate but is deposited as startie iuninfected cells.

In general starch accumulation is known to occur in-leguminous plants, when
oxygen tension increases and storage metabolism to bmtedhunder low oxygen
conditions (reviewed in Geigenberger, 2003). This may provideadditional or
alternative explanation for the observed increase arcistaccumulation in LbRNAI

nodules.

4.3.5. Changes amino acid concentrations due to the lack of fuimmal SNF

From the findings discussed above it can be assumedcéhétal nitrogen
metabolism is severely affected in plants lacking legdgdobins in nodules. Elevated
levels of the amino acid asparagine in nodules contaihmghizobial mutan€CFNO37
(containing a Tn5mob insertion in the promoter regiorthef thiCOGE gene cluster
involved thiamine biosynthesis) compared to nodules withebelent wild-type strain,
were demonstrated previously (Silvente et al., 2003). lofleadf Phaseolus vulgaris
with this strain led to the formation of more effgetinodules compared to those
obtained after infection with the wild-type strain. 3l indirectly in agreement with
the changes in amino acids levels presented here (Rg8uES) if assumed that levels
of these amino acids are correlated with the effentiss of the nodules. Our findings
of lower concentrations of some major amino acids aso supported by studies on
enzymes like NADH-glutamate synthase (GOGAT) which ighlyi in roots and
nodules (Cordovilla et al., 2000). Silencing GOGAT in alfaléalules impaired carbon
and nitrogen metabolism in the nodules and resulted inutaitional starvation
phenotype with similar symptoms like chlorotic leaves attliced shoot growth as it
was reported for the Lb-RNAI plants here (Cordoba et2803). Therefore, decreased
concentrations of amino acids like glutamate and asperagyggest the absence of
SNF in LbRNAI nodules.
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5.0. Summary

During this PhD project three technical platforms werdnegi improved or newly
established in order to identify interesting genes involvedSNF, validate their
expression and functionally characterise them. An exjstb.6K cDNA array
(Colebatch et al.,, 2004) was extended to produce the 9.6K ONEfy, while a
second array, the 11.6K LjKDRI array, was also producedhé&unore, the protocol
for array hybridisation was substantially improved (Qttak, 2005,in press. After
functional classification of all clones according be tMIPS database and annotation of
their corresponding tentative consensus sequence (TI@8) tbNA arrays were used
by several international collaborators and by our groupg&ll et al., 2005n press.

To confirm results obtained from the cDNA array asa\different sets of cDNA pools
were generated that facilitate rapid qRT-PCR anabtysandidate gene expression. As
stable transformation oLotus japonicustakes several months, akgrobacterium
rhizogenedransformation system was established in the lab angtigroonditions for
screening transformants for symbiotic phenotypes wengraned. These platforms
enable us to identify genes, validate their expressiorfuaraionally characterise them
in the minimum of time.

The resources that | helped to establish, were usedllaboration with other people to
characterise several genes like the potassium transpgKep and the sulphate
transporter LjSstl that were transcriptionally induced in nodules compated
uninfected roots, in more detail (Desbrosses et al., 2004selret al.,submitteql.
Another gene that was studied in detail ig&ox1 This gene was identified during
cDNA array experiments and detailed expression analgs&ated a strong and early
induction of the gene during nodulation with high expressioyoung nodules which
declines with the age of the nodule. Therefajdpx1is an early nodulin. Promoter:gus
fusions revealed anLjAox1l expression around the nodule endodermis. The
physiological role ofjAox1is currently being persueda RNA..

Using RNA interference, the synthesis of all symisiddghemoglobins was
silenced simultaneously inotus japonicusAs a result, growth of LobRNAI lines was
severely inhibited compared to wild-type plants when pglantre grown under
symbiotic conditions in the absence of mineral nitrogeéme nodules of these plants
were arrested in growth 14 post inoculation and lackedhbeacteristic pinkish colour.
Growing these transgenic plants in conditions where redogeogen is available for
the plant led to normal plant growth and developmdriiis demonstrates that
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leghemoglobins are not required for plant developmentse and proves for the first
time that leghemoglobins are indispensable for symbiottiogen fixation. Absence of
leghemoglobins in LbRNAiI nodules led to significant inses in free-oxygen
concentrations throughout the nodules, a decrease igyesttus as reflected by the
ATP/ADP ratio, and an absence of the bacterial nitnage protein. The bacterial
population within nodules of LbRNAI plants was slightly regldicAlterations of plant
nitrogen and carbon metabolism in LbRNAI nodules wascttein changes in amino
acid composition and starch deposition (Ott et al., 2808epted in Current Biology
These data provide strong evidence that nodule leghemoglbiogon as oxygen
transporters that facilitate high flux rates of oxygemnhe sites of respiration at low free
oxygen concentrations within the infected cells.
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6.0. Outlook

As described above, the cDNA arrays produced here represahiable source
for Lotus japonicudunctional genomics. To guarantee easy handling of aritay data
mining tools should be further improved. This includes a ergupdate of the closest
homologue sequences identified by using the BLAST algorithmraptémenting new
TC annotations from TIGR into the database. This latep still remains to be made
for the LJKDRI arrays.

Despite the interesting developmental and spatial esiprepattern ot jAox1
the physiological function of the protein remains stiltlear. RNAi technology should
help to clarify its role in the future.

To determine whether LJAOX1 is present in the apoplast; bas been suggested for
other plant ascorbate oxidases, a full-length cDNAjabx1 will be fused to either an

HA-tag or to the green fluorescent protein (GFP) and sgpein transformed hairy
roots prior to immuno- or fluorescence localisation.eDat the localisation of the AOX

protein in nodules will help us to interpret any pheno@pithanges resulting from

LJAOX1-RNAI experiments.

Further work will be done on LbRNAI plants to exploree thmole of
leghemoglobins in plant and bacteroid differentiation mymodule development. The
LINEST arrays will be used to identify differencestie transcript profiles between
LbRNAI and wild-type nodules at different developmentalges. A focus will be on
the time around 14 dpi when nodule development seems éorésted, as well as after
21 days or 28 days when nitrogen is actively fixed in thie-type but not in the
transgenic plants. The same material will be used &abolic profiling using GC-MS.
These approaches should yield deeper insight into gldétzaiges in metabolism and
other cellular processes that depend on the preseneglanhoglobins. To determine
the role of leghemoglobins in bacteroid differentiatiarvariety ofMesorhizobium loti
reporter lines will be used which contain promoters ofkeragenesKixA, FixG, FixN,
FixV, NifA2 NifH) coupled to thdéacZ reporter gene. Expression, or lack of expression
of the reporter gene during nodule development will proindstu information on the
differentiation state of bacteroids (in collabooatiwith Clive Ronson, New Zealand).
To supplement this work, electron microscopy will be ugeddtermine the bacteroid
structure in LbRNAI nodules (in collaboration with Eulmes, UK)
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