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1.0. Introduction 
 
1.1. The importance of biological nitrogen fixation 

Nitrogen (N) is one of the major nutritional elements for plants and is cycled 

globally in the biogeochemical nitrogen cycle. There are a limited number of ways that 

nitrogen becomes available in soils for plant growth, including: Entry of oxides of N in 

rain produced by electrical discharge (lightening), biological nitrogen fixation of N2 to 

ammonia, and a similar industrial process which provides fertilizer N for agriculture to 

the tune of 80 million tonnes per anum (Vitoursek et al., 1997). 50-70% of the worlds 

biological nitrogen fixation (BNF), leading to a terrestrial input of 40-50 million tons of 

nitrogen per year (Vitoursek et al., 1997), is carried out by symbiotic nitrogen fixation 

(SNF), mostly between bacteria of the family Rhizobiaceae and legume plants. 

Ammonia produced by biological and industrial reduction of N2 can be used by most 

organisms. However, soil bacteria that derive their energy by oxidation of NH3 to nitrite 

(NO2
-) and nitrate (NO3

-) are so abundant that nearly all ammonia in the soil is quickly 

oxidized to nitrate. This process is called nitrification. Plants and bacteria can reduce 

nitrate to ammonia by the action of nitrate reductases (nitrate assimilation). Ammonia is 

used for the biosynthesis of amino acids in plants and other autotrophs, which are 

eventually consumed by heterotrophs, including humans. Microbial degradation of 

proteins after the death of organisms returns ammonia to the soil, where nitrifying 

bacteria convert it to nitrate and nitrite again. A balance is achieved between mineral or 

fixed nitrogen and atomospheric nitrogen by bacteria that convert nitrate to N2 under 

anaeobic conditions. In this process, called denitrification, soil bacteria use NO3 as the 

final electron acceptor in a series of reactions that generates a proton gradient for ATP 

synthesis. In addition to inorganic, oxidised and reduced forms of N, soil biological 

activity also turns over large organic molecules containing N, 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 angiosperms. With more than 

650 genera and 18,000 species, legumes are the third largest family of higher plants and 

are second only to grasses in agricultural importance (reviewed in Doyle, 2001). 

Legumes range from tiny herbs to giant trees, dominating many tropical rainforests. 

During symbiosis with bacteria of the root-colonising genera Rhizobium these plants 

form a novel organ called the root nodule that enables SNF. This feature makes legumes 
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relatively unique among land-plants. SNF in legumes was discovered in Germany over 

100 years ago (Hellriegel and Wilfarth, 1888). 

Ninety percent of all land plants are able to establish arbuscular mycorrhizal 

symbioses (AM) with zygomycete fungi, which provide plants with phosphorus and 

other nutrients. It is believed that AM symbiosis evolved 450 million years ago (MYA), 

at the time plants colonised the land (Brundrett, 2002). Root-nodule symbiosis (RNS) 

evolved much later, at around 65 MYA (Herendeen et al., 1999; Soltis et al., 2002). 

Today, RNS is confined to the clade Eurosid I that includes the orders Fabales, Fagales, 

Cucurbitales and Rosales. While the ancestors of nodulating plants might have had a 

predeposition for nodulation it seems possible that root nodules themselves evolved 

several times independently (Kistner and Parniske, 2002). Based on this genetic 

overlap, it is believed that features of the evolutionary older AM symbiosis were 

recruited during evolution of RNS (Albrecht et al., 1999; Gualtieri and Bisseling, 2000; 

Kistner and Parniske, 2002). 

After map-based cloning of several Sym genes including Nork (Nodulation 

Receptor Kinase) and Symrk (Symbiosis Receptor-like Kinase) genes (Endre et al., 

2002; Stracke et al., 2002) it was finally proven that common signalling components are 

required to establish both rhizobial and mycorrhizal symbioses (for review see: Albrecht 

et al., 1999; Kistner and Parniske, 2002). 

 

1.3. Bacteria-plant signalling prior to SNF: plant flavonoids and bacterial Nod 

factors 

Nitrogen limited legumes release flavone and flavonone compounds such as 

luteolin, a tetrahydroxyflavone, or daidzein, an isoflavone, into the surrounding soil. 

Each plant species produces a distinct mixture of flavonoids and isoflavonoids, and the 

quantity as well as the spectrum of the different compounds vary with age and the 

physiological status of the plant (for reviews see: Downie, 1994; Phillips and Streit, 

1996; Spaink, 2000). Such flavonoids are perceived by the rhizobia as positive signals 

to which they respond by the production and release of signalling molecules called Nod 

factors. Because Nod factors consist of an oligosaccharide backbone of β-1,4-linked N-

acetyl-D-glucosamine and a fragment of chitin inter alia, Nod factors are often called 

lipo-chitin oligosaccharides (LCOs). Rhizobial Nod factors elicit complex responses in 

legume root cells, including altered calcium fluxes and cell division (Felle et al., 1998; 

Albrecht et al., 1999). 
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1.4. Host specificity 

Rhizobia-legume interactions exhibit specificity, whereby rhizobial strains 

nodulate a limited range of legumes. For example, Mesorhizobium loti infects Lotus 

most effectively, Sinorhizobium meliloti induces nodule development on Medicago, 

Melilotus and Trigonella. Rhizobium leguminosarum bv viciae initiates nodulation on 

Pisum, Vicia, Lens and Lathyrus ssp. Closely related to Rhizobium leguminosarum bv 

viciae is R. leguminosarum bv trifolii , which nodulates only some species of clover 

(Trifolium). However, not all rhizobia-legume associations are this tight. For example, 

Rhizobium strain NGR234 nodulates 232 species of legumes from 112 genera tested and 

even nodulates the non-legume Parasponia andersonii, a member of the elm family 

(Pueppke and Broughton, 1999).  

Host specificity is determined in part by the Nod factors produced by different 

rhizobia, which differ in their R5 position of the reducing terminus of the Nod factors 

and other side-groups. Thus, mutations in Nod 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 typically begin by 

attachment of compatible rhizobial strains to root hairs, which lead to root hair swelling 

and curling, and to formation of a hook-like structure (sheperd’s crooks) (reviewed in 

Gage, 2004). Rhizobia enter root hairs via the infection thread, an invagination of the 

cell wall and plasma membrane, that provides access to underlying cortical cells of the 

root. Rhizobia inside infection threads are topologically outside the root hair, as the 

infection thread wall is contiguous with the cell wall of the root hair. In parallel to the 

infection processes that take place in the root hair, de-differentiation and activation of 

cortical cells below infected root hairs result in the formation of the nodule primordia 

(Brewin, 1991; Gage, 2004). During primordial development in determinate nodules 

divisions are observed in the outer cortical cells while in case of the formation of 

indeterminate nodules the cells of the inner cortex divide (further discussed below). 

Infection threads eventually penetrate root cortical cells and release rhizobia into 

the plant cells by endocytosis, resulting in a novel organelle called symbiosome. 

Symbiosomes consist of rhizobia surrounded by a plant membrane called the 

peribacteroid or symbiosome membrane (SM). Bacteria and symbiosomes continue to 
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grow and divide until host cells are packed with thousands of symbiosomes, each 

containing one or few bacteroids. Bacteroids are the differentiated nitrogen fixing form 

of the rhizobia. Results from biochemical and proteomic studies indicate that the SM 

harbours multiple transport systems that facilitate and control nutrient exchange 

between the plant cell cytoplasm and the bacteria (Panter 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 legumes (Figure 1.1). Determinate 

nodules lack a persistent meristem and are typically spherical, as exemplified by 

nodules on Glycine max (soybean) and Lotus japonicus. Determinate nodules are 

ephemeral and have a life-span of a few weeks. When old nodules senescense new 

nodules are formed when the root grows further (for detailed information see: Rolfe and 

Gresshoff, 1988).  

 

 

 

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

M= meristem; TI= thread invasion zone; ES= early symbiotic zone; NF= nitrogen fixing zone; S= 

senescent zone; NC= nodule cortex; NE= nodule endodermis; NP= nodule parenchyma; VE= vascular 

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

 

Indeterminate nodules have a persistent meristem, which results in nodules of 

cylindrical shape, as exemplified by nodules of Pisum sativum (pea) and Medicago 

truncatula. The apical meristem continuously produces new cells which become 

infected with bacteria provided from older cells. These nodules have a much more 

extensive vascular system than determinate nodules which surrounds 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 plant triggers downstream events 

to occur that are needed to establish the symbiosis. The receptor required for Nod factor 

perception was recently cloned in Lotus japonicus (Madsen et al., 2003; Radutoiu et al., 

2003) and Medicago truncatula (Limpens et al., 2003). Within seconds after Nod factor 

addition, intracellular movement of Ca2+, H+, Cl–, and K+ ions as well as membrane 

depolarization occurs (Ehrhardt et al., 1992; Felle et al., 1995; Felle et al., 1998; 

Kurkdjian, 1995). In the following minutes, changes in cytoplasmic Ca2+-concentrations 

and calcium spiking occur (Ehrhardt et al., 1996; Catoira et al., 2000), which are 

believed to trigger further downstream events, including changes in gene expression. 

However, details of these processes remain unknown. 

During nodule organogenesis large scale transcriptional and metabolic changes 

occur that set the scene for SNF. One of the major physiological changes during nodule 

developement is the reduction of free oxygen concentrations in the nodule tissue, which 

enables the oxygen sensitive enzyme nitrogenase to function. Leghemoglobins 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 best characterised 

nodulins, or nodule-specific proteins (discussed below) in legumes. They were 

discovered in 1939 by Hideo Kubo, who described a protein present in extracts from 

soybean nodules that showed similar spectral behaviour to the hemoglobins from 

humans and mammals (Kubo, 1939). Kubo also showed that bacterial respiration and 

oxygen consumption were enhanced in the presence of the hemoprotein. Since then, 

extensive research has been carried out on hemoglobins from many organisms, 

including humans, mammals, plants, yeast and bacteria (Wittenberg and Wittenberg, 

1990). Plant hemoglobins can be divided into three classes: The symbiotic hemoglobins 

(in the following text called leghemoglobins), the non-symbiotic hemoglobins (Bogusz 

et al., 1988; Trevaskis et al., 1997) and the truncated hemoglobins that are similar to 

non-symbiotic hemoglobins (Watts et al., 2001). Leghemoglobins are the most 

prominent proteins in root nodules and accumulate to millimolar concentrations in the 

infected cells of a nodule. Their backbone and the heme moiety of the protein are 

synthesised by the plant host (Santana et al., 1998). 



Introduction    
 

 

14 

The binding affinity of leghemoglobins was reported to be about 20-times higher 

than human myoglobin (Trent et al., 2001). The rate constant for O2 binding for soybean 

Lba was determined to be 130 µM-1s-1 and the oxygen equilibrium constant to be 23 µM-

1s-1 (Hargrove et al., 1997; Wittenberg et al., 1972). For respiration to occur in the 

presence of hemoglobin with a higher affinity for oxygen, a terminal oxidase is 

required. Indeed, km values for rhizobial cyctochrome-c-oxidase of 2-5 nM (Bergersen 

and Turner, 1993; Kuzma et al., 1993; Preisig et al., 1996) and of 20-44 nM for 

leghemoglobins (Appleby, 1984) have been reported. In addition, it was shown that the 

presence of leghemoglobin protein is directly correlated with respiration and 

nitrogenase activity (Dakora, 1995). These findings make leghemoglobins likely 

candidates for facilitation of oxygen diffusion at low oxygen concentrations in nodule 

cells. Nonetheless, the physiological role of leghemoglobins in nodules was not proven 

until now. 

 

1.7. Nodule oxygen physiology: Solving the oxygen paradox 

Low concentrations of free oxygen in the nodule tissue are necessary to protect 

the oxygen sensitive enzyme nitrogenase which is the key enzyme for symbiotic 

nitrogen fixation (Figure 1.2). On the other hand oxygen is essential for respiration and 

energy metabolism of rhizobia and plant cells in nodules. Solution of this apparent 

paradox requires low oxygen concentrations to be maintained around nitrogenase, but 

high fluxes of oxygen to the sites of respiration (Appleby, 1984). Leghemoglobins, 

which are present in concentrations of 3-5 mM in the cytoplasm of infected cells 

(Appleby, 1984; Becana et al., 2000), are believed to be important in both regards. The 

concentration of leghemoglobins in nodule cells is at least two-orders of magnitude 

higher than all concentration of free oxygen (5-60nM) (Hunt and Layzell, 1993), which 

means that the flux of O2 carried out by Lb is greater than that of free O2, despite the 

slower diffusion rate of Lb-O2. The high affinity of Lb for O2 also ensures that the O2-

concentrations are buffered at a low level. However, computer models estimated the 

buffering capacity of leghemoglobins in cells with normal leghemoglobins 

concentrations to be equivalent to only about 10 seconds of respiratory O2-consumption 

under normal conditions (Denison and Harter, 1995). The flip-side of this result is that 

Lb could rapidly become saturated with O2 if respiration is compromised, unless 

additional mechanisms exist to restrict oxygen entry into nodules (Figure 1.2). In fact, 

the presence of such restrictive site of oxygen entry in outer cell layers of nodules was 
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described in the early 1970s (Tjepkema and Yocum, 1974). The oxygen diffusion 

barrier (ODB) of nodules has been studied by a number of groups (Sheehy et al., 1985; 

Denison and Layzell, 1991; Webb and Sheehy, 1991; Witty and Minchin, 1998) leading 

to models of oxygen diffusion in nodules (Layzell et al., 1988; Denison, 1992; Moloney 

and Layzell, 1993; Thumfort et al., 2000). Several authors have concluded that the ODB 

is localised at the endodermis (Brown et al., 1997; Brown and Walsh, 1996; Streeter and 

Salminen, 1993; Witty and Minchin, 1994) 

 

 

 

Figure 1. 2: Free oxygen concentrations decrease towards the center of the nodule.  

Diffusion of oxygen into the nodules is blocked via an oxygen diffusion barrier (ODB). Inside the 

infected cells leghemoglobin proteins binds the free oxygen 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 by the oxygen sensitive, bacterial 

enzyme nitrogenase : 

N2 + 8H+ + 8e- + 16 ATP + 16 H2O → 2 NH3 + H2 + 16 ADP + 16 Pi 

Reduction of N2 requires an enormous investment of ATP and reducing 

equivalents, which are ultimately derived from oxidation of products of plant 

photosynthesis (see later). Another pre-requisite for SNF is a low-oxygen environment 

around the nitrogenase enzyme which is inactivated by free oxygen.  
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The bacterial nitrogenase protein complex is encoded by the NifH, NifD and 

NifK genes. The latter two genes encode the α- and the β-subunits of the FeMo protein, 

respectively, which functions as a heterotetrameric complex called dinitrogenase 

(component I). NifH produces the homodimeric Fe protein which is called dinitrogenase 

reductase (component II). The FeMo and the Fe proteins assemble to form the 

functional nitrogenase enzyme (for review see Fischer, 1994). Other genes are also 

required for SNF, such as FixL encoding a hemoprotein kinase and FixN which is 

believed to be an oxygen sensor. Nif and Fix genes in rhizobia are mostly organised into 

clusters of operons which are either located on megaplasmids, as in Bradyrhizobium 

meliloti or on symbiotic islands on chromosomes like in Mesorhizobium loti. It was 

shown that a mutation in any of the genes of the FixABCX operon leads to the inability 

of SNF. Therefore these genes are essential for a functional symbiosis (Earl et al., 1987; 

Gubler and Hennecke, 1988). Similar results were obtained for FixR and NifA, latter one 

is a positive regulator of several Nif and Fix genes (Thony et al., 1987). Most of the Nif 

genes are induced upon low oxygen conditions in the bacterial surrounding. This 

induction is mainly achieved by the action of the NifA gene product (Thony et al., 1987; 

Buikema et al., 1985). 

 

1.8.2. C- and N-metabolism 

The energy for nitrogenase activity in the bacteroids derives from 

photosynthesis in leaves. Sucrose from the shoot is thought to be the major source of 

reduced carbon for the nodules. It is delivered via the phloem and serves as an energy 

source as well as for supply of carbon skeletons, which are necessary for ammonium 

assimilation and export from nodules. Sucrose is metabolised mainly in the cytoplasm 

of cells in the infected zone of the nodule via the action of sucrose synthase which was 

shown to be active in nodules of soybean (Thummler and Verma, 1987), broadbean 

(Kuster et al., 1993) and Medicago truncatula (Hohnjec et al., 1999). Enzymatic and 

expression data indicate a higher capacity of glycolysis in nodules compared to 

uninfected roots, and enzymes involved in this pathway, including glyceraldehyde-3-

phosphate dehydrogenase, phosphoglycerate kinase and phosphopyruvate hydratase 

were found to be induced during nodule development (Colebatch et al., 2002a; 

Copeland et al., 1995; Copeland et al., 1989; Vance and Gantt, 1992).  
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Figure 1. 3: Schematic representation of metabolism and nutrient exchange between a nitrogen 

fixing bacteroid and the plant cell.  

As: amino acids; BM: bacteroid membrane; GS-GOGAT: Glutamine synthetase-Glutamate synthase; 

MDH: malate dehydrogenase; PBM: peribacteroid membrane; PEP: phosphoenolpyruvate; PEPC: 

phosphoenolpyruvate carboxylase; SS: sucrose synthase; TCA: tricarboxylicacid cycle (figure and legend 

from Lodwig and Poole, 2003) 

 

C4-dicarboxylates, rather than sugars or glycolytic intermediates are the primary 

carbon and energy source for bacteroids (Udvardi and Day, 1997). Dicarboxylates like 

malate are metabolized via the tri-carboxylic acid (TCA) in bacteroids (Bergersen and 

Turner, 1967; Kurz and Larue, 1977; Stowers and Elkan, 1983) (Figure 1.3) and 

mutations in genes of the bacterial dicarboxylate transport system lead to the formation 

of ineffective nodules (fixation minus mutants known as fix- mutants) (Ronson et al., 

1981; Finan et al., 1983; Arwas et al., 1985; Bolton et al., 1986; van Slooten et al., 

1992). Malate itself is produced in the plant from the glycolytic intermediate 

phosphoenolpyruvate (PEP), via PEP carboxylase which produces oxalacetate (OAA), 

and malate dehydrogenase (MDH), which converts OAA to malate (Figure 1.3). 

Transcripts of genes encoding these enzymes are typically induced in nodules (Xu et al., 

2003; Yoshioka et al., 1999). 

Ammonia produced by the bacteroids is transported to the plant cytoplasm, 

where it is assimilated by GS, GOGAT and asparagine sythetase (AS). Genes encoding 

these plant enzymes as well as their activity are amongst those that are induced during 
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nodule development (Cullimore and Miflin, 1984, Dunn et al., 1988, Cullimore and 

Bennett, 1988; Trepp et al., 1999a; Trepp et al., 1999b; Gregerson et al., 1994, 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 use of bacterial mutants 

(e.g. Ardourel et al., 1994; Earl et al., 1987; Gubler and Hennecke, 1988). Several of 

these rhizobial mutants were identified that lead to the formation of ineffective nodules 

upon infection of their host legume or are unable to induce nodule development at all. 

Tagging of mutant genes in rhizobia with transposable elements such as Tn5 led to the 

isolation of numerous genes with crucial roles in SNF. Similar genetic approaches are 

much more difficult in legumes. The genome of crop legumes such as pea and soybean, 

plants that have been used extensively for biochemical experiments for many years, are 

large, complex and cumbersome for genetic analysis and mutation mapping. In addition, 

reverse genetic approaches are likewise difficult in these species. 

To facilitate both forward and reverse genetics in legume research Handberg and 

Stougaard suggested the diploid (n=6) legume Lotus japonicus as a model legume 

(Handberg and Stougaard, 1992). The advantages of this species included a relatively 

small genome (472 Mb) and short generation time of 2-3 months. In addition, it can be 

genetically transformed stably and transiently with Agrobacterium tumesfasciens and 

Agrobacterium rhizogenes, respectively (Morris and Robbins, 1992; Yu and Shao, 

1991). Similar reasons were put forward by researches who were in favour of Medicago 

truncatula (Barker et al., 1990; Cook, 1999). One of the main differences between both 

model legumes is that Lotus forms determinate nodules while Medicago plants develop 

indeterminate nodules on their root system. 

Several mutagenesis projects have been initiated in the past where collections of 

mutants have been created that are affected at different stages of nodule development 

and function. These will be further discussed in section 1.11. 

 

1.10. Transformation of legumes with Agrobacterium rhizogenes (hairy root 

transformation) 

It is possible to transform Lotus japonicus using an Agrobacterium tumefasciens 

mediated gene transfer in order to obtain stable transformants that can be grown over 

several generations (Yu and Shao, 1991; Oger et al., 1996; Stiller et al., 1997). Stable 
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transformation now also seems possible in other legumes like soybean (Olhoft et al., 

2003), barrel medic (Medicago truncatula; Trieu et al., 2000), and Trifolium repens 

(Larkin et al., 1996).  

Legume transformation requires tissue culture that takes up to 6 months before 

transgenic shoots can be transferred to soil where they have to be grown for seed 

production. It might be possible to reduce this time down to 4 months using root instead 

of shoot material for plant regeneration (Lombari et al., 2003). To avoid the long time 

required for tissue culture, Agrobacterium rhizogenes can be used for so called hairy 

root transformation. While hairy-root transformation does not lead to germ-like 

transformation, it can be used to alter gene expression in nodules that develop on 

transformed hairy roots. This system has been extensively tested in legumes such as 

Lotus japonicus (Morris and Robbins, 1992; Webb et al., 1996; Stiller et al., 1997), 

Medicago truncatula (Trieu and Harrison, 1996; Boisson-Dernier et al., 2001), Sesbania 

rostrata (Van de Velde et al., 2003) and soybean (Olhoft et al., 2003) but also in non-

legumes such as Brassica napus (Downs et al., 1994), tobacco and potato (Schmulling 

et al., 1993). Recent improvements and developments in legume transformation are 

reviewed in Somers et al. (2003). 

To test the applicability of the hairy root system for the trapping of symbiotic 

genes, transformation experiments with binary vectors possessing a beta-glucurosidase 

(GUS) or a luciferase reporter driven by a cauliflower mosaic virus (CaMV) 35S 

promoter were performed. In this study Stiller and co-workers could detect a frequency 

of co-transfer of a binary T-DNA with a root-inducing (Ri) T-DNA of about 70% 

(Stiller et al., 1997). But, transient transformation develops a mosaic root system that 

makes it difficult to assess a phenotype (Limpens et al., 2004). Therefore this system 

still requires improvement. 

Thus, Agrobacterium rhizogenes mediated hairy root transformation might be a 

powerful tool for relatively fast screening of transgenic roots for nodulation phenotypes 

when introducing a construct to silence endogenous gene expression. Furthermore, it 

could be used for other applications like promoter-gus studies.  
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1.11. Isolation of legume sym-mutants reveals the function of several genes 

involved in bacterial perception and the infection process 

Establishing model legumes has led to a real revolution in the field of legume 

research as it became much easier to use techniques like map-based cloning to identify 

mutations and investigate the function of genes in these mutants. In recent years, many 

legume symbiosis (sym)-mutants defective in early steps of rhizobium recognition or 

nodule development have been identified (Figure 1.4; Schauser et al., 1998; Kawaguchi 

et al., 2002), including mutants impaired in root hair swelling, root hair curling and the 

formation of  infection threads (reviewed in Geurts and Bisseling, 2002; Gresshoff, 

2003).  

 

 

 

Figure 1. 4: Pathway defined by plant genes required for both bacterial and fungal symbioses.  

Genetic pathway required for symbiosis-related gene expression and symbiotic infection. Genes required 

for both root nodule symbiosis and arbuscular mycorrhiza (AM) define the common SYM pathway 

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

 

One of the first mutants identified showed an arrest in bacterial recognition 

(Schauser et al., 1999). It was shown that this mutant, called nodule-interception (nin), 

is blocked at the stage of infection thread formation and it did not exhibit extensive cell 

division in the cortical cells. Its orthologue (sym35) was later identified in pea (Borisov 

et al., 2003). The coding region of the nin gene is in part similar to transcription factors 

and it contains motifs that confer nitrogen-control on homologues in Arabidopsis 

thaliana (Schauser et al., 1999). 
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 Radutoiu et al. (2003) and Madsen et al. (2003) were the first to clone the 

putative Nod factor receptors NFR1 and NFR5 in Lotus japonicus. Mutants affected in 

Sym1 and Sym5 (Figure 1.4) do not show any responses towards the application of 

rhizobia and Nod factors. Positional cloning of these genes revealed that they code for 

LysM-type serine/threonine receptor kinases containing a transmembrane segment that 

is thought to anchor the NFR1 receptor in the plasma membrane. Furthermore a 

topology with two extracellular LysM receiver domains and an intracellular kinase is 

likely. Orthologs of these genes were also identified in Medicago truncatula and named 

LYK3 and LYK4 (Limpens et al., 2003).  

Map-based cloning of mutant sym genes led to the identification of other 

genes/proteins that are presumably downstream of the putative Nod factor receptors, 

including the receptor like kinases like SYMRK from Lotus japonicus (Stracke et al., 

2002) and its orthologues from Medicago tuncatula (NORK) (Figure 1.4; Endre et al., 

2002).  Calcium-spiking is a plant response downstream of Nod factor perception that is 

believed to be an integral part of this signalling cascade, which leads to nodule 

development. Several sym mutants that may be defective in calcium signalling 

downstream of calcium-spiking have been discovered and the defective genes of two of 

the mutants were identified recently. One of the mutants found in Medicago truncatula 

was named does not make infections 3 (dmi3). The mutated gene of dmi3 shows strong 

similarity to a calcium- and calmodulin-dependent protein kinase that can interact with 

free Ca2+ and calcium-bound calmodulin (Levy et al., 2004). Several other mutants have 

been identified and some of the affected genes were cloned (Schauser et al., 1999).  

Another group of legume sym mutants are able to develop nodules, but the 

nodules are ineffective. For instance, the Medicago truncatula sym1 mutant was 

reported to form small, round nodules in which the infection aborts in the outer cortical 

cells of the root. Other nodules developed to the normal elongated stage where bacteria 

were released but were unable to differentiate into nitrogen fixing bacteroids (Benaben 

et al., 1995). Two other mutants that are defective in infection are rit1 and bit1 both 

identified in Medicago truncatula (Mitra and Long, 2004). In these mutants, infection 

threads abort in the epidermal or outer cortical cell layers of the roots. Nevertheless, 

root primordial formation was initiated in these plants as small 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 suitable for map-based cloning of 

genes has accelerated the discovery of key genes for SNF. Importantly, both Lotus 

japonicus and Medicago truncatula are also amerable to transformation and therefore, 

reverse genetics, which should facilitate the functional characterisation of many other 

genes. Traditionally, reverse genetics has been done using antisense technology (e.g. 

Temple et al., 1998; Crespi et al., 1994) which leads to post-transcriptional gene 

silencing (PTGS) (de Carvalho et al., 1992; Waterhouse et al., 1998; Baulcombe, 2000; 

Matzke et al., 2001). 

New findings about the influence of small inhibitory and micro-RNAs on 

transcriptional regulation of gene expression led to the development of a new method 

called RNA-interference (RNAi) that can be applied in plants (Waterhouse et al., 1998). 

As this technique seems to have high potential for efficient PTGS new vectors were 

created and tested recently (Helliwell and Waterhouse, 2003; Fernando Carrari and Ben 

Trevaskis, personal communication). They contain two gene specific fragments in 

reverse orientation that are separated by an intron (Figure 1.5). Expression of these 

constructs leads to the formation of double stranded hairpin RNA that is targeted for 

degradation by specific endonucleases called Dicer (Waterhouse et al., 2001a; 

Waterhouse et al., 2001b). 

 

35S
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Figure 1. 5: An RNAi cassette that is typically used for this approach.  

In this case the flanking regions of the PCR fragment were converted to be usable for GATEWAY 

cloning. The construct is driven by a CaMV-35S-promoter and terminated by an OCS terminator after 

polyadenylation. 

 

Dicer produces 20-22 bp long fragments that are used for recognition of 

endogenous mRNAs that show identity to these short fragments (Metzlaff et al., 1997). 

Upon detection of the target sense-RNAs these are cleaved and further degraded 

(reviewed in Waterhouse et al., 2001a; Vaucheret et al., 2001; Vaucheret and Fagard, 

2001; Baulcombe, 2004). This technology enables reverse genetic approaches to silence 
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whole gene families rather than just a single gene of such family. If sequence 

conservation on nucleotide level is not high enough to identify stretches of 20 bp among 

different gene family members several small fragments can be cloned behind each other 

and than used for RNAi. 

There were no reports about the functionality of RNAi mediated PTGS available 

in legumes at the beginning of the thesis. However, for the reasons mentioned above, 

RNAi technology was tested in Lotus japonicus during this project. 

 

1.13. Nodulins 

Nodulin genes are those that are specifically induced during nodulation in 

plants. They are grouped into two classes: The early nodulins (ENODs) are induced 

within minutes of rhizobial binding and/or Nod factor perception. ENODs are believed 

to mostly serve a function during nodule development. The second group of nodulins is 

called late nodulins. These genes encode proteins that are thought to be involved in 

nodule function and rather than in nodule development per se. Their induction can be 

observed within days after inoculation of the plants with rhizobia. 

One of the best characterised early nodulins is the Enod40 gene, which is 

induced by Nod factors. Upon Nod factor treatment, expression of Enod40 is induced 

first in the pericycle and subsequently in dividing cortical cells and in all differentiating 

cells of the growing nodule primordium (Crespi et al., 1994; Gamas et al., 1996; Fang 

and Hirsch, 1998). Enod40 genes encode highly structured short ORF-mRNAs that 

seem to be involved in root nodule organogenesis (Campalans et al., 2004).  

Two of the earliest Nod factor induced markers are ENOD12 (Scheres et al., 

1990) and RIP1 (Peng et al., 1996, Cook et al., 1995). The latter may be involved in the 

breakdown of ROS during nodulation (Ramu et al., 2002). Both genes are associated 

with the pre-infection stage and might function in the cell wall modifications, which is 

observed upon Rhizobium infection or Nod factor treatment (Journet et al., 1994, Bauer 

et al., 1996, Ramu et al., 2002). Promoter-gus studies showed that Enod12 and Rip1 are 

expressed in nodule primordia as well as in root hairs (Terada et al., 2001; Bauer et al., 

1997; Peng et al., 1996). However, the physiological function of the ENOD12 protein, 

like most nodulins, remains unknown. Furthermore no phenotype has been described 

that results from silencing of the gene or from plants where the gene was knocked out. 

Other examples of early nodulins include proline-rich proteins ENOD2, 

ENOD5, ENOD10, ENOD11, PRP4 (Munoz et al., 1996), extensins 
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(ArsenijevicMaksimovic et al., 1997), glycine-rich proteins (GRPs) (Kuster et al., 

1995a; Kuster et al., 1995b; Schroder et al., 1997), an apyrase gene from soybean (Day 

et al., 2000), the clover nodulin dd23b (Crockard et al., 2002) and Nod6 from Medicago 

truncatula (Kapranov et al., 1997). The function of most of them remains still unknown.  

One of the major and probably best characterised proteins in nodules, the 

leghemoglobin protein (see section 1.7), belongs to the class of late nodulin genes. 

Other late nodulins include a carbonic anhydrase (Kavroulakis et al., 2000), PEPC (Hata 

et al., 1998), GOGAT (Temple et al., 1998) and sucrose synthase, which was named 

Nod100 (Kuster et al., 1993; Thummler and Verma, 1987). Those nodulins have known 

biochemical functions and are obviously involved in C and N metabolism. In contrast, 

no specific function could so far be assigned to other late nodulins such as LjNod16 

(Kapranov et al., 1997) and LjNod70 (Szczyglowski et al., 1998). 

Over the last three decades hundreds of nodulins have been identified. The first 

nodulins were found using nodule-specific antibodies (Legocki and Verma, 1980; 

Strozycki and Legocki, 1988). Nevertheless, this strategy only revealed the existence of 

a few nodulins. Other methods, such as differential display (Swiderski et al., 2000) and 

transcriptome analysis are revealing many more nodulins (Colebatch et al., 2002a; 

Fedorova et al., 2002). 

 

1.14. Legume functional genomics in the postgenomic era 

Although some of the tools of functional genomics existed and were applied 

before the completion of the first bacterial and eukaryotic genome projects, the 

discipline of functional genomics emerged largely in response to the challenge posed by 

complete genome sequences. This challenge is to understand the biochemical and 

physiological function of every gene product, and the complex interplay between them 

all. Global analyses of various levels of the molecular organisation have been facilitated 

by remarkable developments in high throughput technologies. These methods and 

recent developments in this area have recently been reviewed in our group (Colebatch et 

al., 2002b).  

Large scale EST and genome sequencing projects in different legumes provide 

huge datasets to study genome organisation and transcription in these plants. At the 

beginning of this thesis project about 36,000 EST sequences from Lotus japonicus were 

deposited in GenBank database (http://www.ncbi.nlm.nih.gov/dbEST/index.html). 

Upon submission of the thesis (01/05) 111,459 sequences were submitted for Lotus. A 
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similar increase in the amount of DNA sequence can also be seen for each organism 

represented in the TIGR database. 

Until a few years ago, gene expression analysis was confined to one or a few 

genes at a time, and it was virtually impossible to identify entire sets of genes involved 

in a common process that are co-ordinately regulated. Increased numbers of publicly 

available nucleotide sequences together with development of technologies for high-

throughput measurement of gene transcript levels have profoundly changed the way in 

which molecular biologists approach biological questions. Now it is possible to survey 

the expression level of thousands of genes in parallel, which not only enables 

identification of novel ‘candidate’ genes involved in a given biological phenomenon, 

but also reveals sets of genes and the corresponding biochemical processes that act in 

concert to achieve a specific biological outcome.  

Recently developed technologies for multi-parallel analysis of transcript levels 

include: massively parallel signature sequencing (MPSS); cDNA-AFLP; and DNA 

array-based methods (Aharoni and Vorst, 2001).  

At the beginning of this project there were only a very few  DNA array 

resources available for legumes world-wide including lupin, soybean, Medicago and 

Lotus (Fedorova et al., 2002, Endo et al., 2000; Colebatch et al., 2002a). Transcriptome 

analysis using DNA arrays enable us to identify nodulins in a more comprehensive way. 

During this PhD project, the number of publications with transcriptome data and the 

scale of the arrays used increased markedly (Thibaud-Nissen et al., 2003; Journet et al., 

2002; Kuster et al., 2004; Mitra et al., 2004; Colebatch et al., 2004, Kouchi et al., 2004).  

In our lab data from a small cDNA array was published at the time the project 

was started (Colebatch et al., 2002a). Using the 2.3K LjNEST cDNA array, transcripts 

of 83 different genes were found to be more abundant in nodules than in roots out of 

which 50 of these had never before been identified as nodule-induced in other plant 

species. Among those genes some are involved in plant defense responses and in 

detoxification of reactive oxygen species (ROS) and one may prohibit phytoalexin 

synthesis. The array experiments also revealed novel nodule specific genes involved in 

membrane transport (Colebatch et al., 2002a).  

EST sequencing and cDNA array projects were also running in other labs 

including at the Kazusa DNA Research Institute in Japan (KDRI) for Lotus and at the 

Institut National de la Recherche Agronomique (INRA) in Toulouse (Medicago). In 
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order to use the newly released EST sequences from the KDRI in 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 the first part was to 

improve resources for Lotus transcriptomics and molecular physiology which involved 

expanding the cDNA array resources and implementing methods for using RNAi 

technology for reverse genetic approaches. The second part of the project aimed to use 

methods of functional genomics to investigate the role and physiology of selected 

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

2.1. General Suppliers 
 
AGOWA, Berlin, Germany DNA sequencing 

Amersham, Braunschweig, Germany  Readiprime II DNA labelling system, NAP5 

columns, Hybond N+ membranes for cDNA 

arrays  

Applied Biosystems, Forster City, USA SYBRGreen reaction mix, Sequence 

Detection System 7900HT 

Beckman Coulter, Krefeld, Germany  LS-6500 Multi-Purpose Scintillation Counter 

Biometra, Göttingen, Germany UNO II PCR machine 

BioRad, München, Germany  Smart Spec 3000, BioRad Protein Assay Kit 

I, equipment for gel electrophoresis 

Bio Tek, Winooski, Vermont, USA Synergy HT microplate reader, KC4 

software, HPLC system with components 

522, 535, 560 

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

Peptone  

Duchefa, Haarlem, The Netherlands Gamborg B5 medium, B5 vitamins 

Eppendorf, Hamburg, Germany  Microfuges 5417, 5417C, 5417R, electronic 

and mechanical pipettes 

Eurogentec, Seraing, Belgium Oligonucleotides 

Fuji Photo Film, Düsseldorf, Germany BAS-1800 II phosphor imager 

Gibco BRL, Eggenstein, Germany  Geniticin 418 

Hartmann, Braunschweig, Germany Radioisotopes 

Heraeus Kulzer, Hanau, Germany Technovit tissue embedding kit 

Invitrogen, Karlsruhe, Germany  Oligonucleotides, Superscript III Reverse 

Transcriptase, NuPAGE- precast protein 

gels, -antioxidant, -LDS sample buffer, 

XCell SureLock Mini-Cell, XCell II 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, Düren, Germany  Porablot NY amp plus nylon membranes 

Merck, Darmstadt, Germany Standard chemicals 

Millipore, Schwalbach, Germany  Membranes for cDNA arrays 

New England Biolabs, Frankfurt,  Restriction endonucleases 

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, RNeasy Plant 

Extraction Kit, Oligo dT-primer, Nucleotide 

removal kit, DNA minipreparation kit 

Retch, Haan, Germany  Mixer Mill MM300 

Roche, Mannheim, Germany  NBT / BCIP tablets, T4 DNA ligase, 

Restriction endonucleases 

Schleicher & Schuell, Einbeck, Germany  Protran nitrocellulose membrane, Filter 0860 

Sigma, Deisenhofen, Germany  Standard chemicals, salmon sperm DNA, 

Ponceau staining for immunoblots, RNase 

free DNaseI 

 

Manufactor’s details of technical equipment that was used for cDNA array production 

are given in the specific section. 
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2.2. Growth media and major buffers 

(media used for stable transformation of Lotus japonicus are described in the 

corresponding section) 

 

¼ B&D medium (Broughton and Dilworth, 1971) 

14 g select agar were autoclaved in 1L water before 125 µl of sterile solutions A, B,C 

and D (sterile) and 100 µl of sterile 1 M KNO3 solution were added. 

 
solution  compound  molarity [µM] 
A   CaCl2 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 dH2O  

25 ml 20× AB Buffer  

25 ml 20× AB Salts 

 

20× AB Buffer (autoclaved)  20×××× AB Salts (filter sterilized) 

60.0 g K2HPO4    20.0 g NH4Cl  

23.0 g NaH2PO4-H2O    6 g MgSO4-7H2O  

dH2O to 1 L    3 g KCl  

0.26 g CaCl2-2H2O  

50 mg FeSO4-7H2O  

dH2O to 1 L (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) 

dH2O to 1 L 

 

SOC medium (autoclaved) 

5g Yeast extract 

20g tryptone 

dH2O to 1 L 

final concentrations of: 

10 mM NaCl 

2.5 mM KCl 

10 mM MgCl2 

20 mM MgSO4 

20 mM glucose. 

 

TY medium (autoclaved) 

5 g tryptone 

3 g yeast extract 

1 g CaCl2 

dH2O to 1 L 

 

YMB medium (autoclaved) 

0.5 g K2HPO4 

0.1 g NaCl 

10 g mannitol 

0.4 g yeast extract  

0.2 g MgSO4  x 7H2O 

dH2O to 1 L 
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YEB medium (autoclaved) 

5 g Bacto-Pepton 

1 g Yeast-Extract  

5 g Beef-Extract  

5 g sucrose 

493 mg MgSO4 x 7H2O 

pH 7.2  

dH2O to 1 L 

 

L0 medium (autoclaved) 

3.1 g Gamborg B5 Medium (Duchefa) 

pH was adjusted to 5.5 with 0.2 M NaOH 

3.5 g Gelrite 

dH2O to 1 L 

 

10 ×××× PCR buffer: 

0.5 M  potassium acetate 

1%  Tween 20 

15 mM  magnesium acetate 

0.35 M  TrisBase, pH 10.4 

0.15 M  TrisHCl, pH 4.8 

final: pH 8.4 

 

20 ×××× SSC 

3.0 M  NaCl 

0.3 M  sodium citrate 

pH 7.0 

 

SSarc buffer 

240 ml  Sarcosyl NL30 

200 ml  20× SSC 

8 ml   0.5 M EDTA, pH 8.0 

552 ml  H2O 
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Diluted SSarc buffer 

100 ml  SSarc 

2 ml   0.5 M EDTA, pH 8.0 

898 ml  H2O 

 

Formamide hybridisation buffer: 

40 mM  sodium phosphate buffer (pH 6.8) 

5 ×  Denhardt Solution (1g/l BSA fraction V, 1g/l Ficoll 400, pH 7.0)  

1%  SDS 

0.5%  BSA fraction V 

10 µg/ml Herring Sperm (denatured) 

50%  Formamide 

5 ×   SSC 

 

Alkaline buffer for removing radioactivity:  

0.4 M   NaOH 

0.6 M  NaCl 

     

Neutralisation buffer:  

0.5 M  Tris-HCl (pH 7.5) 

1 ×  SSC 

0.1 %  SDS 

 

CTAB buffer 

16.36 g  NaCl 

8 ml  0.5 M EDTA (pH 8.0) 

20 ml   1 M Tris-HCl (pH 8.0) 

4 g   CTAB 

H2O to 200 ml 

 

Gus-buffer 

50 mM  sodium phosphate-buffer pH 7.2  

10 mM  EDTA 

0.1%   Triton X-100 
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0.1%   Tween 20 

1.05 g/50 ml  K4(FeII(CN6)) 

0.83 g/50 ml  K3(FeIII (CN6)) 

0.5 mg/ml  x-Glc 

 

PBS buffer 

8 g/l   NaCl  

0.2 g/l   KCl  

1.44 g/l  Na2PO4 

0.24 g/l  KH2PO4 

pH 7.4 

 

The composition of the different sodium phosphate buffers is 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 were carefully washed 

six times with sterile water before being sterilised in a 2% sodium hypochloride solution 

for 10-20 minutes. Sterilisation time was dependent on the age of the seeds. Sterilisation 

was stopped when seed coats were bright brown in colour. Afterwards, seeds were again 

washed six times in sterile water and then placed onto sterile wet filter paper in a 

Petridish. Seeds were germinated for at least 3 days at 16/8 hours day/night cycle and 

22°C before being transferred onto squared Petridishes containing ¼ B&D (described 

above) for sterile cultivation or into pots containing soil or quartz sand into the 

greenhouse. When grown on agar plates, the upper third was removed before the 

medium was covered with a sterile wet filter paper. Seedlings were placed onto the 

upper edge of the filter and then grown vertically with the root area being covered with 

black plastic foil, in a phytotron (16/8 hours day/night cycle, 22°C). Plants were grown 

for three weeks before being inoculated with Mesorhizobium loti (strain NZP2235). The 

bacterial culture was grown for 2 days at 28°C on a rotary shaker in YMB (containing 

6.5% K2HPO4) or TY medium prior to application. 2 ml of the bacterial suspension 

were spun down at 6000 g using a bench top centrifuge and the pellet was resuspended 
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in liquid ¼ B&D medium. 800 µl of a 1:50 diluted bacterial suspension were applied to 

the roots of the plants. 

For time course experiments nodulated roots were harvested 0, 0.25, 1, 2, 7, 14 

and 21 days post inoculation (dpi). Non-inoculated controls were harvested 1, 7, 14 and 

21 days after being “inoculated” with water. For experiments where isolated nodules of 

different ages were used, plants were grown 2 weeks prior to inoculation with M. loti. 

Emerging nodules were labelled 1, 2, 3 and 4 weeks after inoculation by marking them 

with different colours on the plastic lid of the squared Petridish. Nodules were harvested 

4 weeks after inoculation according to their label in separate reaction tubes and frozen 

in liquid nitrogen immediately.  

To obtain tissue for analysis of organ specific expression of target genes, plants 

were grown for 3 weeks under symbiotic conditions using the vertical plate system. 

Organs were harvested separately from plants grown on 0.1 mM and on 5.0 mM KNO3. 

Control plants (non-inoculated) were grown only on 0.1 mM KNO3. 

The rhizobial mutants, cgs and lpsβ2 as well as the corresponding wild-type 

strain (Ayac 1 BII) were grown for 2 days in liquid AB medium (see above) containing 

30 µg/ml Gentamycin for the mutants. For this experiment plants were grown for two 

weeks prior to infection.  

 

2.4. cDNA arrays 

Two cDNA arrays were constructed. The first one contained PCR amplicons 

from 11,652 EST-clones (in vector pBluescript) received from the Kazusa DNA 

Reasearch Institute in Japan (KDRI). The second array contained 9,600 partially 

redundant EST clones, representing approximately 3,800 genes, from the library created 

at the Max-Planck-Institute of Plant Molecular Physiology in Golm, which were cloned 

into pSPORT and pBluescript (LjNEST) (Colebatch et al., 2002a). 

 

2.4.1. PCR amplification of cDNA clones 

Lotus cDNA clones were PCR-amplified either from E. coli colonies (11.6K 

LjKDRI clones) or from purified plasmids (9.6K nodule clones). For colony PCR, sets 

of 384 E. coli clones were grown over-night on solid LB-plates under the appropriate 

antibiotic selection, then inoculated into PCR reactions in 96-well plates. For PCR-

amplification from plasmids, purified DNA was diluted in H2O to approximately 50 

ng/µl and one microliter was used as template in the PCR reactions. For pSPORT and 
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pBlueScript vectors, the following LacZ gene primers, which flanked each cDNA insert, 

were used:  

LacZ1: GCTTCCGGCTCGTATGTTGTGTG  

LacZ2: AAAGGGGGATGTGCTGCAAGGCG.  

PCR was performed in 96 well plates in a reaction volume of 100 µl. A Master 

Mix of 1× PCR buffer containing 0.2 mM of each dNTP, 10 pmol Primer 1, 10 pmol 

Primer 2, 1.5 mM MgOAc, 1 unit Taq Polymerase, H2O to 100 µl) was prepared in 

appropriate amount and used for the reaction. The amplification programme was 95°C 

for 5 min; then 35 cycles of [95°C for 1 min, 65°C for 1 min, 72°C for 1.5 min] and 

finally one cycle of 72°C for 10 min. 

Four sets of 96 PCR reactions were combined into one 384 well plate following the 

pattern indicated in Figure 2.1, using a HYDRA96 Robbins Scientific Robotic system 

(BioRobotics, England). 

 

2.4.2. Array spotting 

The cDNA amplicons were spotted onto Hybond N+ nylon membranes using a 

BioGrid robotic system with a 384 gridding tool (BioRobotics, England). The spotting 

pins had a radius of 0.4 mm and each PCR reaction was transferred 10 times per spot, 

resulting in a total spotted volume of approximately 0.25 µl. Filters were saturated with 

0.5 M NaOH denaturation buffer during spotting, then incubated for at least 5 minutes 

in 1 M Tris (pH 7.5)/ 1.5 M NaCl neutralisation buffer. Finally, DNA was covalently 

linked to the membrane using a UV-crosslinker (UV Stratalinker 1800, Stratagene) at 

0.120 Joules. 

A total of fourty-two 384 well plates (16,128 clones) can be spotted onto a 20 × 

20 cm filter using the above robotic system. Each filter (tertiary grid) was divided into 

six secondary grids, which in turn contain 7 × 384 primary grids. Primary grids consist 

of a 4 × 4 pattern representing seven clones spotted in duplicates, an empty spot for 

quantifying the local background (LB), and a human desmin clone (D) used as a control 

for unspecific binding (Figure 2.1).  

 



Material and Methods    
 

 

36 

 
 

Figure 2. 1: Spotting scheme and clone distribution on the cDNA arrays. 

A: Schematic distribution of four 96 well PCR plates after their content has been transferred to one 384 

well plate. B: Tertiary grid: The whole filter was subdivided into six secondary grids. Seven 384 well 

plates were spotted per subarray (primary grid). C: All samples were spotted in duplicates within a 4 × 4 

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

 

2.4.3. Probe synthesis and array hybridisation 

2.4.3.1. Reference hybridisation  

Due to slight variations in PCR amplification and spotting efficiency it was 

necessary to estimate the amount of DNA applied in each spot. This was achieved by 

hybridising arrays with a 33P-labelled 13-mer oligonucleotide (5’-TTCCCAGTCACGA-

3’) complementary to the vector part of each amplified cDNA.  The signal obtained for 

each spot after washing of arrays provides a measure of the amount of DNA in that spot. 

Subsequently, each filter was used multiple times (up to 6 times) to measure 

transcript levels in different biological samples, in so-called complex hybridisations, as 

described in detail below.   

 

Pre-hybridisation:  

Filters were incubated at least 1 hour in 200 ml (1-2 filters) SSarc (see above) at 5°C. 
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Probe labelling and hybridisation (for 1-2 filters): 

 Reactions contained the following components: 

 

    60 pmol 13-mer oligonucleotide 

    3 µl  10 × T4 buffer (Roche) 

    50 µCi   γ33P-dATP 

    20 units T4 polynucleotide kinase  

    H2O to 30 µl 

 

Labelling reactions were carried out at 37°C for 30 min, then mixed with 10 ml SSarc 

before being added to pre-hybridised filters in 200 ml SSarc, and incubated at 5°C 

overnight. 

 

Filter Washing: 

Filters were washed at 5°C for 30 min in 200 ml (1-2 filters) SSarc buffer.  

 

Data capture:  

Each filter was exposed to a BioImager screen over-night and scanned the 

following day in a phosphoimager with a resolution of 50 µM × 50 µM and 16 bits per 

pixel. Evaluation of data is described below. 

 

Removal of radioactivity: 

Bound radioactive probe was removed from filters by incubating them twice in 

an alkaline buffer at 42°C for 30 min each time. Filters were then neutralised for 30 min 

at room temperature in neutralisation buffer (see above). Complete removal of 

radioactivity was confirmed by exposing filters overnight to a BioImager screen. An 

older procedure that was used during tests involved incubation of the filter for 2 times 

for 1 hour in 0.1 % SDS and 5 mM Na2PO4 (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 radioactive probes for array 

hybridisation. The radioactive signal associated with each spot on the array was used to 
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calculate relative transcript abundance, after normalisation for DNA amount in each 

spot. 

 

Pre-hybridisation: 

Different buffer systems were tested: Church buffer (0.25 M Na2HPO4, pH 7.2, 

5% SDS, 1 mM EDTA (Sambrook et al., 1989)), a commercial hybridisation buffer 

(Ambion) and a formamide based buffer system (included in the list of buffers at the 

beginning of this chapter). All filters were pre-hybridised for 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 by reverse 

transcription, as follows.  A solution of 10-25 µg of total RNA and 1.5 µg of 

oligo(dT)12-18 primer in 12.5 µl DEPC-treated H2O was heated at 70°C for 10 min to 

denature the RNA, then cooled on ice for 5 min.  Subsequently, 16 µl of cold probe 

labelling solution (see below) were added and the sample was incubated for a further 10 

min at 4°C. The mixture was then incubated at 42°C for 5 min before adding 1 µl of 

SuperScript III reverse transcriptase (200 units/µl; Invitrogen). The ensuing reaction 

was allowed to proceed for 1 hour at 42°C, before addition of 0.5 µl of 25 mM 

unlabelled dCTP, and further incubation at 42°C for 30 min. Reverse transcription was 

terminated via inactivation of the enzyme by heating at 70°C for 15 min.  

 

Probe labelling solution:   

  Total volume 16 µl: 

  6 µl 5 × RT buffer (Invitrogen) 

  2.5 µl  0.1 M DTT (final conc. 8.3 mM) 

  0.5 µl 25 mM mix of dGTP, dATP, dTTP (final conc. 0.42 mM) 

  1 µl RNase inhibitor (40 units/µl) 

     6 µl α33P-dCTP (10 µCi/µl) 

     

RNA template was finally hydrolysed by adding of 10 µl of 1 N NaOH and 

incubating the resulting solution at room temperature for 10 min, followed by 15 min at 

50°C. The probe solution was then neutralised by adding 10 µl of 1 N HCl and 2 µl of 1 

M sodium phosphate buffer (pH 7.2) and incubated at room temperature for 10 min. 
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Unincorporated radioactive nucleotides were removed by applying the probe to a silica 

column (nucleotide removal kit) and eluted in 200 µl elution buffer, following the 

protocol provided with the kit (QIAGEN). 

Labelling efficiency was determined by measuring the 33P radioactivity of 1 µ l 

probe in a LS6500 Scintillation counter (Beckman Coulter).  

 

Hybridisation: 

Between 5-15 million cpm of labelled cDNA was added to arrays to the pre-

hybridisation solution after being denatured at 95°C for 10 minutes and stored on ice for 

5 minutes afterwards. The filters were then incubated at 42°C for approximately 24 

hours (formamide buffer and Ambion buffer). Hybridisation temperature for Church 

buffer was 65°C. 

     

Washing: 

Non-specifically bound probe was removed by washing filters using the 

following procedure.  Filters were first washed for  

20 min in 100 ml 1 × SSC, 0.1% SDS, 4 mM sodium phosphate pH 7.2 at 65°C, then 

for  

20 min in 100 ml 0.2 × SSC, 0.1% SDS, 4 mM sodium phosphate pH 7.2 at 65°C, and  

20 min in 100 ml 0.1 × SSC, 0.1% SDS, 4 mM sodium phosphate pH 7.2 at 65°C. 

 

Data capture:  

Each filter was exposed to a BioImager screen over-night and scanned the 

following day in a BAS-1800 II phosphor imager (Fuji) with a resolution of 50 µM × 50 

µM per pixel (16 bits). Evaluation of data was performed as described below. 

 

Removal of radioactivity:    

Removal of radioactivity from the filters was carried out as described above (section 

2.4.4.1) 

 

2.4.4. Array image analysis and data evaluation 

After scanning imaging screens, images were imported into AIS (InterFocus), a 

commercially available program and analysed using a customised evaluation protocol. 
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Spot intensity values were exported into HARUSPEX (MPI-MOPP) and statistical 

analysis using the student T-test was carried out in this database. 

 

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

Plant organs were harvested and immediately frozen in liquid nitrogen in a 2 ml 

reaction tube. Two clean metal balls were added into every tube and frozen again. Plant 

material was then ground using a Retsch® mixer mill for 2 minutes. RNA was extracted 

from 100-200 mg ground tissue using an RNeasy extraction kit. 1 µl of the eluted RNA 

was run on a 1% agarose gel to check for degradation, and quantity was determined 

spectrophotometrically at 260 nm. 1 µg of total RNA was used for subsequent cDNA 

synthesis. Total RNA was mixed with 1 µl 10 × DNase reaction buffer and 1 µl DNaseI 

(1 U/µl) in a total volume of 10 µl and then incubated for 30 minutes at room 

temperature. After inactivation of the enzyme with 1 µl of 50 mM EDTA, 1 µl RNA 

was run on a 1% agarose gel again in order to check for RNA degradation. In addition 

Real-Time RT-PCR was performed on each sample to test for successful DNA removal 

using an intron- and an ubiquitin10-specific primer pair: 

har1intr2f: 5’- CCTGAAATGCCTATTCGTTGAG-3’,  

har1intr2r:  5’- CACAGCTTCTTCTGCATGCG-3’, 

LjUbi1f:  5’- TTCACCTTGTGCTCCGTCTTC-3’, 

LjUbi1r:  5’- AACAACAGCACACACAGCCAATCC-3’.  

Each PCR reaction was carried in out in a total volume of 10 µl containing 1 µl 

DNase treated RNA, 5 µl 5 × SYBR Green Reaction Mix and 4 µl primer mix (0.5 µM 

of each primer) using a 384-well Real-Time RT-PCR machine. 

After confirmation of successful DNA degradation, cDNA synthesis was 

performed using SuperScriptIII reverse transcriptase, following the protocol of the 

supplier (Invitrogen). All RT-PCR steps and calculations of relative transcript amounts 

were described previously (Czechowski et al., 2004).  

In order to detect bacterial transcripts, 1 µl of 10 pM of FeNif1R and MlsigAr1 

oligonucleotides were added in addition to oligo dT-primer during cDNA synthesis. 

Sequences of these and all other primers used for quantitative Real-Time RT-PCR 

(qRT-PCR) can be found in the appendix (Table 8.1). 

 

 

 



Material and Methods    
 

 

41 

2.6. RACE-PCR 

To obtain full-length cDNA sequence of Aox1 5’-RACE was performed. Total 

RNA was extracted from 3-week old nodules using an RNeasy kit and cDNA synthesis 

was performed with SuperscriptIII and the LjAox1-specific primer, LjAOXrace1r. 

Amplification of the 5’end of LjAox cDNA was performed with the 5' RACE 

PCR kit from Invitrogen following the manufacturer’s instructions. The first round of 

PCR was performed with the abridged anchor primer from the kit and a first LjAox1- 

specific primer. Nested PCR was then performed with the universal primer and a second 

LjAox1-specific primer, LjAOXrace2r. The PCR program used was: 2 min 95 °C; 35 

cycles of 95 °C for 15 sec, 58 °C for 30 sec, 70 °C for 1 min; and finally 70 °C for 10 

min.  The resulting single PCR product was cloned into the pGEM-T-easy vector 

follwing the manusfactor’s protocol and sequenced. 

LjAOXrace1r: 5'- GACATTATTAATGGCATACATAGTGCG -3'.  

LjAOXrace2r: 5'- GTAATCATCCCATTGAGGTGTGATAG-3'.  

 

2.7. DNA extraction 

200-300 mg of plant material was ground in liquid nitrogen before 300 µl of 

CTAB buffer (described above) were added. Samples were incubated for 30 minutes at 

60°C and mixed once during incubation. 300 µl chloroform:isoamylalcohol (24:1) were 

then added and the sample carefully mixed followed by 10 minutes centrifugation at 

6,000 g at room temperature. The upper phase was transferred to a new tube, 10 mg 

RNase per ml were added and incubated at 37°C for 30 min. Afterwards, samples were 

stored on ice for 5 minutes before 0.6 volumes of isopropanol were added and DNA 

was precipitated 1 hour to overnight at 20°C. The DNA was pelleted by centrifugation 

at 10.600 g for 10 min at 4°C, the supernatant removed, and the pellet washed with 70% 

EtOH. After 10 minutes centrifugation at 4°C supernatant was removed and DNA 

pellets were air dried at room temperature. DNA was resuspended in 50 µl 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 ascorbate oxidase a 

putative promoter region of 1046 bp was PCR-amplified using the primers: 

AOXprom1000fwd 5’-AAGCTTCTTGCTAGTTGGCTAATTTGC-3’ and  

AOX prom-rev 5’-GGATCCGTTGTTGCTTTTACTTGAAGA-3’.  
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The forward primer contained a HindIII restriction site while a BamHI site was 

introduced into the reverse primer. After PCR amplification of the promoter from 

genomic DNA and HindIII and BamHI restriction, the product was cloned into pBI101 

containing the gus-reporter gene 3’ of the multiple cloning site. After obtaining a 

correctly cloned promoter the construct was transformed into Agrobacterium rhizogenes 

which was used for hairy root transformation of Lotus japonicus (see below). 

 

2.9. Gus-staining 

Plant tissue was placed in an appropriate vessel and covered with Gus-buffer 

(described above). Samples were then placed in an vacuum apparatus and a vacuum was 

applied three times for 10 minutes each time. Afterwards, samples were incubated at 

37°C for 12-24 hours in the dark before being destained stepwise using 30%, 50%, and 

70% ethanol for 10 minutes per step. Tissue was then stored in 70% ethanol at room-

temperature. 

 

2.10. RNAi constructs and Agrobacterium transformation 

To create an RNAi construct for silencing the symbiotic leghemoglobins a 401 

bp long fragment was PCR amplified from EST clone LjNEST2H4 (accession number: 

BI416374) using the following primers: 

LjLgEntryF  

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTGGGTTTCACTGCACAGCAAG-3’  

LjLgEntryR  

5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCATAGGCTACTCCCCAAGCA-3’.  

The PCR amplicon contained several conserved regions of the symbiotic 

hemoglobin genes of appropriate length for induction of post-transcriptional gene 

silencing (PTGS). Therefore, PTGS of the other members of the symbiotic hemoglobin 

gene family was expected. The longest stretch of sequence identity with non-symbiotic 

hemoglobin genes was 16 bp, which were expected to be too short to induce PTGS of 

these genes. 

To produce an empty vector control, a 447 bp long fragment of the β-lactamase 

gene from the bacterial cloning vector pGEM-T-Easy was used for recombination: 

GW-bLACT1f 

GGGGACAAGTTTGTACAAAAAAGCAGGCTCGTCGTGTAGATAACTACGATACGG; 

GW-bLACT1r 

GGGGACCACTTTGTACAAGAAAGCTGGGTCAACTTACTTCTGACAACGATCGG.  
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In all cases, primers contained the recombination sites AttB1 and AttB2 for 

GATEWAY cloning. After PCR amplification using taq-polymerase, the fragment was 

gel-purified and 150 ng were used for the GATEWAY BP reaction to recombine the 

fragment into the entry vector pDONR207 containing a Gentamycin resistance in the 

plasmid backbone. The recombination reaction was transformed into the E. coli strain 

DH5α and grown at 37°C on LB plates containing 25 ng/ml Gentamycin over night. 

Positive clones were selected on the basis of a colony-PCR reaction as well as after 

restriction analysis of the purified plasmid using a plasmid minipreparation procedure. 

One selected entry-clone was sequenced before used for further reactions. For the 

subsequent LR reaction, 150 ng of the entry clone and 150 ng of pBINAR-RNAi 

(pBIN19 backbone with a converted GATEWAY cassette from pJawohl8) were used. 

After growing transformed E.coli strain DH5α at 37°C over-night on solid LB plates 

containing 50 ng/ml kanamycin, positive clones were selected by colony PCR as well as 

by PCR on isolated plasmids after mini-preparation. Universal primers were designed 

for this reaction that can be used for any insert in pBINAR-RNAi. Both recombination 

cassettes (forward and reverse; see Figure 1.5) can be amplified with the following 

primer combinations: forward cassette (CaMV35Sf and RNAi-intronF) and reverse 

cassette (RNAi-intronR and OCS-termR). 

CaMV35Sf :   5’-CCACGTCTTCAAAGCAAGTG-3’ 

RNAi-intronF:  5’-CTCTTTGAAACCGTTGACCCAT-3’ 

RNAi-intronR:  5’-GGTCAACGGTTTCAAAGAGAGAGA-3’ 

OCS-termR:   5’-TGCACAACAGAATTGAAAGC-3’ 

After successful confirmation by PCR and restriction analysis of the plasmid, 

the destination clone was transformed into either Agrobacterium tumefasciens (strain 

LBA4404) for stable plant transformation or into Agrobacterium rhizogenes (strain 

AR10) in case of a hairy root transformation (described below).  

1 µg of plasmid suspended in sterile water was mixed with ice-cold, 

electrocompetent Agrobacterium tumefasciens or Agrobacterium rhizogenes and placed 

into a electroporation cuvette (width: 0.1 cm). After application of an electric pulse (1.8 

kW), bacteria were immediately mixed with 1 ml YEB (Agrobacterium tumefasciens) 

or SOC (Agrobacterium rhizogenes) medium and grown for four hours at 28°C on a 

rotary shaker before 100 µl of the bacterial culture was spread on solid YEB plates, 

containing 50 ng/ml Kanamycin and 50 ng/ml Rifampicin. For growing Agrobacterium 

rhizogenes 100 µg/ml histidine was also added to the medium. Positive transformants 
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were selected by picking single colonies for further growth and for colony PCR. 

Bacterial colonies were resuspended in 10 µl of a 20 mM NaOH solution and incubated 

for 5 minutes at 37°C prior to PCR reaction. 2 µl of this suspension was used for a 20 µl 

PCR reaction. 

 

2.11. Stable transformation of Lotus japonicus 

Stable transformation of Lotus japonicus (Gifu) was performed as described 

previously (Thykjaer et al., 1997), with slight modifications. Seeds were sterilised as 

described above and placed in 0.15% agarose after washing. This mixture was spread on 

0.6% agar and incubated for 5 days in the dark at room temperature. Vessels containing 

the germinated seeds were transferred to 26°C and continuous light for one day. 

Afterwards, hypocotyls of at least 140 seedlings were separated from roots and shoots, 

placed in an over-night culture of Agrobacterium tumefasciens, and cut into about 4 

pieces while immersed in that culture. Sections were then placed on co-cultivation 

medium (sterile 1/10 B5 medium; 50 mM MES, pH 5.2 (sterile filtered); 1.2 mg/l 

kinetin; 1.2 mg/l dichlorophenoxyacetic acid (2,4-D), 0.1× B5 vitamins and 25 mg/l 

Geniticin (G-418)) that was covered with sterile filter paper. Control hypocotyls were 

sliced, incubated in sterile YEB medium, and placed on co-cultivation medium without 

antibiotic selection. Plates were sealed with parafilm and incubated for 7 days in the 

dark at 21°C before developing calli were transferred to selective callus medium (L0 

medium; 3 mg/l kinetin; 3 mg/l 2,4-D; 300 mg/l Claforan; 1× B5 vitamins; 2 % sucrose 

and 25 mg/l G-418). Callus formation proceeded for 20 weeks in continuous light at 

26°C before calli were removed from the remaining hypocotyls and placed on selective 

callus medium for another 7 weeks at 21°C and 16/8 hours light/dark rhythm. Next, 

calli were placed on shoot induction medium (L0 medium containing 10 mM NH4
+; 0.2 

mg/l BAP; 25 mg/l G-418; 1× B5 vitamins and 2 % sucrose) for 10 weeks before being 

transferred for at least 2 weeks onto shoot growth medium (L0 medium containing 0.2 

mg/l BAP, 25 mg/l G-418, 1× B5 vitamins and 2 % sucrose). Finally, calli with shoots 

were placed on shoot elongation medium (L0 medium containing 1× vitamins and 2 % 

sucrose) for 1-2 weeks before three outgrown shoots were cut off the 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 above (section 2.3). 13-15 

seedlings were placed in a square Petridish containing ½ B5 medium (½ B5 macro-and 

micronutrients; ½ B5 vitamins; 8 g/l Gelrite; pH 5.2) tilted in a slope way when they 

reached a length of 0.2-0.5 cm. The root was inserted into the medium in order to 

anchor the plant. Plants were grown for 3 days at 21°C before being transformed. 

Agrobacterium rhizogenes was injected into the stem of the plant using a fine needle. 

Bacteria were pre-grown on plates as described above (section 2.3) and resuspended in 

4 ml YEB medium to obtain a milky suspension. Infected plants were grown for two 

weeks before plants with visible hairy roots emerging from the injection site were 

placed in quartz sand and transferred to a phytotron at 21°C at 16/8 hours light dark 

rhythm for 3-4 weeks. Plants were inoculated with M. loti about 4 days after being 

transferred into quartz sand. 

When antibiotic selection was applied to the plants, wild-type roots were 

removed from plants two weeks after infection with Agrobacterium rhizogenes and 

plants were grown for a further 14 days on the ½ B5 medium (described above) 

containing 25 µg/ml G-418 before being transferred to quartz sand. Further growth was 

as described above. 

 

2.13. Immunoblotting 

20 mg of infected root or isolated nodule material were homogenised in liquid 

nitrogen and proteins were extracted in an ice-cold buffer containing 10 mM Tris (pH 

8.0), 14 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1 mM PMSF and 1 mM DTT. 

After centrifugation at 20,800 g for 15 minutes in a microfuge, protein concentrations of 

the supernatants were determined using the Bradford Protein assay by following the 

suppliers protocol (Biorad). 10-20 µg total protein was loaded onto a commercial 10 % 

Bis-Tris SDS polyacrylamide gel and separated at 100 V for 1.5 hours in 1× MES 

buffer. Proteins were blotted onto a PROTRAN membrane using the XCellII Blot 

Module (Invitrogen). The blot was performed in a 1× transfer buffer (25 mM Tris-Base 

(pH 8.0); 190 mM Glycine) for 2.5 hours at 400 mA and 4°C. Equal loading of the lanes 

and the quality of transfer were checked by using Ponceau Staining of the membrane.  

The membrane was blocked with PBS buffer (described above) containing 2 % 

w/v BSA for at least one hour at room temperature before primary antibody was added. 

Hybridisation was carried out overnight at 4°C. Before adding the secondary anti-rat 
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antibody with an IgG-AP conjugate, membranes were washed for 10 minutes in PBS 

buffer with 0.1 % Tween 20 and then in PBS buffer containing 0.1 % Tween and 1 M 

NaCl. After incubation of the membranes for 1-2 hours with the 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 30 ml water) for 5-30 

minutes. The reaction was stopped by placing the membranes in PBS buffer. 

Antisera against soybean leghemoglobin was kindly provided by N. Suganuma 

(Aichi University of Education, Japan) and the antiserum against component I of the 

nitrogenase protein was generously provided by T. Bisseling (University of 

Wageningen, The Netherlands). Both primary antibodies were diluted 1:10.000 and the 

secondary anti-rabbit antibody (1 mg/ml) was diluted 1:5000 in blocking solution prior 

to application.  

 

2.14. Oxygen measurements 

Oxygen concentrations were measured in intact, 3-week old nodules using a 

needle-type fiber-optic oxygen microsensor with a tip diameter of less than 50 µm. The 

location of the tip within the nodule was derived from the scaling of the 

micromanipulator with which the sensor was pierced through the tissue. 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 provided with 

the chemicals after stepwise dehydration of the material in 50%, 70%, 90%, 95%, 100% 

ethanol. Embedded plant material was cut to a thickness of 5-15 µm using a RM2155 

microtome (Leica). Dried sections were stained in 1% Toloudine Blue solution for 2 

minutes and rinsed with water afterwards. Starch granules were detected by staining the 

sections in Lugol solution (13 g/l iodide; 20 g/l potassium iodide) 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 described previously 

(Gibon et al., 2002). To measure ATP-concentrations, aliquots of extracts (5 µl) or 

standards (0-50 pmol) were dispensed directly into a microtiter plate, followed by 95 µ l 

of 100 mM Tricine/KOH buffer (pH 8.0) containing 10 mM MgCl2, 2 units glycerol-3-

phosphate oxidase (Gly3POX), 130 units catalase, 0.4 units glycerol-3-phosphate 

dehydrogenase (Gly3PDH), 0.05 units triose-phosphate isomerase, 1.3 mM NADH and 

2 mM 3-PGA. The sample was mixed and absorbance was measured at 340 nm for 20 

min until V1 was stabilised. This was followed by addition of 0.05 units of 

Glyceraldehyde-3-phosphate-dehydrogenase and 0.05 units of phosphoglyceraldehyde 

kinase. The sample was mixed and absorbance was measured at 340 nm for 20 min until 

V2 was stabilised. 

ADP-concentrations were determined in a 200 µl reaction containing 60 µ l 

Tricine/KOH buffer (pH 8.0), 0.1 units pyruvate phosphate dikinase and 0.05 unit 

pyrophosphatase. 1 µmol inorganic phosphate and 2 µmol pyruvate were added to 20 µl 

of extract aliquots or the ADP standard (0-50 pmol). Mixtures were incubated for 50 

min at 30°C before being heated for 5 min at 95°C. Samples were put on ice to cool and 

collected using a microcentrifuge. Supernatants were transferred to a microtiter plate, 

and 20 µl of 200 mM Tricine/KOH buffer (pH 7.8) containing 0.05 units glycerokinase, 

2 units Gly3POX, 0.4 unit Gly3PDH, 130 units catalase, 0.12 µmol NADH, 0.25 µmol 

glycerol and 50 pmol ADP were added. Absorbance was read for 20 min at 340 nm 

until V1 stabilised, then 2 units myokinase (in 100 mM Tricine buffer) were added. 

Absorbance was monitored for further 20 min at 340 nm until V2 stabilised. 

2.17. Determination of amino acids 

20 mg fresh weight of nodule tissue was ground in liquid nitrogen and extracted 

with 250 µl 80 % ethanol for 20 minutes at 80°C. After centrifugation at 20.800 g the 

supernatant was removed and kept and the pellet was extracted again with 250 µl 50 % 

ethanol for 20 minutes at 80°C followed by a second centrifugation. 150 µl of 80% 

ethanol was added to the remaining pellet and incubated for further 20 minutes at 80°C 

after the supernatant was transferred into a fresh tube. The supernatants were combined 

and later used for HPLC analysis of the amino acids after 2 mM HEPES (pH 7.5) was 

added to the total sample. 

For derivatisation 35 µl of sample were transferred in 300 µl sample vials 

(closed with SnapCaps, to prevent evaporation due to the high temperature in the HPLC 
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room). 35 µl of o-phthalic acid di-aldeyde (OPA) reagent was added to each sample. 

After 1.5 min the mixture was injected into the HPLC. Preparation of the OPA reagent 

was as follows: 25 mg OPA were dissolved in 500 µl methanolto which were added 4.5 

ml 0.8 M borate buffer, pH 10.4 (12.37 g boric acid solved in 250 ml water, adjusted 

with about 4 g KOH to pH 10.4) and 50 µl 3-mercaptopropionic acid. 

 

Analytical conditions: 

Wavelengths of fluorescence: excitation 330 nm; emission 450 nm 

Standard: 10/20 µM and 20/40 µM amino acid mixture 

Calibration: external standard 

Column: Hypersil-ODS (C-18) 3µm; Rent-a-column (Knauer B118Y164) 

 Pre column: Hypersil-3µm, self filled 

Flow rate: 0.8 ml/min 

Injection volume: 20-50 µl 

Buffer A: 1000 ml (8 mM Na2HPO4 pH 6.8 (with 40% H3PO4) + 4 ml tetrahydrofurane) 

Buffer B: 250 ml (46.73%) 40 mM Na2HPO4 pH 6.8 (with 40% H3PO4); 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 
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3.0. Results 

A significant part of this PhD project was devoted to resource and methods 

development for functional genomics of Lotus japonicus, which is described in the first 

section of this chapter. These tools were used subsequently to characterise in detail a 

nodule-induced ascorbate oxidase, and three symbiotic leghemoglobins. The results of 

this work are presented in sections 3.7 and 3.8, respectively. 

3.1. Extension of Lotus cDNA arrays 

At the start of this project, two sets of partially redundant cDNA arrays had been 

produced by Gillian Colebatch, which led to the identification of a large number of 

nodule-induced genes in Lotus (Colebatch et al., 2002a). However, neither of these 

arrays incorporated all the available nodule cDNAs that had been sequenced as part of 

the EST-project in our group, or the large number of other clones from EST-projects 

elsewhere. To make full use of these resources, Lene Krusell and I produced nylon 

arrays containing all 9,600 Lotus nodule cDNAs from our EST collection, and a second 

set of arrays containing a non-redundant set of 11,652 clones obtained from the 

Japanese EST program. Because of intermittent problems with removing radioactive 

probes from hybridised filters, a more robust method was developed to enable 

‘stripping’ and re-use of the filters (Ott et al., 2005; in press). Finally, to accelerate data 

mining from these arrays, considerable effort was also put into 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 present in either pBluescript or 

pSPORT. Of the 100 × 96 clones sequenced from these two libraries, 8,554 yielded in 

high-quality sequences, which were deposited in GenBank, and later incorporated in the 

Lotus database at TIGR (version 3.0). Our EST-collection was maintained as both 

glycerol stocks of E. coli and as solutions of purified plasmid, each in 96-well format. 

The latter was used as template for PCR to produce sufficient amounts of dsDNA for 

robotic-spotting onto nylon membranes (see Material and Methods). A small aliquot (5 

µl) of each 100 µl PCR reaction was run on an agarose gel to monitor PCR efficiency 

before each reaction was concentrated to approximately 30 µl by evaporation. On 

average, 93% of all reactions yielded a substantial amount of product. The remaining 

reactions failed to produce product. 
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A non-redundant collection of 11,652 EST clones (31 × 384 clones) was 

obtained from the Kazusa DNA Research Institute (KDRI) in Japan as bacterial 

cultures. Colony PCR (see Material and Methods) was performed directly from the 

liquid bacterial stock or after overnight growth of colonies spotted onto solid LB 

medium containing 50 µg/ml Ampicillin. PCR reactions were performed in 384-well 

plates, repeated three times and pooled prior to spotting onto the membranes. PCR 

amplification efficiency from bacterial clones of the LjKDRI library was about 75% 

which was less than that obtained using purified plasmids (LjNEST) as template, 

presumably due to inhibitory effects of bacterial cell debris. In addition, not all clones 

from the KDRI library grew and could not be amplified.  

PCR amplicons were spotted onto nylon membranes without any further 

purification as described in Material and Methods.  

 

 

Figure 3.1. 1: Different membranes were tested for hybridisation efficiency. 

A: Porablot, B: Millipore, C: Hybond XL, D: Hybond N+; RNA from potato tubers (8µg) was used to 

hybridise the filters containing tomato ESTs; 8 million cpm probes were added to the filters for 

hybridisation. 

 

At the time the arrays were produced there was a general problem in our 

institute of removing labelled probes from hybridised arrays. Therefore, a substantial 

amount of time was invested in identifying optimal hybridisation buffers and washing 

conditions for use of the new Lotus arrays. After comparing the initial Church buffer 

hybridisation system (Sambrook et al., 1989) with a commercial system (Ambion) and a 
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formamide-based hybridisation system combined with an alkaline washing treatment 

(see Material and Methods), the latter system was chosen. This system yielded good 

signal intensity, higher specificity, and low background. It also allowed efficient 

stripping of probes after hybridisation. 

Testing different nylon membranes like Hybond N+ (Amersham), Hybond XL 

(Amersham), Millipore and Porablot did not result in differences in signal intensity or 

stripping ability (Figure 3.1.1). The current optimised protocol for hybridising and 

stripping cDNA arrays is now in press (Ott et al., 2005, in press). 

 

3.2. Mining and computational analysis of cDNA array data 

Data processing and mining is a crucial aspect of cDNA array analysis (Figure 3.2.1), 

and one of the objectives of this project was to improve data mining capabilities for 

Lotus transcriptomics. This was achieved by:  

1. Improving gene annotations 

In collaboration with Peter Krüger (MPI-MP) a script was developed that 

enables us to regularly compare the Lotus sequences to others deposited in 

GenBank by using the BLAST algorithm. The first two BLAST hits together 

with their gene accession number and the e-value of the hit were downloaded 

and automatically formatted for database use. 

2. Assigning groups of genes represented on both the partially redundant LjNEST 

array and the non-redundant LjKDRI array 

Gene annotations obtained from step1 were manually classified into functional 

categories. All 11,652 KDRI-EST clones were annotated manually using 

information from BLAST searches and classified into MIPS functional 

categories (http://mips.gsf.de/projects/funcat) with modifications. Functional 

categories used were: metabolism (M), signalling and stress (S), transcription 

(R), protein synthesis and processing (P), intracellular transport (I), transport 

(T), cellular biogenesis and organisation (B), cell growth, division and DNA 

synthesis (C), no homology (N), unknown function (U), hits to non-plant genes 

(X). In total only 26.7% of the KDRI clones could be classified into one of the 

known functional categories, while 17.8% gave hits to proteins of unknown 

function and 55.5% showed no homology to any sequences deposited at the 

NCBI. This almost certainly reflects the fact that these clones were largely 

sequenced from the 3’ untranslated end, which contains less protein coding 
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information. In contrast only 11% and 25% of the LjNEST clones, which were 

sequenced from the 5’ end, were classified as ‘no homology’ and ‘unknown 

function’, respectively.  

A schematic representation of these groups within both sets of arrays can be 

found in Figure 3.2.2. 

3. Identification of clones representing the same gene on the LjNEST arrays to 

make use of redundancy to verify ‘by consensus’ data for each gene 

The TIGR database was used to identify LjNEST sequences that belonged to a 

single Tentative Consensus sequence (TC), which likely represented a single 

gene. In collaboration with Maren Wandrey (MPI-MP) all available Lotus TCs 

and singleton sequences were downloaded from the TIGR database and a list 

was generated that consisted of all LjNEST clones and their corresponding TC 

number or singleton designation. This enabled sorting of LjNEST hybridisation 

data according to the TC number and immediate identification of the redundant 

clones on the filters. It also facilitated cross-checking of hybridisation data for 

many genes. 

Of the 9,600 clones that were spotted onto the LjNEST filters, 8,554 

were represented by high quality sequences in NCBI of which 8,383 sequences 

were incorporated into the TIGR update (Lotus version 3.0). These 8,383 clones 

represent 1,197 individual singletons and 2,641 different TCs or approximately 

3,800 genes. Thus, on average each gene was represented by 2-3 EST clones on 

the array. At the time of submission of this thesis, similar 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

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 experiment.  

The measurement of signal intensities was done using AIS software. Raw data were imported into the 

local HARUSPEX database at MPI-MP and normalised against the reference hybridisation. Student’s-T-

tests were performed on groups of biological and technical replicates. Categorisation according to the 

MIPS database was done for all clones.  

 

MAPMAN, a tool to visualize gene expression data, was developed initially for 

Arabidopsis thaliana (Thimm et al., 2004). In order to display cDNA array data from 

Lotus japonicus with MAPMAN, all Lotus sequences were compared to the entire 

Arabidopsis genome sequence using the BLAST algorithm. This step enabled us to 

associate an Arabidopsis gene identifier with each LjNEST clone and to adopt pre-

defined MAPMAN annotations (codes) for each LjNEST clone. As not all BLAST hits 

to the Arabidopsis genome gave comparable results to that obtained from the entire 

NCBI database, the Arabidopsis results had to be re-evaluated manually. This analysis 

was ongoing at the time of submission of this thesis. 
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U; 2374; 25%

M ; 2813; 29%
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B; 107; 1%
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no se q; 1046; 11%
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S; 500; 4%

R; 354; 3%

P; 293; 3%

I; 163; 1%

T; 160; 1%

B; 133; 1%

C; 126; 1%

N; 6472; 57%

X; 50; 0%

B A 

 

 

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

All EST clones from both libraries were manually annotated to one of the functional categories (MIPS) 

according to their closest hit using the BLAST algorithm. N= no homology; U= unknown function; M= 

metabolism; S= signalling and stress; R= transcription; P= protein synthesis and processing; I= 

intracellular transport; T= transport; B= cellular biogenesis and organisation; C= cell growth, division and 

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

 

3.3. International collaborations using our cDNA arrays 

After producing the 9.6K LjNEST and the 11.6K KDRI arrays and refining protocols 

for their use, different experiments were carried out in collaboration with visiting 

scientists. 

 

3.3.1. Transcript profiling of Lotus inoculated with rhizobial mutants 

In collaboration with Alejandra D’Antuono and Viviana Lepek (UNSAM-INTECH, 

Buenos Aires, Argentina) the effects of mutations in the M. loti cgs and lpsβ2 genes of 

M. loti on plant gene expression during nodulation were investigated. The cgs mutant 

carries a Tn5 insertion in a gene coding for cyclic glucan synthase, a component of the 

bacterial cell wall. When inoculated on Lotus tenuis the cgs mutant forms white and 

empty nodules and does not make infection threads. Inoculation of Lotus japonicus led 

to the formation of a larger number of smaller nodules than those observed on L. tenuis. 

The lps genes encode lipopolysaccharide synthases and the lpsβ2 mutant cannot 

produce the LPS O-antigen domain of lipopolysaccharides. Cell wall analysis of the 
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mutant showed very low amounts of LPS with a rhamnose:glucose relation of 0.5, in 

contrast to the wild-type strain with a ratio of 7.  

 

Figure 3.3. 1: Results from array hybridisation with different rhizobial mutants.  

Values of normalised data are plotted in all panels. A: technical variability when the same RNA was 

hybridised to different membranes; B: variance between biological samples; C-D: differential expression 

of genes at 7 and 28 dpi in wild-type compared to the cgs mutant; E-F: differential expression of genes at 

7 and 28 dpi in wild-type compared to the lps mutant from two biological and two technical replicates.  

 

Inoculation of Lotus tenuis and Lotus japonicus with the mutant strain 

apparently led to normal nodule development and numbers (Alejandra D’Antuono and 

Viviana Lepek, personal communication). Lotus gene expression was determined in 

roots inoculated with wild-type M. loti, the cgs mutant and the lps mutant, using the 

LjNEST arrays. 
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Technical and biological variability was observed within the treatments (Figure 

3.3.1). In the case of the technical replicates about 26% and in case of the biological 

replicates about 33% of all clones showed a difference greater than +/- 2-fold when 

comparing the replicates with each other (Figure 3.3.1., panel A and B). Nonetheless, 

significant changes in gene expression were found in plants inoculated with either the 

cgs or lps mutant compared to those inoculated with wild-type M. loti both at 7 and 28 

dpi (Figure 3.3.1). 

When comparing wild-type with the cgs mutant 7 and 28 dpi, 1,984 and 1,423 

clones, gave significantly different signal intensities (p<0.05), respectively. Among 

those genes differentially expressed at 7 dpi were homologues of the nodulins Enod36A 

(Glycine max), Nlj21 (Lotus japonicus), Enod18 (Vicia faba), Nlj16 (Lotus japonicus), 

uricase (Lotus japonicus), genes involved in sugar metabolism, glycolysis and amino 

acid metabolism, some transcription factors of the MYB and WRKY family, several 

transporters, and genes involved in flavonoid synthesis and plant defense. Similar genes 

were identified when comparing wild-type and the lps mutant at 7 dpi. After infecting 

wt plants with the lps mutant more clones (3,406) showed significantly different signal 

intensities compared to wild-type 7 dpi than after infection with the cgs mutant. This 

was due to both, a high variability of the biological samples and a delayed development 

of nodules induced by the lps mutant.  

A large number of genes were expressed at lower level in the cgs mutant 

compared to the wild-type at 28 dpi. Among these were genes from carbon metabolism, 

including genes encoding late nodulins such as trehalose-6-phosphate phosphatases, 

fructose-bisphosphate aldolase, and glyceraldehyde 3-phosphate dehydrogenase as well 

as genes coding for key enzymes in nitrogen metabolism like glutamine synthetase and 

aspartate aminotransferase. On the other hand, no major differences in expression levels 

could be detected in comparisons of the wild-type and the lps mutant. These results 

were consistent with the phenotypes observed for these mutants as the lps mutants form 

wild-type-like nodules on Lotus japonicus whereas only nodule-like structures that do 

not contain bacteria can be found on roots after inoculation with the cgs mutant.  

This data-set was also used to compare nodulated roots inoculated with wild-type M. 

loti 7 and 28 dpi as major physiological changes were expected to occur due to 

functional SNF at 28 dpi. Genes corresponding to 1,558 spotted ESTs were 

differentially expressed at these developmental stages of which 1,383 could be further 
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processed in the database. 1,162 of these belonged to existing TCs, 182 were singletons 

and no entry could be found in the TIGR database for 29 of the ESTs.  

 

3.3.2. Transcript profiling of Lotus responses to cadmium 

A second collaboration was established with Loreto Naya and Manuel Becana 

(University of Zaragoza, Spain) to study transcriptional responses of Lotus japonicus 

roots to different concentrations of the toxic metal cadmium. The experiments were 

carried out using the LjKDRI arrays. Labelled cDNA from RNA of roots that were 

exposed to 100 µM Cd for 1 and 4 days was hybridised to the arrays. Roots exposed to 

Cd for 1 day showed 21 up-regulated genes (ratio > 2; P ≤ 0.05) and 95 down-regulated 

genes (ratio < 0.5; P ≤ 0.05). After 4 days of Cd exposure, 79 genes showed significant 

up-regulation and 81 down-regulation. Searching the TIGR database 

(http://www.tigr.org/tdb/tgi/plant.shtml) for the 79 genes that were up-regulated after 4 

days revealed 17 genes (22%) that are involved in metabolism, 4 genes (5%) in  

transcription, 3 genes (4%) in protein synthesis, 3 genes (4%) in transport, 1 gene (1%) 

in signalling,  and 1 gene (1%) in cell biogenesis. Also, 1 gene (1%) encodes a possible 

vacuolar enzyme, 20 genes (25%) encode hypothetical proteins or have unknown 

function, and 29 genes (37%) have no homology with sequences deposited in public 

databases. 10 genes that were strongly up-regulated (3.5 < ratio < 18.8) in both Cd 

treatments were selected for further analysis. These are genes encoding a putative AG-

motif binding protein and a serine/threonine protein kinase, genes implicated in 

metabolism, and a gene responsive to abiotic stress. cDNA array data of the most 

interesting genes (transcription and signalling) were confirmed by quantitative 

RealTime RT-PCR (qRT-PCR) of RNA isolated from roots of at least 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 facilities for profiling different Lotus 

mutants, including nin (Schauser et al., 1999; hybridisations done by Niels Jørgensen 

from University of Aarhus), the snf1, 2, 3, 4 mutants that show spontaneous nodulation 

(hybridisations done by Leila Tirichine from University of Aarhus) and the recently 

published nfr1 and nfr5 mutants (Madsen et al., 2003; Radutoiu et al., 2003; 

hybridisations done by Mette Grönlund, University of Aarhus). Transcript profiles for 

the Lotus mutants sym6, sym13, sym43 and sym11 were obtained by Vera Voroshilova 
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in our group. All of these mutants show defects in either nodule development or 

function. RNA was extracted from roots 3, 7, 14 and 21 dpi. Wild-type plants grown 

under the same conditions were used as controls. For all of these experiments data 

mining and evaluation is currently in progress so that no summary of this work can be 

presented at this stage. 

 

3.4. Identification of interesting candidate genes from array experiments 

By using array hybridisations many interesting genes were identified as differentially-

expressed during nodule development in wild-type or mutant plants inoculated with 

wild-type or mutant rhizobia. Earlier work revealed higher expression levels of a 

sulphate transporter and a putative potassium transporter in nodules compared to 

uninfected roots (Colebatch et al., 2002a). These transporters were studied in more 

detail by qRT-PCR as described in section 3.5.2. Another gene that was chosen for 

further study, because of my interest in nodule redox metabolism, encodes a putative 

ascorbate oxidase (LjAox1). This gene was 3.7-fold (p-value: 0.037) induced in the roots 

(4 wpi) compared to roots harvested 1 wpi with M. loti (see section 3.7). 

 

3.5. Validation of cDNA array data by qRT-PCR 

A partially-redundant cDNA array containing 5,376 LjNEST clones, representing about 

2,500 genes was constructed and used to compare gene transcript levels in nodules to 

those in uninfected roots from 7-week-old Lotus plants. Partial redundancy amongst 

clones on the array enabled cross-checking of expression data for many genes. Although 

a majority of the genes represented on the array were not differentially expressed in 

nodules compared with roots, approximately 860 genes were induced significantly in 

nodules (nodule/root ratio >2, p < 0.05). Over 70% of these had a p-value of less than 

0.01 (Colebatch et al., 2004). Compared with the number of nodule-induced genes 

discovered, relatively few genes were found to be expressed at a lower level in nodules 

than in roots, a bias that can be explained by the fact that the arrays were created with 

nodule cDNA clones. 

Approximately one-third of all nodule-induced genes encoded proteins involved 

in metabolism or transport (28 and 5%, respectively). 8% of nodule-induced genes were 

predicted to be involved in transcription and its control, while an additional 5% are 

likely to be involved in signalling. Genes involved in protein synthesis (8%), cell 

biogenesis (3%), cell division (2%), and intracellular transport processes (2%) were also 
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induced in nodules compared with roots. Approximately one-quarter (26%) of the genes 

induced in nodules encode proteins that have homologs of unknown function in other 

species, while the remainder have no known homologs (Colebatch et al., 2004). 

 

 

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

The first 20 genes encode putative transcription factors, each with relative transcript level in nodules 

<0.2, as determined by cDNA array analysis (Array Nod. Sig.). The remaining seven genes were 

expressed at higher levels (Array Nod. Sig. >0.2). Nodule/Root transcript ratios obtained from cDNA 

array and RT-PCR analysis are shown, togetherwith the standard error (SE) associated with the qRT-PCR 

analysis. Transcripts of several genes were detected only in nodules by qRT-PCR; nodule/root ratios for 

these genes are given as the theoretical minimum ratio (>), assuming the root value was at the detection 

limit (Ct=40). 

 

To validate cDNA array results for some of these genes, qRT-PCR was employed. 

In general, there was good qualitative agreement between qRT-PCR results and 

cDNA array data (Figure 3.4.1). Genes from different pathways that were found to be 

induced on the arrays were confirmed by qRT-PCR. A more detailed analysis can be 

found in Colebatch et al., 2004). 

qRT-PCR was also used to validate cDNA-array data for a number of previously 

identified symbiosis-induced genes (Colebatch et al., 2002a) including LjSst1 and 
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LjKup, and LjAox1, encoding an ascorbate oxidase, which was identified amongst the 

hundreds of differentially expressed genes described above. 

 

3.5.1. Generation of different cDNA pools 

To facilitate further quantitative analysis of expression of these and other genes during 

nodule development, cDNA was prepared from root and nodule material harvested at 

multiple time points after inoculation as well as from various plant organs. 

Three cDNA pools were created for use by myself and our various collaborators to 

confirm expression of target genes: 

1. Nodulation time course- infected roots 

A series of cDNA pools derived from infected and uninfected roots (controls) 

harvested 0, 0.25, 1, 2, 7, 14 and 21 dpi was produced to monitor induction 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 material harvested at 7, 14, 21 and 

28 dpi was produced to validate and extend data obtained from array 

experiments using nodule tissue. 

3. Organ specificity 

Pools of cDNAs were synthesised from different organs like nodules, roots 

(inoculated and uninoculated), leaves, and stems of plants grown under 

symbiotic and non-symbiotic conditions in order to test for organ-specific 

expression of selected target genes. 

 

3.5.2. Developmental regulation of LjSst1 and LjKup  

Amongst the genes studied in detail by qRT-PCR were LjSst1 and LjKup, which encode 

a sulphate transporter and a potassium transporter, respectively. In both cases, transcript 

levels in inoculated roots remained relatively low for the first 7 dpi, but increased 

substantially afterwards. This coincided with a period of rapid organ growth, indicating 

that the transporters may be required for resource supply (e.g. LjSst1) during rapid cell 

growth. My data for LjKup (Figure 3.5.1) were included in a publication from our group 

(Desbrosses et al., 2004). The data on LjSst1 were included in a submitted manuscript 

describing the map-based cloning of LjSst1 using the Lotus sym13/sym81 mutant, 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 for LjKup (A) and LjSst1 (B) were determined in inoculated roots including nodules and 

uninoculated roots (controls) of Lotus japonicus using qRT-PCR. Tissue was harvested at the time points 

between 0 and 21 days post inoculation (dpi). 8-10 plants were pooled prior to RNA extraction and 3 

technical replicates were measured per time point; error bars represent standard deviation of three 

biological replicates. Expression levels of LjSst1 and LjKup 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 potentially interesting nodule-expressed 

genes, I combined a procedure for transformation of roots based on the use of 

Agrobacterium rhizogenes (Morris and Robbins, 1992; Webb et al., 1996; Stiller et al., 

1997) with a GATEWAY® vector system for RNA interference (RNAi). In a pilot study 

to test the efficacy of this approach, an RNAi construct that targeted three 

leghemoglobin (Lb) genes was produced (Figure 3.6.1) and transformed into root cells 

using Agrobacterium rhizogenes.  

Nodules that developed on transformed roots, following inoculation with M. loti 

were typically white, rather than leghemoglobin-pink (Figure 3.6.2). Western blot 

analysis confirmed the absence of the Lb protein in the majority of these nodules 

(Figure 3.6.2). 
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Figure 3.6. 1: Schematic representation of the GATEWAY® cassette used for RNAi.  

Two 401 bp PCR-fragments of LjLb2, cloned in opposite direction were separated by an intron. 

Transcription was driven by the CaMV-35S promoter and terminated by an OCS terminator. The 

GATEWAY cassette was taken from the vector pJawohl8 (provided by Imre Somssich, MPI-ZF, 

Cologne) and was cloned into the multiple cloning site of the pBIN19 vector, containing a gene that 

encodes a neomycin phosphotransferase II. That confers kanamycin resistance on transformants. 

 

Thus, although hemoglobins are the most abundant proteins in mature nodules, 

they are not required for nodule development per se. On the other hand, leghemoglobins 

are important for nodule function, a point that is taken up in more detail later in this 

chapter (section 3.8).  

 

 

Figure 3.6. 2: Hairy root transformation using an LbRNAi construct.  

A:  Hairy root transformation using an RNAi construct to silence expression of symbiotic leghemoglobins 

led to formation of white nodules on transgenic roots while pink nodules developed on wild-type control 

roots (panel A). B: closer view of the transgenic (upper) and wild-type nodules (lower) also revealed a 

size difference between 4 wpi old nodules. Scale bars indicate 2 mm. C: Western Blot analysis of nodules 

following hairy root transformation. White nodules (lanes 1-5) and wild-type nodules (lane 6) as well as 

root material from wild-type (lane 7) and transgenic tissue (lane 8) was harvested from the plants. 10 µg 

total protein was loaded per lane and seperated by SDS-PAGE, blotted onto nitrocellulose membrane and 

probed with anti-body to soybean leghemoglobin. 
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Thus, the Agrobacterium rhizogenes-RNAi system proved to be effective in eliminating 

endogenous gene expression in Lotus nodules. This system is now being used by myself 

and others in the group to identify genes with important developmental or other 

functional roles in nodules. In addition, hairy root transformation can be used to study 

gene expression using promoter-Gus constructs, an application that is also described 

below (section 3.7.3). 

 

3.7. Molecular, cellular, and physiological characterisation of ascorbate oxidase in 

nodules 

After method establishment and testing its functionality and applicability hairy root 

transformation was used during several biological approaches. 

 
3.7.1. Identification of a symbiosis-induced Aox using cDNA arrays and in silico 

analysis 

The apoplastic enzyme, ascorbate oxidase (AOX) regulates the reduction/oxidation 

(redox) state of the apoplastic ascorbate pool (Pignocchi and Foyer, 2003). Because of 

the perceived importance of the apoplastic redox state on extracellular signal perception 

by plant cells and the involvement of ascorbate in plant development, it was interesting 

to find that an Aox gene represented on the LjNEST array was one of the genes induced 

during nodule development (see section 3.4). 

There are currently 6 tentative consensus sequences available for Aox in the 

Lotus TIGR database. None of these is regarded as full-length by automatic annotation. 

Comparing the predicted protein sequences, they can be grouped into 3 distinct 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 3.7.1). The clone 

LjNEST98c11 that was found to be induced during nodule development belongs to 

TC11125 (= LjAox1).  
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Figure 3.7. 1: Phylogenetic tree of AOX protein sequences from different plant species.  

Results are presented as a dendogram. Lj= Lotus 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 two of the genes represented 

by TC11125 and TC12917 seem to be exclusively expressed in nodules, while other 

Aox genes are expressed more strongly in flowers, flower buds and pods (Table 3.7.2).. 

 

 
TC number 

Total no. 
of ESTs 

Whole 
seedling 

 
Nodules 

 
Roots 

Flower/ 
flower bud 

 
Pods 

TC11125 3 0 3 0 0 0 

TC12917 2 0 2 0 0 0 

TC14506 23 1 0 1 13 8 

TC15779 7 1 0 0 2 4 

TC18839 2 0 0 0 2 0 

TC19920 2 0 0 0 2 0 

 

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

The numbers given in the table represent the numbers of EST clones in the individual libraries. Data were 

obtained from the TIGR database. (http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species=l_japonicus; 

Lotus version 3.0). 
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However, the genes expressed in nodules (TC11125 and TC12917) are not closely 

related based on phylogenetic analysis (Figure 3.7.1) but fall into the same group 

3.7.2. LjAox1 is specifically expressed in nodules and induced during nodulation 

LjAox1 transcript levels in roots increased following inoculation to values 850 × higher 

than in uninoculated controls 21 dpi (Figure 3.7.3). 
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Figure 3.7. 3: Relative transcript levels of LjAox1 during nodule development. 

Relative transcript levels of LjAox1 were determined for inoculated roots plus nodules and uninoculated 

roots (controls) of Lotus japonicus using qRT-PCR. Tissue was harvested at the time points indicated 

between 0 and 21 days post inoculation. 8-10 plants were pooled per replicate prior to RNA extraction. 

Expression levels of LjAox1 were normalised and expressed relative to ubiquitin. Data from two 

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

 

To verify whether the increase of expression derived from developing nodules 

on roots, the expression of LjAox1 was tested in various organs (Figure 3.7.4). 

Transcripts of ascorbate oxidase were more than 200-fold higher in nodules than in any 

other organ (Figure 3.7.4). Expression levels in infected roots and nodules were higher 

than in shoot and leaf material harvested from the same plants. Indications that 

ascorbate oxidase is induced during nitrogen deprivation of plants were obtained as 

transcript levels were 11-fold higher in roots of uninoculated plants grown for 21 days 

on 0.1 mM KNO3 compared to plants of the same age grown on 5.0 mM KNO3 (Figure 

3.7.4). 
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Figure 3.7. 4: Expression of LjAox1 in different plant organs.  

Plants were grown on 5.0 mM (+) and 0.1 mM (-) KNO3 for three weeks under symbiotic (inf) and non-

symbiotic conditions (uninf). Shoots and leaves (S/L), roots (R) and nodules (N) were harvested 

separately. Material was harvested and pooled from 8-10 individual plants. Three technical replicates 

were measured per treatment. Error bars indicate standard deviation. Expression levels of LjAox1 were 

normalised and expressed relative to ubiquitin. 

 

To obtain more specific information about Aox1 expression during nodule 

ontogeny transcript levels of the gene were also determined in isolated nodule tissue 7, 

14, 21 and 28 dpi. Expression of LjAox1 was highest in young, developing nodules and 

declined in older tissue (Figure 3.7.5). Transcript levels were similar in 7 and 14 days 

old nodules and dropped by more than 50% at 21 dpi in full-sized nodules. No 

significant difference in expression was found between 21 and 28 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 plants were harvested and pooled. Three technical 

replicates were measured per stage. Error bars indicate standard deviation per sample. Expression levels 

of LjAox1 were 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-type (wt) rhizobia and two mutants (cgs and lps).  

Inoculated plants were grown in the presence of 0.1 mM KNO3 for 7 and 28 days. Roots were harvested 

and pooled from 8-10 individual plants. 3 technical replicates were measured per treatment. Error bars 

indicate standard deviation per sample. Expression levels of LjAox1 were normalised and expressed 

relative to ubiquitin.  

In seperate experiments Lotus seedlings were inoculated with the rhizobial cgs 

and lpsβ2 mutants (see section 3.4.1). Plants inoculated with the cgs mutant showed 7-

fold lower levels of LjAox1 expression in nodulated roots compared to the wild-type 
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(14% ± 4% of wild-type-level) after one week whereas expression of this gene was 

similar in plants infected with the mutant lpsβ2 and wild-type M. 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 ascorbate oxidase genes, which were 

represented in the LjNEST and LjKDRI libraries were selected for further analysis. 

Restriction analysis revealed that clone GNf036e07 (LjKDRI library) derived from the 

same gene as LjNEST98c11 was the longest cDNA representing LjAox1. This cDNA 

was sequenced completely, yielding 948 bp of sequence (Figure 3.7.7). Subsequent 5’ 

RACE-PCR yielded in further 345 bp of cDNA sequence (Figure 3.7.7). A BLAST 

search of Lotus genomic DNA sequence that became available in the meantime located 

the LjAox1 gene on TAC clone TM1649. Comparison of the Lotus LjAox1 gene and 

protein sequence with that of the closest and full-length homologe from Medicago 

truncatula (MtC20102_GC) led to the identification of a putative start codon (Figure 

3.7.7; underlined).  

 

ATGAGCTTCAAAGCTCTTTCCCTTTTGTGTATTTCGTTGGGTTTGTTCTTCCAGATATCATTAGGAGCTG
TGAGACACTACAAGTTTAATGTAGAGTACATGCTTCGCAGACCAGATTGTGAAGAGCACATTGTGATGGG
AATCAATGGCCAGTTTCCTGCCCCCACTATCAGAGCAGAAGTTGGGGATACCCTTGATATTGCACTTACT
AACAAGCTCTTCACGGAAGGAACTGTTCTTCACTGGCATGGAATTACACAGTATGGAACACCTTGGGCAG
ATGGCACTCCTTCCATCTCGCAATGTGCAATAAACCCAGGAGAAACTTTTCACTACAGATTCAAAGTTGA
CAGGCCCGGTACATACATCTACCATGGGCACTATGGTATGCAGAGAGCAGCAGGGTTGTATGGTTCTCTC
ATAGTGGATTTGCCTATGGGACAAAATGAGCCATTCCATTATGATAGTGAGCTCAATCTTTTGCTGAGTG
ATTGGTGGCACACAAGTGCACAAGAGCAACAGGCTCAACTCTCCTCTATACCTAACAGATGGGTTGGTCC
TCCTCAGTCTTTTCTCATTAATGGAAGAGGACAGTACAATTGTTCCTTGGCTGCTAGTCTTATCAACACC
ACCCTGCCCCAATGCAAATTTGAAGGTGGTGAAGAATGTGCACCTCAGATTCTCCATGTTGATCCAAACA
AGACCTACAGGATTAGGATTGCTAGCTCCACTTCCTTAGCTAATCTCAACTTTGCCATTGCCAATCACAA
AATGGTGGTGGTGGAAGCTGATGGAAACTATGAGGAACCATTCATCGTAGATGACTTAGACATATACTCT
GGTGAGACTTATTCTGTTATCATCACCACAAATGAAAACCCAAATCAAAACTACTGGATTTCAGTTGGTT
TTATAGGAGAAAATCTCAAAACCCCACAAGCCCTAACCATACTAAACTACAAAGAAAACAATGCCTCAGT
TTTTCCCACTTCTCCACCCCCTATCACACCTCAATGGGATGATTACAATCGCAGCAAAATATTCTCTCAG
AAAATTCTTGCTCGAAAAGGAACCCCACGCCCTCCAATTTACTATGACCGTAGGCTTCTCCTTCTCAACA
CAGAAAGTTTGGTTGATGGACGCACTATGTATGCCATTAATAATGTCACTTTAATATTACCTTCAACTCC
TTATTTAGTTTCCATTAAGTATAAACTTGATGATGCATTTGACCAAAAAAGCCCCCCTGACAATTTCTCA
TTTGATTATGACATCTACAACTCCCCTGTGTACCCTAATTCAAATACTGGGAGTGGAATCTACATGTTTC
AATTGAACCAAGTGGTTGACGTGGTCCTCCAAAATACCAATATACTGGAGAGGATCAAAAGAAGTGACTT
TCACCCATGGCATTTGCATGGTCATGATTTTTGGATTTTGGGATATGGAGATGGGATGTTCAAACCAGGT
GATGATGAGACCAAATTCAACCTGGAAAACCCACCACTGAGGAACAATGCAGTGCTCTTCCCTTACGGAT
GGACTGCTTTAAGGTTTAAGGCAAATAACCCTGGAGTTTGGGCCTTTCATTGTCACGTTGAGCCTCATTT
GCATATGGGAATGGGTGTGGTTTTTGCGGAGGCTGTTGAAAATGTGGAAGGAATACCTTGGGAAACTCTA
GCATGTGGCCTATTCAGGGGGATTTCATGAAGAAAGAACATAAATGATCAACCTTCTAGCCACTCTTGTA
TTTGCCCAATGTTCGTTTAAGTTAAAATTTCTCTCAAAAAAAAAAA 
 

Figure 3.7. 7: Full-length cDNA sequence of LjAox1.  

The major part of the sequence derived from clone GNf36e07 (948 bp marked in light grey). A further 

345 bp of cDNA sequence were obtained by 5’-RACE-PCR (black) and the remaining 417 bp were 

identified using the coding sequence of the TAC clone TM1649 (dark grey). 
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Further analysis of the cDNA and gene sequence revealed the existence of 6 

exons, 5 introns, and a coding region of 1,710 bp leading to a protein that consists of 

570 amino acids. 

 

 

 

Figure 3.7. 8: Promoter analysis of LjAox1 using hairy root transformation. 

Lotus japonicus was transformed with Agrobacterium rhizogenes carrying a 1049 bp long fragment of the 

LjAox1 promoter fused to the Gus gene. Gus staining was detected in the periphery of transgenic nodules 

(A) and rarely in secondary roots (C). Controls were transformed with the pBI101 vector alone (panels B 

and D). E and F: Embedded cross-sections of nodules show Gus-staining in cell layers of the nodule 

endodermis. Bars indicate 1mm.  

 

Part of the promoter region (1,049 bp upstream of the predicted start codon) was 

amplified by PCR, fused to the Gus-gene in the cloning vector pBI101 and transformed 

into Agrobacterium rhizogenes for hairy root transformation. Gus-staining of 

transformed roots revealed reporter gene expression almost exclusively in the nodules 

and rarely in root tips and the vascular tissue of lateral roots (Figure 3.7.8). Gus-activity 

was localised to a ring of cells in the periphery of the nodules. This pattern was also 

evident in sections of embedded material which revealed more clearly expression in the 
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endodermal and subendodermal cell layers (Figure 3.7.8). Infected and uninfected cells 

of the inner cortex did not show Gus-staining. Identical results were obtained using in 

situ hybridisation, done in collaboration with Manolis Flementakis, University of 

Athens (data not shown). 

Putative regulatory elements in the cloned (1,049 bp) promoter region were 

identified using PLACE software (http://www.dna.affrc.go.jp/PLACE/signalscan.html). 

Several potential regulatory motifs were found, including elements associated with 

stress responses (MYB1AT, CCAATBOX1), hormone responses (CATATGGMSAUR, 

DPBFCOREDCDC3) and expression of seed storage proteins in other species 

(EBOXBNNAPA, RYREPEATLEGUMINBOX, SEF1MOTIF). In addition, several 

elements were identified that are responsible for tissue specific expression in other 

systems like AACACOREOSGLUB1, CAATBOX1 and ROOTMOTIFTAPOX1. 

Furthermore, a DOFCOREZM domain was identified that may serve as a binding site 

for Dof-transcription factors (Figure 3.7.9) and might regulate Aox 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 

SEF1MOTIF ATATTTAWW 3 

CCAATBOX1 CCAAT 4 

 

Figure 3.7. 9: Promoter-motif analysis of LjAox1 promoter.  

A 1,049 bp fragment of the LjAox1 promoter was analysed using PLACE software. Motif annotation, the 

characteristic sequence, and the number of times the motif 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 in Lotus 

Despite being the most abundant nodulin in legume root nodules, the 

physiological role(s) of leghemoglobin proteins has never been fully proofed. Three 

symbiotic leghemoglobins (Lb) are expressed in Lotus japonicus nodules (Uchiumi et 

al., 2002) Although the TIGR Gene Index (Lotus version 3.0) reports 7 symbiotic 

leghemoglobin tentative consensus sequences (TC 14039, TC14051, TC14052, 

TC14053, TC14055, TC14063, TC14065) and 2 TCs for non-symbiotic hemoglobins 

(TC10713 and TC16046) (Table 3.8.1). However, alignments of the TIGR TCs with 

genomic sequences for the symbiotic hemoglobins confirmed the presence of just three 

separate genes (Table 3.8.1). 

In the following sections the different hemoglobins are named as indicated in the table 

below:  

 

Name 

(literature) 

 

LjLb2 

 

LjLb3 

 

LjLb1 

 

LjLb3 

 

LjLb1 

 

LjLb1 

 

LjLb1 

 

LjNSG2 

 

LjNSG1 

TIGR 

annotation 

TC14065 TC14039 TC14055 TC14063 TC14051 TC14052 TC14053 TC10713 TC16046 

nodule 

ESTs 

315 185 140 6 3 2 2 3 3 

seedling 

ESTs 

0 0 0 0 0 0 0 0 5 

others 4 3 1 0 0 0 0 0 0 

 

class 

 

symbiotic 

 

symbiotic 

 

symbiotic 

 

symbiotic 

 

symbiotic 

 

symbiotic 

 

symbiotic 

non- 

symbiotic 

non- 

symbiotic 

Locus on 

Chr 5 

106906-

107895 

47052-

48461 

90151-

91118 

47052-

48461 

90151-

91118 

90151-

91118 

90151-

91118 

Other 

locus 

Other 

locus 

 

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

localisation.  

Tentative consensus sequences (TCs) and information about different libraries were obtained from the 

TIGR database. The names LjLb1, LjLb2, LjLb3, LjNSG1 and LjNSG2 are according to Uchiumi et al. 

(2002). The numbers given in the table represent the numbers of EST clones in the individual libraries. 

Chromosomal positions of the genes are indicated in the panel below. Seven TCs were localised to only 

three loci on chromosome 5 suggesting the existence of only three leghemoglobin genes. 
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3.8.2. Leghemoglobins are highly conserved at the nucleotide level 

The three symbiotic leghemoglobins show an overall sequence identity of 82% 

at the nucleotide level when analysed with the CLUSTALW algorithm. cDNA sequence 

conservation between symbiotic and non-symbiotic hemoglobins is between 34-40% for 

LjNsg1 and 52-63% for LjNsg2 (Figure 3.8.2). As expected, a high degree of sequence 

conservation is also evident on the protein level with 98% identity between LjLB1 and 

LjLB2 for example. LjLB3 shows less similarity to LjLB1 and LjLB2 with an identity 

score of 80.5% on amino acid level. The non-symbiotic hemoglobins are as similar to 

each other (45%) as they are to the symbiotic proteins (LjNSG1: 34-37%; LjNSG2: 50-

57%). 

 
LjLb1     1 .......... .......... .......... .......... .......... .......... .......... ... 

LjLb3     1 CTTGAGGCTC TTGACCAGAT CAACGAGCCC AAGAGGCCCT CAGACAAGCC ACTCAGGTTG TCTCCCTCGA ACC 

LjLb2     1 .......... .......... .......... .......... .......... .......... .......... ... 

LjNsg2    1 .......... .......... .......... .......... .......... .......... .......... ... 

LjNsg1    1 .......... .........A AATACTTTTC ACCAAACAAG AGTAGTAATC ACATCAATTC CACCATTTTC TCA 

 

 

LjLb1     1 .....GC GGACGCGTGG GCAAATAACA AAAAGGAAAA AAAGAAAA.. ..AGAAAAAT GGGTTTCACT GCACAG 

LjLb3    74 CAGAGAT GGGAACAAAG GCAAATAACA AAAAGGAAAC AAA...AA.. ..AGAAAAAT GGGTTTCACT GCACAG 

LjLb2     1 ....... .....AGAAT ACAGATAACA AAAAGAAAAA AAG.AAAA.. ..AGAAAAAT GGGTTTCACT GCGCAG 

LjNsg2    1 ....... .......... .......... GGAAAACAAA AAAGGAAC.. ..ATTATGGC TACATTCAGT GAGGAG 

LjNsg1   55 CTTCACT TCCATCGCAA TTCTCAAACA AATTAACAAC ATGTCCACCC TTGGGAGCAC ATGTTTCACT GAAGAG 

 

 

LjLb1    65 CAAG ATGCTTTAGT GGGTAGCTCA TATGAAGCAT TCAAGCAAAA CCTTCCTAGC AATAGTGTTC TGTTCTACA 

LjLb3   140 CAAG ATGCTTTAGT GGGTAGCTCA TATGAAGCAT TCAAGCAAAA CCTTCCTAGC AATAGTGTTC TGTTCTACA 

LjLb2    57 CAAG AGGCTCTAGT GGGTAGCTCA TACGAAACAT TCAAGAAAAA CCTTCCTACC AACAGTGTTT TGTTCTACA 

LjNsg2   43 CAAG AGGCTTTGGT AAATAGTTCA TGGGAGGCAT TCAGCCAAAA CATTCCACAA CTCAGCATTA TTTTCTATA 

LjNsg1  128 CAAG AAGCTCTTGT GGTCAAGTCA TGGAGCGTGA TGAAGAAGAA TTCTGCTGAA CTGGGTCTCA AGCTTTTCT 

 

 

LjLb1   138 C CTTAATATTG GAAAAAGCCC CAGCTGCTAA AGACATGTTC TCCTTTCTAA AGGCTTCTGG ......ACCC A 

LjLb3   213 C CTTAATATTG GAAAAAGCCC CAGCTGCTAA AGACATGTTC TCCTTTCTAA AGGCTTCTGG ......ACCC A 

LjLb2   130 C CGTTATATTG GAGATAGCAC CAACTGCAAA AGACATGTTC TCCTTTCTAA AGGAGTCTGG ......GCCT A 

LjNsg2  116 C CTCGATATTG GAGAAAGCAC CTGAGGCAAA GGCCATGTTC TCGTTTTTAA AAGACTCTGA TGGAGTACCG A 

LjNsg1  201 T GAAAATATTT GAGATTGCTC CATCAGCTCA GAAATTGTTC TCTTTCTTGA GAGATTCAAA AGTTCCTTTG G 

 

 

LjLb1   204 CGCACAGTC CTCAACTCCA AGCCCATGCT GAAAAGGTTT TTGGACTGAC ACGCGATGCG GCTGCTCAAC TCTT 

LjLb3   279 CGCACAGTC CTCAACTCCA AGCCCATGCT GAAAAGGTTT TTGGACTGAC ACGCGACGCG GCTGCTCAAC TCTT 

LjLb2   196 AGCATAGTC CTCAGCTCCA GGCCCATGCT GAAAAGGTTT TTGCACTGAC TCGTGATGCT GCCACTCAAC TCGT 

LjNsg2  188 AGGATAATC TTGATCTGGA GGCTCATTGT GAAAAGGTTT TCGAACTTAC GCGCAACTCA GCCCTTCAAC TAAG 

LjNsg1  273 AGGAGAACC CCAAGCTCAA GCCTCATGCC ATGTCTGTCT TTGTCATGAC TTGTGAATCA GCAGCTCAAC TGCG 

 

 

LjLb1   277 AGCAAA AGGAGAAGTG ACACTTGCAG A...TGCC.. ..GGCTT..A GGTGCTGTTC ATGTTCAGAA AGCAGTT 

LjLb3   352 AGCAAA AGGAGAAGTG ACACTTGCAG A...TGCC.. ..AGCTT..A GGTGCTGTTC ATGTTCAGAA AGCAGTT 

LjLb2   269 AGCAAA AGGAGAAGTG ACACTTGCAG A...TGCC.. ..AGCTT..A GGTGCTGTCC ACGTTCAGAA AGCCGTT 

LjNsg2  261 AGCAAA AGGAAAAGTA GAAGTGGAAA GAATTGCTTT GAAGTTTTTG GGTTATGTGC ATGCTCAAAG AAGAGTA 

LjNsg1  346 GAAGGC TGGAAAAGTC ACTGTGAGAG AATCAACCTT GAAAAAGCTA GGTGCTACCC ATTATAAATA TGGAGTA 
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LjLb1   341 GCT GACCCCCATT TCGCGGTGGT TAAAGAAGCA CTGCTTAAAA CAGTACAGGC AGCGGTTGGG G...ACAAAT 

LjLb3   416 GCT GACCCCCATT TCGCGGTGGT TAAAGAAGCA CTGCTTAAAA CAGTACAGGC AGCAGTTGGG G...ACAAAT 

LjLb2   333 ACT GATCCTCATT TCGTGGTGGT TAAAGAAGCC CTGCTTCAAA CAGTAAAGGA AGCAGTTGGG GCGGACGAAT 

LjNsg2  334 CTT GATCCCCATT TCCTGGTGCT TAAAGAAGCC CTGCTGAAAA CGTTAAAGGA AGCAATGGGA G...ATAAAT 

LjNsg1  419 GTA AACGAGCATT TTGAGGTTAC AAAGTTTGCA CTACTGGATA CCATAAAAGA AGCTGTACCT G...AAATGT 

 

 

LjLb1   411  GGAGTGAGGA TTTGAGCACT GCTTGGGGAG TAGCTTATGA TGGACTCGCA GCTGCAATTA AGAAGGCAAT GA 

LjLb3   486  GGAGTGAGGA ATTGAGCACT GCTTGGGGAG TAGCCTATGA TGGACTCGCA GCTGCAATTA AGAAGGCAAT GA 

LjLb2   406  GGAGTGATGA CTTGAGCACC GCTTGGGAAG GAGCATATGA TGGACTAGCA ACTGCAATTA AGAAGGCAAT GG 

LjNsg2  404  GGAGCGAGGA AGTGAGCAAT GCTTGGGGAA TAGCCTATGA TGAATTGGCT GGGGTGATTA AAAAGGGAAT GA 

LjNsg1  489  GGTCACCAGA GATGAAGAAT GCATGGACAC AAGCTTATGA TCAGCTGGTC GGTGCCATTA AATCTGAAAT GA 

 

 

LjLb1   483 G....... .....TTGAA GTAGGAATAT ATAGCCATAA TGGCATAAAA TATTTCTATA AC........ ..... 

LjLb3   558 G....... .....CTGAA GTTGAAATTT ATAGCCATAA TGGCATAAAT AGTTTTAATA AT........ ..... 

LjLb2   478 G....... .....TTAAA ATCGAAATAT ATAGTCACAA TGGTTTAAAA TATAGTCATA ATGGCATAAA ATATT 

LjNsg2  476 G....... .....TTGAA CTTAGGATCT GCTCAATAAA CAATTTGTAT TTCACTAAAA CTTGTTAAAC TGGTG 

LjNsg1  561 AGCCATCA TCTTCTTAGA CTCAATATCT TCCAGCTCAT GCACTTCCTG TACTTCCTAA TTAAGTTTGA TATTT 

 

 

LjLb1   531 ..CA. .....TAT.. GTATTCCAAT AA..AACTTA TTACAAATAA A....TTCAA ATAATATATT GAATACAA 

LjLb3   606 ..AAA AATAATAT.. GTACTCCAAT AA..AACTTA TTACAAATAA A....TTCAA AT...ACGTT GAATATAA 

LjLb2   539 TAAAT AATAATATTT GTACTCCAAT AA..AACTTG TTATAAATAA A....ATTCA A....ATACT TAATATAT 

LjNsg2  537 ATGAA ACTTTAAT.. TCACATGGTT AA..TGTTTT TAGCAATTGA AAGGATTATG ATCCTGTTAT GAACATCA 

LjNsg1  634 GATAG AGTTACCCGG GTCCCCTGTT CACAAAGCGC TAGTGTTTGG GT...TTATA ATTTTCTTTT GTATGTAT 

 

 

LjLb1   588 AT .T.TGTCAAT ..TCAATTAA TGATGTTTCT GGTTTTGCAT GCCTTTCCCA TAGGGTTAAG GATGCCATTT  

LjLb3   666 AT .T.TATCTAT ..TCAATTAA AGATGTTTCT GGTTTCGC.. .......... .......... ..........  

LjLb2   602 AT .T.TGTCAAT ..TCTGTC.. .......... .......... .......... .......... ..........  

LjNsg2  606 GT .TATAATAAG ..TTAATGTA AACTATTAAG .......... .......... .......... ..........  

LjNsg1  704 AT ATACAATAAT ACTTGATTAA TATTGCTAAT GGGGATGCTA GGTTGTAAAG TGTTTGTATT CAACAATTCT  

 

 

LjLb1   656 GGGTTTGGGT TTACCGTGCC ATTTGACACA TTTAACAGCG AAAACTTTTT ATAAGT.... .......... ... 

LjLb3       .......... .......... .......... .......... .......... .......... .......... ... 

LjLb2       .......... .......... .......... .......... .......... .......... .......... ... 

LjNsg2      .......... .......... .......... .......... .......... .......... .......... ... 

LjNsg1  776 GTAATTGAAA GTAATTGTGT AAATTGTAGT GTTTATGTAG TTATTTACTT ATTTGATATT GAGGTGGTTG GTT  

 

 

Figure 3.8. 2: Multiple nucleotide sequence alignment of five Lotus leghemoglobins.  

Nucleotide sequences of the three symbiotic leghemoglobins (LjLb1[TC14055], LjLb2 [TC14065], LjLb3 

[TC14039]) were compared to the non-symbiotic hemoglobin sequences (LjNsg1 [TC16046] and LjNsg2 

[TC10713]). The alignment was done using the ClustalW algorithm and results were shaded using 

BOXSHADE software. 

 

Phylogenetic analysis of the hemoglobin sequences from Lotus japonicus, 

Arabidopsis thaliana, Oryza sativa and Medicago truncatula showed that these genes 

can be divided into symbiotic and non-symbiotic genes (Figure 3.8.3). The symbiotic 
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hemoglobin sequences of Medicago closely cluster with those of Lotus japonicus 

whereas the non-symbiotic hemoglobins of these species group with those of the non-

leguminous plants, Arabidopsis thaliana and Oryza sativa. 

 

 

 

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

Included in the un-rooted tree are the Arabidopsis thaliana  hemoglobins, AtHb1 (TC211680) and AtHb2 

(TC199105); the Oryza sativa hemoglobins, OsHb1 (TC231324), OsHb2 (TC224250), OsHb3 

(TC229216), OsHb4 (TC246382); the Medicago truncatula hemoglobins MtLb2 (TC76879), 

MtTC76878, MtTC76551, MtTC76548, MtLb29 (TC77993), MtTC76987, MtTC80495, MtGlb1 

(TC76971); and the Lotus japonicus hemoglobins, LjLb1 (AB042716), LjLb2 (AB042717), LjLb3 

(AB008224), LjNsg1 (TC16046), LjNsg2 (TC10713). Phylogenetic analysis based on protein sequence 

was performed using the GenomeNet CLUSTALW server (Koyoto Centre: http://clustalw.genome.jp); 

the grey shading indicates the two groups of symbiotic (light grey) and non-symbiotic (dark grey) 

hemoglobins. 

 

3.8.3. Expression patterns of the different hemoglobin genes 

To obtain a more accurate measure of transcript levels for the different 

leghemoglobins in Lotus, gene-specific PCR-primers were designed for LjLb1, LjLb2, 

LjLb3, LjNsg1 and LjNsg2. Symbiotic leghemoglobins were almost exclusively 

expressed in nodules (Figure 3.8.4). Expression in nodules was between 2,400- and 

5,700-fold higher than in roots or leaves. In contrast, although expression of LjNsg1 was 

highest in nodules, transcript levels in roots and leaves were only 35- and 5-fold lower, 

respectively, indicating a more global expression of this gene. The other non-symbiotic 

hemoglobin, LjNsg2, also showed highest expression in nodules. Transcript levels were 
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622- and 733-fold lower in roots and leaves than in nodules. Transcript levels of the two 

non-symbiotic hemoglobins were approximately 100-fold lower in nodules than levels 

of the symbiotic leghemoglobins (Figure 3.8.4). 
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Figure 3.8. 4: Organ-specific expression of different hemoglobin genes in Lotus japonicus.  

Transcript levels for all symbiotic and non-symbiotic hemoglobins were determined by qRT-PCR. 

N=nodule (21dpi), R=unioculated roots, L=leaves. Data were normalised and expressed relative to 

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

 

Induction of hemoglobin gene expression during nodule development was also 

measured by qRT-PCR. Transcript levels of LjLb1 increased ten-fold after one day of 

inoculation with rhizobia and continued to increase for the first two weeks of nodule 

development (Figure 3.8.5). In contrast, transcript levels of LjLb2, LjLb3 and LjNsg2 

remained low in roots until day two after inoculation, after which levels increased to 

over 10,000-times higher than in uninoculated roots. The non-symbiotic hemoglobin 

LjNsg1 was not strongly induced during nodule development (Figure 3.8.5). Expression 

of these genes in non-incoulated control roots did not change more than one order of 

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

Relative transcript levels were measured in infected roots, which eventually included nodules and 

compared to those in uninfected roots by qRT-PCR and plotted on a log-scale. Data were normalised and 

expressed relative to ubiquitin. Error bars represent the standard deviation of three independent 

measurements. 

 

3.8.4. Molecular physiology of nodule leghemoglobins 

Multiple sequence alignment revealed several stretches of more than 22 base 

pairs with 100% DNA sequence identity between LjLb1, LjLb2 and LjLb3, but no such 

region of identity was found between the two non-symbiotic hemoglobins and the three 

symbiotic leghemoglobins (Figure 3.8.2). Thus, an RNAi approach was chosen to 

investigate the physiological role(s) of the three symbiotic leghemoglobins using LjLb2 

to produce hairpin RNAs (see Materials and Methods). 

 

3.8.4.1. Selection of appropriate transgenic lines showing PTGS of leghemoglobin 

After transformation and regeneration, five independent transgenic lines were 

obtained from which three cuttings of each were grown for seed production (T0). Plants 

from the segregating T1 generation were analysed phenotypically as a nutrient 

starvation phenotype was expected due to inefficient SNF. First, the nodules of all lines 

were visually inspected as it was assumed that the loss of leghemoglobins should lead to 

the lack of the pinkish colour. This phenotype was observed for lines 2 and 3. Those 
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plants with white nodules also showed a reduced shoot length when grown under 

symbiotic conditions (Figure 3.8.6) while no phenotype could be observed when plants 

were grown in the presence of nitrate-containing fertilizer (Figure 3.8.10). These results 

indicated a defect in SNF in LbRNAi lines 2 and 3.  
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Figure 3.8. 6: Shoot and root length of independent transgenic RNAi-lines.  

Shoot (A) and root (B) lengths were determined from plants grown in the greenhouse for 10 weeks under 

symbiotic conditions. Five independent lines, including sublines, were analysed in the experiment. Error 

bars indicate the standard deviation of 3-6 individual plants (except #2-1where just one plant could be 

used for the experiment). In case of lines 2 and 3, plants were pre-selected based on the nodule 

phenotype. 

 

Transcript levels of total symbiotic leghemoglobins were significantly reduced 

in lines 2-1, 2-2, 3-2 and 3-3 whereas expression in all sublines of lines 1, 4, 5 as well as 

in subline 3-1 were higher than in wild-type (Figure 3.8.7). Expression in subline 2-3 

could not be measured due to technical problems. T1 plants segregate 1:2:1 

(homozygous:hemizygous:null) for the inserted LbRNAi construct in the case that a 

single T-DNA insertion event occurred during transformation. Thus, one out of four 

plants in the T1 generation should exhibit wt levels of leghemoglobins. As nodules from 

more than the plants used for the phenotypical analysis (Figure 3.8.6) were harvested 

for RNA extraction it is possible that, in case of line 3-1, nodules from a null-plant were 

included, leading to the high expression level in this line (Figure 3.8.7). 

As lines 2-2 and 3-2 showed low expression levels of leghemoglobins and an N-

deprivation phenotype under symbiotic conditions, these lines were selected for further 

experiments. 
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Figure 3.8. 7: Transcript levels of total symbiotic leghemoglobins in all LbRNAi lines obtained after 
tissue culture. 

Nodule tissue was harvested at 28 days post inoculation (dpi). Nodules from 3-4 plants were pooled prior 

to RNA extraction and 3 technical replicates were measured per line. Error bars represent standard 

deviation of the sample. Expression levels of leghemoglobins were normalised to ubiquitin and expressed 

relative to transcript levels of leghemoglobin in the wt. 

 

3.8.4.2. RNAi mediated PTGS of symbiotic leghemoglobins gene expression 

Expression of the LbRNAi construct in lines 2-2 and 3-2 led to greater than 97% 

decrease in transcript levels for all three symbiotic hemoglobin genes (LjLb1, LjLb2 and 

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

symbiotic hemoglobins were far less severely reduced in those lines (Figure 3.8.8 A). 

 

3.8.4.3. LbRNAi lines lack leghemoglobin and nitrogenase protein 

Western blot analysis was performed to confirm the absence of leghemoglobin protein 

in LbRNAi lines 2-2 and 3-2. While the leghemoglobin protein was detected in the 

wild-type plants at 14 dpi using a specific antibody against pea leghemoglobin, no 
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Figure 3.8. 8: Molecular characteristics of LbRNAi lines.   

A:  Symbiotic and non-symbioitic hemoglobin transcript levels in nodulated roots three weeks after 

inoculation of wild-type (black) and LbRNAi line 2 (light grey) and 3 (dark grey).  Transcript levels were 

normalised and expressed relative to ubiqutin. B: Leghemoglobins were detected by Western Blot 

analysis in isolated nodules of the wild-type (wt) but not the two LbRNAi lines (2-2 and 3-2). Lane M 

shows markers of 14 and 18 kDa. C: Western blot detection of leghemoglobins (Lb, above) and 

nitrogenase (NifD, below) in nodulated roots of wild-type (wt) and LbRNAi line 3-2, from 7 to 21 days 

post-inoculation (dpi). Western blot analyses were performed after SDS-PAGE of 20 µg protein. 

 

leghemoglobin protein was found in nodulated roots (Figure 3.8.8 C) or in isolated 

nodules of the RNAi-lines (Figure 3.8.8 B). Using an antibody against the nitrogenase 

NIFD subunit, it was found that the NIFD protein was absent in inoculated root material 

of the RNAi-plants, but present in nodulated roots of wild-type plants 21 dpi. 
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3.8.5. LbRNAi plant phenotypes 

3.8.5.1. LbRNAi plants are defective in symbiotic nitrogen fixation 

LbRNAi lines 2 and 3 exhibited severely stunted growth compared to the wild-

type under symbiotic conditions (Figure 3.8.10). The leaves of the LbRNAi plants 

grown symbiotically with rhizobia but no external nitrogen were yellowish and 

chlorotic, a phenotype similar to that of wild-type plants grown in the absence of 

external nitrogen and without. Other signs of N-deprivation in LbRNAi lines grown 

under symbiotic conditions were the increase in root/shoot ratio (Figure 3.8.9) and an 

increased anthocyanin content, manifest as purple pigment in the stems of the plants 

(Figure 3.8.10). Furthermore LbRNAi plants flowered about 6 weeks later 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-line 3-2 compared to wt. 

Shoot (A) and root (B) length as well as nodule number (C) per root were determined 7, 14 and 21dpi. 

Plants were grown on vertical plates for 2 weeks before being inoculated with M. loti. 
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Another indication of N-deficiency in LbRNAi lines was an increase in nodule number 

for these plants compared to the wild-type 21 dpi (Figure 3.8.9). Apparently, lack of N-

supply from SNF in the LbRNAi lines prohibited feedback inhibition of nodule 

development in these plants. In contrast, growth of LbRNAi lines on soil with mineral 

nitrogen added was similar to that of wild-type plants, as was the time to flower (Figure 

3.8.10). Thus, the symbiotic growth defect of LbRNAi plants can most easily be 

explained by a lack of symbiotic nitrogen fixation, a conclusion supported by the 

observed absence of the nitrogenase protein in nodules of the LbRNAi lines (Figure 

3.8.8 C). 

 

 
 

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

A:  Typical nodules of wild-type and LbRNAi plants 14 days after inoculation with rhizobia.  The top two 

images show whole and sectioned wild-type nodules, respectively, while the bottom pair depicts the same 

for LbRNAi line 3-2. Note the absence of leghemoglobin pigmentation in the LbRNAi nodule, but the 

similar extent of dark-staining, infected cells in the central zone of the nodule section. The scale bars 

indicate 1 mm. B: Ten-week old rhizobia-inoculated plants. Three individuals of two independent 

LbRNAi lines (2-1, 2-2, 2-3 and 3-1, 3-2, 3-3) are compared with a typical wild-type control.  Plants were 

grown in sand without added mineral nitrogen. C: Ten-week old uninoculated plants grown in soil with 

nitrogen fertiliser. Three LbRNAi individuals are compared to a typical wild-type plant.  

 

Although nodule ontogeny of LbRNAi plants proceeded normally for the first 2-

3 weeks post inoculation, nodule expansion ceased 21 dpi, in contrast to wt nodules 

which continued to expand after this time (Figure 3.8.11). While wild-type nodules 
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developed prominent lenticels (raised white stripes on the surface of the nodule) these 

were not evident on the transgenic nodules.  

 

 

Figure 3.8. 11: Time course of nodule development in wt and LbRNAi plants.  

Plants were grown on vertical plates as described in Material and Methods (section 2.3). The nodules 

depicted are typical of those on wild-type and LbRNAi plants at the times indicated. The scale bar 

indicates 1mm 

 

3.8.5.2. Microscopical examination of LbRNAi nodules  

To determine whether changes in growth rate of LbRNAi nodules 14 dpi was 

associated with changes in cellular organisation and/or other microscopically visible 

features, microtome sections of nodules from wild-type and LbRNAi plants were 

prepared. Microscopical analysis of sections from nodules harvested 14 dpi and 21 dpi 

showed that wild-type and LbRNAi nodules both had a similar structure and 

organisation of the infected cells (appearing blue) and uninfected cells (appearing 

white) (Figure 3.8.12). However, staining with Lugol solution revealed the 

accumulation of starch granules in uninfected cells of LbRNAi lines. Those granules 

were found in wild-type nodules only after 21 dpi and starch accumulation 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 LbRNAi plants 14 and 21 dpi.  

Nodules were embedded in plastic (Technovit) and cut into sections of 5 µm thickness. A-D: wildtype 

nodules; E-H LbRNAi nodules. Bars indicate 1 mm (A, C, E, F) and 50 µm (B, D, F, H). The 

corresponding close-up is located to the right of each nodule cross-section. 

 

 

3.8.6. Further characterisation of LbRNAi plants 

3.8.6.1. LbRNAi lines contain less bacteria inside the nodule 

qRT-PCR was used to measure the relative bacterial population size in RNAi 

and wild-type nodules at 14 and 21 dpi. Population ‘size’ was determined by measuring 

the amount of bacterial DNA per unit fresh weight, using PCR primers for the genes 

SigA, NifH and NifD. 

Similar results were obtained for all 3 genes with gene copy number between 

0.6-0.8 of wild-type in the RNAi lines tested (Figure 3.8.13). Thus, the bacterial 

population inside nodules of the RNAi lines was slightly smaller than in wild-type 

nodules but certainly viable as the increase in expression towards 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 with gene specific primers for the bacterial genes 

SigA, NifH (Fe protein), and NifD (FeMo protein), as well as with oligo-dT for plant genes. Bacterial 

DNA contents were normalised to plant ubiquitin and expressed relative to wild-type (=1); dpi=days post 

inoculation. Error bars indicate standard deviation of three replicates. 

 

 

 

3.8.6.2. Lack of leghemoglobins leads to increased free oxygen concentrations 

inside LbRNAi nodules 

In view of the proposed physiological roles of leghemoglobins, it was of interest 

to measure oxygen concentrations in LbRNAi lines. This was done using a needle-type 

fibre-optic oxygen micro-sensor. Steady-state levels of free-oxygen were higher 

throughout nodules of LbRNAi lines than for the wild-type controls (Figure 3.8.14). 

Wild-type nodules exhibited a steep oxygen-gradient from the surface towards the 

centre of the nodule, with levels of 14.9% (± 5.5%) of ambient oxygen within 0.2 

diameters of the surface, and below 1% ambient oxygen for most of the central, infected 

zone. In contrast, nodules from LbRNAi lines exhibited a shallower oxygen-gradient 

with 48% (± 5.3%) of ambient oxygen at 0.2 diameters and never less than 4.5% (± 

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-type (filled) and LbRNAi lines (open) are shown and 

levels are expressed as a percentage of the concentration in air. The surface and center of nodules are 

indicated on the x-axis by 0.0 and 0.5, respectively. Data points represent the mean (+/- SD) of 

measurements in 11-13 independent nodules. 

 

3.8.6.3. Loss of leghemoglobins affects the energy status of nodules 

To test if changes in oxygen concentrations have an effect on the energy status 

of the nodules, ATP and ADP concentrations in nodules of wild-type and LbRNAi-

plants were measured using a cycling assay. 
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Figure 3.8. 15: Adenylate levels in nodules from wild-type and LbRNAi plants.  

ATP (dark grey) and ADP (light grey) concentrations were determined in 21day old nodules using a 

cycling assay. AMP concentrations could not be measured. Error bars indicate standard deviation of 6 

independent measurements on different samples. 
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In nodules of wild-type plants, an average ATP concentration of 98 nmol × 

gFW-1 (± 16) was measured while in LbRNAi plants the value was 57 nmol × gFW-1 (± 

11). Concentrations of ADP in nodules of wild-type and LbRNAi plants were 40 nmol × 

gFW-1 (± 10) and 105 nmol × gFW-1 (± 26), respectively. Thus, the total amount of 

ATP+ADP was similar in wild-type and LbRNAi nodules, but the ratio ATP/ADP was 

4.5-fold higher in wild-type nodules. In other words, leghemoglobins appeared to be 

necessary to maintain a higher energy charge in nodules.  

 

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

HPLC was used to measure the concentrations of free amino acids in nodules of 

LbRNAi and wild-type plants. Several amino acids were less abundant in the LbRNAi 

nodules than in the wild-type including glutamate and asparagine, two major amino 

acids that are exported from nitrogen fixing nodules (Figure 3.8.16). LbRNAi nodules 

also contained less alanine, argenine, GABA, tyrosine and phenylalanine than wild-type 

nodules. In contrast, levels of aspartate and glutamine were not significantly changed. 

Of those amino acids that gave significant p-values, only tryptophan and valine showed 

increased concentrations in LbRNAi nodules compared to nodules from 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 1.12 5.84 0.95 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 1.80 12.39 3.20 0.250 

Glutamine 5.62 1.02 4.87 1.21 0.300 
Glycine 6.07 0.72 6.45 1.83 0.689 

Homoserine 0.95 0.31 0.77 0.35 0.397 
Threonine 4.59 0.56 6.04 1.55 0.086 
Histidine 13.57 2.00 8.49 1.05 0.000 
Citrulline 6.20 0.84 5.02 1.20 0.098 
ß-Alanine 2.22 0.73 1.35 0.44 0.024 
Alanine 83.98 8.77 35.36 10.05 0.000 
Arginine 3.28 0.45 2.42 0.41 0.006 
GABA 36.65 8.99 12.41 4.57 0.000 

Tyrosine 37.35 6.09 21.65 3.20 0.000 
Valine 2.77 0.35 3.99 0.92 0.021 

Methionine 0.44 0.17 0.60 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 2.58 0.41 2.48 0.71 0.784 

Leucine 6.26 1.07 6.45 1.68 0.832 
Ornithine 0.49 0.26 1.07 0.73 0.140 

Lysine 3.59 0.61 3.42 0.72 0.690 
 

Figure 3.8. 16: Amino acid concentrations in nodules of wt and LbRNAi plants.  

Amino acids were determined by HPLC analysis in isolated nodules at 6 wpi. Concentrations are 

expressed as [µmol × gFW-1]. Measurements were done on 5 and 10 independent biological samples in 

the wild-type and LbRNAi line 3, respectively. Variance was tested by one-way ANOVA analysis and 

expressed as a p-value. All pairs with a p-value of ≤ 0.05 are regarded as being significantly different. 
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4.0. Discussion 

 

4.1. Lotus japonicus cDNA arrays- an important tool for functional genomics 

Global transcript profiling in plants has developed rapidly in the last few years 

and has become an important tool for plant functional genomics. Several technologies 

have been used to study the transcriptome of different plant species under a variety of 

different conditions. The complete sequence of species like Arabidopsis thaliana led to 

the development of full-genome arrays such as Affymetrix chips and other 

oligonucleotide chips. The first legume Affymetrix chip was recently developed for 

Medicago truncatula (Mitra et al., 2004) which contains probes for 10K genes. A 

similar chip for Lotus japonicus is currently being produced.  

Resources for large scale transcript profiling in Lotus japonicus were improved 

during this PhD project. The LjNEST (9.6K) and LjKDRI (11.6K) arrays, together with 

an 18K cDNA array described recently (Kouchi et al., 2004), are the largest cDNA 

arrays currently available for Lotus japonicus transcriptome analysis. Optimisation of 

the hybridisation protocol in combination with improved tools for data mining and 

evaluation, which were developed in this project, facilitate more rapid transcriptome 

analysis than ever before in Lotus japonicus. This makes our resources a valuable 

component of Lotus japonicus functional genomics (Ott et al., 2005; in press). The two 

different arrays that we have produced complement each other because of the different 

origin of the cDNAs that were spotted on the filters. The LjNEST arrays were so far 

used for the identification of genes involved in nodule development and function, e.g. to 

study the differences between nodules induced by wild-type rhizobia and those derived 

from rhizobial mutants (cgs and lpsβ2), or to study gene expression in the spontaneous 

nodulation mutants snf1, snf2, snf3, snf4 that form empty, nodule-like structures. In case 

of transcriptome profiling of the nfr1 and nfr5 mutants, which do not form nodules, the 

LjKDRI arrays (whole plant ESTs) were preferred. The same holds true for the 

investigation of cadmium stress on roots of Lotus japonicus. Several genes that were 

tested independently by qRT-PCR confirmed the results from the arrays indicating high 

robustness of the data.  

To improve handling of array data, all clones on the arrays were functionally 

annotated using categories defined in the MIPS database. In the case of the LjNEST 

arrays, TC numbers for all clones were also acquired which enables the user to evaluate 

easily the reliability and reproducibility of the results by comparing hybridisation 
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signals for all clones belonging to the same TC (gene) (TIGR database for Lotus 

japonicus version 3.0). TC numbers have not been attached to LjKDRI clones, as the 

sequences of these clones were not released to the NCBI and subsequently implemented 

into the TIGR database until very recently. The same tools and database structure used 

for LjNEST arrays will soon be developed for the LjKDRI arrays. 

Real-Time RT-PCR (qRT-PCR) was used to confirm cDNA array data 

indicating differential expression of interesting genes, as it was shown to be very 

accurate even at low expression levels of genes (Czechowski et al., 2004). qRT-PCR 

was performed on several genes that were found to be induced in nodules compared to 

uninfected roots including transcription factors, a lysophospholipase, two carbonic 

anhydrases, an ent-kaurene synthase A, a GA 2-oxidase, MtN24, LjSst1, cOMT and the 

symbiotic leghemoglobins (Figure 3.4.1). This confirmed differential expression of 

these genes that was found using the 5.6K NEST arrays (Colebatch et al., 2004). 

Comparable data were recently published using an 18K cDNA array that was hybridised 

with labelled ss-cDNAs from nodulated roots of different stages (Kouchi et al., 2004). 

The authors identified 1076 up-regulated and 277 down-regulated genes. Many of the 

genes that were found to be induced during nodulation were also identified and 

confirmed during our experiments. 

The gene encoding the potassium transporter LjKUP was identified in the first 

set of arrays to be highly expressed in nodules (Colebatch et al., 2002a) but lower 

transcript levels were also found in other plant organs. A more detailed study of the 

developmental regulation of this gene showed it to be strongly induced 14 and 21 dpi 

(Figure 3.5.2). The induction kinetics suggests an involvement in nodule function rather 

than development per se as no significant induction of the gene was found one week 

after inoculation when roots contained immature nodules. LjKup was also induced in 

plants with defective nodules resulting from inoculation with the rhizobial mutant nifA-. 

A similar situation was found when the Lotus japonicus mutants sym11 (fix -) and har1-

1 (fix+) were inoculated with wild-type M. loti but transcript levels were not induced in 

sym6, a mutant which only makes small bumps and does not develop mature nodules 

(Desbrosses et al., 2004). During nodule development, root cortical and pericycle cells 

undergo substantial expansion (and division), which requires large amounts of K+, not 

only to maintain ion homeostasis, but also to provide turgor pressure for cell growth. 

Massive induction of LjKup gene expression during nodulation, and the location of the 

protein in the plasma membrane indicate that LjKUP may play an important role in cell 
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expansion during the latter stages of nodule development. Consistent with this idea were 

observations that KUP homologs in plants are essential for cell and tissue expansion 

(Elumalai et al., 2002; Rigas et al., 2001). Continued, high expression levels of LjKup in 

mature nodules of Lotus japonicus, which because of their determinate nature cease to 

grow significantly after maturity, indicate that the protein fulfils additional and/or 

alternative functions during SNF. From these and other data it was concluded that KUPs 

may play an active role in ionic and osmotic homeostasis in cells of Lotus japonicus 

(Desbrosses et al., 2004). The amenability of Lotus japonicus to reverse genetics will 

enable us test the importance of LjKup in nodule development and SNF in the future. 

A second nodule-induced transporter, LjSST1, was identified using cDNA 

arrays (Colebatch et al., 2002a, Kouchi et al., 2004). Map based cloning of the 

mutations of sym13 and sym81 revealed that both mutants were affected in this sulphate 

transporter gene. LjSst1 shows a similar expression pattern to LjKup (Figure 3.6.2). 

Nodules of sym13/sym81 are not able to fix nitrogen, which indicates that LjSST1 plays 

a crucial role in SNF. Data from proteome analysis indicate that this transporter is 

located on the symbiosome membrane (SM) (Wienkoop and Saalbach, 2003). This 

suggests that LjSst1 may be necessary to provide sulphate to the bacteroids. If the 

localisation data can be confirmed, LjSST1 would be the first transporter of the SM to 

be found that is essential for SNF. As it is, LjSST1 is the first nodule transporter to be 

identified that is crucial for SNF. 

 

4.2. Ascorbate and AOX 

The function of ascorbic acid (ascorbate; vitamin c) in oxidative stress responses 

was first described for photosynthetic tissue but in recent years information on the role 

of vitamin c in non-photosynthetic organs like roots has been gathered (for review see 

Noctor and Foyer, 1998). The main function of ascorbate in plants is believed to be in 

detoxification of ROS. However, recently there has been increasing interest in its role in 

plant development and cell proliferation, processes that are linked to ROS-metabolism 

(Horemans et al., 2003).  

Ascorbic acid dehydroascorbic acid

O2 H2O2

AOX
Ascorbic acid dehydroascorbic acid

O2 H2O2

AOX

 

Figure 4.2. 1: The ascobate oxidase reaction. 

 



Discussion 
 

 

91 

AOXs (EC-number: 10.1.3.3) catalyse the oxidation of ascorbate to DHA and 

the two electrons reduction of O2 to water (Figure 4.2.1). They belong to the family of 

blue multicopper oxidases that includes laccases, ceruloplasmin and some other less 

characterised enzymes (Santagostini et al., 2004). Recent reports indicate that the AOX 

protein is located almost exclusively in the apoplast (Vanacker et al., 1998) where it 

may play a role in the detoxification of gases like ozone that can induce oxidative stress 

(Sanmartin et al., 2003). This hypothesis is strengthened by the findings that Aox was 

induced during elicitor treatment and wounding stress, whereas no induction of the gene 

was found when methyl-jasmonate was applied to the plants (Garcia-Pineda et al., 

2004). In addition, induced Aox expression upon rhizobial infection was leading it to its 

designation as nodulin23 (MtN23) (Gamas et al., 1996). An early study on crude 

extracts of soybean nodules reported an ascorbate and oxygen consuming enzyme that 

was hypothesised to be an ascorbate oxidase (Udvardi et al., 1986). However, detailed 

studies on AOXs in nodules are yet to be reported. 

In non-leguminous plants high expression of Aox genes has been reported in roots, 

stems and flower buds as well as in fruits of melon, pumpkin, cucumber and orange 

(summarised in Garcia-Pineda et al., 2004). Horemans and co-workers showed in 

tobacco BY2 cells that ascorbate concentrations are elevated during cell division, while 

concentrations of DHA decline (Horemans et al., 2003). On the other hand reduced 

ascorbate levels in the quiescent center of maize roots were correlated with the absence 

of cell division in an extended G1 phase (Kerk et al., 2000). These data are consistent 

with a role of ascorbate in the cell cycle. Interestingly addition of ascorbate to roots of 

Allium cepa and Pisum sativum accelerated cell proliferation (De Pinto et al., 1999; 

Cordoba-Pedregosa Mdel et al., 2003; Potters et al., 2000; Del Carmen Cordoba-

Pedregosa et al., 2003; De Tullio et al., 1999). So, ascorbate and DHA seem to be 

involved in cell expansion and cell division. 

Cross-linking of the cell wall components is required during development and 

can be achieved using hydrogen peroxide, a product of the AOX reaction (Figure 4.2.1). 

This is supported by the finding that ascorbate can serve as a co-factor of cytosolic 

prolyl-hydroxylase. This enzyme is involved in the biosynthesis of hydroxyproline-rich 

proteins that have key functions for cell wall structure (De Tullio et al., 1999).  

Using the 11.6K LjNEST arrays, an ascorbate oxidase LjAox1 (LjNEST98c11) 

was found to be more highly expressed in infected roots 4 wpi compared to 1 wpi. EST 

analysis suggests the existence of six Aox genes in Lotus japonicus with two of them 
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predominantly expressed in nodules (TC11125 and TC12917). Phylogenetic analysis of 

the sequences showed that these two proteins are more similar to AOX proteins from 

leguminous plants than non-legumes (Figure 3.7.1). This together with their nodule-

induced expression pattern suggests that these Aox genes may serve specialised 

functions during SNF. 

It was shown above that LjAox1 transcript levels are highest in nodules (Figure 

3.7.4) and increased constantly over time during nodule development (Figure 3.7.3), but 

eventually declined as nodules aged (Figure 3.7.5). Similar data were obtained from in 

silico analysis using the Medicago truncatula database 

(http://medicago.toulouse.inra.fr/Mt/EST/ DOC/MtB.html). Clone MtC20102_GC was 

identified to be the closest homologue of LjNEST98c11, showing 71% identity on 

nucleotide level. MtC20102_GC was found to be mainly expressed in nodules with the 

highest value in young nodules (0.41‰ of the total library). This confirms the 

classification of this gene as an early nodulin (Gamas et al., 1996). Taken together, 

these results imply that the gene may be involved in nodule development rather than in 

nodule function per se.  

In order to address possible functions of LjAox1 in nodules, spatial expression of 

the gene was investigated using promoter-gus fusion. Locally defined gus-activity 

around the endodermis of the nodule was found and implies a specialised function of 

the gene product in this tissue (Figure 3.7.8) which is believed to contribute to the 

oxygen diffusion barrier (ODB) in nodules. Using the membrane permeable dye lucifer-

yellow it was shown earlier that the endodermis itself might not function as an ODB 

alone (Brown and Walsh, 1996). Recent findings suggest the apoplastic space, 

especially when it is filled with water, to maintain oxygen diffusion resistance (Streeter 

and Salminen, 1993, Witty and Minchin, 1994). Interestingly, AOX enzyme activity 

was reported to be mainly apoplastic (Vanacker et al., 1998). An active involvement of 

LjAox1 in limiting O2 diffusion at the site of the ODB is very unlikely as this barrier is 

rather physical than biochemical. Biochemical impact could be supported by AOX 

activity that leads to the formation of H2O2 (Figure 4.2.1) which is known to play a role 

in cell wall cross-linking. Such cross-linking could enhance physical strength of the 

endodermal cell layer while it is also needed for normal development. 

Its possible apoplastic localisation makes the enzyme also an interesting 

candidate to be involved in controlling cell cycle by regulating the availability and the 

redox status of cellular and apoplastic ascorbate pool as shown in tobacco (Horemans et 
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al., 2000). This is also supported by high expression of LjAox1 in young, developing 

nodules (Figure 3.7.5) and its spatial expression around the nodule endodermis (Figure 

3.7.8). It is likely that induction of LjAox1 expression during the time-course 

experiments (Figure 3.7.3) was observed as, in case of legumes developing determinate 

nodules, new nodules are continuously formed on the root system. But, when nodule 

development was impaired using the rhizobial mutant cgs, LjAox1 expression was 

significantly lower in those nodules compared to nodules that were induced by the 

corresponding wild-type rhizobial strain (Figure 3.7.6). A correlation of Aox expression 

with plant growth was recently demonstrated in tobacco (Pignocchi et al., 2003). 

Tobacco plants over-expressing an endogenous Aox by 40-times showed enhanced 

growth and stem elongation compared to the wild-type and a 3.5-fold increase of 

apoplastic DHA. Furthermore, the authors showed by using different plant hormones, 

which either enhanced or stopped growth, that expression of this gene correlates with 

these effects (Pignocchi et al., 2003). To which extent these findings can be applied to 

nodule development remains to be shown. 

Different motifs were identified in the putative promoter region of LjAox1. 

Among them were sequences that were described to be involved in stress (MYB1AT 

(Arabidopsis thaliana), CCAATBOX1 from Glycine max) and hormone responses 

(CATATGGMSAUR (Arabidopsis thaliana) and DPBFCOREDCDC3 from Glycine 

max), in tissue specific expression (AACACOREOSGLUB1 from Oryza sativa and the 

CAATBOX1 from Pisum sativum) as well as a putative binding domain for Dof-

transcription factors (DOFCOREZM) which was identified in Zea mays. All these 

motifs were predicted by the PLACE-software, but so far no experimental approach was 

taken to investigate roles of these putative motifs in planta. It was suggested previously 

that Aox expression and activity in maize may be controlled by the plant hormone auxin 

(Kerk and Feldman, 1995). Auxin was also described to be important in nodule 

development (de Billy et al., 2001; Pacios-Bras et al., 2003) so that it may be possible 

that the putative motifs CATATGGMSAUR and DPBFCOREDCDC3 are involved in 

hormonal regulation of LjAox1 in nodules (Figure 3.7.9). The DOFCOREZM-motif 

could also be a likely candidate for further experimental investigation, as Dof-

transcription factors have been recently described to regulate Aox expression in 

pumpkin (Umemura et al., 2004). Two putative Dof-like transcription factors were 

found in the LjNEST cDNA library (LjNEST13a12 and LjNEST89d2). Interestingly 

LjNEST13a12 was found to be 2.4-fold (p= 0.03) induced in the same experiment in 
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which the LjAox1 induction was observed. Further experiments have to reveal a possible 

functional correlation between these genes. 

 

4.3. Symbiotic leghemoglobins are indispensable for SNF 

Large-scale EST sequencing projects and clustering of EST sequences into TCs 

has provided insights into some of the major players that are involved in SNF in Lotus 

japonicus. This is especially the case for highly transcribed nodulin genes like 

symbiotic leghemoglobin genes which direct the synthesis of millimolar concentrations 

of leghemoglobin proteins in root nodules. Leghemoglobins are the most abundant 

nodulins in legume nodules.  

 

4.3.1. Expression of leghemoglobins 

Leghemoglobins are encoded by multi-gene families (Figures 3.8.2 and 3.8.3), 

and each gene being highly expressed in nodules of Lotus japonicus (Figures 3.8.4 and 

3.8.5). Expression analysis revealed three symbiotic leghemoglobin (Lb) genes to be 

predominantly expressed in Lotus japonicus (LjLb1, LjLb2 and LjLb3) (Figure 3.8.1) 

(Uchiumi et al., 2002).  Symbiotic as well as the two non-symbiotic (LjNsg1 and 

LjNsg2) hemoglobins were mainly expressed in nodules and induction of these genes 

(except LjNsg1) were observed already 24 hours after inoculation of the roots with M. 

loti (Figure 3.8.5). Expression pattern and accumulation of the protein 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 chosen in Lotus japonicus nodules to induce 

post-transcriptional gene silencing (PTGS) of all three leghemoglobin genes. Sequence 

identity was high between the three symbiotic leghemoglobin genes, with 6 stretches of 

at least 20 bp with 100% identity, providing the potential to induce PTGS to all three 

symbiotic hemoglobins using RNAi technology (Figure 3.8.2) (Waterhouse et al., 

2001a; Waterhouse et al., 2001b). A 401 bp long PCR fragment derived from LjLb2 was 

sufficient to silence transcripts of all three leghemoglobins leading to the lack of 

leghemoglobin protein in nodules of the transgenic lines (Figures 3.8.8). In contrast, 

transcript levels of the non-symbiotic hemoglobin genes LjNsg1 and LjNsg2 were only 

slightly reduced in these plants (Figure 3.8.8). Thus, RNAi proved to be a powerful 

technology to silence simultaneously several members of a gene family with high 
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transcript levels. Until now the use of RNAi in legumes was restricted to PTGS of lowly 

transcribed genes (Limpens et al., 2003) or of exogenous transgenes like GFP and GUS 

(Kumagai and Kouchi, 2003; Limpens et al., 2004). Expression of our LbRNAi 

construct in hairy roots of Lotus japonicus silenced Lb genes in transformed roots but 

not adjacent non-transformed roots (Figure 3.6.2) indicating that PTGS does not spread 

systemically within the root system, as found previoulsy (Limpens et al., 2004). 

Spreading of PTGS to the shoot as reported before (Kumagai and Kouchi, 2003) could 

not be tested because the Lb genes are not expressed in the shoot. 

 

4.3.3. The LbRNAi phenotype 

Silencing of leghemoglobin genes in Lotus japonicus nodules enabled us to 

show for the first time that leghemoglobins are indispensable for SNF in Lotus 

japonicus (Figure 3.8.10).  

Transgenic plants lacking symbiotic leghemoglobin proteins showed the typical 

above-ground symptoms of nitrogen starvation, including anthocyanin accumulation in 

the stem, chlorotic leaves, reduced shoot growth (reviewed in Fernandes and Rossiello, 

1995; Banba et al., 2001) and consequently an increase in root/shoot ratio (Figure 

3.8.9). As no phenotypical difference was found when growing LbRNAi plants and 

wild-type on full N-nutrition (Figure 3.8.10), it can be concluded that the observed 

phenotype is exclusively derived from the lack of reduced nitrogen-compounds in the 

plants. Therefore, symbiotic hemoglobins are not essential for non-symbiotic plant 

growth and development. 

Nodules of LbRNAi plants were white and arrested in growth around 14 dpi 

(Figure 3.8.10 and 3.8.11), a phenotype also observed in other fix- nodules (Banba et al., 

2001). In general, legumes react to non-functional nodules by investing no further 

nutritional resources to those nodules and by induction of new nodules in an attempt to 

overcome nitrogen deficiency. This was also the case in LbRNAi plants: the increase in 

nodule number between 14-21 dpi (Figure 3.8.9) correlated with the arrest of nodule 

growth at the same time (Figure 3.8.11). Although transgenic nodules were smaller than 

wild-type nodules, there were no major morphological differences between the two 

types of nodules (Figure 3.8.10). However, the bacterial population within the LbRNAi 

nodules was reduced by 30% compared to wild-type nodules (Figure 3.8.13). Thus, 

although rhizobial infection and nodule colonisation appeared to proceed normally in 
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LbRNAi nodules, restricted resource allocation to non-functional LbRNAi nodules may 

have limited rhizobial proliferation. 

 

4.3.4. Molecular physiology of symbiotic leghemoglobins 

Given the proposed roles of leghemoglobins in oxygen transport and buffering 

in nodules, based on their biochemical characteristics (Wittenberg et al., 1972; 

Bergersen and Goodchil, 1973; Wittenberg et al., 1974; Bergersen, 1996) it was 

important to compare free oxygen concentrations in transgenic and wild-type nodules, 

as these roles have not been confirmed in planta until now. Using an oxygen 

microsensor it was demonstrated that free oxygen concentrations in the transgenic 

nodules were elevated compared to the wild-type (Figure 3.8.14). The lack of 

leghemoglobin in LbRNAi nodules resulted in a shallower oxygen gradient from the 

epidermis to the center of the nodule, where concentrations reached a minimum 

compared to wild-type nodules. Unlike wt nodules, which contained a large central 

region of very low oxygen where SNF occurs, LbRNAi nodules exhibited a much 

restricted zone of very low free oxygen concentrations (Figure 3.8.14). Gradients in O2-

concentration were shown previously in other tissues of different plant species like in 

rape and wheat seeds, where almost hypoxic conditions were found (Porterfield et al., 

1999; van Dongen et al., 2004). But, here it was demonstrated for the first time in 

planta that free oxygen concentrations are altered when abolishing leghemoglobin 

protein synthesis.  

The findings are in partial agreement with a model that addressed changes in 

free oxygen concentrations upon nitrate treatment of nodules (Denison and Harter, 

1995). The authors calculated that reducing Lb concentrations to 5% of the controls 

would lead to increased O2 concentration in intercellular airspaces more than 100×. The 

model also predicted big increases in the steepness of O2 gradients within infected cells 

in the presence of leghemoglobins. Those gradients were also shown by imaging 

fractional oxygenation of leghemoglobin in yellow sweetclover nodules (Denison and 

Okano, 2003). However, Denison and Harter assumed uniform O2 concentrations 

throughout the intercellular airspaces (in order to save computing time), so the model is 

silent with respect to the gradients that were observed in wt and LbRNAi nodules in the 

experiments presented here. 

It was also demonstrated that the nitrogenase protein was absent in transgenic 

nodules (Figure 3.8.8). It is likely that elevated O2-concentrations found in LbRNAi 
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nodules, led to inactivation and loss of the oxygen sensitive nitrogenase protein. A 

strong correlation of leghemoglobin content and nitrogenase activity in nodules was 

suggested previously (Dakora, 1995). 

Facilitation of oxygen delivery to respiring bacteroids is thought to be one of the 

main functions of leghemoglobin. To test this, the energy status of nodules was 

determined by measuring concentrations of ATP and ADP. It was shown, that total 

adenylate levels were similar in transgenic and wild-type nodules while the ATP/ADP 

ratio was significantly lower in LbRNAi nodules due to higher concentrations of ADP 

and lower concentrations of ATP (Figure 3.8.15). AMP, which usually makes up only a 

small proportion of the total adenylate pool, could not be measured in these 

experiments. These results suggest that respiration was reduced in LbRNAi nodules, 

although this remains to be confirmed by more direct measurements. The results are 

consistent with a role for Lb in oxygen delivery to the principal site of respiration, 

namely the bacteroids. Reduction in the rate of O2 consumption as a result of loss of 

leghemoglobins in LbRNAi nodules could account for the increased steady-state O2 

levels measured through these nodules. Thus, leghemoglobins appear to be important 

not only to enhance oxygen delivery to the sites of respiration, but also to maintain the 

low oxygen concentrations required for SNF. High flux rates mediated by 

leghemoglobin in combination with low concentrations of free oxygen are therefore one 

of the major differences to other plant organs, where low free oxygen leads to inhibition 

of respiration and a higher ATP/ADP ratio (Geigenberger, 2003).  

Using light microscopy it was shown, that the morphology of LbRNAi nodules 

was largely unchanged. However, starch accumulation was found in uninfected cells of 

those nodules (Figure 3.8.12). Such accumulation was also observed in other legume 

mutants like crinkle (Tansengco et al., 2003), and alb1 and fen1 (Imaizumi-Anraku et 

al., 1997) in Lotus japonicus, and in ineffective mutants of alfalfa (Vance and Johnson, 

1983), soybean (Forrest et al., 1991), and pea (Novak et al., 1995). The accumulation of 

starch in amyloplasts in mutants ineffective in SNF indicates that plant-derived 

photosynthates, which serve as an energy source for nitrogen fixation, cannot be fully 

consumed in those nodules (Postma et al., 1990). This is probably due to a lower 

demand for carbon by the resident rhizobia as it was previously shown that starch also 

accumulated to higher amounts in soybean nodules hosting the rhizobial mutant 

LSG184 which lacks alpha-ketoglutarate dehydrogenase and exhibits delayed nitrogen 

fixation activity (Green and Emerich, 1997). Another possibility is that the TCA cycle, 
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needed to provide electrons to nitrogenase, is slowed down and resulting in feedback 

inhibition due to lack of bacterial nitrogenase protein. Consequently sucrose cannot be 

further metabolised to malate but is deposited as starch in the uninfected cells. 

In general starch accumulation is known to occur in non-leguminous plants, when 

oxygen tension increases and storage metabolism to be inhibited under low oxygen 

conditions (reviewed in Geigenberger, 2003). This may provide an additional or 

alternative explanation for the observed increase in starch accumulation in LbRNAi 

nodules. 

 

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

From the findings discussed above it can be assumed, that central nitrogen 

metabolism is severely affected in plants lacking leghemoglobins in nodules. Elevated 

levels of the amino acid asparagine in nodules containing the rhizobial mutant CFN037 

(containing a Tn5mob insertion in the promoter region of the thiCOGE gene cluster 

involved thiamine biosynthesis) compared to nodules with the resident wild-type strain, 

were demonstrated previously (Silvente et al., 2003). Infection of Phaseolus vulgaris 

with this strain led to the formation of more effective nodules compared to those 

obtained after infection with the wild-type strain. This is indirectly in agreement with 

the changes in amino acids levels presented here (Figure 3.8.16) if assumed that levels 

of these amino acids are correlated with the effectiveness of the nodules. Our findings 

of lower concentrations of some major amino acids are also supported by studies on 

enzymes like NADH-glutamate synthase (GOGAT) which is highly in roots and 

nodules (Cordovilla et al., 2000). Silencing GOGAT in alfalfa nodules impaired carbon 

and nitrogen metabolism in the nodules and resulted in a nutritional starvation 

phenotype with similar symptoms like chlorotic leaves and reduced shoot growth as it 

was reported for the Lb-RNAi plants here (Cordoba et al., 2003). Therefore, decreased 

concentrations of amino acids like glutamate and asparagine suggest the absence of 

SNF in LbRNAi nodules. 
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5.0. Summary 

During this PhD project three technical platforms were either improved or newly 

established in order to identify interesting genes involved in SNF, validate their 

expression and functionally characterise them. An existing 5.6K cDNA array 

(Colebatch et al., 2004) was extended to produce the 9.6K LjNEST array,  while a 

second array, the 11.6K LjKDRI array, was also produced. Furthermore, the protocol 

for array hybridisation was substantially improved (Ott et al., 2005, in press). After 

functional classification of all clones according to the MIPS database and annotation of 

their corresponding tentative consensus sequence (TIGR) these cDNA arrays were used 

by several international collaborators and by our group (Krusell et al., 2005; in press). 

To confirm results obtained from the cDNA array analysis different sets of cDNA pools 

were generated that facilitate rapid qRT-PCR analysis of candidate gene expression. As 

stable transformation of Lotus japonicus takes several months, an Agrobacterium 

rhizogenes transformation system was established in the lab and growth conditions for 

screening transformants for symbiotic phenotypes were improved. These platforms 

enable us to identify genes, validate their expression and functionally characterise them 

in the minimum of time.  

The resources that I helped to establish, were used in collaboration with other people to 

characterise several genes like the potassium transporter LjKup and the sulphate 

transporter LjSst1, that were transcriptionally induced in nodules compared to 

uninfected roots, in more detail (Desbrosses et al., 2004; Krusell et al., submitted). 

Another gene that was studied in detail was LjAox1. This gene was identified during 

cDNA array experiments and detailed expression analysis revealed a strong and early 

induction of the gene during nodulation with high expression in young nodules which 

declines with the age of the nodule. Therefore, LjAox1 is an early nodulin. Promoter:gus 

fusions revealed an LjAox1 expression around the nodule endodermis. The 

physiological role of LjAox1 is currently being persued via RNAi. 

Using RNA interference, the synthesis of all symbiotic leghemoglobins was 

silenced simultaneously in Lotus japonicus. As a result, growth of LbRNAi lines was 

severely inhibited compared to wild-type plants when plants were grown under 

symbiotic conditions in the absence of mineral nitrogen. The nodules of these plants 

were arrested in growth 14 post inoculation and lacked the characteristic pinkish colour. 

Growing these transgenic plants in conditions where reduced nitrogen is available for 

the plant led to normal plant growth and development. This demonstrates that 
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leghemoglobins are not required for plant development per se, and proves for the first 

time that leghemoglobins are indispensable for symbiotic nitrogen fixation. Absence of 

leghemoglobins in LbRNAi nodules led to significant increases in free-oxygen 

concentrations throughout the nodules, a decrease in energy status as reflected by the 

ATP/ADP ratio, and an absence of the bacterial nitrogenase protein. The bacterial 

population within nodules of LbRNAi plants was slightly reduced. Alterations of plant 

nitrogen and carbon metabolism in LbRNAi nodules was reflected in changes in amino 

acid composition and starch deposition (Ott et al., 2005, accepted in Current Biology). 

These data provide strong evidence that nodule leghemoglobins function as oxygen 

transporters that facilitate high flux rates of oxygen to the 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 represent a valuable source 

for Lotus japonicus functional genomics. To guarantee easy handling of array data, data 

mining tools should be further improved. This includes a regular update of the closest 

homologue sequences identified by using the BLAST algorithm and implementing new 

TC annotations from TIGR into the database. This latter step still remains to be made 

for the LjKDRI arrays.  

Despite the interesting developmental and spatial expression pattern of LjAox1 

the physiological function of the protein remains still unclear. RNAi technology should 

help to clarify its role in the future. 

To determine whether LjAOX1 is present in the apoplast, as it has been suggested for 

other plant ascorbate oxidases, a full-length cDNA of LjAox1 will be fused to either an 

HA-tag or to the green fluorescent protein (GFP) and expressed in transformed hairy 

roots prior to immuno- or fluorescence localisation. Data on the localisation of the AOX 

protein in nodules will help us to interpret any phenotypical changes resulting from 

LjAOX1-RNAi experiments.  

Further work will be done on LbRNAi plants to explore the role of 

leghemoglobins in plant and bacteroid differentiation during nodule development. The 

LjNEST arrays will be used to identify differences in the transcript profiles between 

LbRNAi and wild-type nodules at different developmental stages. A focus will be on 

the time around 14 dpi when nodule development seems to be arrested, as well as after 

21 days or 28 days when nitrogen is actively fixed in the wild-type but not in the 

transgenic plants. The same material will be used for metabolic profiling using GC-MS. 

These approaches should yield deeper insight into global changes in metabolism and 

other cellular processes that depend on the presence of leghemoglobins. To determine 

the role of leghemoglobins in bacteroid differentiation, a variety of Mesorhizobium loti 

reporter lines will be used which contain promoters of marker genes (FixA, FixG, FixN, 

FixV, NifA2, NifH) coupled to the lacZ reporter gene. Expression, or lack of expression 

of the reporter gene during nodule development will provide in situ information on the 

differentiation state of bacteroids (in collaboration with Clive Ronson, New Zealand). 

To supplement this work, electron microscopy will be used to determine the bacteroid 

structure in LbRNAi nodules (in collaboration with Euan James, UK) 
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