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AGRICULTURAL SIGNIFICANCE OF SYMBIOTIC NITROGEN FIXATION 

  

The ‘green revolution’ has doubled agricultural food production in the past 40 years. Yield of 

crops, such as wheat, rice, maize and barley has increased massively, resulting in a decreased 

number of malnourished people while human population doubled in that period. Agricultural 

practices to maximize crop yields were versatile: the total amount of land used for cultivation 

increased, higher-yielding varieties of crops and more efficient farming practices were used, 

while limiting factors, i.e. water, nitrogen and phosphorus, were supplied in excess. This was 

associated with a 6.87-fold increase in nitrogen fertilization, a 3.48-fold increase in phosphorus 

fertilization, and a 1.68-fold increase in the amount of irrigated cropland (Tilman, 1999). 

Additionally, increasing amounts of herbicides, insecticides and fungicides were used for 

controlling weed growth and pest outbreak (Tilman, 1999).  

During the next 50 years, the global human population is expected to increase another 

50% to about 9 billion by 2050, which will lead to an increased demand for food. Forecasting 

the requirements for an expected second doubling in agricultural food production, based on the 

past global trends, would increase used values for N fertilization, P fertilization and irrigated 

area with about 2.7, 2.4, and 1.9 times by 2050 (Tilman et al., 2001). Because nitrogen and 

phosphorus are the two most important limiting nutrients of terrestrial, freshwater, and marine 

ecosystems, increasing overall nutrient input would lead to eutrophication as a main 

environmental consequence (Smith et al., 1999). Eutrophication is a major threat and can lead 

to significant loss of biodiversity and marked changes in the composition of both terrestrial and 

aquatic ecosystems. Furthermore, added N might contribute to atmospheric accumulation of 

greenhouse gases as N2O. Hence, a continuation of current agricultural practices is unwanted, 

and solutions for a more sustainable food production should be looked for. Several policy 

initiatives can be implemented, whereas consumer incentives are also needed. Scientifically, 

methods for a more efficient fertilizer and pesticide use should be examined (Tilman et al., 

2002). Moreover, advances in crop genetics, including information from biotechnology, might 

lead to important knowledge that can be used in a more sustainable agriculture.  

The ability to obtain N from biological nitrogen fixation diminishes the requirement for N-

fertilizer. Unfortunately, only a limited number of plants gained this ability in allowing a 

symbiosis with specific soil bacteria. Nonetheless, the amount of ammonia produced from 

biological nitrogen fixation rivals that of the world’s entire fertilizer industry (Cullimore and 

Denarie, 2003). Studying how the legume symbiosis may be used most efficiently in agriculture 

might thus result in a reduced use of N fertilizer (Vance, 2001). Case studies in several 
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European countries demonstrated an ecological and economical benefit when introducing grain 

legumes, which undergo symbiosis with rhizobia, into whole crop rotations with cereals. Use of 

grain legumes is favorable for the subsequent crop and requires less N fertilizer and chemicals 

input, resulting in higher profitability (von Richthofen, 2006). In addition, understanding the 

interaction and cross-talk between the two symbionts at a genetic level might inform us on 

aspects for establishing this mutual reaction, as compared to responses that are occurring 

during pathogenic interactions. From a biotechnological point-of-view, correlating these data to 

other organisms could result in use of the genetic information to create improved plants, with 

as ultimate goal of the research to enable a N-fixing symbiosis in non-leguminous crops. This 

chapter introduces most aspects that have been investigated regarding rhizobial symbiosis in 

the past few decades.  

 

EVOLUTION TOWARD RHIZOBIAL SYMBIOSIS WITH LEGUMINOSAE  

 

Intracellular symbiosis with bacteria (bacterial endosymbiosis) occurs both during the 

rhizobium-legume symbiosis as well as during the actinorhizal symbiosis with Frankia. Molecular 

phylogeny showed that plants capable of this interaction, with one exception being that 

between Gunnera and cyanobacteria of the genus Nostoc, all belong to a clade within the 

Eurosid I family, including the orders Fabales, Fagales, Cucurbitales and Rosales (Fa Fa Cu Ro) 

(Parniske, 2000; Kistner and Parniske, 2002). Based on this restricted occurrence, a common 

 
 
 
Figure 1. Evolution of 
plant root 
endosymbioses.  
Arbuscular mycorrhizal 
(AM) associations are 
present in all major 
land plant lineages, 
while root nodule 
symbiosis is restricted 
to the Fa Fa Cu Ro 
clade within the 
Eurosid I, where it has 
multiple origins. 
Reprinted from Kistner 
and Parniske (2002) 
Trends Plant Sci 7, 
511-8. 

 



Legume nodulation 

 5 

ancestor of this clade might have acquired a predisposition to nodulate (Soltis et al., 1995). 

However, nodulation is not universal within the clade, as nodulators are scattered among non-

nodulators, suggesting, along with the large differences in nodule structure, that nodulation 

has originated many times independently (Fig. 1) (Swensen, 1996; Doyle, 1998). In contrast, 

another type of intracellular symbiosis with fungi of the order Glomales occurs in the majority 

of land plants. This arbuscular mycorrhizal (AM) symbiosis originated much earlier in evolution 

(~460 MYA), and is important for improved uptake of phosphate from the soil (Harrison, 1999).  

Associations with Gram-negative soil bacteria collectively called rhizobia (rhizobial 

symbiosis), occurs only in legumes, with the single exception of Parasponia. The family of 

Leguminosae (Fabaceae) is second only to the Graminiae in their importance to humans. They 

comprise the third largest flowering plant family with around 700 legume genera and 20000 

different species and are incredibly diverse, both morphologically in their appearance and 

ecologically in their habitat (Doyle and Luckow, 2003). They are broadly defined by their typical 

flower structure and podded fruits, and all types of plants, from herbs to trees, are represented 

in the family (Fig. 2). Well-known and highly important species include bean (Phaseolus 

vulgaris), pea (Pisum sativum), chickpea (Cicer arietinum), broad bean (Vicia faba), and others 

that are used as primary dietary legumes, whereas others, such as soybean (Glycine max) and 

peanut (Arachis hypogeae) provide a major amount of the world’s processed vegetable oil 

(Graham and Vance, 2003). The family is divided in three subfamilies, with most members of 

the Papilionoideae and Mimosoideae able to nodulate, whereas very few members of the 

Ceasalpinoideae have this ability (Fig. 2). A parsimonious interpretation using lbcL sequences of 

Leguminosae suggests that rhizobial symbiosis has three independent origins (Doyle et al., 

Figure 2. Typical features and phylogenetic tree of Leguminosae.  
A. typical flower from Lathyrus sp., B. typical podded fruits from P. sativum, C. Pods and beans from Vicia faba, 
D. peanut from Arachis hypogaea, E., phylogenetic relationships in Leguminosae. Major lineages are indicated 
by arrows. Branches not indicated as being either Mimosoideae or Papilionoideae contain members classified 
as Caesalpinioideae. Tree reprinted from Doyle and Luckow (2003) Plant Physiol 131, 900-10. 
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1997; Doyle, 1998). Hence, it is no surprise that the root organs resulting from the symbiosis, 

the nodules, of different legume species can have different main features (Sprent, 2007). 

Moreover, several aquatic legumes can form nodules not only on the roots, but also on the 

stem, while this is rather because of an adaptation to the habitat they live in (Boivin et al., 

1997; Goormachtig et al., 2004). 

Originally, all rhizobia able to establish a N-fixing symbiosis with legumes were identified as 

members of the Rhizobiaceae of α-proteobacteria (genera Rhizobium, Bradyrhizobium, 

Sinorhizobium, Mesorhizobium, Allorhizobium, and Azorhizobium). However, also bacteria from 

outside this family can associate with legumes, such as strains of Methylobacterium, and also 

members of the β-proteobacteria, such as some Burkholderia sp. strains and Ralstonia 

taiwanensis (Moulin et al., 2001; Sy et al., 2001; Chen et al., 2003).  

 

BACTERIAL MOLECULES FOR NODULE INITIATION 

 

Evolution of the interaction in the different legumes has led to nodules with different features, 

but also to various modes of bacterial infection. It seems that nodule morphology and structure 

is host-determined, while the effectiveness of nitrogen fixation is largely controlled by the 

bacterial symbionts. Nevertheless, with the single exception of certain photosynthetic 

Bradyrhizobia (Giraud et al., 2007), rhizobial symbiosis is dependent on the production of 

bacterial signal molecules that are induced by flavonoids (e.g. luteolin, naringenin, daidzein, 

genistein) as well as nonflavonoid molecules exuded by the plant in the rhizospere (Fig. 3). 

Each plant produces a different cocktail of inducers, and only a subset of these compounds is 

responsible for activation of nodD, a transcriptional regulator of the microsymbiont. The 

flavonoid-nodD complex allows transcriptional activation of genes that have a conserved 

sequence, the nod box, in their promoter (Fisher and Long, 1993). Consequently, nod gene 

products are formed that bring about the production of specific signaling molecules, termed 

nodulation (Nod) factors. These molecules act as a potent morphogenic signal that is 

specifically recognized by the plant host, in which a range of processes is initiated that will lead 

to the development of a N fixing root organ, the nodule, that serves as a niche for the bacteria 

(Fig. 3). Nod factors consist of an acylated chitin oligomeric backbone with various substitutions 

at the (non)reducing-terminal and/or nonterminal residues. The backbone has three, four, or 

five β-1,4-linked N-acetylglucosaminyl (GlcNAc) residues, and is N-acylated by either a 

saturated or a (poly)unsaturated fatty acid at the nonreducing terminal residue, making it a 

lipo-chitooligosaccharide (LCO) molecule. Nod factors can have different substituents, with 

often N-methyl, O-acetyl, and O-carbamoyl groups at the nonreducing terminal residue, and L-
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fucosyl, 2-O-Me-fucosyl, 4-O-Ac-

fucosyl, acetyl, and/or sulfate ester at 

the reducing-terminal residue. The Nod 

factors produced by different bacterial 

species thus differ in the number of 

GlcNAc residues in the backbone, the 

nature of the fatty acyl group, and in 

the substituents at the different 

(terminal) residues (reviewed in 

D'Haeze and Holsters, 2002; Geurts 

and Bisseling, 2002). One species 

usually produces a population of Nod 

factors, with strain-specific qualitative 

and quantitative aspects that 

determine host specificity.  

The set of nodulation genes (nod, 

nol, or noe) of rhizobia often resides on 

large plasmids, while some are 

chromosomal. All nodulating rhizobia 

have the common nodABC genes, the 

encoded proteins of which are responsible for constructing the oligosaccharide backbone of the 

Nod factor. NodC synthesizes a chitooligosaccharide that is deacetylated by NodB and 

subsequently N-acylated by NodA. Modifications depend on strain-specific nodulation genes 

encoding transferases or enzymes that synthesize precursors used by the transferases. 

Examples are nodH and nodPQ for O-sulphation, nodL for O-acetylation, nodS for N-

methylation, nodZ and noeKLnolK for fucosylation, nodFE for synthesis of polyunsaturated fatty 

acids, etc. The nodIJ genes are ABC transporters involved in the secretion of Nod factors. The 

nod genotype of rhizobia thus determines host range by defining the structure of Nod factors. 

This correlation of Nod factor production with bacterial genotype has been extensively reviewed 

in Long (1996) and Mergaert et al. (1997). 

Nod factors are active in concentrations as low as 10-9 to 10-12 M and induce several well-

characterized responses in plants, such as extracellular and intracellular alkalinization, 

cytoskeletal rearrangements, membrane depolarization, ion fluxes, deformation of root hairs, 

and induction of early nodulin genes in the epidermis; but also formation of nodule primordia 

Figure 3. Molecular crosstalk between the two symbionts.  
Plant roots exude flavonoids in the rhizosphere (I) that 
activates the bacterial nodD transcriptional regulator (II). 
This results in transcription of rhizobial nod genes (IV), the 
products of which are responsible for the production of the 
Nod factor (V). This lipo-chitooligosaccharide acts as a 
morphogenic signal, initiating a range of processes in the 
plant leading to nodule development (VI). The major Nod 
factor produced by Sinorhizobium meliloti is shown, with a 
C16:2 acylchain and carrying an acetyl and sulphate group 
at the nonreducing and reducing end, respectively. As 
reprinted from Geurts and Bisseling (2002) Plant Cell 
Supplement, 239-49.  
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and pre-infection threads in inner and outer cortex, as well as cortical nodulin gene expression. 

All these processes have been intensively investigated in many different legumes, and an 

extensive overview of this is given in D'Haeze and Holsters (2002). 

 

NODULE DEVELOPMENT 

 

The first visible plant response upon bacterial inoculation is swelling, deformation and 

subsequent curling of root hairs. The root hairs that have nearly finished growing (root hairs in 

zone II with a large vacuole separated from the tip by a small amount of cytoplasm with 

reverse fountain streaming) are particularly susceptible to Nod factor-induced deformation 

(Heidstra et al., 1994). The latter process begins with root hair tip swelling, followed by 

reactivation of tip growth causing the root hair to deform. Although initially thought to require 

the presence of bacteria (Catoira et al., 2001), root hair curling occurred upon spot application 

of purified Nod factor at the Medicago truncatula root hair tip (Esseling et al., 2003), and both 

root hair activation and curling were associated with microtubular cytoskeleton rearrangements 

(Timmers et al., 1999). The curling process itself can be described as a continuous 

reorientation of tip growth in the direction of the attached bacterium, resulting in the formation 

of a tightly curled root hair in which a bacterial microcolony is entrapped, the shepherd’s crook 

(Fig. 4). From there, bacteria initiate an infection structure to enter the plant cells, the infection 

thread, most likely after localized degradation of root hair wall and membrane invagination at 

the site of infection (Gage and Margolin, 2000; Gage, 2004). This infection thread can be 

defined as a tubular ingrowth of the the cell membrane with a wall that is contiguous with the 

root hair cell wall. Consequently, the bacteria within such an infection thread are topologically 

outside the root hair (Brewin, 2004; Gage, 2004). They grow and divide, thereby keeping the 

tubule filled with bacteria. Next, the infection thread grows toward the base of the root hair, 

where it fuses with the distal cell wall, releasing bacteria in the intercellular space. The process 

of membrane invagination, tip growth, and cell wall fusion is repeated (Gage and Margolin, 2000; 

Gage, 2004), allowing infection thread growth toward inner cortical tissue where a nodule 

primordium has been formed meanwhile (Fig. 4). The actual mechanism for initiation and growth 

of the infection threads is still unknown, and other molecules in addition to Nod factors are 

required for initiation, such as rhizobial exopolysaccharides (reviewed in Fraysse et al. (2003). 

Oxidative cross-linking of cell wall glycoproteins are currently thought to be involved in initiation 

and physical growth of the thread (Brewin, 2004), and this topic will be discussed in more detail 

in chapter 5.  
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A nodule primordium is initiated when pericycle and inner cortical cells are activated and 

dedifferentiate to start dividing. The induction of cell division occurs preferentially opposite 

protoxylem poles and is associated with induction of cell cycle gene expression (Yang et al., 

1994). This response actually precedes the previously described infection events in Medicago 

sativa, and also involves microtubule reorganizations that are first observed at 16-18 hours 

postinoculation in pericycle cells, and at 18-24 hours in inner cortex cells (Timmers et al., 

1999). Dividing cells eventually give shape to a nodule primordium around 24-48 hours 

postinfection that increases further in size and extends to the middle cortex where it meets 

with the inward moving infection threads (Fig. 4).  

Prior to the formation of infection threads, outer cortical cells are activated to form pre-

infection threads (PITs), which are cytoplasmic bridges joining the outer and inner sides of the 

cell by traversing the central vacuole. PIT formation has been intensively studied in pea and 

Vicia sativa spp. nigra (vetch) (van Brussel et al., 1992), and PITs are formed essentially above 

the center of the developing primordium because the cells have also entered the cell cycle, but 

become arrested in the G2 phase (Yang et al., 1994; Timmers et al., 1999). They pave the way 

for growing infection threads by marking a point of local wall weakening. There, the membrane 

is again invaginated to continue the growth of the infection thread. Like this, infection threads 

Figure 4. Developmental stages of nodulation.  
A. After attachment of bacteria, root hair deformation and curling results in the entrapment of a microcolony from 
which an infection thead is initiated. Reprinted from Oldroyd and Downie (2004) Nat Rev Mol Cell Biol 5, 566-76, 
B. Epidermal root hair with infection thread visualized with dsRed-labeled bacteria, C. Growth of infection thread 
toward the developing nodule primordium in the cortex, visualized with an active promoter-GUS reporter. D. 
Elongated indeterminate M. truncatula nodules, E. Microscopic section of an indeterminate nodule, with the 
different zones marked. 
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are directed toward the nodule primordium. When this is reached, the bacteria are released 

from the infection thread via so-called infection droplets and surrounded with a plant-derived 

membrane, the peribacteroid membrane to differentiate into bacteroids that start fixing 

atmospheric nitrogen via their nitrogenase enzyme complex inside plant cells (Verma and 

Hong, 1996; Brewin, 2004). The mechanism that allows uptake of bacteria in plant cells is 

poorly understood, and signals other than the bacterial Nod factors are thought to be involved 

(Verma and Hong, 1996), while at least one plant gene (SYMRK) has been shown to be 

required for the process (Capoen et al., 2005; Limpens et al., 2005). The topic will be discussed 

further in chapter 3 and 4 of this work.  

After the inward progressing infection and the outward growing nodule primordium have 

come together, a final step in nodule initiation is the formation of a meristem that originates 

from a number of middle cortex-derived primordial cells which have not been traversed by an 

infection thread. Nodule meristematic cells are small in size and possess a dense cytoplasm 

with a large central nucleus (Timmers et al., 1999), typical features of root meristematic cells. 

After meristem formation, the nodule grows and emerges from the root surface, while plant cell 

invasion continues to create an inner tissue with active N-fixation. On the macroscopic level, 

mainly two types of nodules can be observed: those with an elongated shape that have 

persistent meristematic activity, and round-shaped nodules in which the meristem has 

disappeared. Nowadays, two model legume species have been chosen because of their small 

genomes, self-fertility, rapid generation time and transformability, representing both nodule 

types (Cook, 1999). Medicago truncatula is invaded by Sinorhizobium meliloti and forms 

elongated nodules of the indeterminate type, in which different zones can be observed. The 

apical zone is the indeterminate meristem, with more proximal the infection zone where 

bacterial uptake occurs, a large fixation zone with bacteroid-containing infected cells and some 

uninfected cells, and in older nodules also a senescence zone with death bacteria that are 

being degraded (Fig. 4) (Vasse et al., 1990). Lotus japonicus interacts with Mesorhizobium loti 

and develops nodules of the determinate type, with most cells of the initial primordium that 

finally become infected, thus without a persistent meristem. 

A striking difference between M. truncatula and L. japonicus nodules is the differentiation 

status of their bacteroids. The bacteroids in indeterminate M. truncatula nodules are polyploid 

due to several cycles of endoreduplication, they are larger in size, display increased membrane 

permeability and are nonviable. Determinate nodule bacteroids in L. japonicus are comparable 

to free-living bacteria in their genomic DNA content, cell size, and viability. It was shown that 

this terminal bacteroid differentiation (as in M. truncatula) is controlled by the host plant 
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(Mergaert et al., 2006). However, it is not linked with nodule type (W. Van de Velde and P. 

Mergaert, personal communication). More appealing is the involvement of a large family of 

nodule-specific cysteine-rich (NCR) peptides, only present in galegoid legumes (Mergaert et al., 

2003). 

 

EPIDERMAL NOD FACTOR PERCEPTION AND SIGNALING 

 

Because of their highly specific nature and their effects at very low concentrations, it was 

suggested that Nod factors are recognized by the plant through specific receptors (Catoira et 

al., 2000; Kistner and Parniske, 2002). On the other hand, the ability of Nod factors lacking 

typical substituents to induce at least some of the known responses in their host opened the 

possibility for multiple receptors, with high or low affinity to Nod factors, or functioning in 

complexes (Limpens and Bisseling, 2003; Limpens et al., 2003; Geurts et al., 2005). The basis 

for this idea lies in a paper by Ardourel et al. (1994), in which S. meliloti strains with a mutation 

in nodFE and/or nodL, thus producing Nod factors with altered structure, still induced root hair 

deformation and curling, as well as activation of inner cortical cells in Medicago species. 

However, the mutant bacteria were less efficient or unable to trigger the formation of infection 

threads (Ardourel et al., 1994). Similarly, a mutant in M. truncatula (hcl) had lost the ability to 

form a tight curl, although other responses were induced normally (Catoira et al., 2001). Thus, 

the perception of Nod factors might have a dual function, first in activating a signaling cascade 

for initiating the nodule primordium, and second in allowing bacteria to enter epidermal root 

hair cells. This has led to a model in which two Nod factor perception mechanisms occur in the 

epidermis: one with a low stringency in Nod factor structure that is perceived by the low-

affinity ‘signaling’ receptor, involved in the initiation and development of a nodule primordium, 

and another mechanism for bacterial entry that has high structural Nod factor requirements to 

be recognized by the high-affinity ‘entry’ receptor (Ardourel et al., 1994; Geurts et al., 2005).  

 

Receptors for Nod factor 

Various biochemical and genetic studies have been performed to identify Nod factor receptors. 

From the biochemical side, several Nod factor binding activities have been found in protein 

extracts of roots. However, none displayed all the characteristics of a specific receptor (Bono et 

al., 1995; Niebel et al., 1997; Hogg et al., 2006). Genetic strategies have been more 

successful, and more likely candidates have been found by positional cloning of genes of 

mutant plants that do not display any response to Nod factors currently known (Fig. 5). The 
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earliest visible cellular responses, being root hair deformation and curling were absent in L. 

japonicus Nod factor receptor 1 (NFR1) and NFR5 mutants (Madsen et al., 2003; Radutoiu et 

al., 2003). Furthermore, physiological changes, such as depolarization and extracellular 

alkalinization were either not detectable (in nfr5-1) or attenuated (in nfr1-1). Expression of 

downstream symbiotic genes was not activated in either mutant. Map-based cloning of the 

mutated genes revealed similar putative proteins as transmembrane kinases with in the 

extracellular part domains that resemble LysM domains of peptidoglycan- and chitin-binding 

proteins (Madsen et al., 2003; Radutoiu et al., 2003). These proteins are thus very likely to be 

able to bind bacterial Nod factors, making them ideal candidates as Nod factor receptors. In 

pea, SYM10 was identified as a probable 

ortholog of NFR5 (Madsen et al., 2003), and 

several LysM domain-containing receptor-like 

kinases (LysM-RLKs, LYKs) were found in the 

M. truncatula genome (Limpens et al., 2003). 

The latter findings were the result from 

previous work in pea, where lines with the 

SYM2 allele from Afghanistan pea (SYM2A) 

showed strongly reduced nodulation efficiency 

when inoculated with Rhizobium 

leguminosarum biovar viciae strains lacking the 

nodX gene that acetylates the reducing GlcNAc 

residue of the Nod factor. This allele caused a 

specific block of the formation of infection 

threads in a Nod factor structure-dependent 

manner, making it a good candidate as ‘entry’ 

receptor (Geurts et al., 1997). In M. truncatula, 

the SYM2 orthologous region was 

characterized, and it contained 7 LysM-RLK homologs. Furthermore, RNA interference (RNAi) of 

one of these, LYK3, resulted in a block of infection thread initiation and growth in a Nod factor 

structure-dependent way, and LYK4 was also shown to play a role in infection thread formation 

(Limpens et al., 2003). Interestingly, the mutated gene in the M. truncatula hcl mutant, which 

is impaired in root hair curling and PIT formation, but not in hair deformation and branching 

(Catoira et al., 2001), was found to encode the LYK3 gene. Moreover, a weak allele was 

identified in which the mutation was located to a splice site near the transmembrane domain, 

resulting in the production of less than 10 % normal transcripts (Smit et al., 2007). The mutant 

Figure 5. Orthologous genes in L. japonicus and 
M. truncatula in relation to events in epidermal 
signaling. See text for explanation. Adapted from 
Oldroyd and Downie (2004) Nat Rev Mol Cell Biol 
5, 566-76. 
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phenotype resembled that upon knock-down of LYK3 via RNAi, with almost no nodules when 

inoculated with the bacterial nodFE mutant (Smit et al., 2007). The stronger mutant alleles 

(hcl-1, -2, and -3) do not even allow entry of wild-type bacteria. Another nodulation-defective 

mutant in M. truncatula was identified, and it did not respond to Nod factors by root hair 

deformation, a rapid Ca2+ flux, Ca2+-spiking or early nodulin gene expression; hence, the gene 

was named NFP for Nod factor perception (Ben Amor et al., 2003). Recent cloning showed that 

it also encodes a LysM-RLK with three LysM domains in the extracellular region and, based on 

molecular modeling, the proteins are predicted to bind Nod factors (Arrighi et al., 2006; Mulder 

et al., 2006). Moreover, the majority of knock-down roots of NFP via RNAi were Nod following 

bacterial inoculation, and no infection structures were observed. In contrast, incomplete 

silencing allowed nodulation with normal nodule structure, but infection threads in regions 

adjacent to these nodules often had aberrant morphology, consisting of sac-like structures. 

This indicates that both nodule primordium development, as well as infection in root hairs and 

underlying cortical cells is controlled by NFP (Arrighi et al., 2006).  

The two receptor model for Nod factor perception can explain several of the observed 

phenotypes, even though there are many different responses in mutants with strong or weak 

mutant alleles or upon gene knock-down. Alternatively, different LysM-RLKs might work 

together in a complex that has different affinities for Nod factors, depending on their structure 

or local concentration (Limpens et al., 2003; Geurts et al., 2005). Dimerization of NFR5 and 

NFR1 in L. japonicus, and of NFP and LYK3/4 in M. truncatula has been hypothesized (Radutoiu 

et al., 2003; Arrighi et al., 2006), and this assumption is strengthened by the fact that NFR5 

and its orthologs lack an activation loop in the kinase domain, which is important for activity 

(Madsen et al., 2003; Radutoiu et al., 2003; Arrighi et al., 2006). Autophosporylation of the 

kinase domain could not be observed for NFP, while the LYK3 kinase was fully active (Arrighi et 

al., 2006).  

The mechanism(s) for Nod factor perception become(s) even more complex, as nine 

members of LysM-RLKs were found in M. truncatula in addition to NFP and the 7 LYK proteins. 

They were named LYK8-10 and Lyk-related (LYR)1-6 (Arrighi et al., 2006). This brings the 

family member count to at least 17 for Medicago, and they can be divided in three subfamilies. 

All proteins had three potential LysM domains, but they differed most by their kinase domain, 

with some parts of the kinase domain important for activity, such as the activation loop, the P-

loop and the DFG motif, that were missing in some members. Six of these new members were 

expressed predominantly in roots and nodules (Arrighi et al., 2006). It remains now to be 
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elucidated if different Nod factor receptor complexes are formed and how and in which 

different steps of the symbiotic process they are active.  

 

Common signaling in endosymbioses 

After the Nod factor receptors or the putative complexes have perceived the bacterial signals, 

they have to pass on this signal to allow different plant responses for initiating nodule 

development. Besides by using the mutants described previously, Nod factor signaling has been 

dissected further with an array of other mutants in the model legumes M. truncatula and L. 

japonicus. In the first paper that describes some of the genes involved, mutants in four genes 

were pleiotropically affected in Nod factor responses, among which epidermal nodulin gene 

expression (Catoira et al., 2000). Interestingly, three of the four loci were also defective for 

establishing the symbiotic interaction with endomycorrhizal fungi (Nod, Myc), and were 

named dmi1, 2, and 3 (for doesn’t make infections). These mutants did not show the 

transcriptional responses to Sinorhizobium meliloti that were observed in wild-type plants (Mitra 

et al., 2004b). In L. japonicus, at least seven genetic loci have been identified (CASTOR, 

POLLUX, SYMRK, CYCLOPS, CCaMK, NUP133, and NUP85) that are required for both fungal and 

bacterial entry into root epidermal or cortical cells. Their central role in the transcriptional 

reprogramming of the root during both symbioses was confirmed, because not a single plant 

gene could be identified that was symbiosis-specifically activated independent of the common 

genes (Kistner et al., 2005). The overlap in the two pathways suggests that rhizobia may have 

co-opted part of the signaling pathway from the more ancient AM symbiosis to evolve the 

younger nitrogen-fixing symbiosis in legumes (Kistner and Parniske, 2002). In the next 

paragraphs, the identification of the genes involved and their proposed functions will be 

discussed in more detail (see also Figures 5 and 6). 

The DMI1 gene in M. truncatula was cloned and characterized as a novel protein with low 

global similarity to a ligand-gated cation channel domain of Archaea. The highest expression 

was seen in roots, and transcript levels did not increase in the first 96 hours upon inoculation 

or after Nod factor treatment (Ané et al., 2004). The protein is highly conserved among 

angiosperms, which suggests that it represents an ancient plant-specific innovation to enable 

mycorrhizal associations (Ané et al., 2004). In Lotus japonicus, two mutant genes were cloned, 

CASTOR and POLLUX, that also showed similarity to Ca2+-gated potassium channels (Imaizumi-

Anraku et al., 2005). Moreover, a region was found with homology to a domain that regulates 

conductance of potassium channels in response to changes in cytoplasmic Ca2+ concentrations. 

However, several amino acids were replaced in the channel region; channel activity and ion 
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selectivity thus still 

needs to be 

confirmed 

experimentally. 

Enhanced 

expression in 

nodules was only 

observed for 

POLLUX, which is 

more closely 

related to DMI1 

than CASTOR. 

Interestingly, both 

putative proteins 

carried a potential 

N-terminal 

chloroplast transit 

peptide, and GFP 

fusions in onion 

epidermal or pea 

root cells 

confirmed plastid 

localization 

(Imaizumi-Anraku 

et al., 2005). 

Contradictory, M. truncatula functional DMI1::GFP fusions showed fluorescence in the periphery 

of nuclei in both root epidermal cells and root hairs. Moreover, the amino terminus was 

sufficient, but not required, to target DMI1 to the nucleus. Also after expression from the native 

promoter, fluorescence was localized to the nuclear envelope (Riely et al., 2007). Further 

biochemical characterization of the proteins may reveal more insights in their exact functioning 

during Nod factor signaling. 

The DMI2 gene was the first of the common genes that have been cloned, and orthologous 

candidates in different species were part of a large family of plant and animal genes that 

encode a class of receptor proteins with in their extracellular domain a repeated motif rich in 

the amino acid leucine (Endre et al., 2002; Stracke et al., 2002). These leucine-rich-repeats 

Figure 6. Model of the components involved in the Nod factor signaling pathway. 
After perception of Nod factors by the putative receptors, a signal is transmitted to 
link membrane perception with nuclear changes. This probably involved secondary 
messengers that might result from phospholipase activity. Furthermore, an LRR-RLK 
and a putative cation channel are absolutely required for signaling. Ca2+-spiking is 
induced and the signal is probably interpreted by a CCaMK to allow downstream 
responses in regulating nodulin gene expression via transcriptional regulators.  
Recent work on DMI1 (Riely et al., 2007) has put the reported plastid localization of 
L. japonicus CASTOR/POLLUX in doubt. Reprinted from Oldroyd and Downie (2006) 
Curr Opin Plant Biol 9, 351-57. 
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(LRRs) have been shown to mediate specific protein-protein interaction (Jones and Jones, 

1997), making it unlikely that the proteins directly bind oligosaccharide molecules, such as Nod 

factors. Because also a transmembrane domain and an intracellular domain with typical 

serine/threonine protein kinase signatures were present in the putative amino acid sequences, 

the proteins were characterized as LRR receptor-like kinases (LRR-RLKs, Fig. 6). Members in 

different species are NORK (nodulation receptor kinase)/DMI2 in M. truncatula, SYMRK 

(symbiosis RLK) in L. japonicus, and SYM19 in pea (Fig. 5) (Endre et al., 2002; Stracke et al., 

2002). In addition to their malfunctioning in establishing endosymbioses, the mutants showed 

an enhanced touch response to experimental handling, which results in a non-symbiotic root 

hair phenotype. When taken care not to induce this response, root hairs responded normally to 

Nod factors and deformed around rhizobia, but the root hairs stopped curling when touching 

their own shank, making it impossible to form a closed root hair pocket (Esseling et al., 2004). 

Determining the identity of the ligand perceived and the functional connection with the LysM-

type receptors will be a major challenge for future research. 

The last of the initially identified common genes encodes a Ca2+- and calmodulin-dependent 

protein kinase (CCaMK). In M. truncatula, the gene is called DMI3, while in L. japonicus, SYM15 

and SYM72 were renamed CCaMK (Fig. 5) (Tirichine et al., 2006). The corresponding protein 

contains three EF-hand binding domains for direct Ca2+ binding, a calmodulin-binding domain 

for indirect Ca2+ binding via calmodulin, and a large kinase domain for auto- and substrate 

phosphorylation (Lévy et al., 2004; Mitra et al., 2004a). The proteins are thought to have the 

capacity to decode the generated Ca2+ signal (see next paragraph) and transduce this signal for 

nodulation-specific reactions, by activating downstream transcription factors (Oldroyd and 

Downie, 2004; Oldroyd and Downie, 2006). For a more detailed description on recent insights 

in protein function, I refer to the introduction of chapter 4.   

As was mentioned earlier, several other common signaling genes have been identified in L. 

japonicus (Kistner et al., 2005). One of these, NUP133 (originally called SYM3), is localized in 

the nuclear envelope of root hair cells and encodes a nucleoporin. Mutants showed a 

temperature-sensitive nodulation-deficient phenotype, because no nodules were formed at 

26 ˚C, whereas occasional nodules appeared when inoculated with particular bacterial strains 

at 22 ˚C. However, these nodules were ineffective with in some cells structures resembling 

enlarged infection droplets. NUP133 seemed to be required for Ca2+-spiking, and is thus 

genetically situated upstream of this response (Kanamori et al., 2006). Another nucleoporin 

was recently described also showing a temperature-sensitive symbiotic phenotype. The NUP85 

(previously SYM24/73/85) mutants formed few or no nodules, failed to induce Ca2+ spiking, and 
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blocked AM fungal entry to the outer cortical cells (Saito et al., 2007). The gene product is 

thought to function in the same subcomplex of the nuclear pore as NUP133, possibly for 

macromolecular transport across the nuclear envelope, for instance of NSP2, although a direct 

role in Ca2+-spiking cannot be precluded (Saito et al., 2007). The last of the currently known 

common genes was named CYCLOPS (previously SYM6/30/82), the mutant of which showed 

nodules that were severely reduced in development, while a strong AM phenotype was 

observed (Kistner et al., 2005). Moreover, Ca2+-spiking was not hampered (Miwa et al., 2006b), 

situating the gene downstream of this response (Yano et al., 2006). The CYCLOPS protein was 

reported to encode a novel protein with a coiled-coil motif and nuclear localization signals. 

Indeed, GFP-fusions localized to the nucleus, and CYCLOPS interacted with CCaMK in vivo, but 

only when the latter had an active kinase domain. Phosphorylation by CCaMK occurred in vitro, 

indicating CYCLOPS might be one of the substrates of CCaMK during symbiosis (Yano et al., 

2006). 

 

Calcium spiking 

One of the most intriguing questions for the endosymbiosis research community is how and 

where plants make the distinction between fungal and bacterial symbiosis, as a set of common 

genes is used for the initial signaling in both interactions. At a certain stage, the pathway has 

to diverge so that different proteins can assure different processes for either outcome. 

Although additional pathways are likely to be involved, a specific Ca2+ signature that is being 

produced might account for diverging the common pathway. More than ten years ago, it was 

shown for the first time in M. sativa that root hairs show rhythmic oscillations in cytoplasmic 

Ca2+ concentration, or Ca2+-spiking, 10 minutes after addition of Nod factors (Ehrhardt et al., 

1996). This response is specific, and is most pronounced in the region of the cell nucleus from 

where the signal dissipates radially (Fig. 7) (Ehrhardt et al., 1996).  

Analysis of the response in all known early nodulation mutants in M. truncatula, showed 

that it was blocked in NFP, DMI1 and NORK/DMI2, but not in DMI3 and NSP mutants, implying 

the former genes act upstream and the latter downstream of Ca2+ spiking in epidermal Nod 

factor signaling (Wais et al., 2000; Ben Amor et al., 2003; Oldroyd and Long, 2003). In pea, 

similar observations were reported, and, more interesting, spiking was also induced by chitin 

oligomers, although the period between spikes was lower and the response was not sustained 

(Walker et al., 2000). This observation appealed for a more detailed analysis on Nod factor 

structural requirements for the induction of Ca2+-spiking. It was observed that Nod factor 

structures lacking different substitutions and/or with an alternative acyl group induced Ca2+-
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spiking when applied at high concentrations in M. truncatula (Oldroyd et al., 2001b). The 

sulphate group on the reducing terminal sugar appeared to be most critical for the activity of 

the molecule. Additionally, the dmi3 mutant showed an increased sensitivity to wild type Nod 

factor, suggesting DMI3 involvement in negative regulation of the Nod factor signal 

transduction pathway upstream of Ca2+-spiking (Oldroyd et al., 2001b). Recently, Ca2+-spiking 

was shown to be activated in all root hair cells and in epidermal or pre-emergent root hair cells 

in the root tip region, with a gradient in the spiking frequency along the root. Moreover, cortical 

cells immediately below the epidermal layer also showed slow Ca spiking (Miwa et al., 2006a). 

Interestingly, about 36 consecutive Ca2+ spikes were sufficient to induce ENOD11-GUS 

expression in root hairs, although the latter is not induced in all spiking cells, indicating other 

factors are also involved to restrict the expression of the early nodulin (Miwa et al., 2006a).  

Ca2+-spiking was found to be regulated by different plant molecules, such as the hormone 

ethylene and the lipid-derived jasmonates, with a complex crosstalk between their signal 

transduction pathways. Ethylene effects on spiking are threefold: it inhibits Ca2+-spiking after 

initiation, it reduces plant responsiveness to Nod factor for induction of spiking, and it shortens 

the spiking period because the ethylene insensitive skl mutant exhibits a slightly increased 

spike period (Oldroyd et al., 2001a). Recently, jasmonic acid addition was demonstrated to 

modulate the same aspects of Nod factor-induced Ca2+ spiking: maintenance of spiking was 

inhibited, responsiveness of root hair cells was decreased, and the frequency of spiking had 

changed. Remarkably, the effects of jasmonic acid on frequency were opposite to those of 

ethylene, as the spike period was longer, thus it suppresses frequency (Sun et al., 2006). When 

used together with ethylene, an antagonistic interaction was observed on the sensitivity of root 

Figure 7. Ca2+-spiking in a root hair cell of M. truncatula.  
Changes in raw fluorescence after injection with a calcium-responsive dye indicate changes in calcium levels, 
which occur mostly around the nucleus. Red color corresponds to increased fluorescence. Reprinted from 
Oldroyd and Downie (2006) Curr Opin Plant Biol 9, 351-57.  
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hairs to Nod factors, suggesting crosstalk between the signaling pathways of the two hormones 

and subsequent modulation of the Nod factor signaling pathway (Sun et al., 2006). Similarly, 

spiking frequency in axillary root hairs produced at lateral root bases after inoculation of 

Sesbania rostrata was shortened by ethylene and prolonged by jasmonate (Capoen and 

Holsters, unpublished data). 

Stepwise induction of kinase activity in response to an oscillatory Ca2+ signal in CaM-

dependent kinases has been reported in animal systems (De Koninck and Schulman, 1998). 

Hence, the occurrence of a CCaMK that functions immediately downstream of Ca2+-spiking in 

the nodulation pathway suggests a role for the protein in capturing and transducing the signal 

(Oldroyd and Downie, 2004; Oldroyd and Downie, 2006). It has been hypothesized that 

signaling for bacterial or fungal symbiosis is distinguished at this level, which would implicate a 

difference in the signal that is captured. Interestingly, mycorrhiza-induced Ca2+ changes have 

been observed recently, and these were repetitive but sporadic, not with a constant frequency 

compared to the spikes observed in nodulation, while the spike itself was much faster. 

Furthermore, the changes were only observed when branched fungal hyphi were in close 

proximity with root hairs, suggesting they are the result of a signal produced by the fungus 

(Gleason et al., 2006b). Thus, the nature of the Ca2+ signature might be recognized by CCaMK 

and might account for the divergence of both symbioses, although both the Ca2+ signal and the 

regulation of the CCaMK are more complex, as described hereafter. 

Besides Ca2+-spiking at around ten minutes after Nod factor perception, another Ca2+-

related response occurs within minutes (Felle et al., 1999). This Ca2+ influx is temporally earlier 

than but spatially distinct from Ca2+-spiking. The flux begins at the cell periphery and moves 

inward toward the nucleus in contrast to the repetitive spikes that originate in the nuclear area 

and propagate as a wave tipward (Shaw and Long, 2003). The Ca2+ flux required a higher Nod 

factor concentration, and was not initiated by Nod factor analogs in M. truncatula (Shaw and 

Long, 2003). Symbiotically defective mutants in L. japonicus were analyzed for both Ca2+ 

responses. Mutants that had retained Ca2+-spiking (CCaMK, CYCLOPS, NSP2/SYM35, and NIN) 

all showed normal Ca2+ flux. Mutants in the putative Nod factor receptors (NFR1 and NFR5) 

lacked both responses, whereas the other known mutants that lack Ca2+-spiking (SYMRK, 

CASTOR, POLLUX, NUP133, and NUP85) retained a Ca2+ flux (Miwa et al., 2006b). Increased 

bacterial numbers within the infection focus of a curled root hair cell probably leads to 

accumulation of Nod factors to sufficient levels to allow induction of a Ca2+ influx. A role for the 

Ca2+ flux in the activation of infection thread growth was proposed, which would imply (a) Nod 

factor receptor complex(es) that discriminates for Nod factor structure and for different 
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concentrations of the signal molecule (Miwa et al., 2006b). A complex regulation of the CCaMK 

is in agreement with this model. Complementation of M. truncatula dmi3 with a CCaMK gene of 

the nonlegume rice, for example, resulted in restoration of nodule formation, although the 

nodules could not be infected (Godfroy et al., 2006). This indicates that this CCaMK is able to 

interpret the Ca2+ signature for activating nodule formation, but not for bacterial infection that 

appears to have more strict requirements concerning the properties of CCaMK. Similarly, 

removal of the CaM-binding autoinhibitory domain of DMI3 resulted in autoactivation of the 

nodulation signaling pathway, with the formation of spontaneous nodules. However, when 

inoculated, these spontaneous nodules could not be invaded, indicating a more complex 

regulation for infection thread initiation and growth (Gleason et al., 2006a). This regulation 

seems to occur via diverse components of a Ca2+ signature, and its interpretation by a unique 

CCaMK. Gene expression and function of CCaMK in S. rostrata will be analyzed in chapter 4. 

 

Signaling downstream of CCaMK 

Of the four initially reported genes controlling Nod factor signaling in M. truncatula, only one 

was not in common with AM symbiosis. The mutant displayed normal Ca2+-spiking (Wais et al., 

2000), was situated downstream of CCaMK (Kaló et al., 2005), and root hair branching after 

Nod factor treatment was similar as for wild type (Catoira et al., 2000). The gene thus controls 

a step specifically involved in signaling leading to nodulation, and it was termed nsp for 

nodulation signaling pathway (Catoira et al., 2000). In another screen, a mutant with a similar 

phenotype but belonging to a different complementation group was isolated. This NSP2 mutant 

showed a block in Nod factor-induced gene expression, together with a complete absence of 

infection and cortical cell division, but normal Ca2+-spiking and similar levels of root hair 

deformation upon bacterial treatment were observed (Oldroyd and Long, 2003). Cloning 

revealed that the corresponding genes were coding for members of the GRAS family of 

transcriptional regulators (Kaló et al., 2005; Smit et al., 2005). Overall homology between both 

is low and mostly limited to the residues in the GRAS domain that is conserved in the family. 

Expression of NSP2 was enhanced after treatment with the symbiont or with Nod factors, while 

NSP1 was constitutively expressed. Protein localization using GFP fusions showed presence of 

NSP2 in the nuclear envelope, with a relocalization to the nucleus after Nod factor elicitation 

(Kaló et al., 2005), while NSP1, expressed from the endogenous promoter, localized 

permanently to the nucleus (Smit et al., 2005). L. japonicus mutants in LjNSP1 and LjNSP2 

showed similar phenotypes (Heckmann et al., 2006). Both proteins might thus be primary 

transcriptional regulators that are activated by CCaMK or CYCLOPS, but a possible interaction 

needs to be assessed (Figs. 5 and 6).  
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Other transcriptional regulators have been identified that pay an important role during nodule 

formation. For instance, in L. japonicus, a mutant in NIN (for nodule inception) did not develop 

infection threads nor nodule primordia, while deformation and curling of root hairs was normal, 

as was AM symbiosis (Schauser et al., 1999; Borisov et al., 2003). Sequencing identified the 

corresponding NIN protein with several domains similar to transcription factors domains, such 

as a DNA-binding/dimerization domain and domains possibly acting in transcriptional activation. 

Because expression in uninoculated roots was very low, and because the highest transcript 

levels were observed in primordia of developing young nodules, NIN might have a role as a 

secondary transcription factor, both during nodule inception and later nodule development 

(Schauser et al., 1999). The M. truncatula ortholog MtNIN was not required for ENOD11-GUS 

expression, although the encoded protein may have a role in restricting the spatial pattern of 

nodulin gene expression. It functions downstream of CCaMK as spontaneous nodulation was 

dependent on MtNIN (Marsh et al., 2007). 

Very recently, an ERF (ethylene response factor)-type transcription factor was shown to be 

necessary for Nod factor-induced gene expression and spontaneous nodulation. Mutations 

blocked initiation and development of infection threads, thus arresting nodule invasion. The 

gene was named ERN for ERF Required for Nodulation, and might thus be specifically involved 

in infection (Middleton et al., 2007).  

 

Phospholipid signaling: connecting perception and nuclear signaling? 

Perception of Nod factors at the plasma membrane must be linked to the activation of Ca2+ 

spiking and protein localization associated with the nucleus. A likely mechanism for this is the 

production of a secondary messenger to generate Ca2+ mobilization (Fig. 6). Within this view, 

pharmacological analysis provided evidence for the participation of heterotrimeric G proteins in 

Nod factor signaling. Known agonists of G proteins, such as mastoparan and Mas7, were able 

to mimic Nod factor-induced ENOD12-GUS expression in the M. truncatula root epidermis, 

whereas antagonists as pertussin toxin blocked the activity of both Nod factor and mastoparan 

(Pingret et al., 1998). Furthermore, inhibitors of phospholipase C (PLC), the activation of which 

is frequently catalyzed by G proteins, were able to inhibit this epidermal response. This 

suggests an involvement in Nod factor signaling of PLC, commonly known in signal transduction 

pathways to cleave phosphatidylinositol (4,5)-bisphosphate (PIP2) to yield possible secondary 

messengers inositol (1, 4, 5)-trisphosphate (IP3) and diacylglycerol (DAG). In addition, 

inhibitors of Ca2+ release from internal stores (ruthenium red) or from Ca2+ influx across the 

plasma membrane (EGTA, La3+) efficiently reduced Nod factor- or mastoparan-elicited gene 
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expression, indicating mastoparan activity upstream of Ca2+ release (Pingret et al., 1998). 

Another report described lipid signaling during root hair deformation in Vicia sativa, which was 

elicited by mastoparan (den Hartog et al., 2001). The authors observed an increase in 

phosphatidic acid (PA) and diacylglycerol pyrophosphate, PA being another potent signal 

molecule produced as primary or secondary product of phospholipase D (PLD) and PLC 

signaling, respectively. This adds the activity of phospholipase D, as well as diacylglycerol 

kinase (in the PLC pathway), to Nod factor signaling (den Hartog et al., 2001). Similarly, both 

PLD and PLC activity is essential for Nod factor-induced ENOD11-GUS expression in M. 

truncatula root hairs (Charron et al., 2004). Moreover, Mas7 (a more active synthetic 

mastoparan peptide agonist) targets Nod factor signaling between DMI1/2 and DMI3, and a 

PLC inhibitor was shown to block Nod factor-induced Ca2+ spiking, all perfectly fitting in the 

model of phospholipid-mediated linking of the plasma membrane with nuclear responses 

(Engstrom et al., 2002; Charron et al., 2004). Finally, although mastoparan did not induce Ca2+ 

responses in pea (Walker et al., 2000), Mas7 was very recently shown to activate Ca2+ spiking 

in M. truncatula root hair cells, similar but not identical to Nod factor-induced spiking (Sun et 

al., 2007). The involvement of heterotrimeric G-proteins in Nod factor signaling may have to be 

reconsidered though, as recent evidence indicated that mastoparan effects in plants can occur 

by MAP kinase signaling, independent of G proteins (Miles et al., 2004).  

 

NOD FACTOR SIGNALING IN THE CORTEX 

 

The extensive amount of data and knowledge on Nod factor signaling described above deals 

with epidermal processes, and in most mutants investigated so far, nodulation was blocked at 

the level of the epidermis. Nonetheless, detailed expression analysis together with experiments 

using partial gene knockdown elucidated an additional role for Nod factor signaling in later 

stages of the development.  

 

Production and perception of Nod factors in the cortex 

A first hint to the participation of Nod factor signaling in the cortex comes from the observation 

that bacterial nod genes are still expressed after infection threads have initiated. GUS reporter 

gene fusions with 11 different nod genes of S. meliloti showed expression on the root surface 

of alfalfa, throughout the developing nodule, and finally at the apical site of the mature nodule 

with a decrease toward the central tissue (Sharma and Signer, 1990). Similarly, in developing 

pea and Vicia hirsuta nodules, nodABCIJ and nodFEL transcripts were relatively abundant in the 

invasion zone, but the amount declined in the early symbiotic zone and they were not visible in 
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the late symbiotic zone (Schlaman et al., 1991). Thus, nod gene transcription still occurs when 

bacteria reside in infection threads during invasion and nodule development, while this 

transcription is switched off after the bacteria have differentiated into bacteroids. In S. rostrata, 

nodA-GUS expression was visualized in developing nodules and proceeded after uptake and 

bacteroid functioning (Van den Eede et al., 1992; D'Haeze et al., 1998). Finally, Nod factor 

immunolocalization displayed strong signal in zone II of alfalfa nodules, which is associated 

with infection threads, and in the cytoplasm of invaded plant cells, while a discrete level of 

label was detected in bacteroids (Timmers et al., 1998).  

A continuous role of Nod factors during nodule development, e.g. for growth and 

ramification of the ITs and/or for bacterial uptake, is thus conceivable. The Nod factors are 

very likely perceived by the plant by the same putative receptors in the cortex, and indeed a 

high expression of pea SYM10 in root nodules was observed, while L. japonicus NFR5 was not 

expressed in nodules (Madsen et al., 2003). This might reflect the different morphology of the 

nodules, as pea has indeterminate nodules with a persistent meristem and invasion zone, while 

mature L. japonicus nodules are determinate (Madsen et al., 2003; Radutoiu et al., 2003). In 

M. truncatula indeterminate nodules, expression of NFP was localized precisely in the infection 

thread-containing zone II, as determined both via promoter-GUS activity and in situ transcript 

hybridization (Arrighi et al., 2006), and also transcripts of LYK3 were detected there (Limpens 

et al., 2003). Moreover, NFP expression was associated with the inner cortex during formation 

of nodule primordia, the outer cortical cells underlying infected root hairs and through which 

infection threads were passing, as well as in the central nodule tissue of young, emerging 

nodules with cells undergoing infection. NFP RNAi knockdown roots with assumed inefficient 

silencing showed large sac-like infection structures in regions adjacent to nodules (Arrighi et 

al., 2006), which, together with the expression data, indicates that Nod factor perception is 

implicated throughout the infection process. On the other hand, expression in the inner cortex 

suggests that NFP also controls early symbiotic responses in the cortex, and it will be 

interesting to identify the nature of the signal involved, as Nod factors are thought to stick in 

plant cell walls unable to migrate far away from its production site (Goedhart et al., 1999; 

Goedhart et al., 2000; Goedhart et al., 2003). 

 

Cortical expression of signaling genes  

Also, several plant signaling genes and proteins acting downstream of Nod factor perception 

were visualized during nodule development. In situ hybridization showed signal in the apical 

part of indeterminate M. truncatula nodules for DMI1, DMI2, and DMI3, more specifically in a 
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few cell layers directly adjacent to the meristem, which form the most distal part of the so-

called infection zone (Limpens et al., 2005). A DMI1-GFP protein fusion confirmed the 

localization to the distal regions of the nodule, as well as promoter-GUS fusions for both DMI1 

and DMI2, with GUS activity of the latter being the strongest between the meristem and the 

infection zone (Bersoult et al., 2005; Riely et al., 2007). Subcellularly, a DMI2-GFP fusion 

localized to the plasma membrane and infection thread membranes in cells at the distal part of 

the infection zone (Limpens et al., 2005). In addition, detailed DMI2 expression analysis 

showed cortical gene expression in the nodule primordia before penetration by infection 

threads, reminiscent of the situation for NFP (Bersoult et al., 2005). Finally, L. japonicus NIN 

was expressed in primordium cells of developing nodules, and P. sativum NIN expression was 

visualized in the nodule meristem and the infection zone, suggesting an involvement also after 

the onset of the organogenic process (Schauser et al., 1999; Borisov et al., 2003).  

It appears thus as if all currently known Nod factor perception and signaling genes are not 

only required for the initial interaction at the epidermis, but also for further development of the 

nodule, and perhaps bacterial uptake in cortical cells. A large part of the expression data can 

be correlated to the sites of nod gene expression and actual Nod factor production, while it is 

intriguing that at least some genes involved were also induced at sites at a distance from Nod 

factor-producing bacteria where no such molecules are present.  

 

Are cortical Nod factors required for bacterial uptake? 

The question whether Nod factor signaling is needed for bacterial entry in plant cells is still a 

matter of debate. Knock-down of one of the signaling genes, DMI2 in M. truncatula, as well as 

expression in the mutant background from a promoter with low activity in the nodule apex 

allowed nodule initiation and organogenesis, but numerous wide infection threads were 

observed in the central tissue and no bacteria were released from these extensively grown 

threads (Limpens et al., 2005). Similarly, knock-down of the orthologous gene in S. rostrata 

(SrSYMRK) allowed nodule but not symbiosome formation, and showed altered infection thread 

structure, implying a role for SYMRK/DMI2 in endosymbiotic uptake in plant cells (Capoen et 

al., 2005). Uptake might thus result from continuous Nod factor signaling at sites where plant 

cells are invaded. However, the fact that DMI2 encodes an RLK and because local Nod factor 

perception is not required for bacterial uptake (see chapter 3), another signal might interact 

directly with DMI2/SYMRK to allow symbiosome formation, independent of local Nod factors.  
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Cytokinin perception in Nod factor signaling 

Phytohormones have been described repeatedly to be implicated in nodule organogenesis, i.e. 

in activation of the cortical program. For instance, applying inhibitors of polar auxin transport 

leads to the formation of empty nodule-like structures (Mathesius et al., 1998). Otherwise, 

externally supplied cytokinin induces cortical cell division and activation of enod12, enod40 and 

enod2 genes (Dehio and de Bruijn, 1992; Fang and Hirsch, 1998). Furthermore, expression of 

the tsz cytokinin biosynthesis gene in a nodulation-deficient S. meliloti resulted in nodule-like 

structures on M. sativa (Cooper and Long, 1994). Recently, the involvement of a cytokinin 

receptor was shown for lateral root and nodule organogeneses. MtCRE1, homologous to 

Arabidopsis AtHK4/CRE1/WOL, was strongly and rapidly induced upon cytokinin treatment. 

RNAi of this gene resulted in cytokinin insensitive roots with enhanced lateral root density and 

a strong impairment in nodulation (Gonzalez-Rizzo et al., 2006). Reduced nodulation probably 

relied on a block of cortical cell divisions resulting in the lack of primordia formation and a 

premature termination of infection thread growth (Gonzalez-Rizzo et al., 2006). In L. japonicus, 

mutants in this gene (termed LHK1 for Lotus histidine kinase 1), resulted in hyperinfection and 

a lack of nodule primordia. The roots exhibited strong cytokinin insensitivity, indicating a loss-

of-function allele (Murray et al., 2007). Conversely, a gain-of-function allele showed constitutive 

activity resulting in spontaneous nodule formation (Tirichine et al., 2007). Crosstalk between 

cytokinin and Nod factor signaling was hypothesized, as spontaneous nodules were observed in 

nfr, symrk and ccamk mutants but not in nin and nsp2 mutants of Lotus (Tirichine et al., 2007). 

Additionally, cytokinin perception via MtCRE1/LHK1 was required for NIN expression (Gonzalez-

Rizzo et al., 2006; Murray et al., 2007). These data are consistent with a role for cytokinin 

sensing and signaling in the cortex for the dedifferentiation and cell proliferation leading to root 

nodule formation. A more extensive overview on the involvement of hormones in nodulation, 

more specifically of ethylene, will be described in chapter 6.  

 

NODULATION IN NON-LEGUMES 

 

The ultimate objective of legume research is to use the obtained knowledge on the Rhizobium-

legume symbiosis to transfer the process to other plants, such as agriculturally important non-

legume crops. An important question to approach this goal is whether these plants possess 

orthologous genes identified in Nod factor signaling. Recruitment of functions in the 

evolutionarily younger nitrogen-fixing symbiosis from the older and more general mycorrhizal 

symbiosis further raises the question whether the genes essential for both AM and nodulation 

are also required for AM symbiosis in non-legumes. Based on sequence similarity and 
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microsyntenic relationships, orthologous gene candidates were defined in M. truncatula, L. 

japonicus, Arabidopsis, and rice. Putative orthologs of most genes required for legume 

nodulation were present in non-legumes, including the Nod factor receptors (NFRs), the 

common signaling genes (DMIs), as well as the later signaling genes (NSPs, NIN). However, 

duplication events before or after species divergence may have played an important role in 

subsequent gene neofunctionalization and/or subfunctionalization leading to legume-specific 

root nodule symbiosis, especially in regard to the putative receptor genes (Zhu et al., 2006). No 

MtDMI3 and MtDMI2 close homologs could be identified in Arabidopsis, which may explain why 

Arabidopsis cannot establish symbiosis with AM fungi. Furthermore, only the kinase domain of 

DMI2 was highly conserved among species, rendering the question if biological function is 

retained despite diverse extracellular domains (Zhu et al., 2006).  

Within this regard, recent data were presented that indicate a conserved function for SYMRK in 

angiosperms, as well as for CYCLOPS. Insertion mutants of both in rice were impaired in AM 

symbiosis. Moreover, RNAi of SYMRK in Datisca glomerata, which establishes an actinorhizal 

symbiosis with Frankia, resulted in both a hampered AM and nodule phenotype, indicating 

widespread conservation of AM functions (Parniske, 2006). Structural analysis of SYMRK 

proteins showed the presence of a basal form in rice with 2 LRR domains only, while the 

tomato protein has gained an extra domain in the extracellular part, the NLS domain. A 

subgroup of dicots has an additional LRR domain, and it is this subgroup that contains the 

nodulating species, although not all of them do nodulate. The tomato form with only 2 LRRs 

and the NLS domain could complement a Lotus symrk mutant for AM but not for nodulation, 

suggesting an involvement of the third LRR domain in signaling for nodulation (Parniske, 2006).  

Similarly, the rice CCaMK gene restored nodulation of the M. truncatula dmi3 mutant, 

although not completely as the nodules did not contain bacteria (Godfroy et al., 2006). On the 

other hand, Lilium longiflorum CCaMK fully complemented dmi3-1 (Gleason et al., 2006a). This 

suggests analogous functions in different species, while a particular form of this enzyme might 

have evolved that is adapted to allow nodulation. 

Research on rhizobial nodulation genes has showed in the past that Nod factors have a 

main contribution in the host specificity of nodulation. Now that putative Nod factor receptors 

have been isolated, the specificity issue was also addressed from the plant side, by using two 

closely related Lotus species, L. japonicus and L. filicaulis. Both are nodulated by 

Mesorhizobium loti bacteria, but only L. japonicus can be nodulated by the Rhizobium 

leguminosarum bv viciae (Rlv)-DZL strain, which produces Nod factors with altered structure. 

The LysM-containing extracellular domains of both NFR1 and NFR5 mediated perception of the 
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bacterial Nod factor signal, as shown by introducing one or both receptors in L. filicaulis and by 

domain swapping. Moreover, a single amino acid variation in the second LysM domain of NFR5 

was largely responsible for the differential response in these two species (Radutoiu et al., 

2007). Introduction of both receptors in M. truncatula allowed nodule formation after 

inoculation with M. loti, thereby extending its host range. Interestingly, these nodules had 

morphological and anatomical features similar to S. meliloti-induced nodules, but an altered 

infection thread structure was observed and bacterial endocytosis in plant cells did not occur 

(Radutoiu et al., 2007). It is intriguing that a simple transfer of receptor genes allows induction 

of the developmental program for nodulation with specific bacteria. It will be interesting to see 

whether this is also sufficient in other plants and which other factors are required to allow 

normal infection and bacterial uptake. 
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The legume Sesbania rostrata is a fast-growing annual plant found in the Sahel region of West 

Africa. Its natural habitat is restricted to tropical waterlogged or very humid soils. The legume 

became of interest because of two important aspects: firstly, it can form N fixing nodules on its 

stem, and secondly, the plant is used as green manure in tropical regions where lowland rice is 

grown. The high N fixing potential of S. rostrata, its tolerance to soil flooding, and its fast 

growth rate makes this species extremely valuable in lowland rice fields, for instance in Asia 

and Africa. Use as a green manure can significantly increase rice yield, and contributes to soil 

fertility and sustainability (Ndoye et al., 1996). 

The genus Sesbania belongs to the Papilionoideae subfamily of Leguminosae, more 

specifically to the lineage of Robinieae (Doyle, 1998). Together with the genera 

Aeschynomene, Neptunia, and Discolobium and some other species, it comprises the group of 

‘stem-nodulating’ legumes (Boivin et al., 1997b; James and Sprent, 1999; James et al., 2001). 

Nodulation on the stem actually occurs at specific sites of pre-formed dormant root primordia. 

These primordia exhibit a typical root structure, and they have the ability to develop into 

adventitious roots when stems are immersed in water (Fig. 1) (Tsien et al., 1983). In S. 

rostrata, these adventitious root primordia are positioned in rows along the root, giving rise to 

a vertical series of nodules (Fig. 1). In addition, nodules can also be formed on the root. 

The microsymbiont of S. rostrata was first characterized by a taxonomical study of strains 

isolated from both stem and root nodules growing in different regions of Senegal, and was 

phenotypically and genotypically very distantly related to Rhizobium and Bradyrhizobium. It 

was classified as a separate genus, Azorhizobium, with A. caulinodans strains having a narrow 

and specific host range, fixing nitrogen only in symbiosis with S. rostrata (Dreyfus et al., 1988; 

Boivin et al., 1997a). However, S. rostrata can also be nodulated by two species of the 

Sinorhizobium genus: S. teranga and S. saheli bv. sesbaniae, although effective stem nodules 

could not be formed when the plant roots were inoculated previously (Tomekpe et al., 1996). 

A. caulinodans thus appears more effective for stem nodulation, and has some unusual 

Figure 1. Adventitious root primordia, roots, 
and stem nodules of S. rostrata.  
The dormant adventitious rootlets in a vertical 
row along the stem (left) emerge after 
submergence in water to form adventitious 
roots (middle), whereas they develop into 
green nodules after inoculation with 
Azorhizobium caulinodans ORS571 (right). 
From Den Herder et al. (2006) Crit Rev Plant 
Sci 25, 367-80. 
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properties that might be related to this higher efficiency. Unlike most rhizobia, the bacteria 

have the ability to grow in the free-living state with N2 as the sole N source (Dreyfus et al., 

1983). Furthermore, the presence of large populations on leaves, stems and flowers of the host 

plant were reported, indicating they are adapted to an epiphytic habitat, providing them with 

an aerial ecological niche among rhizobia (Robertson et al., 1995).  

 

LRB vs RHC NODULE DEVELOPMENT 

 

Morphogenesis of stem nodules is highly synchronous upon simultaneous inoculation, a feature 

that proved an important advantage for molecular analysis. Bacteria enter the plant at the base 

of the adventitious root primordia where 

protrusion has created a fissure at the stem 

surface (Fig. 2A) (Tsien et al., 1983). After 

this direct intercellular invasion (also termed 

crack entry), the azorhizobia multiply very 

actively and initiate the formation of 

intercellular spaces filled with bacteria. 

Different features of local cell death were 

observed, as some cells showed disrupted 

cell wall-plasma membrane integrity, vacuole 

fragmentation, and electrondense 

precipitates in the cytoplasm. These cells lost 

rigidity and became invaded by bacteria. 

Formation of the resulting ‘infection pockets’ 

(IPs) depended on Nod factors, ethylene, 

and reactive oxygen species (D'Haeze et al., 

2003). Concomitantly with infection, cortical 

cells dedifferentiated and initiated a typical 

nodule primordium, visible microscopically at 

2 days after inoculation (Fig. 2B). The outer 

infection pockets then extend toward the 

growing nodule primordium, progressively 

forming narrow, branched infection threads 

in between cortical cells (Tsien et al., 1983), 

but later on the threads also progress 
Figure 2. Schematic representation of LRB nodule 
development on the stem of S. rostrata. 
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intracellular. Formation of nodule vasculature becomes apparent (Fig. 2C). At around 4 days 

after infection, the first bacteria are released in central primordium cells. The azorhizobia 

become surrounded by a peribacteroid membrane, after which they start to fix N as bacteroids. 

At this stage, a typical meristem has been formed, resulting in a developing nodule with 

different zones resembling indeterminate nodules. The developing nodule has an open basket-

shaped structure, with most distal the meristem with dividing cells that surrounds the infection 

center through which infection threads are passing. More proximal in the infection zone, 

bacteria undergo release in plant cells via infection droplets. Finally, in the fixation zone plant 

cells are completely filled with active bacteroids (Fig. 2D). This zonation is not maintained 

because mature nodules are round with a central tissue with both invaded and noninvaded 

cells at about 7-8 days of nodule development (Fig. 2E). The stem nodules become green 

because the cortex cells surrounding the N fixing cells contain chloroplasts. Moreover, they 

have a periderm that derives from a concentric secondary meristem at the outside of the 

developing nodule, which might function as a protection barrier (Goormachtig et al., 1998b). 

Nodulation on submerged roots showed identical stages in development, while it occurred 

faster than on the stem. Nodules developed at the base of lateral roots where bacteria entered 

via cracks in the epidermis. Therefore, nodulation with intercellular invasion is also termed 

lateral root base (LRB) nodulation or crack-entry nodulation. From intercellular bacterial micro-

colonies, infection threads developed that grew toward the nodule primordium, the latter 

already visible at 16 hours after inoculation (Ndoye et al., 1994). Later, the typical open basket 

configuration could be observed, and nitrogen fixation was already detected as early as 3 days 

following inoculation (Ndoye et al., 1994). Bacteroid differentiation after release via infection 

droplets was accompanied by division and elongation of the bacteroids, and later fusion of 

peribacteroid membranes resulted in a large number of bacteroids per symbiosome (Ndoye et 

al., 1994). 

Structural appearance of indeterminate nodulation during the development of a 

determinate nodule is quite astonishing, and may reflect an evolutionary change from 

indeterminate towards determinate nodulation. In fact, it became clear that the formation of 

determinate nodules in S. rostrata on both stem and roots is the result of an adaptation to the 

environmental habitat of the plant. When S. rostrata seedlings were grown in aerated 

conditions, i.e. in leonard jars with vermiculite, large, cylindrical, pink nodules appeared 

(Fernández-López et al., 1998). Moreover, the indeterminate nature of the nodules was 

demonstrated with molecular markers indicating a persistent apical meristem, and the plant 

hormone ethylene was shown to be involved in this nodule plasticity (Fernández-López et al., 
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Figure 3. Lateral root base (LRB, left) versus root hair curling (RHC, right) invasion on S. rostrata roots.  
During LRB invasion, the bacteria colonize intercellular spaces between the cortical cells and induce the 
formation of infection pockets (ip), from which inter- and intracellular infection threads (it) guide the bacteria to 
the developing nodule primordium (np), where they are released in the target cells for N fixation. During RHC 
invasion, bacteria become entrapped within the curl and induce intracellular infection threads (it) that progress 
toward the nodule primordium (np) where plant cells take them up. Different growth conditions of the plant 
(shown underneath) lead to the different developmental pathways for bacterial invasion, as depicted with a β-
glucuronidase-expressing A. caulinodans. Modified from Goormachtig et al. (2004a) Trends Plant Sci 9, 518-22. 
 

1998) (see chapter 6). Later, it was observed that the aerated roots are actually invaded via 

their root hairs; nodulation had thus occurred via the general RHC mechanism (Fig. 3) 

(Goormachtig et al., 2004b). The main difference between both nodulation pathways resided in 

primary colonization and entry of the bacteria, while later developmental stages were identical 

(Fig. 3). Again, ethylene was involved in the switch between both invasion pathways 

(Goormachtig et al., 2004b) (see chapter 6). Because plant roots grown in flooded conditions 

do not develop root hairs and ethylene has an inhibitory effect on RHC, the plant adapted to 

allow bacterial invasion in a different way (Goormachtig et al., 2004a; Goormachtig et al., 

2004b). Apparently, this was typical for water-adapted legumes, as Neptunia plena had similar 

nodulation characteristics, further demonstrating RHC as the more ancestral pathway 

(Goormachtig et al., 2004b).  
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AZORHIZOBIUM CAULINODANS GENETICS AND NOD FACTORS  

 

Genetic analysis on the rhizobium/legume symbiosis was initially focused on the bacterial genes 

responsible for the production of the Nod factors. The nod genes of A. caulinodans ORS571 

were identified and extensively characterized on possible functions. Three nod loci have been 

described, although the identification was first hampered because of the absence of a Sym 

plasmid and the fact that the symbiotic loci were dispersed over the chromosome (Goethals et 

al., 1992a). One of them harbors a single functional nodD gene that is constitutively expressed, 

and a mutant was unable to induce common nod gene expression in the presence of host plant 

exudates (Goethals et al., 1990). The major inducing factor in S. rostrata exudates was 

liquiritigenin, whereas also the related flavanone naringenin induced the other two loci 

(Goethals et al., 1989; Messens et al., 1991). These loci contained a region in their promoter, 

the nod box, that is usually the target site for NodD binding, although the sequence was not 

strongly conserved to other nod boxes known at that time. By comparative analysis, a modular 

build-up of the nod box was proposed, with the sequence ATC-N9-GAT as NodD binding target 

(Goethals et al., 1992b). Furthermore, strong arguments for a direct interaction of NodD with 

inducer flavonoid, leading to increased binding of the nod box, was provided (Goethals et al., 

1992b).  

Locus 1 consists of an operon with the nodABCSUIJZ and noeC open reading frames, while 

nolK was identified as a separate locus (Goethals et al., 1989; Goethals et al., 1992a). The 

common nodABC genes were shown to be responsible for the production of the Nod factor 

backbone. N-acetylglucosaminyltransferase activity could be ascribed to the nodC product, 

proving its role in the assembly of the oligosaccharide chain (Geremia et al., 1994). Moreover, 

expression of different combinations of the A. caulinodans nodABCS genes in Escherichia coli 

allowed further elucidation of the biochemical pathway in Nod factor production. The second 

step was deacetylation at the non-reducing end by NodB, followed by N-methylation by NodS 

(Mergaert et al., 1995). The latter was further characterized as an S-adenosyl-L-methionine 

(SAM)-utilizing methyltransferase with activity prior to acylation by NodA (Geelen et al., 1993; 

Geelen et al., 1995; Mergaert et al., 1995). NodU was involved in 6-O-carbamoylation, and 

NodIJ were both needed for secretion of the LCOs (Fernández-López et al., 1996; D'Haeze et 

al., 1999). Finally, the other nod genes functioned in peculiar glycosylations at the reducing 

end of the Nod factor: fucosylation depended on both nodZ and nolK, while arabinosylation 

depended on noeC and/or downstream genes (Mergaert et al., 1996). NolK was responsible for 

synthesis of GDP-fucose and NodZ exhibited fucosyltransferase activity (Mergaert et al., 1996; 

Mergaert et al., 1997b).  
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The activity of all these nod genes in the production of the A. caulinodans Nod factors is 

depicted in figure 4. The bacterium produces a mixture of tetra- or pentameric chito-

oligosaccharide molecules, N-acylated with palmitic (C16:0), stearic (C18:0) or vaccenic acid 

(C18:1) and N-methylated. Further, the nonreducing end can be carbamoylated, while the 

reducing end can carry one or both of an L-fucosyl or D-arabinosyl group important for 

biological activity on S. rostrata roots (Mergaert et al., 1997a).   

The effectivity of the Nod factors and their structural requirements were analyzed during 

both LRB nodulation (stem and hydroponic root) and RHC nodulation (aeroponic root). A set of 

bacterial mutants that produce well-characterized Nod factor populations were first used to test 

Nod factor degradation by plant extracts and nodulation efficiency during crack entry 

nodulation. Overall, structural requirements were less stringent for LRB root nodulation than for 

stem nodulation, probably because of the less restrictive conditions for bacterial growth and 

inoculation in an aqueous environment (D'Haeze et al., 2000). Nevertheless, similar tendencies 

were found for the effects that were investigated: Nod factor decorations seemed to be 

important both for protection against degradation as well as for recognition. At the reducing 

end, the arabinosyl group protected the Nod factor against degradation to the same extent as 

the fucosyl group, but it was more important for nodulation efficiency. The presence of the 

carbamoyl group also contributed to nodulation efficiency, whereas it could be replaced by an 

acetyl group for root nodulation (Fernández-López et al., 1998; D'Haeze et al., 2000). None of 

the studied substitutions was thus strictly required for triggering normal nodule formation, 

although their synergistic presence greatly determined efficiency of nodulation. Despite 

reduced nodule numbers with the different mutants used, no macroscopic differences were 

seen with nodules induced by the wild type strain, neither on the stem or the root, and other 

Figure 4. 
Azorhizobium 
caulinodans Nod 
factor structure. 
GlcNac backbone 
and N-acyl chain 
are shown in black 
and strain-specific 
modifications in 
red. The different 
nod gene products 
mediating the 
modifications and 
substitutions are 
indicated in yellow.  
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phenotypes, such as formation of pseudo-nodules, were not observed either (D'Haeze et al., 

2000). Another situation occurred when some of these mutants were tested on roots grown in 

aerated conditions, thus favoring invasion of the bacteria via root hairs. Strains producing Nod 

factors lacking one of the glycosylations reduced the number of nodules only slightly. 

Interestingly, removal of both glycosylations resulted in a decrease in the number of functional 

nodules and caused the formation of a lot of small white nodules and nodule primordia. The 

most severe effect was caused by the strain producing nonglycosylated and noncarbamoylated 

Nod factors. Only nodule primordia were formed on the roots and the bacteria were not able to 

invade the root hairs, although deformation and curling occurred (Goormachtig et al., 2004b). 

These data indicate that the structural requirements for the perception of Nod factors are more 

stringent for epidermal root hair invasion than for cortical intercellular invasion at lateral root 

bases (Goormachtig et al., 2004a; Goormachtig et al., 2004b). An extra check-point at the 

epidermis might thus be important for bacterial infection. Large-scale transcriptional analysis 

comparing inter- and intracellular invasion on S. rostrata confirmed that the epidermis adds an 

additional layer of complexity to the nodulation process (Capoen et al., 2007). 

 

OTHER BACTERIAL COMPONENTS FOR NODULATION 

 

Although Nod factors are indispensable for initiating plant responses, other bacterial molecules 

appeared to be required for normal nodule development. Two A. caulinodans mutants were 

characterized, ORS571-X15 and ORS571-oac2, both affected in their surface polysaccharide 

(SPS) structure (Goethals et al., 1994; Gao et al., 2001). ORS571-X15 was mutated in a dTDP-

D-glucose synthase, an enzyme that catalyzes the first step in the pathway towards dTDP-L-

rhamnose biosynthesis; consequently, the mutant had an altered lipopolysaccharide (LPS) O-

antigen structure (Goethals et al., 1994). In addition, it did not produce exopolysaccharides 

(EPS). In wild type, EPS form a thick layer around the bacterium and is a diffusion barrier to 

prevent the incorporation of H2O2 produced by the host in the initial stages of the interaction 

(D'Haeze et al., 2004). Stem inoculation resulted in the formation of pseudonodules in which 

the bacteria remained in superficially located infection pockets, demonstrating a role for SPS to 

enable invasion of the plant tissue (D'Haeze et al., 1998). ORS571-oac2 had a nonpolar 

mutation in the oac2 gene encoding a dTDP-L-rhamnose synthase that presumably catalyzes 

the last step of the previously mentioned pathway (Gao et al., 2001). It had LPS similar to the 

ORS571-X15 mutant, while it was surrounded by a thin layer of EPS compared to wild type, 

sufficiently protecting the bacterium to invade deeper layers (D'Haeze et al., 2004). Inoculation 

resulted in the formation of ineffective nodules (Fix-) with the bacteria retained in enlarged, 
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thick-walled infection threads, and later a continued generation of infection centers and organ 

primordia (Gao et al., 2001; Mathis et al., 2005). Although some bacterial release occurred in 

late stages, plant cells were never completely filled and leghemoglobin production could not be 

observed. LPS were identified as a positive signal that informs the plant to proceed the 

symbiotic interaction after release in the plant cells (Mathis et al., 2005). 

 

GENE EXPRESSION PROFILING IN S. ROSTRATA 

 

After initial genetics on the bacterium, different methods were used to isolate plant genes 

specifically induced during nodulation, while being almost not detectable before bacterial 

inoculation. These genes are called ‘nodulins’ and are supposed to have a specialized function 

during nodule development. In S. rostrata, stem nodulation at predetermined sites, with most 

of them responding to inoculation, allowed very precise harvesting of synchronized plant 

material. This was implemented to find new differentially expressed genes involved in the 

process using some of the techniques available, such as differential display, suppression 

subtractive hybridization (SSH), and cDNA-amplified fragment length polymorphism (AFLP) 

(Goormachtig et al., 1995; Lievens et al., 2001; Schroeyers et al., 2004; Capoen et al., 2007). 

In this way, both high- and low-abundant transcripts have been discovered that can be either 

up- or downregulated during RHC and/or LRB nodulation in S. rostrata. Some of these were 

characterized further, mainly via expression analysis, and will be discussed briefly in the next 

paragraphs. 

 

Genes for N fixation  

Symbiotic leghemoglobins are some of the first nodulins identified because of their high 

abundancy in later stages of nodulation. They are generally induced when the N fixation 

process commences. Hence, these late nodulins are involved in nodule functioning and 

maintenance. In S. rostrata, stem and root nodules contained seven major components of 

leghemoglobin, at least six of them being separate gene products (Bogusz et al., 1987). 

Differential hybridization with heterologous probes allowed isolation of some of the genes 

(SrLb1, SrLb2, SrLb3, and SrLb6), and they were characterized by sequence and expression 

analysis (Strittmatter et al., 1989; Welters et al., 1989; Goormachtig et al., 1995). Northern 

blotting showed transcript accumulation of SrLb1, SrLb2 and SrLb6 from 4 or 5 days after 

infection, corresponding to the stage where plant cells become infected and bacteria start to fix 

atmospheric nitrogen, and even stronger accumulation in later stages (Fig. 5A)(Strittmatter et 

al., 1989; Goormachtig et al., 1995). Analysis of an SrLb3 promoter-GUS fusion in transgenic 
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Lotus corniculatus confirmed expression in the bacteroid-infected central tissue cells of mature 

nodules (Szabados et al., 1990). Symbiotic leghemoglobins supply oxygen in a safe form, as O2 

is inhibitory to bacterial nitrogenase activity, to the respirating bacteria (Ott et al., 2005). 

However, also early induced expression of symbiotic leghemoglobins has been reported, long 

before the onset of actual N fixation (Heidstra et al., 1997). In chapter 3, both early and late 

expression of SrLb6 and its relation to Nod factor production will be presented.  

 

Cell wall-associated genes 

An early induced nodulin gene was identified that encodes a (hydroxy)proline-rich 

(glyco)protein (HRGP), SrENOD2 (Strittmatter et al., 1989; Dehio and de Bruijn, 1992). 

SrENOD2 displayed several repeats of the pentapeptide sequences PPxxx, and a putative signal 

sequence for targeting to the cell wall (Dehio and de Bruijn, 1992). Remarkably, application of 

cytokinins induced ENOD2 transcript accumulation in S. rostrata roots in a time- and 

concentration-dependent manner. Root nodules showed only transient expression via northern 

blot, while expression in stem nodules remained high, even until 49 days after inoculation 

(Dehio and de Bruijn, 1992). Very low level expression in uninoculated adventitious root 

primordia was seen, with a strong induction 1 day after inoculation at the stem, which was 

continued until a maximum at 7 days (Goormachtig et al., 1995). In situ localization of ENOD2 

transcripts in developing stem nodules showed cortical expression in uninfected nodulation 

sites, strongly enhanced 1 day after infection and correlated with young peridermal cells at 

later stages (Goormachtig et al., 1998c). Another expression pattern concerned parenchymal 

cells completely surrounding the central tissue (Fig. 5B). In addition, expression was dependent 

on Nod factor-producing bacteria (Goormachtig et al., 1998c). A role was proposed in 

establishing an oxygen barrier that is more needed in aerial stem nodules, although a structural 

role in providing support by reinforcements of cell walls might also be possible (Dehio and de 

Bruijn, 1992; Goormachtig et al., 1998c).  

Another type of HRGP was found with an SPPPP motif characteristic for glycosylated 

extensins. Northern blot showed transcripts enhanced from 1 until 7 days after inoculation, 

after which these decreased (Goormachtig et al., 1995). Later, it became clear that this gene 

belongs to a nodule-specific gene family termed root nodule extensins (RNEs), with alternate 

arabinogalactan motifs in the deduced protein sequence. These are thought to function in cell 

wall processes during bacterial infection thread progression, which is discussed further in 

chapter 5.  
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Plant defense-related genes 

A different cell wall-related protein was Srpme1, a pectin methylesterase that normally 

catalyzes demethylation of esterified pectin, which is a major component of the primary wall 

and middle lamella of plant cells. The gene was picked up in a second S. rostrata differential 

display experiment and showed induction of the basal expression level after 2 days of 

inoculation (Lievens et al., 2001). In situ hybridization on stem nodules indicated a complex 

pattern mainly associated with vascular tissue, but also in the peripheral meristem, possibly 

related to cell expansion. A more nodule-related pattern showed expression in the first layer of 

the parenchyma, in cells around infection pockets in the infection center, in some cells in the 

infection zone, and in uninfected cells in the fixation zone (Lievens et al., 2002). Pectin 

methylesterase activity might thus also be important for the fate of noninfected cells, possibly 

by altering the properties of the cell wall.  

More or less the same nodulation-specific pattern was observed for the presumably 

secreted protein encoded by SrPI1, a protease inhibitor (Fig. 5C) (Lievens et al., 2004). 

Expression in 30-day-old indeterminate nodules was still observed in some cells in the infection 

zone and in the young noninfected cells of the fixation zone. Plant cells in close contact with 

either bacteria or infected cells might thus need to inhibit a specific protease, either bacterial or 

plant-derived, to remain uninfected and thereby regulating invasion during nodule 

development.  

Figure 5. In situ localization pattern of different nodule-enhanced S. rostrata genes.  
Dark-field pictures are presented (with signal seen as white spots) of Leghemoglobin 2 (SrLb2, A), SrENOD2 
(B), Protease Inhibitor 1 (SrPI1, C), Chitinase 24 (SrChi24, D), Gibberellin-20-Oxidase 1 (GA20ox1, E), and 
SrENOD40 (F) on longitudinal sections through developing adventitious root nodules at different stages. rm, root 
meristem; fi, fissure; ip, infection pocket; ic, infection center; f, fixation zone; npa, nodule parenchyma; vb, 
vascular bundle: Bar = 100 µm. 
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Other early nodulins have been identified with a possible function in Nod factor 

degradation. Srchi13 showed homology to acidic class III chitinase genes and started 

accumulating from 1 day after inoculation, with a maximum at 7 days, after which expression 

decreased (Goormachtig et al., 1995; Goormachtig et al., 1998a). Induction was dependent on 

Nod factor-producing bacteria, and in situ transcripts were visualized in the cortical cells 

surrounding the nodule primordium, in the infection center, in uninfected cells of the fixation 

zone, and in the developing nodule parenchyma (Goormachtig et al., 1998a). Nod factor-

degrading activity of the protein was demonstrated, hinting at a function in delimiting the 

nodule compartment as well as in preventing cells to take up bacteria, both by limiting the 

action of Nod factors (Goormachtig et al., 1998a). In addition, a homolog was characterized 

with similar transient expression and Nod factor induction, Srchi24, although the corresponding 

cell wall protein lacked an essential glutamic acid and did not show hydrolytic activity 

(Goormachtig et al., 2001). Expression could be induced by cytokinins, and was enhanced 

strongly in the outermost cortical cells of developing stem nodules (Fig. 5D) (Goormachtig et 

al., 2001). A function in Nod factor binding was suggested, but this could not be demonstrated 

experimentally, although chitin binding was observed (Den Herder, 2006).  

A cDNA with homology to chalcone reductase was identified, SrChr1, which is involved in 

flavonoid synthesis together with chalcone synthase (Goormachtig et al., 1995). Low 

background expression accumulated gradually until 7 days, and this was dependent on Nod 

factor producing bacteria (Goormachtig et al., 1995; Goormachtig et al., 1999). The in situ 

pattern partly overlapped that of Srchi13, with expression in cortex cells surrounding the 

primordium, the infection center, uninfected cells in the fixation zone, and the nodule 

parenchyma, which suggests a role for flavonoids in nodule development. Otherwise, this might 

point to a role in defense response by the production of isoflavonoid phytoalexins with 

antimicrobial effects. SrChr1 expression was also seen temporarily around the root and nodule 

vascular bundles, suggestive for a role in vascular tissue development (Goormachtig et al., 

1999).  

 

Hormone-related genes 

A gene involved in gibberellin biosynthesis, SrGA20ox1, was transiently upregulated during LRB 

nodulation. Two expression patterns were observed, one of which was associated with infection 

and depended on bacterially produced Nod factors, with expression in the epidermal fissure 

and around bacterial infection pockets and young infection threads (Fig. 5E) (Lievens et al., 

2005). The second pattern showed expression in nodule meristem descendants and is possibly 
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related to differentiation of meristematic cells into central tissue cells. Furthermore, gibberellins 

had a role in infection pocket and infection thread formation, as well as in nodule primordium 

formation and differentiation, and they acted downstream of Nod factors in LRB nodulation. On 

the other hand, gibberellins inhibited RHC, similar to the situation with ethylene (Lievens et al., 

2005). For both hormones, infection and primordium formation could not be uncoupled.  

In an approach to identify more low-abundant differentially expressed genes via 

suppression subtractive hybridization, two genes were picked up that might work in ethylene 

production and perception (Schroeyers et al., 2004). SrSAMS encodes an S-adenosyl-L-

methionine synthetase producing SAM, which is an important metabolite in ethylene 

production, while SrERF1 codes for an ethylene-response factor, a transcription factor involved 

in ethylene signaling after perception. Other genes for ethylene production in S. rostrata were 

identified earlier, including an ACC oxidase and an ACC synthase homolog. Their expression 

profiles and further analysis will be described in chapter 7 of this work. 

 

Cell cycle and signaling genes 

New meristem formation and the proximal-distal differentiation direction appealed for the study 

of different cell cycle related genes during stem nodulation. Hence, a B1-type cyclin 

(SrCYCB1;1) and a histone H4 gene (SrH4-1) were identified in S. rostrata, both showing cell 

cycle stage-dependent transcription (Goormachtig et al., 1997). Prior to nodule primordium 

formation, a patchy expression pattern in the mid/inner cortex of the adventitious rootlet was 

seen for both genes, corresponding to the place were the primordium was observed one day 

later. This pattern, together with expression at developing vascular tissue, remained until 

zonation in the central tissue started. At that stage, expression became concentrated in more 

distal-peripheral regions. After meristem activity had ceased, transcripts could not be observed 

any longer (Goormachtig et al., 1997). Study of these molecular markers provided information 

on pattern formation in relation to cell division during stem nodulation.  

SrENOD40-1 potentially encodes a 12 amino acid peptide, and is enhanced early in nodule 

development (Corich et al., 1998). Transcripts were associated with developing vascular 

bundles in all parts of the plant, also during nodule development. In addition, specific 

accumulation occurred in cortical cells at the stage where cell cycle markers are already 

expressed, hinting at a role in dedifferentiation of cortical cells to reenter the cell cycle (Corich 

et al., 1998). Later, transcripts were more pronounced in young differentiating descendants of 

meristematic regions (Fig. 5F), possibly related to directing cells for establishing different zones 

during Sesbania nodulation (Corich et al., 1998).  
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Finally, the only Sesbania gene involved in early Nod factor signaling studied so far is 

SrSYMRK, whose expression was transiently induced during LRB root and stem nodulation 

(Capoen et al., 2005). In situ hybridization showed transcript accumulation in the infection zone 

of the temporarily zonated nodule 3 days after inoculation, consistent with what is seen for 

many different Nod factor signaling genes in indeterminate nodules (see chapter 1). A role 

during infection thread progression and bacterial release in plant cells was demonstrated 

(Capoen et al., 2005). In this work, expression data and functional analysis for the S. rostrata 

homolog of CCaMK is discussed in chapter 4. 

 

S. ROSTRATA AS A MODEL FOR AQUATIC NODULATION  

 

The versatile growth and nodulation capacities of S. rostrata offer several advantages and 

opportunities for studying certain aspects of nodulation. The occurrence of two types of 

bacterial invasion on the same plant allows investigating the role of plant genes under both 

conditions, thereby possibly revealing more information on exact functions. Plant genes have 

been mainly studied via expression analysis until now, while functional analysis was limited. 

However, the availability of a large collection of differentially transcribed genes, either in one or 

both invasion pathways (Capoen et al., 2007), together with the possibility of generating 

composite plants via the Agrobacterium rhizogenes transformation system on S. rostrata (Van 

de Velde et al., 2003) abolishes the restriction in gene functional analysis.  

Perhaps the best advantage in studying LRB nodulation is the fact that it skips stringent 

epidermal responses. Different structural requirements of Nod factors in both processes may 

help to further distinguish the pathways of signaling and infection upon Nod factor perception. 

For instance, downstream functions of symbiotic genes that, upon mutation, cause a nodulation 

arrest at the level of the epidermis can be investigated. This has already proven useful in 

studying SrSYMRK, but can be extended to other early Nod factor signaling genes, such as 

SrCCaMK. Also, opposite hormone effects for LRB nodulation, such as the dependency on 

ethylene and gibberellic acid might lead to additive information regarding influences of 

hormones during nodulation. 



 

 



 

 
 

 
Scope / Objectives 

 
 
 
 

This work consists of two main parts which focus both on gene expression and functional 

analysis during the symbiosis between Sesbania rostrata and Azorhizobium caulinodans. It 

mainly concerns the lateral root based bacterial invasion mechanism, which is characteristic to 

this tropical legume. The first part focuses on Nod factor signaling during initial stages of the 

interaction. In chapter 3, the effect on crack-entry invasion of a Nod factor-deficient 

bacterium, after complementation with a surface polysaccharide mutant that remains outside, 

is looked at in detail via light and electron microscopy. Next, the role of a gene involved in Nod 

factor signaling, SrCCaMK, is investigated during LRB nodulation (chapter 4). This occurred via 

expression analysis and RNA interference in transformed S. rostrata roots, and confirmed its 

importance in the symbiotic interaction. Chapter 5 entails the analysis of a typical early 

nodulin for LRB nodulation, Srprx1, which might allow infection thread growth via cross-linking 

of root nodule extensins that co-localize with the gene. In addition, possible sources for 

hydrogen peroxide used by Srprx1 are revealed. For instance, the reactive oxygen molecule can 

be generated from superoxide, or by the action of two diamine oxidase enzymes.  

In the second part, the involvement of the plant hormone ethylene on nodulation is 

studied. Chapter 6 provides an overview on what is currently known to be affected by the 

hormone. This includes the general inhibitory effects on RHC nodulation and the opposite 

ethylene requirement during LRB nodulation. In chapter 7, this is investigated further at the 

molecular level by characterizing several genes related to ethylene biosynthesis and signaling in 

S. rostata, and by modulation of these processes via over-expression of some genes. In 

conclusion, a summary of the results obtained is given and perspectives for the future are 

proposed. 



 

 

 

 

 



 
 
 

 
 
 
 
 
 

PART I

 



 
 
 

 

 





 



Nod factor signaling in the cortex 

 51 

 

 

 

 

 

Bacterial nodulation (Nod) factors are essential signaling molecules for the initiation of a 

nitrogen-fixing symbiosis in legumes. Nod factors are perceived by the plant and trigger both 

local and distant responses, such as curling of root hairs and cortical cell divisions. In addition 

to their requirement at the start, Nod factors are produced by bacteria that reside within 

infection threads. To analyze the role of Nod factors at later infection stages, several phases of 

nodulation were studied by detailed light and electron microscopy after coinoculation of 

adventitious root primordia of Sesbania rostrata with a mixture of Azorhizobium caulinodans 

mutants ORS571-V44 and ORS571-X15. These mutants are deficient in Nod factor production 

or surface polysaccharide synthesis, respectively, but they can complement each other, 

resulting in functional nodules occupied by ORS571-V44. The lack of Nod factors within the 

infection threads was confirmed by the absence of expression of an early Nod factor-induced 

marker, leghemoglobin 6 of S. rostrata. Nod factor production within the infection threads is 

shown to be necessary for proper infection thread growth and for synchronization of nodule 

formation with bacterial invasion. However, local production of Nod factors by bacteria that are 

taken up by the plant cells at the stage of bacteroid formation is not required for correct 

symbiosome development. 
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INTRODUCTION 

 

Nodules are root organs that are formed on legumes as a result of a symbiotic interaction with 

rhizobia. Nodule formation is plant controlled and consists of two processes, bacterial invasion 

and cortical cell division, which eventually merge when bacteria are released into the cells of 

the central tissue and fix atmospheric nitrogen.  

In most legume species, rhizobial invasion starts with curling of root hairs. Bacteria are 

entrapped in this curl and, by local cell wall hydrolysis and invagination of the cellular 

membrane, an infection thread (IT) is formed that guides the bacteria toward the cells of the 

nodule primordium (Gage, 2004). Upon reaching these cells, the bacteria are released in the 

plant cytoplasm as nitrogen-fixing organelles, surrounded by a plant-derived peribacteroid 

membrane (Brewin, 2004). The aquatic legume Sesbania rostrata evolved an alternative 

strategy to allow rhizobial invasion, because ethylene, which accumulates during submergence, 

inhibits the root hair curling (RHC) process (Goormachtig et al., 2004a; Goormachtig et al., 

2004b). On hydroponic roots, its microsymbiont Azorhizobium caulinodans directly enters the 

cortex at lateral root bases (LRBs) and induces the formation of infection pockets (IPs) by 

eliciting local plant cell death and by colonizing the resulting free spaces (D'Haeze et al., 2003). 

From the IPs, ITs are formed that guide the bacteria toward the cells of the nodule 

primordium. The same infection pathway is followed during nodulation of adventitious rootlets 

positioned on a vertical row along the stem of S. rostrata (Tsien et al., 1983; Duhoux, 1984). 

Perception of rhizobial signal molecules plays an essential role in the successful 

establishment of a nodule. Key bacterial nodulation signals are the nodulation (Nod) factors, 

which are lipochitooligosaccharides decorated with various chemical groups at the reducing and 

nonreducing ends (D'Haeze and Holsters, 2002). Nod factors induce responses at picomolar 

concentrations, are needed to initiate bacterial invasion as well as to trigger cortical cell division 

(Dénarié and Cullimore, 1993; Heidstra and Bisseling, 1996). Proper bacterial invasion also 

requires correct bacterial surface polysaccharides (SPS). Rhizobial mutants with defective SPS 

are hampered at various levels of the invasion process: some are inhibited at the level of IT 

initiation, whereas others have abnormal invasion patterns (Fraysse et al., 2003).  

Perception and signaling of Nod factors have been central themes in legume research. 

Various plant mutants have been isolated that are defective in Nod factors perception, and 

identification of the mutated genes has shown that Nod factors are most probably perceived by 

a family of receptor kinases that contain extracellular LysM domains (Limpens et al., 2003; 

Madsen et al., 2003; Radutoiu et al., 2003; Arrighi et al., 2006).  
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Nod factors are hydrophobic molecules that generally are believed to be unable to travel in 

plant tissues because they stick in cell walls, where they become immobilized (Goedhart et al., 

1999; Goedhart et al., 2000). Hence, Nod factors trigger local responses in the plant cells that 

directly perceive them. They also provoke distant responses, which most probably are a 

consequence of Nod factor-dependent secondary signals that move in plant tissues. Examples 

of local responses are root hair deformation, root hair-specific gene expression, and various 

cellular changes within the root hair, such as calcium spiking (Oldroyd and Downie, 2004). 

Distant Nod factor responses include formation of pre-infection threads (PITs), cortical and 

pericycle cell division, and nodulin gene expression (van Brussel et al., 1992; Yang et al., 1994; 

Heidstra and Bisseling, 1996).  

Nod factors are still produced by bacteria within the ITs and their putative receptors are still 

expressed (Sharma and Signer, 1990; Schlaman et al., 1991; Van den Eede et al., 1992; 

D'Haeze et al., 1998; Timmers et al., 1998; Arrighi et al., 2006). Because Nod factors are 

indispensable to initiate nodulation, it is difficult to investigate their role in these cortical ITs. 

Complementation studies have shown that Nod factors can help rhizobia deficient in Nod factor 

production to nodulate Vigna unguiculata, Glycine max, and Calopogonium caeruleum (Rélic et 

al., 1994). The rhizobia enter the plant via RHC and nodules are formed in which the bacteria 

fix nitrogen, although to a lower extent than wild-type rhizobia. Similarly, an SPS-defective 

strain with a Tn5 insertion into a dTDP-D-glucose synthase gene of A. caulinodans, ORS571-

X15, which is unable to invade the host and stays in superficially located IPs, can complement 

nodule formation of ORS571-V44, a strain with a Tn5 insertion into the nodA gene and deficient 

in Nod factor production (Van den Eede et al., 1987; Mergaert et al., 1993; Goethals et al., 

1994; D'Haeze et al., 1998). 

Mixed inoculation nodules are formed at a low frequency and are colonized by strain 

ORS571-V44, as demonstrated by plating crushed nodules on strain-selective medium and by 

using specific strains labeled with reporter constructs (D'Haeze et al., 1998). Hence, ORS571-

X15 bacteria within the superficially located IPs serve as signaling centers that trigger distant 

Nod factor responses and allow a Nod factor-deficient strain to enter the plant and fix 

atmospheric nitrogen. Mixed inoculation nodules did not develop like control nodules: the 

ORS571-V44 invasion was very much delayed compared with that of the wild-type and the 

nodules had a cauliflower-shaped structure instead of the regular spherical shape (D'Haeze et 

al., 1998). Therefore, we wondered whether perception of locally produced Nod factors in the 

cortical ITs might be needed to fine-tune the nodulation process and to synchronize rhizobial 

invasion with primordium formation. For that purpose, the development of mixed inoculation 
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nodules was followed by light and electron microscopy. To demonstrate that Nod factor-

dependent gene expression was not elicited during the invasion of ORS571-V44, in situ 

hybridizations were performed with an early leghemoglobin gene, which is induced by Nod 

factors and is expressed in cells neighboring the ITs. Our data indicate that the plant has to 

perceive Nod factors produced by bacteria within the ITs for proper IT development and 

progression. 

 

RESULTS 

 

Light microscopic analysis of mixed inoculation nodule development 

To analyze the development of nodules generated after coinoculation of ORS571-V44 (Nod 

factor-deficient) and ORS571-X15 (SPS defective), stems were inoculated with a 1/1 mixture of 

both strains and developing stem nodules were isolated at different timepoints for light 

microscopic analysis (discussed below). 

In sections through developing adventitious root nodules 3 days postinoculation (dpi), a 

nodule primordium was seen in the mid-inner cortex and bacteria started to penetrate the 

cortical tissue. Bacterial colonization of the crack and small IPs could be detected (Fig. 1A, 

arrows). This developmental stage was similar to that of wild-type infection at 2 dpi (Fig. 1D), 

presumably because the SPS mutant ORS571-X15 grew more slowly and colonized the 

adventitious rootlets somewhat later. At 5 dpi, the development had not proceeded much 

further. The primordium was more pronounced and bacteria had migrated somewhat more 

deeply into the tissue, with enlarged, swollen ITs in the zone that is normally the infection 

center in the wild-type situation (Fig. 1B and C). The infection center is the central cortical zone 

characterized by cells through which transcellular ITs pass before they enter the nodule 

primordium. In comparison, during wild-type infection at 4 dpi, IPs were bigger and ITs guided 

the bacteria from the IPs toward the nodule primordium, which had already differentiated into 

a zonated structure with an apical meristem, an infection center, and an infection zone (Fig. 1E 

and F). 

In the mixed inoculation situation at 8 dpi, the primordium started to zonate and a 

meristem could be distinguished at the apical part, followed by an infection zone-like region 

that was much broader than that of the wild type (Fig. 1G). Numerous IP-like structures were 

observed within the infection center (Fig. 1H, arrows) and the transcellular ITs were much 

thicker than those of the wild type. Internalization was not yet observed at this timepoint, in 

contrast to wild-type nodules that already had a large fixation zone at 6 dpi (Fig. 1J and K).  
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Figure 1. Light microscopy of wild-type nodules versus developing nodules of ORS571-V44/ORS571-X15.  
Bright-field images of toluidine blue-stained semithin sections of developing mixed inoculation nodules at A, 3, B 
and C, 5, and G and H, 8 days postinoculation (dpi). Developing wild-type nodules D, 2, E and F, 4, J and K, 6, 
and L, 10 dpi. Ruthenium red-stained sections of developing mixed inoculation nodules with ORS571-V44 
(nodulation factor deficient) containing the pRG960SD-32 plasmid at I, 18 and M and N, 11 dpi. O, Ruthenium 
red-stained section through a developing mixed inoculation nodule with the ORS571-X15 (pRG960SD-32) mutant 
(surface polysaccharide deficient) at 11 dpi. C, F, H, K, and N, Enlargements of the indicated area on the panel to 
the left. Abbreviations: f, fixation zone; i, infection zone; ic, infection center; ip, infection pocket; it, infection 
thread; m, meristem; np, nodule primordium; vb, vascular bundle. Bars = 100 µm. 
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The first infected cells were observed in the mixed inoculation nodules only from 

approximately 10 dpi on. The release of the bacteria from ITs did not happen synchronously 

and still was observed even after 18 dpi, with infection sites distributed over the broad infection 

zone that almost completely surrounded the fixation zone (Fig. 1I, arrows). In contrast, during 

wildtype infection, a clear boundary of the fixation zone was seen without further infections 

(compare Fig. 1I, J, and L). Finally, with delay, most cells of the central tissue were infected, 

giving rise to a central tissue consisting of infected and uninfected cells that did not differ from 

central tissue of control nodules (D'Haeze et al., 1998) (data not shown). Furthermore, newly 

formed nodule primordia were detected, even as late as 30 dpi, producing the cauliflower-

shaped nodules at these late stages (data not shown). 

To confirm that only ORS571-V44 invaded the nodules, coinoculations were done with one 

of both strains that carried plasmid pRG960SD-32, which enabled us to visualize the bacteria 

with a β-glucuronidase (GUS) assay (discussed below). The nodules were colonized by the 

ORS571-V44 strain that finally housed into the fixing cells of the nodules (Fig. 1I, M, and N). 

On the other hand, ORS571-X15 (pRG960SD-32) occurred at early stages in very superficially 

located IPs (Fig. 1O), as has been observed previously (D'Haeze et al., 1998). GUS staining was 

not seen in ITs or in the central tissue cells (data not shown). 

 

Transmission electron microscopy of developing mixed inoculation nodules 

The light microscopic analysis showed that growth of Its was not completely blocked but that 

the threads were broader than in the wild-type situation and that deeper IP-like structures 

were present in the infection center. Transmission electron microscopy was performed for in-

depth study of these phenomena. ITs were analyzed within the infection center and infection 

zone. The ITs were, indeed, much broader than the wild-type ITs, sometimes occupied a large 

portion of the plant cell (compare Fig. 2A, B, and C), and contained more matrix with fewer 

bacteria, whereas the cell wall of the threads was similar to that of the wild-type ITs. A layer of 

low electrondense material occurred at the IT wall (Fig. 2A and C, arrows). Moreover, the ITs 

were irregular in structure, with lots of bulges that often contained no bacteria (Fig. 2C, 

asterisk). At later stages, the ITs seemed to have problems traversing cells and consequently 

curled up, giving rise to a cell filled with ITs, but without bacterial release (Fig. 2D). These 

were the cells that looked like IPs in the infection center in light microscopy. However, no sign 

of cell death, characteristic of IP formation, could be detected. 

Once the IT had reached the infection zone, the cell walls were hydrolyzed locally and an 

infection droplet was formed from which individual bacteria were released to form bacteroids 
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(Fig. 2E). The infection droplets as well as the infected cells in the fixation zone looked similar 

to those of the wild type (compare Fig. 2E and F, arrowheads). 

A leghemoglobin as an early marker for local Nod factor perception during rhizobial 

invasion 

By re-isolating bacteria from surface-sterilized, 10-day-old nodules, evidence was put forward 

that, indeed, only strain ORS571-V44 invaded the central tissue and that ORS571-X15 stayed in 

superficially located IPs (D'Haeze et al., 1998). To further demonstrate that ORS571-V44 did 

not carry Nod factors along during the invasion process, we used a molecular marker, whose 

expression depended on Nod factors produced locally within the ITs. 

This S. rostrata marker, SrLb6, codes for a leghemoglobin (Strittmatter et al., 1989) and is 

upregulated early during S. rostrata adventitious root nodulation in a differential display 

experiment (Goormachtig et al., 1995). The originally published cDNA sequence (Strittmatter et 

al., 1989) was incomplete because it lacked the methionine start codon. The sequence was 

completed by rapid amplification of cDNA ends (RACE), adding 43 bp to the 5′ side. RNA blot 

analysis confirmed the gene to be an early nodulin gene (Goormachtig et al., 1995). To 

Figure 2. Transmission electron microscopy images of infection threads (ITs) and bacterial uptake in wild-type 
and mixed inoculation nodules of Sesbania rostrata. 
A and B, IT formed after co-inoculation and wild-type infection, respectively. C, Swollen IT in the infection center 
of mixed inoculation nodules at 5 days postinoculation. D, Infection pocket-like structure in the infection center 8 
days after co-inoculation. E and F, Infection droplet in a cell of the infection zone in a mixed inoculation and wild-
type nodule, respectively. Arrows show low electron-dense material between IT wall and matrix; arrowheads 
indicate infection droplets. Bars: A through C, E, and F, 2 µm and D, 5 µm. 
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Figure 3. SrLb6 expression analysis during wild-type and mixed inoculation nodule formation.  
A, SrLb6 transcript accumulation after nodulation factor addition to roots as determined by semi-quantitative reverse-
transcription polymerase chain reaction analysis (upper panel) compared with the expression of the constitutive 
ubiquitin gene SrUbi1 (lower panel). As a positive control, roots with nodules were harvested at 7 days 
postinoculation with wild-type bacteria. B, Quantification of the SrLb6 expression level after normalization against the 
constitutive ubiquitin gene expression level in each sample. C-N, In situ localization of SrLb6 transcripts in 
longitudinal sections through an uninoculated adventitious root primordium (C and D) and through developing 2-day-
old (E and F), 3-day-old (G and H, detail I and J), 5-day-old (K and L), and 8-day-old (M and N) stem nodules after 
inoculation with wild-type Azorhizobium caulinodans ORS571.    (continued on next page) 
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investigate whether SrLb6 expression is induced by Nod factors, roots were treated with 10–8 M 

of purified A. caulinodans Nod factors and the expression was analyzed in samples at 30 min 

and 1, 4, 8, 12, 24, and 48 h after treatment. SrLb6 expression levels were induced 4 h after 

treatment and increased to reach a maximum at 12 h, after which they dropped again (Fig. 3A 

and B). Next, in situ hybridization was performed to localize SrLb6 gene expression during 

different stages of nodulation. No transcripts could be visualized in uninfected root primordia 

(Fig. 3C and D). Two days after infection, cells around IPs and ITs were labeled intensively 

with silver precipitates that mark SrLb6 expression (Fig. 3E and F). As the infection proceeded, 

the SrLb6 expression accompanied the front of ITs until deep in the infection center (Fig. 3G 

through J). Once the nodule primordium had differentiated in a zonated structure, the 

expression around these IPs and ITs decreased, while strong SrLb6 expression now could be 

seen in the infection zone (Fig. 3K and L) and, later, also at a lower level in the fixation zone 

(Fig. 3K through N). Because S. rostrata contains a family of leghemoglobin genes, all of which 

have not been sequenced, we cannot rule out that the SrLb6 probe might cross-hybridize with 

another family member that is specifically expressed in the fixation zone. In conclusion, SrLb6 

transcripts accumulate in tissues through which ITs pass and, hence, SrLb6 might be directly 

induced by the Nod factors produced by the bacteria within the ITs. 

 

SrLb6 is not switched on during ORS571-V44 invasion in mixed inoculation nodules 

To analyze whether SrLb6 was switched on during invasion of mixed inoculation nodules, in situ 

hybridization was performed on developing nodules at different stages after mixed inoculation. 

No early SrLb6 expression could be seen during the progression of the ITs into the nodule 

tissues (Fig. 3O through R). On the other hand, once a zonated nodule was established, 

expression was detected again in the late infection zone and, to a lower extent, in the fixation 

zone (Fig. 3S through V). Developing wild-type nodules were included in parallel in the 

experiment and gave rise to the expression pattern described above (data not shown). 

Together, these data show that gene expression that depends on locally produced Nod factors 

is not switched on during the ORS571-V44 invasion of mixed inoculation nodules. 

 

 

(continued from previous page)       O-V, In situ localization of SrLb6 in developing mixed inoculation nodules 6 days 
(O and P, detail Q and R), 9 days (S and T), and 20 days (U and V) after co-inoculation with ORS571-X15 and 
ORS571-V44. Signal is seen as C, E, G, I, K, M, O, Q, S, and U, black spots in bright-field images and as D, F, H, J, 
L, N, P, R, T, and V, white spots in the corresponding dark-field pictures. Abbreviations: f, fixation zone; i, infection 
zone; ic, infection center; ip, infection pocket; it, infection thread; rm, root meristem; vb, vascular bundle. Bars: A 
through R, 100 µm and S through V, 200 µm. 
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DISCUSSION 

 

Rhizobial Nod factors are indispensable for legume nodulation. Upon detection by the plant, 

they trigger local responses in cells that directly perceive the Nod factors, thereby initiating 

RHC invasion, as well as distant responses that result in cortical cell division and the formation 

of PITs, paving the cortical path for IT passage. The distant responses supposedly are the 

result of secondary signals, because Nod factors cannot migrate into plant tissue and stick to 

plant cell walls (Goedhart et al., 1999; Goedhart et al., 2000). The genes responsible for Nod 

factor production are still transcribed in bacteria that reside in ITs, indicating that these 

bacteria still produce Nod factors (Sharma and Signer, 1990; Schlaman et al., 1991; Van den 

Eede et al., 1992; D'Haeze et al., 1998). Furthermore, bacterial Nod factors have been localized 

in ITs and in the cytoplasm of invaded plant cells in the infection zone (Timmers et al., 1998), 

suggesting a continuous role of Nod factors during growth and ramification of the ITs in the 

cortex. 

To test this hypothesis, we made use of the LRB nodulation on S. rostrata, a nodule 

invasion way that skips the epidermis. The rhizobia enter the cortex directly via cracks at the 

LRBs and large cortical IPs are formed that are the functional equivalent of the microcolony 

within the curled root hair during RHC invasion (Goormachtig et al., 2004b). Infection with 

ORS571-X15, a mutant strain with defective SPS, results in normal IP formation, whereas IT 

initiation is hampered. The rhizobia within the IPs produce Nod factors that trigger cell division. 

Hence, IPs filled with ORS571-X15 are Nod factor signaling centers that are able to prepare the 

cortex for nodule formation and can complement a nodA mutant, ORS571-V44, to invade and 

occupy the central tissue (D'Haeze et al., 1998). Thus, study of the development of the mixed 

inoculation nodules might give insight into the function of Nod factors that are produced in the 

wild-type bacteria within the ITs. 

To confirm the absence of Nod factors in the ITs of the mixed inoculation nodules, a marker 

gene was used that is induced upon NF treatment and that is expressed in plant cells 

containing ITs. The S. rostrata leghemoglobin 6, SrLb6, is early upregulated, well before the 

onset of nitrogen fixation (Goormachtig et al., 1995). Symbiotic leghemoglobin genes typically 

are expressed abundantly in the infected cells of nodules and are switched on when 

internalized bacteria start to fix atmospheric nitrogen. Recently, RNA interference (RNAi) of 

symbiotic leghemoglobins of Lotus japonicus proved their function in supplying oxygen to the 

respirating bacteria (Ott et al., 2005). However, early expression of leghemoglobins also has 

been described. In Vicia sativa, a screen for early markers for Nod factor-induced genes 
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resulted in the identification of a leghemoglobin gene, VsLb1, that was induced 1 h after Nod 

factor addition (Heidstra et al., 1997). Similarly, a leghemoglobin gene in L. japonicus was used 

as an early marker for Nod factor-induced responses (Stracke et al., 2002). However, in neither 

case was the pattern of this early expression characterized further. 

SrLb6 expression is induced from 4 h after Nod factor application, and in situ hybridization 

during wild-type stem inoculation indicated that, in addition to typical expression in the fixation 

zone, the cells surrounding the IPs and ITs also induced early SrLb6 transcripts. Because no 

nitrogen fixation takes place in these cells, a function as oxygen carriers for the microsymbiont 

is improbable. Instead, the leghemoglobin might function as scavenger for NO, thereby 

controlling NO levels and subsequent plant defense reactions (Herold and Puppo, 2005). 

In the mixed inoculation nodules, the SrLb6 expression pattern has changed. The early 

expression around IPs and ITs is no longer present, indicating that no NFs induce SrLb6 

expression. Occasionally, a minor expression around IPs has been observed, most probably 

because of the presence of Nod factor-producing ORS571-X15 bacteria (data not shown). 

Interestingly, the later expression pattern in the late infection and fixation zones is still 

observed. In the central tissue, leghemoglobins are present only in the infected cells and not in 

the uninfected cells. Hence, induction of the genes might require bacterial presence and 

bacterial Nod factor signaling (Heidstra et al., 1997). Our data show that bacteria unable to 

produce Nod factors can be internalized and that late leghemoglobin expression can still be 

triggered, implying that this gene expression is not activated by the Nod factors. 

The absence of SrLb6 expression around the ITs in the mixed inoculation nodules provides 

additional evidence that no or very few ORS571-X15 bacteria are present along the IT track 

and that nodule formation is possible despite the absence of production of Nod factors within 

the cortical ITs. To date, three different experiments have been performed to come to the 

same conclusion. First, crushed, mature mixed inoculation nodules have been plated on strain-

selective media; second, strains were used with GUS-reporter fusions; and, third, in situ 

hybridizations have been performed with Nod factor-dependent genes (D'Haeze et al., 1998) 

this work). In neither experimental approach can it be completely ruled out that a small 

minority of ORS571-X15 bacteria would remain within the ITs. However, ORS571-X15 bacteria, 

if present at all, would not survive long because they are very sensitive to H2O2 that 

accumulates to a high level within the IPs and ITs of S. rostrata nodules (D'Haeze et al., 2004). 

As a result of the absence of Nod factors during bacterial invasion within the cortex, ITs are 

shaped irregularly. They are thicker than those of the wild type, contain more matrix relative to 

bacteria, and show a rim of low electron-dense material between the wall and the matrix, often 
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continuous with bacterial exopolysaccharides. The latter observation might be a consequence 

of a change in physicochemical properties of the matrix, such as its cross-linking status. A 

similar observation has been made during A. caulinodans invasion of S. rostrata SrSymRK 

knockdown plants (Capoen et al., 2005). SrSymRK and its homologs in Medicago spp., L. 

japonicus, and Pisum sativum (pea) have been shown to be involved in Nod factor-dependent 

RHC invasion, in touch responses, and in bacterial uptake (Endre et al., 2002; Stracke et al., 

2002; Esseling et al., 2004; Capoen et al., 2005; Limpens et al., 2005). Moreover, the gene is 

expressed along the invasion way in S. rostrata and in the infection zone of S. rostrata and 

Medicago truncatula (Capoen et al., 2005; Limpens et al., 2005). Thus, the similarity in IT 

structure might indicate that SrSymRK is involved in Nod factor signalling within the cortical 

cells through which ITs proceed.  

In addition to their irregular structure, the ITs also have problems in penetrating deeper 

tissues and proceeding to the next cells. In the infection center, IP-like structures have been 

observed. Electron microscopy demonstrated that these structures consist of plant cells with 

curled ITs, which is a consequence of a hampered IT growth without progression to deeper cell 

layers. Adding pure Nod factors to plants results in the formation of PITs in the outer cortical 

cells through which ITs would pass (Yang et al., 1994). Our results indicate that distant Nod 

factor signaling is not enough for proper IT penetration and progression, and that local Nod 

factor signaling within the ITs is needed continuously for proper penetration. Some plant 

mutants have been described that inhibit IT penetration, such as M. truncatula rit1 and bit1. 

When inoculated, these mutants induce small bumps on the root surface and ITs abort in the 

epidermis or outer cortex (Mitra and Long, 2004). Whether these plant genes are involved in 

cortical Nod factor perception or signalling awaits further characterization. 

Later during development, the switch from nodule primordium to a developing nodule with 

the typical zonation of indeterminate nodules also takes place in mixed inoculation nodules, 

indicating that local Nod factors are not needed to induce this switch and to establish the 

nodule meristem. Once the zonated structure is established, an irregular development of the 

central tissue is observed. The infection zone, which usually constitutes only a few cell layers, is 

highly enlarged. Moreover, the bacterial uptake that normally results in a sharp border between 

the infection zone and fixation zone happens in an unsynchronized fashion because bacterial 

uptake is seen in cells spread over the infection zone, with large zones of uninfected cells in 

between that only become infected later. These results demonstrate that continuous production 

of the Nod factors by bacteria within the ITs in the cortex and infection zone is needed to 

synchronize the nodule development that consists of two developmental programs, cell division 
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and bacterial infection, coming together at the stage where the newly formed cells take up 

bacteria. Thus, continuous Nod factor production is needed to keep the two processes in 

harmony. 

The final purpose of nodule formation, the internalization of the bacteria, is not hampered 

when Nod factors are not produced. Infection droplets are formed and plant cells eventually 

are completely filled with differentiated bacteroids with a normal appearance. Consequently, 

the signals for bacterial uptake are not the Nod factors. Signals other than Nod factors have 

been suggested to be essential for endosymbiosis (Verma and Hong, 1996). These factors most 

probably also are not bacterial lipopolysaccharides (LPS), because several LPS mutants could 

be internalized (Perotto et al., 1994; Niehaus et al., 1998; Campbell et al., 2002; Mathis et al., 

2005). 

Because a family of LysM-containing receptor-like kinases perceives Nod factors in the 

epidermis (Ben Amor et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003), the question 

must be raised whether these receptors also are involved in cortical perception of the Nod 

factors. However, this is difficult to predict, because most of the mutants show completely no 

response to the bacteria or their Nod factors or block IT growth in the epidermis. On the other 

hand, because pea sym10 is expressed at a higher level in tissues that contain growing ITs 

(Madsen et al., 2003) and M. truncatula NFP and LYK3 transcripts are localized along the IT 

track and within the infection zone, respectively (Limpens et al., 2003; Arrighi et al., 2006), 

these receptors possibly are also involved in Nod factor perception downstream of the 

epidermis. Functional study of the orthologous gene in S. rostrata during LRB nodulation, which 

overcomes the epidermis, might give some insight into this aspect. 

In conclusion, we have shown that Nod factor-deficient azorhizobia are able to invade S. 

rostrata roots provided that Nod factors are present at the outside for distant signaling. 

Eventually, the mutant bacteria will internalize and initiate nitrogen fixation. However, 

continuous Nod factor production by bacteria within the ITs is needed to allow efficient invasion 

and synchronization of nodule development and bacterial infection. We also have demonstrated 

that Nod factors are not needed locally for bacterial uptake. The signals derived from plants or 

bacteria that control the bacterial uptake are not known and it remains a big challenge to 

unravel this important step in symbiotic nitrogen fixation. 
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MATERIALS AND METHODS 

 

Bacterial strains and growth conditions 

A. caulinodans ORS571, ORS571-X15 (Goethals et al., 1994), ORS571-X15 (pRG960SD-32) 

(D'Haeze et al., 1998), ORS571-V44 (Van den Eede et al. 1987), and ORS571-V44 (pRG960SD-

32) (D'Haeze et al., 1998) were grown at 37ºC in yeast extract broth medium (Geremia et al., 

1994) containing the appropriate antibiotics. 

Escherichia coli strains were grown at 37ºC in Luria Bertani medium (Sambrook et al., 

1989). Antibiotics were applied in the following concentrations for A. caulinodans and E. coli 

strains: carbenicillin at 100 µg/ml, kanamycin at 50 µg/ml, and spectinomycin at 100 µg/ml. 

 

Plant growth and inoculation 

S. rostrata Brem seeds were surface sterilized (Goethals et al., 1989), germinated, and grown 

at 28ºC under a regime of 16 h of light and 8 h of darkness (Goormachtig et al., 1995). For 

stem inoculations, three plants were cultivated per pot and, after 6 weeks, stems were 

inoculated with azorhizobia as described (Goormachtig et al., 1995). For mixed inoculations 

with ORS571-X15 and ORS571-V44, both strains were grown to an identical optical density 

measured at 600 nm and were mixed at equal volumes. Stems were inoculated by painting 

with this mixed bacterial suspension. 

For root inoculation, seedlings were transferred to 70-ml tubes containing sterile nitrogen-

free Norris medium, pH 7.0 (Vincent, 1970), and inoculated after 1 week as described 

(Fernández-López et al., 1998). Purified Nod factors were obtained as described and added at a 

final concentration of 10–8 M (5 × 10–9 M of each fraction pI and pII) (Mergaert et al., 1993). 

 

Isolation of the full-length cDNA clone 

RACE was performed with the SMART RACE cDNA amplification kit (Clontech, Palo Alto, CA, 

U.S.A.) to obtain the additional 5′ part of the sequence. cDNA was synthesized from mixed RNA 

extracted from root primordia at different time-points after inoculation with A. caulinodans 

ORS571. The antisense primers Lb6-as2 (5′-ATTTATGCCTTTATGGCAATATG-3′) and Lb6Race5′ 

(5′-ATTGCTCAACTCATCGCTCC-3′) combined with the primers UPM (5′-

CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3′) and NUP (5′-

AAGCAGTGGTATCAACGCAGAG-3′), respectively, were used for successive nested amplification 

steps according to the manufacturer’s instructions (Clontech). The complete open reading 
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frame was reconstructed by polymerase chain reaction (PCR) amplification with primers 

Lb6flSense (5′-GGCATTGAGAATACAGAT AACAA-3′) and Lb6-as2 with the Advantage 2 

Polymerase Mix (Clontech). The 558-bp PCR fragment was cloned in the pCRII-Topo cloning 

vector (Invitrogen, Carlsbad, CA, U.S.A.) and designated SrLb6fl#23. DNA was sequenced with 

universal SP6 and T7 primers. Sequence data were assembled and analyzed with the GCG 

Wisconsin Package (Accelrys, San Diego, CA, U.S.A.). Nucleotide sequence for SrLb6 has been 

deposited in the GenBank database under accession number DQ314613. 

 

RNA analysis 

RNA of roots was prepared according to Kiefer and associates and semi-quantitative reverse-

transcription (RT)-PCR analysis was performed as described by Corich and associates (1998). 

For the specific amplification of a 235-bp fragment of SrLb6, sense primer Lb6-s1 (5′-

CCTGTTCATGTTCAGAAAGG-3′) and antisense primer Lb6-as2 were used. As a constitutive 

control, an ubiquitin fragment was amplified with sense primer ubi14 (5′-

GATTTTTGTGAAGACCTTGACGGG-3′) and antisense primer ubi16 (5′-

CACAGACCCATTACACATCCACAAG-3′). The program consisted of 25 or 20 cycles, respectively, 

of amplification for 30 s at 94ºC, 30 s at 53ºC, and 30 s at 72ºC. PCR products were detected 

by autoradiography after blotting to a Hybond-N nylon membrane (GE-Healthcare, Little 

Chalfont, U.K.) as described (Corich et al., 1998). Probes were generated from the purified PCR 

product with the Rediprime II Random Prime Labeling System (GE-Healthcare) and the 

membranes were analyzed with a PhosphorImager (GE-Healthcare). RT-PCR analysis was 

repeated twice and results were quantified to the constitutive control with Image-Quant 

software (GE-Healthcare). 

 

Light and electron microscopy 

Wild-type developing nodules and mixed inoculation nodules were harvested at different 

timepoints after inoculation and treated for light and electron microscopy (D'Haeze et al., 

1998). Samples in which one of the mutants contained the pRG960SD-32 plasmid first were 

stained for GUS (D'Haeze et al., 1998). The material was fixed by a mixture of 4% 

formaldehyde and 3% glutaraldehyde in 0.1 M sodium-cacodylate buffer (pH 7.2), post-fixed 

with 2% (vol/vol) OsO4 and 1.5% (wt/vol) K3Fe(CN)6 in the cacodylate buffer, dehydrated, 

stained with 1% uranyl acetate, and embedded in Spurr’s resin. Semithin sections of 1 µm 

were stained with 0.5% toluidine blue or 0.1% ruthenium red, mounted with Depex (Sigma-

Aldrich, St. Louis), and examined under a bright-field microscope DMBL (Leica, Wetzlar, 



Nod factor signaling in the cortex 

 67 

Germany). Images were taken with an Axiocam digital camera (Zeiss, Jena, Germany) and 

processed with corresponding software (Axiovision; Zeiss). Ultrathin sections of 60 nm, made 

on an Ultracut E microtome (Reichert-Jung, Nussloch, Germany), were post-stained in an 

ultrostainer (Leica) with uranyl acetate and lead citrate. The sections were further examined 

with a transmission electron microscope 1010 (JEOL, Tokyo). 

 

In situ hybridization 

Sections of 10 µm of paraffin-embedded developing stem nodules were hybridized in situ as 

described (Goormachtig et al., 1997). 35S-labeled antisense probes were produced according to 

standard procedures (Sambrook et al., 1989). Plasmid pT7GW-Lb6 was digested with NcoI to 

yield a template for radioactive probe production with SP6 RNA polymerase (Invitrogen). 

Sections of wild-type inoculations were hybridized simultaneously with the same RNA probe 

and the procedure was done twice. 
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Bacterial endosymbiosis with legume plants results in the formation of nodules and allows 

growth on nitrogen-poor soils. Molecular signaling initiated by nodulation (Nod) factors enables 

bacterial invasion via curling and invagination of epidermal root hairs. The calcium and 

calmodulin-dependent protein kinase, MtDmi3 from Medicago truncatula, and its Lotus 

japonicus ortholog LjCCaMK, are putative decoders of calcium spiking, and essential 

components of the Nod factor signal transduction pathway for root hair curling invasion. In S. 

rostrata, nodulation at lateral or adventitious root bases occurs via cortical tissue infection at 

positions of cracks in the epidermis and omits epidermal entry while still being dependent on 

Nod factors. Expression of SrCCaMK, the functional ortholog of MtDMI3, was seen in nodule 

primordia and in the proximal part of the meristematic zone during nodule development. 

Knock-down of SrCCaMK via RNA interference resulted in inefficient lateral root base nodule 

development. Nodules were reduced in size and their development was arrested. Infection 

pocket formation for bacterial invasion in the cortex still occurred, although the infection 

threads had altered structural properties. Spontaneous nodules occurred on transgenic roots of 

M. truncatula expressing SrCCaMK derivatives that lack the auto-inhibitory domain of the 

kinase. These gain of function constructs also caused spontaneous nodules on transgenic S. 

rostrata roots in aeroponic conditions, but no nodules were observed at lateral root bases of 

hydroponic roots.   
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INTRODUCTION 
 

Plants of the legume family grow in N-deprived conditions by their ability to establish a N2-

fixing symbiosis with soil bacteria collectively referred to as rhizobia. The specific interaction 

results in the formation of nodules, in which the rhizobia find the ideal niche for N2-fixation. 

Molecular signaling for the formation of root nodules has been occupying a large research 

community for several decades.  

The bacterial nodulation (Nod) factors, the production of which is elicited by plant root 

exudates, initiate the nodulation process in the host and trigger deformation of epidermal root 

hairs and cortical cell divisions. Several plant proteins involved in Nod factor perception and 

downstream signal transduction were identified. Perception of Nod factors occurs by LysM 

domain-containing receptor-like kinases (LYK3-4/NFP, NFR1/NFR5; Ben Amor et al., 2003; 

Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003). Downstream signaling is 

mediated by proteins that are also required for symbiosis with arbuscular mycorrhiza, such as 

putative cation transporters (DMI1, CASTOR/POLLUX; Ané et al., 2004; Imaizumi-Anraku et al., 

2005), LRR-type receptor-like kinases (DMI2, SYMRK, NORK; Endre et al., 2002; Stracke et al., 

2002), two nucleoporins (NUP133, NUP85; Kanamori et al., 2006; Saito et al., 2007), and a 

calcium and calmodulin-dependent protein kinase (CCaMK, DMI3; Lévy et al., 2004; Mitra et 

al., 2004a). Lastly, transcription factors of the GRAS family (NSP1, NSP2) are probable 

regulators of Nod factor-inducible gene expression, as well as the transcriptional regulators NIN 

and ERN (Schauser et al., 1999; Kaló et al., 2005; Smit et al., 2005; Heckmann et al., 2006; 

Marsh et al., 2007; Middleton et al., 2007). Recently, also a cytokinin receptor was shown to be 

required for nodule organogenesis (Gonzalez-Rizzo et al., 2006; Murray et al., 2007; Tirichine 

et al., 2007). All these proteins are thus involved in signaling for gene expression to allow 

initiation of cell divisions in the cortex and/or bacterial invasion and movement toward the 

nodule primordium (Mitra et al., 2004b; Kistner et al., 2005; Lohar et al., 2006). 

The components related to Nod factor signaling have been identified in systems where 

bacteria invade the nodule via root hair curling and subsequent formation of an infection thread 

that grows from the epidermal root hair, via cortical cells, toward the developing nodule 

primordium. Nodulation in the tropical legume Sesbania rostrata of roots in a hydroponic 

environment or at stem-located adventitious rootlets does not involve epidermal signaling, as 

the bacteria directly enter cortical tissue. Nevertheless, Nod factors are absolutely required for 

LRB nodule initiation, albeit with lower structural requirements than for RHC nodulation 

(D'Haeze et al., 2000; Goormachtig et al., 2004). LRB nodulation appears more simple than the 

RHC mechanism, which occurs when Sesbania roots are aerated during growth and which adds 
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a layer of complexity to the nodulation-related gene expression (Capoen et al., 2007). Hence, it 

is interesting to unravel the role of Nod factor signaling components during LRB nodulation. 

Two separate calcium responses are elicited by Nod factors in M. truncatula root hair cells. 

A calcium influx occurs within minutes, while after about 10 minutes rhythmic oscillations in 

intracellular calcium around the nucleus are observed (Ehrhardt et al., 1996; Shaw and Long, 

2003). This so-called Ca2+-spiking was also demonstrated in other plants species, such as Lotus 

japonicus (Harris et al., 2003), and it also occurs in axillary root hairs that emerge after 

bacterial inoculation at lateral root bases in S. rostrata (W. Capoen and M. Holsters, 

unpublished data). Spiking has also been observed in non root-hair epidermal cells and in 

cortical cells immediately below the epidermal layer in M. truncatula (Miwa et al., 2006).  

A calcium and calmodulin-dependent protein kinase (CCaMK) acts downstream of Ca2+-

spiking.  The protein has a large kinase domain, a calmodulin (CaM)-binding domain with 

strong homology to that of CaM-dependent protein kinase II (CaMKII) in animals (Patil et al., 

1995). Furthermore, it has a C-terminal Ca2+-binding domain homologous to the neuronal Ca2+-

binding protein visinin, with three EF-hand domains within this region (Patil et al., 1995). EF-

hand binding of free Ca2+ is thought to result in autophosphorylation, which in turn enhances 

Ca2+/CaM binding affinity. The binding of Ca2+-associated CaM would allow substrate 

phosyphorylation by activating the kinase domain (Lévy et al., 2004; Mitra et al., 2004a). The 

corresponding dmi3 mutant in M. truncatula perceives Nod factors, shows normal Ca2+-spiking 

but is impaired in downstream signal transduction (Oldroyd and Downie, 2004). The presence 

and function of the different domains suggest that the protein is able to interpret the complex 

Ca2+ signature that is generated during Nod factor signaling. Interestingly, 36 consecutive 

spikes were sufficient to induce ENOD11-GUS expression in root hairs (Miwa et al., 2006). Ca2+-

induced autophosphorylation after direct EF-hand binding of Ca2+ ions was indeed shown to be 

essential for M. truncatula DMI3 activity (Gleason et al., 2006). Moreover, CaM-binding 

suppresses autoinhibition and removal of the corresponding domain results in constitutive 

substrate phosphorylation in vitro, although with a lower activity level (Gleason et al., 2006). 

The DMI3 gene is located in a euchromatic region of the genome (Ané et al., 2002). 

Expression occurs mainly in the root and is enhanced in nodules (Lévy et al., 2004). DMI3 

transcripts have been localized in a few cell layers directly adjacent to the meristem in the apex 

of M. truncatula indeterminate nodules (Limpens et al., 2005). In addition, the protein has 

been localized subcellularly to the nucleus of root hair cells (Kaló et al., 2005; Smit et al., 

2005), corresponding to the site of highest Ca2+-spiking intensity (Ehrhardt et al., 1996) and of 
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accumulation of the possible target proteins NSP1 and NSP2 upon Nod factor elicitation (Kaló et 

al., 2005; Smit et al., 2005). 

Functional analysis indicated that the protein is important for nodule organogenesis as well 

as for bacterial infection via root hairs. Removal of the DMI3 autoinhibitory / CaM-binding 

domain resulted in strong ENOD11-GUS expression in the absence of Nod factors. Moreover, 

when the truncated proteins were expressed from their native promoter, formation of nodules 

occurred without addition of Nod factors or bacteria. However, these spontaneous nodules 

could not be infected upon bacterial inoculation (Gleason et al., 2006). This indicates that 

regulation of bacterial invasion is more complex than initiating nodule development. Similarly, a 

single amino acid replacement in the kinase domain of Lotus japonicus CCaMK (T265I) resulted 

in the formation of spontaneous nodules, with normal morphology and NIN-GUS expression 

(Tirichine et al., 2006). Finally, non-legume CCaMK orthologs can interpret the calcium 

signature and restore nodule formation in the M. truncatula dmi3 mutant, although they do not 

always allow normal bacterial invasion (Gleason et al., 2006; Godfroy et al., 2006). Root hair 

infection has thus more strict requirements concerning the properties of CCaMK than nodule 

formation. 

In this work, we identified the CCaMK ortholog in Sesbania rostrata to study its role during 

LRB nodulation. Expression was induced after bacterial inoculation, and both transcripts and 

promoter activity were visualized in the nodule primordium and in the submeristematic zone of 

a developing nodule. Knockdown of the gene resulted in the formation of small nodules when 

moderate expression remained, and in nodule-like bumps upon strong knockdown. The data 

show that SrCCaMK is required for LRB nodule development, but not for initial bacterial 

invasion in the cortex.  

 

RESULTS 

 

S. rostrata SrCCaMK   

To isolate the S. rostrata ortholog of CCaMK, an alignment was made between M. truncatula 

DMI3 (AY496049), SYM9 of Pisum sativum (AJ621916), and the CCaMK hit of rice (Oryza 

sativa, AK070533) and tobacco (Nicotiana tabacum, U38446). Primers were chosen in a well-

conserved area to obtain a homologous fragment after PCR amplification from a S. rostrata 

nodule cDNA library (see materials and methods). Subsequent rapid amplification of cDNA ends 

(RACE) revealed the full-length ORF that was named SrCCaMK (Fig. 1). 



Chapter 4 

 76 

The corresponding protein of 522 AA was highly homologous to the L. japonicus CCaMK 

(accession number CAJ76700.1) and M. truncatula DMI3 (accession number AAS75146.1) 

protein with 90.4 and 89 % identity, or 96.2 and 93.8 % similarity, respectively. It consisted of 

a large kinase domain with a conserved threonine (T270) for autophosphorylation, a CaM-

binding / autoinhibitory domain, and 3 EF-hand domains for calcium binding at the C-terminus 

(Fig. 1). Southern blot analysis was performed on gDNA with a 652 bp probe containing the 

CaM-binding / autoinhibitory domain (see materials and methods). Only one band was 

observed after digestion of the genomic DNA with different restriction enzymes, indicating 

SrCCaMK is a single gene (data not shown).  

 

SrCCaMK complements M. truncatula dmi3-1 

The M. truncatula dmi3-1 mutant does not form nodules upon bacterial inoculation and shows 

no sign of bacterial invasion. On transgenic Mtdmi3 roots expressing the SrCCaMK open 

reading frame driven by the native S. rostrata promoter (1824 bp, isolated from S. rostrata 

genomic DNA; see materials and methods), functional nodules were formed upon inoculation 

with Sinorhizobium meliloti 1021 (5 positive roots on 6), while control roots transformed with 

 
 
 
 
 
 
 
Figure 1. Amino acid 
sequence alignment of 
S. rosrata CCaMK, L. 
japonicus CCaMK and 
M. truncatula DMI3 with 
identity/similarity 
shading.  
Different domains are 
indicated: the Ser/Thr 
kinase domain (black 
line), the CaM 
binding/autoinhibitory 
domain (patterned bar) 
and three EF-hand 
motifs (grey bars). The 
asterisk indicates the 
autophosphorylation 
site. 
 



SrCCaMK in LRB nodulation 

 77 

empty vector did not respond (0 positive 

roots on 2). Microscopic analysis of the 

nodules showed normal morphology, with 

the different zones typical for indeterminate 

nodules, such as the apical meristem, the 

infection zone, and a large fixing zone with 

plant cells that are fully occupied with 

symbiosomes (Fig. 2). The 

complementation indicates that SrCCaMK 

can carry out all reactions necessary for 

nodulation in M. truncatula, and is thus the 

functional ortholog of MtDMI3 and 

LjCCaMK.  

 

Expression analysis during LRB 

nodulation 

The temporal expression pattern during LRB nodulation was investigated via qRT-PCR on 

uninoculated adventitious root primordia on the stem and after 1, 2, 3, 4, 5, 7 and 10 days-

post-inoculation. Relative expression was determined by comparison to the constitutive 

ubiquitin gene SrUBI1 (Capoen et al., 2007). As depicted in figure 3A, SrCCaMK transcripts 

gradually increased during LRB nodule development, with a maximum at 4 to 5 days after 

inoculation, after which they slowly decreased.  

Next, we visualized promoter activity in developing LRB root nodules using a GUS reporter 

construct. For this, the 1824 bp region upstream of the ATG startcodon of SrCCaMK was fused 

to the β-glucuronidase gene and introduced into S. rostrata hairy roots (see materials and 

methods). No GUS staining was detected when the roots had not been inoculated (data not 

shown). At 2 days after inoculation with A. caulinodans ORS571, promoter activity was 

observed in the nodule primordium that is macroscopically visible as bumps at lateral root 

bases (Fig. 3B). This was more pronounced after 3 days and was seen in the whole nodule 

primordium (Fig. 3C-D). At 4 dpi the developing nodule has the open basket shape and 

substrate precipitation was higher at the side of the meristem than in the young infection zone 

(Fig. 3E-G). Cortical cells in the infection center did not exhibit promoter activity (Fig. 3F-G). In 

almost mature nodules, precipitates were still apparent in the nodule central tissue 

Figure 2. Complementation of the M. truncatula dmi3-1 
mutant with the SrCCaMK gene.  
The upper two panels show formation of an 
indeterminate nodule after inoculation of hairy roots co-
transformed with egfp. The lower panel depicts a 
toluidine blue stained section of the nodule showing 
typical indeterminate zonation. Bar: 200 µm. 
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corresponding to the cells in the fixation zone, whereas somewhat stronger staining was seen 

at the outer layers where infection is still occurring (Fig. 3H-J).   

To confirm this pattern during nodulation at stem-located adventitious root primordia, 

SrCCaMK transcripts were visualized by in situ hybridization with an RNA antisense probe, 

results of which are shown in figure 4. Two days after inoculation, transcripts accumulated in 

the nodule primordium, while the cells around the crack in the epidermis did not show 

expression above background (Fig. 4A-B). After 3 days, when zonation is initiated, signal was 

still observed in the whole nodule primordium. No transcripts were detected around bacterial 

infection pockets or progressing infection threads, indicating no invasion-associated expression 

(Fig. 4C-D). At 4 and 5 dpi, an open basket-shaped structure can be observed with the 

different zones typical for S. rostata nodule development. The strongest induction was obvious 

Figure 3. Temporal and spatial expression analysis of SrCCaMK during LRB nodule development.  
A. qRT-PCR analysis on developing adventitious root nodules on the stem. The graph represents the relative 
expression as compared to the constitutive SrUBI1. B-J. SrCCaMKp::GUS activity in S. rostrata hydroponic roots. 
B, C. GUS staining at 2 and 3 days after inoculation of the roots with A. caulinodans ORS571. D. Microscopic 
section of the developing nodule at 3 dpi viewed under darkfield optics, with substrate precipitation in the whole 
nodule primordium. E-G. Macroscopic view (E) and microscopic sections viewed under bright- (F) and darkfield 
optics (G) of GUS staining at 4 dpi, with the highest signal to the periphery of the developing nodule and lower 
signal in the infection center. H-J. A 6-day-old nodule (H) still shows low-level promoter activity in fixing cells and a 
little bit stronger activity at the periphery where infection is still occurring (I-J). Abbreviations: m, meristem; ic, 
infection center; i, infection zone; f, fixation zone. Bars: 100 µm. 
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in the proximal part of the meristem, while 

expression also occurred in the infection 

zone and in the fixing cells, although the 

level was much lower. The expression in 

the infection center was clearly lower (Fig. 

4E-H). Later on during development, when 

most cells are completely filled with 

bacteroids, the expression in the fixation 

zone remained (Fig. 4I-J), even in 12-day-

old determinate nodules (data not shown). 

In conclusion, the pattern observed in 

developing stem nodules is very similar to 

that in hydroponic root nodules, while the 

signal intensity during transcript 

localization matches the temporal pattern 

observed via qRT-PCR.  

 

 

 

Constitutive auto-activation allows spontaneous nodule formation 

Removal of the CaM-binding / autoinhibitory domain of MtDMI3 results in auto-activation of the 

protein, ENOD11 expression without Nod factor addition and nodule formation in the absence 

of bacteria (Gleason et al., 2006). Several deletion constructs were made with the S. rostrata 

protein (1-310; 1-325; 1-345; see materials and methods, Fig. 5), and expressed from the S. 

rostrata endogenous CCaMK promoter (see materials and methods) in transgenic roots of M. 

truncatula J5 and dmi3-1 to check their ability to induce nodules without bacterial inoculation. 

Spontaneous nodules appeared both in wild type and mutant M. truncatula background after 

~30 days of N-starvation in about one third of plants upon introduction of the 1-310 and 1-325 

Figure 4. In situ transcript localization of 
SrCCaMK during LRB stem nodule development.  
Bright- and darkfield images (with signal seen as 
black or white spots, respectively) of inoculated 
adventitious root primordia after 2 (A-B), 3 (C-D), 
4 (E-F), 5 (G-H), and 6 (I-J) days of nodule 
development. Abbreviations: fi, fissure; np, nodule 
primordium; ip, infection pocket; ic, infection 
center; i, infection zone; m, meristem; f, fixation 
zone; nv, nodule vasculature. Bars: 100 µm. 
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constructs but not with the control 1-345 construct (Fig. 5B-C) (control 0/10; 1-310: 5/15 in J5; 

1-325: 2/4 in dmi3-1 en 3/8 in J5). The nodules had a typical apical meristem and were 

extensively surrounded with vascular bundles. Cortical cells were devoid of bacteria and often 

some sort of cell collapse was seen in proximal cortical cells of the nodule (Fig. 5C). Thus, the 

S. rostrata CCaMK deletion constructs can complement Mtdmi3-1 for spontaneous nodulation. 

Moreover, the mechanism for activation of the nodulation pathway is dominant, as empty 

nodules also appeared in the wild type background.  

Next, the constructs were introduced in transgenic S. rostrata roots that were grown in 

hydroponic or in aeroponic conditions. On roots of 6 plants grown in aeroponic conditions, two 

spontaneous nodule-like structures were seen, with vascular bundles and empty cortical cells 

(Fig. 5D-E). In contrast, on transgenic roots that were N-starved in hydroponic conditions no 

spontaneous nodules were observed on a total of 15 plants.  

  

Knock-down of SrCCaMK results in arrested nodule development  

For functional analysis of the role of SrCCaMK in LRB nodulation, an RNAi-mediated knockdown 

strategy was chosen. Two constructs were made covering regions of about 200 bp, one 

containing the last part of the open reading frame and part of the 3’ untranslated region and 

 
Figure 5. Spontaneous nodule 
formation with SrCCaMK 
deletion constructs. 
A. Overview of the constructs; 
the full length construct was 
used for complementation while 
those for spontanteous 
nodulation lack the CaM binding 
/ autoinhibitory domain (1-310, 
1-325), in contrast to the control 
construct (1-345). B, D. 
Spontaneous nodules on M. 
truncatula and S. rostrata 
aeroponic roots transformed 
with the deletion constructs, 
respectively. C, E. Toluidine 
blue stained sections of the 
corresponding spontaneous 
nodules. Bars: 200 µm. 
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the other in the 3’UTR, by recombination in 

pK7GWIWG2-D to produce SrCCaMK-KO2 and 

SrCCaMK-KO3 (see materials and methods). 

The knockdown constructs were transferred 

to A. rhizogenes 2659 for transformation in S. 

rostrata (Van de Velde et al., 2003). 

Transgenic roots were screened for 

cotransformation of egfp and transferred to 

falcons with N-deprived Norris medium. After 

9-14 days of N-starvation, plants were 

inoculated with A. caulinodans ORS571 

(pRG960SD-32) or A. caulinodans ORS571 

(pBHRdsREDT3), and nodule development on 

hydroponic roots was analyzed after 4 and 7 

days.  

In control lines, developing nodules with 

bacteria inside could be observed at LRBs at 

4 days post inoculation (Fig. 6A-B) and 

mature determinate nodules were formed at 

7 dpi (Fig. 6C-D). Lines that were 

transformed with either of the two constructs 

showed pronounced phenotypes. Some lines 

had smaller nodules than those of control 

lines after 7 days; nevertheless, the smaller 

nodules contained bacteria in the central 

tissue (Fig. 6E-F). In other lines, at 7 dpi, 

only some bumps were observed at lateral 

root bases, indicating cortical cell divisions; 

the bumps were associated with bacteria 

(Fig. 6G-H). 

To check to level of knock-down of 

SrCCaMK in the different transgenic root 

lines, RNA was prepared from in vitro root 

cultures. The expression of SrCCaMK was 

Figure 6. Control and SrCCaMK knockdown lines 
via RNAi in S. rostrata hairy roots.  
Bright field image is shown accompanied by dsRed 
fluorescence image depicting bacteria. Control lines 
displayed normal LRB nodule development at 4 (A-
B) and 7 days (C-D) after inoculation with A. 
caulinodans ORS571 (pBHRdsRedT3), while RNAi 
lines exhibited smaller nodules (E-F) or only bumps 
(G-H) at the base of the lateral roots after 7 dpi. The 
level of knockdown in different SrCCaMK RNAi lines 
was determined from root cultures (I). The level of 
SrCCaMK expression in root cultures from control 
lines (PZP) was set at 100 %. The lines with smaller 
nodules (e.g. KO2#a7) showed a moderate 
knockdown, and those with only bumps (e.g. 
KO2#b2) had a severely reduced level of SrCCaMK 
expression. 
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Figure 7. Microscopic root nodule phenotype after SrCCaMK knockdown.  
Panels A, D, E, and F and panels B, C depict nodule sections after inoculation with A. caulinodans ORS571 
(pBHRdsREDT3) stained with toluidine blue or after inoculation with A. caulinodans ORS571 (pRG960SD-
32) stained with ruthenium red, respectively.  
A. Control nodule on roots transformed with an empty vector after 7 days of inoculation with A. caulinodans 
ORS571. B, C. Nodule and detail of the central tissue of line KO2#a7 with moderate knock-down. D-F. 
Sections on nodules at 7dpi of lines KO2#b2 (D-E) and KO2#f2 (F), with seriously reduced SrCCaMK 
expression. Arrowheads indicate broad infection threads. Abbreviations: f, fixation zone; ct, central tissue; vb, 
vascular bundle; ip, infection pocket; np, nodule primordium. Bars= 100 µm. 

quantified against the constitutive SrUBI1 by qRT-PCR (Fig. 6I). Transgenic lines showed a 

significant reduction in expression, varying from around 55% to around 10% of remaining 

expression relative to the control lines. When comparing the knock-down level with the 

nodulation phenotypes, it was clear that lines with smaller nodules had moderately reduced 

expression levels (between 55% and 20%, e.g. KO2#a7 in Fig. 6I), while the lines with only 

bumps showed the strongest decrease in expression level (lower than 20%, e.g. KO3#a3, 

KO3#a1, KO2#f2 and KO2#b2 in Fig. 6I). Hence, a decline in the number of SrCCaMK 

transcripts in transgenic RNAi roots results in a dosage-dependent effect on the size of the 

nodule, i.e. its development seems hampered.  

Light and transmission electron microscopic analysis was performed on representative 

samples of the two types of aberrant nodules. Nodules on lines that exhibited a moderate 

reduction in SrCCaMK expression (e.g. KO2#a7) were, at 7 dpi, more or less comparable to the 

size of the control nodules at 4 dpi (compare figure 7A with B). The central tissue of these 

nodules contained cells with symbiosomes, but the number of infected cells was lower, and 

most cells where not completely filled with bacteroids as confirmed by TEM analysis (Fig. 7B-C, 

Fig. 8E). In line KO2#a7, the meristem had disappeared although the central tissue was not full 
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of bacteroid-containing cells (Fig. 7C). Nodules that appeared on a gfp-negative root of this line 

provided an internal control: these had a normal size and a central tissue with many fixing cells 

that were completely filled with bacteroids, identical to lines transformed with an empty vector 

(Fig. 7A, Fig. 8D). Bacterial infection threads in the infection center were sometimes quite large 

and thick, and this was not observed in the control lines (Fig. 7B-C, arrowheads). TEM analysis 

indicated that these infection threads had altered properties compared to controls (Fig. 8A), 

with abnormal shapes, bulged outgrowths and often a rim of low electron dense material at the 

infection thread walls (Fig. 8 B, E). 

 The lines with highly reduced SrCCaMK expression showed only bumps corresponding to 

nodule primordia that were initiated in the cortex (Fig. 7D-F). Bacteria resided in infection 

pockets in the outer cortex that were sometimes very large (Fig. 7D), and infection threads 

were observed in most cases (Fig. 7E). In line KO2#f2, only a very small number of cortical cell 

divisions were seen, while the LRB was colonized with bacteria (Fig. 7F). Bacterial release in 

plant cells was not observed via light microscopy. However, TEM analysis showed that at least 

in one of these lines, a very limited number of bacteria was released in plant cells, indicating 

uptake is not hampered (Fig. 8F). Also in these lines, infection thread abnormalities were 

observed (Fig. 8C). 

Figure 8. Transmission electron microscopic images of control lines (A, D), SrCCaMK moderate (B, E) and 
strong knock-down lines (C, F) showing infection structures (upper panels) and bacterial release in plant cells 
(lower panels). Arrowheads indicate low electron dense rim. Asterisks depict bulges in infection threads, and 
arrows point to released bacteria. Bars: 2 µm (upper panels) and 5 µm (lower panels). 
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In conclusion, the phenotypes observed in SrCCaMK RNAi knockdown lines clearly point to 

an arrested nodule development during LRB nodulation in hydroponic conditions. Initial 

bacterial invasion with IP formation was not blocked, although infection thread progression was 

hampered. Consequently, the resulting nodule-like structures have plant cells with either few or 

hardly any bacteroids in the central tissue. 

 

DISCUSSION 

 

In model legumes several genes have been identified that play an important role in nodule 

initiation. Bacterial infection requests a high local Nod factor concentration and probably 

involves a rapid calcium influx in addition to calcium spiking, whereas signaling for cell division 

occurs at low Nod factor concentration and only demands spiking. The two events presumably 

involve distinct Nod factor receptors or receptor complexes, with a low stringency ‘signaling’ 

complex for initiation of cell divisions, and a highly stringent ‘entry’ complex that leads to 

infection at the epidermis (Ardourel et al., 1994; Geurts et al., 2005). Furthermore, signaling 

via CCaMK seems to be more strictly regulated for root hair infection than for cortical cell 

division (Gleason et al., 2006; Godfroy et al., 2006). 

Genes and proteins involved in Nod factor signaling, including MtDMI3/LjCCaMK, have 

mainly been investigated in M. truncatula and L. japonicus, where bacteria invade via root hair 

curling and membrane invagination. During LRB nodulation on S. rostrata, bacterial invasion 

skips the epidermal entry event, and the function of the Nod factor signaling components in 

cortical cells can be investigated.  

Here, the role of SrCCaMK, the ortholog of MtDMI3 and LjCCaMK, during LRB nodulation 

was studied. CCaMKs are calcium and calmodulin-dependent protein kinases that are thought 

to interpret the Nod factor triggered calcium signature and transduce a signal further 

downstream. A S. rostrata CCaMK cDNA clone was isolated that showed 96 % similarity with 

LjCCaMK and corresponds to a unique gene. The promoter region of the SrCCaMK gene was 

isolated and used for expression studies. Expressed from its native promoter, the SrCCaMK 

construct fully complemented the Mtdmi3-1 mutation and functional nodules were formed upon 

inoculation with S. meliloti. Furthermore, derivatives of the SrCCaMK kinase, corresponding to 

gain-of-function deletions of MtDMI3 that lack the auto-inhibitory domain, caused the formation 

of spontaneous nodules on transgenic M. truncatula roots, just like the authentic M. truncatula 

constructs (Gleason et al., 2006). In S. rostrata however, spontaneous nodule-like structures 

appeared only on transgenic roots grown in aeroponic conditions. No nodules were formed at 
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lateral root bases of hydroponically grown transgenic roots. One possible explanation to explain 

this discrepancy would be the lack of activity of the SrCCaMK promoter at LRBs prior to 

inoculation. This might have to be triggered first to allow their initiation at these sites.  

Expression of SrCCaMK was induced in S. rostrata during nodulation at lateral root bases or 

at adventitious rootlets on the stem. Using a GUS reporter construct and in situ hybridization 

experiments showed expression in nodule primordia and later during nodule development in 

the proximal cells of the meristematic zone. These expression data correspond to what has 

been observed for other Nod factor signaling components. For instance, DMI1, DMI2 and DMI3 

have been localized to the apical pre-infection zone of indeterminate M. truncatula nodules 

(Bersoult et al., 2005; Limpens et al., 2005; Riely et al., 2007). Furthermore, MtDMI2 as well as 

MtNFP promoter activity was observed in the cortical nodule primordium prior to penetration by 

infection threads, reminiscent of what is observed here (Bersoult et al., 2005; Arrighi et al., 

2006).  

RNAi knockdown of SrCCaMK expression in transgenic S. rostrata roots resulted in arrested 

LRB nodule development with a significantly reduced nodule size, the level of which depended 

on the percentage of remaining SrCCaMK expression. Lines with 55% to 20% of residual 

transcripts developed nodules about half the size of control nodules, while lines with levels 

lower than 20% residual transcripts exhibited only small bumps at the lateral root bases. These 

observations indicate that SrCCaMK is important for LRB nodulation and has a continuous role 

in nodule development. Both moderate and low level expressing lines showed signs of bacterial 

invasion. The presence of large infection pockets and of infection threads suggests that 

signaling via SrCCaMK is not necessary for the initiation of these structures during LRB 

nodulation. However, the infection threads present were abnormal and resembled the lumpy 

infection threads observed in SrSYMRK knock-down lines (Capoen et al., 2005) and upon 

invasion of Nod factor-deficient bacteria (Den Herder et al., 2007). Thus, proper IT progression 

seems to require local Nod factor production, SrSYMRK, and SrCCaMK.  

The small central tissue in moderate knock-down lines very likely results from the arrested 

development of the nodule primordium. Accordingly, the cells in high knock-down lines have 

only just divided and presumably are not quite ready for bacterial uptake. Remarkably, 

occasional release was observed in these cells, indicating that this process can still occur. The 

observations is in agreement with  symbiosome formation when a Nod factor-deficient 

bacterium enters cortical tissue after supplying Nod factors from a bacterial mutant that 

remains outside (Den Herder et al., 2007). So, Nod factors and Nod factor signaling are not a 

prerequisite to allow the final step of uptake in bacterial endosymbiosis. This conclusion was 
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recently strongly enforced by the fact that the functional symbiosis between some 

Aeschynomene species and photosynthetic Bradyrhizobium strains is established in the absence 

of bacterial Nod factors (Giraud et al., 2007). In contrast, the Nod factor signaling component 

SYMRK, an LRR-type receptor like kinase with hitherto unknown extracellular ligand, was 

shown to function precisely in the symbiosome formation, both in S. rostrata and M. truncatula 

(Capoen et al., 2005; Limpens et al., 2005).  

 

MATERIALS AND METHODS 

 

Biological material 

S. rostrata Brem and A. caulinodans ORS571, ORS571 (pRG960SD-32), and ORS571 

(pRG960SD-32) were grown as described (D'Haeze et al., 1998). DsRED-labeled bacteria were 

obtained by introducing plasmid pBHRdsREDT3 (Smit et al., 2005) into A. caulinodans ORS571 

by electroporation and grown as described for wild type with appropriate antibiotics. M. 

truncatula seedlings were transformed and inoculated with S. meliloti 1021 as described 

(Boisson-Dernier et al., 2001). 

 

Identification of the full-length SrCCaMK sequence 

Nested primers were carefully chosen in conserved regions of CCaMKs from other plant species, 

and PCR on S. rostrata cDNA revealed a 652 bp fragment. The full-length sequence was 

obtained by 5' and 3' RACE (Smart RACE cDNA amplification kit, Clontech, Palo Alto, CA) and 

was amplified with primers SrDmi3FLS 5'-GGGAATTCAAAGACTTGAT-3') and SrDmi3FLAS (5'-

GATGCAATAAAAACTAAATTTGGAAG-3'). The fragments and full-length gene were cloned in a 

pCRII-TOPO vector (Invitrogen). 

 

Southern analysis 

DNA gel blot analysis was performed as described (Sambrook et al., 1989). Labeled probes 

were generated from the region containing the CaM-binding / autoinhibitory domain with 

Dmi3KO1 (5'-ATAGGTGAGAAAGCCAAAGATG-3') and Dmi3KO2 (5'-

TATCCTGAGGTTTTCAATTTCC-3').  

 

Expression analysis 

qRT-PCR was performed with primers Dmi3-Q2S (5'-TTTCATTGCTCCGTCTAATCGC-3') and 

Dmi3-Q2AS (5'-GCTTTGCTGATTGGGAAATGCC-3') or Dmi3-Q3S (5'-
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AACAAAAGGTGGAGAGAAAAGC-3') and Dmi3-Q3AS (5'-ACAAGGCATCTGAGACTGAAAC-3') on 

the Lightcycler 480 (Roche Diagnostics) with SYBR Green I master mix (Roche). Amplification 

of the constitutive SrUBI1 with primers SrUBI1Q-S (5'-GGGAAGCAGTTGGAGGATGG-3') and 

SrUBI1Q-AS (5'-AGACGCAGAACAAGGTGAAGG-3') (Capoen et al., 2007) was performed to 

determine relative values with qBase software (Hellemans et al., 2007). One representative 

result from three biological repeat is shown. In situ hybridization was as described 

(Goormachtig et al., 1997). A 652 bp region was used as template to produce 35S-labeled 

antisense probe. The S. rostrata CCaMK promoter was identified by using the Universal 

GenomeWalker kit (Clontech) on gDNA, and the 1824 bp region upstream of the startcodon 

was amplified with primers SrDmi3PromFullS (5'-

GGGGACAACTTTGTATAGAAAAGTTGTGATGGACCACTTTG-3') and SrDmi3PromFullAS (5'-

GGGGACAACTTTGTATAGAAAAGTTGTGATGGACCACTTTG-3') and recombined in the pDONR P4-

P1 (Invitrogen). The Multisite Gateway Three-Fragment Vector Construction kit (Invitrogen) 

was used to fuse the promoter with the β-glucuronidase gene (in pDONR207-GUS) and the 

T35S terminator (in pENTR-R2-T35S-L3) in vector pKm43GW-rolD for co-expression with GFP. 

Staining with β-glucuronidase occurred for 8 hours as described (D'Haeze et al., 1998). 

 

Complementation and deletion constructs 

Constructs were obtained by transferring the complete ORF or the deleted versions (310, 325, 

and 345) to the pDONR221 entry vector (Invitrogen) after amplification with designed primers. 

Multisite Gateway recombination (Invitrogen) in vector pKm43GW-rolD was used for expression 

from the endogenous promoter. 

 

Transgenic roots 

Knockout constructs (SrCCaMK-KO2 and SrCCaMK-KO3) were produced by recombining two 

regions of SrCCaMK (in the 3’UTR or partly the end of the open reading frame and the 3’ UTR) 

in the pK7GWIWG2-D binary GATEWAY vector (Invitrogen) (Karimi et al., 2002). For the 

SrCCaMK-KO2 and SrCCaMK-KO3 constructs, the primers Dmi3KO2-Sense (5'-

CAAAAAAGCAGGCTTCACACTACAAGGAAAAG-3') and Dmi3KO2-Asense (5'-

AGAAAGCTGGGTAAATTTGGAAGAATTTG -3'); and Dmi3KO3-Sense (5'-

CAAAAAAGCAGGCTTGGATGCAAATAGTGATG-3') and Dmi3KO3-Asense (5'-

AGAAAGCTGGGTCAGAAGTTAGATGGCACAG -3') were used, respectively. S. rostrata embryonic 

axes were transformed as described (Van de Velde et al., 2003). The level of knockdown was 

determined from transgenic roots cultured in vitro on a plate as described above. 
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Light microscopy and transmission EM 

For semithin sections, the tissues were embedded in Technovit 7100 (Heraeus), cut, and 

stained with toluidine blue or ruthenium red (Den Herder et al., 2007). GFP or dsRED analysis 

(Van de Velde et al., 2003) and transmission EM (D'Haeze et al., 1998) were performed as 

described. 
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ADDITIONAL DATA 

 

SrCCaMKp::GUS during RHC in M. truncatula 

Because complementation of M truncatula dmi3-1 occurred when SrCCaMK was expressed from 

the endogenous SrCCaMK promoter (SrCCaMKp), we analyzed SrCCaMK promoter activity 

during M. truncatula nodulation. Hence, the SrCCaMKp::GUS construct was used to transform 

M. truncatula seedlings to generate transgenic roots, which were inoculated with Sinorhizobium 

meliloti 1021 (pBHRdsREDT3) and harvested at different time points to visualize promoter 

activity of the transgene. Small nodule primordia associated with infected root hairs at the 

epidermis showed GUS staining (Fig. S1A, B), which probably corresponds to the activity in LRB 

nodule primordia. In young nodules, substrate precipitation was observed inside the nodule 

and was more intense at the apical side (Fig. 6C). When the nodule became elongated, 

transgene promoter activity was clearly associated with the apical part of the nodule (Fig. 6D), 

and in long mature indeterminate nodules, GUS staining was only seen in the tip where the 

persistent meristem is situated (Fig. 6E). 

Although no microscopy has been performed on these nodules, the pattern that is observed 

macroscopically is very reminiscent of the pattern in S. rostrata LRB nodules where activity was 

seen in the young nodule primordium and in the developing nodule near the meristem. Staining 

in the nodule tip corresponds to what was seen by in situ hybridization for DMI3 in 

M. truncatula (Limpens et al., 2005). 

Figure S1. SrCCaMKp::GUS activity in M. truncatula hairy roots. 
Different panels show either bright-field, GFP, or dsRED view to indicate GUS staining, root transgenicity, or 
invading bacteria, respectively. A. Initiated nodule primordium with an infection thread-containing root hair at 
the epidermis. B. More detailed view with staining in the nodule primordium. C. Young nodules with promoter 
activity in the central tissue. D. In elongated nodules, GUS staining is associated with the apical part of the 
nodule. E. Long mature nodules have restricted substrate precipitation in the tip near the meristem.  
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SrCCaMKp::GUS during LRB nodulation in S. rostrata 

In addition to what has been described previously for inoculated hydroponic roots, one line that 

exhibited strong substrate precipitation in the nodules also showed GUS staining in the zone of 

the root just behind the root tip (Fig. S2A). This mainly corresponded to the first two cell layers 

(Fig. S2B, C). Interestingly, it is this root zone that is most responsive to Nod factors and 

exhibits curled root hairs in aerated roots. Promoter activity suggests that Nod factor signaling 

can still occur there in hydroponic conditions, although no nodules were formed at these sites. 

Anyhow, this experiment has to be reproduced to draw more conclusions.  

 

 

Figure S2. SrCCaMKp::GUS staining in the root zone just above the tip in S. rostrata line with strong activity 
(A). Microscopic sections were stained with ruthenium red and viewed under bright (upper panels) and 
darkfield (lower panels) optics, and showed promoter activity mainly in the first two cell layers (B-C). 
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Aquatic nodulation on the tropical legume Sesbania rostrata occurs at lateral root bases via 

intercellular crack-entry invasion. A gene was identified (Srprx1) that is transiently up-regulated 

during the nodulation process and codes for a functional class III plant peroxidase. The 

expression strictly depended on bacterial nodulation (Nod) factors and could be modulated by 

hydrogen peroxide, a downstream signal for crack-entry invasion. Expression was not induced 

after wounding or pathogen attack, indicating that the peroxidase is a symbiosis-specific isoform. 

In situ hybridization showed Srprx1 transcripts around bacterial infection pockets and infection 

threads until they reached the central tissue of the nodule. A root nodule extensin (SrRNE1) 

colocalized with Srprx1 both in time and space and had the same Nod factor requirement, 

suggesting a function in a similar process. Finally, in mixed inoculation nodules that were invaded 

by Nod factor-deficient bacteria and differed in infection thread progression, infection-associated 

peroxidase transcripts were not observed. Lack of Srprx1 gene expression could be one of the 

causes for the aberrant structure of the infection threads. 
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INTRODUCTION 

 

The interaction of rhizobia with plants of the legume family results in the formation of new root 

structures, the nodules, in which the bacteria fix atmospheric nitrogen for assimilation by the 

host. A complex signal exchange between the macro- and microsymbiont initiates the nodulation 

process: upon perception of flavonoids exuded by host roots, rhizobia switch on their nodulation 

(nod) genes, thus forming lipooligosaccharide molecules, designated Nod factors (D'Haeze and 

Holsters, 2002). Nod factors are essential for bacterial invasion and induction of cortical cell 

division to form nodule organs (Geurts and Bisseling, 2002). 

In the model legumes Medicago truncatula (barrel medic) and Lotus japonicus, nodulation 

starts with entrapment of the bacteria in a curled root hair, followed by the formation of an 

infection thread (IT) that grows toward the nodule primordium and from which bacteria are 

released and differentiate into N2-fixing bacteroids (Gage, 2004). ITs are tubular structures that 

develop after membrane invagination and further extend inward by polar growth mechanisms 

(Gage and Margolin, 2000; Gage, 2004). How ITs can grow against the turgor of the plant cells is 

still unknown, but hydrogen peroxide (H2O2)-driven cross-linking of root nodule extensins (RNEs) 

might be involved (Brewin, 2004; Gucciardo et al., 2005). 

An alternative route for infection occurs as an adaptation to waterlogging and has been 

studied in the tropical legume Sesbania rostrata (Goormachtig et al., 2004b). Bacteria enter the 

plant tissue via cracks in the epidermis at places where lateral roots have emerged from the main 

root or where adventitious root primordia protrude on the stem. Intercellular bacterial 

microcolonies or 'infection pockets' (IPs) are created in the outer cortex, from where ITs guide 

the bacteria toward the nodule primordium (Den Herder et al., 2006). However, when S. rostrata 

roots are grown under aerated conditions, invasion switches from intercellular crack-entry or 

lateral root base (LRB) invasion to the intracellular root hair curling (RHC) mode (Goormachtig et 

al., 2004a). 

Oxidative burst-like phenomena have been observed as a primary response of the plant both 

in RHC invasion and LRB entry. Early in the interaction of Sinorhizobium meliloti with Medicago 

sativa (alfalfa), superoxide and H2O2 are produced (Santos et al., 2001). In M. truncatula roots, 

recognition of compatible Nof factors rapidly stimulates a localized production of superoxide. This 

response is absent in the non-nodulating plant mutant does not make infections 1 (dmi1-1), 

which is impaired in the Nod factor signal transduction pathway (Ramu et al., 2002). 

Furthermore, H2O2 is found in plant cells near bacterial IPs as well as in the matrix and walls of 
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ITs during crack-entry invasion of S. rostrata. Pharmacological experiments indicate that reactive 

oxygen species (ROS) are required for LRB nodulation in S. rostrata (D'Haeze et al., 2003). 

Symbiotic bacteria overcome the plant’s defense by activating antioxidant enzymes (Hérouart 

et al., 1996; Santos et al., 1999; Sigaud et al., 1999; Santos et al., 2000; Jamet et al., 2003). 

Also several plant genes related to protection against or production of ROS are differentially 

expressed during nodulation. In alfalfa roots, the enzymatic activities of catalase, ascorbate 

peroxidase, and glutathione reductase significantly increase upon inoculation with wild-type S. 

meliloti (Bueno et al., 2001). Moreover, a cytosolic Cu/Zn- and mitochondrial Mn-superoxide 

dismutase have distinct expression patterns in root nodules, suggesting specific roles for these 

enzymes in nodule development (Rubio et al., 2004). Finally, transcripts of a Rhizobium-induced 

peroxidase (Rip1) identified in M. truncatula (Cook et al., 1995) have a tissue-specific localization 

pattern similar to that of ROS and accumulate upon addition of exogenous H2O2 (Ramu et al., 

2002). 

Heme-binding peroxidases (Dawson, 1988) are widely distributed throughout bacteria, fungi, 

plants, and vertebrates and can oxidize various substrates via the reduction of H2O2 (Dunford and 

Stillman, 1976). Plant peroxidases belong to a superfamily that comprises class-I intracellular 

peroxidases of bacterial origin, secreted fungal class II peroxidases, and classical class III 

secretory plant peroxidases (EC 1.11.1.7). Genes encoding the latter have been duplicated many 

times during evolution since their appearance in the first land plants (Duroux and Welinder, 2003; 

Passardi et al., 2004a). Peroxidase activity can be detected throughout the whole lifespan of a 

plant: from germination of the seed until the final stage of senescence and death. The lack of 

substrate specificity, the high number of paralogous genes, and the ability to work in two 

catalytic cycles account for the large variety of biological mechanisms in which plant peroxidases 

are involved. The enzymes have been implicated in several functions of potential importance in 

plant defense, including direct toxicity against pathogens, production of phytoalexins, cellular 

growth and cell wall loosening, auxin catabolism, and plant cell wall strengthening through 

different mechanisms, such as lignification, suberization, and cross-linking of cell wall proteins or 

phenolics (for review, see Hiraga et al. (2001); Passardi et al. (2004b); Passardi et al. (2005). 

We identified a functional class III peroxidase isoform upregulated during nodulation of S. 

rostrata (Srprx1). Expression is transiently induced, requires bacterial Nod factors, and is affected 

by H2O2. Transcripts accumulate along the bacterial invasion track until the ITs reach the nodule 

primordium and colocalize with a RNE homolog. Furthermore, in nodules occupied by NF-deficient 

bacteria, peroxidase transcript levels are not induced and IT progression is hampered. 
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RESULTS 

 

Srprx1 encodes a functional 

peroxidase 

Differential display was used to compare 

gene expression in non-inoculated roots 

and in inoculated adventitious root 

primordia of S. rostrata at different time 

points (Goormachtig et al., 1995; Lievens 

et al., 2001). A partial 185-bp cDNA clone 

with homology to peroxidases was 

upregulated and isolated for further 

characterization. The full-length clone, 

obtained by RACE, was designated Srprx1 

(see Materials and Methods). Database 

reference searches using the BlastX 

algorithm (Altschul et al., 1997) revealed 

an open reading frame with high homology 

to plant peroxidases (Fig. 1A). Srprx1 is 

70% similar to the rice (Oryza sativa) 

peroxidase 131 (Passardi et al., 2004a), 

70% to cationic peroxidase PNPC1 of 

peanut (Arachis hypogeae) (Buffard et al., 

1990), and 72% to the Rip1 peroxidase of 

M. truncatula (Peng et al., 1996). 

An N-terminal signal peptide for 

extracellular targeting was predicted at 

serine 25 and the predicted mature protein 

displayed typical class III peroxidase 

features: a distal histidine (His67) serving 

as a catalyst in the reaction with H2O2, a 

proximal histidine residue (His195) involved 

in heme binding, and eight cysteines 

forming four disulfide bridges 

Figure 1. Srprx1 and related peroxidases. 
A, Alignment of Srprx1 to rice peroxidase 131 (Prx131), 
PNPC1 of peanut and Rip1 of M. truncatula. 
B, Unrooted phylogenetic tree of the class III plant 
peroxidases-subgroup including five Arabidopsis and nine 
M. truncatula members. The bootstrap values of the 
nodes in the tree are indicated. Scale represents the 
distance between sequences calculated based on the 
number of mutations (branch lengths). Numbers 
correspond to the locus tag for Arabidopsis (At) or the 
bacterial artificial chromosome from which they were 
predicted for M. truncatula (Mt) proteins. An asterix marks 
presumed non-functional proteins because of the lack of 
some strictly conserved residues. 
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(Cys36-Cys116, Cys69-Cys74, Cys123-Cys315, and Cys22-Cys227) (Welinder et al., 1992) 

(Fig. 1A). No potential N-glycosylation sites were predicted based on the known glycosylation 

signature Asn x (Ser-Thr) x (where x is any AA, except Pro; Creighton, 1993). The molecular 

mass of the protein without the signal peptide was estimated at 32.5 kD and the isoelectric point 

at 4.96, indicating that Srprx1 is an anionic peroxidase. 

To demonstrate peroxidase activity, embryonic axes of S. rostrata were infected with an 

Agrobacterium rhizogenes strain carrying a binary vector that contained a p35S::Srprx1 construct 

for constitutive Srprx1 expression. Protein extracts from transgenic Srprx1-overproducing and 

control roots were subjected to native PAGE followed by in-gel 3,3'diaminobenzidine 

tetrahydrochloride (DAB) staining for peroxidase activity (see Materials and Methods). In each 

sample, several brown-colored bands corresponding to DAB-oxidizing active proteins were seen. 

One band was much more pronounced in the overproducing than in the control extracts (Fig. 

2A). In roots harvested 2 days post inoculation (dpi) with Azorhizobium caulinodans, this band 

was also more intense than in the control roots (see below; Fig. 2A). These observations indicate 

that the band presumably corresponds to Srprx1 and that the native protein is able to oxidize 

DAB in the presence of H2O2. In addition, blotting of the native gel immediately followed by 

detection with luminol showed a band in the overproduction, but not in the control extracts, 

indicating that Srprx1 could carry out H2O2-dependent oxidation of several substrates (Fig. 2B). 

 

 

Figure 2. Srprx1 peroxidase activity. 
A, In-gel peroxidase activity stain. Control, Root 2 dpi, and Srprx1 OE represent protein extracts from transgenic 
control roots, from roots 2 days after inoculation, and from different lines overexprssing Srprx1, respectively. 
Protein extracts were separated by native PAGE and colored with DAB in the presence of H2O2 for peroxidase 
activity. B, Chemiluminescent detection in control (PZP 1, 2) or Srprx1-overexpressing (OE 1, 2) plant protein 
extracts after native PAGE and immunoblot without secondary antibody. The Srprx1 protein is marked with an 
arrow. 
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Figure S1. Overview cladogram including the putative amino acid sequence of Srprx1 constructed with known and 
predicted class III plant peroxidases in Arabidopsis, M. truncatula, and poplar.  
The zone depicted in light grey corresponds to group IV of Arabidopsis peroxidases (Tognolli et al., 2002). The 
Medicago and Arabidopsis proteins in the subgroup (dark grey) to which Srprx1 belongs, was used to repeat the 
analysis (see Fig. 1B). Names starting with A or P correspond to Arabidopsis or poplar, respectively. The others 
are Medicago proteins and named according to the BAC clone in which they are annotated.  

Srprx1 belongs to a group of peroxidases that is specific for legumes 

To search for possible orthologs, a phylogenetic analysis was performed with all known and 

predicted class III peroxidases of Arabidopsis (Arabidopsis thaliana), M. truncatula, and poplar 

(Populus trichocarpa). The resulting cladogram is shown in Supplemental Fig. S1. Srprx1 belongs 

to a group of peroxidases that form a distinct cluster in which reside all members of the 

Arabidopsis group IV proteins (Fig. S1; Tognolli et al., 2002). Within this cluster, Srprx1 fits into a 

subcluster to which five Arabidopsis proteins belong, previously also termed group B (Fig. S1; 

Duroux and Welinder, 2003). The Arabidopsis and Medicago proteins of the latter group were 

selected to repeat the phylogenetic analysis (Fig. 1B). Interestingly, Srprx1 and MtRip1 cluster 

together in a clade to which no Arabidopsis peroxidases belong, but that contains six other M. 

truncatula peroxidases (Fig. 1B). This observation might indicate that several peroxidases in 
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Medicago have evolved to exert a specialized function, for instance during the nodulation process. 

 

Srprx1 is transiently induced during nodule development 

The expression of Srprx1 was studied by semi-quantitative reverse-transcriptase (RT)-PCR 

analysis. RNA was prepared from uninoculated adventitious root primordia and from developing 

adventitious root nodules at 4, 8, 12 h, 1, 2, 3, 4, 5, 7, 12, and 20 dpi with A. caulinodans. A faint 

signal was observed in the uninoculated sample (Fig. 3A). Transcript accumulation started 

approximately 12 h after inoculation and expression was maximal from 1 to 5 days. The signal 

decreased to low basal levels in mature 20-day-old nodules. Srprx1 expression analysis during 

LRB nodulation on hydroponic roots demonstrated a similar transient induction (Fig. 3B). The 

uninoculated sample had a weak basal expression level and induction appeared after 30 min of 

inoculation to reach a maximum after 12 h. At later stages of root nodulation, the Srprx1 

transcript level decreased. When growing plants in vermiculite, thus favoring RHC invasion, a 

similar transient induction was observed (Fig. 3B). Developing zone I root hairs had a basal 

expression and the transcript level increased after root hair colonization, to reach a maximum in 

developing RHC nodules. In mature nodules, transcripts dropped to the basal level. Peroxidase 

gene expression was not detectable by RNA gel blot hybridization in other plant tissues, including 

seedlings, vegetative shoot apices, flowers, and leaves. Hence Srprx1 expression is very specific 

for the early stages of developing nodules (data not shown). 

 

 

 

Figure 3. Expression analysis of Srprx1 during nodule development. 
A, Semi-quantitative RT-PCR performed on RNA from uninoculated root primordia (-) and primordia harvested at 4, 
8, 12 h (h), and 1, 2, 3, 4, 5, 7, 12, and 20 days post-inoculation (dpi) with A. caulinodans ORS571. B, RT-PCR on 
hydroponic (LRB) and aeroponic (RHC) roots after bacterial inoculation. Primers and probes specific for Srprx1 
(upper panels) or the ubiquitin gene Srubi1 (lower panels), as a constitutive control, were used. C, Protein gel blot of 
stem protein extracts before or every day after inoculation until 8 dpi. Visualization was done with primary antibody 
Pep2#17_63d and an anti-rabbit-IgG-HRP secondary antibody, and subsequent chemiluminescent detection. Arrow 
indicates Srprx1. 
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Protein accumulation was investigated by gel blotting of total protein extracts of uninoculated 

adventitious root primordia and upon inoculation with A. caulinodans. An antibody was raised by 

rabbit injection of a 12-mer peptide sequence from Srprx1 coupled to a carrier protein (see 

Materials and Methods). Srprx1 protein accumulation was visible from 2 dpi on and reached a 

maximum at 5 dpi, after which it decreased slowly (Fig. 3C).  

 

Srprx1 transcripts do not accumulate after wounding or pathogen infection 

Extracellular peroxidases are often implicated in plant responses to wounding and pathogen 

infection. Wound inducibility of the Srprx1 gene was tested on leaves that were crushed with 

tweezers and harvested after 1, 2, 4, 8, 16 h, and 1 

and 2 days. RT-PCR analysis revealed an early 

induction of the β-1,3-glucanase gene expression that 

served as control, indicating that strong and rapid plant 

reactions were triggered as a response to the 

mechanical damage (Fig. 4A). However, no Srprx1 

expression was detected in any of the wounded leaf 

samples. 

To determine whether Srprx1 transcripts 

accumulate in response to plant pathogens, the 

expression pattern was analyzed in S. rostrata leaves 

inoculated with Botrytis cinerea, a pathogenic fungus 

with a very wide host range (Staples and Mayer, 1995; 

Lievens et al., 2004). RNA from leaf samples harvested 

at different stages of the infection was subjected to 

RT-PCR. Srprx1 was not induced during the plant 

pathogen response that was strong and early as can 

be deduced from the β-1,3-glucanase gene expression 

(Fig. 4B). 

In a second pathogen assay, stem-located 

adventitious root primordia of S. rostrata were infected 

with Ralstonia solanacearum, a wide host range root 

pathogen (Hayward, 1991) that induces a strong 

defense reaction at these sites (Lievens et al., 2004). 

Figure 4. Srprx1 expression in response to 
wounding and pathogen infection. 
Expression levels determined by 
semi-quantitative RT-PCR with primers and 
probes specific for Srprx1, Srglu2, a 
β-1,3-glucanase gene as positive control, 
and Srubi1 as constitutive control. A, 
Transcripts in leaves before (-) and 1, 2, 4, 
8 h (h), and 1 and 2 days (d) after 
wounding. B, Leaves before (-) and 4, 8, 
17, 30, and 48 h after infection with a B. 
cinerea spore suspension. C, Root 
primordia after inoculation with either the R. 
solanacearum wild type or the avirulent hrp- 

mutant strain. Samples were taken 8 h and 
1, 2, 3, and 5 d after inoculation. 
 



Chapter 5 

  102 

Stems were brush-inoculated with either the wild type or a nonvirulent mutant strain (hrp-) and 

root primordia were excised after 8 h, 1, 2, 3, and 5 days. The typical brown ring at the base of 

the adventitious root primordia that appeared upon wild-type R. solanacearum infection was 

accompanied at the molecular level by accumulation of β-1,3-glucanase transcripts (Fig. 4C). In 

this time series, RT-PCR showed no Srprx1 induction upon pathogenesis (Fig. 4C). In conclusion, 

Srprx1 expression is very specific for the early stages of developing nodules, implying that the 

gene encodes a nodule-specific peroxidase isoform and that it can be considered as one of the 

more specific true nodulins. 

 

Srprx1 expression pattern visualized by in situ hybridization 

To visualize the transcripts in plant tissues, the expression of Srprx1 was analyzed by in situ 

hybridization on adventitious and lateral root nodule sections (Fig. 5). No expression above 

background was seen in sections of uninoculated adventitious root primordia (data not shown). 

At 1 dpi, transcripts were visible in cells neighboring the epidermal fissure that surrounds the 

base of the root primordium (Fig. 5, A and D). After 2 days, transcripts strongly accumulated in 

the cortical cells surrounding IPs (Fig. 5, B and E). At 3 dpi, ITs were formed that guide the 

bacteria to the nodule primordium, and Srprx1 expression was very prominent in the cells that 

were flanking these ITs (Fig. 5, C and F). At 4 dpi, the ITs reached the nodule primordium and 

traversed the newly formed cells. Interestingly, Srprx1 expression stopped abruptly once the ITs 

had entered the cells of the nodule primordium that would become the nodule central tissue (Fig. 

5, G-I, see arrows). At this stage, the signal around the fissure, the IPs, and the ITs in the outer 

cortex was still strong. From 6 days on, this signal gradually withdrew from the deeper cortical 

regions (Fig. 5J) and, at 8 days, was only faintly detectable around some remaining IPs (data not 

shown). 

In LRBs, transcripts were visualized on butyl-methyl-embedded material, in which the 

structure is better preserved than in paraffin (Kronenberger et al., 1993). Already at 1 dpi, Srprx1 

expression was observed at the LRBs, where the bacteria normally enter cortical tissue (data not 

shown). After 2 days, the lateral root was swollen at the base because of primordium 

development and IPs and ITs were observed. In both epidermal and cortical cells in direct contact 

with bacteria, transcripts accumulated (Fig. 5, K and L). 
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Srprx1 expression requires bacterial Nod factors and can be modulated by H2O2 

To analyze whether Srprx1 transcript accumulation depends on Nod factors, inoculations with 

bacterial mutants were carried out. The A. caulinodans strain ORS571-X15 has a Tn5 insertion in 

a rhamnose biosynthesis locus, resulting in defective surface polysaccharides. Infection stops at 

the IP stage, but Nod factor production is normal (Goethals et al., 1994; D'Haeze et al., 1998). 

Strain ORS571-V44 does not produce Nod factors because of a mutation in the nodA gene and is 

unable to provoke a nodule-related plant effect (Van den Eede et al., 1987; Mergaert et al., 1993; 

D'Haeze et al., 1998). Srprx1 expression was induced by ORS571-X15, but not triggered by 

ORS571-V44 (Fig. 6A). 

Figure 5. In situ localization of Srprx1 transcripts. 
Longitudinal (A-F, J-L) and transverse (G-I) sections through developing stem (A-J) and root (K, L) nodules were 
hybridized with a 35S-labeled antisense RNA probe and analyzed under bright-field (signal is seen as black spots 
[E-H, and L]) and dark-field optics (signal is seen as white spots [A-D, I-K]). Successive stages of adventitious root 
nodule development are shown at 1 (A), 2 (B), 3 (C), 4 (G), and 6 dpi (J) with A. caulinodans ORS571. Pictures in 
D, E, F, H, and I are enlargements of the regions indicated by the rectangles in A, B, C, and G, respectively. K, 
Butyl-methyl-embedded section of a developing LRB nodule at 2 dpi. L, Enlargement of K. f, fixation zone; fi, 
fissure; i, infection zone; ic, infection center; ip, infection pocket; m, meristematic zone; np, nodule primordium. 
Arrows and double arrows mark infection thread with or without Srprx1 expression, respectively. Bars = 100 µm. 
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To determine whether pure A. caulinodans Nod factors are sufficient to trigger Srprx1 

transcript accumulation, roots of S. rostrata were treated with 10-8 M Nod factors and harvested 

at different time points (Fig. 6B). RT-PCR analysis showed that transcripts of the peroxidase gene 

already accumulated 30 min after treatment and further 

increased to a maximum at 12 h. Later on, the signal 

slowly decreased. 

Because H2O2 is a Nod factor downstream signal for 

LRB nodulation (D'Haeze et al., 2003) and induces 

transcription of many different genes, Srprx1 induction 

was assayed by RT-PCR in hydroponic roots of S. rostrata 

supplied with 1 µm H2O2. Expression was slightly induced 

1 h after addition and reached a maximum after 24 h, 

whereafter it decreased again to initial levels, indicating 

that the expression level could be modulated by H2O2 

(Fig. 6C). 

 

Srprx1 colocalizes with a RNE 

In a previous differential display experiment (Goormachtig et al., 1995), a nodulation-specific tag 

had been isolated with homology to hydroxyproline-rich glycoproteins with typical Ser-(Pro)4 

motifs. Although a full-length protein-encoding gene could never be isolated, the predicted amino 

acid sequence clearly displayed motifs of extensins and arabinogalactan proteins, characteristic 

for the group of RNEs found only in legumes (Brewin, 2004; Gucciardo et al., 2005). Also several 

Tyr and isodityrosine residues (Tyr x Tyr) were present that are involved in peroxide-based 

protein cross-linking (Held et al., 2004; Gucciardo et al., 2005) (Fig. 7A). The partial nucleotide 

sequence for the root nodule extensin, designated SrRNE1, belongs to a small gene family, as 

suggested by genomic DNA blot analysis (data not shown). RT-PCR analysis showed an increase 

in transcript levels from 4 h after inoculation of adventitious rootlets (Fig. 7B). RNA blot analysis 

after inoculation with ORS571-X15 or ORS571-V44 demonstrated that transcript accumulation 

depended on Nod factor production (Fig. 7C). In situ localization of transcripts in developing 

Figure 6. Srprx1 expression in response to inoculation with A. caulinodans mutants, pure Nod factors, and H2O2. 
A, Expression after inoculation with mutants ORS571-V44 (Nod factor deficient) and ORS571-X15 (surface 
polysaccharide deficient), compared to wild type as positive control. Samples were taken 8 h (h) and 2 days (d) after 
inoculation. B, RT-PCR of Srprx1 compared to the constitutive Srubi1 after addition of 10-8 M A. caulinodans Nod 
factors to hydroponic roots. Samples were taken from untreated roots (-) and from roots treated for 30 min (30'), 1, 4, 
8, 12, 24, and 48 h. C, RT-PCR of Srprx1 in hydroponic roots at different time points (-, 1, 2, 4, 24 h, and 2, 3, and 
6 days) after addition of 1 µm H2O2, with a constitutive control for loading (Srubi1). 



A symbiotic peroxidase in crack entry nodulation 

 105 

adventitious root nodules revealed two major expression patterns. Two days after inoculation, 

transcripts accumulated around bacterial IPs and ITs (Fig. 7, E and F). At 3 dpi, the expression 

was also visible in the nodule primordium 

and even more in the cells of the infection 

center, where ITs grew toward the open 

basket-shaped nodule primordium (Fig. 7, 

G and H). The invasion-associated pattern 

nicely correlated with the Srprx1 pattern. 

By using the monoclonal antibody 

MAC265 that is specific for RNEs in pea 

(Pisum sativum) (Bradley et al., 1988; 

Vandenbosch et al., 1989), RNE 

accumulation was investigated in 

developing root nodules of S. rostrata 

(Fig. 7D). In uninoculated adventitious root 

nodule extracts, two light bands were 

present around 110 and 90 kDa, as similarly 

found in pea nodules, where 

immunopurified matrix glycoproteins 

comigrated as a doublet at 100 to 110 kDa 

(Rathbun et al., 2002). In extracts of 

inoculated samples (3 dpi), these two 

bands were stronger and in later stages 

(from 5 dpi), additional lower bands were 

observed, as was also the case in pea 

nodule extracts (Rathbun et al., 2002). 

Thus, RNEs accumulate in the same time 

frame as that of Srprx1 and have an 

overlapping expression pattern, hinting at 

an involvement in the same biological 

process. 

 

 

Figure 7. Analysis of SrRNE1 during adventitious root 
nodule development.  
A, Partial protein sequence of SrRNE1 with typical 
extensin (orange) and arabinogalactan (green) motifs, and 
tyrosine (yellow) and isodityrosine (underlined) residues. 
B, RT-PCR of SrRNE1 (upper panel) compared to Srubi1 
(lower panel) on developing adventitious root nodules. C, 
RNA blot analysis of SrRNE1 in adventitious root 
primordia 3 dpi with ORS571 (WT) and mutants X15 
(SPS-) and V44 (NodA-). Equal loading was controlled by 
methylene blue staining (lower panel). D, RNE protein 
detection in nodule protein extracts with MAC265 
antibody. E-H, In situ localization pattern of SrRNE1 in 
developing adventitious root nodules at 2 (E, F) and 3 dpi 
(G, H) with wild-type A. caulinodans. ic, infection center; 
ip, infection pocket; it, infection thread; np, nodule 
primordium; vb, vascular bundle. Bars = 100 µm. 
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Mixed inoculation nodules do not induce Srprx1 expression 

Upon coinfection with two symbiotic mutants of A. caulinodans, ORS571-X15 and ORS571-V44, 

only the Nod factor-deficient ORS571-V44 mutant invaded cortical tissue via ITs and enters plant 

cells to form symbiosomes (D'Haeze et al., 1998; D'Haeze et al., 2004). The resulting mixed 

inoculation nodules developed inefficiently and bacterial invasion was not synchronized with 

nodule formation. Proper IT development 

and growth were hampered, as thick and 

swollen ITs were observed (Den Herder et 

al., 2007). During ORS571-V44 invasion, 

Srprx1 was not expressed around bacterial 

IPs after 6 days of coinoculation, a stage 

that resembled early wild-type infection 

(Fig. 8, A and B). Only occasionally, slight 

induction was observed around superficial 

IPs, which were occupied by the Nod 

factor-producing ORS571-X15 mutants 

(data not shown; D'Haeze et al., 1998; Den 

Herder et al., 2007). Around 

ORS571-V44-containing ITs that reached 

deeper into the cortical tissue after 9 days, 

no Srprx1 expression was visible (Fig. 8, C and D). These observations confirm that Nod factors 

produced locally by the bacteria within the ITs are required to induce the Srprx1 gene. 

 

DISCUSSION 

 

By screening for differentially transcribed genes during adventitious root nodule development in 

S. rostrata, a short cDNA fragment was isolated, whose transcript levels increased during the 

early stages of infection with A. caulinodans. The corresponding full-length clone contained an 

open reading frame with high homology to class III plant peroxidases and was designated 

Srprx1. 

Class III plant peroxidases (EC 1.11.1.7), often referred to as the classical plant 

peroxidases, are targeted to the vacuole or the extracellular space. These monomeric, usually 

N-glycosylated proteins of approximately 300 amino acids, are structurally very similar, and 

contain four conserved disulfide bridges. The active site consists of a heme group that is 

Figure 8. Srprx1 expression in mixed inoculation nodules. 
In situ hybridization of Srprx1, 6 (A, B) and 9 (C, D) days 
after mixed inoculation with ORS571-V44 and 
ORS571-X15. i, infection zone; ic, infection center; ip, 
infection pocket; m, meristematic zone. Bars = 100 µm. 
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coordinated to an invariant proximal histidine, whereas a conserved distal histidine is the 

essential catalytic residue for binding and heterolytic cleavage of H2O2 (Welinder et al., 1992). 

All these characteristics, with exception of the N-glycosylation sites, are found in the deduced 

amino acid sequence of Srprx1. The presence of an N-terminal signal peptide and the absence 

of a vacuolar targeting sequence suggest a cell wall peroxidase. Peroxidase activity has been 

shown by in-gel oxidation of DAB in the presence of H2O2 and by luminol oxidation both in 

protein extracts of roots overexpressing Srprx1 and in nodule extracts after 2 days of bacterial 

inoculation. 

Plant peroxidases are encoded by large multigene families. In the Arabidopsis genome, 73 

genes have been identified, most of them expressed in roots. They account for 2.2% of 

root-expressed sequence tags, but only few show strict organ specificity (Tognolli et al., 2002; 

Welinder et al., 2002). In rice, 138 genes are distributed over all chromosomes (Passardi et al., 

2004a). Also in S. rostrata, Srprx1 is part of a large family as demonstrated by DNA gel blot 

analysis and activity staining of native protein extracts. Consequently, during transcript 

analysis, cross-hybridization with homologous family members might occur. However, the 

probe used for in situ hybridization detected only one gene by DNA gel blot analysis under 

high-stringency washing conditions (data not shown), making it unlikely that more than one 

family member has been visualized. 

Both in adventitious and hydroponic LRB nodule development, Srprx1 transcripts and proteins 

accumulated transiently during the early stages of the interaction, with a difference in time frame 

that corresponds to the faster nodule development on hydroponic roots. Transient induction also 

occurred during RHC invasion, suggesting a basic function in nodulation. Srprx1 expression is 

remarkably specific for nodulation: Srprx1 is rapidly induced by Nod factors, the main bacterial 

morphogens that control nodule development, no transcripts have been detected in other plant 

tissues, and the expression level did not increase upon pathogen attack, a trigger that activates 

various other peroxidase genes (Harrison et al., 1995; Chittoor et al., 1997; Curtis et al., 1997; 

Liu et al., 2005). 

The temporal expression profile of Srprx1 is somewhat reminiscent of that observed for rip1 

in M. truncatula. The latter gene is maximally induced in roots in the preinfection period 

preceding bacterial infection, but is still up-regulated after nodule primordia can be observed 

(96 h), to drop to basal levels afterwards (Cook et al., 1995). However, in situ hybridizations 

indicated that Srprx1 and rip1 are expressed at different sites during nodule formation. The rip1 

transcripts have been localized to epidermal cells in the differentiating root zone, but also to the 
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nascent nodule primordium (Cook et al., 1995; Peng et al., 1996). In contrast, Srprx1 expression 

is tightly linked to the presence of invading rhizobia. Srprx1 is exclusively expressed in cells that 

are in direct contact with the Nod factor producing bacteria, such as those flanking the epidermal 

fissure, IPs, and ITs, but is restricted to the invasion preceding entry in the nodule central tissue. 

Thus, based on the expression data, Rip1 and Srprx1 cannot be true orthologs. Phylogenetic tree 

analysis indicated that Srprx1 and Rip1 cluster together in a clade that consists exclusively of 

Medicago and Sesbania peroxidases and that is related to the group IV peroxidases of 

Arabidopsis (Tognolli et al., 2002), suggesting that several peroxidases have evolved to exert a 

specialized function during nodule formation. The presence of seven members in M. truncatula 

points to functional redundancy or to subfunctionalization (Adams, 2007). 

Class III peroxidases often use H2O2 as a substrate for oxidizing various biological substrates. 

In S. rostrata, H2O2 has been localized at the sites of Srprx1 induction, namely in the walls of the 

cells neighboring the epidermal fissure early after inoculation of root primordia, in cortical cells 

that will collapse to form IPs, and in intercellular and intracellular ITs (D'Haeze et al., 2003). H2O2 

has also been shown to be a Nod factor downstream signal for LRB invasion and to modulate 

Srprx1 expression. 

A putative substrate of the peroxidase could be RNEs, whose expression profile coincides with 

that of Srprx1. RNEs accumulate at stages similar to those of the peroxidase and the induction 

also depends on Nod factor production. RNEs are hydroxyproline-rich glycoproteins characterized 

by interspersed motifs typical for extensin and arabinogalactan proteins (Brewin, 2004; Gucciardo 

et al., 2005). The extensin motif with contiguous hydroxyproline residues, such as SPPPP, is 

predicted to carry small arabinose glycosylations, whereas clustered noncontiguous blocks of 

hydroxyproline are sites for addition of large arabinogalactan polysaccharides built around a 1-3, 

β-linked galactose backbone (Kieliszewski, 2001; Tan et al., 2004). These matrix glycoproteins 

are found only in legumes and are encoded, at least in pea, by a family of genes of different 

length, but with very similar molecular structures (Rathbun et al., 2002). 

The occurrence of a specific subgroup of hydroxyproline-rich proteins and peroxidases in 

legumes, and the very localized and transient induction of Srprx1 during early nodulation stages 

are in agreement with a specialized role in nodulation. Peroxidative cross-linking of RNEs might 

have a function in the initiation of ITs by isolating the bacteria enclosed in the curled root hair, 

thereby counteracting the turgor pressure of the host plant cell and driving IT growth (Brewin, 

2004). A fluid-to-solid transition in the outer cortex by peroxide-driven insolubilization of RNEs 

might also be required during crack entry in S. rostrata, possibly until the ITs enter the nodule 
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central tissue.  

A functional knockout of the Srprx1 gene might clarify these issues. Unfortunately, RNA 

silencing in transgenic roots yielded no nodulation phenotype (J. Den Herder, unpublished data). 

This outcome is not surprising, because several related nodule-enhanced peroxidase gene tags 

have been found back in S. rostrata nodulation (W. Capoen and M. Holsters, unpublished results), 

strongly hinting at the possibility for functional redundancy. In mixed inoculation nodules that are 

invaded by the non-Nod factor-producing mutant ORS571-V44 (D'Haeze et al., 1998) after initial 

complementation by the Nod factor-producing, noninvasive strain ORS571-X15, Srprx1 expression 

was not detected and IT progression was seriously hampered, with many bulged threads and 

IP-like structures in the infection center. In addition, electron microscopic analysis revealed a rim 

of low electron-dense material at the borders of the IT matrix that was continuous with the 

exopolysaccharide (EPS) layer of the bacteria (Den Herder et al., 2007). The spreading of the EPS 

in these ITs might be caused by changes in the physico-chemical properties of the matrix. In 

conclusion, Nod factor-induced functions –among them Srprx1– play a role in proper IT 

progression. Moreover, Srprx1 is a molecular marker that will be of great use in unraveling the 

components of the Nod factor signal perception system in the cortex. 

 

MATERIALS AND METHODS 

 

Biological material 

Sesbania rostrata Brem seeds were surface-sterilized, grown, and inoculated as described 

(Goormachtig et al., 1995; Fernández-López et al., 1998). For root assays, plants were grown 

either in tubes with sterile nitrogen-free liquid Norris medium at pH 7.0 (Vincent, 1970), or in 

Leonard jars with vermiculite, covered with perlite. For H2O2 treatment, a 30% (w/w) aqueous 

solution (Sigma-Aldrich, St. Louis, MO) was used. Purified Nod factors were obtained as described 

(Mergaert et al., 1997) and added to a final concentration of 10-8 M (5.10-9 M of each fraction pI 

and pII). Agrobacterium rhizogenes-mediated transformation of S. rostrata was done as 

described (Van de Velde et al., 2003). 

Azorhizobium caulinodans ORS571, ORS571-X15 (Goethals et al., 1994), and ORS571-V44 

(Van den Eede et al., 1987) were cultivated and used for inoculation as previously described 

(Goormachtig et al., 1995). Infections with Ralstonia solanacearum and Botrytis cinerea were 

done as described by Lievens et al. (2004). 
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Isolation of full-length cDNA clones 

5' RACE was performed with the Marathon cDNA Amplification Kit (Clontech, Palo Alto, CA) to 

obtain the full-length clone corresponding to the partial cDNA Srdd15. cDNA was synthesized 

from RNA extracted from root primordia harvested at 2 dpi with A. caulinodans ORS571. 

Antisense primer sh18 (5'-CCTGCAGTCAACACGTACTTCACCTTG-3') in combination with the AP1 

primer provided was used for the amplification step, according to the manufacturer's instructions. 

RACE products were cloned in the pGEM-T vector (Promega, Madison, WI) and sequenced. The 

full-length sequence was designated Srprx1, reamplified with primers sh27 

(5'-ATGGCCTCAAGCGGGTATCTCTCTG-3') and sh28 (5'-CAATAATCTTAATTAGCTCTCAAATTTC-3') 

with Vent polymerase (New England Biolabs, Beverly, MA), and cloned in the pGEM-T vector as 

pGEMTc6.2fl4. 

For SrRNE1, plaques (3 x 105) of a λZAP cDNA library of developing nodules (Goormachtig et 

al., 1995) were screened with a 32P-labeled didi-2 fragment, an extensin-like partial cDNA isolated 

by differential display (Goormachtig et al., 1995). Phages from single positive plaques were 

transferred to their corresponding plasmid form, according to the manufacturer's protocol 

(Stratagene, La Jolla, CA). The plasmid with the largest insert was sequenced and designated 

pSrExt1. 

 

Protein analysis and activity assay 

A polyclonal antibody was raised by several rabbit injections of a 12-mer-peptide sequence 

(LVKQYSYYPEAF) of Srprx1 with high antigenicity and low hydrophobicity (as predicted by the 

Peptidestructure program in the GCG Wisconsin package; Accelrys, San Diego, CA), coupled to 

the keyhole limpet hemocyanin protein with the Imject Maleimide Activated Immunogen 

conjugation kit (Pierce, Rockford, IL) via an extra Cys residue. Serum was taken 63 days after the 

first injection and used for protein analysis. 

Plant protein extracts were prepared by grinding developing adventitious root nodules in 

liquid nitrogen and addition of 1 volume of extraction buffer (25 mM Tris-Cl pH 8.0, 5 mM EDTA, 

15 mM MgCl2, 85 mM NaCl, 0.1% (v/v) Tween20, and protease inhibitor cocktail tablets [1/10 ml; 

Complete mini; Roche Diagnostics, Brussels, Belgium]). After 2 h of rotation at 4°C, proteins were 

separated from the remainder by centrifugation at 10,000xg and 4°C for 30 min. Protein 

concentration of the supernatant was determined with the Dc Protein assay (Bio-Rad, Hercules, 

CA) and 20 µg of each sample was used for SDS-PAGE. Immunoblot was performed by blocking 
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the membrane in 5% (w/v) skim milk in Tris-buffered saline-Tween and overnight incubation with 

the primary antibody (Pep2#17_63d) at 4°C (1/1000). After washing, the secondary antibody 

(anti-rabbit-IgG-HRP; GE-Healthcare, Little Chalfont, UK) was incubated for 1 h at room 

temperature (1/10000) and detected with a chemiluminescence kit according to the 

manufacturer's instructions (Perkin-Elmer, Norwalk, CT). Detection of SrRNE occurred with 1% 

(v/v) of MAC265 hybridoma culture supernatant (Bradley et al., 1988) and anti-rat-IgG-HRP 

(1/10000) as secondary antibody. 

For the activity assay, extracts (prepared without Tween20) were separated on a native PAGE 

in Tris-glycine buffer without prior denaturation of the samples. Afterwards, the gel was 

equilibrated for 30 min in 20 mM Na-citrate buffer (pH 5.5) before addition of 0.03% (w/v) H2O2 

and 1 mM 3,3'-diaminobenzidine tetrahydrochloride (DAB). Replacement of the reagent mix by 

water stopped the reaction, and the gel was dried in a gel-air dryer (Bio-Rad). 

 

RNA analysis 

RNA of roots was prepared according to Kiefer et al. (2000) and template cDNA was synthesized 

from 2 or 5 µg of total RNA with the SuperScript First-Strand Synthesis System for RT-PCR 

(Invitrogen, Carlsbad, CA). For the specific amplification of a 390-bp fragment of the 3' end of 

Srprx1, primers sl88 (5'-TTCTGGAGGACACACGATTG-3') and sl57 

(5'-TAGTAGTTGACTTTCCTGCAGTC-3') were used. As controls, a ubiquitin (Corich et al., 1998) 

and a β-1,3-glucanase (Lievens et al., 2004) fragment were amplified. Amplification of the 

SrRNE1 fragment occurred with primers Ext1 (5’-CACACCTACCCTCCCCATATTCCCC-3’) and Ext2 

(5’-CCCCGATCTTATAACCTTCTC-3’). The program comprised 20 cycles of amplification for 30 s at 

94°C, 30 s at 60°C, and 30 s at 72°C. The PCR products were detected radioactively with probes 

generated from the cDNA fragment Srdd15, Srubi1 (Corich et al., 1998), Srglu2 (Lievens et al., 

2004), and Srext1 by means of the Rediprime II random prime labeling system (GE-Healthcare). 

The membranes were analyzed with a PhosphorImager (GE-Healthcare). RT-PCR analysis was 

repeated at least twice with independent material. 

RNA blot was performed by separation of 10 µg RNA from the different tissue samples on a 

1% [w/v] agarose gel containing 2% [w/v] formaldehyde, transfer to Hybond-N filters (GE-

Healthcare), and hybridization with the corresponding didi-2 fragment. As a control for equal 

loading, filters were stained with methylene blue (Sambrook et al., 1989). 
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In situ hybridization 

Sections of paraffin-embedded (10 µm) or butyl-methyl-embedded (8 µm) root primordia and 

developing adventitious root nodules were hybridized in situ as described by Goormachtig et al. 

(1997). The plasmid pGEMTc6.2fl4 was digested with SacII and SacI to yield templates for 

35S-labeled antisense and sense probe production with SP6 and T7 RNA polymerase 

(GE-Healthcare), respectively. For SrRNE1, sense and antisense probes were generated by 

digestion of pSrExt1 with XhoI or EcoRI and transcription with T7 and T3 RNA polymerase, 

respectively (Goormachtig et al., 1995). Hybridizations with the sense probe did not yield signal 

above background (data not shown). 

 

Phylogenetic analysis 

All potential peroxidases were collected by running reciprocal best hits iteratively with BLASTP 

over different proteomes, namely, poplar (Populus trichocarpa; Joint Genome Institute), 

Medicago (International Medicago Genome Annotation Group) and Arabidopsis (Arabidopsis 

thaliana; The Arabidopsis Information Resource) starting with the S. rostrata gene. From the non-

redundant set of 275 proteins collected over the three genomes (137, 64, and 57 proteins, 

respectively), a guide tree was made on the most conserved regions in the alignment. Based on 

this cladogram, a proper phylogenetic tree was built for a subset of proteins with the Tree-puzzle 

program (Schmidt et al., 2002) to calculate a maximum-likelihood tree with puzzling steps. 

 

Sequence analysis 

DNA sequencing was carried out with universal SP6 and T7 primers. DNA sequence data were 

assembled and analyzed with the GCG package (Accelrys). Percentage of identity and similarity 

between sequences was determined with the GAP program and aligned with the PileUp program. 

The Srprx1 protein sequence was deduced by the translate program, and further analysis was 

done with the programs SPScan, Motifs, PeptideSort and Isoelectric (all from the GCG package). 

Sequence data from this article can be found in the GenBank/EMBL data libraries under 

accession numbers EF055261 and Z48673. 
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INTRODUCTION 

 

The proposed function of Srprx1 during LRB nodulation in cross-linking matrix glycoproteins 

requires the presence of hydrogen peroxide (H2O2), which would be used as an electron 

acceptor during oxidation of the substrate. As mentioned earlier, H2O2 has been localized to 

outer cortex cells of the fissure region after about 2 dpi, in walls and plasma membranes of 

plant cells close to bacteria in infection pockets at 3 dpi, and in matrix and walls of inter- and 

some intracellular infection threads (D'Haeze et al., 2003), corresponding to in situ Srprx1 

expression. Moreover, pharmacology suggested that H2O2 is a Nod factor downstream signal in 

LRB nodulation (D'Haeze et al., 2003).  

Within this context, identifying the mechanisms and enzymes involved in the generation of 

H2O2 would be informative. Production of reactive oxygen species (ROS), such as H2O2, in 

plants has been a major research topic over the years, as several different functions for these 

molecules have been described. They are formed in numerous cellular processes and were first 

described as deleterious, as they can provoke cellular damage. However, ROS are also involved 

in plant defense against abiotic and biotic stress. In the latter case, this usually entails a rapid 

and transient production of huge amounts of ROS, termed the oxidative burst, which accounts 

for direct killing of pathogens, physical defense against invaders and/or triggering different 

responses as a signaling intermediate (Wojtaszek, 1997; Dat et al., 2000; Gechev et al., 2006).  

Over the years, it has become clear that the oxidative burst is also induced in response to 

symbiotic infection, consistent with rhizobia being initially perceived as invaders by the plant 

(Santos et al., 2001). A role for ROS during symbiosis might be reflected in the abortion of 

many infection threads in the epidermis, which shows hypersensitive response-like 

characteristics (Vasse et al., 1993). In response to this oxidative burst, the symbiotic bacteria 

induce several antioxidant enzymes during infection (Hérouart et al., 1996; Sigaud et al., 1999; 

Santos et al., 2000; Jamet et al., 2003), while bacterial EPS form a protective layer against 

H2O2 (D'Haeze et al., 2004). In parallel to the involvement of ROS in defense-like responses, 

the oxidative burst also functions in the establishment of the symbiotic interaction. Not only 

does it trigger expression of different plant and/or bacterial genes important for nodulation, 

such as Rip1 in M. truncatula (Ramu et al., 2002), but also the initiation and progression of 

infection threads might rely on locally generated H2O2 for the insolubilization of nodule 

extensins in the matrix (Wisniewski et al., 2000). Altogether, a tight regulation of ROS levels is 

important in the rhizobium/legume symbiosis (Hérouart et al., 2002; Pauly et al., 2006).  
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Production of ROS in plants can occur via different mechanisms. Perhaps the most common 

includes leakage of electrons to O2 from electron transport chains during photosynthesis or 

respiration. The oxidative burst in plant-pathogen interactions is usually ascribed to one or both 

of two major pathways. One of these is in analogy with the system in mammalian cells and 

results from the activation of an NADPH oxidase complex that leads to the generation of 

superoxide anion (O2¯˙), which is subsequently used by superoxide dismutases (SOD) to form 

H2O2. The second involves the production of H2O2 by a pH-dependent apoplastic cell-wall 

peroxidase. Yet, alternative sources for ROS have been described, for instance by the activity of 

germin-like oxalate oxidases, which is apparently limited to pathogenic interactions, and by 

copper-containing amine oxidases, such as diamine oxidases (DAO). Both enzymes oxidize 

different substrates while reducing molecular oxygen to H2O2. For reviews on possible sources 

of ROS molecules, I refer to Wojtaszek (1997), Dat et al. (2000), and Mittler et al. (2004).  

In this part, putative mechanisms involved in the generation of H2O2 during S. rostrata LRB 

nodule development will be described. First, the implication of an NADPH oxidase-dependent 

pathway is looked at by localizing superoxide anion in young root nodules. Secondly, two 

enzymes homologous to diamine oxidases, picked up in a screen for differentially transcribed 

genes, are characterized further via expression analysis, and their function is discussed. 

 

RESULTS 

 

Superoxide anion localization  

The involvement of the NADPH oxidase pathway for hydrogen peroxide production in S. 

rostrata hydroponic roots was tested by localizing superoxide anion during initial stages of 

nodule development. Therefore, one week old seedlings grown in tubes with N-free medium 

were inoculated with A. caulinodans ORS571 (pBBR5-hem-gfp5-S65T) and harvested at 

different time-points for superoxide anion detection via the nitroblue tetrazolium (NBT) staining 

procedure, which results in the formation of purple formazan precipitates in the presence of  

O2¯˙(Doke, 1983)(see materials and methods). Representative pictures of the observations are 

shown in figure 1. Uninoculated roots stained purple at the root tips, and occasionally also a bit 

at the lateral root base (data not shown). Early after inoculation, purple coloring was observed 

at the bases of lateral roots where bacteria were localized via UV illumination (Fig. 1A). When 

the nodule primordium was initiated in the cortex, which can be observed by a swelling of the 

LRB, formazan precipitates were again localized to the sites of bacterial presence (Fig. 1B). 

Sectioning of agarose-embedded material at this stage indicated that the staining was strong in 
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the outer cell layers, but was also present in deeper cortical tissue, in which bacteria are 

progressing (Fig. 1C). At 3 dpi, the nodule primordium is growing and the round nodule shape 

is acquired. Here, the infection site where bacteria have entered showed the strongest purple 

coloring, although also several spots were seen on the outer surface of the nodule (Fig. 1D). 

After 4 days of nodule development, formazan precipitation was limited to one or two spots on 

the nodule (Fig. 1E, arrows). Sections elucidated that this spot corresponded to the site of 

initial bacterial entry, central in the open basket-shaped developing nodule (Fig. 1F). In mature 

nodules at 6dpi, purple coloring was occasionally observed on the nodule outer surface (Fig. 

1G), while no precipitation was seen in the cortex of nodule sections (Fig. 1H).  

This experiment indicates that superoxide anion is generated near sites of bacterial 

presence. Hence, the ROS molecule presumably constitutes at least a part of the oxidative 

Figure 1. Superoxide anion localization in developing LRB root nodules.  
Each panel shows bright field image with the corresponding gfp view underneath for visualization of the bacteria. 
Developing nodules at lateral root bases are shown after 1 (A), 2 (B), 3 (D), 4 (E), and 6 days (G) after inoculation 
with A. caulinodans ORS571 (pBBR5-hem-gfp5-S65T). Panels C, F, and H are semithin sections of agarose-
embedded developing nodules at 2, 4, and 6 dpi, respectively. Arrows indicate localized spots of purple formazan 
precipitates. 
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burst produced during symbiosis with A. caulinodans. Furthermore, the superoxide might be 

used by SODs for dismutation to hydrogen peroxide. Interestingly, a Cu/Zn SOD homologue 

(WC044BT43M34-318.5) was identified as crack entry-specifically upregulated in a cDNA-AFLP 

analysis comparing LRB and RHC nodulation on S. rostrata roots (Capoen et al., 2007). It will 

be interesting to characterize this gene tag further and localize its transcripts in developing 

nodules. In conclusion, the NADPH oxidase / SOD pathway presumably is at least partly 

responsible for the production of ROS molecules during LRB nodulation. 

 

Identification of two diamine oxidase genes 

Transcriptome analysis via cDNA-AFLP previously mentioned attempted to make a comparison 

between root hair curling and crack entry invasion in S. rostrata (Capoen et al., 2007). A large 

number of differentially transcribed genes were identified as up- or down-regulated in either 

one or both invasion ways. Two commonly up-regulated tags (WC004BT12M21-217.7 and 

WC036B34M24-243.9) showed homology to diamine oxidases (copper amino oxidase, E.C. 

1.4.3.6), while another amine oxidase (WC012BT12M43-528.5) was down-regulated during 

both bacterial invasion routes. The former were of interest because of their possible 

involvement in the generation of ROS molecules, and were characterized further. The profile 

that was obtained in the cDNA-AFLP for both gene tags, named SrDAO1 and SrDAO2, is 

depicted in figure 2. Although an 

initial small dip was seen for 

SrDAO1, both tags were up-

regulated both in LRB and RHC 

nodulation with a maximum at 72 

or 48 hours after inoculation. 

Later time-points for RHC showed 

a decrease of transcription to 

basal levels. No differential 

expression was seen after 

inoculation with A. caulinodans 

ORS571-V44 that does not 

produce Nod factors (Fig. 2). 

Initially, the short tags were cloned and used to try identifying the full-length encoding 

cDNA via rapid amplification of cDNA ends (RACE) on a S. rostrata library of nodulation-

enhanced transcripts (see materials and methods). Both 5’ and 3’ RACE reactions were 

Figure 2. Gene tag expression profiles of SrDAO1 and SrDAO2 
from the cDNA-AFLP experiment (Capoen et al., 2007).  
The blue line (V44) indicates transcript changes after inoculation of 
roots with ORS571-V44, a bacterial strain that does not produce 
Nod factors, as a negative control. The green (LRB) and red (RHC) 
lines show the transcript pattern at different time points after 
bacterial invasion in hydroponic or aeroponic conditions, 
respectively. For a more detailed description of sample analysis, I 
refer to Capoen et al. (2007). 
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performed, leading to the identification only partial ORF-encoding products for both tags. Their 

partial putative amino acid sequences (with SrDAO1 and SrDAO2 lacking about 330 and 430 

amino acids to the 5’ side, 

respectively) contained at least 

part of the enzyme domain of 

copper amine oxidases. They 

showed a quite high level of 

identical (74.9%) and similar 

amino acids (85.5%) in the 

overlapping part. The SrDAO1 

and SrDAO2 genes encoded 

partial putative ORFs of 341 

and 236 amino acids, 

respectively, and displayed high 

homology to the copper/topa 

quinone amine oxidase 

precursor of Lathyrus sativus 

(accession number CAH10210), 

a copper amine oxidase of 

Cicer arietinum (CAA08855), 

and a copper amino oxidase of 

Glycine max (CAE47488). An 

alignment with these homologs 

is represented in figure 3. 

Remarkably, during 3’ RACE 

of the SrDAO2 gene tag, two 

products were obtained that 

were identical until the 

stopcodon of the putative 

protein, but clearly different in 

the region hereafter 

corresponding to the 3’ untranslated region (Fig. 4). The two fragments might thus be derived 

from two different genes, and were named SrDAO2a and SrDAO2b. Alternatively, they might 

result from alternative splicing of the same gene. Unfortunately, no genomic information is 

available for S. rostrata. 

Figure 3. Amino acid sequence alignment of the partial putative 
proteins encoded by SrDAO1 and SrDAO2 with homologous proteins 
in L. sativus (CAH10210), G. max (CAE47488), and C. arietinum 
(CAA08855). A 50 % threshold was set for identity/similarity shading. 
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Temporal expression of SrDAO1/2 

For both genes, fragments of about 300 bp containing the 3’ untranslated region were 

amplified in semi-quantitative reverse transcriptase (RT)-PCR on samples from uninoculated 

adventitious root primordia and developing adventitious root nodules at 1, 2, 3, 4, 5, 6, and 8 

days after inoculation with wild type A. caulinodans ORS571 (see materials and methods). The 

expression was compared to a constitutive ubiquitin gene to allow quantification. As 

demonstrated in figure 5, SrDAO1 is clearly induced from 2 dpi and reaches a maximum at 4 

dpi, after which expression drops slightly. For SrDAO2, two fragments generated from the 

different RACE products yielded similar results, and fragment 2 was used for quantification and 

in situ transcript localization because of higher signal. Transcripts accumulated already after 1 

day of inoculation and continued to increase until 4 dpi. Later, expression decreased to the 

Figure 4. Alignment of the 2 different 
untranslated regions (UTRs) found 
for SrDAO2.  
The end of the coding sequence is 
identical and shown with 
corresponding amino acids. 

 

Figure 5. Semi-quantitative RT-PCR analysis of both DAO genes compared to the constitutive SrUBI1 gene.  
The graphs result from quantification to the control and the first value is set to zero for comparison with figure 2. 
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basal level at 8 dpi. Overall, induction of SrDAO2 seemed lower than for SrDAO1. These profiles 

confirm the early LRB root nodulation trends in the cDNA-AFLP data, in which the later time 

points are not present. As it was the case for RHC, transcript accumulation decreased later on.  

 

Transcript localization during nodule development 

Next, in situ transcript localization of both genes was performed on sections of paraffin-

embedded developing stem nodules, using the previously described fragments as templates to 

generate antisense RNA probes. It should be mentioned primarily that for both genes a high 

background signal was seen and the experiment has been done only once as a pilot and should 

be repeated. Nevertheless, some patterns were clearly observed and are shown here. In 

uninfected adventitious rootlets, SrDAO1 transcripts were localized to vascular tissue of the 

protruding root primordium (Fig. 6A). One day after wild type inoculation the meristem of the 

primordium is sometimes activated leading to a slightly enlarged adventitious rootlet. At this 

stage, SrDAO1 transcripts were present in the vasculature and in the root meristem (Fig. 6B). 

At 2 dpi, a nodule primordium is initiated and bacterial infection pockets are getting formed. 

Interestingly, transcripts were visualized in this initial nodule primordium, and also in the 

cortical cells below the formed infection pockets (Fig. 6C, arrowheads). One day later, infection 

threads are initiated from the infection pockets that grow toward the developing nodule 

primordium. Here, expression was again observed in the nodule primordium, and a more 

intense signal was seen in the cortical cells in between the pockets and primordium (Fig. 6D, 

arrowheads). This strong cortical expression was also observed in 4-day-old nodules. The 

Figure 6. In situ transcript localization of SrDAO1 in developing adventitious root nodules.  
Bright- and/or dark-field pictures are represented, and signal is seen as black or white spots therein, respectively. 
10 µm sections of uninoculated (A) and inoculated adventitious root primordia after 2 (B), 3 (C-D), 4 (E-F), and 6 
(G-H) days of nodule development are shown. Arrowheads depict strong cortical expression. Abbreviations: vb, 
vascular bundle; np, nodule primordium; ip, infection pocket; ic, infection center; f, fixation zone; nv, nodule 
vasculature. Bars: 100 µm. 
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dividing cells of the nodule primordium now surround the infection center, through which the 

infection threads pass before they release bacteria in plant cells in the infection zone. A lower 

expression appeared within the infection center (Fig. 6E, F). At 6 dpi, the typical zonation 

pattern with meristem, infection zone and fixation zone is observed, and all zones exhibited 

DAO1 transcripts but the strongest signal occurred near the meristem. In addition, some 

remaining cortical expression was seen at the initial infection sites near the epidermal fissure, 

as well as in nodule vascular tissue that has been formed meanwhile (Fig. 6G, H). Atfter 12 

days, only some low level expression in the fixation zone is observed, somewhat higher at the 

side where the meristem has ceased, as well as in the nodule vasculature (data not shown).  

The SrDAO2fr2 antisense probe yielded a signal strongly resembling the previously 

described pattern of SrDAO1. Expression was observed in root meristem and root vascular 

bundle at 1 dpi, in the initiated nodule primordium and stronger in the cortex near bacterial 

invasion sites at 2 and 3 dpi (Fig. 7 A-D). At 4 and 5 days of nodule development, the strongest 

signal was seen near the meristem side and was less prominent in the infection center (Fig. 

7E), infection zone and fixation zone (Fig. 7F). Nearly mature nodules (Fig. 7G, H) exhibited 

this lower level expression in the fixation zone, although somewhat stronger to the side of the 

ceasing meristem. The nodule vascular bundles and also the nodule parenchyma showed 

transcript accumulation. The pattern observed in vascular tissue is non-symbiotic, as signal is 

also seen in adventitious rootlet vascular bundles. In conclusion, the similar pattern for both 

genes in RT-PCR is associated with a similar in situ transcript pattern.  

 

Figure 7. In situ transcript localization of SrDAO2 in developing adventitious root nodules.  
Bright- and/or dark-field pictures are represented of sections at 2 (A-B), 3 (C-D), 4 (E-F), and 6 (G-H) days post 
inoculation. Arrowheads depict strong cortical expression. Abbreviations: np, nodule primordium; vb, vascular 
bundle; ic, infection center; ip, infection pocket; I, infecton zone; f, fixation zone; npa, nodule parenchyma. Bars: 
100 µm. 
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DISCUSSION 

 

The data presented here further suggest a specific role for ROS in LRB nodulation of S. 

rostrata. Superoxide localization indicates the involvement of the NADPH oxidase pathway for 

the generation of H2O2 early in the interaction with bacteria. Furthermore, DAOs might also be 

involved based on their expression profile. H2O2 has been proposed a Nod factor downstream 

signal during LRB nodulation. Inhibitors of NADPH oxidase (diphenyl iodonium chloride, DPI) 

and SODs (diethyldithio carbamic acid, DDC) completely blocked Nod factor-induced axillary 

root hair formation as well as nodule initiation and bacterial infection, suggesting that this is 

the main source of H2O2 (D'Haeze, 2001). On the other hand, DDC can also inhibit DAO activity 

(Medda et al., 1995). Accordingly, DAO induction might also be regulated by Nod factors, 

although this has not been tested.  

Different ROS molecules and pathways leading to their production were described in other 

legume symbioses. In alfalfa, superoxide has been localized in infection threads, but also in 

infected cells of up to 9 day old nodules. H2O2 was formed in zone II cells of the infection zone, 

and in some infection threads (Santos et al., 2001). Another report confirmed this H2O2 

localization both in alfalfa and pea (Rubio et al., 2004). Furthermore, it demonstrated the 

specific induction of Cu/Zn SOD most abundant in the zone I and II of the nodules, while Mn 

SOD expression was associated with the N-fixing zone (Rubio et al., 2004). Subcellularly, the 

Cu/Zn SOD colocalized with H2O2 in infection threads, in cytosol adjacent to cell walls and in 

the apoplast, while enzyme inhibitors largely reduced the amount of H2O2 at these sites. The 

authors therefore hypothesized that at least some of the hydrogen peroxide produced during 

infection originates from the sequential operation of NADPH-oxidase enzyme(s) and CuZn SOD 

(Rubio et al., 2004). In addition, expression and activity of a CuZn SOD in L. japonicus was also 

associated with young developing nodules and was thought to function in H2O2 generation 

(Rubio et al., 2007). The superoxide anion localization in S. rostrata LRB nodulation and the 

crack entry-specific upregulation of such a CuZn SOD reminds of a similar method.  

DAO activity might also contribute to the generation of H2O2 during nodule initiation on S. 

rostrata based on the strong cortical expression of both DAO genes characterized here. In pea 

nodules, DAO is involved in peroxide-driven insolubilization of matrix glycoproteins as a 

potential source of H2O2 (Wisniewski et al., 2000). However, also other mechanisms for H2O2 

generation might be active there because o-phenanthroline, a specific inhibitor of DAO, only 

partially restored exudation of matrix glycoproteins from root tips, which was used as an assay 

to study involvement of different enzymes (Wisniewski et al., 2000). Moreover, pea lines with 
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strongly reduced DAO activity were less active in cross-linking, although the process was still 

observed (Wisniewski and Brewin, 2000). Gene expression accompanied the full development 

of the nodule by a clear upregulation and it was localized to the central infected tissue, 

particularly in the zone of cell invasion. The protein was situated in cell walls and intercellular 

spaces near the pea nodule apex in the invasion zone and, interestingly, also in the cortex 

(Wisniewski et al., 2000). The expression pattern of DAO in pea resembles that of both genes 

in Sesbania in the cortex near the crack and infection pockets, and corresponds to the place 

where H2O2 has been visualized via CeCl3 precipitation (D'Haeze et al., 2003). The cortical 

activity of DAO might thus contribute, together with the NADPH oxidase pathway, to the H2O2 

production that is used during oxidative cross-linking of cell wall proteins. On the other hand, 

the expression does not exactly co-localize with Srprx1, which was tightly associated with 

invading bacteria. DAO transcripts are more spread over the cortex cells near the invasion sites, 

and might be induced there to allow ramification of progressing infection threads.  

The second pattern in the nodule primordia and the central tissue throughout Sesbania 

nodule development is probably related to other functions of DAOs. By exerting their 

biochemical function, these enzymes modulate the level of polyamines in tissues, which have 

been implicated in many processes including growth and development, stress responses and 

senescence. Transgenic pea plants with seriously reduced DAO activity in pea nodules were 

less sensitive to the inhibitory effects on nodule development of exogenous putrescine, which is 

the preferred substrate for DAO (Wisniewski and Brewin, 2000). The proteins may thus also 

function in influencing polyamine metabolism in the host plant, more specifically by reducing 

endogenous levels of putrescine during nodulation. 

 

MATERIALS AND METHODS 

 

Biological material 

S. rostrata Brem seeds were surface sterilized (Goethals et al., 1989), germinated, and grown 

at 28ºC under a regime of 16 h of light and 8 h of darkness (Goormachtig et al., 1995). For 

stem inoculations, three plants were cultivated per pot and, after 6 weeks, stems were 

inoculated by painting with azorhizobia as described (Goormachtig et al., 1995). For root 

inoculation, seedlings were transferred to 70-ml tubes containing sterile nitrogen-free Norris 

medium, pH 7.0 (Vincent, 1970), and inoculated after 1 week as described (Fernández-López et 

al., 1998).  
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A. caulinodans ORS571, Azorhizobium caulinodans ORS571 (pBBR5-hem-gfp5-S65T) and 

ORS571-V44 (pRG960SD-32) (Van den Eede et al., 1987; D'Haeze et al., 1998) were grown at 

37ºC in yeast extract broth medium (Geremia et al., 1994) containing the appropriate 

antibiotics. 

 

NBT staining procedure 

Localization of superoxide occurred after 10 minutes of vacuum infiltration of the material in a 

10 mM Na-P buffer (pH 7.8) by incubating with 0.1% (wt/vol) nitroblue tetrazolium (NBT) 

(Sigma) and 10 mM NaN3 in this buffer for 30 min at 37˚C. As positive and negative control, 50 

µM paraquat dichloride (Sigma), a superoxide generator, or 25 µM manganese (III) tetrakis (1-

methyl-4-pyridyl) porphyrin (MnTMPyP) (A.G. Scientific, San Diego, Ca), a superoxide 

dismutase mimic, was added overnight or 20 min prior to NBT staining, respectively. Sections 

of about 100 µm were made with a vibroslicer on material embedded in 5% (wt/vol) agarose 

and visualized under fluorescence stereomicroscope MZFLIII (Leica, Heerbrugg, Switzerland). 

 

Sequence isolation and analysis 

Sequence tags homologous to amine oxidases that were found via cDNA-AFLP (Capoen et al., 

2007) were subjected to rapid amplification of cDNA ends with the SMART RACE cDNA 

amplification kit (Clontech, Palo Alto, CA, U.S.A.). cDNA was synthesized from mixed RNA 

extracted from root primordia at different time-points after inoculation with A. caulinodans 

ORS571. For SrDAO1, nested primers DAO1AS2 (5′-TTTGAGTATCAAATGTCCAATAACTC-3′) and 

DAO1Race5 (5′-TGGAACTGTTATCAGTGACCTGC-3′), or DAO1S (5′-GTTGGTGTTTGCCATGACC-

3′) and DAO1Race3 (5′-CATCTTGACCTTGACATTGATGG-3′) were used for 5’ or 3’ RACE, 

respectively. For SrDAO2, nested primers DAO2AS (5′-GATGAGTCCTGAGTAACTCAAATCC-3′) 

and DAO2Race5 (5′-TCCTGTGCTGGAACATGGTG-3′), or DAO2S (5′-ACACGTGTGGGTACTCCC-

3′) and DAO2Race3 (5′-GGCCGGTGGACTCTTTGTTG-3′) were used.  These were combined with 

primers UPM (5′-CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3′) and NUP 

(5′-AAGCAGTGGTATCAACGCAGAG-3′) in successive nested amplification steps according to the 

manufacturer’s instructions (Clontech). The sequences obtained were cloned in pCRII-TOPO 

vector (Invitrogen, Carlsbad, CA) and sequenced with universal SP6 and T7 primers. Sequence 

data were assembled and analyzed with the GCG Wisconsin Package (Accelrys, San Diego, CA). 

 

 

 



Addendum Chapter 5 

 128 

DNA gel blot analysis 

Southern blot analysis was done as described in Goormachtig et al. (1997), and a labeled probe 

was generated from vector pCR2.1-DAO2tag containing the originally isolated 202 bp tag of 

DAO2 from the cDNA-AFLP, and occured with the Rediprime II random prime labeling system 

(GE-Healthcare, Little Chalfont, UK). 

 

Expression analysis 

First, fragments containing the untranslated region of the gene tags were subcloned to use 

these during transcription analysis. A 303 bp fragment of the DAO1 sequence was amplified 

and cloned with primers DAO1-sense1 (5′-GATCAAAGTCGTGGGGAAGA-3′) and DAO1-asense1 

(5′-CTAACACACATGCATGGGGC-3′) to generate pCRII-SrDAO1fr. For DAO2, two different 

fragments of 334 and 337 bp (with the different 3’ untranslated regions) were made with sense 

primer DAO2-sense1 (5′-GTGGGAATTCACCATGTTCC-3′) and antisense primers DAO2-asense1 

(5′-ACCAGCACGCAAGTAAAC-3′) or DAO2-asense2 (5′-GCAATTACCACCTCACAACTAAAC-3′) and 

cloned to get the pCRII-SrDAO2fr1 and pCRII-SrDAO2fr2 vectors, respectively.  

RNA of roots was prepared according to Kiefer et al. (2000) and template cDNA was 

synthesized from 2 µg of total RNA with the SuperScript First-Strand Synthesis System for 

RT-PCR (Invitrogen). Semi-quantitative reverse-transcription (RT)-PCR analysis was performed 

with the primers described in the previous paragraph for amplification of the different 

fragments. As a constitutive control, an ubiquitin fragment was amplified with sense primer 

ubi14 (5′-GATTTTTGTGAAGACCTTGACGGG-3′) and antisense primer ubi16 (5′-

CACAGACCCATTACACATCCACAAG-3′). The polymerase chain reaction (PCR) program consisted 

of 20 cycles of amplification for 30 s at 94ºC, 30 s at 57ºC, and 30 s at 72ºC. PCR products 

were detected by autoradiography after blotting to a Hybond-N nylon membrane (GE-

Healthcare) as described (Corich et al., 1998). Probes were generated from the purified PCR 

product with the Rediprime II Random Prime Labeling System (GE-Healthcare) and the 

membranes were analyzed with a PhosphorImager (GE-Healthcare). Results were quantified to 

the constitutive control with Image-Quant software (GE-Healthcare). 

 

In situ hybridization 

Sections of 10 µm of paraffin-embedded uninfected adventitious root primordia and developing 

stem nodules at 1, 2, 3, 4, 5, 6, and 12 days post inoculation were hybridized in situ as 

described (Goormachtig et al., 1997). 35S-labeled antisense probes were produced according to 

standard procedures (Sambrook et al., 1989). Plasmids pCRII-SrDAO1fr and pCRII-SrDAO2fr2 
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were digested with BamHI to yield templates for radioactive antisense probe production with 

T7 RNA polymerase (Invitrogen).  
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AN INTRODUCTION TO LEGUME NODULATION 

 

The plant hormone ethylene plays an important role in plant-bacterium interactions. During 

pathogen attack, ethylene mediates defense responses to reduce or enhance disease symptoms 

depending on the pathogenic strategy (Hoffman et al., 1999). Ethylene also has a major function 

in the beneficial rhizobial and arbuscular mycorrhizal symbioses (Guinel and Geil, 2002). The 

Rhizobium-legume interaction results in the formation of new organs, the nodules, on roots of 

compatible host plants. Inside the central nodule cells, bacteria are housed as symbiosomes, 

which are horizontally acquired organelles that enzymatically reduce atmospheric dinitrogen to 

provide their host with ammonia. In agriculture, symbiotic nitrogen fixation can be an 

environmentally friendly alternative for nitrate fertilization, which pollutes ground waters because 

of excess application. The capacity to establish a nitrogen-fixing symbiosis with leguminous plants 

was first thought to be restricted to β-proteobacteria of the genera Rhizobium, Bradyrhizobium, 

Sinorhizobium, Mesorhizobium, Allorhizobium, and Azorhizobium. However, also bacteria from 

outside the Rhizobiaceae family can associate with legumes, such as strains of Methylobacterium, 

but also members of the β-proteobacteria, such as some Burkholderia sp. strains and Ralstonia 

taiwanensis (Moulin et al., 2001; Sy et al., 2001; Chen et al., 2003). Hence, nowadays the term 

‘rhizobia’ is used to indicate all soil bacteria capable of establishing a nitrogen-fixing symbiosis 

with legume roots. 

The rhizobium-legume interaction starts when root exudates, such as flavonoids, trigger the 

transcription of nodulation (nod) genes in compatible bacteria, resulting in the production of 

nodulation (Nod) factors, which act as return signals to initiate nodule development. Nod factors 

are lipochito-oligosaccharides that consist of a backbone of N-acetylglucosamine residues with an 

acyl chain at the non-reducing end and strain-specific modifications, such as methylation, 

acetylation, carbamoylation, arabinosylation, and fucosylation at both reducing and non-reducing 

termini (D'Haeze and Holsters, 2002; Geurts and Bisseling, 2002). Nod factor perception by 

specific receptors in compatible host plants activates a genetic program for organ development 

concomitant with bacterial invasion. 

The most common and best-characterized rhizobium-legume interactions start via intracellular 

invasion of root hairs. The root hair curling (RHC) nodulation mechanism occurs in major crops 

(e.g. pea, common bean, soybean, vetch, alfalfa) as well as in the model legumes Medicago 

truncatula and Lotus japonicus. Bacteria colonize developing root hairs, located above the root 

meristem (zone I root hairs), and produce Nod factors that interfere with the root hair growth, 

causing the formation of a three-dimensional curl that entraps a bacterial microcolony (Kijne, 
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1992). After local cell wall hydrolysis, the plant plasma membrane is invaginated to form an 

infection thread (IT) that guides dividing bacteria to the base of the root hair. Simultaneously, 

Nod factor signaling triggers reinitiation of the cell cycle in cortical cells to create a nodule 

primordium in the inner cortex. In the outer cortex, the cell cycle is initiated but arrested before 

mitosis, resulting in the formation of cytoplasmic bridges, also called pre-infection threads (PITs), 

through which the ITs progress. Transcellular ITs fuse with the distal cell wall and proceed from 

cell to cell in a repetitive process of membrane invagination, tip growth, and cell wall fusion 

(Gage and Margolin, 2000; Gage, 2004). When the inward-growing IT meets the 

outward-growing nodule primordium, the bacteria are engulfed by the plant membrane and 

internalized in the plant cell to differentiate into nitrogen-fixing bacteroids. For an extensive 

description of these processes, we refer to Brewin,(2004). 

In an alternative way for nodule initiation that differs from RHC nodulation in the primary 

invasion stages, infection does not require root hairs but occurs intercellularly at lateral root bases 

(LRBs), where a fissure in the epidermis exposes cortex cells to the environment. LRB nodulation 

by crack-entry invasion has been best studied in the semi-aquatic tropical legume 

Sesbania rostrata. This legume has versatile growth and nodulation features as an adaptation to 

temporarily flooded habitats. Upon inoculation of well-aerated roots with a compatible 

microsymbiont, such as Azorhizobium caulinodans, RHC nodulation occurs in zone I (Goormachtig 

et al., 2004b). However, upon flooding and at positions of stem-located adventitious rootlets, 

nodules form via crack-entry invasion. Bacteria colonize the fissure that is present at the base of 

the lateral roots or the adventitious rootlets. Bacterial Nod factors trigger local cell death of a few 

cortical cells to create intercellular spaces that are colonized by the rhizobia to form infection 

pockets (IPs) (D'Haeze et al., 2003). As during RHC invasion, a nodule primordium is initiated in 

the mid-inner cortex. From the IPs, the bacteria migrate via inter- and intracellular ITs toward the 

developing primordium, in which they are again internalized to form symbiosomes (Ndoye et al., 

1994; Goormachtig et al., 1998). 

Legume nodules can be of several types (Hirsch, 1992). Most legume species, including 

M. truncatula, develop indeterminate nodules characterized by an elongated shape that is caused 

by the presence of a persistent apical meristem. In these indeterminate nodules, several zones 

can be distinguished: the distal meristem that delivers new cells to the infection zone where 

bacteria are internalized, an interzone with amyloplast accumulation and differentiation of 

bacteroids, a fixation zone with plant cells harboring N2-fixing symbiosomes interspersed with 

non-infected cells, and a senescent zone (Vasse et al., 1990; Pawlowski and Bisseling, 1996; 

Timmers et al., 1999). In L. japonicus and in a number of tropical legumes, nodules are of the 
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determinate type with a typical round shape that results from the cessation of meristem activity 

after nodule initiation and growth of the nodule mainly by cell expansion (Sprent, 2002). 

Interestingly, in S. rostrata, both types of nodules can be found dependent on the growth 

conditions. Round determinate nodules are present on hydroponic roots while indeterminate 

cylindrical nodules with a persistent meristem occur on aerated roots (Fernández-López et al., 

1998). The factors that control the switch will be discussed below. 

Many plant hormones are involved in the nodulation process. The balance between auxin and 

cytokinin presumably plays a role in setting the landscape for nodule development (Ferguson and 

Mathesius, 2003). Cytokinins were detected in Pisum sativum (pea) nodules (Syono and Torrey, 

1976). N-(1-naphthyl) phthalamic acid (NPA), an inhibitor of auxin transport, induced 

pseudonodules on Medicago sativa (alfalfa) roots that contained transcripts for the early nodulin 

gene ENOD2 (Hirsch et al., 1989). Likewise, cytokinin application triggered ENOD2 expression in 

S. rostrata roots and ENOD40 induction in alfalfa and Trifolium repens (white clover) (Dehio and 

de Bruijn, 1992; Fang and Hirsch, 1998; Mathesius et al., 2000). Recently, cytokinin perception 

via MtCRE1/LjLHK1 was demonstrated to be required for nodule development, indicating 

crosstalk between cytokinin and Nod factor signaling. In L. japonicus,  a loss-of-function mutant 

was isolated which showed a hyperinfection phenotype and lacked nodule primordia (Murray et 

al., 2007). Conversely, a gain-of-function mutation within the same gene allowed spontaneous 

nodule formation (Tirichine et al., 2007). Similarly, in M. truncatula it was shown that 

downregulation of MtCRE1 via RNAi resulted in a strong reduction in nodule primordium 

formation (Gonzalez-Rizzo et al., 2006). Auxin transport inhibition preceded nodule formation in 

roots of white clover and the expression of an auxin-responsive reporter construct GH3:gusA was 

rapidly, but transiently, downregulated after inoculation, followed by an upregulation at the site 

of nodule initiation (Mathesius et al., 1998). Changes in endogenous hormone levels may be the 

consequence of Nod factor perception in the legume host (Hirsch and Fang, 1994). Gibberellic 

acid (GA) has also been found to be involved in nodule initiation and development (Ferguson et 

al., 2005). In S. rostrata, an enzyme of the GA biosynthesis pathway, a gibberellin-20-oxidase, is 

produced during LRB nodulation, whereas chlormequat chloride, an inhibitor of gibberellin 

synthesis, blocks LRB nodulation when applied prior to infection (Lievens et al., 2005). 

In this chapter we will discuss the involvement of ethylene at different stages of the 

nodulation process. We will consider both nodulation via RHC in M. truncatula and other legumes 

that are sensitive to ethylene, and LRB nodulation with crack-entry invasion in S. rostrata, which 

depends on ethylene. 

 



Chapter 6 

 138 

ETHYLENE-SENSITIVE RHC NODULATION 

 

Pharmacological evidence 

Plenty of data are available regarding pharmacological experiments that involve ethylene, 

ethylene-releasing molecules, and inhibitors of ethylene synthesis and perception in different 

legume species. More than 30 years ago, Grobbelaar et al. (1971) observed that nodulation of 

Phaseolus vulgaris (common bean) was inhibited when ethylene was applied to the roots. 

Exogenous ethylene also decreased nodule number in pea. Not the number of primary infections 

was reduced, but fewer bacteria could enter the outer cortical cells (Lee and Larue, 1992). 

Moreover, nodulation of the pea mutant E107 (brz) that had a low number of infections of which 

only a small percentage passed the epidermis, was partly restored by L-α-(2-aminoethoxyvinyl) 

glycine (AVG) or silver ions, inhibitors of ethylene synthesis and perception, respectively. Instead 

of increasing the number of initial infections, silver treatment allowed more ITs to pass the 

epidermis and proceed toward the cortex (Guinel and Larue, 1992). 

Also in M. sativa, treatment with AVG increased the number of nodules (Peters and Cristestes, 

1989). Application of 1-aminocyclopropane-1-carboxylic acid (ACC), the direct precursor of 

ethylene, to M. truncatula roots had an inhibitory effect on the nodule number (Penmetsa and 

Cook, 1997). When ACC was added during initiation of infection, i.e. before the first nodule 

primordia were evident, nodulation was blocked. After nodule primordia were visible 

macroscopically, further nodule development was not affected by ACC, suggesting that sustained 

rhizobial infection may have acquired insensitivity to ethylene (Penmetsa and Cook, 1997). 

Additionally, Oldroyd et al. (2001) demonstrated that in M. truncatula the infection frequency was 

influenced by exogenous ACC or AVG. The plants were grown on plates with increasing levels of 

ACC or AVG and the number of infection events were counted, including curled root hairs with a 

bacterial microcolony, in which no ITs were visible. In this experimental set-up, the number of 

infection events increased with decreasing levels of ethylene (Oldroyd et al., 2001). 

In L. japonicus as well as in Macroptilium atropurpureum (siratro), two species that form 

determinate nodules, ACC reduced the number of nodules whereas AVG and silver ions enhanced 

nodulation (Nukui et al., 2000; Yuhashi et al., 2000). The formation of primordia and nodules was 

enhanced only at later stages after application of silver ions, while this increase started earlier 

after addition of AVG, suggesting different effects of altered ethylene synthesis and perception 

(Nukui et al., 2004). 



Ethylene in nodule symbiosis 

 139 

Vicia sativa subsp. nigra (vetch) developed a thick short root (Tsr) phenotype upon growth in 

the light and subsequent inoculation with its bacterial partner. The roots were twice as thick as 

normal and had a reduced length and an increased number of root hairs. Nodulation was delayed 

and nodules were formed at sites of lateral root emergence rather than on the main root. After 

addition of AVG, the development of the phenotype was suppressed; the plants nodulated earlier 

and the nodules were located on the primary root (Zaat et al., 1989). Later, the Tsr phenotype 

was characterized by a swelling of the cortical cells, which corresponded with a reorientation of 

the microtubules from a transverse to a longitudinal direction, with cell wall modifications and 

frequent absence of middle lamellae (van Spronsen et al., 1995). Similar changes could be 

induced by the ethylene-releasing molecule 2-chloro-ethylphosphonic acid (ethephon) and were 

inhibited by AVG. An excess of ethylene production, triggered by Nod factors when the roots are 

exposed to light, might cause the Tsr phenotype. The ethylene-related changes in the cortex 

would inhibit nodulation probably by preventing formation of PITs and by reducing formation of 

nodule primordia. (van Spronsen et al., 1995). Consistent with this hypothesis was the 

observation that AVG rescued the Tsr phenotype after growth in the light of L. japonicus, in 

which PITs were found, while it did not rescue the delayed nodulation in bean where no such 

cytoplasmic bridges are formed (van Spronsen et al., 2001). 

Interestingly, not all plant species have features of ethylene-inhibited nodulation. The 

best-studied example of non-ethylene-responding legumes is Glycine max (soybean) in which 

nodule numbers on ethylene-insensitive mutants and on plants treated with silver ions were 

similar to those of wild-type plants (Schmidt et al., 1999). 

 

Mutant analysis and transgenic approaches in plants and bacteria 

The involvement of ethylene in RHC nodulation became clearer by analyzing the symbiotic defects 

of mutant plants and bacteria. M. truncatula plants homozygous for the recessive sickle allele had 

pleiotropic phenotypes, such as delayed petal and leaf senescence and decreased abscission of 

seed pod and leaves. Seedlings did not show the triple response upon ACC or ethylene treatment, 

suggesting that the plants were defective in perception of the ethylene signal and that the 

mutated gene was a component of the ethylene signal transduction pathway. The gene has been 

identified as an ortholog of the Arabidopsis thaliana EIN2 gene (Chan et al., 2005) that encodes a 

transmembrane protein with an N-terminal domain that shows similarity to the N-ramp family of 

metal ion transporters (Alonso et al., 1999). Loss-of-function mutations cause complete ethylene 

insensitivity, showing that EIN2 is a positive regulator in the ethylene signal transduction 

pathway. In the sickle mutant, the number of persistent infections increases considerably in the 
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nodulation zone of the root. Because of a very high number of nodule primordia, this zone 

becomes swollen and sickle-shaped (Penmetsa and Cook, 1997). These observations support the 

conclusion that ethylene is implicated in arrest of rhizobial infection at the epidermis/cortex 

interface to control the number of infection events: possibly, a local production of ethylene 

impedes penetration of ITs into the cortex cells. Abortion of ITs at the epidermis/cortex interface 

has also been observed in the S. meliloti-alfalfa symbiosis (Vasse et al., 1993). Interestingly, 

mutants bit1-1 and poodle (bit1-2) of M. truncatula were affected in a transcription factor, ERN 

(ERF required for nodulation), which encodes a member of the ERF subfamily of AP2-domain 

containing transcription factors. The mutants were blocked in the initiation and development of 

infection threads in the epidermis. Furthermore, ERN was necessary for Nod factor-induced gene 

expression and spontaneous nodulation. Hence, it was proposed to be a Nod factor signal 

transduction component downstream of DMI3 (Middleton et al., 2007). ERFs were initially found 

as transcription factors involved in the last step of ethylene signal transduction (Ohme-Takagi and 

Shinshi, 1995). However, it is not known whether ERN has altered ethylene sensitivity, and 

preliminary analysis through regulating ethylene levels failed to rescue the nodulation defects 

(Middleton et al., 2007). Additionally, ERN is a member of group V (B-6) (Sakuma et al., 2002; 

Nakano et al., 2006) of the ERF subfamily that contains five A. thaliana homologs, some of which 

have been reported to modify drought tolerance (Aharoni et al., 2004; Middleton et al., 2007).  

Introduction of a mutated ethylene receptor gene of Cucumis melo (melon), Cm-ERS1/H70A, 

into L. japonicus conferred reduced ethylene sensitivity, as observed by monitoring root 

morphology, senescence, and abscission of flowers upon ACC treatment. Control roots were 

short, thick and brown, while transgenic roots were white and long. Moreover, petal senescence 

and detachment were delayed in the transgenic plants when compared to wild-type plants (Nukui 

et al., 2004). These features probably resulted from a dominant negative mutation that caused 

deficient ethylene signal transduction (Rodriguéz et al., 1999). The phenotype of the transgenic 

lines was not identical to that of sickle, because final nodule number and spatial distribution of 

the nodules were unaltered. However, both a higher number of ITs and nodule primordia were 

obtained after bacterial inoculation of transgenic plants. This number of primordia was similar to 

that of wild-type plants treated with ethylene inhibitors, indicating that the observations are 

related to the reduced ethylene sensitivity. Independently from the previous work, the A. thaliana 

etr1-1 dominant negative ethylene receptor was introduced into L. japonicus. Here, the number 

of nodules increased proportionally to the varying levels of ethylene insensitivity in independent 

transgenic lines. In lines with higher insensitivity, the increase in nodule number was highest 

(Guinel and Geil, 2002). 
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Also symbiotic bacteria have been found to modify plant ethylene levels in order to facilitate 

infection. For instance, Bradyrhizobium elkanii produces the phytotoxin rhizobitoxine, an inhibitor 

of ACC synthase, the enzyme that catalyzes the rate-limiting step of ethylene synthesis. The rate 

of ethylene synthesis was reduced in siratro plants inoculated with a wild-type, rhizobitoxine-

producing strain compared to uninoculated plants, whereas it was equivalent to that of 

uninoculated plants upon inoculation with a mutant deficient in rhizobitoxine production (Yuhashi 

et al., 2000). Furthermore, inoculation with the mutant bacteria resulted in a reduced number of 

nodules compared to that of the wild-type, and the wild-type strain was more competitive for 

nodulation than the mutant (Yuhashi et al., 2000). Rhizobitoxine-deficient B. elkanii strains also 

formed significantly fewer mature nodules in Vigna radiata (mungbean), and ethylene inhibitors 

partially restored normal nodulation patterns (Duodu et al., 1999).  

A different way to interact with ethylene synthesis is the degradation of its direct precursor. 

For example, certain Rhizobium leguminosarum bv. viciae strains carry an ACC deaminase gene, 

the product of which degrades ACC to ammonia and α-ketobutyrate (Ma et al., 2003). These 

strains are supposed to reduce ethylene biosynthesis in plants by attachment to the root surface 

and uptake of some of the ACC exuded from the roots. Mutations in the ACC deaminase gene 

(acdS) or the regulatory lrpL gene decreased nodulation efficiency of the legume host pea. 

Moreover, introduction of acdS and lrpL into S. meliloti enhanced nodulation efficiency on alfalfa. 

These ACC deaminase-producing bacteria were also more competitive than wild-type bacteria 

because most nodules contained the transgenic bacteria upon co-inoculation with the wild-type 

strain (Ma et al., 2004). 

 

Ethylene interferes with Nod factor signaling within the root hairs 

Because ethylene plays a role at the onset of the infection process, its interference with the Nod 

factor signaling pathway was investigated. Bacteria colonize only developing root hairs in zone I 

that undergo tip growth and are characterized by a cleared zone in the cytoplasm at the tip. Root 

hair formation is promoted by ethylene in A. thaliana (Tanimoto et al., 1995). Also in vetch, the 

hormone seems to be a positive regulator of root hair formation, since Ag+ or AVG completely 

block root hair growth (Heidstra et al., 1997). On the other hand, root hair deformation, which is 

induced by bacterial Nod factors and also involves root hair growth for reinitiation of tip growth, 

is independent of ethylene in vetch. Treatment with ACC alone failed to induce deformations, 

whereas addition of AVG or Ag+ prior to Nod factor application could not inhibit the process. 

Furthermore, silver treatment of zone I root hairs that normally do not deform, renders them 

susceptible to Nod factor signaling because the clear zone of the root hair disappeared and their 
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growth was stopped (Heidstra et al., 1997). 

Nod factor-induced epidermal responses were further investigated for ethylene interference, 

such as induction of gene expression and calcium spiking within the root hair, which is 

characterized by repetitive oscillations in cytosolic calcium (Ehrhardt et al., 1996). Ethylene 

inhibited Nod factor-dependent rip1 and ENOD11 gene expression and interfered with 

Ca2+-spiking (Oldroyd et al., 2001). The percentage of root hair cells that spiked in response to 

Nod factors was significantly lower for plants grown on ACC than for those on AVG or sickle 

plants. However, this block of calcium spiking by ACC in wild-type plants was incomplete and 

could be overcome with a higher concentration of Nod factor. Ethylene application could also 

block maintenance of the process in wild-type but not in sickle plants. Additionally, the frequency 

of the spikes decreased in the sickle mutant when compared to the wild-type situation (Oldroyd 

et al., 2001). Together these data demonstrate that ethylene regulates a component of the Nod 

factor signal transduction pathway at or upstream of calcium spiking and defines the sensitivity of 

the plant to Nod factors. Clearly, the mechanism involves communication between components of 

the ethylene signaling pathway and the Nod factor perception pathway. Recently, jasmonic acid 

was found to affect the maintenance of spiking and the response to the concentration of Nod 

factor in a similar way as ethylene does, but with opposite effect on the spike period, as addition 

of jasmonic acid lengthened the period while ethylene shortened it. Furthermore, sickle revealed 

greater sensitivity to jasmonic acid for the effect on calcium spike frequency, but not for nodule 

formation, indicating both antagonistic and synergistic interactions between the ethylene and 

jasmonic acid pathways (Sun et al., 2006).  

 

ETHYLENE IS INDISPENSABLE FOR LRB NODULATION  

 

Whereas ethylene plays a negative role in many RHC interactions, it is indispensable for LRB 

nodulation via crack-entry. This crack-entry invasion, which is an intercellular infection 

mechanism, has been mainly investigated in the semi-aquatic tropical legume S. rostrata. In 

addition, it has been described during nodulation of Stylosanthes sp., Neptunia sp., Mimosa 

scabrella, Aeschynomene afraspera, and Chamaecytisus proliferus (Chandler et al., 1982; de Faria 

et al., 1988; Alazard and Duhoux, 1990; James et al., 1992a; James et al., 1992b; Subba-Rao et 

al., 1995; Vega-Hernández et al., 2001). 

 

Pharmacological data show that ethylene is needed for crack-entry invasion 

When S. rostrata roots are grown under hydroponic conditions, i.e. in tubes filled with medium, 
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few root hairs are observed and bulge-like structures occur at the base of lateral roots. Upon 

addition of purified A. caulinodans Nod factors, the bulges grow out and bushes of distorted 

axillary root hairs are formed (D'Haeze et al., 2003). Exogenous ethylene, ACC, and ethephon 

could partially mimic this response and trigger outgrowth of bushes of axillary root hairs that 

were straight, in contrast to the distorted ones provoked by Nod factors. On the other hand, AVG 

or Ag+ addition prior to Nod factors blocked the root hair response, indicating that ethylene 

mediates the axillary root hair outgrowth and might be a Nod factor downstream signal in 

S. rostrata (D'Haeze et al., 2003). 

Additionally, ethylene antagonists completely blocked nodulation of hydroponic roots when 

applied prior to bacterial inoculation. In 50-60% of the roots, LRBs appeared similar to 

uninoculated roots with neither IP formation nor cell divisions, whereas 40-50% of the LRBs were 

slightly swollen, probably caused by leaky inhibition. However, IPs could not be observed in these 

structures. Addition of Ag+ at different time points before, simultaneously with, or after 

inoculation revealed that the inhibitor presumably blocked initiation of nodulation, because 

addition from day 1 after inoculation already showed a small number of nodules. This number did 

not increase with time as in control experiments because further initiations were stopped 

(D'Haeze et al., 2003). On the other hand, although ethylene had no effect on nodulation of 

hydroponic roots, it induced the formation of lesions and cell death. Based on these observations, 

which are reminiscent to aerenchyma formation, Nod factor-induced ethylene production might 

be involved in IP formation, a process that is the primary step for intercellular invasion and 

depends on Nod factors (D'Haeze et al., 1998; D'Haeze et al., 2003). Because no nodule 

primordia could be observed after addition of ethylene antagonists, infection could not be 

uncoupled from induction of cell division. 

 

Ethylene mediates the phenotypic plasticity in root nodule development 

Ethylene requirement in LRB nodulation of S. rostrata can be attributed to the plant’s adaptation 

to waterlogging conditions (Goormachtig et al., 2004b). S. rostrata requires versatile growth and 

nodulation capacities to survive and to nodulate in a desert habitat during the rain season. Most 

species of the genus Sesbania develop indeterminate nodules, so does S. rostrata on well-aerated 

roots that are aeroponically grown. Inoculation of roots growing in vermiculite resulted in mature 

nodules of the indeterminate type with a zonation pattern typical of indeterminate nodules 

including the persistent apical meristem. Transcripts corresponding to molecular markers for cell 

division (Sesro;CycB1;1 and H4-1Sr) were visualized in 30-day-old elongated root nodules in the 

narrow apical zone of small meristematic cells, clearly proving that the nodules formed under 
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these conditions are of the indeterminate type (Fernández-López et al., 1998). In contrast, 

hydroponically grown roots carry determinate nodules. The development of these nodules is of a 

hybrid nature because at the onset of nodule formation different developmental zones are 

transiently observed, like in indeterminate nodules (Tsien et al., 1983; Duhoux, 1984; Ndoye et 

al., 1994; Goormachtig et al., 1997). However, the meristematic activity is arrested at an early 

developmental stage (Fernández-López et al., 1998). Ethylene was shown to be a main player in 

this nodule plasticity. By addition of Ag+ 5 days after inoculation of hydroponically grown roots, 

indeterminate nodules were formed, whereas after addition of ACC or ethephon to aerated roots 

in vermiculite, determinate instead of indeterminate nodules were obtained. These data together 

provided evidence that the switch in nodule type in S. rostrata is mediated by the plant hormone 

ethylene (Fernández-López et al., 1998). This switch might be due to a negative effect of 

ethylene on the nodule meristem. Ethylene diffuses a thousand times less well in water than in air 

and accumulating ethylene might arrest meristematic activity. Under aerated conditions, ethylene 

might escape more easily, resulting in prolongation of meristematic activity and indeterminate 

growth. Stem nodules, which develop in the air, have only nodules of the determinate type. The 

presence of an enhanced gaseous diffusion barrier (James et al., 1998) might lead to an ethylene 

concentration high enough to block meristem activity. 

 

Ethylene mediates the switch from intercellular to intracellular invasion 

In addition to the phenotypic plasticity in nodule type, ethylene is involved in determining the 

infection mechanism in S. rostrata (Goormachtig et al., 2004b). In contrast to hydroponic growth 

during which crack-entry invasion is used, bacteria enter via the RHC process under aeroponic 

conditions and the corresponding nodules are designated zone I nodules. When AVG or Ag+ was 

added to the vermiculite-grown roots 2 days before inoculation, the number of zone I nodules 

increased, in contrast to a decrease upon ACC addition. Moreover, when vermiculite-grown roots 

were submerged 24 hours or 1 hour before inoculation, RHC invasion was completely blocked 

and no zone I nodules were detected. On the other hand, roots grown hydroponically in the 

presence of AVG partially had root hairs that could curl and be infected to form zone I nodules 

(Goormachtig et al., 2004b). Thus, RHC invasion in S. rostrata is sensitive to ethylene, and 

submergence inhibits the invasion of accessible root hairs. Similar findings were made for another 

water-adapted legume, Neptunia plena (Goormachtig et al., 2004b). Plants that are adapted to 

live under aquatic conditions have developed a mechanism to circumvent ethylene-sensitive RHC 

nodulation (Goormachtig et al., 2004a). 
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ETHYLENE DETERMINES NODULE PRIMORDIUM POSITIONING  

 

Ethylene does not only play a role at the level of infection, the hormone is also implicated in 

nodule primordium formation and positioning. Analysis of pea mutants confirmed the involvement 

of ethylene in primordium formation besides its negative role at the epidermis/cortex transition. 

The phenotype of the pea mutant E2 (sym5), which had lost the ability to make nodule primordia 

but had a normal number of ITs, could be partially rescued by application of silver ions (Fearn 

and Larue, 1991; Guinel and Larue, 1991). Furthermore, ethylene antagonists restored nodulation 

in P. sativum R50 (sym16), a mutant in which most of the ITs had lost directional growth towards 

the stele and were arrested in the inner cortex, while nodule primordia were aborted (Guinel and 

Sloetjes, 2000). 

Nodule primordia predominantly develop in the root cortex opposite protoxylem poles. This 

observation led Libbenga et al. (1973) to postulate the presence of transverse gradients of 

endogenous factors that control induction of cell division in the root, one of which would be 

ethylene. This hypothesis was supported by experimental data that demonstrated that pea roots 

grown in the presence of Ag+ or AVG, had an increased number of primordia developing opposite 

to protophloem poles, from less than 1% in the non-treated roots up to approximately 10% when 

the inhibitors were added. Moreover, ACC oxidase transcripts were localized via in situ 

hybridization in the cell layers opposite protophloem poles (Heidstra et al., 1997). Because the 

corresponding enzyme converts ACC into ethylene, its location most probably coincides with the 

actual site of ethylene production. Ethylene produced in the cells opposite phloem poles was 

proposed to create a gradient that negatively influences primordium formation (Heidstra et al., 

1997). Also in the sickle mutant of M. truncatula, nodule foci surrounded the vascular tissue at all 

sites. Transverse sections in the nodulation zone showed that nodules were formed at 

approximately equal frequencies throughout all portions of the root and not only to the 

protoxylem poles (Penmetsa et al., 2003). Similarly, the number of primordia initiated in-between 

protoxylem poles increased in transgenic L. japonicus containing the etr1-1 mutant ethylene 

receptor (Guinel and Geil, 2002). 

The negative effect on primordium formation might originate from a negative effect on cell 

division. In P. sativum, ethylene has been shown to inhibit cell divisions necessary for growth of 

the apical hook of etiolated seedlings. Moreover, ethylene retarded cell division in intact root 

seedlings and prevented lateral bud outgrowth, possibly because of a lack of DNA synthesis 

(Apelbaum and Burg, 1972). Furthermore, when pea plants were treated with exogenous 

ethylene, not only rhizobial infection was blocked in the outer cortex but also formation of nodule 
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primordia was prevented (Lee and Larue, 1992). Finally, the lack of nodules on thick short roots 

of V. sativa subsp. nigra was partially due to decreased nodule primordium formation. Application 

of the inhibitor AVG restored normal nodulation (Zaat et al., 1989; van Spronsen et al., 1995). 

These data indicate that, at least in pea, the onset of cell division can be a target for inhibition by 

ethylene, and that ethylene, produced near the pericycle, plays a role in the spatial control of 

nodule development by a mechanism that is common to pea, Medicago, and Lotus. 

 

LONG-DISTANCE REGULATION DOES NOT INVOLVE ETHYLENE 

 

Nodulation can be controlled locally and ethylene might play a role in this process by restricting 

nodule primordia and bacterial invasion. The plant also provides a systemic control of nodule 

numbers via an autoregulatory signal from the shoot that blocks the initiation of new nodule 

primordia. Because of the link between ethylene, Nod factor signal transduction and nodulation, 

the hypothesis has been put forward that ethylene would be part of this auto-regulatory feedback 

mechanism (Wood, 2001). 

The systemic mechanism has been nicely demonstrated via the mutant har1 in L. japonicus, 

sym29 of pea, GmNARK in soybean, and sunn in M. truncatula, which are deficient in 

autoregulation and nodulate all over the root (Krusell et al., 2002; Nishimura et al., 2002; 

Penmetsa et al., 2003; Searle et al., 2003; Schnabel et al., 2005). Grafting experiments have 

shown that the plants were mutated in a gene that controlled nodule number from the shoot. 

This gene codes for a receptor-like kinase with leucine-rich repeats in the extracellular domain 

(LRR-RLKs) and has a high level of similarity with CLAVATA1 of A. thaliana that negatively 

regulates formation of shoot and floral meristem by short-distance signaling. In legume 

nodulation, the gene product is involved in long-distance communication with nodule and lateral 

root primordia to control the symbiosis (Downie and Parniske, 2002). The available literature 

strongly indicates that ethylene is not involved in the long-distance autoregulatory system. For 

instance, the sunn mutant of M. truncatula is normally sensitive to ethylene in comparison to the 

sickle mutant in which ethylene insensitivity is causal to a nodulation zone-restricted hyper-

nodulation phenotype. Furthermore, both mutated genes have been shown to act in distinct 

genetic pathways that control nodule number (Penmetsa et al., 2003). Apparently, long-distance 

auxin transport inhibition from the shoot to the root by rhizobia is defective in sunn, resulting in 

an increased amount of auxin at the site of inoculation (van Noorden et al., 2006). However, this 

phenomenon might not be unique to autoregulation, as it was also observed in sickle, and could 

be one determinant of total nodule numbers in M. truncatula (Prayitno et al., 2006). In addition, 
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a genetically distinct L. japonicus autoregulation-deficient mutant, klavier, exhibits a normal triple 

response, indicative for ethylene sensitivity (Oka-Kira et al., 2005).  

 

CONCLUSIONS  

 

In many legumes, ethylene has an inhibitory effect on nodulation: nodule numbers decrease by 

application of exogenous ethylene and increase in the presence of inhibitors of ethylene synthesis 

or perception. However, the mechanism of ethylene interference with nodulation or the stage at 

which this occurs may be somewhat different in various plants. Obviously, this variance can 

correspond to real differences because of specific properties of legumes or their interacting 

partners, or it can be caused by discrepancies in experimental approaches, such as alternative 

plant growth conditions, inoculation methods, and pharmacological treatments. An extensive 

amount of data concerning the location of ethylene action during RHC nodulation has become 

available. Therefore, several important conclusions can be drawn. Clearly, ethylene acts at the 

level of bacterial infection; in particular, the epidermis/cortex interface has been described as a 

target for restriction of bacterial entry, both in M. truncatula and pea. Otherwise, it was elegantly 

reported that epidermal infection of the root hairs is affected by ethylene in M. truncatula. The 

hormone interferes in the Nod factor signal transduction pathway at the level of calcium spiking, 

one of the earliest responses in the rhizobium-legume symbiosis. Other reports suggest the 

formation of cytoplasmic bridges in the outer cortex as a possible target for ethylene action, for 

instance in V. sativa and L. japonicus. In these species, as well as in pea, ethylene also controls 

the formation of nodule primordia, which might be due to the general inhibitory effect of ethylene 

on cell division. This latter feature has also been proposed as the main cause of nodule 

primordium positioning, which usually takes place opposite protoxylem poles in-between local 

sites of ethylene production. 

Interestingly, when bacteria invade the plant via LRB invasion, ethylene is not inhibitory but 

absolutely required for nodule initiation. LRB infection has developed as an adaptation to 

waterlogging and does not involve epidermal responses. Bacteria immediately enter cortical tissue 

and make IPs by local cell death. Inhibitor studies indicate that the formation of these structures 

requires the hormone ethylene as a Nod factor downstream signal. Ethylene also determines the 

switch from RHC to LRB nodulation, and it mediates the phenotypic plasticity in root nodule 

development in S. rostrata. Hence, ethylene is essential for water-tolerant growth and nodulation 

and it plays a controlling role in nodule positioning and in monitoring bacterial invasion.
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Figure 1. Pathway for ethylene biosynthesis in plants. 
S-adenosylmethionine (SAM) is produced from the 
amino acid methionine by SAM synthetase. SAM can 
be converted to ACC by ACS enzymes, which are 
regulated at the transcriptional and post-transcriptional 
level, probably via protein stabilization after 
phosphorylation. ACC is converted to ethylene by ACO 
enzymes, which are also under transcriptional control. 
Adapted from Wang et al. (2002) Plant Cell S131-51. 
 

INTRODUCTION 

 
As previously mentioned, ethylene has versatile functions in RHC versus LRB nodulation in S. 

rostrata. The hormone has an inhibitory effect on nodulation when the plant is grown in 

hydroponic conditions, similar to what has been observed for M. truncatula and several other 

legumes (Goormachtig et al., 2004). Furthermore, ethylene affect nodule meristem 

maintenance in S. rostrata (Fernández-López et al., 1998). On the other hand, it is necessary 

for intercellular invasion at lateral root bases of hydroponic roots (D'Haeze et al., 2003). To 

further strengthen these observations with molecular tools, several genes related to ethylene 

biosynthesis and signaling have been isolated from S. rostrata, and their involvement in LRB 

nodulation has been analyzed. As an introduction to these results, the molecular players 

involved in both ethylene production and signaling are reviewed.  

 

Ethylene biosynthesis and regulation 

The small hormone ethylene (C2H4) is formed by a linear biosynthesis pathway in which two 

enzymes are the main regulators for its production (Fig. 1). Firstly, S-adenosyl-L-methionine 

(SAM), produced form the amino acid methionine by SAM synthetase, is used to generate 1-

aminocyclopropane-1-carboxylic acid (ACC) by ACC synthases (ACS) (Adams and Yang, 1979). 

The immediate precursor ACC is subsequently converted to ethylene, CO2 and cyanide by ACC 

oxidase (ACO). Genes encoding either ACSs or ACOs are part of small gene families in plants, 

and are regulated by a complex network of developmental and environmental signals 

responding to both internal and external 

stimuli (reviewed in Johnson and Ecker (1998). 

The rate-limiting step of ethylene synthesis 

occurs at the level of ACS, and both ACS and 

ACO gene expression can be regulated for 

ethylene production. 
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Members of the ACO gene family are differentially regulated at the transcriptional level, 

indicating that although ACS is the key regulatory point for ethylene biosynthesis, regulation of 

ACO expression also has functional significance (Prescott and John, 1996). Expression of ACS 

genes can also be differentially regulated by various developmental, environmental, and 

hormonal signals (Wang et al., 2002). Accordingly, unique and overlapping expression patterns 

were detected for all of the nine A. thaliana family members in various organs of adult plants 

(Tsuchisaka and Theologis, 2004). A. thaliana ACS2 was induced by cycloheximide, wounding, 

and after 2 h of ethylene treatment. Prolonged ethylene exposure resulted in gradually 

decreased expression, suggesting negative feedback of ACS2 (Van Der Straeten et al., 1992; 

Liang et al., 1996). Cycloheximide treatment induced most of the ACS isoforms in Arabidopsis, 

implicating that ACS transcripts are negatively regulated by certain repressors (Liang et al., 

1996) (Fig. 1). Also post-translational regulation of ACS has been observed. The ethylene-

overproducer 2 (eto2) mutant had increased ACS activity but steady-state levels of ACS-

encoding transcripts. A mutation in ACS5, which led to an alteration of the last 12 amino acid 

residues of the corresponding protein increased its stability (Vogel et al., 1998; Chae et al., 

2003). In this C-terminal part, a tripeptide (R/K)(L/V)(S) was found that is conserved in most 

ACS enzymes, and the Ser residue of the corresponding motif in tomato LeACS2 has been 

shown to be phosphorylated in response to wounding (Tatsuki and Mori, 2001). Thus, the C-

terminal peptide in ACS5/ETO2 contains a target for negative regulation that may be modified 

post-translationally by phosphorylation (Fig. 1). In addition, ETO1 was identified as a negative 

regulator of ACS5 both by inhibiting ACS enzyme activity and by targeting it for protein 

degradation, probably by the 26S proteasome (Wang et al., 2004). A decrease in turnover of 

ACS in the eto mutants thus results in an increase in ethylene production. Furthermore, there 

are indications for proteasome-mediated post-translational control via the activity of RUB 

(related to ubiquitin) and RCE (RUB-conjugating enzyme), which are involved in ubiquitination 

via E3 ligase enzymes. Reduced mRNA levels of RCE1 or RUB1 and RUB2 resulted in increased 

levels of ethylene, which might be caused by increased ACS protein stability (Bostick et al., 

2004; Larsen and Cancel, 2004; Chae and Kieber, 2005). In conclusion, ethylene biosynthesis is 

tightly regulated by various mechanisms to control both ACS and ACO activity in a spatial and 

temporal manner.  

 

The ethylene signaling pathway 

In the past few years, an immense progress has been made in elucidating the pathway for 

ethylene signaling in plants, mainly from work in A. thaliana. Here, I will give a short summary 

of the most important data (Fig. 2), and for a more detailed description, I refer to some of the 
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numerous reviews, such as Guo and Ecker (2004), Chen et al. (2005), and Stepanova and 

Alonso (2005).  

Ethylene is perceived by a family of five membrane-associated receptors in Arabidopsis 

(ETR1, ETR2, ERS1, ERS2, EIN4), which have an amino-terminal ethylene-binding domain and 

a carboxy-terminal histidine kinase domain, sometimes accompanied with a receiver domain. 

Ethylene receptors are negative regulators because binding of ethylene, which occurs via a 

copper cofactor, results in the inactivation of receptor function (Hua et al., 1995; Schaller and 

Bleecker, 1995; Hua et al., 1998; Sakai et al., 1998). Consequently, a dominant negative 

mutation in one of them causing the inability to bind ethylene confers ethylene insensitivity as 

the receptor cannot be inactivated any more (Schaller and Bleecker, 1995). On the other hand, 

loss-of-function mutations in one receptor had no visible phenotype and only triple and 

quadruple loss-of-function mutants showed constitutive ethylene responses (Hua and 

Meyerowitz, 1998). Interestingly, although the His kinase domain or ETR1 is sufficient for 

binding the next component in the pathway, CTR1, its kinase activity is not required for the 

interaction (Gao, 2003). CTR1 is constitutively activated in the absence of ethylene. However, it 

is also a negative regulator and inhibits further reactions (Fig. 2). The protein was localized to 

the endoplasmic reticulum, which probably results from physical interaction of the amino-

terminal part with the ER-bound ethylene receptors (Chen et al., 2002; Gao, 2003). 

Additionally, it has a carboxy-terminal domain that is most related to Raf-like mitogen-activated 

protein kinase (MAPK) kinase kinases (MAPKKK). Hence, further signaling was thought to 

involve a MAPK cascade, and several MAPK kinases were identified that respond to various 

biotic and abiotic stresses (Fig. 2). For instance, ACC treatment induced the activation of salt-

stress-inducible MAPK (SIMK) and MAPK3 (MMK3) in alfalfa, and this was mediated by SIMK 

kinase (Ouaked et al., 2003). Furthermore, ACC-induced activation of MPK6, the Arabidopsis 

orthologue of SIMK, required functional ethylene receptors and CTR1, but not the downstream 

components EIN2 and EIN3 (Ouaked et al., 2003). Nevertheless, negative regulation via a 

MAPK cascade has not been observed previously, and the biochemical interaction of CTR1 

needs to be examined further to identify the exact mechanism by which it functions. Currently, 

the involvement of this MAPK pathway is questioned because several problems were found in 

the experimental design of the original report. Furthermore, the orthologues of SIMKK and 

SIMK in N. tabacum have been demonstrated to participate in the induction of ethylene 

biosynthesis in response to wounding and viral infection (Kim et al., 2003). Also, several 

isoforms of ACS were found to be substrate of MPK6, and phosphorylation resulted in protein 

accumulation and ethylene increase (Liu and Zhang, 2004). The MAPK pathway might thus 

primarily be involved in ethylene biosynthesis in different stress responses.  
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Downstream of CTR1 is EIN2, which encodes an integral membrane protein whose function 

is not well understood, although it is clear that its product functions as a positive regulator in 

ethylene signaling (Fig. 2). The protein has an N terminus with similarity to the NRAMP family 

of metal ion transporters and a unique C terminus that constitutively activates ethylene 

responses upon overexpression, demonstrating its critical role (Alonso et al., 1999). Next, EIN3 

and EIN3-like 1 (EIL1) proteins are primary transcription factors that mediate expression of 

several immediate target genes (Fig. 2). In the absence of ethylene, EIN3 is continuously 

degraded by the 26S proteasome pathway after being selectively targeted by two F-box 

proteins, EIN3-binding F box protein 1 (EBF1) and EBF2. Together with Skp1 and Cullin, F-box 

proteins constitute SCF complexes, which are a class of E3 ligases that ubiquitinate specific 

targets, in this case EIN3, for proteasomal degradation (Guo and Ecker, 2003; Potuschak et al., 

2003; Gagne et al., 2004) (Fig. 2). Ethylene blocks this ubiquitination, allowing EIN3/EIL levels 

to rise and mediate ethylene signaling. In addition, the two F-box proteins are differentially 

regulated by ethylene, and EBF1 appears to be involved in EIN3 control at low ethylene 

concentrations, while EBF2 is induced at higher ethylene levels which may allow a rapid 

response to changing ethylene concentration (Guo and Ecker, 2003; Potuschak et al., 2003; 

Gagne et al., 2004; Binder et al., 2007). EIN3 seems truly a key transcription factor, as its 

levels are even more tightly controlled. EIN5 was found allelic to XRN4, the product of which 

encodes an exoribonuclease involved in the degradation of mRNA. More specifically, ethylene 

insensitivity of ein5 mutant plants was caused by an over-accumulation of EBF1 and EBF2 

mRNAs resulting in decreased EIN3 protein levels (Fig. 2). RNA degradation is thus a second 

 
 
 
 
Figure 2. Representation of the different 
components involved in ethylene signaling.  
Ethylene binding at the ER-bound receptors 
inactivates CTR1. This blocks the negative 
regulation on EIN2, thereby allowing downstream 
responses. The primary transcription factor EIN3 is 
subsequently stabilized and initiates transcription of 
ERF transcription factors. In the absence of 
ethylene, EIN3 is targeted for degradation by the F 
box proteins EBF1 and EBF2, These are tightly 
regulated by ethylene at the transcriptional level and 
can be degraded by EIN5. Reprinted from Olmedo 
et al. (2006) PNAS 103, 13286-93. 
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type of posttranscriptional control and might function to antagonize the negative feedback 

regulation on EIN3 by promoting EBF1 and EBF2 decay (Olmedo et al., 2006; Potuschak et al., 

2006).  

EIN3 and EIL1 target gene expression of ethylene response factors (ERFs) that constitute a 

family of plant specific transcription factors initially referred to as ethylene response element-

binding proteins (EREBPs) (Ohme-Takagi and Shinshi, 1995). Several members are known to 

be involved in the regulation of plant disease resistance pathways and bind to a specific 

promoter motif, the GCC box, that is present in many ethylene-responsive pathogenesis-related 

(Ohme-Takagi and Shinshi, 1995; Zhou et al., 1997). However, the expression of several ERF 

genes is regulated by other plant hormones than ethylene, such as jasmonic acid and salicylic 

acid, as well as by pathogen challenge (Gu et al., 2000; Onate-Sanchez and Singh, 2002; 

Brown et al., 2003; Lorenzo et al., 2003). It seems as if the primary ethylene signaling 

pathway, from the receptor to EIN3/EIL, are common to all ethylene responses while the 

secondary transcriptional regulation via ERFs integrates also other signals. For instance, 

overexpression of Arabidopsis ERF1 mimics EIN3 over-expression only in a subset of ethylene 

responses, indicating that ERF1 regulates only a branch of the EIN3-mediated ethylene 

responses (Solano et al., 1998). The transcriptional cascade acting downstream of EIN3 might 

explain the diversity of ethylene effects and thus integrates ethylene with other signaling 

pathways. Namely, ethylene modulates responses to other plant hormones, although the 

molecular mechanisms that control crosstalk between the different hormones remain largely 

unknown.  

 

RESULTS AND DISCUSSION 

 

Ethylene biosynthesis-related genes in S. rostrata 

Several genes functioning in the ethylene biosynthesis pathway were found back in screens for 

differentially expressed genes during nodulation of S. rostrata. A gene tag homologous to SAM 

synthetase was isolated in a suppression subtractive hybridization screen for LRB nodulation-

enhanced sequences (Schroeyers et al., 2004). Its transcripts were localized in cortical cells 

around infection pockets and infection threads and to a lower extent in the globular nodule 

primordium. Later, transcript accumulation in the nodule primordium raised and transcripts 

were also found around the layer of differentiating nodule parenchyma (Schroeyers et al., 

2004). It is tempting to speculate that this localized upregulation is correlated with ethylene 

production, especially at the sites of infection pocket formation, formation of which has been 
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shown to require ethylene (D'Haeze et al., 2003). However, SAM synthetases also play a role in 

methylation and polyamine biosynthesis (Fig. 1; Evans and Malmberg, 1989).  

A second tag with homology to genes encoding enzymes in ethylene biosynthesis was 

identified via differential display (Lievens et al., 2001). SrACS6 was homologous to AtACS6 

mRNA, and its expression was enhanced after one day of nodule development (Lievens, 2002). 

Also a partial ACO homologue was isolated by PCR with primers in conserved sequence regions 

of known ACOs (Lievens, 2002). It was named SrACO1 and was part of a small gene family in 

S. rostrata, as determined by Southern blot analysis. Transcripts localized to the phloem poles 

of the central vascular bundle of uninoculated adventitious rootlets. During stem nodule 

development, they were visualized in developing nodule vasculature, and mainly in the nodule 

parenchyma that is surrounding the central tissue. More specifically, expression in this 

parenchyma followed the proximal-to-distal development of vasculature around the developing 

central tissue and completely surrounded it in mature nodules, while a small zone at the 

meristem in the apical part exhibited no expression in mature indeterminate nodules (Lievens, 

2002).  

For both gene tags the full 

length sequence was revealed by 

rapid amplification of cDNA ends 

with nested primers (see 

materials and methods). The 

1879 bp cDNA of SrACS6 

contained an open reading frame 

encoding a 484 amino acid 

protein (Fig. 3), with a typical 8-

element fingerprint that provides 

a signature for 1-

aminocyclopropane-1-carboxylic 

acid (InterProScan results). 

Furthermore, it contained the Lys 

residue (K279) involved in binding 

of pyridoxal-5-phosphate, which 

serves as a cofactor during the 

reaction. The typical C-terminal motif with Ser residues for phosphorylation that is thought to 

function in protein stabilization, was also present and was most homologous to that of ACS2 

Figure 3. Alignment of the putative protein sequence SrACS6 with 
ACS6 of A. thaliana, with indication of the conserved Lys residue 
(asterisk) and C-terminal part (line) with RLS motif and Ser 
residues for phosphorylation. 



Ethylene genes in S. rostrata nodulation 

 157 

and ACS6 in A. thaliana, which are likely to be phosphorylated by MPK6 (Liu and Zhang, 2004; 

Fig. 3). The sequence of SrACO1 was 1207 bp long with an open reading frame coding for a 

317 amino acid protein (Fig. 4A) with homology to ACO enzymes, which are members of the 

iron/ascorbate-dependent oxidoreductase family.  

Because of the different mechanisms by which ethylene biosynthesis enzymes are 

regulated, both at the transcriptional and post-transcriptional level, functional analysis was 

initiated not only of SrACS6 that carries out the rate-limiting step, but also of SrACO1. An over-

expression strategy was chosen because of the presence of gene families of these types of 

enzymes in plants, as was confirmed for SrACO1, and the possibility of redundancy upon gene 

knock-down. Both full-length encoding genes were made gateway-compatible by generating 

entry vectors, and subsequently recombined into a plasmid for expression from the constitutive 

CaMV 35S promoter. These were transformed into A. rhizogenes 2659 for root transformation 

of S. rostrata (see materials and methods), and composite plants were analyzed for the effect 

of possible ethylene overproduction on RHC infection as we transferred them to Leonard jars 

with vermiculite and inoculated them with A. caulinodans ORS571 (pRG960SD-32). LRB 

nodulation was not addressed as addition of ACC to roots in hydroponic conditions did not have 

an effect on LRB nodules (Goormachtig et al., 2004).  

Control roots were included to check the nodulation efficiency of the transgenic roots when 

grown in Leonard jars. In contrast to the efficient nodule formation in hydroponic conditions, 

hairy roots did not nodulate efficiently in Leonard jars. Because not all lines were nodulated 

properly, nodule initiation was highly unsynchronous, and often wild type roots had formed and 

Figure 4. A. Putative full-length amino acid sequence of SrACO1. B. Indeterminate nodule formed in 
aerated conditions upon constitutive over-expression of SrACS6. C. Blocked root hair infection thread 
without cortical cell activation in hairy roots constitutively over-expressing SrACO1. 
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constituted the main part of the root system. This complicated the interpretation of the results 

obtained with the transgenic lines. Still, a preliminary analysis was performed.  

Constitutive over-expression of SrACS6 did not result in a nodulation-related phenotype, as 

normal indeterminate nodules were observed in different lines after 10 days of nodule 

development (Fig. 4B). The lack of an effect might be explained by the presence of post-

transcriptional regulation of ACS. Over-expression of the gene might result in accumulation of 

enzymes but these might be under post-translational control, presumably by phosphorylation at 

the C-terminus (Chae and Kieber, 2005). Hence, the number of stabilized proteins might not 

have changed, while the rest is rapidly degraded. 

When transgenic roots were made that over-express SrACO1, which were inoculated in 

Leonard jars, several lines exhibited typical infection in root hairs, but no macroscopically 

visible nodule primordia were observed (Fig. 4C). This might indicate that ectopic ACO 

expression might lead to ethylene production that inhibits initiation of cortical cell divisions. 

Similarly, it has been shown that production of ethylene at the phloem poles due to ACO 

expression might be the cause of the preferential nodule growth at xylem poles (Heidstra et al., 

1997; Lievens, 2002). Indeed, the expression pattern observed during stem nodulation had 

already suggested a function in arresting meristem activity (Lievens, 2002). Constitutive 

expression in all tissues might therefore completely inhibit nodule primordium initiation. In 

addition, the infection threads in the root hairs seem to be blocked in the epidermis, 

corresponding to the inhibiting effect of ethylene on infection at the epidermis/cortex interface 

during RHC in M. truncatula and pea (Lee and Larue, 1992; Penmetsa and Cook, 1997) (Fig. 

4C). The occurrence of a possible phenotype suggests that ethylene biosynthesis in S. rostrata 

is at least partially regulated at the level of ACO. Interestingly, ethylene biosynthesis seemed to 

be limited at the level of ACO activity during submergence of the water tolerant Rumex 

palustris and ACO messenger concentration increased in these conditions (Vriezen et al., 1999). 

It might thus be possible that the level of ethylene is regulated via this enzyme during 

hydroponic nodulation of S. rostrata. Unfortunately, the observations could not be reproduced 

in a second experiment because of the poor transgenic root growth in Leonard jars, and 

determining the exact role of the enzymes needs more detailed analysis.  

For this, a better system to study RHC invasion of transgenic roots should be developed. 

Perhaps growth and nodulation of the roots in pouches, as is often used for M. truncatula hairy 

roots, proves a better method. Also, working with hairy roots might not be the best system to 

investigate hormone effects, because these roots are already altered in their normal hormone 

balance. Stable transformants might solve this problem, but generating them is currently not 
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feasible in S. rostrata. To get conclusive data on the regulation of ethylene production, 

hormone levels should be determined in the different over-expressing lines to see which have 

resulted in ethylene accumulation.  

 

Inactivating ethylene biosynthesis or perception in S. rostrata 

Because the requirement of ethylene during LRB nodulation in S. rostrata is a peculiar feature 

(D'Haeze et al., 2003), it was interesting to investigate nodulation on ethylene insensitive 

plants or on plants with reduced ethylene biosynthesis. This would allow us to see whether the 

positive role of the hormone is limited to the formation of infection pockets or whether it also 

has an effect on the nodule primordium and meristem at later stages of nodulation. Hence, two 

strategies were used; one included the introduction of a dominant negative ethylene receptor, 

while the other one made use of reduced biosynthesis by the introduction of an enzyme that 

degrades ACC to diminish ethylene production.  

A construct was generated that contained the A. thaliana dominant negative ethylene 

receptor etr1-1 construct driven by the 35S promoter, which was subsequently introduced in S. 

rostrata hairy roots (see materials and methods). Introduction of the mutant receptor or a 

similar melon-derived mutated receptor has been shown to result in ethylene insensitivity in 

several plant species (Wilkinson et al., 1997; Guinel and Geil, 2002; Nukui et al., 2004). The 

second strategy involved introduction of bacterial ACC deaminase, which is a protein found in 

different bacteria and degrades the ethylene precursor ACC to form α-ketobutyrate and 

ammonium. Reduced levels of ACC account for a decrease in ethylene produced by ACC 

oxidase enzymes, and introduction of such an enzyme reduced ethylene synthesis and delayed 

fruit ripening in tomato (Klee et al., 1991). Therefore, the acdS gene of Pseudomonas putida 

UW4 (Hontzeas et al., 2004) encoding an ACC deaminase with quite high activity was cloned in 

a vector for over-expression (see materials and methods). 

Transgenic hairy roots that contained either construct were transferred to falcons with N-

free medium that were covered from the light, and inoculated with A. caulinodans ORS571 

(pRG960SD-32) after one week of hydroponic growth. Possible effects on LRB nodulation were 

looked for after one week of inoculation and after Gus precipitation to localize the bacteria. For 

both constructs, no effect was observed on the number of nodules that were formed at lateral 

root bases nor on the development of these nodules as observed macroscopically (data not 

shown). This suggests that ethylene insensitivity or ACC degradation in the roots of S. rostrata 

does not result in a visible effect on nodulation. Although etr1-1 transcripts were formed in the 

hairy roots (data not shown), introduction of a heterologous dominant-negative receptor might 
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not have resulted in ethylene insensitive roots. Unfortunately, ethylene insensitivity could not 

be tested, for instance by the absence of the triple response in seedlings, because we used 

hairy root transformation. Furthermore, the ACC deaminase-expressing plants might exhibit 

decreased ethylene production, but perhaps this is insufficient to have an effect on infection 

pocket and nodule formation because of a high enough remaining ethylene concentration. In 

both cases, normal production of ethylene in hydroponic conditions might be too high to result 

in an effect with the constructs used. Determining the amounts of ethylene produced in control 

versus ACC deaminase/ etr1-1 over-expressing lines could clarify this.  

 

ACC deaminase activity in A. caulinodans ORS571 

It was previously shown that Rhizobium leguminosarum bv. viciae contains a structural ACC 

deaminase gene (acdS) and a gene coding for a regulatory protein (lrpL), and that mutations in 

either gene resulted in decreased nodulation efficiency on pea (Ma et al., 2003a). Moreover, 

introduction of both genes in S. meliloti enhanced its nodulation efficiency on alfalfa (Ma et al., 

2004). These results indicated that rhizobia might be able to modulate nodulation by interfering 

with ethylene production. Because of the opposite ethylene effects in S. rostrata LRB 

nodulation, we wondered what would be the effect on nodulation efficiency when introducing 

ACC deaminase in A. caulinodans. Different ACC deaminase constructs were introduced in A. 

caulinodans ORS571 via electroporation. Firstly, plasmid pRK-ACC was used, which is a broad 

host range vector that contains the P. putida UW4 ACC deaminase gene with strong activity 

(Shah et al., 1998). Secondly, both a replicating (pWM2) and an integrating (pWM3) plasmid 

containing the Rhizobium leguminosarum bv. viciae 128C53K ACC deaminase structural and 

regulatory gene (acdS and lrpL) and their promotor regions was used (Ma et al., 2003a; Ma et 

al., 2004).  

First, the strains with the different plasmids were tested for their ACC deaminase activity by 

adding ACC (see materials and methods). This method is based on the amount of α-

ketobutyrate that is generated after cleavage of ACC by the enzyme, and the result is 

represented in figure 5. As controls, wild type A. caulinodans ORS571 and A. caulinodans 

ORS571 (pRG960SD-32) were used. Unexpectedly, the wild type strain clearly exhibited ACC 

deaminase activity (about 1 µmole/hour/mg protein), which was comparable to what was 

described for R. leguminodarum bv. viciae 128C53K (Ma et al., 2003b). The wild type-GUS 

bacterium and the different colonies transformed with the integrating plasmid pWM3 or the 

replicating plasmid pWM2 showed minor changes in activity. These differences were not 

analyzed statistically and are probably not significant because the strain with the Gus plasmid 
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should have comparable activity as the wild type. Strains carrying the plasmid with high 

enzyme activity (pRK-ACC) displayed a reasonably increased ACC deaminase activity. However, 

it was still lower compared to what has been described for this gene product (around 20 

µmole/hour/mg protein; Ma et al., 2003b).  

The activity in wild type A. caulinodans 

ORS571 was surprising, especially when keeping 

in mind that ethylene is actually required for LRB 

invasion. Perhaps only small amounts of the 

hormone are needed in planta as a signal for the 

formation of the infection pockets, while later on 

the presence of an active ACC deaminase in the 

bacterium might promote nodulation efficiency, 

as observed in R. leguminosarum bv. viciae and 

S. meliloti (Ma et al., 2003a; Ma et al., 2004). 

Because the genome of A. caulinodans has 

been sequenced, the presence of ACC 

deaminase homologous genes could be 

analyzed. A homolog of acdS was found at 

position 311242-312255 of the positive strand of the genome (Lee and Oyiazu, personal 

communication). Furthermore, this gene was preceded by another one with homology to the 

lrpL gene of R. leguminosarum bv vicae in reverse orientation, similar to what has been 

observed in that species (Fig. 5). No other ethylene-related gene products were identified in 

the provisionally annotated genome. The two genes might be acquired by horizontal gene 

transfer (Hontzeas et al., 2005), and their presence might explain the observed activity in wild 

type A. caulinodans ORS571. Besides the possible effect on nodulation efficiency, it remains 

unknown what the actual function of the genes is during nodulation on S. rostrata. 

 

Gene expression and modulation of ethylene signaling genes 

In the above-mentioned screens, three tags were found that were homologous to ethylene 

response factors (ERFs), named SrERF1, SrERF2 and SrERF3. The sequence of the three S. 

rostrata candidates was made full-length by RACE (see materials and methods), and an 

alignment was made of the different putative proteins encoded by the genes. The SrERF1 ORF 

encoded a 303 amino acid protein, which differed severely from the putative proteins SrERF2 

and SrERF3 that were very homologous to one another and consisted of 386 and 387 amino 

Figure 5. ACC deaminase activity in different A. 
caulinodans ORS571 strains and gene structure 
of acdS and lrpL in the genome. 
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acids, respectively (Fig. 6). The highest similarity occurred in the single typical AP2 domain that 

contained the YRG and RAYD elements with amino acids characteristic for the ERF subfamily 

(Riechmann and Meyerowitz, 1998), fig 6). For instance, the alanine and aspartic acid in the 

YRG element are thought to determine DNA-binding specificity (Sakuma et al., 2002).  

Next, to see to which subgroups the different proteins belonged, all AP2 domain-containing 

proteins were collected from A. thaliana, rice, poplar, and M. truncatula, based on the available 

genomic data. An alignment was made of their AP2 domain together with these of SrERF1-3, 

and this alignment is represented by a guidance tree shown in figure 7. The ERF and 

dehydration-responsive element binding (DREB) subfamilies (with one typical AP2 domain) 

could clearly be identified within the large tree. The other subfamilies of the AP2/EREBP 

superfamily, namely the RAV (with one AP2 domain and a B3 domain) and the AP2 subfamily 

(with 2 AP2 domains), could not be obviously distinguished, probably because the other 

domains that characterize them were not included. The ERF and DREB subfamilies have been 

subdivided in different subgroups (Sakuma et al., 2002; Nakano et al., 2006), and these 

Figure 6. Alignment of the putative amino acid sequences of three ERFs.  
SrERF1 has low homology to SrERF2 and SrERF3, which are highly similar. The AP2 domain is underlined, and 
the consensus sequence of YRG and RAYD elements for ERFs is shown, with the alanine and aspartic acid that 
probably determine DNA-binding specificity in bold. Putative phosphorylation site motifs are shown in blue and 
red. 



Ethylene genes in S. rostrata nodulation 

 163 

 



Chapter 7 

 164 

corresponded to the different subclusters that we observed (Fig. 7, right for ERF subgroups). 

There are 6 subgroups (B1-B6), and the first three include proteins that bind specifically to the 

GCC box, while there is no information concerning the DNA-binding sequence of proteins in the 

other groups (Sakuma et al., 2002). SrERF1 clustered together with members of the B3 group, 

while the closely related SrERF2 and SrERF3 appeared in the B2 subgroup (fig 7, see below).  

Expression analysis of the different ERF-encoding genes was initiated by semi-quantitative 

reverse-transcriptase (RT)-PCR on developing stem nodules. The relative expression level of 

the different ERFs was determined by comparison to the constitutive SrUBI1 expression level. 

All three genes were induced transiently during nodule development at adventitious root 

primordia, with SrERF1 showing the strongest induction (data not shown). Subsequently, 

transcripts were visualized in situ in developing stem nodules. For this, 300-400 bp fragments 

that are specific for the corresponding genes were looked for by southern hybridization analysis 

(see materials and methods). Unfortunately, only for SrERF2 a specifically hybridizing fragment 

was identified, and possible cross-hybridization of the other probes has to be kept in mind.  

Transcripts of SrERF1 were not detected in uninoculated adventitious root primordia (data 

not shown). One day after inoculation, this primordium often extends as a result of activation 

of the root meristem from the liquid inoculum. As depicted in figure 8, SrERF1 transcripts 

localized to the cortical cells surrounding the root meristem (A-B). Similarly, during nodule 

development transcripts accumulated in the cortical cells around the nodule primordium, mostly 

at the side of the open basket-shaped meristem (Fig. 8, C-F). They did not associate with 

infection pockets or infection threads, and were not present in the infection center of the 

developing nodule (Fig. 8, D-E). In mature nodules, cortical transcripts disappeared, while weak 

expression was observed in the nodule parenchyma surrounding the central tissue and at the 

nodule vasculature (Fig. 8, G-H).  

For SrERF2 and SrERF3, the pattern was different from that of SrERF1, but similar to each 

other. Uninoculated adventitious root primordia showed faint expression at the root meristem 

and the central vascular bundle (Fig. 9, A-B). After inoculation, transcripts accumulated in the 

young nodule primordium, but not at infection pockets or inward growing infection threads 

(Fig. 9, C-D). Developing stem nodules exhibited transcripts in all the different zones that are 

formed, such as the infection center, the infection zone, and the meristematic zone (Fig. 9, E-

(Previous page)  Figure 7. ClustalW guidance tree from alignment of AP2 domain-containing proteins in 
Arabidopsis, poplar, rice and M. truncatula, together with the S. rostrata ERFs (white), based on the sequence of 
the AP2 domain (left). A clear distinction can be made between typical ethylene response factors (ERF, blue) and 
dehydration-responsive element binding factors (DREB, grey). Different subgroups of the ERFs are shown in 
more detail with colored rectangles, in which the S. rostrata candidates are depicted in white (right). 
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F). Later on, they were less apparent in the fixation zone and also accumulated in developing 

vascular bundles (Fig. 9, G, J). Mature nodules displayed expression in the fixation zone, in the 

nodule vascular bundles, and in the nodule parenchyma surrounding the central tissue (Fig. 9, 

H-I). The expression pattern of SrERF1 is thus distinct from that of SrERF2-3, suggesting it 

functions differently. In contrast, the comparable pattern of SrERF2 and SrERF3, together with 

their highly similar protein sequence hints to an analogous function. Possible roles can be 

proposed for the ERFs in relation to ethylene involvement during S. rostrata nodulation, based 

on the observed expression patterns. Because none of the three genes were specifically 

induced at infection structures, they are probably not involved in the ethylene-dependent 

formation of bacterial infection pockets (D'Haeze et al., 2003). The association with root 

meristem, nodule primordium, and nodule parenchyma could be related to control of meristem 

activity. SrERF2 and SrERF3 might act in transcriptional regulation of different genes that either 

sustain or consume the meristem at a certain stage.   

Figure 8. In situ transcript localization of SrERF1 in developing adventitious root nodules.  
Bright- and dark-field pictures are represented, and signal is seen as black or white spots, respectively. 10 µm 
sections of inoculated adventitious root primordia after 2 (A,B), 4 (C-F), and 6 (G,H) days of inoculation are 
shown. Abbreviations: rm, root meristem; m, meristem; ip, infection pocket; ic, infection center; f, fixation zone; vb, 
vascular bundle; npa, nodule parenchyma. Bars 100 µm. 
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In this regard, it would be interesting to look at the expression in the apical meristem of 

indeterminate S. rostrata nodules. The cortical expression of SrERF1 perhaps reflects an 

ethylene-triggered stress response to mechanical forces on these cells by the growing 

primordium. However, it is not known whether these ERFs are actually triggered after ethylene 

signaling and also other elicitors might be involved. Checking expression levels with different 

stimuli could resolve this.  

Over-expression of ERFs has been shown repeatedly to result in increased tolerance to 

pathogens (Berrocal-Lobo et al., 2002; Gu et al., 2002; Shin et al., 2002). Their involvement in 

the beneficial rhizobium-legume symbiosis had not been investigated until recently, when an 

ERF required for nodulation (ERN) that clustered to the B6 subgroup of ERFs, was proposed to 

function in the Nod factor signaling pathway in M. truncatula (Middleton et al., 2007). We were 

Figure 9. In situ transcript localization of SrERF2 and SrERF3 in developing adventitious root nodules.  
Bright- and dark-field pictures are represented, and signal is seen as black or white spots, respectively. 10 µm 
sections of uninoculated (A, B) and inoculated adventitious root primordia after 2 (C, D), 4 (E-G, J), and 6 (H, I) 
days of nodule development are shown. Abbreviations: vb, vascular bundle; np; nodule primordium; ip, infection 
pocket; m, meristem; ic, infection center; f, fixation zone; npa, nodule parenchyma. Bars 100 µm. 
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interested whether these ERFs would have a function during ethylene-dependent LRB 

nodulation. Therefore, constructs were generated for constitutive over-expression of the 

different genes in transgenic hairy roots, which were inoculated in hydroponic conditions (see 

materials and methods). Normal determinate nodules were formed at seven days after 

inoculation in over-expressing lines with all three genes, indicating no LRB nodulation-related 

phenotype (data not shown). This suggests that the transcription factors identified here are not 

involved in LRB nodulation in S. rostrata. On the other hand, it is still possible that these ERFs 

are subject to post-transcriptional regulation. SrERF1 clustered together with members of the 

B3 subfamily of ERFs, some of which are known to function as transcriptional activators 

(Fujimoto et al., 2000). Several proteins herein, however, contain a putative phosphorylation 

site (CMIX-5 motif in Nakano et al. (2006), which was found back in the sequence of SrERF1 

(Fig. 6). Also for some of the B2 group members a putative MAPK phosphorylation site has 

been identified (CMVII-4 in Nakano et al. (2006), and this was also present in the protein 

sequences of SrERF2 and SrERF3 (Fig. 6). In tomato, Pti4 was shown to be phosphorylated 

specifically the Pto kinase, and this enhanced binding of Pti4 to the GCC box (Gu et al., 2000). 

Possible regulation via phosphorylation thus needs further investigation. Interestingly, recently 

identified rice ERFs involved in tolerance to submergence (Fukao et al., 2006; Xu et al., 2006) 

clustered to the B2 subgroup. Hence, it remains to be elucidated whether the homologous S. 

rostrata candidates are related to the hydroponic environment that is encountered by roots and 

adventitious root primordia.  

 

MATERIALS AND METHODS 

 

Biological material 

S. rostrata Brem seeds were surface sterilized (Goethals et al., 1989), germinated, and grown 

at 28ºC under a regime of 16 h of light and 8 h of darkness (Goormachtig et al., 1995). 

Seedlings were transferred either to 70 ml tubes or to Leonard jars containing sterile nitrogen-

free Norris medium, pH 7.0 (Vincent, 1970) and inoculated after one week as described 

(Fernández-López et al., 1998). A. rhizogenes-mediated transformation of S. rostrata was done 

as described (Van de Velde et al., 2003).  

Azorhizobium caulinodans ORS571 and ORS571 (pRG960SD-32) were grown and used for 

inoculation as previously described (D'Haeze et al., 1998). Electroporation of plasmids pWM3 (Ma 

et al., 2004), pWM2 (Ma et al., 2003a), and pRK-ACC (Shah et al., 1998) occurred as for A. 

rhizogenes in Van de Velde et al. (2003), but with resistance of 600 Ω.  
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ACC deaminase activity assay 

Stationary phase A. caulinodans ORS571 cells were collected by centrifugation, washed twice 

with 0.1 M Tris-HCl (pH 7.5), and resuspended in 2 ml of MMO minimal medium supplemented 

with 5 mM ACC, and incubated at 37°C with shaking for another 36-40 hours. E. coli cells were 

grown in LB medium and induced in 2 ml MinA minimal medium with 5 mM ACC with shaking 

for 18-24 hours. 

The induced bacterial cells were harvested an washed as described above, and 

resuspended in 200 µL of 0.1 M Tris-HCl (pH 8.5). The cells were labilized using 5% toluene 

(v/v); ACC deaminase activity was determined by measuring the production of α-ketobutyrate 

according to the method of Honma and Shimomura (1978). Fifty µl of labilized cell suspension 

was incubated with 5 µl of 0.5 M ACC at 30°C for 30 minutes and mixed thoroughly with 500 µl 

of 0.56 N HCl. After centrifugation, 500 µl of the supernatant was transferred to a 13 × 100 

mm glass test tube and mixed with 400 µl of 0.56N HCl and 150 µl of DNF solution (0.1 g 2,4-

dinitrophenylhydrazine in 100 mL of 2N HCl) for 30 minutes at 30°C. One ml of 2N NaOH was 

added to the sample before the absorbance at 540 nm was measured with a 

spectrophotometer. 

The concentration of α-ketobutyrate in each sample was determined by comparison with a 

standard curve generated from dilutions with known concentrations of α-ketobutyrate solutions. 

Protein concentrations of labilized bacterial cell samples were determined with the Dc Protein 

assay (Bio-Rad, Hercules, CA) by comparison to a standard curve to calculate ACC deaminase 

activity as mole α-ketobutyrate�hour-1�mg protein-1. 

 

Isolation of full-length cDNA and cloning 

Partial gene tags were completed by rapid amplification of cDNA ends (RACE), which was 

performed with the SMART RACE cDNA amplification kit (Clontech, Palo Alto, CA, U.S.A.). cDNA 

was synthesized from mixed RNA extracted from root primordia at different time-points after 

inoculation with A. caulinodans ORS571. The primers in table 1 were used in combination with 

the primers UPM (5′-CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3′) and 

NUP (5′-AAGCAGTGGTATCAACGCAGAG-3′), for successive nested amplification steps according 

to the manufacturer’s instructions (Clontech). Subcloning of obtained fragments occurred in the 

pCRII-Topo (Invitrogen) or pGEM-T Easy (Promega) cloning vector. 
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Primer name                   Primer Sequence                                        Nested primer 

SrACO1Race5’         TGTTAGAGACAGGAAGATGGCG            GGTGCTTTCCCAGTCCAAGTC          

SrACO1Race3’         ACAGATGGAACAAGAATGTCTCTAGC        TCTCTCCAGCACCAGCCTTG               

SrACS6Race5’         TGTGTTTCTGTCCATGACAGTTC           TGAGCAAGCCCTTTACT CTGATG 

SrACS6Race3’         GCCATCCTGGTTTCATAAGCA             GACCGTGACCTCATTCA CATTG 

SrERF1Race5’        CTTCTTCACGGCGGCGTTTC 

SrERF1Race3’        CCGTTGTCGCCGTTATCATC 

SrERF3Race3’        CACTGCTGAAGAAGCTGCAAGAG           AAATCCACAGGAGCAGGTGC 

The complete open reading frames were reconstructed and made gateway-compatible by a 

first polymerase chain reaction (PCR) amplification with specific attB-flanking primers (table 2), 

and a second PCR with complete attB sequence primers (attB1: 5′-

ACAAGTTTGTACAAAAAAGCAGGCT-3′; attB2: 5′-ACCACTTTGTACAAGAAAGCTGGGT-3′) 

(Invitrogen). PCRs were performed with the High Fidelity Taq polymerase (Invitrogen), and 

fragments were checked by sequencing. SrERF1 was first cloned in vector pGEM-T Easy after 

amplification with primers ERF1flS (5′-CACAATTCATTGACCCTTATCC-3′) and ERF1flAS (5′-

TCATCTCTAATCAGGATGCAG-3′), from which the ORF containing region was subcloned after 

digestion with EcoRI in entry vector pENTR1A (Invitrogen). The P. putida UW4 ACC deaminase 

was first subcloned after digestion of pAK-c2 (Shah et al., 1998) with SacI/XbaI restriction 

enzymes and blunt ligation in pBluescript II KS (Stratagene). From this vector, the SalI/NotI 

fragment was ligated in pENTR1A that was digested with these enzymes. Entry clones were 

recombined in destination vector pK7WG2-D (Karimi et al., 2002) for expression from the CaMV 

35S promoter and to allow screening for co-transformation with egfp. 

 

Primer name                                   Primer Sequence 

attB1-SrACO1FL-S            CAAAAAAGCAGGCTAAGTGAGAGAGAAA GAAGC 

attB2-SrACO1FL-AS           AGAAAGCTGGGTAGAAGCACACACAATG G 

attB1-SrACS6FL-S            CAAAAAAGCAGGCTAGACTATATGGGGC TTATG 

attB2-SrACS6FL-AS           AGAAAGCTGGGTGAACCAACAAAATCTT CC 

attB1-etr1-1 Fwd            CAAAAAAGCAGGCTATAGTGTAAAAAAT TC 

attB2-etr1-1 Rev            AGAAAGCTGGGTTTACATGCCCTC 

attB1-SrERF2fl-S            CAAAAAAGCAGGCTAGACAAGGGATC 

attB2-SrERF2fl-AS           AGAAAGCTGGGTGACTGCATCACC 

attB1-SrERF3fl-S            CAAAAAAGCAGGCTTTCCCTGAAAAGAC AAGG 

attB2-SrERF3fl-AS           AGAAAGCTGGGTACACAACGACCACCAT TC 

Table 1: Primer sequences used for RACE of the different gene tags. 
 

Table 2: Primer sequences used for amplifying full-length ORFs of the different genes. 
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Southern hybridization 

Fragments were first amplified with primers in specific regions of the different ERF sequences 

to use as probes for southern analysis (table 3). DNA gel blot analysis was performed as 

described (Sambrook et al., 1989). 

 

Primer name               Sense Primer sequence            Antisense Primer sequence        Length 

SrERF1_UTRfr      CTTCCCCTTGGAAGTTACCG     CTCTGTTC TGTGCAGCTCTCAC     368 bp 

SrERF2-ereb11/12  ACTTCTTTGTCTCCCCAG       GATCATAC ATAACATAATCC       229 bp 

SrERF3fr2         GCGGGATTAAGCAGTGGTATC    CCTTAGCA CCGACCATCATG       443 bp  

RT-PCR analysis and in situ hybridization 

RNA of roots was prepared according to Kiefer et al. (2000) and template cDNA was synthesized 

from 5 µg of total RNA with the SuperScript First-Strand Synthesis System for RT-PCR 

(Invitrogen). The primers used for generating labeled probes for southern analysis were used for 

amplification of specific fragments. As controls, a ubiquitin fragment was amplified (Corich et al., 

1998). The program comprised 20 cycles of amplification for 30 s at 94°C, 30 s at 60°C, and 30 s 

at 72°C. The PCR products were detected radioactively with probes generated from ERF cDNA 

fragments by means of the Rediprime II random prime labeling system (GE-Healthcare). The 

membranes were analyzed with a PhosphorImager (GE-Healthcare).  

Sections of paraffin-embedded (10 µm) developing adventitious root nodules were hybridized 

in situ as described by Goormachtig et al. (1997). 35S-labeled antisense probes for SrERF1, 

SrERF2, and SrERF3 were generated from plasmids pGemt-ERF1, SrERF2-ereb11-12, amd 

pGemt-SrERF3fr2 with T7, T3, and SP6 RNA polymerase (GE-Healthcare) after digestion with 

enzymes PstI, BamHI, and SacII respectively.  

 

Sequence analysis 

DNA sequencing was carried out with universal SP6 and T7 primers. DNA sequence data were 

assembled and analyzed with the GCG package (Accelrys). Percentage of identity and similarity 

was determined with the GAP program and aligned with the PileUp program from the GCG 

package. Protein sequences were deduced with the translate program and alignments were 

represented with the program BioEdit.  

The guidance tree of all ERFs was generated after alignment of the AP2 domain of the 

different AP2 domain-containing proteins of Arabidopsis, rice, poplar, and M. truncatula 

Table 3: Primers used for generating fragments for Southern analysis and in situ hybridization. The length of the 
generated fragment is indicated. 
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together with that of the S. rostrata candidates with clustalW. The different proteins were 

assembled from the available genomic data based on the presence of an AP2 domain. 

 

ACKNOWLEDGEMENTS 

 

I thank J. Stearns and B. Glick for providing the acdS clones and N. Hontzeas for help in 

eliminating previous sequencing errors. I would also like to thank undergraduate students K. 

Migneaux and L. Vercruyssen that were involved in this work, and S. Rombauts and K. 

D’Haeseleer for help in the ERF sequence alignment.  

 



 

 





 



Summary and Perspectives 

 175 

Most land plants have gained the ability to establish an endosymbiosis with certain arbuscular 

mycorrhizal fungi, which allows an efficient phosphorus uptake (Javot et al., 2007). Plants of 

the legume family have additionally acquired the capability to interact with specific bacteria 

resulting in the formation of new root organs, the nodules, that offer a niche for the bacteria, 

which in turn provide the plant with nitrogen that is fixed from the atmosphere (Kistner and 

Parniske, 2002). Bacterial endosymbiosis may serve as an efficient alternative to pollution with 

chemical fertilizers. Therefore, transferring the system to agriculturally important non-legume 

crops is the major aim of the nodulation research. The interaction depends on bacterial 

signaling molecules termed Nod factors that initiate a cascade of responses in the plant to 

allow controlled entry of the microsymbiont. Genetic analysis of plant genes involved in Nod 

factor perception and signaling has come in the fast lane after implementation of the model 

legumes M. truncatula and L. japonicus, in which the bacterial partner invades the plant via the 

root hair curling (RHC) mechanism. The genes are strictly controlled at the epidermis, although 

it becomes more and more clear that they also function in later stages of nodulation (Riely et 

al., 2006) (Chapter 1).  

In this work, another system is used without epidermal control because the bacterial 

partner invades the plant intercellularly at cracks at the base of lateral roots (LRB) grown in 

hydroponic conditions, or at adventitious roots on the stem (Tsien et al., 1983; Ndoye et al., 

1994). Sesbania rostrata serves as the model for this LRB nodulation that differs from RHC 

mainly in the initial steps of the symbiosis (Den Herder et al., 2006). Nevertheless, the 

formation of intercellular bacterial microcolonies also depends on signaling via Nod factors 

(D'Haeze et al., 2000). The system provides an ideal way to investigate the role of Nod factor 

signaling beyond the epidermis and the plant genes involved (Chapter 2).  

 

An elegant approach was used to study the role of locally produced Nod factors during 

progression of bacteria in developing nodules. Mixed inoculations of S. rostrata stems with two 

mutant bacteria, A. caulinodans ORS571-V44 and ORS571-X15, has been shown to result in the 

exclusive invasion via infection threads of the first mutant, which does not produce Nod factors, 

while the other mutant cannot pass the infection pocket stage due to altered surface 

polysaccharides (D'Haeze et al., 1998). Hence, this allowed us to observe the effects of a lack 

of locally produced Nod factors and their perception in the cortex, which was further 

demonstrated by the absence of local transcript accumulation of an early Nod factor-induced 

marker, SrLb6, coding for a symbiotic leghemoglobin (Chapter 3). Nod factors produced 

within infection threads were found important for proper growth of tubular infection threads 
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and for fine-tuning nodule development with bacterial invasion, as concluded from the altered 

infection structures that were formed and the continuous initiation of primordia and infection of 

plant cells. However, bacterial uptake in plant cells was not affected and thus does not require 

locally produced Nod factors. In a next step, it would be interesting to hunt for the molecule 

and the protein(s) that are involved in control of this crucial process.  

Nod factor signaling during LRB nodulation was further investigated by expression and 

functional analysis of SrCCaMK, a unique gene that is thought to interpret the complex calcium 

signature generated after Nod factor recognition (Chapter 4). Functional nodules were 

obtained in the M. truncatula dmi3-1 mutant upon introduction of the S. rostrata ortholog, and 

removal of the auto-inhibitory domain induced the formation of spontaneous nodules in 

aeroponic conditions, indicating similar biochemical functioning in S. rostrata. Transcripts were 

associated with the nodule primordium and the proximal part of the meristem as observed by 

promoter-GUS analysis and in situ hybridization, suggestive for a specific role in cortical cells. 

Knock-down via RNAi in hydroponic roots arrested nodule development and this could be 

correlated to the level of downregulation. This pinpointed an essential involvement of the gene 

in nodule development besides its previously identified role in epidermal Nod factor signaling. 

Furthermore, infection threads displayed abnormalities similar to what was observed for the 

infection threads containing Nod factor-deficient bacteria, which suggests that continuous Nod 

factor signaling is needed for proper growth. Infection pocket formation, on the other hand, 

occurred normally, even in high knock-down lines. For this process, Nod factor signaling thus 

seems not to involve SrCCaMK. Additionally, central tissue plant cells in the RNAi nodules 

contained released bacteria, indicating that uptake is independent of Nod factors and Nod 

factor signaling via SrCCaMK. The data that are demonstrated add new insights to the 

nodulation process and are supporting the idea of a continuous role of genes earlier identified 

in epidermal signaling in the model legumes. In this regard, other crucial signaling genes could 

be studied in the system. Otherwise, the Nod factor receptors might function differently as it 

has been shown that LRB nodulation demands less stringent structural Nod factor properties 

(D'Haeze et al., 2000; Goormachtig et al., 2004). An extensive study of the S. rostrata Nod 

factor receptors perhaps reveals which processes during LRB nodulation actually involve Nod 

factor signaling, by comparing Nod factor receptor mutant phenotypes with these after 

SrCCaMK knock-down and SrSYMRK knock-down (Capoen et al., 2005). Currently, we are 

introducing one or both receptors of L. japonicus (NFR1 and/or NFR5) in S. rostrata to see 

which of the receptors identified at this time account for the specificity in LRB nodulation.  
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The outcome of Nod factor signaling consists of several plant responses, such as the 

initiation of cortical cell divisions and preparation for bacterial invasion (van Brussel et al., 

1992; Yang et al., 1994). These result from the action of proteins that are formed after the 

corresponding genes are specifically induced by Nod factors. One of these so-called early 

nodulins, Srprx1, was characterized in S. rostrata nodulation (Chapter 5). The gene encoded a 

class III plant peroxidase that was transiently induced, exclusively during symbiosis. Its 

expression was tightly associated with infection structures and depended on bacterial Nod 

factors. Moreover, transcripts co-localized with those of another early nodulin encoding a root 

nodule extensin (RNE), which might be used as substrate for oxidative cross-linking in the 

presence of hydrogen peroxide. Phylogenetic analysis pointed to a group of peroxidases 

involved in symbiosis, and it would be informative to characterize other members of this family 

that were picked up in screens for differentially transcribed genes (Schroeyers et al., 2004; 

Capoen et al., 2007). On the other hand, also RNEs constitute a protein family (Rathbun et al., 

2002), and these might be good candidates to functionally study via knock-down because they 

are highly similar to each other in their repeated motifs that typify them. The sequences 

encoding these motifs might be good targets for a family knock-down RNAi strategy.  

The proposed functioning of Srprx1 demands for hydrogen peroxide to conduct its 

biochemical reaction. This reactive oxygen molecule is required for LRB nodulation and has 

been localized to the infection structures (D'Haeze et al., 2003); therefore, possible sources 

were looked for (Addendum chapter 5). Superoxide anion localization in hydroponic root 

nodules suggested the involvement of an NADPH oxidase/SOD pathway for hydrogen peroxide 

production. However, also two diamine oxidases were found that could contribute to the 

generation of the molecule, based on their expression profile. Pharmacological analysis with 

specific inhibitors might reveal to what extent one of both enzymatic pathways are involved.  

 

Apart from signaling via bacterially produced molecules, nodulation involves many plant 

hormones that function at different levels during the establishment of the symbiotic interaction. 

For instance, auxin accumulates locally at nodule initiation sites (Mathesius et al., 1998), and 

cytokinin perception is demanded for nodule initiation (Murray et al., 2007; Tirichine et al., 

2007). Also, ethylene, jasmonic acid and high concentrations of gibberellins have been shown 

to inhibit nodulation via RHC (Penmetsa and Cook, 1997; Oldroyd et al., 2001; Ferguson et al., 

2005; Lievens et al., 2005; Sun et al., 2006). Interestingly, LRB entry was affected opposite by 

both ethylene and gibberellic acid. Pharmacology demonstrated that these hormones are 

required for this nodulation pathway, most likely for the formation of bacterial infection pockets 
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(D'Haeze et al., 2003; Lievens et al., 2005). Therefore, it was interesting to study this further at 

the molecular level, focusing on ethylene. An extensive overview of what is currently known 

about the effects of ethylene during the Rhizobium-legume symbiosis is given in Chapter 6. 

Application of the hormone or its precursor has a general inhibitory effect on nodulation in 

different legume species. Studies using transgenic plants and bacteria indicated that this 

inhibition occurs mainly by limiting the number of persistent infection threads. Furthermore, 

ethylene determines the position of nodule primordium initiation, probably by inhibiting cell 

divisions locally. On the other hand, it does not regulate long-distance autoregulation of 

nodulation.  

In S. rostrata, several gene tags related to ethylene biosynthesis or signaling have been 

identified earlier in screens for differentially transcribed genes. Some of these have been 

characterized further in this work, by isolating the full-length products and determining 

expression patterns (Chapter 7). No link with infection pocket formation was found for any of 

the studied genes. Functional analysis was performed, but did not result in visible phenotypes. 

Though, recent experimental data suggests that several components in ethylene signaling and 

biosynthesis are regulated at the protein level. Hence, future functional analysis should take 

this into account when defining experimental set-up. For instance, it might be interesting to 

introduce a stable SrACS6 protein isoform to investigate increased ethylene production. 

Concerning the ERF proteins described here, it should be determined whether they are part of 

the ethylene signaling pathway alone, or whether other hormonal pathways can also can 

trigger their induction. Subsequently, the identification of the specific targets that are being 

repressed/induced by their biochemical action can be suggestive for a certain role during 

nodulation. On the other hand, some ERFs might be involved in tolerance to flooding in this 

aquatic species based on phylogenetic analysis, which could be looked at in more detail. 

Perhaps the most promising result on this part was that A. caulinodans wild type bacteria 

exhibited ACC deaminase activity and thus degrade the ethylene precursor. The actual 

involvement of such an activity during LRB nodulation could be investigated further by isolating 

bacterial mutants for the genes responsible, which were found back in the bacterial genome. 

 

In conclusion, a correlation at the molecular level for the effects of the hormone ethylene 

on LRB or RHC nodulation in S. rostrata remains to be elucidated. New developments on the 

hormone’s biosynthesis and signaling pathway, however, allow a more successful approach. On 

the other hand, new insights from the bacterial side were gathered. Most importantly, this work 

described several novelties concerning Nod factors and their signaling components in cortical 
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cells during LRB nodulation. This has significantly expanded current knowledge in the field, and 

is a step forward in the way toward transfer of symbiosis for a more sustainable agriculture. 
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De meeste landplanten zijn in staat een endosymbiose aan te gaan met bepaalde schimmels, 

de arbusculaire mycorrhiza, wat een efficiënte fosfor opname toelaat (Javot et al., 2007). 

Planten van de familie van de vlinderbloemigen hebben daarnaast de mogelijkheid om te 

interageren met specifieke bacteriën, hetgeen resulteert in de vorming van nieuwe organen op 

de wortel, de nodulen, die een niche bieden voor de bacteriën dewelke in wederdienst de plant 

voorzien van stikstof dat uit de atmosfeer in bruikbare vorm omgezet wordt (Kistner and 

Parniske, 2002). Bacteriële endosymbiose kan een efficiënt alternatief vormen voor vervuiling 

door het gebruik van chemische meststoffen. Het overbrengen van het systeem naar 

landbouwkundig belangrijke niet-legumineuze voedingsgewassen is daarom ook het 

belangrijkste doel van alle onderzoek naar nodulatie. De interactie is afhankelijk van bacteriële 

signaalmoleculen genaamd Nod factoren, die een cascade aan responsen opwekken in de plant 

om de microsymbiont op een gecontroleerde manier toe te laten. Genetische analyse van 

plantengenen betrokken bij de waarneming en signalisatie van Nod factoren werd enorm 

versneld na het invoeren van de modellegumineuzen M. truncatula en L. japonicus, waarin de 

bacteriële partner de plant invadeert via het wortelhaarkrullings (RHC voor root hair curling) 

mechanisme. De genen worden strikt gecontroleerd ter hoogte van de epidermis, hoewel het 

steeds meer duidelijk wordt dat ze ook fungeren tijdens latere stadia van nodulatie (Riely et al., 

2006) (Hoofdstuk 1). 

In dit werk werd echter een ander systeem gebruikt zonder controle aan de epidermis 

omdat de bacteriële partner de plant intercellulair binnenkomt ter hoogte van scheuren aan de 

basis van laterale wortels (LRB voor lateral root base) gegroeid in hydropone condities, of aan 

adventiefwortelprimordia op de stengel (Tsien et al., 1983; Ndoye et al., 1994). Sesbania 

rostrata wordt gezien als het model voor deze LRB nodulatie, die voornamelijk verschilt van 

RHC tijdens de initiële stappen van de symbiose (Den Herder et al., 2006). Desalniettemin is de 

vorming van intercellulaire bacteriële micro-kolonies ook afhankelijk van signalisatie via Nod 

factoren (D'Haeze et al., 2000). Het systeem is dus ideaal om de rol van Nod factor signalisatie 

buiten de epidermis te onderzoeken, alsook de plantengenen hierbij betrokken (Hoofdstuk 2).  

Een elegante aanpak werd gebruikt om de rol van lokaal geproduceerde Nod factoren te 

bestuderen tijdens de voortgang van bacteriën in ontwikkelende nodulen. Gemengde inoculatie 

van S. rostrata stengels met twee mutante bacteriën, A. caulinodans ORS571-V44 en ORS571-

X15, werd aangetoond te resulteren in the exclusieve invasie via infectiedraden van de eerste 

mutant, welke geen Nod factoren produceert, terwijl de andere mutant niet voorbij het stadium 

van infectiepockets geraakt dankzij gewijzigde oppervlakte polysacchariden (D'Haeze et al., 

1998). Bijgevolg liet dit ons toe om de effecten te observeren bij het ontbreken van lokaal 
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geproduceerde Nod factoren en hun perceptie in de cortex, wat verder aangetoond werd door 

de afwezigheid van lokale transcript accumulatie van een vroege Nod factor-geïnduceerde 

merker, SrLb6, coderend voor een symbiotisch leghemoglobine (Hoofdstuk 3). Nod factoren 

geproduceerd binnenin infectiedraden bleken aldus belangrijk voor adequate groei van 

tubulaire infectiedraden en om ontwikkeling fijn te stemmen met bacteriële invasie, zoals 

geconcludeerd kon worden uit de gewijzigde infectiestructuren die gevormd werden en uit de 

continue initiatie van primordia en infectie van plantencellen. Opname van bacteriën werd 

echter niet beïnvloed en vereist bijgevolg geen lokaal geproduceerde Nod factoren. In een 

volgende stap zou het interessant zijn om op jacht te gaan naar de molecule en eiwit(ten) 

betrokken bij de controle van dit cruciaal proces.  

Nod factor signalisatie tijdens LRB nodulatie werd verder onderzocht aan de hand van 

expressie- en functionele analyse van SrCCaMK, een uniek gen waarvan gedacht wordt dat het 

het complex calcium signaal gegenereerd na Nod factor herkenning kan interpreteren 

(Hoofdstuk 4). Functionele nodulen werden verkregen op de M. truncatula dmi3-1 mutant na 

introductie van het S. rostrata ortholoog, en het verwijderen van het auto-inhibitorisch domein 

induceerde de vorming van spontane nodulen in aeropone condities, wijzend op gelijkaardige 

biochemische functies. Transcripten waren geassocieerd met het nodule primordium en de 

proximale zijde van het meristeem, zoals waargenomen via promoter-GUS analyse en in situ 

hybridisatie, suggererend naar een specifieke rol in corticale cellen. Neerregulatie via RNAi in 

hydropone wortels verhinderde nodule ontwikkeling en dit kon gecorreleerd worden met het 

niveau van neerregulatie. Dit gaf aan dat het gen op een essentiële manier betrokken is in 

nodule ontwikkeling naast zijn voordien geïdentificeerde rol tijdens Nod factor signalisatie in de 

epidermis. Daarenboven vertoonden de infectiedraden veranderingen gelijkaardig aan wat 

geobserveerd werd voor de infectiedraden met Nod factor-deficiënte bacteriën, hetgeen 

suggereert dat continue Nod factor signalisatie nodig is voor behoorlijke groei. 

Infectiepocketvorming daarentegen bleek normaal te verlopen, zelfs in lijnen met sterke 

neerregulatie. SrCCaMK lijkt dus niet betrokken te zijn in Nod factor signalisatie voor dit proces. 

Daarnaast bevatten plantencellen in het centrale weefsel vrijgestelde bacteriën, erop wijzend 

dat opname onafhankelijk is van Nod factoren en Nod factor signalisatie via SrCCaMK. De data 

die hier voorgeteld worden geven nieuwe inzichten op het nodulatie proces en ondersteunen 

de idee voor een continue rol van genen eerder geïdentificeerd als belangrijk tijdens signalisatie 

in de epidermis in de modellegumineuzen. In dit opzicht kunnen andere cruciale genen 

bestudeerd worden in dit systeem. Anderzijds fungeren de Nod factor receptoren hier mogelijks 

op een andere manier, aangezien LRB nodulatie minder stringente structurele Nod factor 

karakteristieken vereist (D'Haeze et al., 2000; Goormachtig et al., 2004). Een uitvoerige studie 
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van de S. rostrata Nod factor receptoren kan misschien ophelderen in welke processen tijdens 

LRB nodulatie Nod factor signalisatie effectief betrokken is, door bijvoorbeeld het vergelijken 

van Nod factor receptor mutanten met deze na SrCCaMK of SrSYMRK neerregulatie (Capoen et 

al., 2005). Momenteel worden enkele of beide receptoren van L. japonicus (NFR1 en/of NFR5) 

binnengebracht in S. rostrata om te kijken welke van de thans geïdentificeerde receptoren de 

specificiteit bepalen voor LRB nodulatie.  

De uiteindelijke uitkomst van Nod factor signalisatie bestaat uit verschillende 

plantenresponsen zoals initiatie van corticale celdelingen en voorbereiding tot bacteriële invasie 

(van Brussel et al., 1992; Yang et al., 1994). Deze responsen resulteren uit de werking van 

proteïnen die gevormd worden na de specifieke inductie van de corresponderende genen door 

Nod factoren. Eén van dergelijke zogeheten vroege nodulinen, Srprx1, werd verder 

gekarakteriseerd tijdens S. rostrata nodulatie (Hoofdstuk 5). Het gen codeerde voor een 

planten peroxidase van klasse III en werd transient geïnduceerd, en dit enkel tijdens symbiose. 

Zijn expressie was sterk geassocieerd met infectiestructuren en was afhankelijk van bacteriële 

Nod factoren. Daarenboven werd er een co-lokalisatie waargenomen van transcripten met deze 

van een ander vroeg noduline coderend voor een wortel nodule extensine (RNE voor root 

nodule extensin), wat gebruikt zou kunnen worden als substraat voor oxidatieve cross-linking in 

aanwezigheid van waterstof peroxide. Fylogenetische analyse wees op een groep van 

peroxidasen betrokken bij symbiose, en het zou informatief zijn om andere leden van deze 

familie, opgepikt tijdens screens voor differentieel overgeschreven genen, verder te 

karakteriseren (Schroeyers et al., 2004; Capoen et al., 2007). Anderzijds bestaan ook RNEs uit 

een familie van eiwitten (Rathbun et al., 2002), en zijn ze mogelijk goede kandidaten voor een 

functionele studie via neerregulatie omdat ze sterk gelijkaardig zijn in hun herhaalde motieven 

waardoor ze gekenmerkt zijn. De sequenties die coderen voor deze motieven kunnen dus een 

goed doelwit zijn voor een RNAi strategie om de hele familie uit te schakelen. 

De voorgestelde functie van Srprx1 vereist waterstof peroxide voor het uitvoeren van zijn 

biochemische reactie. Deze reactieve zuurstofvorm is nodig voor LRB nodulatie en werd reeds 

gelokaliseerd bij infectiestructuren  (D'Haeze et al., 2003); aldus werden mogelijke bronnen 

van de molecule onderzocht (Addendum hoofdstuk 5). Superoxide anion lokalisatie in 

hydropone wortelnodulen suggereerde de betrokkenheid van een NADPH oxidase/SOD pathway 

voor waterstof peroxide productie. Er werden echter ook twee diamine oxidasen gevonden die, 

gebaseerd op hun expressiepatroon, mogelijks bijdragen tot het genereren van de molecule. 

Farmacologische analyse met specifieke inhibitoren zou duidelijk kunnen maken in hoeverre 

één of beide enzymatische pathways betrokken zijn.  



Samenvatting en Perspectieven 

 186 

Naast signalisatie via bacterieel geproduceerde moleculen zijn tijdens nodulatie 

verschillende plantenhormonen betrokken die op verschillende niveaus inwerken tijdens de 

symbiotische interactie. Zo accumuleert auxine bijvoorbeeld lokaal op nodule initiatie plaatsen 

(Mathesius et al., 1998), en is perceptie van cytokinine nodig voor nodule initiatie (Murray et 

al., 2007; Tirichine et al., 2007). Ook werd aangetoond dat ethyleen, jasmonaat, en hoge 

concentraties van gibberellinen inhiberend werken op nodulatie via RHC (Penmetsa and Cook, 

1997; Oldroyd et al., 2001; Ferguson et al., 2005; Lievens et al., 2005; Sun et al., 2006). 

Invasie via LRB werd echter omgekeerd beïnvloed door zowel ethyleen als gibberellinen. 

Farmacologie toonde aan dat deze hormonen vereist zijn voor deze vorm van nodulatie, 

waarschijnlijk voor de vorming van bacteriële infectiepockets (D'Haeze et al., 2003; Lievens et 

al., 2005). Daarom was het interessant om dit verder op moleculair niveau te onderzoeken, 

waarbij gefocusseerd werd op ethyleen. Een uitgebreid overzicht over de effecten van ethyleen 

die momenteel gekend zijn tijdens de Rhizobium-legumineus symbiose wordt gegeven in 

Hoofdstuk 6. Toediening van het hormoon of zijn precursor heeft over het algemeen een 

inhiberend effect op nodulatie in verschillende legumineuzen. Studies met transgene planten en 

bacteriën toonden dat deze inhibitie voornamelijk gebeurt door het limiteren van het aantal 

persistente infectiedraden. Bovendien bepaalt ethyleen de positie van initiatie van het nodule 

primordium, waarschijnlijk door het lokaal inhiberen van celdelingen. Anderzijds wordt 

autoregulatie van nodulatie op lange afstand niet beïnvloed.  

In S. rostrata werden voordien verschillende genfragmenten geïdentificeerd die gerelateerd 

zijn aan ethyleen biosynthese en signalisatie bij screens naar differentieel overgeschreven 

genen. Enkele hiervan werden verder gekarakteriseerd in dit werk, door isolatie van de 

volledige genproducten en door het bepalen van hun expressiepatroon (Hoofdstuk 7). Er 

werd geen link gevonden met de vorming van infectiepockets bij alle onderzochte genen. Een 

functionele analyse werd uitgevoerd maar deze resulteerde niet in duidelijke fenotypes. 

Recente experimentele data suggereren echter dat verschillende componenten van ethyleen 

signalisatie en biosynthese gereguleerd zijn op eiwitniveau. Dit moet dus in rekening gebracht 

worden bij het bepalen van de experimentele opstelling voor toekomstige functionele analyse. 

Zo zou het bijvoorbeeld interessant kunnen zijn om een stabiele SrACS6 isovorm te 

introduceren voor het onderzoeken van een verhoogde ethyleen productie. Betreffende de ERF 

eiwitten die hier beschreven werden, zou moeten achterhaald worden of ze enkel deel 

uitmaken van de ethyleen signalisatie pathway, of ook andere hormoonpathways hun inductie 

kunnen opwekken. Vervolgens kan de identificatie van de specifieke doelgenen die 

gerepresseerd/geïnduceerd worden door hun biochemische werking verder suggestief zijn voor 

een bepaalde rol tijdens nodulatie. Daarentegen kunnen sommige ERFs, gebaseerd op 
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fylogenetische analyse, ook betrokken zijn bij tolerantie voor overstroming in deze 

watertolerante plant, hetgeen meer in detail kan onderzocht worden. Misschien is het meest 

veelbelovende resultaat uit dit deel wel de waarneming dat wild type A. caulinodans bacteriën 

een ACC deaminase activiteit vertoonden en deze dus de ethyleen precursor afbreken. De 

eigenlijke betrokkenheid van zulke activiteit tijdens LRB nodulatie zou verder kunnen 

onderzocht worden door het isoleren van bacteriële mutanten in de betrokken genen die ook 

teruggevonden werden in het bacteriële genoom.  

 

Samenvattend kan gesteld worden dat de effecten van het hormoon ethyleen op LRB of 

RHC nodulatie bij S. rostrata niet gecorreleerd konden worden op moleculair niveau en verder 

verduidelijkt moeten worden. Nieuwe ontwikkelingen in verband met de biosynthese en 

signalisatie pathways van het hormoon laten echter een meer succesvolle aanpak toe. 

Anderzijds werden nieuwe inzichten verworven vanuit bacterieel opzicht. Het meest belangrijke 

in dit werk zijn de nieuwigheden betreffende Nod factoren en hun signaalcomponenten in 

corticale cellen tijden LRB nodulatie. Deze dragen substantieel bij tot de huidige kennis binnen 

het veld, en vormen een stap voorwaarts op weg naar het overbrengen van symbiose voor een 

meer duurzame landbouw. 
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Thanks… 

 

Het heeft een tijdje geduurd, maar uiteindelijk ben ik dan toch aan het dankwoord geraakt. En 

ja, zoals het bijna traditie geworden is, moet dit nog gebeuren op de avond net voor dit boekje 

eindelijk ‘in press’ gaat. Maar dit gegeven zou uiteraard niet het geval geweest zijn zonder de 

hulp van verschillende mensen die ik hiervoor graag wil bedanken. 

Allereerst begin ik bij mijn 2 vrouwelijke ‘bazen’, die gelukkig NIET als ‘bazige’ vrouwen het 

labo leiden. Marcelle, het was mij een waar genoegen om als laatste van de echte Sesbania’s in 

jouw labo te mogen werken. Jij zal me bijblijven als de warme dame die alles heel nuchter kon 

bekijken, maar die ook heel enthousiast kon zijn over de nieuwste bevindingen, om die daarna 

onmiddellijk in het grotere geheel te proberen plaatsen. Bedankt om mijn project mee te sturen 

en om mij te leren alles zo duidelijk en eenvoudig mogelijk neer te pennen. Ik stond er dikwijls 

versteld van hoe jouw subtiele correcties alles in een klap 5 keer mooier maakten (ook dit 

boekje). Sofie, ik moet je gelijk geven: het is allemaal goed gekomen, zoals jij het altijd kon 

zeggen. Zelfs al had ik net een paar weken verloren door een mislukt experiment, of door het 

vergeten van een controle ;-) Je enorme oog voor detail (vooral voor dé perfecte figuur) en 

uitgebreide verbeterwerken kon ik wel appreciëren. Ik twijfel er niet aan dat je het als neo-prof 

echt goed gaat doen, en dat je je plaatsje vindt binnen de grote Medicago-wereld.  

De “plantmicrobes” (ofte PMD’ers) zal ik me altijd herinneren als een groep waarin het 

geweldig is om als vers afgestudeerde in terecht te komen. Ik hoop dat de sfeer er altijd zo blijft! 

Met het onuitputtelijke enthousiasme van Danny mag dit zeker geen probleem zijn. Een fijne 

wetenschapster met praktisch fingerspitze-gefühl waarbij ik altijd terecht kon met vragen over 

de kleinste beestjes … Het verbaast me ook telkens weer hoe je jouw Rhodococcen-clubje 

begeleidt en opvolgt. Hoewel ik daar niet bij bleef na mijn licentiaatsthesis, zou ik toch graag 

nog bij het (steeds dichterbij komende) FAS-feestje zijn…! De rest van de Rhodococcen zijn 

uiteraard ook niet te versmaden: jammer dat we jullie pas de laatste paar maanden zo dicht bij 

ons hadden: ex-kotgenootje Ine, Isolde (succes met het schrijven (het valt best mee hoor)) en 

Elisabeth. Tussen al dit vrouwelijke geweld: onze Stephen, mijn recentelijke squash partner, die 

binnenkort misschien wel dé man van de plantmicrobes wordt.  

Dan zijn er ook nog de vaste waarden Annick en Christa. Met de laatstgenoemde kende ik 

vele gezellige flow-talks tijdens het saaie overzetten van hairy roots en dergelijke meer. Bedankt 

voor het regelmatig ‘wateren’ van mijn planten, en het snijden van die vele embyonic axes… Bij 

Annick kon ik vooral tijdens de eerste jaren voor eender wat terecht want ze kan het allemaal: 

kloneringen, RACE, en als specialiteit: in situ’s! Van jou heb ik echt veel geleerd, en als het later 

dan toch niet meer lukte, was je altijd bereid om het over te nemen. Ook bedankt voor de hulp 

tijdens de laatste maanden.  

Bij mijn mede-symbiose-doctorandi kon ik steeds terecht voor praktische hulp en vragen, 

maar ook voor veel vertier en amusement buiten het labo. Eerst en vooral mijn letterlijk 

dichtste collega, Juperke: you brought a lot of life and colour to the lab. It would be great if you 

could keep on doing this! Parties, receptions, and concerts were a lot of fun, as was your latest 

pineapple experiment… Good luck with your little book! Also Maria, good luck with your 

project, I hope you can stay here for another while. Katrien, wetenschap gaat altijd met ups en 

downs, maar ik geloof erin dat jij volgend jaar op de top staat. De laatste telgen van de groep, 



mijn ex-studentje Liesbeth en onze Gentenaar Virginie maken het geheel compleet: blijf 

enthousiast, zelfs moest het eens minder gaan. Succes met jullie leuke nieuwe projecten… 

Tenslotte mag ik ook mijn ex-collega’s niet vergeten. Mijn gelijkgestemde Sesbania-ziel Ward 

was altijd bereid om mijn waarnemingen te komen staven. Het was leuk om in Denemarken je 

nieuwe Engelse vriendjes te ontmoeten, en later ook in de muffe dorms van Kobnhavn. Succes 

in the big Giles lab! Toen Willem er nog was heerste er altijd een goede muzikale sfeer. Na de 

overstap naar Medicago, en later Gif, ben je gelukkig nog teruggekomen voor enkele Sesbania 

experimenten. Don’t forget your roots! Ex-student Karen wens ik veel plezier in de nieuwe job. 

Met oude gebuur Katrien S. kon ik labo-leed en -leute delen, en uiteraard ook met zusje Griet. 

Als ‘grote zus’ in het labo was je er steeds voor tips (soms letterlijk) en tricks bij problemen in, 

op en rond het labo. Met je positiviteit zal je het zeker maken daar in München en erna! 

Er zijn natuurlijk nog mensen binnen het departement die mij geholpen hebben: thanks 

Wilson for your many nice sequences and kind words for the ‘professor’ ;-), Riet voor het vele 

EM werk, Stephane en Stefanie met de ‘bomen’, en verder iedereen die ons het labowerk 

gemakkelijker maakt door ons in alles en nog wat te voorzien.  

Ondanks alle hulp blijft een doctoraat hard labeur, waarbij veel tegenslagen moeten 

verwerkt worden. Gelukkig was er altijd ontspanning bij de blackboys, zowel op het terrein als 

in ’t kantien. Pinten pakken (of pannenkoeken bakken) werd er ook regelmatig gedaan met de 

biotech’ers Oli, Phebe, Annelies, Filip, Pieter, Ingeborg, Hilde, Ken en Helena. Hoewel er al een 

paar op avontuur vertrokken zijn, hoop ik jullie verhalen te kunnen blijven volgen.. Anderen die 

ik altijd graag terugzie, meestal tijdens een reünie of kotfuif, zijn alle Corbietjes van tijdens mijn 

onvergetelijke kotjaren. (Ont)spanning was er de laatste jaren ook met onze nieuwe 

dansvriendjes Frederik, Anne-Sophie, Alexander, Joke, Stefaan en Chantal. 

Bij het afsluiten van dit dankwoord moet ik zeker mijn moe en va bedanken, in de eerste 

plaats om mij de kans gegeven te hebben om dit te bereiken, om mij als onbezonnen tiener naar 

Gent te laten vertrekken, en om mij steeds te steunen bij mijn bezigheden, te vertrouwen, en te 

laten zijn wie ik ben. Verder nog een woordje van dank aan Nathalie’s ouders, die ik in deze 

periode beter leerde kennen en waarmee ik al verschillende familie-uitstapjes mocht maken. 

Daarmee ben ik aanbeland bij de laatste persoon die ik nog wil bedanken. Nathalie, een 

dikke kus voor al hetgeen je mij reeds hebt bijgebracht in de afgelopen jaren samen. Bedankt 

voor je onvoorwaardelijke steun en begrip, die ik in de toekomst zeker nog zal kunnen 

gebruiken!! 
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