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Outline

Plants, unlike animals, continue to form organs after the completion of embryogenesis.
This continuous formation of new organs allows plants to be flexible in a constantly
changing environment. A unique example of adaptation to an environmental signal can
be found among members of the familyLeiyuminosael. egumes can enter a symbiosis
with Rhizobiumbacteria that leads to the formation of a complete new organ, the root
nodule. Inside these nodules, the hosted bacteria fix atmospheric nitrogen into ammonia
that can be used by the plant. Root nodule formation is considered to be acquired by
legumes in the course of evolution (Gualtieri and Bisseling, 2000). Several studies show
that evolution of new traits involves changes of transcription factors, signalling
molecules and structural proteins (Carmtlal, 2001). Homologues of nodulin genes
(genes that are highly induced during nodule formation) can be found in non-legumes.
This indicates that at least some of the genes and maybe even processes necessary for
nodule development must be functioning in non-legumes, suggesting that rhizobia have
recruited genes involved in general plant development for nodule formation. The
presence of nodulin homologues in non-legumes opens the possibility to compare the
regulation and function of nodulins and nodulin homologues in legumes and non-
legumes. From such studies one might learn how the regulation or function of these
genes was adjusted to establish a symbiosisRithobium

We studied the regulation and function of the leguWNOD40 gene and its tomato
homologueLeENOD40 ENOD40homologues have been found in legumes as well as
non-legumes such as rice (Kouelial 1999), maize, citrus and tobacco (Van de Sande

et al 1996). In the legumbledicago truncatulaENOD40was shown to be required for
proper nodule development (Char@t al 1999). Ectopic expression of soybean
ENODA40in the non-legume tobacco leads to reduced apical dominance (Van de Sande
et al. 1996). This indicates thdENOD40 plays an important role in both nodule
formation and non-symbiotic plant development.

In chapter 1 an introduction on root nodule development in legumes is described and the
current knowledge on the role BNODA40in this process is summarised.

In chapter 2 the isolation of theeENOD40gene from tomato and its mapping position

on the tomato genome is described. To enable detailed expression stUeNOSD@AQ
LeENOD40::GUSis introduced in tomato. Expression ltdENOD40::GUSs analysed
throughout the plant life cycleeENOD40::GUSexpression strikingly co-localises with

sites of increased ethylene production in plant development such as in the seed after
germination and in flowers before the onset of and during flower senescence.
Furthermore, the expression studies showlte&NOD40is negatively regulated during



initiation of lateral root formation, suggesting that the gene plays a role in lateral root
formation.

In chapter 3 we compare regulation bEENOD40::GUSand GmENOD40::GUS
expression in a legume and a non-legume background. Our studies show that
LeENOD40::GUSand GmENODA40::GUSexpression are similarly regulated in non-
legumes. We also show thadENOD40::GUSs expressed in similar nodular tissues as
the endogenousNOD4Q

In chapter 4 we investigate the effect of ectopic expressionG@ENOD40
(35S::GmMENOD4D on tomato development in transgenic tomato plants. Preliminary
studies show that ectopic expressionGFhENOD40causes an increase in flower and
leaf size in 2 transgenic tomato plants. The leaves and flowers of these plants contain
cells larger than wild-type cells in the epidermis.

In chapter 5 we investigate whether we can assign a function to the peptide encoded by
ENOD40by searching for protein binding partners for the peptide. For this we used the
yeast Two-Hybrid system to screen a cDNA library of young pea nodules. This resulted
in the isolation of Ps-p40, a pea homologue of the ribosomal protein|p4gitu
hybridisation studies show that the expression sitgg0fandENOD40partly overlap

in nodules. Further investigation is necessary to confirm or disprove the interaction
between p40 and ENODA40.

In the concluding remarks of this thesis (chapter 6) we discuss a possible function of
ENOD40and we discuss wheth&NOD40represents a gene that is recruited during
evolution for nodule formation.
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Chapter 1

Introduction
Plants of the family oLeguminosaean enter a symbiosis with soil bacteria in such a

way that differentiated root cells start to dedifferentiate and form a completely new
organ, the root nodule, which hosts the bacteria. This symbiosis is only established when
plants are grown under nitrogen limiting conditions. Root nodule formation is beneficial
for plants as the bacteria fix atmospheric nitrogen into ammonia, which can be utilised
by the plant. The interaction leading to root nodule formation is in general restricted to
plants of the family ofLeguminosaglegumes) and bacteria belonging to the genera
Rhizobium, Bradyrhizobium, Sinorhizobiiand Azorhizobium(here collectively called
rhizobia). To establish an infection, rhizobia attach to the root hairs and cause root hair
curling. The bacteria become trapped in the curled root hair and can enter the root
through a newly formed infection thread. Simultaneously, mitotic reactivation of cortical
cells leads to the formation of the nodule primordium. The infection threads grow
towards the primordium and upon arrival bacteria are released into the cytoplasm of the
primordium cells and become surrounded by a plant-derived peribacteroid membrane.
The nodule primordium develops into a nodule and the bacteria differentiate into their
endosymbiotic form, the bacteroids. Studies aiming at the understanding of a process as
complex as nodule formation, could certainly benefit from integrated multidisciplinary
approaches which have been shown to be productive in studies on many facets of the
plant life cycle of model planArabidopsis thalianaIn the last decaddyledicago
truncatula (Barkeret al., 1990) andLotus japonicugSchauseet al., 1998) have been
chosen as model legumes. Gene mutagenesis -, gene tagging -, DNA sequence -, and
proteomic programs have been initiated in these model legumes.

In several legumes, mutants impaired in symbiosis are described. These can roughly be
grouped into three classes: class |, non-nodulators){ncddss Il, hypernodulators
(nod™) and class I, nodulators with impaired fixation (fiofix’). In this review we

focus on the current knowledge of the interaction between legumes and rhizobia (for
other reviews see: Albrecht al.,1999; Foucher and Kondorosi, 2000; Stougaard, 2000;
Hirschet al.,2001).

Starting of the interaction

Nodule formation is the result of a two-way communication: Plants secrete host signals
such as flavonoids into the rhizosphere, which can act as chemo attractants to rhizobia.
Together with the rhizobial NodD transcriptional activator, flavonoids induce expression
of the rhizobialnodulation (nod) genes (Goethalst al.,1992). Thenod genes encode
proteins that are involved in the production of Nod factors (Figure 1).
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Introduction

Figure 1: Schematic representation of the primary signals involved isitharhizobium meliloti

and Medicagotruncatula interaction. Flavonoids secreted by the plant (1) at®acheliloti(2)

and induce the transcription of bacten@ld genes. The proteins encoded by tlogl genes are
involved in synthesis and transport of the Nod factor, a lipochito-oligosaccharide (3). The Nod
factor provokes responses in the plant at spatially separated sites, the root hairs (4), the cortex and
the pericycle (5).

These Nod factors play a major role in the host specificity of the symbiosis between
rhizobia and legumes. Most rhizobia possess multiple copiesdid and in some cases

it has been shown that different NodD proteins are involved in the recognition of
different plant signals, leading to an extension of the host range in these particular
bacterial strains (Denargt al.,1996; Spaink, 1996).

In the early 1990s, Nod factors were characterised (Lereugk, 1990) and to date the

Nod factor structure of several rhizobial species has been elucidated. They all$hare a
1,4-linked N acyl-D-glucosamine backbone of three to six units. The non-reducing
terminal sugar moiety is substituted with a fatty acid, of which the structure is variable.
Substitutions may be present at the reducing terminal sugar, including sulfuryl, fucosyl,
mannosyl or arabinosyl groups and an acetyl group may be present at the non-reducing
terminal sugar. Genetic and molecular analyses have shown that the bactdAal
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Chapter 1

nodBandnodCgenes, common to all rhizobia, are responsible for the synthesis of Nod
factors (for reviews on genes involved in Nod factor production and on Nod factor
structure, see Denarig al., 1996; Spaink, 1996). The different structural features of
Nod factors find a basis in presence or absence of spacifigenes. Several studies
have shown that the substitutions on the core backbone of the Nod factor confer host-
specificity of the interaction between the bacterium and its host (Spaiak, 1991;
Bloemberget al.,1994).

Purified Nod factors applied in the nano- to picomolar range are able to induce
developmental processes that are needed to form the nodule (Lebagel1990;
Ardourel et al., 1994). Responses to Nod factors are provoked at spatially separated
sites; the epidermis, cortical cells and pericycle (Geurts and Bisseling, 2002). This
observation raises the question whether the observed responses are directly provoked by
Nod factors or by Nod factor induced diffusible signals. Ballistic targeting of the chito-
oligosaccharide part of the Nod factor to inner cortical cells proved to be sufficient to
initiate cell divisions (Schlamaet al.,1997). These experiments suggest that the mitotic
activity of Nod factors resides in the chito-oligosaccharide part, and that this part either
is transported to the inner cortical cells to induce cell divisions or is sufficient for the
production of a secondary signal that leads to cell division. The low concentration in
which Nod factors can already provoke responses as well as the structural specificity of
Nod factors are indicative for a receptor-mediated activity. Studies using various
pharmacological drugs indicate that Nod factor signalling might be a G protein mediated
transduction mechanism (Pingret al 1998). However, until now there are no
experimental data supporting the presence of this particular transduction system in plants
(Meyerowitz, 1999).

At the epidermis

Nod factors induce several responses in the root epidermis of their host plant. The
earliest responses to Nod factors are physiological responses in the root hairs.
Immediately after Nod factor application, a decrease of the calcium concentration in the
environment between the root hairs occurs, which could be due to an influx of calcium
into the root hairs (Fellet al., 1998). This is followed by depolarisation of the root hair
plasma membrane associated with an efflux of chloride ions (Ehetaatlt1992; Felle

et al., 1995; Felleet al.,1998). Several minutes after Nod factor application, spiking of
cytoplasmic calcium levels occurs in the root hairs (Ehrhetrdi., 1996). These Nod
factor induced ion fluxes are followed by morphological changes in root hairs. Vetch
root hairs that deform after Nod factor application have almost terminated growth
(Heidstraet al., 1994). When Nod factor is applied, the tips of these root hairs swell.
Renewed root hair growth takes place in a different direction leading to root hair
deformation (De Ruijteet al.,1998). Furthermore, Nod factor application to vetch root
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Introduction

hairs was shown to change the configuration of the actin cytoskeleton (De BRuter

1999).

Several studies on marker genes for Nod factor activity have been performed. These
marker genes are expressed in hairs as early as two hours after Nod factor application.
These marker genes have been shown to encode proline-rich pré&tsENCDS
PSENOD12MtENOD11 MtENOD12, a peroxidaseMtrip1) and a C# binding protein
(LjCjpl) (Horvathet al., 1993; Cooket al., 1995; Vijnet al., 1995; Baueet al., 1996;

Webet al.,2000).

The described physiological changes, morphological changes and expression profile of
marker genes imply that several processes are set in motion by Nod factors. Whether
these processes are really important for nodule formation needs to be confirmed.
Instrumental to this task may be the mutants that are impaired in root hair deformation.
For example, peaym8, syml@nd sym19(Markwei and LaRue, 1992; Walket al.,

2000) and alfalfaMN1008 (Ehrhardtet al., 1992; Ehrhardtet al 1996) show no
morphological response to rhizobisledicago truncatuladmil, dmi2 and dmi3 are
blocked in Nod factor induced polar outgrowth of the root hair (Catiral., 2000)
(Figure 2). For all these mutants, except dani3 the absence of Caoscillation has

been shown, suggesting a relation betweefi @xillation and root hair deformation
(Ehrhardtet al., 1996; Oldroydet al.,2001). The genes mutated in alfaliéN1008and

M. truncatuladmi2 encode homologous receptor kinases (Stratla., 2002; Endreet

al., 2002). How this receptor kinase could be involved in Nod factor perception or signal
transduction has not been investigated yet.

Since the characterisation of Nod factors the hunt for a Nod factor receptor has been
opened, but at present its structure is still illusive. Alfafid1008 and M. truncatula

dmi2 were shown to encode homologous receptor kinases. These genes could be
candidates to encode the Nod factor receptor. However, the presence of LRR motifs in
the encoded protein (NORK) indicates that a protein-protein interaction is involved in
activation of the receptor. If NORK encodes the Nod factor receptor it would require
Nod factors to bind with a protein before interaction with the LRR motif could occur
(Strackeet al.,2002; Endrest al.,2002).

A biochemical approach to identify a Nod factor receptor has led to the identification of
two binding sites, NFBS1 and NFBS2, in microsomal fractions from alfalfa roots and
tissue cultured cells. The first site has low affinity for 8ieorhizobium melilotspecific

Nod factor, in contrast to NFSB2 that binds this Nod factor with higher affinity. Both
NFSB1 and NFSB2 however, can also bind to derivatives devoid of the sulfuryl
substitution that appears to be requiredifiovivo activity of theS. melilotiNod factors
(Gressenet al.,1999).

The chemical nature of Nod factors suggests that a putative Nod factor receptor contains
a sugar recognising part. A role in Nod factor perception for lectins, well-known sugar
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binding proteins, has been suggested (Kijne, 1992; Van Bhih, 1998; Etzleret al.,

1999; Diazet al., 2000). A purified lectin with apyrase activity frobolichos biflorus

was shown to bind Nod factors with high affinity (Etzktral., 1999). This lectin is
present on the root hair surface and treatment of root hairs with antiserum against this
lectin inhibits root hair deformation and nodule formation. From these experiments
however, the role of lectins in Nod factor transduction remains unclear.

Derivatives ofRhizobium leguminosarutwv viciae 248 Nod factors, in which the acyl
chain is provided with a fluorescent group, were used for FCM (Fluorescence
Correlation Microscopy) studies oviicia sativa root hair deformation. These Nod
factors become rapidly immobilised in the root hair cell wall and upon deformation, Nod
factors hardly migrate to the newly synthesised cell wall. Apparently, Nod factors are
immobilised in the root hair cell wall (Goedhattal.,2000). This indicates that a Nod
factor receptor may have a part residing in the cell wall. StudiesRhitobiunmutants
showed that a difference in Nod factor structure induced a different type of response.
Based on these studies a two-receptor model for Nod factor perception was proposed by
Ardourelet al (1994). This model implies that there is an entry receptor, which is highly
selective for Nod factor structure and a signalling receptor, which is less selective for
Nod factor structure. The highly selective receptor is in control of the infection process
and will only recognise Nod factors with the appropriate substitutions. The signalling
receptor triggers root hair deformation and cortical cell division upon binding of Nod
factor. The pe&YM2gene is involved in Nod factor induced infection thread formation
and its activity depends on the structure of the Nod factor (Getuals, 1997). Insym?2
plants, induction of primordium formation does not depend on the right Nod factor
structure. ThereforeSYM2is an interesting candidate to encode the entry receptor.
However, it is also likely that pathways leading to infection and primordium formation
interact. Based on histological studies on the rearrangements of the microtubular
cytoskeleton during early steps in the symbiosis, it has been proposed that infection
thread growth and primordium formation should occur in close concert in order to be
successful (Timmerst al., 1999). In line with this is also the observation that lthe
japonicusNin gene, which encodes a protein with homology to transcription factors, is
required for both infection thread formation and initiation of nodule primordia (Figure
2). Disruption of Nin by insertion of anAc element causes excessive root hair
deformation and curling (Schausaral., 1999).

The infection process

To establish a successful symbiosis, rhizobia have to penetrate the root and enter nodule
primordium cells. In the infection threads, bacteria are imbedded in a matrix. The major
plant glycoprotein (MGP) in pea infection threads is also released from the root tip. This
soluble MGP can be made insoluble by peroxidases and diamineoxidase (Wispitewski
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al., 2000). Based on the assumption that such an insolubilisation of MGP occurs in the
lumen of the infection thread, it has been suggested that bacteria become entrapped in
the infection thread matrix. In this way, the rate of solidification might then be a means
of the plant to regulate the entrance of compatible and incompatible bacteria.

Bacterial surface exo- or lipo-polysaccharides, like EPSI, EPSII and LPS, have been
shown to be essential in infection, as mutants impaired in the production of these surface
components are unable to establish a successful infection process. Intriguingly, EPS
mutants can partially be rescued by low Mr-polysaccharide fractions of EPSI and EPSII
(Gonzalezet al., 1996). This suggests that these molecules may act as signalling
molecules. For th&®. leguminosarunbv viciae-pea interaction, it was shown that the
bacterial NodO secreted protein positively contributes to the progression of infection
(Suttonet al., 1994). However, the NodO ortholog in othehizobiumspecies has not

been discovered yet. Thus, it remains to be solved whether other rhizobia also make use
of secreted proteins that can aid the infection process. Concomitant with the infection
process, differentiated cortical cells start to dedifferentiate and subsequently to divide,
giving rise to the nodule primordium. Roughly, nodule primordia arise either in the outer
cortical cell layers, like in soybean and common bean, or in the inner cortical cells as is
the case in pea amdedicagospp In plants where the primordium is formed in the inner
cortex, the infection thread passes the outer cortex. Prior to infection thread penetration,
cytological rearrangements occur in the cortex cells. The nuclei move to the centre of
these cells and the microtubules and cytoplasm rearrange to form a radially oriented
conical structure, which resembles a phragmoplast. The infection threads traverse the
cortical cells through radially aligned cytoplasmic bridges, which are called pre-
infection threads (Van Brusset al.,1992). InLotus japonicusthe nodule primordium

is formed in the middle root cortex and also there cytoplasmic bridges are formed to
allow infection thread progression (Van Spronseal.,2001).

In situ hybridisation experiments scoring for the expression of cell cycle phase specific
genes demonstrated the expression of the S phase spétifiene, but not of an M
phase mitotic cyclin gene in cells forming the pre-infection thread (éard., 1994).

This observation shows that cells that form the pre-infection thread re-enter the cell
cycle, but become arrested in the G2 phase. Based on this, it was proposed that rhizobia
apparently have been able to manipulate a general process such as cell division to
penetrate plant roots. Purified Nod factors can induce pre-infection thread formation, but
for the formation of a complete infection thread bacteria are required (Van Betiasel

1992). The final destination of infection threads are cells of the primordium where, upon
arrival, the threads ramify and infect cells at the base of the primordium. Abortion of
infection threads seems to take place predominantly in the epidermal cell layer (Kijne,
1992). This could indicate that a strong selection barrier is laid down in the epidermis.
On the other hand, since formation of pre-infection threads relies on the proper
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regulation of genes controlling the cell cycle, it might be that mutations leading to
defects in infection thread progression would also affect normal cell cycle progression
and could therefore be lethal.

Primordium formation
Local cortical cell divisions can be induced by Nod factors but can also be provoked by

exposure of the roots to auxin transport inhibitors or cytokinin (Cooper and Long, 1994;
Hirsch et al.,, 1989; Mathesiuset al., 1998). These observations indicate that a
disturbance of the auxin/cytokinin balance could be a crucial early event in nodule
formation. Nodulation impaired mutants have been identified in which the nodulation
phenotype is accompanied with either ethylene hyper- or insensitivity. In the pea mutant
sym5the number of infections is similar as in wild-type pea but a lower number of
primordia are formed. This results in a lower number of nodulessyim&phenotype

can be rescued by treatment with either AVG of iagibitors of ethylene formation and
action, respectively. It was concluded that in siygen5mutant increased sensitivity to
ethylene causes a block on primordium formation (Figure 2syisoplants show no

other morphological differences, the importance offfx@5gene product is only clear

in nodule development (Guinel and LaRue, 1991)Miedicago truncatulathe sickle
mutation induces insensitivity to ethylene and ACC (Penmetsa and Cook, 1997). The
mutation also leads to a more than two-fold increase in the number of nodules when
compared to wild-type plants. Based on the gga5phenotype it can be inferred that
ethylene is a negative regulator of nodule primordium formation. Hence, it is more likely
that the sickle mutation has an effect on cortical cell divisions leading to nodule
development rather than on infection as was suggested (Figure 2). However, ethylene
was also shown to inhibit the initiation of calcium spiking and regulate the degree of
root hair deformation in response to Nod factors (Oldmtyal.,2001). It was suggested

that ethylene acts at or before the point of calcium spiking in Nod factor signal
transduction.
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sym8 (Ps)
sym10 (Ps)
syml19 (Ps)
MNI1008 (Ms)
dmi 1,2,3 (Mt)

=

-2

P Nin (1j)

sym2 (Ps)

Figure 2: Schematic representation of the early steps inRthieobiurdlegume interaction and
mutants impaired in particular steps. A: attachment of rhizobia to the root hairs B: induction of a
curl into which the bacteria become entrapped. From here infection thread formation is initiated.
C: Infection threads grow inwards via the hair into the cortex towards the cortical cells that have
been mitotically reactivated. D: Penetration of infection threads into nodule primordium cells and
release of bacteria into the cytopladvs = Medicagosativa Mt = Medicago truncatulaPs =

Pisum sativumLj = Lotus japonicusO= blocking, { = stimulating. Names refer to mutants in
different species affected in these particular steps.

Heidstraet al., (1997) showed that ACC oxidase is expressed in the pericycle opposite
phloem poles in pea roots. Strikingly, the cortical cells that are recruited for primordium
formation are predominantly positioned opposite proto-xylem poles, facing the region in
the pericycle devoid of ACC oxidase expression. Treatment of pea seedlingR.with
leguminosarunbv viciaein the presence of AVG or Agesulted in an increased number

of nodules formed opposite phloem poles. From these observations it can be inferred that
ethylene is negatively regulating nodule primordium formation opposite phloem poles
whereby it provides positional information for the nodule primordium to form opposite
protoxylem poles. Remarkably, the effect of ethylene as described has only been noticed
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in legumes where nodule primordia are formed in the inner cortex. For instance in
soybean, where the nodule primordium forms in the outer cortex, primordium formation
and infection have been shown to be insensitive to ethylene (Schmit, 1999).
Primordia that are initiated in the inner cortex give rise to nodule meristems that persist,
while meristematic activity of outer cortex primordia derived meristems ceases early
after establishing symbiosis. It was shown that ethylene has an influence on meristem
life span inSesbania rostratain which the primordia are formed in the outer cortex
(Fernandez-Lopez, 1998). In addition to negative regulators of nodule formation, signals
positively influencing primordium formation other than cytokinin have also been
characterised, such as uridine (Smital., 1995). However, the effect of uridine in
legumes other than pea has not been reported.

The geneENOD40is thought to play an important role in nodule formation. Detailed
expression studies in alfalfa showdsENOD40is induced shortly after bacterial
treatment of plants. Expression is observed 3 hours after inoculation with rhizobia in the
pericycle facing the proto-xylem pole, while cortical cell divisions are observed 20 hours
after inoculation (Compaaet al., 2001). Ectopic expression diNOD40 leads to
perturbation in plant growth in both legumes and the non-legume tobacco (€rakpi
1994; Van de Sandet al., 1996; Charoret al., 1997). Application ofSinorhizobium
meliloti to M. truncatulaoverexpressindltENOD4Q results in nodule formation in a
region closer to the root tip. A similar effect is achieved when bacteria inoculated
Medicagoplants are grown in the presence of AVG (Chagbal., 1999). In addition,
ballistic targeting of MIENOD40 DNA into alfalfa induces cortical cell divisions
(Charon et al., 1997). Thus, in legume raBldOD40may act as a signal to reactivate
cortical cells and it may do so by suppressing the negative effect of ethylene.

A current working model for Nod factor induced nodule primordium formation is that
Nod factors locally cause a block in polar auxin transport. This leads to an increase in
cytokinin that together with positive regulators like uridine @HODA40 lead to
reactivation of cell division. Positive regulators might be required to overcome the
negative effect of ethylene on induction of cell division.

Late steps
Upon infection of particular primordium cells, bacteria are released from the infection

threads and become internalised by a process reminiscent of endocytosis. In
indeterminate nodules, it has been shown that rhizobia have a preference to infect those
cells that have gone through several rounds of endoreduplication (Truchet, 1978).
Recently, ccs52 a gene involved in endoreduplication and ploidy-dependent cell
enlargement has been characterisedlinruncatula However, antisense silencing of

this gene was not described to have an effect on nodule formation (Gahailld 999).

Thus, the importance of polyploid cells in nodule formation or functioning is not yet
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clear. After release from the infection thread, the endosymbionts multiply and the
intracellular bacteria differentiate into bacteroids, which then enlarge. At this stage,
division of the microsymbiont and the surrounding membrane is synchronised in an
unknown way. Cells at the proximal site of the persistent apical meristem stop dividing
and differentiate into the various tissues that are present in the mature nodule: central
tissue harbouring bacteroids adjacent to uninfected plant cells. The central tissue is
surrounded by parenchyma cells in which the vascular bundles are embedded. The tissue
organisation in the central region of the nodule has been studied in several ways in pea
andM. sativa(Scheret al.,1990; Vasset al.,1990; Yanget al.,1991). The results of

these studies (Figure 3) suggest that a flow of signals between the two organisms guide
the progression of the interaction. Bacteriatl genes are still expressed in the nodule
region preceding the fixation zone, suggesting that Nod factors might still be produced
and could act as a signalling molecule like in the early steps of the interaction (Schlaman
et al.,1991).

-~

&=

enodd enodd enodl2

e

nod6

Figure 3 Schematic representation showing tissue organisation of the central region of the
indeterminate pea nodule and alignment of regions where different plant (indicated at the left side
of the nodule) and bacterial transcripts (indicated at the right side of the nodule) are located. The
meristematic zone (zone I): expression of chalcone syntbhseir{volved in the production of
flavonoids). The infection zone (zone Il): expression of early nod&ENGD5 ENOD12(proline

rich proteins)and ENOD4Q The interzone (zone ll-lll, nitrogen fixation starts) and the nitrogen
fixation zone (zone Ill): expression of late noduN®D6 and expression of the bacterial genes
nifA andnifH, genes involved in the transcription of genes involved in nitrogen fixation. Closed
arrows: maximal expression; dotted arrows decreased expression.
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The presence of bacterial strains with functiomadl genes, that are impaired in release
and bacteroid development, strongly argue for the involvement of additional bacteria or
plant derived signals in these late symbiotic steps. It will be a major challenge to
characterise the nature of these signals. A glimpse of the complexity one may encounter,
is best illustrated by the observation that silencing of a Kriippel-like zinc finger protein
encoding gene, which is normally expressed in vascular tissue, leads to non-functional
nodules due to hampered differentiation of the invasion- and fixation zone (Fetigier

al., 2000). This observation shows that in addition to the ongoing signalling between the
bacteria and the plant, also intercellular signalling between plant cells are major events
in establishing of the symbiosis.

Perspective

Nitrogen fixation in root nodules is an advantageous trait that crops growing on nitrogen
poor soils can benefit from. Also non-legumes could benefit from nitrogen fixation.
However, transferring the possibility of nitrogen fixation is a difficult task. It depends
largely on how much of the processes that are needed for nodule development are
functioning in non-legumes and how many additional functions are required (Parniske,
2000). Homologues of nodulin genes have been found in non-legumes. Moreover,
identification of genes mutated in non-nodulating mutants such as a\iife008
Medicago truncatula dmiznd Lotus japonicusNin, shows that homologues of these
genes can be found in non-legumes (Stougaard, 2000; Sebake2002; Endreet al.,

2002). The presence of these genes in non-legumes indicates that processes needed for
nodule formation could be partly present in non-legumes. Application of Nod factors to
rice plants transgenic for tHENOD12promoter shows that tHeENOD12promoter can

be induced in these plants (Redztyal.,1998). Therefore, a mechanism must be present

in these plants to recognise Nod factors or signals reminiscent of Nod factors. It seems
likely that rhizobia have recruited genes involved in general plant development for
nodule formation. The identification of several non-nodulating mutants that are also
impaired in the arbuscular mycorrhiza (AM) formation led to the hypothesis that nodule
formation evolved from this, more widespread, symbiosis between plants and
endomycorrhizal fungi (Gianinazzi-Pearson, 1996; Albrexthal., 1999; Gualtieri and
Bisseling, 2000). Investigation of the function of non-legume homologues of genes
involved in nodule formation might give more insight into their function in nodule
formation. Such studies could also give insight into differences between species that can
be a basis for symbiosis between legumes and rhizobia.
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Abstract

In legumes,ENOD40 expression is dramatically increased upon interaction of plants
with rhizobia. Therefore, it is suggested that this gene plays a key role in nodule
development. The presence BNOD40 homologues in non-legumes suggest that this
gene, apart from its involvement in root nodule development, functions in other
developmental processes as well. However, little is known of the expression pattern of
ENOD40during other stages of the plant life cycle. Expression studi&NefD40in
non-legume development may give an indication on a function of the gene. To
investigate th&aNOD40expression pattern during plant development, a fusion between
the B-glucuronidasg(GUS reporter gene and 150 bp of 5 UTR plus 3000 bp of 5’
untranscribed tomatoENOD40 sequence was constructed and introduced in
Lycopersicon esculentumAnalysis of GUS expression in transgenic tomato plants
suggests thatENOD40 in tomato has a role in counteracting ethylene-provoked
responses. The expression patterrENOD40in roots suggests th&NOD40plays a

role in lateral root development.

Introduction

While animals develop all their organs during embryogenesis, for plants the continuous
formation of new organs is an important feature as they are sessile organisms that unlike
animals cannot move away from an unfavourable environment. The continuous
formation of new organs after completion of embryogenesis allows plants to be flexible
in a constantly changing environment. An example of adaptation to an environmental
cue can be found among members of the familyagfuminosaeThese plants develop
unique organs on their roots, the so-called nodules. Nodules are the result of a symbiotic
interaction between legume plants &tuzobiumbacteria. When nitrogen sources in the

soil are low, this symbiosis gives the plants access to a pool of ammonia assimilated by
the rhizobia. Although many plants could benefit from this symbiosis, the phenomenon
is largely restricted to a distinct plant family, the legumes. This leads to the question
what determines the competence for symbiosis in these plants. Homologues of genes
expressed at elevated levels during nodule formation have been found in non-legumes
(Matvienkoet al., 1996; Kouchiet al., 1999; Reddyet al., 1999; Beckeet al., 2001).

The establishment of a symbiotic interaction could cause or require a different regulation
of expression of these genes than normally during plant development. A gene
responsible for the noghhenotype of the alfalfa mutant MN-1008 has recently been
isolated (Stracket al.,2002; Endreet al., 2002). This gene is not unique for legumes

but homologues are present in the non-legulinabidopsis thaliana Furthermore,
mutants have been described that are disturbed in both nodule formation and plant
development (Penmetsa and Cook, 1997, Wopeteik, 2000). These data indicate that
legumes have recruited genes for nodule formation that are involved in other, more
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ancient, plant processes. The presence of nodulin homologues in non-legumes opens the
possibility to study the regulation and function of these genes in non-legumes. From
such studies one might learn how in legumes these genes have been modified so that
they could be recruited to establish a symbiosis. In addition, one might learn about the
function of these genes in symbiosis as well. Preferably these studies should be
performed in a well-studied model plant, which can be efficiently transformed and used
for genetic analyses.

We choseENODA4O for these studies, a gene thought to play a key role in nodule
development. Reduction ofENOD40 expression during nodule formation by
cosuppression leads to the formation of aberrant nodulddeiticago truncatula
showing that in these plarE8NOD40is essential for proper nodule formation (Chagbn

al., 1999).ENOD40can be found in legumes and in non-legumes like rice, maize, citrus
and theSolanaceag¢obacco and tomato. A detailed expression study is already available
for ENOD40in rice (Kouchiet al., 1999). However, this study gave no further insight

into the function oENOD4Q

Here, we show detailed expression studieENOD40in tomato. We chose the non-
legume tomato for these studies because it is a well-studied plant and genetic maps are
available, which also allows us to search for mutatio SN@®D4Q Our studies suggest

that ENOD40 in tomato has a role in counteracting ethylene-provoked responses; a
function that it could have in root nodule formation as well as in non-symbiotic
processes.

Materials & methods

Plant material

Tomato plants L{ycopersicon esculenturtv Moneymaker) were grown in a growth
chamber at 25°C and a 16 hour photoperiod (7V/Ror generation of offspring, plants
were moved to a greenhouse (at 18 to 21°C) with additional light during the winter (16
hour photoperiod, 150 W lights).

Transgenic plants were grown aseptically in jars on 1/2 MS (Murashige and Skoog
medium, Duchefa) containing 10 g sucrose (1/2 MS 10) and 15 mg/l hygromycin in a
growth chamber (conditions described above). After two weeks plants resistant to
hygromycin were transferred to soil (and moved to a greenhouse) or to medium without
antibiotics for further treatments.

RFLP mapping

To identify RFLPs suitable for mapping bEENOD4Q the cDNA was hybridised to
Southern blots containing. esculentumandL. pennelliiDNA digested with a number

of different enzymes. The enzyme that gave an RFLP was used to digest DNA samples
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of 79 plants of an F2 population bf esculentunx L. pennellii The computer package
JoinMap (version 2.0, Stam and Van Ooijen, 1995) was used to translate the mapping
data into a map position. The department of Plant Breeding, Wageningen University,
kindly provided DNA samples and segregation data.

RT-PCR

RNA was isolated from different organs of tomato using the hot phenol method for RNA
isolation (Pawlowski, 1994). After RNA isolation the samples were treated with DNasel
(Promega) to remove chromosomal DNA that could disturb the PCR reactions. Total
cDNA was made from 2.5 pg of total RNA using an oligo dT primer in a volume of 20

pl (20 mM Tris-HCI pH 8.8, 50 mM KCI, 5 mM Mg¢I1 mM dNTPs, 1 pg oligo dT12-

18 (Pharmacia), 20 U RNA guard (Pharmacia) and 200 U MMLYV reverse transcriptase
(Stratagene). The samples were incubated for 1 hour at 37°C. To inactivate the reverse
transcriptase enzyme the samples were incubated at 95°C for 5 minutes. The RT samples
were then diluted to 100 pl and 1 or 2 pl of the cDNA were used for PCR (10 mM Tris-
HCI pH 8.3, 50 mM KCI, 2.5 mM MgGl 100 pM dNTPs, 50 ng primer and 1 U Taq
polymerase (Boehringer Mannheim, USA) in a total volume of 50 pl). For isolation of
the LeENOD40cDNA clone the primers Ka 5L: 5’-GGC (A/T)(C/A)(A/G)(C/IA)A(AIT)
C(C/A)ATCCATGGTTCTT-3' and oligo dT were used (60°C annealing temperature).
For the RT-PCR reactions of the different tomato plant organs the primers Le40-3: 5'-
GCAAGTTGGAGTGGAGG-3' and Le40-4: 5'-ACACACTGGCATGTAACC-3' were

used (annealing temperature 58°C). For these reactions the following cycling program
was used: denaturation 95°C 30 sec, annealing 30 sec (temperature dependent on
primers), extension 70°C 30 sec. Amplified DNA samples were run on a 1% agarose gel,
alkaline blotted to Nytran-Nmembrane and hybridised to radiolabelled inserts of the
corresponding cDNA clones.

5-RACE

To determine the 5’ end of theeENOD40mRNA a 5’-RACE was performed on RNA

of tomato flowers. For this, cDNA was constructed from 20 pg of total RNA using the
primer Le40-4 (100 ng) (see RT-PCR) in 10 mM Tris-HCI pH 8.8, 50 mM KCI, 5 mM
MgCl,, 1 mM dNTPs, 20 U RNA guard (Pharmacia) and 20 U AMV reverse
transcriptase (Stratagene). The samples were incubated for 10 minutes at room
temperature, 30 minutes at 42°C, 60 minutes at 50°C and finally 10 minutes at 65°C.
The sample volume was adjusted to 100 pl and purified using a PCR Purification Kit
(Boehringer). The sample was eluted from the PCR purification column using 50 pl 1x
TdT buffer. TdT tailing was performed in a total volume of 55 pl containing 1x TdT
buffer, 25 uM dATP and 15 U TdT. This mixture was incubated for 30 minutes at 37°C
and 5 minutes at 70°C to inactivate the TdT enzyme. 5ul of the tailed cDNA was used
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for the first PCR for which the primers Le40-1: 5-GGTTTGCCATCCTTTTGC-3’ (100

ng) and T (200 ng) were used. A hot start PCR program was used: 5 min 94°C, 3 min
80°C (in this step the Taq polymerase was added); 94°C 15 sec, 55°C 30 sec, 72°C 40
sec, for 10 cycles; 94°C 15 sec, 55°C 30 sec, 72°C 40 sec with 20 sec extension, for 20
cycles; 5 min 72°C. A second PCR was performed with Le40-2 primer: 5'-
GGACTCTCCAGAGATGTTG-3' and A primer (binds to linker on T primer). This
product was hybridised to radiolabelléd@ENOD40to confirm the presence of an
LeENODA40insert and then cloned into the pGEM-T vector (Promega).

Cloning of the LeENOD40 promoter

A genomic library ofLycopersicon esculentuMiFN8 in the EMBL3 vector (Clontech)

was screened using radiolabellet@ENOD40 as a probe. The library screen was
performed according to the protocol provided by the company. This screen resulted in 51
positive clones. First, the clones were tested for the presencéeENOD40by PCR

with the primers Le40-3 and Le40-4. Out of the posiNweones, 1 clone was analysed
further. From this clone theeENOD40promoter was amplified by PCR with primers F
5-GAGACGTCGACAGTGGTAAGTTAGCCCATA-3 and R 5-AAGCGGATCC
CCATATCAATGGAATGAG-3’ with BanHI and Sal sites at the ends. The resulting
PCR product was cloned into pBluescript. Then cloned into pCambia 1381Z (Cambia,
Australia) which contains th@USgene.

Fluorescence in situ hybridisation

FISH was performed according to the protocols described by Zétoalg, (1996). For
hybridisation genomic clonesT15 andATG441 were used\T15 andATG441 were

PCR labelled with biotin-16-dUTP (Boehringer Mannheim, Roche Diagnostics GmbH,
Mannheim, Germany) according to the manufacturer’s instructions. Clone TGR1 was
labelled with digoxigenin-11-dUTP using the high-primed labelling kit (Boehringer
Mannheim). Biotin labelled probes were detected wit Avidin-Texas Red and amplified
with biotin-conjugated goat-anti-Avidin and Avidin Texas Red. Digoxigenin-labelled
probes were detected with sheep-antidigoxigenin-fluorescin (FITC) and amplified with
rabbit-anti-sheep-FITC.

Tomato transformation procedure

Tomato MM seeds were sterilised in 1% bleach for 8 minutes and successively washed
with sterile water 5 times. The seeds were germinated on plates with MS medium and
used for transformation just after the germination was complete. The two ends of the
cotyledons were cut off and these cotyledon explants were incubated 24 hours on R3B
plates. For transformation of the cotyledon explafitgobacterium tumefaciemSGLO
containing (transformed by electroporation) tteENOD40::GUSconstruct was used.
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An Agrobacterium tumefaciensreculture was prepared from a colony from a freshly
plated stock and grown O/N in 2YT (10 g/l NaCl, 10 g/l yeast extract, 16 g/l trypton).
This preculture was used to inoculate a second culture that was grown until OD 0.4-0.8
in 3 to 4 hours and was then used for cocultivation with the tomato explants. Explants
were incubated in thagrobacteriumculture for 10 minutes. Explants were transferred
very carefully one by one to a Whatman filter to drain off the excess culture. Finally the
explants were transferred to R3B (1x MS, 30 g/l sucrose, 2 mg/l NAA, 1 mg/l BA)
plates which were closed off with parafilm. This cocultivation was incubated in low light
for two days. Following the incubation the explants were taken from the cocultivation
plates and washed in 100 mg/ml timentin (1500 mg Ticarcillin/100 mg Potassium
Clavulanate, Duchefa). The washed explants were drained on Whatman filter paper and
transferred to selective medium (1x MS, 1 mg/l zeatin, 20 g/l sucrose, 100 mg/l
timentin) containing 15 mg/l hygromycin. Normally, after two or three weeks transgenic
calli would appear and form shoots. Shoots were transferred to rooting medium (1x MS,
0.5 mg/l IAA, 100mg/I timentin). When roots had formed, usually after 1 or 2 weeks, the
plants were transferred to MS medium containing timentin (100 mg/l) and hygromycin
(15 mgl/l). After 1 or 2 weeks these plants were ready for transfer to soil. Primary
transformants were selected on hygromycin and once the transgenic plants developed
roots TO plants were transferred to the greenhouse and selfed. T1 seeds were selected on
hygromycin and analysed for presence of the prom®tés construct by Southern
analysis.

GUS assays

GUS assays were performed according to the protocol of Kesuai, (1990). Plant
material was stained in GUS buffer (0.1 M,R@, pH 7.2, containing 1mM X-Gluc
dissolved in DMF and 0,1% TRITON X-100). The plants were put 10 minutes under
vacuum and were incubated at 37°C for 4 hours or longer until the blue GUS stain was
visible.

Results

Isolation of the LeENODA40 gene

To obtain a cDNA clone representing BNOD40 transcript from tomato, total RNA

was isolated from tomato flowers and stems. This RNA was used to make cDNA that
subsequently served as template to am@i§OD40in a PCR using primers Ka-5L and

oligo dT (see Materials and Methods). The 480 bp product was purified and cloned into
pGEM-T (Promega). Two clones, one of flower and one of stem RNA origin,
respectively, were sequenced. These cDNA sequences were identical and they were
shown to be 64% homologous to toba&®OD40(Figure 1). A full size cDNA of the
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mRNA was generated through 5'-RACE using primer Le40-1 and primer Le40-2 (see
Materials and Methods). The product was purified and cloned into pGEM-T. Sequencing
showed that the 5' end of the cDNA had been extended resulting in a cDNA clone of 600
bp. The sequence of the cDNA contains the two conserved regions, region 1 and region
2, that are characteristic for &iNOD40 cDNAs known so far (Van de Saneé al.,

1996; Corichet al., 1998; Kouchiet al., 1999; Flemetakigt al.,2000) and the peptide
encoded within region 1 is identical to tNEENOD40peptide (Figure 1). We therefore
concluded that this cDNA is toma®eNOD40 (LeENOD4(Q. To determine how many
copies ofLeENOD40Oare present in the tomato genome, a radiolabdleeNOD40

probe was hybridised to a blot containing tomato Moneymaker DNA digested with
various restriction enzymes. The autoradiogram showed that there is one DNA fragment
hybridising, suggesting that tomato has only beENOD40gene, which is consistent

with the observation that the sequences of the different cDNA clones are identical.

An LeENOD40genomic clone was isolated by screening a tomato genomic library in
AMEMBL3. Three hundred thousand plaques were screened using radiolabelled
LeENODA40as a probe. The screen resulted in 4 positive clones, 1 of which was analysed
further. ThisA phage was purified and the tomato genomic DNA was subcloned. The
subclones were sequenced and the sequences were assembled leading to a contig of
15000 bp. Comparison of the genorhisENOD40sequence ((kENODA4( (Figure 2)

and the cDNA sequencel@ENOD4( revealed that thENOD40gene in tomato does

not contain introns as is the case for all other stuBiid®D40genes (Roussist al.,

1995; Fang and Hirsch, 1998; Flemetaitisl.,2000).
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1 ACCACTAGCTTTGTCTCAAGAGCCTATTGGATACAATTAA LeENOD40
1 G--ACTAGCTT-GTCTCAAGAACACACT------ AACTA- NtENOD40
41 AGAAAATAACACTATTCAGTTTCCCTTCTTGAAACCTATA LeENOD40
% TCAGTTTCAAACTCTGA------ TA NtENOD40
81 CATTATTAAGTGAGAGAAAAAAAAA ATGCAGTGGGATGAA LeENOD40
50 GATTATTAAGTGAGA------ AAAA ATGCAGTGGGATGAA NtENOD40
M Q w D E
121 GCAATCCACGGGTCTTAG -AAAAGATAGGCAAGTTGGAGT LeENOD40
84 GCAATCCATGGGTCTTAG GAAAAGAGAGGCAA-TTAGT-T NtENOD40
E | H G S
160 GGAGGAGTTTTAAACTGCAGGGCAGTTATGTTGCTCGAAT LeENOD40
122 GGAG------ TGAATTA-AGGACTTTTAAAT-GCCC---T NtENOD40
200 TTGTTCAAAAATATCGACAAATACATGTTGGATTCTCCAA LeENOD40
151 TCCTCCAAATACAATTTCAAGTTTGT-TCATACTTTGCCA NtENOD40
240 ATTCAACGTGATTATAACAACATCTCTGGAGAGTCCGAGC LeENOD40
190 ATTT------- CTCTGCTAGAAT-TCCAGAAAATGC-AGC NtENOD40
280 AAACATAATTCCTCCCTATACAATTTCAAGTTTGCTCATA LeENOD40
221 AAAAAAGGAAAGTGTTTATGGA---TTGA---TAATCACA NtENOD40
320 CTTAGCCAAATTATGTGTGGATATATGGCAAAAGG ATGGC LeENOD40
255 CT------ AATAGCAAA-GGATGT-TGGCAAAAGC ATGGC NtENOD40
360 AAACCGGCAAGTCACAAAACGGCAATTGTGGACTCCGTTT LeENOD40
287 GAACCGGCAAGTCACGAAACGGCAAT---GGACTCCGTTT NtENOD40
400 TGGAGTCTTT CTTGGCTTTCAACTTAATGTTGTACCCTTT LeENOD40
324 TGGAGTCTTT CTTGGCCTTTTACTTATTGTTGTACTT--- NtENOD40
440 AAGTATATTATTATATGATATCCACTCTTGTGTAAGGTTA LeENOD40
361 ---TATATTGTTATAT----- CCAGTCTTCTATAA--TTG NtENOD40
480 CATGCAAGTGTGTATGTTCTAATGGATTTTGGTAAGATTG LeENOD40
391 TGTTTTA-TTTGTAAGTCACA-TGCAGT---GTGTAGTT- NtENOD40
520 TAGTACATTCCTTCTCTAGTCCTATGTTGGAATATATATA LeENOD40
425 -AATATGGCTTATCAAAAATT-TATAATAGAGT-TGT-TA NtENOD40
560 ACTTGAATATCATGAGTAT LeENOD40
461 A---GATTGTCAT NtENOD40

Figure 1: Alignment of LeENOD40and NtENOD40cDNA sequencesENOD40region 1 and
region 2 are marked black. The peptide encoded by regiohddENOD40andNtENODA40is also
marked black.
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-3176  TCCATTGAGT AACAATGTTA TTAAAAATGA TTAGTCTAAA GTGAAGCACT -1276  ATATTTGTTA AACCTAAAAT TTGTGTCAAT TGCATGCCCA AGTCCCAACA
-3126  AATACAAATT AAATTCTTGA TTATTAGTCA ACCAAGCAAA TCCCCATATC -1226  GCCCAATAGC TCATTAAAAA GGGAATGAAA CAAGATAAAG CCCATTGCTC
-3076  AATGGAATGA GCATTAAGGG AAAAGTAAGT GATTAATTAT TGATTTATTG -1176  CTTAAAAATG AAMAAGAGA TGAGAGAGGA TAATAAATCT GAAAGTTAGA
-3026  TCATCCTTTA AAGTTGAAAT ATTAAGTCAA AACCTTCGTG GCICTCTTCA -1126  TTTCGCCCAT AGGGAGGAGT TGTAATGAGA TGGACGTTGG AATATTCAGA
-2976  AATTAAGTAA AAGTCATCAT CAACGGATGC CTTCAAACAA TGAAACCTTT -1076  GOGCGTAGAG AGGAGATAAT AAATTTGAAA CTTTTTTTTA AAAATAATTT
-2926  TTTTTTCTTT TCICTTTATN AGGGTAAGIT TATTTACTAA TTATTTCACT -1026  TATAATGATT TTTGATAAAC TATGTAATAG ATAATTGAAA ACACACACAA
-2876  AATTTAAAAT GCACAAAATA CGAATATCAT TAAGCCACGT TCCACATTCT -976  TTTTTTCTTT GACATTTGTA TATGTCAAAA TTATTTAATT ATTAAGAATT
-2826  GTGACATTAA AAAGTTGCGT TTTGACTTCT TTTATTGGGC TCTTATGGGA -926  GGAGTGTTCA ATTATAACAA GGCTTAGTTC AAGTGTGTAA ATAAAATGTG
-2776  AGAACTTTTT ATCAAGATTG AAAGTATCCC AACAAATAAA AAGTAATTAT -876  GATTTGCCTC TGTTCACGTA GCCAGCCAAT TATTAATGAA TGAMAGAGA
-2726  ATAAAATATT TTTTGCTGGC AAGTTCGTTT GAAAATGAGT TATGCATGTT -826  AAAAATACTA TTTTTTTTCT TTTTGITTTT TTGTAATTGG CCGACAAGTA
-2676  TTATAAATTA TTTATAAGTA ATATCACGTT TGATAGCTTG TTAGAAGATG -776  TTATGGGATT AATTAGTGAA ATACTGAGTT GATACATACA TGGAGTTATA
-2626  ATTAGGTACT CCATGTTATA AAATTGTTAT GGTATTCNAT TTGCAATTTA -726  AAGGGGAAGA TGGTGGATGA GTGAGTCGAT TCACTAGTAA AGAGAAAAAA
-2576  GAATTCOGCA TGTATAAGTT ATGAGATAAT ATATGTATTA TTATTTTAGA -676  AAAGGACTAA AGTAATGCAC CATTTGGCAA GAATATAGTA AACTTACAAG
-2526  ATTACGATAA AATAAGTGAC ATTTCCTTAT AACCAATATA TATTACTAAT -626  CTAGCTAGIC ATTCCTATTA TTTTATTGAT TCCACTAAGC TTTAATGGCT
-2476  ATATACATTA GTCTAACCCG CTATCAAATT CCTCGTATTT CAACTTCTTT -576  GCTCACTATT CAAATAGCTT GAAGAATAGA TATTTGAATG ACCTTTATTA
-2426  TGTGGAGAAA AATAGTTGGT GTATTGCCAC AAACTAATTT TGCTATTAGC -526  AAAATGTATA TATATTTTAT ACAGTTTAAA AAGTTATTTT TATAACCATA
-2376  TAATTATGTA ACTTTTATTA ATATAAGATG CTATGATGAC TTCTAATGAT -476  TATATTAAAT CTTGAGCGTA CTTAAAACGA ACTCGATAGA TCTTCACCAC
-2326  AAGAGGAATA AATGTTACCC CTTTTTATTT AATTTTAACT TCTACAATAA -426  TGATTCTAAG ACTGAGGATA TTGCATTTTT TAAATTATGA ATTATGAATT
-2276  TTTGTCTAAA GAAAGCATAA CATTTTGAAA ATGCTAATCT TCTTTTTGAG -376  TAATATTTGI CTACGITTTA TTCATTTTCC ACACAAAAAT AGGCACATGC
-2226  GATTGGTTTT GCCTTTTGGT GACTATAGTT ATGGTTCATT GGTTGCTTAA -326  CTAACTTAGG ATGAATTTCT AATTTCGCTC TCAAAGAATT TAAGTGCTAT
-2176  GCACACTATA ATTTGGTCAA GAAACATTCT GGAATAGTAA ACTTACTTTC -276  TAGCCAGCTT AGACAAAAAA TTATATTATT TAATATTTTT ATATATAGTA
-2126  ATAGTTATTG CATACTAATT ATTGCCTATT TAATTATCTT ATCTTCAAAT -226  AATGITACAT TCICITTAAT TAGITTGIGT ATTTATACTT TTTCCAGATT
-2076  TATTCCTCCA TTTGTTGTGC TTATAAGAGA AAATTAGAAA AGICTCTTTA -176  TTCATTAAAA AAAGGATTTT GTGAATCACC AAACACTTGA TGTGAAATAT
-2026  GAGTATTGCT CTTTCTTGTA TTTTGCTAAT GTTGCAATGT TTTCGTGCAC -126  AAAGAGTTT GTGTGGGGAG CAATAGTGAA AAAGAAAAAG GTAAAGCATA
-1976  ATATTATGAT TTTCTTTTTA AATTTTTTTA CCTGAAGAGT GTATTAATAT -76  ATACATATAG TAGTGGTTTA TGATGTAATG ATTTGTTGAG TTCTTCTATT
-1926  TGAAAATCAA TAAAAAAAAT AAGTATGGAA TTAAATTAGG ACTTTAAACT -26  TAAGGOCACA ATCTATGGGC TAACTTACCA CTAGCTTTGI CTCAAGAGCC
-1876  AGTATTGACT GCATCAAATG AGAGAGAATT AGAATATTTT CATTCCAACA 24  TATTGGATAC AATTAAAGAA AATAACACTA TTCAGITTCC CTTCTTGAAA
-1826  AATAGAAAAA TGTTTACATA ATATTCTAGA CTAATATTTA TATTAGAGCA 74  CCTATACATT ATTAAGTGAG AGAAAAAAAA AATGCAGTGG GATGAAGCAA
-1776  ATTTTTTTTT AGAAAAAAAA TCTAACTATT AAGTATTGTT GTTGTTTCAA 124  TCCACGGGTC TTAGAAAAGA TAGGCAAGTT GGAGTGGAGG AGTTTTAAAC
-1726  CTGATGTGTT ATATTTAAAA TTTAAAAATA TATTTTTATT CCCTTATTTT 174  TGCAGGGCAG TTATGTTGCT CGAATTTGIT CAAAAATATC GACAAATACA
-1676  TCTTTAAACA CATATGATTG ATCCTTTGTT TTTTTAAAGA AAAAAATTAT 224  IGITGGATTC TCCAAATTCA ACGTGATTAT AACAACATCT CTGGAGAGTC
-1626  TATTTTATTA TTACTATTTT ATTTCICITA TTATTTGTCA AACGATTTTA 274  CGAGCAAACA TAATTCCTCC CTATACAATT TCAAGITTGC TCATACTTAG
-1576  AAATAGAGTT CTTTCTCTTT TTATCTCCTT TTTCTCATTC TAGGAAGTTA 324  CCAAATTATG TGTGGATATA TGGCAAAAGG ATGGCAAACC GBCAAGTCAC
-1526  GCTTTTCACT TTCTAAATAC ATGTAATACA CACATACATA TACGATTAAA 374  AAAACGGECAA TTGTGGACTC CGTTTTGGAG TCTTTCTTGG CTTTCAACTT
-1476  GATCACAACA AAATAACATA TACTTATACA ACTTACTGCT AAATCAATTT 424  AATGTTGTAC CCTTTAAGTA TATTATTATA TGATATCCAC TCTTGTGTAA
-1426  CTTTTTGTAA ACATATTTCA AATATATACT TATATAATTA GAAAGGATAC 474  GGTTACATGC AAGTGIGTAT GITCTAATGG ATTTTGGTAA GATTGTAGTA
-1376  TTGCATATAC AAATTAATAA CTTCATAAGC AAATATAAAA TTTGATATAA 524  CATTCCTTCT CTAGTCCTAT GTTGGAATAT ATATAACTTG AATATCATGA
-1326  AACGTAATTA TAAAAATCAT AACTATATCA TATAATATAA TTTTTTTTTA 574 GTAT

Figure 2: Nucleotide sequence of the genomic sequenteBNOD40 The underlined sequence
is the cDNA sequence aeENOD40 Also underlined are the nodule specific motif CTCTT and
an imperfect nodule specific motif AAAGAG.

RFLP linkage analysis and FISH

Tomato is a well-studied plant and many mutants have been described and their loci
mapped. To determine whethsgENOD40maps in the vicinity of one of the described
mutations, we set out to mdeENOD40on the tomato genome by RFLP linkage
analysis. For RFLP mapping we used a mapping population derived from a cross
betweenL. esculentumand L. pennellii (courtesy of Plant Research International,
Wageningen). Digestion of genomic DNA bof esculentunandL. pennelliwith Dra V
resulted in an RFLP fdteENODA40 This enzyme was used to digest the genomic DNA

of all individual members of the mapping population and a Southern blot of this
population was hybridised with a radiolabellssENOD40probe.
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Figure 3: RFLP map of chromosome 5 of tomato and FISH on pachytene chromosomes. A: RFLP
map of chromosome 5 of tomato showing the map positiobeBNOD4017.4 cM from the
closest marker TG441. B-D: FISH (fluorescerfeesitu hybridisation) was performed on tomato
pachytene chromosomes to determine the order and distance beeEDD40Q TG441 and the
subtelomeric repeat TGR. B: Pachytene chromosomes hybridised with TGR1 (gre@f)land
which contains geENOD40(red) andATG441 (red).AT15 hybridises so close to the TGR1
marker that the red and the green signal partly overlap giving a yellow fluorescence. C and D:
Pachytene chromosomes hybridised with TGRI15 and ¢eENOD40 Enlargement of the
region where the probes hybridise.

Segregation data of the mapping population were analysed using the computer program
JoinMap (Stam and Van Ooijen, 1995). Linkage was observed between the marker
TG441 and.eENOD40with a distance of 17.4 cM. This places teENOD40locus on

the top of chromosome 5 (Figure 3). As TG441 was the only marker to which linkage
could be shown we wanted to determine more precisely wetthlOD40maps on the

top arm of chromosome 5. To this end, we used DNA of the marker TG441 (courtesy of
Tanksley, CU) to isolate a genomic clone of this marker to be used for FISH
(fluorescencen situ hybridisation) analysis. TheEMBL3 tomato genomic library was
screened using radiolabelled TG441 DNA and a clone was isolME&#41). FISH was
performed on pachytene chromosomes using as probes thedaoes that contain the
genomic regions oLeENOD40and TG441 XT15, which containd eENOD40and
ATG441), respectively. Positions aff15 andATG441 were compared to that of the
subtelomeric repeat TGR1 of tomato (Zhaetgal., 1998) to determine the distance of
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both to the end of chromosome 5. Samples were first hybridised\with (labelled

red) and TGR1 (labelled green) and subsequently hybridisedWiB¥41 (labelled

red). d.eENODA40is located in between the telomere and TG441. This confirmed the
position of deENOD40 and TG441 on the RFLP map of chromosome 5 with
gLeENODA40 located closest to the telomere (Figure 315, which contains
gLeENODA40Qis so close to the telomere marker TGR1 that the fluorescent colours green
and red partly overlap and give a yellow fluorescence. TGR1 is at the border of the
heterochromatic region of the chromosome end (Zhehgal., 1998) andAT15
hybridises in the euchromatin (Figure 3). Since the condensation degree of DNA in
heterochromatin (6.3 Mb/um) is much higher than the condensation degree of DNA in
euchromatin (0.6 Mb/um) (Zhong, 1998), we cannot determine the exact distance of
AT15 to TGR1 although the two markers are very close. No mutations have been
mapped near the position bEENOD40and therefore, the mapping of theENOD40

locus does not give information on a putative function of the gene.

Expression studies of LeENOD40 in tomato

Northern analysis failed to detdatENOD40mRNA, indicating that it is expressed at a
low level. Therefore, expression bEENOD40was studied by semi-quantitative RT-
PCR usingL,eENODA40specific primers Le40-3 and Le40-4 on cDNA transcribed from
total RNA isolated from different plant organs (see Materials and MethasSNOD40
transcript was found in all organs tested at a similar level with the exception of roots and
stems where the expression level is higher (Figure 4).

root hypocotyl  cotyledon stem petiole leaf flower fruit
.- e . - - e -

LeENOD40 - - —aaw - -
UBIQUITIN bs » w“ = = = =
88 :80 =B =8:288 8 -:8 cE2R

251/251/51 1/1251/251/5 1 1/1251/251/5 1 1/1251/251/5 1 1/1251/251/5 1 1/1251/251/5 1 1/1251/251/5 1 1/1251/251/5 1

Figure 4: Expression level o eENOD40compared to ubiquitin. RT-PCRs were performed on
dilutions of 1, 1/5, 1/25 and 1/125 of the original cDNA samples, 25 cyclégEMOD40and 20
cycles for ubiquitin.

Construction and analysis of transgenic tomato lines

In legumes, the expression BNOD40 has mainly been studied in rooSNOD40
expression can be markedly increased in the pericycle by inoculation with rhizobia or
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application of Nod factors, the triggers for switching on a programme leading to nodule
formation. However, in the absence of symbiosis the levéeND®D40 expression in
legume roots is as low as observedlfeENOD40in tomato. To investigate whether we
could find developmental processes in tomato witEM©D40 might play a role, we
decided to study the expression.eENOD40using promoter-GUS studies in relation to
tomato development.o this end, 3 kb upstream of the transcription statte@fNOD40
(Figure 2) was fused to thBUS gene in pCambial3814.€ENOD40::GU$ and this
construct was introduced into tomato. Transformation of tomato Moneymaker plants
with LeENOD40::GUSresulted in 3 independent lines. Southern blot analysis showed
that lines 20 and 30 contain a single insertion, whereas line 2 contained at least two
insertions (data not shown). The segregation pattern (3:1) of the T2 population of lines
20 and 30 was consistent with the presence of a single T-DNA insertion site.

32



Expression studies &NOD40in tomato plant development

Analysis of promoter activity

GUS expression was studied in lines 20 and 30 in which the pattébit/Sfexpression

is completely identical with only a slight difference in expression level. Immediately
after germination_.eENOD40::GUSexpression is visible just above the meristematic
zone of the root and in the endosperm cap where the radicle has protruded the
endosperm cap (Figure 5A). Two to 4 days after germinat@gldS expression is
observed in the vascular tissue of root, hypocotyl and cotyledons (data not shown). The
expression pattern during early seedling development is very consistent and was found
in all 20 seedlings studied. In 20 root systems of 4 week-old plants, we observed
LeENOD40::GUSexpression associated with the vascular bundles. The intensity of
expression in the vascular bundle is variable (Figure 5C). Although in different parts of
the root systenGUS expression can be present or absent, 50-75% of the root shows
GUS activity. Cross-sections afeENOD40::GUSexpressing roots show expression in

the pericycle (Figure 5B) and sometimes patches of expression in the outer cortex and
epidermis (data not shown).

Figure 5: LeENOD40::GUS and GmENODA40::GUSin tomato during different stages of
development. Promoter induc&US expression is visible as a blue stainLAENOD40::GUSn
imbibed seeds (72 hrs). Before germination (left)31dS expression is observed. Germinating
seeds (middle) shoBUSexpression in the protruding root starting just above the meristem, in the
hypocotyl and in the endosperm cap. Germinated seedling (80 hrs imbibition, GE4¥®);
expression in the endosperm cap, the boundary between hypocotyl and root and in the
differentiation zone above the root tip. B: Cross section through the root of a two-week-old
seedling. GUS expression is visible in the pericycle of the main root. C: Variable
LeENODA40::GUSexpression in the main root. D-6US expression in the vascular tissue of the
root during different stages of lateral root development. D: Decreatkiexpression in the
vascular bundle at the site where a root primordium has formé&lJEexpression at the site of a

root primordium that is just emerging the main root. F: After emergence of the lateral root through
the main root,GUS expression is variable in both the main root and in the lateral roots. G-J:
Flowers during different stages of development. G: Two flowers before pollinatioGU®
expression detectable in anthers (G1) or style (G2). H,| and J were flowers growing on 1
inflorescence and therefore represent three stages of development. H: Flower at dbiHesis;
expression is visible in petals, anthers (H1) and stigma (H2). I: Pollinated flower; &td8g
expression in petals, anthers (11) and stigma (12). J: Pollinated flower, very likely after fertilisation
and in the process of senescer@gSexpression is visible in petals, anthers (J1) and stigma (J2).
K1: Germinating pollen on style. K2: Pollen before germination. K3: Squashed sample of style
with pollen tubesGUSexpression is only visible in the stigma and not in the pollen tubes.

«
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After comparison o eENOD40::GUSexpression patterns of different root systems, we
could not find a correlation between tB8&S expression pattern and the developmental
stage of the root. However, there is a rather strict correlation between lateral root
formation and LeENOD40::GUS expression. In an early stage of lateral root
development the lateral root primordium is flanked by regions of the vascular bundle
whereLeENODA40::GUSis expressed, whereas in the region where the primordium is
locatedENOD40expression is low (Figure 5E). When the lateral root is protruding the
main root,GUSexpression in the vascular bundle of the main root is spanning the region
where the lateral root protrudes (Figure 5F). This regulatioheNOD40::GUS
expression was observed for all lateral root primordia present in the studied roots.
Mature lateral roots show a variable expression pattern as was observed for the main
root (Figure 5F).

LeENOD40.GUSis also expressed in a specific manner during flower development. For
these studies, we used 5 complete inflorescences with flowers representing different
developmental stages before and after antheelENOD40driven GUS expression is
hardly visible before anthesis in any flower organ (Figure 5G1, G2) At this stage of
development GUS stain was sometimes (2 out of 5 times) observed in the stigma. At
anthesis,LeENOD40::GUSexpression is found in the anther cone and in the stigma
(Figure 5H1, H2). After anthes@USexpression in the anthers increases and can still be
found in the stigma after pollination of the flower. After anthesis but before petal
senescence a strong staining is also found in the petals (Figure 5I1, 12). At later stages
after anthesis where it is very likely that fertilisation has taken place and overall flower
senescence has start@&@l)Sexpression is reduced in the anthers and petals but remains
visible in the stigma (Figure 5J1, JBUS expression is also present in mature pollen
(Figure 5K2). Strikingly, not all the pollen have detectabldS expression, even when

the plant is homozygous fdreENOD40::GUS GUS expression is not detectable in
germinated pollen, pollen tubes or ovules (data not shown) and remains restricted to the
stigma after pollen germination (Figure 5K).

Discussion

We present detailed studies on the expression pattetreE®NOD40during tomato
development. These studies were done on tomato transformedeftOD40::GUS

This study allows determination of the expressiokNOD40in the entire plant during

its life cycle. Expression ofeENOD40::GUSin tomato is found in flowers and
germinated seeds. Furthermore, it is active in vascular tissues of stems, young leaves
(data not shown) and roots. This is consistent witkitu expression studies as well as
promoterGUS studies in legumes that have shown that expressioBENSD40 is

usually associated with vascular tissue (Yab@l.1993; Matvienkeet al., 1994; Fang

and Hirsch, 1998; Varkonyi-Gasic and White, 2002). The expression pattern of
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LeENOD40::GUSin tomato root systems is variable and we could not correlate
ENODA40 expression with a specific developmental stage. However, we did find a
correlation between lateral root formation ardENOD40::GUSexpression in main root
vascular tissue. We suggest thaENOD40::GUSexpression marks the sites in the root
where lateral roots can form. This hypothesis is based on the observation that lateral root
primordia in the main root are flanked by higeENODA40::GUSexpression, which

could reflect thalL,eENOD40::GUSis actively repressed at that site. When the lateral
root primordium grows out of the root the expression increases to a level comparable to
or higher than the basic level in the vascular bundle. ExpressidaNafD40 in
emerging lateral roots has been described in legumes (Papadopbalqu 996; Fang

and Hirsch, 1998; Varkonyi-Gasic and White, 2002). In these plaN®D40
expression is observed in emerging lateral roots as is obsenlesENOD40in tomato.

During the tomato life cycleeENODA40is expressed after germination in the seed and

in flowers before the onset of and during flower senescence. Like in nodule
development, in these processes the phytohormone ethylene plays an important role. In
endospermic tobacco seeds radicle protrusion is accompanied by a burst of ethylene
production (Khalil, 1992). Ethylene induces productionpeflucanases, which are
important for weakening of the endosperm cap before penetration of the root. In tobacco,
induction of class B-1,3-glucanase occurs exclusively in the micropylar region of the
endosperm where the radicle will penetrate (Leubner-Metzgat., 1998). In tomato

this is exactly the position wheteENOD40::GUSexpression is found. While ethylene
induction off3-glucanases takes place before germinatieNOD40::GUSexpression
occurs after germination.

During flower senescenceeENOD40could act in a similar way as during germination.

In many flowers, among which tomato flowers, the initial response to pollination is an
increase in ethylene production by the stigma. This is followed by an increased ethylene
production from ovaries and petals. Pollination-induced ethylene production by different
floral organs is necessary for regulation of pollination associated events such as ovary
growth (reviewed in: Larseet al., 1993; Wolteringet al., 1994). LeENOD40::GUS
expression in the stigma coincides with anthesis although a light staining is sometimes
observed before anthesis. Therefore, it is likely LeENOD40::GUSexpression marks

the time of pollination of the stigmaeENOD40::GUSexpression also occurs in the
petals after pollinationLeENOD40::GUSexpression precedes petal senescence but
appears to coincide with ethylene production by petals, after pollination has occurred.
ENODA40is expressed in white clover flowers in the pedicels that connect florets with
the inflorescence axes. This expression was observed in the pedicel vascular tissue after
the onset of senescence in the lower floret whorls (Varkonyi-Gasic and White, 2002).
Although the location of expression is different, in both c&94©D40 expression is
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observed after the onset of senescence. From our observations we conclude that
LeENODA40is expressed in tomato flowers after an increase of ethylene production as
occurs in germination. This suggests tlEtOD40 expression might be under the
control of ethylene. However, this is not likely becaus&NOD40expression is not
associated with all ethylene-related processes. For example, during tomato fruit ripening,
no clear change i,eENOD40::GUSexpression level is observed. We therefore
conclude that expression dfeENODA40 coincides with specific ethylene related
processes in plant development. These processes have in common that ethylene activity
is first induced and then reduced unlike a process as fruit ripening where ethylene
induces its own production. Based on our observations, we suggestefdOD40

could have a role in reducing ethylene production or in reducing local effects of ethylene
production. Ethylene is known to have an inhibitory effect on nodule formation.
Nodulation mutants impaired in nodule formation and with increased nodule formation
have been found that can be related to an increased or decreased sensitivity to ethylene
respectively (Guinel and LaRue, 1991; Penmetsa and Cook, 1997; Hetdst4997).

These studies demonstrate that ethylene acts as an inhibiting factor for primordium
formation. In pea roots ACC oxidase is expressed in the region opposite phloem poles
(Heidstra et al., 1997), while ENOD40 is expressed in the region opposite the
protoxylem poles, which is also the region where nodules form. This suggests that
ethylene provides positional information for nodule primordia to form opposite
protoxylem poles. Overexpression dfENOD40in Medicagoroots leads to a transient
acceleration of nodule formation and this effect can be partially mimicked by addition of
AVG, an inhibitor of ethylene formation, suggesting a relation between ethylene and
ENODA40 activity (Charonet al., 1999). WhetheENODA40is recruited in legumes to

limit ethylene production or to reduce ethylene effects in nodule primordia is an
interesting hypothesis to test.
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Abstract

The presence of homologues of genes involved in nodule development (nodulins) in
non-legumes indicates that legumes have recruited genes for nodule formation involved
in other, more ancient, plant processes. The presence of nodulin homologues in non-
legumes opens the possibility to study the regulation and function of these genes in non-
legumes. We investigated whethENOD40 is regulated in the same manner during
tomato plant development and nodule development. We studied the effect of cytokinin,
ethylene and rhizobia oheENOD40::GUSexpression in transgenic tomato plants.
Similar studies were repeated@mENOD40::GUSArabidopsisroots. Our studies show

that during evolution essential elements for temporal and spatial expres&bi©O&40

have not been changed in legume and non-ledgei@D40promoters.

Introduction

The ability to establish a symbiosis with rhizobia leading to nodule formation is in
general restricted to one plant family, the legumes. During this process several nodule
specific genes, called nodulin genes are expressed at markedly elevated levels.
Homologues of nodulin genes have been found in non-legumes (Keuahi 1999;
Gualtieri and Bisseling, 2000; Stougaard, 2000; Spaink, 2RRjzobiuminduced
symbiosis is unique for legumes while AM formation, which is the result of an
endosymbiotic interaction of plant roots and fungi of the ordeBlofnales occurs in

most higher plants. It has been suggested that nodule formation evolved from arbuscular
endomycorrhiza (AM) formation as identical genes are involved in both interactions
(Gianinazzi-Pearson, 1996; Albrecét al., 1999; Staeheliret al, 2000; Endreet al.,

2002). Following this reasoning, the wide occurrence of AM could explain in part why
homologues of nodulins could be found in non-legumes. On the other hand it has
become clear that processes that contribute to nodule development have been recruited
from processes that are common to most or even all higher plants. Several observations
described in Gualtieri and Bisseling (2000) are in line with the view that rhizobia have
recruited genes from general developmental processes to establish a symbiotic
interaction. This implies that expression of a set of genes involved in plant development
might have been changed and their function is now related to nodule formation. To study
the relation between nodulins that are expressed during nodulation and their non-
symbiotic homologues, we compared regulation of expression of a nodulin gene and its
non-legume homologue during non-legume plant development as well as during nodule
development. We chose to study the early nodiNOD40 homologue from tomato
during tomato plant developmerENOD40is one of the early induced genes during
nodule development (Yangt al., 1993). ENOD40 homologues are found in non-
legumes like rice (Kouchet al., 1999), maize, citrus and th®olanaceaetobacco
(Matvienko et al., 1996) and tomato (this thesis, chapter 2). Strikingly ENOD40
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homologue has been found in the model plarabidopsis thalianabut the soybean
ENOD40promoter has been shown to be activ@iabidopsis(Mirabellaet al., 1999)

with an expression pattern comparabld é&NOD40in tomato (this thesis, chapter 2).
ENOD40was shown to be essential for proper nodule formatideidicago truncatula
(Charonet al., 1999), since the reduction &NODA40 expression by cosuppression
during nodule formation leads to the formation of aberrant nodules. Efforts to generate
Medicago sativaplants overexpressirgNOD40in the sense or antisense orientation led

to the formation of teratomas and callus growth arrest, respectively (€tedpil994).
Furthermore, overexpression of soyb&a¥OD40in tobacco plants led to suppression

of apical dominance (Van de Sande al., 1996). These experiments showed that
ENOD40 might not only be important for nodule formation but also for plant
development.

To investigate whetheéENOD40is regulated in the same manner during tomato plant
development as during nodule development, we studeEINOD40 expression in
previously describedleENOD40::GUSplants (this thesis, chapter 2) aBthENOD40
expression imArabidopsisthaliana We studied the effect deENOD40expression in
tomato roots of the phytohormones ethylene and cytokinin for which it has been shown
that they affect the legumENOD40 expression levelOur studies suggest that cis-
regulatory elements of the toma®NOD40 promoter are sufficient for symbiosis
specific expression during nodule formation on legumes. Furthermore, the legume
GmENODA40promoter behaves like a non-leguEBOD40promoter in roots of a non-
legume.

Materials & methods

Plant material

Tomato plantslycopersicon esculentuMoneymaker) andrabidopsiswere grown in

a growth chamber at 25°C and a 16 hour photoperiod (7Mor the analysis of full-
grown plants and for generation of offspring plants were moved to a greenhouse (at 18
to 21°C) with additional light during the winter (16 hour photoperiod, 150 W lights).
Transgenic LeENOD40::GUS tomato plants (this thesis, chapter 2) were grown
aseptically in jars on 1/2 MS (Murashige and Skoog medium, Duchefa) containing 10 g/l
sucrose (1/2 MS 10) and 15 mg/l hygromycin in a growth chamber (conditions described
above). After two weeks plants resistant to hygromycin were transferred to soil (and
moved to a greenhouse) or to medium without antibiotics for further treatments.
TransgenicArabidopsisplants (Enod40-1 and Enod40-2; Mirabetiaal., 1999) were
grown aseptically on 1 MS (Duchefa) containing 10 g/l sucrose.
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Root treatments

T2 tomato plants were grown on 1/2 MS (with 10 g/l sucrose) selection medium
containing hygromycin (15 mg/l) or kanamycin (50 mg/l). After two weeks when the
selection was clear, antibiotic resistant plants were transferred to 20 ml brown flasks
containing 10 ml of Fahreus medium (Fahreus, 1957) withoyt E@ch flask contained

3 plants held together by cotton wool in the top of the flask. The plants were incubated
on Fahreus medium for 10 days. After these 10 days the medium was refreshed and
hormones were added.

Arabidopsis seeds of line Enod40-1 and Enod40-2 were germinated on medium
containing 1 uM or 10 uM BA, respectively. After 3, 5 or 7 days the plants were stained
for GUSexpression.

GUS assays

GUS assays were performed according to the protocol of Ketugi, (1990). Plant
material was stained in GUS buffer (0.1 M,R@, pH 7.2, containing 1mM X-Gluc
dissolved in DMF and 0,1% TRITON X-100). The plants were put 10 minutes under
vacuum and were incubated at 37°C for 4 hours or longer until the blue GUS stain was
visible.

RT-PCR

RNA was isolated from different organs of tomato using the hot phenol method for RNA
isolation (Pawlowski, 1994). After RNA isolation the samples were treated with Dnasel
(Promega) to remove all chromosomal DNA that could disturb the PCR reactions. Total
cDNA was made from 2.5 ug of total RNA using an oligo dT primer in a volume of 20

pl (10 mM Tris-HCI pH 8.8, 50 mM KCI, 5 mM MggI1 mM dNTPs, 1 pg oligo dT12-

18 (Pharmacia), 20 U RNA guard (Pharmacia) and 200 U MMLYV reverse transcriptase
(Stratagene). The samples were incubated for 1 hour at 37°C. To inactivate the reverse
transcriptase enzyme the samples were incubated at 95°C for 5 minutes. The RT samples
were then diluted to 100 ul and 1 or 2 ul of the cDNA were used for PCR (10 mM Tris-
HCI pH 8.3, 50 mM KCI, 2.5 mM MgGJl 100 uM dNTPs, 50 ng primer and 1 U Taq
polymerase (Boehringer Mannheim, USA) in a total volume of 50 pl). Primers Le40-3:
5-GCAAGTTGGAGTGGAGG-3' and Le40-4: 5-ACACACTGGCATGTAACC-3'

were used (annealing temperature 58°C) for the PCR reactions on tomato roots. For
these reactions the following cycling program was used: denaturation 95°C 30 sec,
annealing 30 sec (temperature dependent on primers), extension 70°C 30 sec. Amplified
DNA samples were run on a 1% agarose gel, alkaline blotted to NytrameMbrane

and hybridised to radiolabelled inserts of the corresponding cDNA clones.
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Hairy root transformation oMedicago truncatula
Hairy root transformation dfledicago truncatulavas performed according to Limpens
et al. (in preparation).

Results

The effect of cytokinin deENOD40promoter activity

We investigated the effect arrENOD40::GUSexpression in tomato by cytokinin. This
hormone is known to inducBENODA40 expression in legumes grown under limited
nitrogen conditions (Fang and Hirsch, 1998; Mathestisal., 2000). For these
experiments we usedeENOD40::GUStomato lines 2, 20 and 30. These lines show
LeENOD40::GUS expression in root vascular tissueeENOD40::GUS expression
generally occurs in young as well as old parts of the root, although the expression can be
off in some areas without a clear relation to the developmental stage of such a region
(this thesis, chapter 2). Lines 20 and 30 have the same expression level of
LeENOD40::GUSbut in line 2LeENODA40::GUSxpression level is markedly lower.

Plants were grown for two weeks and then starved fof 010 days, sincENOD40
expression in legumes, grown at nitrogen limiting conditions, is induced by cytokinin.
At day 0, the medium was replaced by medium supplemented with the factors to be
tested and plants were grown for 2 days. In control experiments we replaced the growth
medium at day 0 by medium without the supplemented factors. Plants were scored
negative fol.,eENOD40Oactivity whenGUS activity would be detected in less than 20%

of a tested root system. In control plants 75% or more of the root syste@Utas
activity.

Four experiments were performed in which we tested the effecte®@@NOD40
expression by 1 pM cytokinin (BAP). For each treatment, we tested the roots of 30
LeENOD40::GUS2, 30 LeENOD40::GUS20 and 30LeENOD40::GUS30 plants. A
considerable decrease bEENOD40::GUSexpression in the roots of lines 20 and 30
was observed in all of the tested plants (Table 1, Figure 1ALENOD40::GUS
expression in line 2 was hardly detectable after growth on Fahreus medium. The
expression level in this line was too low to determine the effect of treatments with
cytokinin.
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Table 1:LeENOD40::GUSexpression after treatment with BAP, ACC and AVG.

Control BAP ACC AVG*2
Line 2*! - - + ND
Line 20 + - + -
Line 30 + - + -

In 4 experiments a total of 21 plants per line, per treatment were Gdet.line 2, 18 plants were
tested in 3 experiments? For the AVG treatment 18 plants were tested in 3 experiments. Four
different treatments were performed on the lines in which plants were incubated for 48 hours. The
results were comparable for all plants per treatment. Control: medium without tested factors. BAP:
control medium withl pM BAP. ACC: control medium with 100 pM ACC. AVG: control medium
with 50 pM AVG. -: Less than 20% of the root system shows a @&&staining. +: Over 75%

of the roots show a cleaBUS staining with intermediate intensity. ND: Experiment not
performed.

The effect of cytokinin on GmENOD40 promoter activity in Arabidopsis thaliana

The observation that cytokinin reducesENOD40::GUSexpression in tomato roots
whereas it stimulatdsSNOD40expression in legume roots prompted us to investigate the
response to cytokinin of a legunEENOD40 promoter in another non-legume. To this
end, we investigated how expressionGHENOD40::GUSn Arabidopsisis regulated

by cytokinin. We studied\rabidopsislines Enod40-1 and Enod40-2 (Mirabediaal.,
1999). 15 plants of line Enod40-1 and 15 plants of Enod40-2 were treated for 7 days
with 1 uM BA (cytokinin). The comparison with control plants showed that the promoter
activity was markedly reduced by cytokinin in all of the tested plants (Figure 1D,E). In
conclusion, cytokinin decreas&NOD40 promoter activity inArabidopsisas well as
tomato. This is the case for the legu@mENOD40promoter as well as for the non-
legumeLeENOD40promoter.

The effect of ethylene and AVG on LeENOD40 promoter activity

Ethylene is known to inhibit nodule formation and in line with this, application of AVG

or Ag’, blockers of ethylene production and perception, respectively, has a positive
effect on the number of nodules that are formed (Peters and Crist-Estes, 1989; Lee and
LaRue 1992a; Lee and LaRue 1992b). We tested the effect of exogenous application of
ACC (precursor of ethylene) and AVG eENOD40::GUSexpression in tomato roots.

The effect of AVG was tested on the tomaENOD40::GUSines 20 and 30. In these
experiments 21 plants per line were used for each growth condition. After application of
50 uM AVG we observed a decreaseLeENOD40::GUSactivity in the roots of lines

20 and 30 (Table 1, Figure 1A, QeENOD40::GUSexpression is decreased in all of

the 21 plants incubated with AVG. We applied the ethylene precursor ACC (100 uM) to
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tomato lines 2, 20 and 30. Only in line 2 we observed an incre&¥d®éxpression by

ACC application in 6 out of 18 plants. This increaseGWS expression was not
observed in lines 20 and 30 even when shorter GUS staining periods were used (Table
1). It is possible that the endogenous ethylene concentration is already at a level leading
to a maximal expression level. In conclusion, application of AVGaiBNOD40::GUS
tomato roots leads to a decrease BNOD40 promoter activity in these roots.
Furthermore, application of ACC toeENOD40::GUStomato roots leading to higher
ethylene concentration may also cause an incredsS®@D40promoter activity.

LeENODA4O0 is similarly regulated as LeENOD40::GUS in transgenic tomato roots

To test whether the effect of cytokinin and ethylene on expressibeEdiOD40::GUS

in the transgenic line reflects that of the endogenoeENOD4(Q we investigated
expression oLeENOD40in roots by RT-PCR. Line 20 plants were treated with BAP
and AVG, respectively, which reducé@ENOD40::GUSexpression, and ACC, which
could increasé.eENOD40::GUSexpression. Three plants per treatment as well as three
control plants were pooled and RNA was isolated from the roots. This RNA was
subjected to RT-PCR usingeENOD40mRNA specific primers. The application of
BAP caused a decreaseldfENOD40mRNA level by approximately 50% (Figure 1F).
This result is similar to that obtained by theeENOD40::GUS analysis where
application of BAP causes a decreaseBENOD40::GUSxpression level.

The application of AVG to tomato roots led to a marked decrease dfetEBROD40
expression level to about 15% of the control level (Figure 1F). Therefore, these RT-PCR
data confirm the result of AVG application t@eENOD40::GUSplants, which causes a
decreasedzUS expression. Application of ACC slightly increased the expression level
of LeENODA40in these plants (Figure 1F). However, such a small difference would not
have been observed in td&JSexpression studies. These RT-PCR expression studies on
LeENOD40in tomato confirm the results obtained hgENOD40::GUSexpression
analysis in tomato. Therefore, we conclude that cytokinin and AVG have a negative
effect on LeENOD40 expression and that ethylene might have a positive effect on
LeENOD40expression in tomato.
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Figure 1: Regulation ofENODA40 expression in tomato andrabidopsis A-C: Comparison of
LeENOD40promoter induce@US expression after treatment bEENOD40::GUSline 20 roots

with cytokinin and AVG. A: LeENOD40::GUS control stained forGUS expression. B:
LeENODA40::GUStreated with 1 pM BAP for 48 hours, stained fGlUS expression. C:
LeENODA40::GUSsample treated with 50 uM AVG for 2 days, stained@tlS expression. D-E:
Expression oflGmENOD40QGUS expression is regulated by cytokinin in rootsAsabidopsis
thaliana D: UntreatedArabidopsisSGmENODA40::GUSoots. E:ArabidopsisGmENOD40::GUS
roots treated with 1 uM BA for 7 days. F: Expression levéleENOD40compared taJbiquitin
standard. RT-PCRs were performed on dilutions of 1, 1/5, 1/25 and 1/125 of original cDNA
samples oL.eENOD40::GUSline 20. 30 cycles were performed for the PCR.LeBENOD40and

25 cycles for the PCR ddbiquitin. The intensity of the hybridised fragments was measured using
Imagequant (Molecular Dynamics) and tteENOD40expression levels were standardised using
the ubiquitin profile. BL = control medium without added factors.

LeENODA40::GUSexpression in nodules dviedicago truncatullaairy roots

From the studies described above, we conclude that the effeeENOD40expression

by exogenously applied cytokinin in tomato is different from that of cytokinin on
ENODA40expression during legume nodule formation. This also seems to be the case for
the effect of ethylene oBENOD40expression in tomato and legumes. Therefore, it was
surprising thatGmENODA40 in Arabidopsis is regulated in a similar manner as
LeENODA40in tomato, which suggests that legume and non-legume promoters in non-
legumes are regulated in a similar way. However, the non-legelBROD40promoter

could lack domains present in leguBROD40promoters responsible for tiENOD40
expression pattern in legumes.
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Figure 2: LeENOD40::GUSexpression
in nodules grown on Medicago
truncatula hairy roots. Roots were
infected with Sinorhizobium meliloti
Rm2011, the symbiont ofMedicago
truncatula and harvested after three
weeks. For these observations, 2& p
agarose sections were made from agarose
blocks.LeENOD40::GUSs expressed in
in the vascular bundle and in the
boundary layer of the nodule.

To test the latter possibility we decided to compare the expression behaviour of the
LeENOD40promoter in root nodules formed dfedicago truncatuléhairy roots to the
expression behaviour of tidtENOD40promoter in root nodules formed dfedicago
truncatula For the transformations we infected the roots of 15 plants. These roots,
transgenic fol,eENOD40::GUS were tested foGUS expression after inoculation with
Sinorhizobium melilotRm2011, a symbiont dfledicagotruncatula LeENOD40:GUS
expression is found in nodules, harvested three weeks after infection with rhizobia. In 25
pm thick nodule sections, we obserieeENOD40::GUSexpression in the vascular
bundles and central tissue of the nodule (Figure 2). This is in agreemeiiN@H40
expression patterns in nodules of various legumes (Hatta and Kouchi, 1993, erespi
al., 1994; Roussist al, 1995; Papadopoulaet al, 1996; Fang and Hirsch, 1998). We
conclude that in a legume background the non-legueiNOD40promoter and legume
ENOD40promoters are regulated in a similar manner.

Discussion

In this study we compared regulation BNOD40 expression in a legume and non-
legume background to investigate whetliEMOD40is a gene that was recruited for
nodule formation from a non-symbiotic plant developmental process.

We showed thaGmENODA40in Arabidopsisand LeENOD40in tomato are regulated
similarly by cytokinin, suggesting that regulation of legume and non-legume promoters
in non-legumes is comparable. Furthermore, we showed LitBNOD40::GUSis
expressed in nodules in the same tissudglt&NOD40::GUSand so, the. eENOD40
promoter is active during thBhizobiurAlegume symbiosis and expressed in similar
nodular tissues as the endogen&NOD4Q From this we conclude that all sequences
required for a symbiotic response are present il &#ENOD40promoter. This result is
similar to the result of Kouchét al, (1999) who showed that in nodules grown on
soybean transgenic hairy roots the eldOD40promoter is active in a similar pattern
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as the soybeaENOD40 promoter. Therefore, th&€NOD40 promoter activity of
legumes and non-legumes is similar and furthermore this similarity extends from
monocots to dicots. This suggests thatdiseregulatory sequences required for nodule
specific expression are present in the non-legume promoters. This hypothesis is
consistent with the observation that the legu@enENOD40 and non-legume
LeENOD40promoters are expressed in non-legumes in the same tissues, and regulated
by cytokinin in a similar manner. This shows that during evolution essential elements for
temporal and spatial expression BNOD40 have not changed in legume and non-
legume ENOD40 promoters. Since these sequences are conserved, it is probable that
these regulatory elements are involved in both non-symbiotic and symbiotic regulation
of ENOD40 expression. This implies that most likdBNOD40is not a key gene in
nodule development that has been recruited during evolution for this specific process.
Rather, legumes have found another way to provoke the unusual high |exBI®DHA0

MRNA during nodule formation. This could have been achieved by influencing
ENOD40 mRNA stability or by interference with the regulation &NOD40
transcription. We are in favour of the latter as it is more likely that the unique increase in
ENOD40mRNA is caused by increased transcription than by increased mRNA stability.
A candidate for such a gene involved in this regulation must be active within 3 hours
after inoculation with rhizobia as this is the time frame in which elevated levels of
ENOD40expression are apparent. There may be specific transcription factors involved
in symbiotic and non-symbiotic expression &NOD40 or modification of a
transcription factor may occur after the plant senses the presence of rhizobia. Isolation
and characterisation of this transcription factor may discriminate between these two
possibilities.

The observation that cis-regulatory elements are conserved in the prome©Db#0

in non-legumes and legumes suggests that the functiBNGD40might be conserved

as well. The elevated expressionEMOD40during nodule development might reflect

the need for this function. We showed that addition of ACC leads to a slight increase in
LeENOD40expression in tomato roots, while addition of AVG leads to a decrease of
LeENOD40expression. These results indicate that ethylene is involved in the regulation
of ENOD40expression. This is supported by the observationL#saNOD40expression

is induced during processes where ethylene is known to play a role such as germination
and flower senescence. It was suggested EMOD40 expression is involved in
counteracting ethylene-provoked responses (this thesis, chapter 2).

Several studies show that ethylene has a negative effect on primordium formation
(Guinel and LaRue, 1991; Lee and LaRue, 1992b; Penmetsa and Cook, 1997) and
infection during nodule formation (Penmetsa and Cook, 1997; Guinel and Sloetjes,
2000; Oldroydet al, 2001). Furthermore, ethylene produced at the phloem poles
provides positional information for nodule primordia to form opposite protoxylem poles
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(Heidstraet al, 1997). During nodule formatidBNOD40is expressed in the pericycle
facing the protoxylem pole. ExpressionEMOD40in this region might be required to
establish of a zone where the negative effect that ethylene has on primordium formation
is counteracted.

In this view, the function ofENOD40 might be similar in tomato non-symbiotic
development and during nodule development.
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Abstract

The geneENOD40is considered to play an important role during nodule and plant
development. AIENOD40genes share the conserved regions 1 and 2. Region 1 encodes
a small peptide of 10-13 amino acids depending on the plant species. Region 2 does not
contain a conserved ORF. To investigiBlOD40 function in a non-legume we
generated tomato plants overexpressiBlOD4Q For this, we introduced the
heterologous soybeaBNOD40 gene in tomato 36S::GMENOD4)) To be able to
investigate the role of the ENODA40 peptide in the establishment of a phenotype we also
introduced35S::GmMENOD40n tomato in which we changed the ATG start codon into
AAG to inhibit production of the ENOD40 peptide. The two sets of transgenic tomato
lines have been produced. Although phenotypic effects are observeddmeOD40
overexpression lines, the transgenic lines are still under investigation to determine
whether these phenotypic effects are duemtENOD4Coverexpression.

Introduction

Nodule formation is the result of the symbiotic interaction between legume plants and
rhizobia @zorhizobium Bradyrhizobium Rhizobiumand Sinorhizobium Inside these
nodules, rhizobia fix atmospheric nitrogen into ammonia. Nodule formation has been the
subject of many studies and several genes have been identified that are expressed at a
markedly higher level during this proce&NOD40is one of the early induced genes
during nodule development. Soon after the plant root surface is colonised by rhizobia,
expression ofENODA40 is induced in the pericycle opposite the position where the
nodule primordium will be formed (Compaat al., 2001). FurthermoreENOD40is
expressed in the nodule primordium and in the infection zone and vascular bundles of
mature nodules (Yanegt al.,1993; Matvienkeet al.,1994). The timing and patterning of
expression indicates th&NODA40 could play an important role in the formation of
nodules. This is further underlined by studies using a reverse genetics approach.
Overexpression oENOD40in Medicago truncatuldeads to an increased number of
nodule primordia and more dividing cortical cells near the root tip (Chetrah, 1997).
Reduction ofENOD40expression during nodule formation by co-suppression leads to
the formation of aberrant nodules (Charenal., 1999), suggesting th&NOD40 is
essential for proper nodule formation. Homologueg&NfOD40are also found in non-
legumes like rice, maize, citrus and tBelanaceadgobacco and tomato. These plants
cannot form nodules and therefore, the functioENOD40in these non-legumes must

be related to non-symbiotic plant development. OverexpressioBnuENOD40in
tobacco leads to the formation of extra shoots (Van de Szralg 1996). Comparison

of nucleotide sequences BNOD40homologues in legumes and non-legumes reveals
that they all share the conserved regions 1 and 2 (Van de 8aalgl996; Corichet

al., 1998; Kouchiet al., 1999; Flemetakigt al.,2000). Region 1 of all thedeNOD40
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homologues encodes a remarkably small peptide of 10-13 amino acids. Region 2 is
about 55 nucleotides long and is located at the 3’ end of the mRNA. However, it does
not contain a conserved ORF. To be able to investigd®D40 function in non-
symbiotic development we studied the effectEdiOD40 overexpression in a non-
legume. We introduced the heterolog@mENOD40n tomato to circumvent problems

with transgenic lines overexpressing the endogenous gene, as has been reported in
Medicago sativa(Crespi et al., 1994). Furthermore35S::GmENOD40has been
successfully introduced in tobacco. In these pl868::GMENOD4@aused a reduction

of apical dominance (Van de Saneteal., 1996). We chose the non-legume tomato for
these studies because it is a well-studied plant, for which detailed genetic maps, cDNA
and genomic libraries are available and a sequence programme is running. To investigate
the function of theeNOD40peptide we also introducedbS::GmENOD40n tomato in

which we changed the ATG start codon into AAG to inhibit production of the ENOD40
peptide.

Materials & methods

Plant material

Tomato plantsl{ycopersicon esculentumMoneymaker) were grown in the greenhouse at
25 °C and a 16 hour photoperiod (7Vf)nFor generation of offspring, plants were
moved to a greenhouse (at 18 to 21°C) with additional light during the winter (16 hour
photoperiod, 150 W lights).

Transgenic plants were grown aseptically in jars on 1/2 MS (Murashige and Skoog
medium, Duchefa) containing 10 g sucrose and 15 mg/l hygromycin in a growth
chamber (conditions described above). After two weeks plants resistant to hygromycin
were transferred to soil (and moved to a greenhouse) or to medium without antibiotics
for further treatments.

Cloning of constructs

The GmENOD40sequence was taken from a pMON999 vector (Monsanto) containing
the full sizeGmENOD40sequence fused to3Spromoter (Van de Sands al.,1996).
35S::GMENOD40was isolated form this construct aglend 11l and Bam HI fragment

and ligated into pCAMBIA1390. For construction of 3®BnENOD40AAG two
PCR’s on pCAMBIA 139®5S::GmENOD40were performed. The first PCR was
performed with 35S-F 5-GGATTGATGTGATATCTCC-3' as a forward primer and
GmNCcoR: 5-AACCATGGATGGTTGTGAGCCAACAAAGCTCCTTG-3' as a reverse
primer (at 56° annealing temperature). The second PCR was performed with GmNcoF:
5-CAACCATCCATGGTTCTTG-3' as a forward primer and NOSR 5-CCAAATATT
TGAACGATCGGGG-3' as a reverse primer. Subsequently, the first product was
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digested withXbal andNco | and the second product was digested Witlo | andBam

HI. The two GmENODA40 fragments were ligated into pCAMBIA1300 (Cambia,
Australia) in a three point ligation. The replacement of the ATG start codon of the
GmENOD4peptide sequence by AAG was confirmed by sequencing.

RT-PCR

RNA was isolated from leaves of tomato using the hot phenol method for RNA isolation
(Pawlowski, 1994). After RNA isolation the samples were treated with Dnasel
(Promega) to remove chromosomal DNA that could disturb the PCR reactions. Total
cDNA was made from 2.5 pg of total RNA using an oligo dT primer in a volume of 20

pl (10 mM Tris-HCI pH 8.8, 50 mM KCI, 5 mM Mg¢I1 mM dNTPs, 1 ug oligo dT12-

18 (Pharmacia), 20 U RNA guard (Pharmacia) and 10 U AMV reverse transcriptase
(Stratagene). The samples were incubated for 10 minutes at room temperature, 30
minutes at 42°C, 60 minutes at 50°C and 10 minutes at 65°C. To inactivate the reverse
transcriptase enzyme the samples were incubated at 95°C for 5 minutes. The RT samples
were then diluted to 100 pul and 1 or 2 ul of the cDNA were used for PCR (10 mM Tris-
HCI pH 8.3, 50 mM KCI, 2.5 mM MgGJl 100 uM dNTPs, 50 ng primer and 1 U Taq
polymerase (Boehringer) in a total volume of 50 pl). For the RT-PCR reactions of the
different tomato plant organs the primers Le40-3: 5-GCAAGTTGGAGTGGAGG-3'
and Le40-4: 5-ACACACTGGCATGTAACC-3' were used.

Transformation procedure
The transformation procedure was performed as described in chapter 3.

Southern analysis

Genomic DNA was isolated according to Kozakal. (1996). 10 ug of genomic DNA
were digested witliEco Rl andEco RV and separated on a 0.8% agarose gel. Gels were
blotted onto a Nitran Plus membrane (Amersham). Blotting, hybridisation and washing
were performed according to the manufacturer's recommendations. A 700 bp
GmENOD40ragment was labelled witfP and used as a probe.

Cell size measurements

Silicon rubber impressions were made of the adaxial leaf surface using Xantopren
(Bayer Ltd, Leverkusen, Germany). When hardened, impressions were removed from
the leaf, a positive was produced with nail-varnish. This positive was subsequently
studied with a light microscope.
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Results

Construction and analysis of transgenic tomato lines

To investigate the role dENOD40in tomato development we studied the effect of
ectopic expression oGmMENOD40in tomato. We also wanted to investigate the
importance of th&NOD40peptide forENOD40functioning. To this end, we generated
two sets of transgenic plants. For the first set, we introd@a&NOD40under the
control of theCaMV 35Spromoter 85S::GMENOD4M®RTG) to obtain overexpression in
tomato. For the second set, we generated plants in which we introGaceNOD40

with an AAG codon instead of the ATG start codon in the region 1 ORFFENOD40
(35S::GMENOD4®AG). Primary transformants were analysed for the presence of the
introduced transgenes by analysis of genomic DNA of the individual transformants
digested with eitheEco Rl or Eco RV (Figure 1). The digested DNA was separated by
agarose gel electrophoresis and subsequently blotted. The blot was hybridis&@ to a
labelled GmENOD40fragment. GmENOD40does not hybridise to the endogenous
LeENOD40 gene because their overall homology is too low. Therefore, only the
introduced transgene can be visualised withGneENOD40probe. Digestion witlEco

Rl results in an internal fragment of 450 bp (figure 1) of the introduced
35S::GmENODA4Gonstruct, whereas there is Boo RV site in theGmENOD40gene,

by which an indication about the number of insertions can be obtained (Figure 1A).
Eight independent transformants containd®g::GmENOD4ARTG and 10 independent
transformants containingsS::GmMENOD4®AG were obtained (Figure 1). The analysis
showed that the @mENOD40ATG transformants, as well as the GhENOD40AAG
transformants, have 1 or 2 inserGMENOD40ATG 205.2 andGmENODA40AAG
305.24 are the 2 lines that were analysed in more detail and contain 1 and 2 inserts
respectively.
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Figure 1: Southern analysis of transgenic tomato lines. Tomato plants were transformed with
pCAMBIA 1390-35S::GMENOD40 ATG and 35S::GmENOD40 AAG. A: Schematic
representation d35S::GMENOD40Gn pCAMBIA1390. B: Southern blots of gel with DNA of the
studied transgenic line35S::GMENOD4ATG 205.2 and35S::GmMENOD4AAG 305.24. The

lanes contain 5 pg of genomic DNA digested viEdoRI (I) and EcoRV (V) respectively. As a
probe the entir6mENOD4C0coding sequence labelled witR dATP was used.

Investigation of T1 plants

GmMENOD40ATG andGmENOD40AAG induce larger flowers and leaves
All 35S::GmENODA40T0 plants produced viable offspring. When possible, three T1
plants of all 18 transgenic tomato plants were analysed to investigate the effect of
expression oGmMENOD40ATG andGmENOD40AAG on tomato plant development.
As controls tomato MM (wild-type) plants arldecENODA40::GUSplants were used
(LeENODA40::GUS and 35S::GmENODA40are constructed in pCambia 1381Z and
pCambia 1390)LeENOD40::GUSplants develop similar to wild-type plants. We only
observed differences in the development of 1 out of the 8 transgenic ATG lines (line
ATG 205.2) and 1 out of the 10 transgenic AAG lines (AAG 305.24) when compared to
wild-type plants.
When growing T1 plants of ATG 205.2 seeds, only one seedling out of 15 germinated
seeds developed into a full-grown plant. The other seedlings stopped growing after the
seedling stage. Consequently, from the T1 of this line only 1 plant was studied. Close
inspection of this plant revealed that its leaves as well as its flowers were larger than
wild-type leaves and flowers. Furthermore, ATG 205.2 formed a low number of flowers,
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fruits and seeds, which were not viable. Therefore, the next generation of ATG 205.2
could not be studied.

From the T1 of AAG 305.24 6 out of 15 germinated seedlings did not develop into a
full-grown plant. The leaves and flowers of these AAG 305.24 plants were larger than
wild-type leaves and flowers (figure 2). The size of AAG 305.24 flowers was
comparable to the size of ATG 205.2 flowers. Close inspection of AAG 305.24 and
ATG 205.2 T1 flowers revealed that only sepals, petals and stamen were enlarged but
not the carpel organs (Figure 2). AAG 305.24 plants formed a similar number of flowers
and fruits as wild-type plants. However, a low number of seeds were produced, but these
were viable. We conclude from these observations that the T1 of ATG 205.2 and AAG
305.24 plants display similar growth defects.

Expression studies
As we found only effects o6EMENOD40overexpression on tomato development in
35S::GMENOD4RTG 205.2 anB5S::GMENOD4RAG 305.24 we decided to further
investigate these plants in more detail. We investigated the level of expression of the
introducedGmMENOD40in young leaves of T1 plants of ATG 205.2 and AAG 305.24
and compared the expression level to endogenioeENODA40 expression and
LeENOD40expression in wild-type plants (Figure 3). RNA was isolated from young
leaves of the€smENODA40lines and of wild-type tomato. A semi-quantitative PCR was
performed with specific primers f@mENOD40and LeENOD40on cDNA produced
from the isolated RNA. The PCR products were analysed by Southern blottingRwith
labelledLeENOD40andGmENODA40probes. This showed that endogenbeENOD40
expression in the transgenic and in wild-type tomato plants is similar (Figure 3). We
conclude that in these 2 transgenic lines the endogenous expression leaENGD40
is not affected by the expression of the introdug&8::GmENOD40Furthermore, the
RT-PCR showed thaBmENOD40DNA is already at a maximum level after 20 PCR
cycles while the level ofeENOD40ODNA is at a maximum level at 25 cycles (Figure
3). From this we conclude that the expression leveBmENODA40in the transgenic
plants is higher than the expression level of the endogereitisOD40gene.

Large cells nGMENOD40AAG 305.24 and ATG 205.2 flowers and leaves

In GMENOD40ATG 205.2 and AAG 305.24 we found that leaves and flowers were
larger than wild-type leaves and flowers. Larger organs can be the result of more cells
per organ, larger cells or a combination of both. To determine what causes the increased
size of flower organs, we made prints of mature leaves (second node) and flower petal
surfaces of three month-old T1 tomato plants (Jaesexh, 2000). These prints can be
examined to determine the number and the size of cells in the epidermis. Four prints
were made from AAG 305.24 and ATG 205.2 plants. An example of a leaf print is

55



Chapter 4

presented in Figure 2 and here it is visible that stomata and epidermal cells in line AAG
305.24 are markedly larger than cells in wild-type plants (Figure 2).

Figure 2: Comparison of flower size of transgenic tomato containing G88ENOD40AAG

(line 305.24) to wt MM flower size. A-E: Flower from line AAG 305.24 (left) compared to a wt
flower (right). A: Complete flowers; B: Petals; C: Sepals; D: Stamen; E: Carpel. F: Epidermal
cells of adaxial side of MM leaf. G: Epidermal cells of adaxial side of GneENOD40AAG
305.24 leaf. H = opening in sample left by hair; S = stomata. Bars are 50 um.

Investigation of T2 plants

Since ATG 205.2 T1 seeds were not viable we could only investigate the T2 generation
of AAG 305.24 plants. We studied the development of 25 T2 plants of line AAG 305.24.
The 25 studied plants were selected for the presence oGiENOD40insert on
medium with hygromycin. Germinated seedlings had in common that their cotyledons
were larger and had an abnormal shape compared to wild-type cotyledons. In 3 to 4
week-old AAG 305.24 T2 plants, we observed a difference with the control plants in the
development of the first two leaves. At this time in development, the 25 control tomato
plants had formed their first two leaves and these leaves are similar in size. In contrast,
two out of 25 AAG 305.24 plants that were studied did not form any leaves. Twelve out
of the 25 plants stopped growing after the first leaf was formed. In the remaining plants,
we observed that the first two leaves were not equal in size in contrast to control tomato
plants. In all full-grown AAG 305.24 T2 plants we observed the same defects in leaf and
flower size as in the T1 of this line described above.
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Figure 3: Expression analysis @mENOD40andLeENOD40in T1 tomato plants transgenic for
35S::GMENOD4MARTG and35S::GmMENOD4®AG. All genes were amplified by RT-PCR using
total RNA isolated from leaf tissue of the different plants. The number of cycles is shown to the
left of the panelsUbiquitin RNA was amplified as a control.

Is the AAG 305.24 phenotype linked to the presence of the GmENOD40 construct?

To investigate whether these developmental defects are cause@mBNOD40
overexpression we germinat€éinENOD40AAG 305.24 seeds without selection on
hygromycin of which 8 developed into a complete plant. All these 8 plants displayed the
described growth defects. These plants were checked for presenceGrhENOD40

gene by PCR using specific primers ®@BmENOD40 The PCR products were analysed

by DNA gel electrophoresis and the analysis showed that all analysed plants contained
the GMENOD40construct. Unfortunately, the seed set of the two remaining T1 plants
was too low to determine whether the observed defects are strictly coupled to the
presence of th&mENOD40construct. Therefore, we decided to cross the investigated
T2 GmENOD40AAG 305.24 plants with wild-type tomato plants to investigate linkage

of the presence of tHemENOD40gene and the observed phenotype in these plants.

Discussion

Here, we describe our ongoing studies on the effect of ectopic expression of
GmENODA40 on tomato development. We observed that. out of 18 transgenic
35S::GmMENOD40ATG 205.2 and AAG 305.24 T1 plants, 2 display larger flower
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organs and leaves than wild-type plants. The leaves and flowers of these plants contain
cells larger than wild-type cells in the epidermis.

The occurrence of similar growth defects in two out of the 18 produced plants transgenic
for GMENOD40ATG and AAG indicates that the defects are caused by overexpression
of GMENODA40 Unfortunately, the low seed set and the low viabilityGohENOD40

ATG 205.2 did not allow investigation of more generations of this plant. Therefore, we
could only study the phenotype dBmENOD40 AAG 305.24 T2 plants. Also
GmENOD40AAG 305.24 plants produced few viable seeds. As the studied plants all
contained th&smENODA40construct, these plants will be crossed with wild-type plants

to get a population of heterozygous in which linkage of the phenotype and presence of
the GmENODA4Gconstruct can be studied.

Although we did find similar defects BmMENOD40ATG 205.2 andsmENOD40AAG

305.24 plants, the number of plants that display developmental defects as a result of
GmENODA40 overexpression is too low to draw conclusions on a function of the
ENODA40 peptide.
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Abstract

The gendENOD40encodes a small peptide of 10-13 amino acids depending on the plant
species. We investigated the function of the ENOD40 peptide by searching for protein
binding partners. For this, we screened a Two-Hybrid library of young pea nodules using
the pea ENOD40 peptide as a bait. We found that the peptide interacts with a protein
with high homology t@p40, a gene that codes for a ribosome associated prétesitu
expression studies of thgea p40and ENOD40 showed that their expression patterns
partly overlap in the infection zone of the nodule (zone Il). More experiments are
required to confirm the interaction between the pea ENOD40 and p40 proteins.

Introduction

Peptides are commonly used in animals as signalling molecules and have been the
subject of many studies. Based on these studies, a stereotype peptide signalling system
can be inferred consisting of the following components: a signalling peptide that is
produced as part of a larger (pre)proprotein, a specific protease involved in the release of
the signalling peptide and a receptor that recognises the mature peptide and transduces
the signal, usually through a protein phosphorylation cascade. In plants, components of
peptide signalling systems have been identified, either through genetic or biochemical
approaches (reviewed in: Franssen and Bisseling, 2001; Ryan and Pearce, 2001;
Bisseling, 1999). In contrast to the large number of putative receptors (McCarthy and
Chory, 2000) only a few peptide-signalling molecules have been identified. The peptide
systemin was discovered in a bioassay aiming to identify the molecule responsible for
the systemic induction of genes encoding proteinase inhibitors in tomato leaves exposed
to herbivorous insects (McGuet al., 1992). Biochemical studies in oth8planaceae

have identified systemin homologues (Constabkel al., 1998). Phytosulfokines,
sulphated peptides were discovered as the components that can induce proliferation of
asparagus mesophyl cells (Matsubayashi and Sakagami, 1996). The peptide
CLAVATAZ3, which is the ligand of the CLAVATAL receptor kinase, was discovered by

a genetic search for genes required for SAM (shoot apical meristem) formation (Fletcher
et al.,, 1999). The peptide SP11, belonging to a large family of small cystein-rich
proteins (SCR), was identified as the ligand for the SRK receptor involved in self-
incompatibility inBrassicacea¢Takayamaet al.,2001). The peptide RALF , which was
isolated from tobacco, was found to induce rapid alkalinisation of tobacco suspension
culture cells (Pearcet al.,2001).

All these peptides are synthesised as part of a longer (pre)protein, as is the case for
peptide signalling molecules in other eukaryotes. An exception to this rule is the
ENOD40 peptideENOD40encodes as a primary translation product an unusually small
peptide of 10-13 amino acidENOD40was discovered as a gene involved in legume
nodule formation, a process induced Byizobiumbacteria (Yanget al., 1993).
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Transient expression studies in protoplasts and alfalfa roots, involving translational
fusions of ENOD40 to GFP or GUS respectively, showed that the start codon of the
ENODA40 peptide is recognised by the translation machinery and the peptide ORF is
translatedn vivo (Van de Sandet al.,1996; Compaaet al.,2001; Sousat al.,2001).
Furthermore, an antibody raised against a synthetic GmENOD40 confirmed the presence
of an antigenic determinant in soybean nodule extracts, most likely being the
GmENODA40 peptide (Van de Saneleal.,1996). These data suggest that it is likely that

the GmENODA40 peptide is produciedvivo.

All identified ENOD40cDNAs consist of two highly homologous regions, named region

1, which contains the peptide encoding ORF, and region 2 (Van de 8aaldgel996;
Corichet al.,1998; Kouchiet al., 1999; Flemetakist al.,2000). Bombardment of gold
particles into alfalfa roots coated with plasmids containing eitherMtiEENOD40
sequence region 1 or region 2, was found to induce cell divisions. This suggests that
region 1 and region 2 can function separately and that both are import&N®w40
functioning. Furthermore, cell divisions were induced in cells that were not hit by the
particles, indicating thaENOD40 might be operating in a non-cell autonomous way
(Charonet al.,1997). As a first step to determine the function of region 1, we decided to
study the function of the peptide encoded by region 1. The function of known plant
signalling peptides has been clarified by either biochemical or by genetic approaches. A
genetic approach requires the presence of a collection of mutants that can be screened
for defects in expression &NOD40or production of the ENOD40 peptide. The large
mutant collection ofArabidopsis thalianas unfortunately of no help since sequences
similar toENODA40are not present in th&rabidopsisgenome.

Our approach to investigate the function of ENODA40 is based on the rational that a way
to position a protein in a signal transduction pathway is to search for its interacting
protein partners. By identifying partners of a protein with an unknown function, a
putative function can often be assigned (Tuakeal.,2001). Binding studies involving a
chemically produced ENOD40 peptide tagged with biotin failed to identify an ENOD40
binding protein (H. Franssen, unpublished data). Therefore, we chose another approach
to find an ENOD40 binding protein. We explored the yeast based Two-Hybrid system,
which can be used to screen an expression library for proteins interacting with a protein
of interest. In animal as well as in plant research the Two-Hybrid system has proven to
be very useful for finding protein partners (Xenarios and Eisenberg, 2001; Pelletier and
Sidhu, 2001). Although there are no published reports on peptides as small as the
ENOD40peptide being used successfully as a bait in the Two-Hybrid system, according
to Zhu and Khan (1997) it is possible to use small peptides as baits in the Two-Hybrid
system. To investigate the signalling cascade ofEN®D40 peptide during nodule
development a Two-Hybrid library of young pea nodules was constructed and screened.
For this purpose we chose the Lex-A Two-Hybrid system (Gwtréd., 1993), which is
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a Lex-A-based version of the yeast Two-Hybrid system originally developed by Fields
and Song (1989).

Materials & methods

Plant material and bacterial strains

Pisum sativuntv Rondo NOD3 plants were inoculated wiRhizobium leguminosarum

bv viciae248.R. |. bv viciaewas grown in YEM medium (Josseyal.,1979).
Saccharomyces cerevisi&®sY48, the yeast strain used for the Two-Hybrid screen was
grown in YPD (20 g/l peptone, 10 g/l yeast extract, and 20 g/l glucose). When selection
was needed EGY48 was grown in selective medium (1.7 g/l yeast nitrogen base without
amino acids and without ammonium sulphate, 5 g/l NH4S04, 20 g/l glucose, 100 ml/l
10 x dropout mix) or in galactose/raffinose selective medium (1.7 g/l nitrogen base w/o
amino acids, 5 g/l NH4S04, 20 g/l galactose, 10 g/l raffinose, 100 ml/l dropout mix)
(dropout mix: 300 mg/l L-isoleucine, 1500 mg/l L-valine, 200 mg/l L-adenine
hemisulphate salt, 200 mg/I L-arginine-HCI, 200 mg/l L-histidine-HCI monohydrate,
1000 mg/l L-leucine, 300 mg/l L-lysine-HCI, 200 mg/l L-Methionine, 500 mg/l L-
phenylalanine, 2000 mg/l L-threonine, 200 mg/l L-tryptophan, 300 mg/l L-tyrosine, 200
mg/l L-uracil. The media were made selective for the plasmids transfected to EGY48 by
leaving out amino acids from the dropout mix that were produced by the enzymes
encoded by the transfected plasmids.

cDNA library construction

P. sativumplants were grown for three days before they were inoculated with rhizobia.
Roots with young nodules were harvested and stored in liquid nitrogen 6 days after
inoculation. Total RNA was isolated according to the protocol of Pawlowski et al.,
(1994). RNA samples were tested for quality by RT-PCR studies on ubiquitin profile
and occurrence of the mRNAs of ENOD40, ENOD12 and ENODS5 (data not shown).
From these experiments we concluded that the RNA was of sufficient good quality to
proceed with cDNA library construction. Poly’ RNA was purified from total RNA

with Dynabeads according to the protocol provided by the company. RNA from young
P. sativum nodules (6 days after inoculation) was transcribed into cDNA using an Xhol-
oligo d(T) primer. An EcoRI adapter (5-AATTCGGCACGAG-3’) was ligated onto the

5' end of the cDNA. This allowed EcoRI-Xhol cloning of the cDNA's into pJG4-5. The
DupLEX-ATM Yeast Two-Hybrid System was made in the B42 activation domain of
the vector pJG4-5. The cDNA was cloned unidirectionally between the EcoRI and Xhol
sites of pJG4-5 (OriGene Technologies, Inc). This resulted in a Two-Hybrid library of
6.1 106 independent clones.
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Construction of bait plasmid

PsENOD40fragment was isolated from a pGBP3$ENOD4usion plasmid (Vleghels,
unpublished results) bigcoRI/BanHl digestion and fused to the DNA-binding domain

of the pEG202 vector, which was also digested viAttoRl and BanmHI (OriGene
Technologies, Inc.). The fusion between the Lex-A DNA binding domain and the
ENOD40peptide sequence was confirmed by sequencing. To test the production of the
PSENODA40bait/LexA DNA binding protein fusion, a double transformation with the
plasmid pJK101 into EGY48 was performed. pJK101 containkdb& reporter driven

by a complete transcriptional activator. The introduction of pEGZENOD40
reduced thg-galactosidase activity indicating that the LeRAENODA40fusion protein

is expressed and transferred to the nucleus where it competes with the transcriptional
activator produced by pJK101l. The pEGZ2ENOD40bait was tested with empty
vector and several control proteins provided by the system and did not show any
activation of the reporter genes. There were no indications of aspecific interactions of
PsENOD40with unrelated proteins and pEG2P2ENOD40was used for screening the

pea nodule Two-Hybrid library.

Two-Hybrid screen

EGY48 pretransformed with the plasmids pSH18-34 (containind-éleZ gene under
control of 8LexA operons) and pEG2(RsENOD40was transformed with the cDNA
library in pJG4-5 and this resulted in 3.8 péimary transformants growing on selective
glucose medium. These primary transformants were collected by scraping off colonies
from the plates. After collection, approximately 3.8 tfu were plated on gal/raff
medium and analysed for activation of theU2 andLacZ reporters by an interaction
between bait and library proteins now induced by the galactose in the medium. Positive
clones were grouped by digestion of colony PCR productsSatBA.

Positive clones were selected and their plasmids were isolated by the plasmid
preparation protocol provided by the manufacturer. To isolate the library pl&smdi

KC8 cells (OriGene, Inc.) were transfected with the product of the plasmid preparation.
Cells were selected on M9 minimal medium without tryptophan containing 50 mg/l
ampicillin (12.8 g/l NaHP Oy, 3 g/l KHoP(Qy4, 0.5 g/l NaCl, 1.0 g/l N®CI, 100 ml/I 10x
dropout mix, 20 g/l glucose, 1mM thiamine-HCI). Each library plasmid was analysed by
retransformation to EGY48 (pSH34-12). Retransformation of the library plasmids to
EGY 48 was needed to test for autoactivation of the reporter genes by the inserts alone
in the absence of the bait. Bait and prey plasmids were retransformed to reconfirm the
interactionPsENOD40and the preys.

63



Chapter 5

Sequencing

Library plasmids that showed no autoactivation were transfectéd ¢oli DH5a for
plasmid preparation for sequence determination. For sequencing of inserts the primers
BCO1 and BCO2 were used (BCO1l: 5-CCAGCCTCTTGCTGAGTGGAGATG-3’;
BCO2: 5'-GACAAGCCGACAACCTTGATTGGAG-3)).

In vitro binding studies

In vitro binding studies were performed as described in Jagtllal., (2001). DNA
templates were cloned into the pT7-6 expression vector (Satteabsl 990). Templates

were transcribed using the TnT Quick coupled transcription/translation system
(Promega). DNA fragments containing the sequence for an YFP-PsENODA40 fusion and
YFP respectively, were isolated from pMON999-YFP and pMON999-YFP-PSENOD40
plasmid (Monsanto, H. Franssen, unpublished results; G. van der Krogt, unpublished
results) with the enzymexXhd and BanHl, transferred to the plasmid RT105 and
recloned into plasmid pT7-6 (Schemrgsal., 1990) using the enzym&al and BanHI.

PsP40 was amplified by PCR wusing the primers F 5-CCCCTCG-
AGCTACCTCCGCTGC-3' and R 5-GGGGATCCGTAAACAGTATTTATACC-3'.
These primers generated &hd and aBanHI site respectively, which enabled a
Xhd/BanHI cloning into pT7-6. All plasmids were linearised withca | before
transcription/translation. Translation was performed in the present8-pfethionine
(Amersham). For immuno-precipitation a GFP antibody (Clontech) was used.

Results

cDNA library construction

Pisum sativuntv Rondo NOD3 plants inoculated witkhizobium leguminosarutov

viciae 248 were used for construction of the Two-Hybrid cDNA library. The
supernodulator NOD3 was chosen for making this library because this mutant makes
more nodules on its root systei. sativumplants were grown for 3 days and then
inoculated withRhizobium Roots with young nodules were harvested 6 days after
inoculation withRhizobium Total RNA was isolated and transcribed into cDNA. This

cDNA was used to make a Two-Hybrid library of 6.ﬁ]1®dependent clones in the B42
(Lex-A activation domain of the vector pJG4-5. The Two-Hybrid library was
transformed tde. coliand DNA isolated from these cells was used for transformation of
yeast.
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Psp40 interacts with PSENOD40-peptide in the yeast Two-Hybrid system

In two separate experiments a plasmid DNA equivalent of 3.8 106 clones in total were
transformed to yeast. Subsequently, these clones were amplified and 3.8 107 colonies
were tested for their ability to activate the reporter gé#$ andLacZ Positive clones

are expected to appear more than once as the library is amplified before screening for
Leu’ colonies. The two screens resulted in 204'ILleacZ clones. To determine which
clones were identical, inserts of these clones were amplified by PCR and digested with
SaulBA. Digestion patterns of the amplified inserts were compared. Sorting of identical
clones showed that the majority of the clones were collected once or twice from screen 1
or screen 2, but never from both screens (data not shown). The number of clones
appearing only once from the screen (162 clones) was too large to investigate. We
investigated some of the 17 clones that appeared two times in the screen. However,
based on sequence analysis, most of these clones were in the antisense direction or were
fused to the Lex-A DNA binding domain in the wrong frame, we considered these
clones to be false positives. Two other clones that appeared twice in the screen had a
homology to the described false positives Therefore, we decided to discard clones that
only appeared as positives once or twice from the screen and focussed on clones
appearing more than twice within the screen. This was only 1 clone, clone B2, which
was collected from the two-hybrid library 8 times. These 8 clones had completely
identical SalBA digestion patterns. Two of these clones were sequenced and their
sequences turned out to be completely identical. The protein in frame witlexh®
activation domain has very high homology @40, a gene that codes for a ribosome
associated proteip40is found in plants as well as in animals (Ardéhial., 1998).

Specificity of the interaction

Thep40sequence is fused to thex-Aactivation domain 57 bases upstream of the ATG
translation codon. This results in 19 extra amino acids between the polypeptide encoded
by B2 and the Lex-A activation domajp0from pea will from here on be referred to as
Psp40and the B2 clone as pJG4Psp40 The interaction between PSENOD40 and
Psp40 was confirmed by isolation of the separate plasmids from yeast EGY48 and
subsequent retransformation to EGY48. This retransformation leads to the same
activation of the reporter genes as was initially found after the screen, thus confirming
the interaction between the two proteins. As an extra copg@iOfrom pJG4-5Psp40

was cloned in frame with tHeex-ADNA binding domain of pEG202 (pEG2#2Z5p4Q

and PSsENOD40was cloned in frame with the activation domain of pJG4-5 (pJG4-5-
PSENODA40 (Table 1). In this case pEG26%p40was able to induckacZ expression

in the absence of pJG4PsENOD40.Apparently, the pEG20Psp40fusion of Psp40

and the Lex-A DNA binding domain, localised to the reporter gene DNA, can activate
transcription in the absence of the Lex-A activation domain. Therefore, this experiment
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provided no further support for the reliability of the interaction between PSENOD40 and
Psp40. Sinc&ENOD40andp40are present in the genome of many plants, we postulated
that ENOD40 and p40 of other species, for instance tomato, would interact with each
other. To this endLeENOD40 and Lep40 were cloned in pEG202 and pJG4-5,
respectively, and co-transformed into EGY48. Although these cells could grow, no
induction ofLacZ expression was observed (Table 1), indicating that LeENOD40 and
Lep40 do not interact in yeast.

Table 1:Two-Hybrid analysis of the interaction of ENOD40 and Psp40.

pEG202BD  pJG4-5AD  Gal/LacZ+ GAL/-Leu  Glu/LacZ+  Glu/-Leu

PSENOD40 Psp40 ++ +++
Psp40 PsENOD40 X X X X
LeENODA40 Lep40 - +-

Lep40 LeENOD40 X X X X
PsENOD40 Lep40 +- - +- +-
LeENOD40 Psp40 +- - +- +-

Double transformations to yeast EGY40 were performed to test for interactions in the Two-Hybrid
system. Transformants were grown on induction medium containing galactose (Gal), or control
medium containing glucose (Glu). Both media were supplemented with X-GAL, which is a
substrate of Lac Z and forms a blue product, or depleted from leucine (-Leu), which selects for
production of leucine by the transformants. In the pEG202-BD (Binding Domain) column are the
clones in the pEG202 vector indicated. In the pJG4-5-AD (Activation Domain) column are the
clones in the pJG4-5 vector indicated. Blue staining caused by activity lodi¢tiegene or growth

on medium without leucine was indicated by — (no growth/staining), +- (very little
growth/staining), + to +++ (good to very good growth/staining). x: Experiment was not performed
because of autoactivation of the reporter genes. Only combinations that were both ‘Gaid_eu
GallLac Z were scored as positives. Combinations that scored equally in the Glaheéu
Glu/Lac Z were considered false positives.
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The lack of an interaction between LeENOD40 and Lep40 in the Two-Hybrid system
could be caused by a modification of one of the two proteins. To test iLeBMOD40

or Lep40has lost this ability to bind we tested both with the corresponding pea binding
partner. Cross testing p40 from pea and tomato and ENOD40 from pea and tomato in the
Two-Hybrid system neither gave induction of thacZ reporter gene (Table 1). From

this we concluded that the interaction between Psp40 and PSENOD40 seems to be
specific for legumes.

PSENODA40 and Psp40 are expressed in nodules

In situ hybridisation studies were performed on serial sections of nodules harvested 18
days after inoculation of pea roots wiRhizobium leguminosarurbv viciae 248.
Hybridisation of antisensesENOD40RNA showed thaPsENOD40s expressed in the
pericycle of the nodule vascular bundle (data not shown) and in the infection zone but is
absent in the meristem. This location in agreement with published d&ENOD40
expression (Yanet al., 1993; Matvienkeet al.,1994). Hybridisation of antisens&sp40

RNA showed thaPsp40is expressed in the nodule meristem and in the infection zone
of the nodule (Figure 1). We observed no expressioRsp#0in the pericycle of the
nodule vascular bundle. These observations show that expressRsENOD40and
Psp40is partly overlapping.

In vitro binding studies

To obtain independent evidence for the interaction between the PSENOD40 peptide and
Psp40 we used &n vitro transcription/translation system. A tagdedOD40sequence

was used to study the interaction with p40. An antibody against this tag was used to
precipitate ENOD40 as well as the complex of the two proteins. We used YFP to tag
ENODA40, by a fusion to the N-terminal end of the peptide. We do not know whether this
fusion is functional or allows proper binding of ENOD40 to its protein partner.
However, the®PsENOD40sequence was fused to thex-ADNA binding domain in the

same manner and this fusion was able to interact with p40. Therefore, we assume that
the YFP-ENODA40 fusion protein has maintained its ability to interact with p40. The
PsENOD40peptide sequence fused to the carboxy-terminal end of YFP was combined
with the Psp40sequence in the Tnif vitro transcription/translation system (Promega)

to synthesise polypeptides for binding studies. Translation was performed in the
presence of’S labelled methionine to allow detection of the proteins. The polypeptides
of the separate translation mixes were incubated for 30 minutes to allow binding. The
mixture was then incubated with GFP antibodies to test if PSENOD40 and Psp40 could
be immuno-precipitated as a complex.
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Figure 1: In situ localisation &
PSENOD40and Psp40 mRNA in
full-grown pea nodules.

A and C are brightfield
micrographs in which the signal is
represented by black dots.

B and D are darkfield micrographs
in which the signal is represented
by white dots. Sections are
hybridised with*S labelled RNA.
A and B: Cross-section through
pea root containing a nodule
harvested 18 days after inoculation
hybridised withPSENOD40RNA.
Expression ofPSENOD40can be
observed in the infection zone.

C and D: Cross-section through
pea root containing a nodule
harvested 18 days after inoculation
hybridised with Psp40 RNA.
Expression of Psp40 can be
observed in the meristem and in the
infection zone of the nodule.
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Figure 2:In vitro binding of PSENOD40 and Psp40. To test the interaction between Psp40 and
PsSENODA40,in vitro transcription/translation was used to generate peptides of Psp40 and YFP-
PSENODA40. For translation of the polypeptidés labelled methionine was used to enable
detection of the proteins on an autoradiogram. The SDS-PAGE gel shows YFP (lane 1), YFP-
ENODA40 fusion (lane 2), Psp40 (lane 3 and 6), the precipitated YFP-ENODA40 fusion product
using GFP antibody (lane 4) and no precipitation product in the negative control Psp40
precipitated with GFP antibody (lane 5).

Figure 2 shows an autoradiogram of ff& labelled proteins, obtained in tirevitro
translation mix that were separated by SDS-PAGE. The difference in MW of YFP in
lane 1 and YFP-PSENODA40 in lane 2 shows that the YFP-ENOD40 fusion is
successfully produced. Lanes 3 and 6 contain PsP40. Lane 4 shows the immuno-
precipitation with GFP antibody of the mixture of PSENOD40-YFP and Psp40. Only a
single protein is precipitated, which has the size of PSENOD40-YFP indicating that no
Psp40 had formed a complex with PSENOD40-YFP. Although no Psp40 is detected, it
should be kept in mind that only a small fraction of PSENOD40-YFP is immuno-
precipitated. Therefore, this experiment does not exclude that a part of the ENOD40-
YFP proteins could have formed a complex with PsP40 and that immuno-precipitated
Psp40 is below the detection level in this experiment.
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Discussion

The Two-Hybrid system was used to identify proteins interacting with the peptide
encoded byPsENODA40 Identification of proteins interacting with ENOD40 could be a
way to position ENOD40 in a signal transduction pathway and give insight into the
function of ENOD40. Screening of a pea nodule Two-Hybrid cDNA library resulted in
the identification of one protein Psp40 that interacted withRBENOD40encoded
peptide in the Two-Hybrid system.

In animals p40 is a protein that acquired a dual function in evolution (37LRP/p40).
37LRP/p40 can function as the laminin receptor protein LRP but also as a ribosome
associated protein, found associated with 40S ribosomal units and essential for protein
synthesis (Ardiniet al., 1998). The presence of p40 has now been reported in plants as
well. Expression studies op40 in Arabidopsis thalianashowed that the gene is
expressed in young dividing tissues (Scheteal., 1997). The protein is present in the
cytoplasm as a ribosome associated protein (Garcia-Hernahd&z1994), a receptor
function for p40 has not been shown in plants. As p40 is important for protein synthesis,
it is not surprising that expression is found in actively dividing cells. The formation of a
nodule requires the mitotic reactivation of cortical cells. Therefore, it is probable that
Psp40 is important for the formation of a nodule primordium. The function of ENOD40
in relation to Psp40 could be to regulate the efficiency of protein synthesis during nodule
formation. Although binding of Psp40 to PSENOD40 could be shown in the Two-Hybrid
system, whether this binding has biological relevance is not yet clear. A first prerequisite
for the interaction of Psp40 and PSENODA40 is that both proteins must be present in the
same cells. Liké®sENOD40QPsp40is expressed during pea nodule developnfesp40
expression is found in the nodule meristem (zone 1) and the nodule infection zone (zone
II). PSENOD40expression also occurs in zone |l but not in zone |. Furls#NOD40
expression is also found in the nodule vascular bundle, whereas Psp40 is not expressed
in the nodule vascular bundle. Therefore, Psp40 and PSENOD40 could only interact in
zone |l cells.Psp40expression in nodules does not exclude an interaction between p40
and ENODA40. Moreover, the specific nodule tissue (zone Il) in which both are expressed
suggests that the interaction of Psp40 and PSENOD40 might have a specific function for
the infection zone. Recently, it has been postulated that the GmENOD40 peptide binds
sucrose synthase (Réhegjal.,2002). When testing the PSENOD40 peptide in the Two-
Hybrid system we have not identified sucrose synthase as a binding partner. Localisation
studies of sucrose synthase in nodules (Koreihal, 2002) show that the protein is
located in the fixation zone of the nodule, whElOD40 expression does not occur.

This makes it unlikely that ENOD40 and sucrose synthase iniaraiet.

A pull-down experiment involving ain vitro transcription/translation system with
plasmids containingsp40and aYFP-PsENOD4{usion failed to immuno-precipitate
Psp40 with YFP antibody. However, one must keep in mind that the amount of immuno-
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precipitated Psp40/YFP-ENOD40 complex might have been below the detection level of
the experiment. So far, the ENOD40 peptide has not been purified from plant tissues.
Therefore, it is not known whether the peptide is post-translationally modified. In case
the ENOD40 peptide needs modifications for proper functioning, the failure to immuno-
precipitate a Psp40/YFP-ENOD40 complex could be explained by the absence of post-
translational modifications to the peptide in the transcription/translation assay. These
modifications are more likely to occur in yeast cells ofithgivo Two-Hybrid system.
Furthermore, the physiological conditions of the yeast cells in the Two-Hybrid system
could have been more optimal for binding than those in the vitro
transcription/translation experiment.

We further investigated the interaction between ENOD40 and p40 by testing whether
this interaction can take place between the tomato homologues of ENOD40 and p40. For
this, Lep40 and LeENOD40 were tested in the Two-Hybrid system. No interaction
between the Lep40 and LeENOD40 could be shown and therefore, this experiment
showed that the interaction between ENOD40 and p40 is not occurring in all plant
species. We have not studiBdp40expression in other organs than nodules. However,
expression studies israbidopsisshow thatAtp40has a high expression in young roots
and is also expressed in the vascular tissue of stems and leaves € ciedr997).
Therefore, the interaction betwe@d0 and ENOD40 might be specific for nodule
formation but it can not be excluded that this interaction also occurs in other organs.

In conclusion, the expression BEENOD40andPsp40during nodule development is a
prerequisite for a possible interaction but is not sufficient to prove that the interaction
between p40 and ENODA40 occumsvivo. To prove the interaction between Psp40 and
ENOD40, more experiments need to be performed. As the Psp40 originates from a
nodule primordium cDNA library it is most likely that at least there the interaction can
take place. Therefore, the most promising approach would be to test an interaction
between Psp40 and ENODA40imvivo experiments in nodule primordia.
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Rhizobiuminduced nodule formation is generally restricted to a distinct plant family, the
legumes and is accompanied by the expression of nodulin genes. The presence of
nodulin (nodule specific genes) homologues in non-legumes (Kaefclal 1999;
Gualtieri and Bisseling, 2000; Stougaard, 2000; Spaink, 2002) indicates that rhizobia
have recruited genes involved in general plant development for nodule formation. This is
in line with empirical evidence that underlines that changes in the regulation of genes
affecting morphology are implicated more frequently in the evolution of diversity than
new genes (Carro8t al, 2001). We suggested that the early nodeaNOD40could be

such a gene recruited for nodule developme&NGD40homologues are found in non-
legumes. In cas&eNOD40 would be a recruited gene, we would expect that the
regulation ofENOD40in legumes and non-legumes is different, while the function of
ENOD40in legumes and non-legumes most likely is conserved.

In this thesis, we set out to investigate the regulation and functi&NefD40 We

chose the non-legume tomato for these studies because it is a well-studied plant and
genetic maps are available. We studied expression of the t&N@®40promoter in
tomato and the legumMedicago truncatulaand compared it to expression of the
soybeanENODA40 promoter inArabidopsisand theMedicago ENOD40 promoter in
Medicago

The ENOD40 mRNA has an unusual structure consisting of two highly homologous
regions, named region 1, which contains the peptide encoding ORF, and region 2, which
does not contain a conserved ORF (Van de Satdd., 1996; Corichet al., 1998;
Kouchi et al., 1999; Flemetakigt al., 2000). We studied the function of the ENOD40
peptide in nodule development and we studied the rolEN®®D40in tomato plant
development.

In chapter 2 we describe the isolation of ElOD40gene from tomatoLEENODA).

A promoterLeENOD40::GUSwas introduced in tomato to stuEBNOD40expression
during tomato development. We showed tb@ENODA40is expressed throughout plant
development in different organs, generally associated with vascular tissue. The
expression pattern dfeENOD40in tomato is comparable to the expression pattern of
GmENODA40::GUSin Arabidopsis described by Mirabellaet al., (1999) and the
expression pattern dfIsENOD40::GUSIn alfalfa (Fang and Hirsch, 1998). These
experiments have shown that legume and non-legei®D40 promoters in non-
legume background are expressed in a similar manner.
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In chapter 3 we studied regulation ofeENOD40:GUS in tomato and
GmENODA40::GUSn Arabidopsis We showed that application of cytokinin leads to a
reduction oENOD40promoter driverGUSexpression in tomato as well Asabidopsis

roots. This shows th@mENOD40driven GUS expression irArabidopsisis regulated

by cytokinin in a similar manner aseENOD40driven GUS expression in tomato
indicating that regulation of legume and non-legume promoters in non-legumes is
comparable. Furthermore, theeENOD40::GUS expression pattern in nodules on
Medicago truncatula hairy roots is similar to the endogenoE8/OD40 expression
pattern in nodules of various legumes (Yaeg,al., 1993; Matvienkoet al, 1994;
Roussiset al, 1995; Papadopoulat al, 1996; Fang and Hirsch, 1998). This shows that
the LeENOD40promoter is activated in a similar way as the endogelN©D40
promoters during thRhizobiumlegume symbiosis. This result is similar to the result of
Kouchi et al., (1999) who showed that in nodules grown on soybean transgenic hairy
roots the riccENOD40promoter is active in a similar pattern as the soylE@®D40
promoter. Together with the observation that the leg@m&ENOD40and non-legume
LeENOD40 promoters are expressed in non-legumes in the same tissues, and are
regulated by cytokinin in a similar manner, this indicates that legume and non-legume
ENOD40 promoter activity is regulated in the same manner. We conclude that the
regulation of ENOD40 promoter activity is conserved between legumes and non-
legumes and even between monocots and dicots.

ENOD40expression during legume nodule formation is elevated to a level not observed
in any other developmental process. This indicatesBEN&D40is regulated in nodule
development in a unique manner, although the promoter regulatory elements appear to
be conserved. We conclude that the different regulatiorENOD40 in nodule
development was not achieved by changed regulatory elements iENB®40
promoter sequence since also tlreENOD40Opromoter in a legume is subject to this
unique regulation. Consequently, legumes must have adjusted either a factor influencing
ENOD40 mRNA stability or a step befoENOD40 induction to allow the unusually

high induction ofENOD40expression that precedes nodule primordium formation. We
suggest that the second possibility is the most probable as it is more likely that the
unique increase IrENOD40 mRNA is caused by increased transcription than by
increased mMRNA stability. A candidate could be a gene encoding a transcription factor
influencing ENODA40 expression directly. We suggest that there could be different
transcription factors or modified transcription factors involved in symbiotic and non-
symbiotic expression &ENOD4Q
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Our data strongly suggests tlE¥ODA40is not recruited for nodule formation, but that a
regulator ofENOD40 expression might be. This could imply that only a few critical
regulator genes are recruited for nodule formation and these control the expression of
several genes, among th&NOD4Q

In search for a possible function BNOD4Q we showed (chapter 3) that application of
AVG leads to a reduction ocENODA40 expression, while an increase of ethylene
concentration by addition of ACC leads to an incredS&®D40expression in tomato
roots. This suggests th&NOD40 expression is upregulated by ethylene. During the
tomato life cycleLeENOD4Qexpression is associated with certain processes such as
seed germination and flower senescence, where ethylene concentration is first increased
and then decreased (Khalil, 1992; Wolterireg al., 1994). The timing of
LeENOD40::GUSexpression just after the onset of ethylene production suggests that
LeENOD40could have a role in reducing ethylene production or in reducing local
effects of ethylene production, thereby limiting negative effects of ethylene. As ethylene
is a negative regulator of nodule developm&iOD40 could have a similar role in
nodule development. Several nodulation-impaired mutants have been identified of which
the nodulation phenotype is accompanied with either ethylene hyper- or insensitivity.
For instance, in the pea mutaymb5infection takes place with a similar frequency as in
wild-type pea but cortical cell division rarely occurs, resulting in a lower number of
primordia. Forsym5it was shown that nodule primordium formation is hypersensitive to
ethylene (Guinel and LaRue, 1991). In tdedicago truncatulamutantsickle hyper-
infection leads to an increase in the number of nodSliegleseedlings were shown to

be insensitive to ethylene and ACC and application of ethylene did not inhibit
nodulation in these plants (Penmetsa and Cook, 1997). Heitsah, (1997) have
shown in pea roots that ethylene also provides positional information for nodules to form
opposite protoxylem poles. lIsickle plants primordia also form opposite protoxylem
poles and the number of primordia is highersiokle compared to wild-type plants
(Penmetsa and Cook, 1997; Geurts and Bisseling, 2002). From the phenotypes of
andsickleit can be inferred that ethylene controls nodule primordium formation as well
as infection. The mutant R50 in which infection threads have lost their directional
growth towards the nodule primordium, can be rescued by treating roots with ethylene
inhibitors (Guinel and Sloetjes, 2000). This finding supports that ethylene is an
important factor in the regulation of infection. Ethylene can block nodule development
as early as at the process of calcium spiking, which is one of the first known reactions to
the application of Nod factors (Oldrod al.,2001). As a direct effect of Nod factors on
ethylene production or action is not known, one may expect that Nod factors induce a
local signal to repress the negative effect of ethyl&OD40is expressed within 3
hours after inoculation witlsinorhizobiummeliloti 1021 in the pericycle opposite the
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site where the nodule primordium forms (Compagal.,2001). This is markedly before

the first cortical cell divisions become apparent and strikingly in a region
complementary to the site where in pea ACC oxidase expression was observed (Heidstra
et al., 1997; Compaaset al., 2001). Moreover, ballistic targeting MtENOD40DNA

into alfalfa induces cortical cell divisions a@US expression (Charoet al., 1997).
Ectopic expression &NOD40in Medicago truncatuldeads to an increased number of
nodule primordia accompanied by enhanced cell proliferation in inoculated roots near
the root tip. Root elongation measurements after ACC application show that these
transgenic plants are still sensitive to ethylene. However, the increased nodule number of
M. truncatulaplants over expressifgNOD40can be mimicked by AVG application to
wild-type M. truncatula plants, indicating that ethylene signalling in these plants is
somehow affected (Charat al, 1999).

Thus,ENOD40might be a candidate through which Nod factors manipulate the ethylene
homeostasis in cortical cells and facilitate cortical cell division by counteracting the
negative effect of ethylene.

We observed that (chapter 2) lateral root primordia in the main root are flanked by high
LeENOD40::GUSexpression, while at the site of the lateral root primordia expression is
absent. This could reflect theeENOD40::GUSis actively repressed at the site where
lateral root primordia are initiated. When the lateral root grows out of the main root the
expression in the vascular bundle is increased to a level comparable to the basic level in
the vascular bundle. We suggested tteENOD40::GUSexpression marks the sites in

the root where lateral roots can form and that local repressiBNOD40is needed for

the lateral root primordium to form. A transient decreaseN®D40expression during
lateral root primordium formation has now also been foundedicagotruncatula (B.
Compaan, personal communication). ExpressioBENMOD40in emerging lateral roots

has been described in legumes (Papadopoetoal., 1996; Fang and Hirsch, 1998;
Varkonyi-Gasic and White, 2002) and confirms the expressidreBNOD40::GUSNh
emerging lateral roots in tomato. Whether during lateral root formation expression of
ENOD40 plays a role in limiting ethylene effects remains to be studied as the
involvement of ethylene in lateral root formation is unknown.

All identified ENOD40cDNAs consist of two highly homologous regions, named region

1 and region 2. Only region 1 contains a conserved ORF (Van de 8aatlel996;
Corichet al., 1998; Kouchiet al., 1999; Flemetakigt al., 2000). Transient expression
studies showed that the start codon of ENODA40 peptide is recognised by the
translation machinery and the peptide ORF is translatedvo (Van de Sandet al.,

1996; Compaast al.,2001; Sousat al.,2001). Furthermore, an antibody raised against

a synthetic GmENOD40 peptide confirmed the presence of an antigenic determinant in
soybean nodule extracts, most likely being the GmENOD40 peptide (Van de é&ande
al., 1996). However, a function of the ENOD40 peptide is not known yet. We set out to
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investigate the function of th&mENOD40peptide in tomato plant development by
producing two sets of transgenic tomatoes: Tomato plants in which a complete
GmENODA40sequence was introduced and tomato plants in wBictENOD40was
introduced from which no region 1 peptide can be produced (chapter 4). These tomato
plants are still being investigated. Furthermore, to obtain insight in the function of the
ENOD40 peptide we used the Two-Hybrid system to identify putative interacting
proteins. As the ENODA40 peptide was detected in nodule extracts (Van decfahde
1996), we chose to search for interacting proteins from nodules. For this, we used the
PsENODA40 peptide as bait in the Two-Hybrid system (chapter 5). Psp40, a protein with
homology to ribosomal associated proteins, was shown to interact with PSENOD40 in
the Two-Hybrid system. A first prerequisite for the interaction of Psp40 and PSENOD40
is that both proteins must be present in the same cells. RSEENOD4Q Psp40is
expressed during pea nodule developm®&sp40 expression is found in the nodule
meristem (zone I) and the infection zone (zoneAYENOD40expression also occurs in
zone |l but not in zone |. Furthermor@sENOD40expression is also found in the
nodule vascular bundle, whereas Psp40 is not expressed in the nodule vascular bundle.
Therefore, Psp40 and PSENODA40 could only interact in zone 1l cells, which could imply
that the interaction of Psp40 and PSENOD40 might have a specific function in zone II.
However, it cannot be excluded that the ENODA40 peptide interacts with other proteins in
cells of the vascular bundle and the pericycle. It is a major challenge now to set up a
system that allows the monitoring of the biological function of the ENOD40 peptide, so
that subsequently the validity of the observed protein-protein interaction can be tested.

ENODA40in nodule and plant development

We have shown th&NOD40expression occurs in several tissues of a non-legume. Our
observations show thaENOD40 expression does not coincide with a specific
developmental stage. Rather it indicates that ENOD40 is involved in a process that
different developmental stages have in common. Our studiesEBNOD40in the non-
legume tomato indicate thaeENOD40plays a role in ethylene regulated processes and
suggests thateENOD40might be needed to counteract the effects of ethylene, a role
thatENOD40could also have in nodule development.

We have shown it to be unlikely thBNOD40is a gene that was recruited from general
plant development processes for nodule formation, as legume and non-ENOD0
promoters are interchangeable and their regulatory elements do not seem to have
changed during evolution. We suggest that the cause for the differential regulation of
ENOD40by cytokinin and ethylene in legumes and non-legumes must be in the steps
before induction of ENOD40 expression. Furthermore, we suggest that specific
transcription factors could be responsible for non-leglENOD40 expression and
symbiotic ENOD40 expression in legumes. Our findings suggest that although nodule
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formation has many steps in common with general plant developmental processes,

specific key regulators may be responsible for regulating these general processes in such
a way that a completely new organ, the nodule, is formed.
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SAMENVATTING

Vlinderbloemige planten kunnen, als er weinig stikstof in de grond aanwezig is, een
symbiose aangaan mBtizobiumbacterién. Rhizobia induceren in de wortel van de
gastheerplant de vorming van een nieuw orgaan, de wortelknol. De bacterién worden
gehuisvest in de wortelknol waar zij moleculaire stikstof reduceren tot ammonium. De
gastheerplant gebruikt het geproduceerde ammonium als stikstofbron. Op haar beurt
voorziet de gastheerplant de bacterién van suikers.

Voor de vorming van de wortelknol in de wortel worden cellen in de wortel
geherprogrammeerd. Binnen in de wortel vormt zich het knolprimordium. Tegelijkertijd
ontwikkelt zich vanaf de wortelharen een infectiedraad richting het knolprimordium
waarlangs de bacterién het knolprimordium bereiken. Na infectie met de bacterién
ontwikkelt het knolprimordium zich tot een volwassen knol.

De symbiose met rhizobia beperkt zich grotendeels tot vlinderbloemige planten, ook al
zou deze symbiose, die leidt tot stikstoffixerende wortelknolletjes, nuttig kunnen zijn
voor allerlei plantensoorten. Dit leidt tot de vraag wat in vlinderbloemigen de
mogelijkheid van een symbiose met rhizobia bepaalt. Genen waarvan de expressie
tijdens knolvorming wordt geinduceerd worden nodulinegenen genoemd. Homologen
van deze nodulinegenen komen ook voor in niet-vlinderbloemige planten. Dit wijst erop
dat nodulinegenen zijn gerekruteerd voor knolvorming. Twee vragen dienen zich dan
aan: hoe zou deze rekrutering hebben kunnen plaatsvinden en waarom? Een antwoord op
de laatste vraag zou kunnen zijn dat de functie van het betreffende gen ook vereist is in
de ontwikkeling en het functioneren van de wortelknol. Knolvorming kan zich hebben
ontwikkeld tijdens de evolutie door aanpassing van de expressie van een bepaalde set
genen. Het kan hier gaan om een beperkte specifieke set van sleutelregulatoren of om
een grote set van genen waarvan de regulatie specifiek voor knolvorming is aangepast.
Om inzicht te krijgen in hoe en waarom nodulinegenen zijn gerekruteerd voor
knolvorming hebben we gekozen om de regulatie van het nodulirey€40 in
vlinderbloemigen en niet-vlinderbloemigen te bestuderen.

Het genENOD40is gekozen voor deze studies om@&NOD40 een belangrijke rol
tijdens knolontwikkeling wordt toebedacht. Dit komt onder andere doordat de expressie
van ENODA40 tijdens knolvorming wordt geinduceerd op de plaats waar later het
knolprimordium zich zal vormen. Verder heeft men laten zien dat in planten waar de
expressie vanENOD40 uitgeschakeld wordt er alleen misvormde wortelknollen
ontstaan.ENOD40 homologen zijn ook gevonden in niet-vlinderbloemigen, zelfs in
monocotylen. Studies in verschillende planten wa&iMOD40 tot overexpressie is
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gebracht laten zien dat dit leidt tot defecten in de plantontwikkeiN@D40heeft dus

een belangrijke rol in knolontwikkeling en plantontwikkeling en zou een gen kunnen
zijn dat om zijn functie tijdens de evolutie is gerekruteerd voor knolvorming. In dit geval
zou de regulatie vanENODA40 tijdens knolontwikkeling en plantontwikkeling
verschillend moeten zijn, maar de functie \EMOD40in vlinderbloemigen en in niet-
vlinderbloemigen zou gelijk moeten zijn. Om de vraag te kunnen beantwoorden of
ENODA40is gerekruteerd voor knolvorming is in dit proefschrift de regulatie en functie
van het nodulinegerENODA40 in vlinderbloemige en niet-vlinderbloemige planten
bestudeerd.

Om ENOD40in de ontwikkeling van (niet-vlinderbloemige) tomatenplanten te kunnen
bestuderen is de homoloog vaBNOD40 uit tomaat geisoleerd LEENODA4().
Gedetailleerde expressiestudies met eé&eENOD40 promoter GUS fusie
(LeENODA40::GU$ laten zien daENOD40in de hele tomatenplant tot expressie komt,
voornamelijk in het vaatweefsel. Het expressiepatroonLediNOD40::GUSNn tomaat

is vergelijkbaar met de expressie van de vlinderbloemige pron®t¢s fusie
GmENODA40::GUSn de niet-vlinderbloemige modelplaAtabidopsis In deze planten
worden beide promotoren negatief gereguleerd door het phytohormoon cytokinine.
Hieruit blijkt dat vlinderbloemige en niet-vlinderbloemige promotoren in een niet-
vlinderbloemige achtergrond zich hetzelfde gedragen. Ook de expressie van
LeENODA40::GUSs in wortelknollen op transgene (vlinderbloemidyégdicagowortels
vergelijkbaar met de expressie van een vlinderbloergig®D40in knollen. Dit laat

zien dat de LeENOD40 promoter ook functioneel is in wortelknollen en dat
vlinderbloemige en niet-vlinderbloemige promotoren uitwisselbaar zijn. Hetzelfde is
aangetoond met een rij&ENOD40 promoterGUS fusie in knollen op transgene soja
wortels. Blijkbaar zijn er in de evolutie geen functionele promoterelemen&EN@D40
promoters veranderd en is het functioneren van deze pronintgrganta gelijk in
monocotylen en dicotylen.

Ook al kunnen we laten zien dat vlinderbloemige en niet-vlinderbloemige promotoren
uitwisselbaar zijn, tijdens knolvorming wor@NOD40 expressie geinduceerd tot een
niveau dat in geen enkel ander proces is geobserveerd voor dit gen. Blijkbaar gaat er
toch een speciale regulatie vd&NOD40 expressie aan knolvorming vooraf. De
hierboven beschreven experimenten laten zien dat de oorzaak hiervan niet in de
promoter varENODA40ligt. Waarschijnlijk is een andere factor van invioedeyOD40
expressie. Deze factor kan van invioed zijn op de mRNA stabiliteit of op de transcriptie
van hetENOD40mRNA. De tweede optie is het meest waarschijnlijk omdat het meer
voor de hand ligt dat een plotselinge verhoging \ENOD40 expressie wordt
veroorzaakt door een verhoogde transcriptie dan door een stabilisering van het mRNA.
Specifieke transcriptiefactoren zouden tijdens knolontwikkeling en tijdens
plantontwikkeling verantwoordelijk kunnen zijn voor initiatie vVBNODA40 expressie.
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Samenvatting

We concluderen d&NOD40zeer waarschijnlijk geen sleutelregulator van knolvorming

is. Een knolspecifieke transcriptiefactor zou wel een sleutelregulator kunnen zijn en zou
ENOD40 expressie en misschien ook andere nodulinegenen kunnen reguleren tijdens
knolvorming.

Nu de regulatie tusseENODA40 in vlinderbloemigen en niet-vlinderbloemigen is
vergeleken en is gebleken dBNOD40 promotoren uit vlinderbloemigen en niet-
vlinderbloemige uitwisselbaar zijn, blijft nog de vraag of de functieBd®D40gelijk

is in vlinderbloemigen en niet-vlinderbloemigen. In transgene tomatenlijnen is het effect
van ethyleen en AVG (een remmer van ethyleenproducti&)e&NOD40expressie in
wortels bestudeerd. AVG veroorzaakt een reductie ¥EMODA40 expressie in
tomatenwortels, terwijl ACC (een precursor van ethyleen) leidt tot een inductie van
ENOD40 expressie in tomatenwortels. Verder is HeENODA40::GUS expressie
geassocieerd met bloemveroudering en kieming, processen waarbij de ethyleen
concentratie eerst stijgt en daarna afneemt. Het momerEN@D40expressie tijdens

deze processen direct na een toename van ethyleen productie kan erop wijzen dat
LeENODA40een rol speelt in het voorkomen van negatieve effecten van ethyleen. Omdat
ethyleen een negatief effect heeft op knolvorming EdIOD40 eenzelfde rol kunnen
spelen tijdens knolvorming.

Medicago planten waarinENODA40 tot overexpressie is gebracht laten een versnelde
knolvorming zien. Dit effect kan ook gedeeltelijk worden bereikt ddedicagowortels

te behandelen met AVG. Dit laat zien dat in deze trans@éedicago planten een
verandering is opgetreden in de ethyleen huishouding of de ethyleen signaal transductie.
Uit het bovenstaande kan worden afgeleid d&NOD40 expressie ook in
vlinderbloemigen gevoelig is voor ethyleen en hieruit leiden wij de hypothese af dat
ENODA40 nodig is om de celdelingen van het knolprimordium te faciliteren door de
negatieve effecten van ethyleen op celdeling te voorkomen of teniet te doen.

De expressie vaBNODA40tijdens zijwortelvorming kan ook een aanwijzing zijn voor de
functie van ENOD4Q In transgenelLeENODA40::GUS tomatenplanten flankeert
LeENOD40::GUSexpressie in de vaatbundel van de hoofdwortel de zijwortelprimordia.
Op de plaats van de zijwortelprimordia is een lokale afwezigheid &8NOD40::GUS
expressie. Na uitgroei van het zijwortelprimordium bereikt LbeENOD40::GUS
expressie weer zijn basisniveau in de vaatbundel van wortel en zijwortel. De plaatselijke
reductie vanENODA40 expressie in de wortel zou erop kunnen wijzen dat een hoge
ENOD40expressie op de plaats waar een zijwortelprimordium zich vormt remmend kan
werken op de ontwikkeling van het zijwortelprimordium. ENOD40o00k in dit proces
negatieve effecten van ethyleen voorkomt is niet duidelijk omdat de rol van ethyleen
tijdens zijwortelvorming niet bekend is.

Alle ENOD40genen coderen voor een klein peptide van 10-13 aminozuren afhankelijk
van de plantensoort. Door het bestuderen EMODA40 expressie in tomaat en
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Arabidopsishebben we een aanwijzing gekregen over de functieEN@DA4Q Deze
studies kunnen geen aanwijzingen geven of de functieEN@D40in het ENOD40
peptide ligt of in heENOD40RNA. Omdat het ENOD40 peptide zo klein is, is het zeer
moeilijk om het peptide volgens conventionele methodes te bestuderen. Dit is de reden
dat het nog steeds niet helemaal duidelijk is in hoeverreElNDD40 gen een
combinatie is van een RNA en peptide functie of dat de functie van het gen volledig in
het peptide ligt. Om de functie van het ENOD40 peptide te bestuderen is het Two-
Hybrid systeem gebruikt om ENOD40 bindende eiwitten te isoleren. We hebben
aangetoond dat PSENODA40 in het Two-Hybrid systeem bindt met het Ps-p40 eiwit, een
eiwit met homologie met ribosoom geassocieerde eiwittersitu expressie studies
hebben aangetoond d2s$-p40tot expressie komt in het knolmeristeem (zone 1) en in de
infectiezone van de knol (zone II). Dit overlapt gedeeltelijk BRODA40 expressie.
ENOD40komt tot expressie in de infectiezone maar niet in het knolmeristeem. Interactie
tussen ENOD40 en Ps-p40 zou kunnen voorkomen in de infectiezone van de knol. Een
specifieke plaats van interactie zou erop kunnen wijzen dat het ENOD40 peptide een
speciale functie heeft in het knolmeristeem.

Concluderend, onze experimenten &\OD40 laten zien daENOD40een rol speelt

bij processen waar het phytohormoon ethyleen ook een rol speelt. De functie van
ENOD40zou van belang zou kunnen zijn voor het voorkomen van negatieve effecten
van ethyleen. Verder hebben we laten zien dat het niet waarschijnlijkiN@d240een
sleutelregulator van knolvorming is maar dat het meer waarschijnlijk is dat een
transcriptiefactor die de expressie \ANOD40reguleert een van de sleutelregulatoren
van knolvorming is. Verschillende specifieke transcriptiefactoren zol®D40
expressie tijdens knolvorming en tijdens niet-vlinderbloemige plantontwikkeling kunnen
reguleren. Deze specifieke regulatoren zouden tijdens de evolutie kunnen zijn
gerekruteerd of aangepast om algemene processen, normaal betrokken bij
plantontwikkeling, zo te sturen dat knolontwikkeling mogelijk werd.
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en vooral voor de goede werksfeer. Mijn studenten Alessandra en Xi wil ik graag
bedanken voor hun bijdrage aan het werk. Alessandra and Xi, good luck on your thesis
work! Verder wil ik familie en vrienden bedanken voor hun belangstelling en geduld,
vooral Marja, Peter en Rose. Marja, bedankt voor het aanhoren van al mijn labverhalen.
Peter en Rose, onze lunches heb ik wel gemist de laatste tijd. En tenslotte Maarten,
eindelijk heb ik weer tijd voor ons. Bedankt voor al je steun.

97



98



Curriculum vitae

Ingrid Jeannine Elisabeth Vleghels werd geboren op 27 september 1971 te Woerden. In
1989 haalde zij het VWO diploma aan het Veenlanden College te Mijdrecht. Haar studie
HLO Biologie aan de Hogeschool van Amsterdam werd afgesloten met een stage
Genetica (Dr. B. Overduin en Dr. J. Hille) aan de Vrije Universiteit te Amsterdam. Na
afronding van haar HLO studie in 1993 begon zij aan een kopstudie Biologie aan de
Wageningen Universiteit. In september 1996 behaalde zij het ingenieursdiploma met de
afstudeervakken Plantenfysiologie aan de University of Guelph, Canada (Dr. Peter
Toorop, Dr. Derek Bewley en Dr. Henk Hilhorst) en Moleculaire Biologie aan de
Wageningen Universiteit (Dr. Henk Franssen en Prof. dr. Ton Bisseling). Vanaf
september 1996 was zij als assistant in opleiding (AlO) verbonden aan de Wageningen
Universiteit. Het in dit proefschrift beschreven onderzoek is uitgevoerd onder leiding
van Dr. H. Franssen en Prof. dr. T. Bisseling bij de leerstoelgroep Moleculaire Biologie.
Sinds augustus 2002 is zij werkzaam als beleidsmedewerker bij het gebied Aard- en
Levenswetenschappen (ALW) van de Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO) in Den Haag.

99



