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Niet de initiatie, maar de regulatie van infectiedraadgroei is het meest afhankelijk van
de structuur van de door Rhizobium geproduceerde Nod-factor.
Ardourel et al. (1994) Plant Cell 6: 1357-1374, Dit Proefschrift.

Het beter karakteriseren van sym/8 erwtenmutanten maakt het mogelijk aan te tonen
of, naast SYM2" bevattende erwtenlijnen, ook gecultiveerde erwten preferentieel door
NodX geacetyleerde Nod-factoren herkennen.

LaRue et al. (1996) Piant Soil 180: 191-195.

Het experiment beschreven door Temnykh ef al. (1995) om vast te stellen of SYM24
en nod3-1 allelisch zijn, is ondeugdelijk door het niet gebruiken van flankerende
merkers.

Temnykh et al, (1995) Pisum Genet. 27: 26-28.

Het kloneren van fenotypisch gekarakteriseerde genen in plantensoorten met een
relatief groot genoom kan worden vereenvoudigd door gebruik te maken van
eventuele ‘synteny’ met een ‘modelplant’.

In tegenstelling tot wat Barker et al. (1998) beweren, is niet alleen de tomaten RMC
mutant, maar zijn ook de vlinderbloemige mutanten met een vergelijkbaar Myc'-
fenotype, waarschijnlijk verstoord in een mechanisme dat algemeen is voor
mycorrhiza-gastheerplanten.

Barker ef al. (1998) Plant J. 15:791-797.

De eenzijdige investeringen door de Nederlandse overheid in conventionele
infrastructuur in plaats van in een elektronische snelweg, laten zien dat politici niet
alleen met hun wortels, maar helaas ook met hun visie zijn verankerd in de 20e ecuw.

‘Nederland Brainport’ moet meer inhouden dan het in elk klaslokaal plaatsen van een
door het bedrijfsieven afgedankte computer.

De grote eenvormigheid van politicke partijen is het gevolg van het overmatig
gebruik van advies- en reclamebureaus.

De factor geluk, die een niet te onderschatten rol speelt in de wetenschap, is niet te
beinvloeden.

Stellingen behorende bij het proefschrift:

‘A GENETIC APPROACH TO STUDY RHIZOBIAL NOD FACTOR
AND MYCORRHIZAL FUNGI ACTIVATED SIGNALING'
door René Geurts,
te verdedigen op dinsdag 22 december 1998,
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Introduction

Endomycorrhizae and rhizobial Nod factors both require SYMS8
to induce the expression of the early nodulin genes PsENODS

and PsENODI24.

SYM?2 of Pisum sativum is involved in a Nod factor perception

mechanism that controls the infection process in the eptdermis.

Restriction of host range by the SYM2! allele of afghan Pea is
non-specific for the type of modification at the reducing terminus

of nodulation signals.

The pea mutant Xim-1 shows a nodX independent nodulation

phenotype with Rhizobium leguminosarum bv viciae.

The use of differential RNA display to isolate cDNA based
markers linked to the SYM2 locus of pea.

Legume nodulation and mycorrhizae formation; two extremes

in host specificity meet.
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OUTLINE

Leguminous plants are able to interact with bacteria of the genera Azorhizobium
Bradyrhizobium, Rhizobium and Sinorhizobium. This is a symbiotic interaction that results in
the formation of a complete new organ, the root nodule. In these nodules the bacteria are
hosted intracellularly and there they find the proper environment to reduce atmospheric
nitrogen into ammonia, a source of nitrogen that can be used by the plant.

Root nodule formation involves growth responses in the epidermis as well as cortex of
the root. This implies that the bacteria redirect the development of fully differentiated plant
cells. The bacterial signals that set this in motion are the so-called nodulation (Nod) factors.
Nod factors of the different Rhizobium species have a common basic structure; a B-1,4-linked
N-acyl-D-glucosamine backbone of mostly 4 or 5 units, containing a fatty acid at the non-
reducing terminal sugar. Furthermore, several species-specific decorations can be present at
both terminal glucosamine residues and aiso the structure of the fatty acyl chain can vary.
These substitutions play an important role in the host-specificity of the symbiosis.

Nod factors are active at low concentrations and their activity depends on their structure.
This implicates that Nod factors are perceived by receptor(s). However, it is unclear how Nod
factors are perceived, and how the signals are transduced. The aim of this thesis is to unravel
Nod factor perception and transduction mechanisms by using a genetic approach.
Furthermore, it is studied whether mycorrhizal fungi and rhizobia vse similar mechanisms to
establish an endosymbiotic relationship. This can provide insight in the phylogenetic origin

of the legume mechanism controliing nodulation.

Leguminous plants mutated in a gene encoding a key component of the Nod factor perception
or transduction pathway will not respond to Nod factors. In CrarTer 2, we describe a pea
mutant, Sparkle-R25, which shows such phenotype. Sparkle-R25 is mutated in the SYM8
gene. We demonstrate that rhizobial Nod factors are unable to trigger the early nodulin genes
PsENODS and PsENODI24 , whereas in wild type pea they do. This shows that SYMS is
required for the induction of both genes by Nod factors. Besides that Sparkle-R25 does not
respond te Nod factors, it is also unable to establish a mycorrhizal symbiosis, showing that
SYMS is also involved in this endosymbiotic interaction. We demonstrate that mycorrhizal

fungi are as well able to trigger the expression of both early nodulin genes in wild type peas,
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but are unable to do so in Sparkle-R25. This indicates that mycorrhizal signals activate a
signal transduction cascade sharing SYMS8 in common with a Nod factor induced signal
transduction cascade.

The stodies in CHAPTER 3, 4, 5 & 6 are focused on the SYM2 gene. SYM2 is first identified
in the pea ecotype Afghanistan (SYM2"), where it inhibits nodulation by Rhizobium strains
secreting only Nod factors without a specific substitution at the reducing terminal sugar
residue. In CHAPTER 4 we show that these specific substitutions can either be an acetyl or a
fucosyl group. SYM2 is specifically involved in the infection process (CHAPTER 3). In order
to study the mode of action of S¥M2 a suppressor mutant has been isolated by mutagenizing
a SYM2" harboring pea line (CHAPTER 5). Bacteria that do not produce properly substituted
Nod factors are blocked in their ability to trigger infection thread formation on S¥A2*
harboring peas, whereas other Nod factor controlled responses occur normally. Genetic
analysis showed that SYM2 plays a role in controlling infection thread growth and its activity
depends on Nod factor structure. This suggests that SYM2 is involved in a Nod factor
recognition mechanism. In CH4PTER 6 the first steps towards the cloning of the SYM2 gene
are described. By using differential RNA display several root hair cDNAs are identified
which a genetically linked to the SYM2 locus. One of these clones, encoding a putative
receptor kinase, shows tight linkage to S¥MZ2. This clone can serve as marker for further
research to clone SYA2.

In the Discussion of this theses (CH4PTER 7) the common aspects between the rhizobial
and the mycorrhizal symbiosis are described and it is discussed whether mycorrhizal fungi

and rhizobia use similar mechanisms to establish an endosymbiotic relationship.
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INTRODUCTION

In addition to ‘classical’ hormones like auxin and cytokinin, several other growth factors play
a role in plant development. Examples of such signals are (small} peptides, brassinosteroids
and oligosaccharidebased signals. Members belongingto the latter group are the lipo-chitin
oligosaccharides(L.COs) based nodulation (Nod) factors of Rhizobium species, which trigger
developmental processes at their leguminous host plants. Also, there are several indications
that oligosaccharide based signals play a more general role in plant development. For example
in embryogeneses of the brown algae Fucus spiralis, the cell wall has been shown to be a
source of signals that determine cell fate (Berger et al., 1994). Furthermore, by using a bio-
assay, in which the developmental fate of epidermal cells of tobacco (Nicotina tobaccum)
leaves can be monitored, it has been shown that certain products derived from hydrolysed
plant cell walls can change the developmental fate of cells (Marfa ef al., 1991). However, only
the Rhizobial Nod factors have been studied in more detail.

Bacteria of the genera Rhizobium, Bradyrhizobium, Sinorhizobium and Azorhizobium
(here collectively called rhizobia) secrete LCOs, called Nod factors, which play a pivotal role
in the symbiotic interaction of these bacteria and their leguminous host plants. A striking
characteristic of this symbiosis is its host specific nature; a particular Rhizobium species can
only nodulate a limited number of leguminous plant species. Nod factors play a major role in
this host specificity. Furthermore, Nod factors trigger the processes leading to the
development of a nodule. The first morphological changes induced by Nod factors occur at
the epidermis where root hairs deform. Some of these root hairs form a shepherd’s crook like
curl by which the bacteria become entrapped and where an infection site is created. At these
sites an inward-growing tubular structure, the infection thread, is formed by which the
bacteria enter the plant. Concomitantly, Nod factors mitotically activate cortical cells, and
these dividing cells will give rise to a nodule primordium. The infection threads grow toward
these primordia. Subsequently, bacteria are released from the infection thread into the
cytoplasm of the primordial cells and become surrounded by a plant-derived peribacteroid
membrane. Then, the nodule primordium develops into a mature nodule, while the bacteria
differentiate into their endosymbiotic form, the bacteroids. These bacteroids are able to reduce
nitrogen into ammonia, which can subsequently be utilized by the plant. In the following

paragraphs the biosynthesis of Rhizobial Nod factors and the processes they induce in
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legume roots are described in more detail.

NODULATICON FACTORS

The rhizobial genes encodingthe enzymes involved in the biosynthesis of Nod factors are
silent when the bacteria do not grow in the vicinity of the root system of their host plants.
There, rhizobia sense signals molecules secreted by the host. This are in general flavonoids.
These molecules activate the transcriptional regulator(s) NodD. Activation of NodD leads to
the transcription of the other bacterial nodulation {nod) genes, whose encoded proteins are
responsible for the biosynthesis and secretion of Nod factors.

Nod factors made by the different Rhizobium species all have a similar basic structure; a
B-1,4-linked N-acyl-D-glucosamine backbone of mostly 4 to 5 units long, containing a fatty
acid at the non-reducing terminal sugar. Both, genetic and biochemical studies have shown that
the synthesis of this core structure is catalyzed by the NodA, NodB and NodC proteins.
NodC is an N-acetylglucosaminyl-transferase and catalyzes the synthesis of the chitin
oligomerand controls the length of this backbone (Geremia ef al., 1994; Spaink et al., 1994,
Kamst et al., 1997). The terminal non-reducing glucosamine unit of this oligomer is
deacetylated by NodB (John er al., 1993), and subsequently substituted with an acyl chain by
NodA (Atkinson ef al., 1994; Réhrig ef al., 1994).

Besides the length of the glucosamine backbone (Roche et al., 1996), the biological activity
of Nod factors is determined by certain substitutions at the terminal sugar residues as well as
the nature of the acyl chain. Several other nod genes are responsible for these substitutions.
As an example, the major Nod factors produced by Sinorhizebium meliloti and Rhizobium
leguminosarum biovar viciae respectively, are described (For all Nod factors produced by
these two species see table 1). The major factor produced by R. meliloti contains 4
glucosamine units, an acyl chain of 16 C-atoms in length with two unsaturated bounds, an
acetyl group at the non-reducing and a sulfate group at the reducing terminal sugar residue
(figure 1, Lerouge et al., 1990; Schultze et al., 1992). The sulfotransferase encoding gene nodH
is responsible for the sulfation of the reducingend (Roche et al., 1991a,b) whereas the NodL
protein, which is an O-acetyltranferase, acetylates the non reducing end of the glucosamine

backbone (Downie ef al., 1989, Spaink ef al., 1991, Bloemberg ef al., 1994).
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Table 1. An overview of the different Nod factors produced by S. meliloti and R. leguminosarum bv viciae. The
double bounds at position 2, 4 and 6 in the acy] chains are in trans conformation, whereas the double bounds at
postion 9 or 11 or are in ¢is conformation. The decorations at the terminal glucosamine residues are present at
postion 6, In between brackets the specifically required nod gene(s) is given.

Rhizobium specie acyl chain nen- reducing sugar number of reference
reducing moiety glucosamine
sugar moiety units
R, leguminosarum | -C18:4 (‘3‘2,4,6,II) O-acetyled -H 4,5 Spaink ef al.
bv vicae (nodE) {nodL) and also (19%1)
O-acetylated Firmin ez al,
C18:1 (Ap) pentamers if the (1993)
strain harbors Bloemberg 2t al.
C1R:0 nodX (1994)
CI6:1 {Ag) Spaink er al.
(1995)
-Cl6:0
5. meliloti -C16:3 (49 4 9) Hor Q-sulphated 3.45 Lerouge et al.
C16:2 (42’9) Q-acetylated (nodH, {1990}
(both nodE) {nodL) nodP,nodQ) Roche et al.
(1991a,b)
-Cl16:1 {Ag) Schultze et af.
(1992)
Demont et al.
-C18 to C26 (_-1)- (1993)
hydroxylated
(rodD3, syriM)

For the specific structure of the acyl chain two genes are responsible; nodE and nodF,
encoding a f-ketoacyl transferase and an acyl carrier protein respectively (Demont et al.,

1993), In contrast to S. meliloti, R. leguminosarum bv viciae produces a mixture of factors
that contains several major compounds. Depending on whether the bacterium contains the
nodX gene either 4 or 6 major Nod factors are formed. The length of the glucosamine backbone
is 4 or 5 units carrying an acyl chain of 18 C-atoms either with 1 or 4 unsaturated bounds, for
which again nodE and nodF are responsible. These four Nod factors are O-acetylated at the
non-reducing terminal sugar residue, which is nodL dependent (Spaink et «f., 1991). When the
bacterium contains the nodX gene, encoding an O-acetyltransferase, the reducing terminal
sugar residue of pentameric Nod factors are partially acetylated, whereas in the absence of

this gene no substitution is present (Firmin ef af., 1993).
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NOD FACTOR INDUCED EPIDERMAL RESPONSES

Nod factors trigger several responses in the root epidermis of their host plant, ranging from
very fast physiological responses that occur within minutes, to morphological changes in the
root hairs that become apparent after hours or days. In addition, symbiosis specific plant
genes are induced, By analyzing where the wvarious responses are induced, it has been
determined which root epidermal cells are susceptible to Neod factors. The most clear data
have been obtained with transgenic Medicago plants carrying the promoter of the Nod factor
inducible ENOD{2 gene in front of the B-glucuronidase (GUS) reporter gene. ENODI2
encodes a proline rich protein with unknown function, which expression is induced in the root
epidermal cells within hours after application of Nod factors (Scheres et al., 1990a,b; Horvath
ef al., 1993; Journet et al., 1994). Later, when cortical cells start to divide, the gene is also
expressed in these dividing cells (Pichon et al, 1992). Studies with transgenic Medicago
ENODI2-GUS plants have shown that the susceptible region of the epidermis starts just
above the root tip, where root hairs have not vet emerged and extends to the area that
contains mature root hairs (Pichon ef al., 1992; Journet ef al., 1994). In this susceptibie region
expression of ENGDI2 in reaction on the presence of Nod factor is independent of the
presence of a root hair. Both, trichoblasts as well as atrichoblasts in the susceptible zone
express ENODI2 at similar levels. However, only cells that are in direct contact with Nod
factor respond, indicating that FNQDI2 induction is a cell autonomous response (Journet ef
al., 1994).

Morphological responses

Nod factor-secreting bacteria as well as purified Nod factors induce morphological changes in
root hairs. By using bicassays some insight in the mechanism by which Nod factors alter the
growth pattern of root hairs has been obtained. Such studies have most extensively been done
with vetch (Vicia sativa). Vetch root hairs that deform after Nod factor application have
almost terminated growth, whereas the younger active growing hairs, as well as the mature
hairs do not respond (Heidstra ef @l., 1994). Growth lermination is accompanied by the
disappearance of the cytoplasmic dense region as well as the gradient of free calcium at the tip

of the hair, which both are typical for tip growing cells (De Ruijter et al., 1998). Upon
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application of Nod factor, the tips of these susceptible root hairs swell. The swelling of the
root hair tip is accompanied by the formation of a calcium gradient at the plasmamembrane
and it requires protein synthesis (Vijn et al, 1995; De Ruijter et af., 1998). Therefore,
swelling of the root hair is the result of growth. However, since polarity is lacking it is
isotropic instead of polar growth. After polarity is established the isotropic growth turns into
tip growth. A tip growing tube emerges, which shows a strong resemblance with normal root
hair growth.
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/
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HC,
;\’CHJ.
CH,
Response unsaturated bounds
sulfate acetate acyl chain references
membrane depolarization + - - Felle er al. (1995)
Kurkdjian {1995}
cytoplasmic alkalanization - - - Felle et al. (1996)
Root hair deformation + - - Roche er al. (1991a,b)
ENOD12 induection + - - Journet ef al. (1994)
Infection thread formation + + + Ardourel ef al. {(1994)

Figure 1. Structural requirements to Nod factor structure of S. meliloti to trigger responses on alfalfa. Also the
responsible Nod proteins responsible for the specific structural decorations are given.

Nod factors induce new growth of root hairs leading to a deformed phenotype of the hair.
However, generally only when bacteria are present, shepherd’s crook like curling occurs in
some root hairs, showing that additional information coming from the bacleria is required to
guide the growth of the hair. Rhizobium requires the micro environment of a curled root hair to
establish an infection site. In the curl of the hair the plant cell wall becomes locally degraded,
followed by uptake of the bacteria via invagination of the root hair plasma-membrane.
Vesicles in the root hair cell are directed to the tip of the invagination leadingto the formation

of an inward tip growingtubular structure, the infection thread. Despite the fact that Nod
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factors are insufficient to trigger root hair curling, they play a crucial role in the infection
process, since infections are only initiated when the bacteria secrete specific Nod factors

(Ardourel et al., 1994).
Physiological responses

Several physiological changes are induced within a short time period after Nod factor
application. Most of these studies have been performed on alfalfa (Medicage sativa) root
hairs. Therefore the physiological responses induced in this host plant are summarized.
Application of Nod factor causes immediately a decrease of the calcium concentration in the
environment between the root hairs, which is probably due to an influx of calcium into the
hairs (Felle et al., 1998). Shortly after the induction of this calcium flux, an opposite directed
flux of chloride ions occurs, which is accompanied by a depolarization of the root hair
membrane (Ehrhardt et al., 1992, Yelle et. al., 1995; Kurkdjian, 1995, Felle ef al., 1998). This
depolarization is thought to be a consequence of the rapid release of chloride ions by the root
hairs. Since for chloride lons there is a steep outwardly directed electrochemical gradient, they
rapidly leave the root hair cytoplasm which could cause a temporaty short-circuiting of the
proton pumps leading 1o depolarization of the membrane (Felle ef al., 1998). Depolarization
of the root hair membrane is Nod factor concentration dependent and occurs transiently. The
depolarization is probably stopped due to charge balancing potassivm fluxes whereas
repolarization could occur by the activity of proton pumps (Felle ef al., 1995; 1998). The
observed ion fluxes can be mimicked by calcium ionophores and are inhibited by calcium
channel antagonists. This indicates that Nod factors activate a caleium channel leading to an
influx of calcium into the root hair resulting in a depolarization of the root hair membrane
(Felle et al., 1998).

After Nod factor application also an alkalinization of 0.2-0.3 pH units of the root hair
cytoplasm as well as of the environment between the root hairs occur (Felle et ai., 1996;
1998). These alkalinizations are significantly slower than the calcium and cloride ion fluxes. In
contrast o the alkalinization of the root hair environment, the alkalinization of the root hair
cytoplasm persists as long Nod factors are present. Since both, the root hair cytoplasm, as
well as the direct environment around the root hair alkalinizes, these processes seem to be

contradictory. The underlying mechanisms leading to both processes are not fully understood
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{Felle et al., 1996; 1998).

Minutes after the application of Nod factors, regular oscillations of the cytoplasmic
calcium can be detected. The process takes place in a distinct spatial pattern. The calcium
oscillations are initiated around the nucleus and propagate radially (Ehrhardt et al., 1996).
Unknown is the relation of the calcium spiking and the postulated influx of calcium ions

which occurs just a few seconds after Nod factor application.

NOD FACTOR PERCEPTION MECHANISMS

The above described epidermal responses are Nod factor structure dependent and are induced
at very low concentrations (1078-10"12 M). Therefore it is plausible that Nod factors are
perceived by plant receptors. By using Rhizobium mutants it was shown that the
requirements to Nod factor structure varies with the type of response that is induced
{Ardourel ef ¢l., 1994). The formation of infection threads shows a higher demand to Nod
factor structure than all other responses (figure 1). This has led to the hypothesis that more
than one Nod factor perception mechanism is present in the epidermis of the root (Ardourel
et al., 1994). Support for this hypothesis was found by studying alkalinization of the root
hair cytoplasm. On alfalfa, this response can even be induced by Nod factors lacking the
sulfate decoration at the reducing terminal glucosamineresidue (figure 1; Felle ef al., 1996).
When plants have been treated with Nod factor, subsequent application of the same Nod
factor does not induce a further increase of the pH. However, if plants treated with a suifated
Nod factor, are subsequently treated with unsulfated factor, or wvisa versa, further
alkalinization is accomplished. This suggests that sulfated and unsulfated Nod factors are

perceived by different receptors (Felle et al., 1996).

NOD FACTOR INDUCED RESPONSES IN THE INNER CELL LAYERS OF THE ROOT

Nodule primordium formation

To form a root nodule primordium, fully differentiated root cortical cells have to be

developmentally reprogrammed, which starts with mitotic activation of these cells. This is

induced by Nod factors and leads to the formation of nodule primordia (Spaink et af., 1991,
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Truchet et ai., 1991). Upon infection by rhizobia these primordia subsequently differentiate
in nodules, In some host plants, purified Nod factors are sufficient to induce this
organogenesis, whereas in others the differentiation of primordia into nodules seem to require
infection by the bacterium. Which cortical cells will form a nodule primordium is determined
by the host plant. Primordia are mainly formed opposite the proto-xylem poles. Furthermore,
the host species determines whether inner or outer cortical cells are involved in primordium
formation. It is unclear whether Nod factors are translocated to the cortical cells that divide,
or whether a secondairy signal is generated that triggers the division of the cortical cells.
Despite this, it has become clear that endogenous plant growth factors provide positional
information by which nodules are only formed at specific places. Several studies have shown
that ethylene is a potent inhibitor of cortical cell division (Goodlass & Smith, 1979; Peters &
Crist-Estes, 198%; Lee & LaRue, 1992). In the susceptible zone of pea root, the gene encoding
1-aminocyclopropane-1-carboxylate (ACC) oxidase, that catalyzes the last step in the
ethylene biosynthesis, is predominantly, expressed in the cells of the pericycle opposite the
phloem poles (Heidstra er af., 1997). This strongly suggests that ethylene is produced in
these cells. Both, biochemicaland genetic data show that this local production of ethylene
provides positional information controlling where primordia are formed. A biochemical
approach in pea showed that the positional information in the root cortex is lost when
ethylene perception or biosynthesis by the plant is disturbed by silver ions or amino-
ethoxyvinylglycine (AVG) (Heidstra et al., 1997). The Medicago truncatula mutant Sickle is
insensitive to ethylene and makes significantly more nodules than the wild type (Penmetsa &
Cook, 1997). Also it is disturbed in the positioning of the nodules. Whereas normally cell
divisions occur specifically opposite the protoxyleme poles, in Sicklethey occur completely
random (D.R. Cook, pers. com.).

In addition to a negative regulation by ethylene, also plant compounds regulating cell
division in a positive way play a role in nodulation. Uridine, a compound present in the stele
of the root, stimulates cell divisions in the inner cortex of pea root explants (Smit e al., 1995).
This compound is probably released from the vascular bundle and was previously described
as stele factor (Libbengaet al., 1973). However, whether it is specifically released from
protoxyleme poles is not known. Therefore it is unclear whether it contributes to the

positioning of nodule primordia.
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An other positive acting factor that could regulate cortical cell division is the product
encoded by the early nodulin gene ENOD40. After Nod factor application this gene is rapidly
induced in the region of the pericycle opposite a protoxyleme pole. Hence it expression
pattern in the pericycle is complementary to that of ACC oxidase. ENOD40 expression is
activated markedly before the first cell divisions occur in the cortex (Minami ef af., 1996; T.
Bisseling, pers. com.) and when cell divisions are induced, the gene is expressed in the dividing
cells as well as in the pericycle (Kouchi & Hata, 1993; Yangef al., 1993; Matvienko ef al.,
1995), The role of ENOD40 in stimulating cell division was shown by over-expression of
ENOD40 in Medicage truncatula, where it leads, even in the absence of Nod factor, to

division of inner cortical root cells (Charon et al., 1997).

Nod Factors

Figure 2. A model showing how the positioning of a nodule primordium could be established in a leguminous
root. Both, positive and negative acting factors, contribute to the positioning. Ethylene, produced opposite the
phloem poles, diffuses into the cortex and therefor inhibits division in the cortex especially in the arca opposite
the phloem poles. Nod factors trigger the expression of ENOD40 in a region of the pericyele opposite xylem
poles. The secreted ENOD4( peptide acts together with uridine as a positive signal leading to the mitotical

activation of inner cortical cells opposite the xylem poles.

ENOD40 has been isolated from several legume as well as from some non-legume species. All

ENQD40 genes characterized so far contain two regions that are highly conserved, The 5’
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located box 1 contains a short conserved open reading frame encoding a small peptide of 10-
13 amino acids. This peptide was shown to be present in soybean nodules (Van de Sande ef
al, 1996). In Ballistic introduction in M. truncatula roots of a DNA construct encoding this
small peptide is sufficient to induce cell divisions (Charon et al., 1997).

In Figure 2 a model is given how positioning of a nodule primordium could be established.
Both, positive and negative acting factors, could contribute to this positioning. Ethylene,
produced in the pericylee cells opposite the phloem poles, can diffuse into the cortex and
therefore inhibits division in the cortex especially in the area opposite the phloem poles. Nod
factors trigger the expression of ENOD40 in a region of the pericycle opposite xylem poles.
Whether ethylene plays a role in positioning ENOD40 expression is unclear. The ENOD40
peptide could stimulate cell division in a non-autonomous manner. The pericylce cells secrete
the peptide which than could be perceived by the cortical cells. Together with uridine as a
positive signal, this may lead to the mitotical activation of inner cortical cells opposite the

xylem poles.

Infection

The rhizobia enter the plant root via an infection thread. This is a tip growing tubular
structure, initiated at the infection site in a curled root hair, that grows towards the dividing
cortical cells. If the nodules are formed in the outer cortical cell layers, like in soybean
{Glycine max), the infection thread grows through the root hair and can immediately invade
the formed primordium. In contrast, in legumes in which nodules are formed in the inner
cortex, e.g. pea, the infection thread has to cross several cortical cell layers before reaching the
primordium. Before the infection thread traverses the outer cortical cells, the cytoplasm of
these cells rearranges and forms a so-called pre-infection thread (PIT). Purified Nod factors
are sufficient to induce PIT formation (Van Brussel er al., 1992). A radial aligned file of
cortical cells is formed, from which the nuclei have moved to the center and their cytoplasm
and microtubules have an organization resembling phragmoplasts (Van Brussel et al., 1992).
This array of radial cortical cytoplasmic structures form the path by which the infection
thread can traverse the cortical cells.

Within the infection thread, the bacteria are imbedded in a matrix and surrounded by a

fibrillar wall. When the infection thread reaches the primordium bacteria are released from an
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unwalled tip of the infection thread, and via an invagination of the host cell membrane they
enter the cytoplasm, Within the host cytoplasm the bacteria stay surrounded by the host
membrane, and together they form a so-called symbiosome. The symbiosomes divide and the

bacteria differentiate into their symbiotic form, the so-called bacteroids.
CONCLUSION

The communication between rhizobia and legumes has now been elucidated. Rhizobial Nod
factors are a key step in this communication, since they are essential and in most cases
sufficient to induce the (early) responses in the host plant. The host specific activity of Nod
factors is depending on their structure and furthermore, they are active at low concentrations.
Therefore, it is likely that they are perceived by receptor(s). However, such receptors have
not been isolated, nor is it clear how the signals are transduced, but the above described
experiments indicate that the involved mechanisms could be rather complex.

To unravel signal perception and transduction mechanisms, a genetic approach has shown
to be successful. In Arabidopsis thaliona remarkable progress has been made in elucidating the
perception and transduction mechanisms of classical phytohormones. For example for
ethylene specific receptors and several components of the activated signal transduction
pathway have been identified (for review see: Chang, 1997). To unravel Nod factor
perception and transduction a genetic approach will also be essential. Pea has been intensively
used for genetic studies in the past and this has led to the identification of many symbiotic
mutants. Characterization of these mutants and subsequent cloning of the mutated genes
could lead to a better insight how Nod factors are perceived. However, pea has a relatively big
genome (3.8-4.8.10° basepairs per haploid genome; Ellis, 1993) by which positional cloning
of the corresponding genes can be extremely labor intensive. Recently, macro-synteny
between Medicago truncatula and pea has been demonstrated (D.R. Cook, pers. com.). Since
M. truncatula has a relatively small genome (0.5.10° basepairs), and is easy to transform it has
been selected as a model legume and recently H.S.F. has initiated a Medicago ‘genomics’
program. The occurrence of synteny together with the availability of molecular and genetic
tools could be used to clone interesting pea genes, by the identification of the M truncaria

counterparts.
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We report here that the pea early nodulin genes PsENODS and PsENODIZA are
induced during the interaction of pea roots and the endomycorrhizal fungus Gigaspora
margarita. Using the pea nodulation mutant Sparkle-R25, which is mutated in SYMS,
it is shown that SYMS is essential for the induction of PsENODS and PsENODI12A in
pea roots interacting either with Rhizobinm or the endomycorrhizal fungus Gigaspora
margarita. Our results snggest that mycorrhizal signals activate a signal transduction
cascade sharing at least one commeon step with the Nod factor activated signal

transduction cascade.

INTRODUCTION

Leguminous plants can form an endosymbiotic association with bacteria of the genera
Rhizobium, Azorhizobium and Bradyrhizobium (collectively referred to as rhizobia) as well as
with endomycorrhizal fungi. Therefore, they provide the unique opportunity to identify host
genes with a common role in endosymbioses (Duc et al., 1989, Gianinazzi-Pearson ef al.,
1991).

Both rhizobia and the mycorrhizal fungi improve the mineral nutrition of the host plant,
which in exchange supplies the microorganisms with photosynthates. The rhizobia fix
atmospheric nitrogen and provide the plant with ammonia, whereas mycorrhizal fungi
facilitate the translocation of limiting nutrients, especially phosphorous, from the soil to the
plant. The ability of plants to interact with mycorrhizal fungi is a very ancient phenomenon
and widespread in the plant kingdom. 80% of the plant families are capable of forming
arbuscular mycorrhizae (AM) and fossil data suggest that this symbiosis occurred more than
400 million years ago (Pirozynski & Dalpe, 1989; Simon ef al., 1993).

AM formation is rather aspecific since a single fungal species has the capacity to colonize
many plant species and in addition a given plant can interact with different fungal species. In
contrast, Rhizobium-induced nodulation is highly specific and, with the exception of
Parasponia, it is restricted to leguminous plants. Within this family, Rhizobium species only
nodulate a restricted set of host plants.

The molecular bases of the rhizobial symbiosis is partially elucidated. The interaction
starts with the induction of the rhizobial nodulation genes (nod) by plant secreted-flavonoids,

which leads to the synthesis of specific lipo chito-oligosaccharides, the Nod factors. The
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structure of these signal molecules varies depending on the Rhizobium species. Nod factors
are essential and in most cases sufficient to trigger processes leadingto nodule formation, e.g.
induction of nodulin gene expression, root hair deformation and the formation of nodule
primordia (for reviews see: Dénarié er al., 1996; Long, 1996; Spaink, 1996). In contrast, the
nature of the signals that set the mycorrhizal interaction in motion is unknown (for review
see: Gianinazzi-Pearson, 1996).

When contacting the root surface, the fungal hyphae form an appressorium. Subsequent
penetration of the root is mediated by hyphae that originate from these appressoria and that
grow intercellularly towards the inner cortex. Upon reaching the inner cortex, fungal hyphae
enter the cortical cells and differentiate into highly branched, structures known as arbuscules
(AM). At this stage, the differentiated fungal hyphae are separated from the plant cytoplasm
by a plant-derived perisymbiotiont membrane (Gianinazzi-Pearson, 1996).

Despite the obvious differences between the two symbioses, plant mutational analysis

has shown that certain plant genes are essential in both AM and nodule formation. Such

mutants {Nod", Myc™) have been found in Medicage truncatula, alfalfa, faba bean, bean and
pea (Duc et al., 1989; Bradbury ef ai., 1991; Saganer /., 1995, Shirtliffe & Vessey, 1996).
Furthermore, it was shown that two nodulin genes ENOD2 and ENOD40, that are activated
during early stages of Rhizobium induced nodulation, are also induced during AM formation
(Van Rhijn er al., 1997). These observations, together with the ancient nature of AM
formation, suggest that some of the plant processes leadingto nodulation may have evolved
from those already established for the fungal endosymbiosis (L.aRue & Weeden, 1994), This
raises the question whether Nod factor and mycorrhizal signal activated signal transduction
cascades leading to the activation of early nodulin genes share common steps (Van Rhijn et al.,
1997),

To address this question it is essential to use early nodulin genes that are rapidly activated
by Nod factors and are induced preferably in cells that are in direct contact with Nod factors.
ENOD? does not seem to be very useful for such studies, since in Nod factor induced
nodulation this gene is first activated when the nodule primordium forms the nodule
parenchyma tissue {Van der Wiel et al.,, 1990). This is a rather late response since it first
occurs after several days. Furthermore, it is unknown whether Nod factors reach the
primordium cells that develop into nodule parenchyma. Another reason that ENOD2 is not

very useful for Nod factor signal transduction studies is the fact that cytokinin can induce the
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expression of this early nodulin in existing root tissues within a few hours (Dehio & De
Bruijn, 1992), while Nod factors are unable to do so. This suggests that Nod factor and
cytokinin - which is known to be secreted by mycorthizal fungi (Van Rhijn et al., 1997) -
induced expression of ENOD2 might involve different mechanisms, The other early nodulin
gene that is known to be induced in both interactions, ENOD40, is also not very attractive for
Nod factor signal transduction studies since it is activated in the root pericycle and it is
unknown whether Nod factors are transported to this tissue. Furthermore, this gene can be
activated by chitin fragments (Minami et al., 1996). Hence, this gene might be activated by
fungal cell wall fragments, which makes it unclear whether its expression is of physiological
meaning.

The Rhizobium infection related early nodulin genes ENODS and ENODI2 are more
suitable to study Nod factor activated signal transduction. Both genes are rapidly activated in
the epidermal root cells which are in direct contact with rhizobial Nod factors (Horvath er af.,
1993; Journet et al., 1994; Vijn et al, 1995; Heidstra ef al., 1997). Here we describe that the
early nodulin genes PsENQDS and PsENQD12A4 are expressed during infection of pea (Pisum
sativum) with AM fungus Gigaspora margarita. Therefore we used the induction of these
genes as a tool to study whether the pathways used by mycorrhizal fungi and Nod factors
share common steps. To answer this question we searched for a pea mutant that can block
Nod factor and AM fungi-induced expression of PSENQODS and PsENODI2A.

In pea 4 loci (SYMS, SYM9, SYMI9 and SYM3(}) are known that are involved in the early
steps of both endosymbiotic interactions (Weeden er al., 1990; Gianinazzi-Pearson ef al.,
1991, L.aRue & Weeden, 1992, Balaji ef ai., 1994, Borisov et af., 1994, Gianinazzi-Pearson,
1996). Mutations in these genes block the penetration of mycorrhizal fungus into the root,
but the fungus remains able to form appressoria {Gianinazzi-Pearson ef al., 1991, Balaji ef al.
1994, Gollotte et al., 1994). In the interaction with Rhizobium the SYMB mutant Sparkle-R25
is blocked at a very early step, since it has lost the ability to deform root hairs (Markwei &
LaRue, 1992). In contrast, the SYM9 mutant Sparkle-R72 and SYMI9 mutant Rondo-K24
remainable to form curled root hairs upon inoculation with Rhizobium, but neither infection
threads nor nodule primordia are formed (Markwei & LaRue, 1992, Postma et al., 1988). For
sym30 no detailed phenotype has been described. We choose 1o analyze the SYM8 mutant
Sparkle-R235, because it is blocked at an early stage of both endosymbiotic interactions. Here,

we describe that in this mutant the induction of PsENODS and PsENODIZ2A is blocked in
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both interactions. Thus SYMS8 appears to be essential for Nod factor as well as for

endomycorrhizal activated pathways leading to the induction of PSENODS and PsENODI24.

RESULTS

Phenotypic characterization of the interaction of Gigespora margarita with wild type

pea

To study the interaction of Gigaspora margarita and pea roots we first used mass inoculated
plants. Ten days after inoculation, the hyphae are present at the surface of the root,
appressoria have been formed and some hyphae have penetrated the outer cell layers of the
root. Fifteen to twenty days afier inoculation, hyphae have penetrated the outer and inner
root cortex and at twenty days, intracellular colonization of the inner certical cells by the
fungus has started. At younger parts of the root, new infections occur by which different
stages of mycorrhizal development are present simultaneously in a root system (data not
shown). The advantage of a mass-inoculation procedure is that, ultimately, a major part of the
root system is involved in the interaction with the fungus. Therefore, it is possible to obtain
sufficient mycorrhizal plant material. However, since the infections do not occur
simultaneously, it was impossible to obtain accurate information on the timing of gene
expression. For this reason, we developed a spot-inoculation system to study the timing of
plant gene expression during early stages of AM formation. Lateral roots of 10 day old pea
seedlings grown on agar were spot-inoculated with spores of G. margarita (see materials and
methods). About four days after inoculation a germ tube emerges from the spores and grows
in a negative geotropic manner on the surface of the agar (Watrud ef al., 1978). The spores
were positioned such that the initial contact between the germ tube and the elongation zone of
the root occurs about 6 days after inoculation (see material and methods). Appressoria, from
which new hyphas develop that invade the root tissue, are formed 2 to 4 days later.
Intercellular colonization of the root cortex was observed during the four following days with
the first arbuscules starting to develop 15 days after inoculation and this intracellular
colonization of the inner cortex is well established 20 days after inoculation (Figure 1A, 1B,

1C).
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Figure 1. Spot-inoculation of wild type pea roots with the arbuscular mycorrhizal (AM) fungus G. margarita.
The root was stained with trypanblue. A, ten days after inoculation, appressoria are formed and some hyphae
starts o invade the outer root cortex. B. Fifteen days after inoculation, the intercellular colonization of the root
cortex is well established. C. Twenty days after inoculation, the inner cortical cells are extensively colonized by
the fungus. D. Spot-inoculation of Sparkle-R25 (sym8) roots with G. margarita. Twenty days afier inoculation,
appressoria are formed but root penetration and colonization of the root cortex does not occur.

Abbreviations: eh, external hypha; ap, appressorium; ih, intercellular hypha; a, arbuscule; x, xylem. Scale bar
represent (a) 50 pwm; (b) 100 wm; (c) and (d) 25um.
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Expression of PSENODS and PsENOD12A4 during endomycorrhizal infection

Previously, it has been shown that the early nodulin gene ENOD2, that can be activated by
both mycorhizal fungi and rhizobia, is also induced by cytokinin {Dehio & De Bruijn, 1992;
Van Rhijn ef al., 1997). Therefore, we tested whether the infection related early nodulin genes
PsENODS and PsENODI24 can also be induced by cyotkinin. Pea roots were treated with 1
WM BAP and were harvested 24h later. No increase in the level of expression of either
PsENODS or PsENODI2A was induced, whereas a clear induction of PsENOD2 could be

observed (data not shown).

Uninoculated U, margarita
16d 15d 204
UBIQUITIN
Cycle pumber 14 16 18 20 14 16 18 20 14 16 18 20 4 16 18 20
PSENODS - .

Cycle number 220128 22 24 26 28 22 24 26 28 22 24 26 28

PSENODI2A T

Cyclemumber 20 22 24 26 20 22 24 26 20 22 24 26 20 22 4 %6

Figure 2. Induction of PsENODS and PSENODI24 expression in G, margarita spot-inoculated pea roots.
Infected root segments were collected 10, 15 and 20d after inoculation. Cerresponding non-inoculated root
segments were harvested after 10d. PsENODS and PsENQDI2A expression was analyzed by RT-PCR using
total RNA. As a control, Ubiguitin mRNA was amplified. Under the conditions used, the amplification of
Ukiguitin mRNA is exponential between 14 and 20 cycles, while PsENQDS amplification is exponential up t©
28 cycles and PsENQDI2A up to 26 cycles.

We investigated whether the expression of PsENODS and PsENODI2A are induced by

mycorrhizal fungi. Pea roots were inoculated with G. margarita spores using the spot-
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inoculation system. Root material was collected 10, 15, 20 and 30 days after inoculation.
Total RNA was isolated and afier reverse transcription PsENODS and PsENODI24 ¢cDNA
was amplified by RT-PCR and ubiquitin mRNA was used as an internal standard.
Amplification of PsENODS and PsENODI2A4 cDNA resulted in fragments of 25¢ and 348
bp, respectively, which were not present when the reverse transcriptase step was omitted
(results not shown). In the spot-inoculated plants, PsENODS and PsENODI2A are both
activated at an early stage of interaction, 10 days after inoculation. The PsENODI24
transcript is present at the highest concentration 10 days after inoculation, when appressoria
are formed and hyphae develop to invade the cortex. PsENODS mRNA is present at its
maximum level 15d after inoculation, when the hyphae invade the root cortex. The level of
both transcripts markedly decreases as the colonization proceeds (20 days after inoculation;

Figure 2).

wild-type sym3
Uninoculated  Rv248 Uninoculated RIv248

UBIQUITIN

Cycle number 10214161820 1IDI1214161820 101214161820 101214161520
PsENODS

Cyele number 1820 22242628 182022242628 1820 22242628 (820222426 28
PsENODI2A

Cycle number 161820222426 161820222426 161920222426 161820222426

Figure 3: Induction of PsSENODS and PsENOD 24 expression in root segments of Pisum sativum cv. Sparkle
and the mutant Sparkle-R25 (sym8). PsENGDS and PsENODIZA expression was analyzed by RT-PCR using
total RNA isolated from spot-inoculated root segments collected 24h after inoculation with R.leguminosarum bv
viciae strain 248. As a control, Ubiguirin mRNA was amplified. Under the conditions used, the amplification of
Ubiguitin mRNA is exponential between 14 and 20 cycles, while PsENODS amplification is exponential up to
28 cycles and PsENOD 124 up to 26 cycles.
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These results show that the early nodulin genes PsENODS and PsENODI24 are involved in
carly steps of AM formation in pea. The use of the spot-inoculation system, allowing a
precise timing of the interaction, shows that these early nodulin transcripts accumulate at
specific early stages of endomycorrhizal interaction, most likely the appressorium and
invasion stage, respectively. Possibly due to the low level of expression of these genes, we

were unable to detect their expression by in situ hybridization (data not shown).

PsENODS and PsENODI2A are not induced in the sym8 mutant Sparkle-R25

Since the SYMS mutant Sparkle-R25 does not show any morphological response in the
interaction with Rhizobinm (Markwei & LaRue, 1992), we choose this mutant to determine
whether the symbiotic induction of the early nodulins PsENODS and PsENODI2A4 is
affected.

First we studied the Myc™ phenotype of Sparkle-R25 by using the spot-inoculation
method. Root segments were harvested 10 and 20 days after inoculation and stained for fungal
hyphae. On this mutant G. margarita forms appressoria, but it does not penetrate the root
(Figure 1D). Hence, the phenotype of Sparkle-R25 is similar as previously reported by Balaji

et ai. (1994), who used transformed root cultures.

To determine whether the Nod™ and Myc™ phenotype of the gamma radiation mutant
Sparkle-R25 is caused by a single mutation we analyzed the Myc phenotype of two

additional SparkleSYM8 Nod™ mutants, Sparkle-R19 (gamma radiation) and Sparkle-E140
(EMS) (Kneen et al., 1994) by mass-inoculation with G. margarita (see material and
methods). Roots were harvested and stained for mycorrhizal hyphae 30 days after
inoculation. In the control plants, the cultivar Sparkle, the inner cortical cells of the mature

part of the root contain many arbuscules. In contrast, G. margarita did not penetrate the

roots of any of the S¥YM8 mutants, but did form appressoria. Previously, a Nod/Myc”
phenotype was observed for 2 other SYME mutants, which were generated by EMS treatment

of the pea cultivar Sprint (Borisov ez al., 1994). These results, together with ours, are strong

evidence that a mutation in a single gene, SYM8, is responsible for the Nod~/Myc™ phenotype.
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Expression of PsSENODS and PsENOD1 24 in Rhizobium spot-inoculated Sparkle-R23 roots

To study whether Nod factors can still induce PsENODS and PsENODI2A in a SYM8
mutant, we have investigated the induction of expression of these genes in Sparkle-R235 roots
spot-inoculated with Rhizobium leguminosarum bv vicige strain 248 or with the Nod factor
NodRiv-IV(Ac,C18:4). Analyses of the RNA extracted from inoculated Sparkle-R25 roots
showed that neither Rhizobium nor Nod factor induces the expression of PsENODI24 and
PsENQODS while these genes are active in wild type Sparkle roots (Figures 3 and 4).

Therefore, it scems probable that SYMS is involved in Nod factor perception or transduction

sym8 wild-type
Control NodRIv-iIV(Ac,Ci8:4) Control NodRIv-1V{Ac,Ci8:4)
12h 24h I2h 24h
UBIQGUITIN
Cycle number
PSENODS y
Cycle number 1820222426 1820222426 18202224 2618 2022 2426 18 20 22 24 26 18 20 22 24 26
PsENODI12A - s g 21l
Cycle aumber 16 18 206022 24 16 18 20 2224 1618 202224 16 18 20 22 24 16 18 20 22 24 16 1820 2224

Figure 4. Induction of PsENODS and PsENODI24 expression in root segments of Pisum sativum cv. Sparkle

and the mutant Sparkle-R25 (sym8) afier treatment with 10"°M Nod factor (Nod RIv-IV(Ac,C18:4)). PSENODS
and PsENODI2A expression was analyzed by RT-PCR using total RNA isolated from the susceptible zone
collected 12 and 24h after treatment. As a control, Ubiquitin mRNA was amplified. Under the conditions used,
the amplification of Ubiguitin mRNA is exponential between 14 and 20 cycles, while PsENODS amplification
is exponential up to 28 cycles and PSENOD 124 up to 26 cyeles.

Expression of PsSENODI124 and PsENODS in G. margarita spof-inoculated Sparkle-R25 roots

To study whether Sparkle-R25 is also blocked in mycorrhizal induced PsENODS and

PsENODI2A4 expression, roots were spot-inoculated with G. margarita spores. As in
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Rhizobium or Nod factor spot-inoculated Sparkle-R25 roots, PsENODS and PsENODI2A
expression was not induced (Figure 5). These results show that in both endosymbiotic

interacttons, SYMS is essential for the induciion of PSENODI24 as well as PsENODDS.

G. margerita Uninecutated

UBIQUITIN

Cyele number 10 1214 161820 10214161820 101214161820 101214161820

PsENODS

Cycle number 182022242628 182022242628 182022242628 182022242628

PSENOEH2A

Cytle number 16 18 20 22 24 26 161826222426 16 18 20 22 2426 16 18 20 2224 26

Figure 5. Induction of PsENODS and PsENODI24 expression in root segments of Pisum sativum cv. Sparkle
and the mutant Sparkle-R25 (sym8). PsENODS and PsENOD]24 expression was analyzed by RT-PCR using
total RNA isolated from G. margarita spot-inoculated root segments collected 104 after inoculation. As a
control, Ubiguitin mRNA was amplified. Under the conditions used, the amplification of Ubiguitin mRNA is
exponential between 14 and 20 cycles, while PsENODS amplification is exponential up to 28 cycles and
PsENODI2A up to 26 cycles.

DISCUSSION

The early nodulin genes PsENQDS and PsENOD124 are induced in the host plant pea by the
mycorrhizal fungus 7. margarita at an early stage of AM formation as well as by rhizobial
Nod factors. Since these genes are not induced by the pathogenic fungus Fusarium oxysporum
(Scheres ef al., 1990a,b) the expression of these genes appears to be specific to the symbiotic

interactions.
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and are perceived by the same perception mechanisms, how could these signals trigger such
different responses? Therefore it seems probable that the perception mechanisms for
mycorrhizal signals and Nod factors are different, but that the used pathways have SYMS in

COIMINon.

MATERIALS & METHODS

Rhizobium leguminosarum

Rhizobium leguminosarum by, vicide strain 248 was used in the described experiments and it was culiured in
YEM medium (Jossey et al., 1979).

(rigaspora margarita

A strain of Gigaspora margarita was maintained on Plecfranthus australis growing in autoclaved Turface (O1L
DRI SA, RFA). The plants were kept in a growth chamber with a day/night cycle of 16/8h at 20° C. They were
watered with sterile deicnized water and fertilized once a week with the following growth medium:
MgS04.7H20 (3 mM), KNO2 (1 mM), CaCl2.2H20 (1.2 mM), NaFeEDTA (0.02 pM). Samples of the Turface
were used as inoculum (crude inoculum) for the mass-inoculation experiments and for the purification of spores.
Spores were isolated from the Turface by wet sieving (Gerdeman & Nicholson, 1963) followed by
centrifugation (30 s, 600 g} in a 60% sucrose solution. The supematant is sieved (0.05mm) and the remaining
spores were extensively washed with tap water. Ultimately, they are plated on 1% agar prepared in water and

mature spores were selected. The spores were soaked in 0.05% (v/v) Tween 20 and 2% (w/v) chloramine T for

20 minutes and rinsed three time with a sterile streptomycin solution (200 mgl'I). This treatment was repeated

twice. The surface-sterilizedspores can be used immediately or can be stored in streptomycin solution (200

mgl'l) for a few days at 4°C.

Plant culture and inoculation

Pisum sativum cv. Sparkle (pea) and the SYMS8 mutants Sparkle-R19, Sparkle-R25 and Sparkle-E140 were used
(Markwei & LaRue, 1992, Kneen ef al., 1994). Pea seeds were surface sterilized with a commercial bleach
solution for 15 minutes. After rinsing with tap water, they were treated for 15 minutes with 7% H202 and then
washed five times in sterile water and placed on 1% agar. The seeds were germinated for three days at 20°C in
the dark.

Spot-inoculation of Rhizobium and Nod factor

Germinated seeds were transferredto Petri dishes (145/20mm) in plant growth medium (PGM) (CaCh 2H20
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(272 mM), MgSO4TH20 (195 mM), KHPO4 (22 mM), NaHPO4.12H20 (126 mM) =nd
Fe(IIDCitrate.2H20 (0.08 mM)) containing 1.5% agar. The dishes had a hole in the rim, allowing the shoots to
grow out, while the roots grew on the (sterile} medium protected from light by aluminium foil, The seedlings
were grown at 20°C with a day/night cycle of 16/8h. The lateral roots were spot-inoculated at the zone
containing emerging root hairs with 0.2 pl rhizobial culture (A600 = 0.1) or 0.2 pl 10° M Nod factor (NodRlv-
[V{Ac,C18:4)). The position was marked in the agar using sterile ink. Inoculated root segments of Smm were

harvested after 24h, immediately frozen in liquid nitrogen and stored at -80°C.,
Mass-inoculation with Gigaspora margarita

Germinated pea seeds were inoculated with Gigaspora margarita by transplanting them in pots containing
gravel mixed with crude inoculum (see above). They were maintained at 20°C with a day/night cycle of 16/8h.
Pots were watered with deionized water and fertilized once a week as described above. Roots were harvested 10,
15, 20 and 30 days after inoculation, frozenin liquid nitrogen and stored at -80°C. To check for mycorrhizal
formation, part of each root system was cleared for 3 minutes in 10% KOH (w/v), rinsed in 2% HCI for 3
minutes and stained with 0.1% trypanbiue (w/v) for 10 minutes (Philipps and Haymans, 1970). Colonization of

the roots was assessed with a light microscope.
Spot-inoculation with Gigaspora margarita

Pea plants were grown as described for the Rhizobium spot-inoculation system, but 1.5% agar PGM was
replaced by MgS04.7H20 (3 mM), KNO3 (1 mM), Ca(NO3)3.4H20 (1.2 mM), NaFeEDTA (0.02 uM) and
agarose (0.5%). Lateral roots of 15 days old pea plants were spot-inoculated as follows: 5 to 10 spores of
Gigaspora margarite were inserted just below the sutfaceof the agar. The sporcs were positioned 1 cm before
the root tip such that, about 6 days later, the growing germ tube can contact the elongation zone of the growing
lateral roots {0.5 to 4 ¢m behind the tip). Root segments were harvested 10, 15 and 20 days after inoculation,
frozenin liguid nitrogen and stored at -80°C. To check mycorrhizal formation, root segments were cleared,

stained and assessed microscopically as described above.
Cytokinin treatment of uninoculated roots

Seven day old pea seedlings were transferredto sterile glass tubes containing PGM and 6-benzylaminopurine

{BAP) at a concentration of IO'6M. The shoots of the plants were growing outside the tubes and the system was
kept in sterile condition by closing the tubes with a sterile cotton plug. The glass tubes were covered by
aluminium foil. The plants were grown at the same conditions as described above, The roots were harvested

24h after treatment, frozen in liquid nitrogen and stored at -80°C.
RT-PCR to quantify PsENOD2, PsENODS and PSENOD124 expression

Total RNA was isolated according to Pawlowski er al. (1994) followed by a DNasel (Promega) treatment.
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cDNA was made from 1 pig total RNA in a volume of 20 pl of 10 mM Tris/C1 pH 8.8, 50 mM KCI, 5 mM
MgClz, 1 mM dNTPs, 1 pg oligo dT12-18 (Pharmacia), 0.5 U RNA guard (Pharmacia) and 20 U AMV
reverse transcriptase (Finzyme) for 10 min. at room temperature followed by 1 h at 42°C and 5 min. 95° C.
The RT sample was then diluted to 100 pl. The PCR reactions were performed with 2 pl of the ¢cDNA solution
in 10 mM Tris/HC1 pH 8.3, 50 mM KCl, 2.5 mM MgClz 100 uM dNTPs, 50 ng primer cach and 1 U Taq
polymerase (Bhoeringer) in a total volume of 50 ul. PsENQD2, PsENODS, PsENODI2A and ubiquitin were
amplified using the PCR program 30 s 94°C, 30 s 58°C, 30 s 72°C by using the primers PSENOD2-f: 5°-
GAAAAGCCCTCACCAAAGT-3, PsENOD2-r. 5’-TAAAAGGCATAACAAACAACC-3’ PsENODS5-f: 5
CGATACTATCGATGTAGTGG-3, PSENODS-1:  5-GACTGTAATTGACCTTCACC-3' to  amplify PsENODS;
PSENOD12A-f: 5-TCACTAGTGTTGTTCCITGC-Y, PSENODI2A-11 §'-CCATAAGATGGTTTGTCACG-Y to amplify

only PsENODI24 and UBIQ-f: 5'-ATGCAGATCFTTITGTGAAGAC—3', UBIQ-r: 5'-ACCACCACGG/AAGACGGAG-3' to

amplify ubiquitin. The amplified DNA samples were separated on a 1.6% agarose gel and after alkaline blotting

to a nylon membrane (Hybond-N+, Amersham} hybridized to 32p_labelled PSENCD2, PSENODS, PSENODI2A
or ubiquitin DNA probe. All experiments were performed at least in duplo.
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