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STELLINGEN

De integratic van moleculair-biologische en microscopische technieken leidt bij het
onderzoek aan wortelknollen tot een verdieping van het inzicht in het
ontwikkelingsproces.

Dt proefschrift

Nu immunolocalisatiewaarnemingen hebben laten zien dat het voorkomen van
leghemoglobine beperkt is tot de laat-symbiontische zone van de erwtewortelknol, is
de waarneming van Newcomb dat de “region of thread invasion” in een “pink zone”
van de wortelknol ligt, uiterst onwaarschijnlijk geworden.

Newcomb {1976) Can, J, Bot. 54: 2163,
Dit proefschrift

Het strijdig zijn van de immunolocalisatie van xanthinedehydrogenase (XDH) in
bepaalde organcllen van de ongeinfecteerde cellen van sojawortelknollen door
Nguyen et al. met observaties uit voorgaande rapporten is te verklaren door
aspecificke hechting van hun antiserum tegen XDH aan zetmeelkorrels bevattende
plastiden van de ongeinfecteerde cellen.

Nguyen et al. {1986) Planta 167: 190.

Het maltraiteren van rijstwortels met celwand degraderende enzymen en poly-
ethyleenglycol door Al-Mallah et al. mag dan wel leiden tot het terechtkomen van
rhizobia in afgestorven cellen van een opgezwollen wortelcortex, maar heeft als
zodanig weinig te maken met het aanzetten van rijst tot symbiontische
wortelknolvorming.

Al-Mallah et al. (1989} J. Exp.Bot. 40: 473,

Het in een onderzoek combineren van de expertise van twee verschillende vakgroepen
kan vergeleken worden met het tot stand komen van een Rhizobium/waardplant-
symbiose: in beide gevallen is een uitgebalanceerde communicatiestructuur tussen de
twee partners nodig, wil er geen voortijdige abortie plaatsvinden.



6 Gezien de aard van de beschikbare gegevens en de praktijk van de theorievorming is
het paleontologisch onderzock naar de afstammingsgeschiedenis van de mens veel
interessanter vanuit een wetenschapssociologisch dan vanuit een evolutiebiologisch
oogpunt.

R. Lewin (1987) Bones of coniention, Simons & Schuster, Inc.
D.C. Johanson & M.A. Edey (1981) Lucy, The beginnings of
humankind, Granada Publishing, Lid.

7 De discussie over de verwerpelijkheid van het vogelsoortenjagen zoals gepraktizeerd
door de “Duich Birding Association” als te weinig nuttig voor natuurbescherming
en/of -wetenschap getuigt van een misplaatst soort Hollands calvinisme, aangezien er
uit de aard van de bezigheid, namelijk vrije-tijdsbesteding, geen enkele aanleiding is
enig nut te vooronderstellen,

8 De discussie tussen jagers en verklaarde tegenstanders van de jacht heeft veel weg
van een competentiestrijd over wie van beide partijen de meest adequate natuurkennis
ten aanzien van het natuurbeheer bezit.

9 In al hun diversiteit komen de plannen voor een creatief natuurbeheer, zoals het
vitzetten van bevers in de Biesbosch en het plan “Ooievaar”, overeen in een
voorspiegeling van een terugkeer naar een soort aards paradijs, waarvan het de vraag
is of het echt bestaan heeft en, zo ja, of het ook in de gewenste vorm zal terugkeren,

10 De Nederlandse Spoorwegen N.V. zouden de door hen geproclameerde aansluiting
bij het huidige milienbewustzijn het beste kunnen waarmaken door de eerste-
klascoupés te vervangen door ruimte voor ¢en efficiént en betaalbaar vervoer van
fietsen ten behoeve van de verplaatsing naar en van het station.

Stellingen bij het proefschrift “A histochemical study of root nodule development” door
Clemens van de Wiel, te verdedigen op 11 juni 1991 te Wageningen.
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CHAPTER 1

QOutline



In cooperation with soil bacteria of the genera Rhizobium, Bradyrhizobium or
Azorhizobium, many members of the legume family are able to form specialized organs
on their roots, called root nodules. The bacteria, wrapped up inside a plant membrane,
are accomodated in large parenchymatic cells located centrally in these root nodules. For
this, they reward their host by converting atmospheric nitrogen into a form usable for the
plant. The central infected tissue of the nodule is surrounded by a peripheral tissue
provided with vascular bundles through which metabolites are exchanged with the other
parts of the plant.

In the interaction with the bacteria, the host plant expresses specific genes that are
not transcribed at a detectable level in other parts of the plant. The products of several of
these genes are made during the formation of the nodule and are named early nodulins.

The present study aims at elucidating the role of these early nodulins in the
formation and infection of the root nodules. For that purpose, we set out to combine the
molecular approach of studying gene expression with the microscopical approach of
studying the structural development of the nodule.

To provide a background to these studies, chapter II summarizes existing
knowledge about nodule development from an anatomical/cytological point of view,
supplemented with data on already described nodulins and with brief excursions into
physiological phenomena relevant to the rest of our study.

In chapter III and IV, nodulin gene expression is analysed in common vetch
(Vicia sativa) nodules elicited by a panel of bacterial strains with various defined genetic
changes. Such nodules were blocked at different stages in the development of the central
tissue depending on the bacterium involved; the precise stage at which the blockade
occurred was determined by light- and electron-microscopical observations. In that way,
insight could be gained in the diverse genetic information supplied by the bacterium for
nodule development to proceed through the successive developmental stages and the
induction of the appropriate nodulin genes going with it. Furthermore, the start of the
expression of individual nodulin genes, for instance the early nodulin Nps-40°, conld be
related to certain stages of central tissue development. In the case of the leghemoglobin
genes, such a correlation between nodulin gene expression and specific developmental
stages could be confirmed by the direct localization of the leghemoglobin proteins in pea
(Pisum sativurm) nodule sections comprising different consecutive developmental stages,
by immunolabeling,

Such direct approach of studying nodulin gene expression in nodule sections was
further pursued in the chapters V, VI, VII and VIIL. In chapters V, VI and VII early
nodulin gene transcripts for which sequenced cDNA clones had become available were
localized by in situ hybridization: in chapter V, ENOD2 in soybean (Glycine max) and
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pea nodules, respectively; in chapter VI, ENOD2 in alfalfa (Medicago sativa) nodules;
and in chapter VII, PSENOD12 in pea. In chapter VIII an attempt to localize the Nps-40°
protein by immunolabeling in pea nodules is described. By these in sifu localization
methods, different temporal and spatial patterns of gene expression for each early nodulin
were determined. Speculations about the functions of the individual nodulins are made
based upon the gene expression patterns and the amino acid sequences of the nodulins as
deduced from the nucleotide sequence of the corresponding cDNA clones.

In addition, in chapter VI, in situ localization of MSENOD?2 transcripts was
performed on alfalfa nodules induced by certain engineered bacterial strains or by auxin
transport inhibitors. Such nodules do not have bacteria in their central tissue and also
differ in other structural details from effective nodules, but nevertheless were shown to
exhibit a tissue-specific expression pattern of the MSENOD?2 gene similar to effective
nodules. In chapter VII the results of further experiments are reported pertaining to the
influence of the bacterium on nodulin gene expression, particularly the involvement of
bacterial factors and the bacterial nod genes in the induction of the expression of the
PsENOD12 genes,

Finally, chapter IX summarizes the results of the in sifu localization of early
nodulin gene products. In the light of these results, the significance of our histochemical
approach to elucidating the role of nodulins in root nodule development is discussed.
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CHAPTER 2

Genera! introduction



The Leguminosae are well known for the very intriguing property, found in the
majority of its members, of developing root nodules in symbiosis with soil bacteria of the
genera Rhizobium, Bradyrhizobium andfor Azorhizobium. The interaction between
bacterium and plant is specific in terms of recognition between the partners, as mostly a
distinct plant species establishes an effective symbiosis with a defined bacterial species.
For instance, Rhizobium meliloti establishes an effective symbiosis only with Medicago,
Melilotus and Trigonella species. However, there are also interactions with a less specific
character, exemplified by the so-called broad host range strains that are accepted by a
whole series of unrelated tropical legumes (Lim & Burton, 1982).

After inoculation with a host-specific bacterium, the plant forms a well organized
and specialized outgrowth, the nodule, Cells in the root cortex are induced to resume
meristernatic activity and the newly formed cells develop into the nodule, The bacteria are
eventually accomodated inside special cells in a central tissve of the nodule, after which
they become large, often pleiomorphic-shaped bacteroids. They are separated from the
plant cell cytoplasm by a membrane of host origin. The intracellular state enables the
bacteria to fix atmospheric dinitrogen and to provide the host with the primary product of
the fixation, ammonia, which is further assimilated by the host plant.

The development of root nodules and their functioning have been extensively
studied from an anatomical and physiclogical point of view since the discovery of its
nitrogen-fixing capability more than a century ago (Hellriegel, 1886). With the rise of
molecular-biological techniques to study the structure and organization of genes and the
regulation of their expression, the possibility was created to tackle also the molecular
aspects of the infection of the root and the development of the root nodule.

On the bacterial side this led to the identification of genes involved in the induction
of the nodulation process, the nod genes, and of genes involved in the nitrogen fixation
process, the niflfix genes. These genes are located on a large Sym(biotic) plasmid in
Rhizobium strains, but on the chromosome in Bradyrhizobium strains. In addition, genes
involved in the infection process, such as the exo genes that direct the synthesis of
extracellular polysaccharides, and the ndv (nodule development) genes that are
homologous to the chromosomal virulence genes, chvA and chvB, of the plant pathogen
Agrobacterium twmefaciens, have similarly been found to be essential for establishment of
the symbiosis (for review of the bacterial genes: Appelbaum, 1990).

On the plant side the efforts were directed towards the identification of genes that
are only transcribed in root nodules. These genes were designated as nodulin genes (Van
Kammen, 1984). Some of these genes are well characterized and their products have even
been assigned clearly circumscribed functions, e.g. the leghemoglobins regulating the
oxygen supply to the bacteroids (Appleby, 1984, Sheehy & Bergersen, 1986). The early
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nodulin genes, which are expressed during development of the nodule well ahead of the
onset of nitrogen fixation, have been implicated in processes of nodule development or
infection (Nap & Bisseling, 1990). In order to establish their roles in these processes it is
necessary to determine in which tissue of the nodule and at which moment during nodule
development, these genes are expressed. To that end, in situ localization studies of
nodulin gene products have been performed at both the mRNA and the protein level.
These studies form the major theme of this thesis.

As a basis for the interpretation of our localization studies, a detailed description
of the development of the root nodule from a morphological/anatomical point of view will
be given in the following account. Where relevant, information about aspects of nodule
physiology and the role of nodulins, as far as known, will be provided. Before this , the
nodulin concept will first be briefly outlined.

NODULINS

By definition, nodulins are plant proteins that are only present in root nodules
(Van Kammen, 1984). For practical reasons, nodulins are frequently identified by
comparing gene expression in nodules and uninfected roots. Nodulins thus identified may
then still prove to be present in other parts of the plant. In that case, it will be necessary to
adapt the designation of these proteins as nodulins as new observations become available,
One way of comparing gene expression in nodules and roots is the analysis of the
proteins produced upon in vitro translation of RNA in a eukaryotic protein synthesis
system by two-dimensional gel electrophoresis. The nodulins identified in that way are
indicated by the letter N followed by the molecular weight in kD as determined by
SDS/polyacrylamide gel electrophoresis (SDS-PAGE). In addition, the initials of the
plant species' scientific name are added in lower case to the "N” in order to be able to
discriminate between nodulins of different plant species. For instance, Nvs-40 is a
nodulin with an apparent molecular weight of 40 kD in common vetch (Vicia sativa).
Should the nodulin be identified as a nodule-specific form of a protein with a known
function occurring elsewhere in the plant, e.g. glutamine synthetase, the prefix "n" can be
added to the name of the known protein if the nodulin is involved; thus, in our example,
n-glutamine synthetase.

Another approach to identify nodulins has been the isolation of nodulin cDNA
clones by differential screening of a ¢cDNA library from nodule poly(A*) RNA with
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cDNA from nodule and uninfected root RNA, respectively. These nodulin cDNA clones
are designated by the prefix NOD, preceded by the proper plant species initials. When the
protein product encoded by the cDNA clone has been identified by hybrid-released
translation, the nodulin can also be indicated by the letter N, followed by the molecular
weight in kD as determined by SDS/PAGE of the hybrid-released translation product.
Thus, the Ngm-75 nodulin corresponds with the GmENOD?2 ¢DNA clone in soybean
{Glycine max) (Franssen et al., 1987),

The nodulin genes have been divided into two classes on the basis of the time
course of appearance of their products during nodule development. The early nodulin
genes are expressed well in advance of the onset of nitrogen fixation. cDNA clones
representing these genes are designated by ENQOD after the plant species initials. This
class of nodulin genes is thought to be involved in the formation of the nodule, including
the infection process. The major part of the investigations described in this thesis is
directed towards the determination of the spatial and temporal pattern of the expression of
early nodulin genes. The majority of described nodulin genes are expressed around the
onset of nitrogen fixation and are named late nodulin genes. They are exemplified by the
well-studied leghemoglobin genes. The late nodulin genes are thought to be involved in
establishing a proper environment for nitrogen fixation and metabolizing the fixed
nitrogen for transport to the rest of the plant (Nap & Bisseling, 1990).

LEGUME ROOT NODULE DEVELOPMENT

Legume root nodule ontogeny and organization has been extensively reviewed,
a.0. by Darnt (1977), Goodchild (1977), Newcomb (1981) and Bergersen (1982).
Basically, two nodule types are distinguished based on the presence or absence of a
persistent meristern: an indeterminate and a determinate type, respectively. Examples of
the determinate type are the nodules of soybean (Glycine max), bean (Phaseolus vulgaris)
and birdsfoot trefoil (Lotus spec.). The indeterminate type is exemplified by nodules of
pea (Pisurn sativum), vetch (Vicia spec.), clover (Trifolium spec.) and alfalfa (Medicago
sativa). In the following, the ontogeny of the two nodule types will be described
separately, based mainly on the root nodules of soybean and pea, respectively. The latter
two species have been the main subject of this thesis. The development of both types of
nodules is represented schematically in Fig. 1; the end result is shown in Fig. 2. Light
micrographs of nodule development are shown in chapter 5 for soybean and in chapters
3, 5 and 7 for pea.
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DETERMINATE NODULE INDETERMINATE NODULE

infection thread infection thread

infected root hair
nodale primordium.

root protoxylem pole

root phioem

root endodermis
root pericycle

root cortex
parenchyma

root epicermis

nodule persistent maristem
nodule provascukar strand

Fig. 1. Schematic representation of the ontogeny of the determinate (left part of the figure) and the
indeterminate (right part of the figurc) nodule. In the upper part of the figure infection thread formation in
a root hair and concomitant initation of a nodule primordium is shown. In the lower part of the figure a
later stage is shown, in which the infection of the nodule primordium and the development of the nodule
vasculature, including the linking up with the root vasculature, are taking place. In the indeterminate
nodule the delimitation of the persistent meristem is indicated.
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Indeterminate nodules

Specific tricyclic phenolic compounds, flavonoids, present in the root exudate of
the host plant induce Rhizobium in the root vicinity to transcribe its nod genes. This is
thought to occur via the interaction of these flavonoids with the product of the regulatory
gene nodD. When activated by the proper -i.e. host-specific- flavonoid, this nodD
product is thought to switch on the transcription of the other nod genes. Of these, the
nodABC genes, which form one operon, are absolutely necessary for the production of
one or more signal(s) that induce(s) the deformation of root hairs and the initiation of
nodule primordia in the plant's root cortex. Besides nodABC, other nod genes are
involved in certain aspects of nodule development, such as host recognition (Long et al.,
1989). A rhizobial root hair deformation factor produced by Rhizobium meliloti, called
NodRm-1, has recently been identified as a sulfated and acylated glucosamine
tetrasaccharide by Lerouge et al. (1990). There is also evidence that perturbing the
auxin/cytokinin balance in the root plays a role in eliciting nodule development (Hirsch et
al., 1989).

Rhizobia are able to adhere to the root hair surface by a bacterial Ca2+-dependent
protein, the so-called rhicadhesin. Subsequentlysthey can anchor themselves to the root
hair surface by producing a network of cellulose fibrils (Smit et al., 1987). Lectins
provided by the host plant have been implicated in the host-specific attachment of the
bacteria, but their role is controversial and may depend on environmental conditions (Diaz
et al., 1989a). The most compelling recent piece of evidence for the involvement of
lectins in determining host-specificity is provided by Diaz et al. (198%b), who
transformed white clover with a pea lectin gene. Transformation with this pea lectin gene
enabled the white clover plants to become nodulated by the normally pea-specific bv.
viciae of Rhizobium leguminosarum. The oligosaccharide character of the root hair-
deforming factor NodRm-1 also suggests the involvement of lectins in the interaction
with the rhizobia (Lerouge et al., 1990).

The curling of the root hairs, frequently described as the formation of "sheperd's
crooks”, leads to the entrapment of the bacteria. After entrapment, the bacteria are able to
induce local lesions in the root hair cell wall. The host plant reacts by depositing new cell
wall material around the lesion in the form of an inwardly growing tube (Callaham &
Torrey, 1981). The tube is filled with proliferating bacteria surrounded by a matrix and
becomes an infection thread. The infection thread grows towards the inner tangential wall
of the root hair cell by a process of tip growth (Bakhuizen et al., 1988). During this
growth, and later on, the infection thread remains at’all times enveloped by the plant cell
membrane. The growing tip is often accompanied by the host cell nucleus. In the majority

19



*ASojounura Junoryuoa sup Jo uonrueidys e J0) 1x3) M 395 1, XIL0D [NPON,, OS[E I |, X5100 JOUUL,, PA[TED ATENsN ‘anssn [eroydirad
3 Jo Led JouuT o St g, 'SUSSTY 1500, 10 JBIILIOD 1001, OSE IRq °_X31103 13100, Pa[[e2 A[Tensn ‘anssn yesagdirad o) jo wed 1ono sp 5] B,
"DIARIPUL I¥2) 91 Ul PALCHUIW SUOTIIIOZ PUE SINSS [[2 1A D[OPOU NBUIULIIIAMIE oY PUB ARUTULINDP AP JO vonEiussaadar Mewsyds 'z 3]
$8NSSI JB|e)Ss

WA
SIUISPOPUR SINPOU
SILLIBPOpU? gpung

WX
waajyd
[ ———— godoned ———

o ——— ot

onssy jelsydued uondas s80i)

]
7
_
|
m
|

L e JBpUIAS |BAUSD Jo0)
.I._.lm_Ehm_uan:m 1004
oy euwAyouaied xs8)40z 1004

8UOZ JUBDSeURS m_EEn_Mm 100/

- SILLIAPOPUB BINPO
|19A0u8d um
ajpunq JBINDSEA JNPOI

BUCZ MOWAS aje]

1180 pal1osjul

anssil JBAuso

3UCZ MOIQUIAS Ape3
SUOZ UOISEAL|

wesyop anssy) {eroyduad

HO29s |eupnubuog
FINACN ILYNIWEILIANI FINAON I LYNINGILAT




of legumes in which the infection process has been studied, just emerging root hairs have
been shown to be the main site of infection (Bauer, 1981; Bhuvaneswari et al., 1981). In
some species, such as clover and alfalfa, also old hairs can be infected, after they have
been induced to resume growth, manifested by branching or other signs of deformation
(Bhuvaneswari & Solheim, 1985; Wood & Newcomb, 1989).

‘While infection is proceeding in the root hairs, several cells of the inner layers of
the rcot cortex, mostly those adjacent to a protoxylem pole opposite the infection site (cf.
Libbenga & Bogers, 1974), become activated (Fig. 1}. The nuclei of these cells migrate
to the middle of the large central vacuole via cytoplasmic strands. Next, the cells divide,
at first in a transversal plane, later on also in radial and tangential planes (Libbenga &
Harkes, 1973). This group of dividing cells forms the nodule primordium, also named
nodule initial (Dart, 1977). As the cells continue with dividing, they become smaller and
richer in cytoplasmic content and eventually the group takes on a hemispherical shape.
Meanwhile, the infection thread grows through the cortex towards this developing nodule
primordium. Infection thread growth from cell to cell proceeds via a mechanism of local
dissolution of the host cell wall and formation of a new wall in the form of an inwardly
growing tube, just as in the original infection of the root hair. Ahead of the growing
infection thread, cells in the outer layers of the root cortex also become activated in
preparation for infection. These cells deposit a thin additional wall layer and form
cytoplasmic strands through their central vacuoles. The cytoplasmic strands subsequently
serve as pathways for the growing infection thread (Bakhuizen et al., 1988).

The infection thread penetrates the nodule primordium most often at the middle of
the distal end (Fig. 1). From there it ramifies into thinner threads that grow into cells in
the central part of the primordium. Here, the release of rhizobia into the host cells takes
place from swollen, unwalled tips of side branches of the infection thread, via an
endocytotic process. The swollen tips can apparently also detach from the infection
thread, before the rhizobia are released, and are then called "unwalled droplets”
(Newcomb, 1976). After release into the plant cell, the rhizobia are called bacteroids
(Bergersen, 1982). Within the host cytoplasm they remain surrounded by a membrane of
host plant crigin, called the peribacteroid membrane (Robertson et al., 1978). The
bacteroids multiply, increase in size concomitantly with an increase of their DNA content
{Bisseling et al., 1977), and finally almost completely fill the host cell. During bacterial
proliferation, the host cell produces large amounts of peribacteroid membranes. Several
late nodulins have been shown to be incorporated into the peribacteroid membrane,
emphasizing the specific role of this membrane in the symbiosis (Verma et al., 1986).
Especially in indeterminate nodules the bacteroids adopt 2 pleiomorphic shape (Sprent,
1980); they can, for instance, become club-shaped or branch dichotomously. The
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nucleus, which has become multi-lobed, and a relatively small vacuole remain in a central
position, but other organeiles, like mitochondria and plastids, become confined to a
peripheral position in the infected cells. The infected cell as a whole enlarges
considerably.

Not all the cells of the central part of the primordium become infected cells. In a
considerable number of cells, rhizobia are not released. These cells differentiate into
uninfected cells, also named interstitial cells (Goodchild, 1977), characterized by a large
central vacuole and plastids often containing prominent starch grains.

After the infection of the central part of the nodule primordium, the persistent
meristem is established at the distal end of the nodule primordium next to the site where
the infection thread originally penetrated the primordium (Fig. 1). This meristem enables
the nodule to follow an indeterminate growth pattern, The persistent meristem is also
called apical (e.g. Newcomb, 1981), distal (e.g. Hirsch et al., 1984) or nodule meristem
(e.g. Bergersen, 1982). The meristem proximally adds new cells to the nodule, which
leads to the emergence of the nodule through the outer layers of the root cortex. In the
central tissue infection thread growth is now redirected distally and its branches penetrate
a part of the cells that are formed by the meristem. These cells subsequently develop into
infected cells next to the cells also arising from the meristern that remain uninfected.
Thus, a zonation of consecutive stages of development arises in the central tissue
{Newcomb, 1976; see Fig. 2). Going in a proximal direction from the apically localized
persistent meristem, one first encounters an invasion zone in which infection threads
penetrate plant cells and release rhizobia into the cells. Then an early symbiotic zone can
be discerned in which the rhizobia proliferate untill the infected cells are almost
completely filled with bacteroids, while the infected and uninfected cells themselves
enlarge considerably. In the late symbiotic zone the rhizobia continue their differentiation
culminating in the onset of nitrogen fixation,

In the late symbiotic zone several late nodulins, among which leghemoglobin
accumulate in the cytoplasm of the infected cells (Robertson et al., 1984). Leghemoglobin
transports oxygen to the bacteroids. Free oxygen diffuses only slowly into the central
tissue due to a gas barrier posed by the restricted intercelluiar space in the inner part of the
peripheral tissue, i.e. the peripheral tissue inside the nodule endodermis (see Fig. 2). A
very low level of free oxygen in the infected cells is a prerequisite to protect the extremely
oxygen-sensitive nitrogen-fixing enzyme nitrogenase against damage. At the same time,
the bacteroids need large amounts of oxygen to generate the energy necessary for the
nitrogen fixation process. The leghemoglobin apparently serves a dual role: it enables the
infected cells to efficiently take up the oxygen, which so slowly diffuses through the
inner part of the peripheral tissue, and to transport it to the bacteroids, while, at the same
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time, keeping the concentration of free oxygen sufficiently low to prevent damage to
nitrogenase (Wisty et al., 1986).

In older nodules the late symbiotic zone is followed by a senescent zone at the
base of the nodule, in which plant cells, together with the bacteroids, are degraded. The
central tissue is delimited from the peripheral tissue by several layers of cells that
morphologically resemble the uninfected cells of the rest of the central tissue (Goodchild,
1977), named boundary layer by Gresshoff and Delves (1986; see Fig. 2).

Retrning to the nodule primordium, while the infection of the central part of the
nodule primordium is going on, the peripheral tissue starts to be formed at the lateral
sides of the primordium. Provascular strands are initiated by additional divisions, starting
in the root pericycle opposite one of the protoxylem poles. From these pericyclic
derivatives, division activity spreads out on the one hand into the residual procambial
tissue between the xylem and the phloem of the root stele to bring about a connection at
one or two sites with both the xylem strand itself and the phloem strands at either side of
the xylem strand (Bond, 1948). On the other hand, division activity spreads out into the
nodule peripheral tissue (Fig. 1). These provascular strands develop into dichotomously
branching nodule vascular bundles. The nodule vascular bundles have a collateral
organization, but, contrary to other plant organs, the phloem is located at the inner side,
i.e. more closely to the central infected tissue than the xylem (Pate, 1976, see Fig. 2). The
xylem contains tracheids, which first develop a ring/spiral and later on a scalariform
secondary wall thickening pattern (Dart, 1977). Around the vascular tissue, a pericycle
develops that in pea consists of a single layer of transfer cells, i.e. cells rich in cytoplasm
with an extensive network of wall protuberances into the cell (Pate et al., 1969). Transfer
cells also develop in the xylem parenchyma and pericycle of the root stele near the
nodules (Newcomb & Peterson, 1979). Each of the vascular bundles will also be
surrounded by a bundle endodermis exhibiting Casparian strips. This bundle endodermis
is continuous with the root endodermis (Bond, 1948; see Fig. 2).

In addition, a nodule endodermis, also called common endodermis, is formed that
divides the peripheral tissue into an inner part, containing the vascular tissue, and an outer
part (Fig. 2). Frazer (1942) did not find Casparian strips in the nodule endodermis of pea
and clover, among others. On the contrary, Casparian strips have been reported o
develop in the nodule endodermis of pea by Bond (1948). At a later stage in
development, the nodule endodermis cells deposit an additional suberin-containing wall
layer all around the cell. The cells of the outer part of the peripheral tissue link up with the
parenchymatic cells of the root cortex and also resemble the latter cells in morphology, in
that they are relatively large, and loosely packed. No epidermal layer is discernable
around the peripheral tissue. The parenchyma cells of the inner part of the peripheral
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tissue differ from those of the outer part in that they usually are smaller and more densely
packed, while their cell walls stain more heavily with toluidine blue (Goodchild, 1977).
The limited intercellular space enables this tissue to restrict the rate of free oxygen
diffusion into the central tissue, which helps to protect nitrogenase (see above). Several
authors, e.g. Newcomb, 1981; Bergersen, 1982, have simply named the outer and inner
parts of the peripheral tissue "outer” and "inner" nodule cortex, respectively.
Furthermore, Newcomb (1981) stated that this nodule cortex, as a whole, is deposited by
the apical (persistent) meristem. A different opinion is held by Bond (1948), which is
supported by Libbenga and Harkes (1973). In their view, only the inner part of the
peripheral tissue, together with the nodule endodermis, is deposited by the distal
meristem and therefore belongs to the nodule proper. This inner part of the peripheral
tissue then is named nodule coniex. The outer part of the peripheral fissue 15 regarded as a
derivative of a few layers of root cortex cells around the nodule primordium, in which
some divisions and considerable stretching must have occurred to accomodate the
enlarging nodule. This outer part then is called root cortex (Bond, 1948), or host tissue
(Libbenga and Harkes, 1973) surrounding the noduie. In this view, the nodule
endodermis should be regarded as the outer boundary of the nodule proper. In chapter 5
of this thesis (= Van de Wiel et al., 1990), a new term has been proposed for the inner
part of the peripheral tissue to avoid the potentially misleading term “"cortex”. The
problems with terminology are further discussed in the general discussion (chapter 9).

The indeterminate nodule has a potential to branch dichotomously, apparently by a
splitting of the persistent meristem. Thus, older nodules can develop a coralloid
appearance. In perennial species the persistent meristern can resume activity each new
growing season, leading to nodules with annular constrictions indicating the contributions
from each growing season. In such species a periderm develops in the outer part of the.
peripheral tissue (Dart, 1977).

Determinate nodules

Many aspects of nodule development in determinate nodules are comparable to
those of indeterminate nodules. The following section about determinate nodule
development therefore forms an addition to the last section about indeterminate nodule
development, with emphasis on the differences between the two types of nodules.

Like in the afore-described development of the indeterminate nodule, the primary
infection in determinate nodule development occurs through adherence of the bacteria to
root hairs, which are induced to curl and initiate infection threads (Turgeon & Bauer,
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1982). In contrast, the initiation of nodule development occurs in a group of cells in the
outer cell layers of the root cortex (Fig. 1). Here a nodule primordium is formed by the
subdivision of highly vacuolate cortical cells. This subdivision leads to the formation of
relatively small cells with a high cytoplasmic density, a few scattered vacuoles and large
nuclei with prominent nucleoli. The primordinm subsequently enlarges by the continuing
division activity of these cells. From the primordium, cell division activity also radiates
out towards the inner cell layers of the root cortex (Newcomb et al., 1979; Calvert et al.,
1984). Here, between the nodule primordium and one of the protoxylem poles of the root
stele, a provascular strand is formed that differentiates into a vascular bundle connecting
the nodule vasculature to the root vascular system (Fig. 1). The connecting vascular
bundle becomes surrounded by a bundle endodermis and a newly formed parenchymatic
tissue that becomes continuous with the inner part of the peripheral tissue of the nodule.
This newly formed parenchymatic tissue becomes surrounded by an endodermal layer,
i.e. the part of the nodule endodermis that links up the part surrounding the nodule with
the root endodermis (Fig. 2).

While the cell divisien activity of the nodule primordium continues, the infection
thread grows out of the root hair cell and ramifies into the enlarging globular nodule
primordivm (Fig. 1). After a certain period, meristematic activity ceases, starting in the
centre of the primordium (Vance et al., 1982). Here the infection threads begin to release
rhizobia into the cytoplasm of the plant host cells, via an endocytotic process, just as
described for indeterminate nodules. In soybean on the other hand, cells with released
bacteria can still proceed with dividing for some time (Newcomb, 1981). The bacteroids
proliferate, enlarge and come to fill the host cell cytoplasm. The infected cells as a whole
increase in size enormously.

As in indeterminate nodules, the ceniral tissue also contains uninfected cells. The
uninfected cells constitute a more or less continuous network throughout the whole
central tissue (Selker, 1988). In addition to a large central vacuole and amyloplasts these
cells develop prominent peroxisomes. These peroxisomes contain large amounts of the
late nodulin, n-uricase (Bergmann et al., 1983; Van den Bosch & Newcomb, 1986).
Uricase catalyzes one of the final steps in the assimilation of the ammonia produced in
nitrogen fixation, leading to the production of the ureides, allantoin and allantoic acid.
These compounds are the main form in which nitrogen is transported to other parts of the
plant in determinate nodules (Schubert, 1986).

Around the central tissue, a peripheral tissue develops. The peripheral tissue
becomes divided into an inner and an outer part by an endodermal layer, the nodule
endodermis (Fig. 2). No Casparian strips were found in the nodule endodermis of
soybean by Frazer (1942). The vast majority of nodule endodermis cells develop into
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sclereids in soybean (Bergersen, 1982). In the inner part of the peripheral tissue,
dichotomously branching vascular bundles develop that meet at the base in the vascular
bundle connecting the nodule to the root vascular system. It was originally thought that
these vascular bundles form a closed system around the whole circumference of the
nodule, However, recent work by Walsh et al. (1989) shows that these vascular bundles
end blindly close to each other at the nodule apex. In the nodule vascular bundles, the
phloem completely surrounds the xylem , i.e. the bundles show an amphicribral
organization. There is a pericycle of several layers of cytoplasmic-tich cells, which do not
exhibit the cell wall characteristics of transfer cells. Each vascular bundle is surrounded
by a bundle endodermis with Casparian strips (Walsh et al., 1989) (Fig. 2).

The peripheral tissue becomes separated from the central tissue by a boundary
layer of uninfected cells (Gresshoff & Delves, 1986; see Fig. 2). Also in the uninfected
cells of the boundary layer, peroxisomes containing large amounts of n-uricase have been
shown to be present (Newcomb et al., 1989). Later on, the outer part of the peripheral
tissue gives rise to lenticels, which are positioned in line with the vascular bundles,
giving the outside of the nodule a striated appearance (Corby, 1981).

Meristematic activity persists for the longest time in the apical periphery of the
central tissue, but finally it comes to an end; thus, the primordium differentiates
completely into a nitrogen-fixing nodule: a determinate growth pattern.

Several deviations from the above-described sequence of events in nodule
development are known. These will be briefly reviewed in the next section.

Alternative modes of nodule formation andlor infection in legumes

In peanut (Arachis hypogea) (Chandler, 1978) and Stylosanthes sp. (Chandler et
al., 1982) an alternative mode of infection has been described. Here the bradyrhizobia
penetrate the main root intercellularly at the junction of epidermal cells and the large,
septate root hairs that only occur at the sites where lateral roots have emerged. Further
penetration of the root cortex also takes place intercellularly. Cell divisions are induced in
the cortex of the lateral root, near to the attachment point to the main root, and these
newly divided cells are infected from irregular wall ingrowths containing the rhizobia.
After the release of the rhizobia, the infected cells divide repeatedly with each daughter
cell receiving a part of the number of bacteroids. In this way a central nodular tissue is
formed that does not contain uninfected cells. Sometimes stretches of non-infected cells
are discerned, but these are probably partitions between separate infection zones
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(Chandler, 1978). In their growth pattern the nodules resemble the determinate type.
Although they are formed in the cortex of the lateral root, their vascular tissue becomes
connected to the vascular system of the main root. An additional deviation from the
soybean nodule described above is the absence of lenticels in the mature nodules (Corby,
1981).

Like in Arachis, the nodules of Lupinus spec. lack uninfected cells. Most of the
central tissue apparently arises by repeated divisions of a few primarily infected cells,
with the multiplying bacteria being distributed over the daughter cells (Dart, 1977).
Infection of cells from intracetlularly located infection threads has also been described for
nodules of Lupinus, i.e. for L. angustifolius, by Robertson et al. (1978). In addition,
Lupinus nodules have a peculiar growth pattern as persistent division activity occurs basi-
laterally in the nodule. As a consequence, the nodules adopt a collar-shape around the
root during their development. In some cases this peculiar shape might, however, also be
due to the merging of several nodules lying close to each other (Dart, 1977).

In a survey of “primitive” legume trees, De Faria et al. (1987) described that all
members of the subfamily Caesalpinioideae studied, and some of the Papilionoideae, had
indeterminate nodules in which bacteria were apparently not released from the infection
threads in the central tissue. Infection of the cells appeared to occur by intercellular spread
rather than by infection threads. This phenomenon of so-called persistent infection
threads is reminiscent of the situation in the Bradyrhizobium-induced nodules on the non-
legume Parasponia (Smith et al., 1986) (see further below).

In Sesbania rostrata, root nodule formation does not only occur on the
subterranean root, but also on the stem. Here so-called mamillae, which are in fact
adventitious roots, are the targets for infection by Azorhizobium sesbaniae (Duhoux,
1984). Infection at first proceeds by the dissolution and subsequent penetration of
epidermal and outer cortical cells of the adventitious root near its site of emergence from
the stemn. Infection pockets are formed, surrounded by radial rows of tangentially divided
host cells. Several nodule primordia are formed in inner layers of the cortex of the
adventitious root. Later on, these nodule primordia merge and form a single nodule
between the already differentiated part of the stele at the base of the adventitious root and
the root's apical meristemn. From the primary infection pockets the bacteria penetrate
intercellularly further into the cortex and subsequently into the nodule primordia (Tsien et
al.,, 1983). Next, infection threads grow into cells of the nodule primordia and bacteria
are released from these into the host cells. Around the infected tissue vascular strands
develop that merge at the base with the vascular system of the adventitious root. This
vascular system of the root in turn is connected to the ring of vascular tissue of the stem.
A trace of the adventitious root apical meristem remains discemnible at the distal end of the
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mature nodule. The nodule itself shows a determinate growth pattern (Duhoux, 1984).

In another Seshania species, S. grandiflora, nodule rootlets have been reporied.
These appear to arise from within the bundle endodermis of nodule vascular traces
{Harris et al., 1949). On the nodules of other species, e.g. in the genus Trifolium, nodule
rootlets can be induced by high temperature treatments. These also appear to be derived
from the nodule vascular bundles (Nutman, 1956; Day & Dart, 1671).

On the whole, these deviations appear to be only minor variations of the afore-
described modes of nodule development, Intercellular infection is often interpreted as
intercellular infection thread formation (e.g. Duhoux, 1984), since the bacteria are often
encased in a structure strongly resembling an infection thread as the bacteria are
embedded in one or several rows in a matrix surrounded by a plant cell wall. As far as we
know, it is not exactly described how this infection thread-like morphology is generated.
Since the penetrating bacteria are not immediately surrounded by a plant membrane, the
infection thread-like morphology will probably not arise by a process of tip growth as
described for intracellular infection thread formation (see section "indeterminate nodules”
and Bakhuizen et al., 1988). A more precise study of the mechanisms that cause the
infection thread-like morphology and the role of the plant cell membrane in these
processes is clearly required.

Even the "stem"” nodules of Sesbania rostrata are actually formed in the cortex of a
root, if an adventitious one, and the resulting nodule can be clearly recognized as
belonging to the determinate type.

The development of rootlets on nodules, such as in Sesbania grandiflora and in
Trifolium spec., is more reminiscent of the development of adventitious roots in an
existing nodule than a fundamental change in the developmental program of a whole
nodule, for example by a change in the pattern of differentiation of cells deposited by the
persistent meristem. In nodules induced by the actinomycete Frankia on, e.g. Alnus
spec., nodule rootlets can actually be formed by the nodule meristem (Becking, 1977)
(see further below).

From the descriptions of nodule formation on the roots of Leguminosae, it will be
apparent that the nodule can be considered as a true plant organ that shows a consistent
anatomical organization and a well integrated physiological machinery specialized for
symbiotic nitrogen fixation. The latter is exemplified by the tight regulation of the oxygen
supply towards the bacteroids, in which the infected cells of the central tissue and the
inner part of the nodule peripheral tissue cooperatively participate (Witty et al., 1986),
and by the distribution of the nitrogen assimilation pathway over the infected and
uninfected cells in the determinate nodule (cf. Dilworth & Glenn, 1984; Schubert, 1986).

In its anatomical organization, the leguminous root nodule system appears to
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occupy a rather unique position among plant/microbe interactions. This can be illustrated
by a comparison with other root-based nitrogen-fixing systems. In such systems, either
no specialized root outgrowth is formed, as is the case for the intercellularly located
Azospirillum spec. (Patriquin et al., 1983), or a structure is formed with the appearance
of a modified lateral root, as is apparent in the nodules induced by the actinomycete
Frankia spec. on species of several angiosperm families (Becking, 1977), and in the
nodules induced by the cyanobacterium Nostoc spec. on cycads (Pate et al. 1988).
Regarding these nodules as lateral roots can be justified by their root-pericyclic origin and
their centrally located vascular tissue. Nevertheless, deviations from normal lateral root
development occur: for instance, in Comptonia peregrina root cortical cell derivatives
coatribute to the formation of the Frankia-induced nodule, whereas the root cortex does
not contribute to normal lateral root development (Callaham & Torrey, 1977). The
Frankia symbiont is harboured in infected cells located in the central layers of the cortex
{Becking, 1977). The Nostoc symbiont is located intercellularly in a specialized cell layer
in the middle of the cortex (Pate et al., 1988). Nevertheless, examples of striking
similarities between leguminous nodules and actinomycete-induced nodules can be found
in the infection process, such as the initiation of infection threads in curled root hairs in
many Leguminosae as well as in many host species of Frankia (Callaham et at., 1979), or
in the physiology, like the regulation of the oxygen supply by hemoglobin in the infected
cells and/or restrictions in the amount of intercellular space around the infected tissue
(Tjepkema et al., 1988).

In contrast, it is hardly possible to consider the legume nodule as a modified
lateral root. Its mode of origin (in the cortex instead of the pericycle), the central location
of its infected ussue, and the peculiar organization of its peripheral tissue with the
vascular tissue distributed over several bundles, each surrounded by a bundle
endodermis, and the additional nodule endodermis dividing the peripheral tissue into two
morphologically different parts, all argue against such a proposition.

This becomes the more striking, as one realizes that a same strain of
Bradyrhizobium (e.g. NGR234) is able to elicit not only a leguminous type of root
nodule on, for instance, the legume siratro (Macropiilium atropurpureum), but also a
lateral root-like type of root nodule on the non-legume Paraspeonia (Ulmaceae) (Price et
al., 1984; sec further: Lancelle & Torrey, 19844, b, and Scott & Bender, 1990). Since
the nod genes of the Bradyrhizobium are involved in eliciting a nodule in Parasponia as
well as in compatible legumes (Scott & Bender, 1990), apparently a comparable set of
signals, produced under the direction of the nod genes, can lead to different responses, in
terms of nodule structure, in legumes and in Pgrasponia. Indeed, within the legume
family, the type of nodule is also largely determined by the host plant (Dart, 1977). On
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the other hand, for example, a R. meliloti mutant with a Tn5 insertion 3 kb downstream
from nodC elicits on alfalfa apparently bacteria-free nodules resembling lateral roots in
that they have a centrally located vascular bundle. However, in contrast to normal lateral
roots, this pseudonodule exhibits a nodule endodermis-like layer in its "cortex” (Dudley
et al., 1987). It will be of considerable interest to determine the mode of origin of such
aberrant nodules. From such studies it may become apparent whether the normal type of
legume nodule and the lateral root-like type are in fact minor variations of the same
developmental program. On the other hand, it might be the that small differences in a set
of bacterial signals can result, with the same plant, in the initiation of two alternative,
basically different, developmental pathways, i.e. a legume nodule or a lateral root,
Tespectively.

In summary, the nodulin genes must play a specific and significant role in the
development of symbiotically nitrogen-fixing root nodules. The elucidation of the
functions of the nodulins and the regulation of the expression of the nodulin genes will
contribute to the understanding of the molecular mechanisms resulting in the formation of
the root nodule and in meeting the requirements for the functioning of this plant organ.
Among the root nodules formed on different leguminous plant species there is rather a
variation in anatomy and morphology. A comparative study of nodulin gene expression in
different rypes of nodules might reveal to what extent similarities and differences in the
various types of nodules are the result of variation in the basic mechanisms underlying the
respective developmental programs. At the same time, such a study of legume nodule
formation might offer opportunities to gain insight into the mechanism of plant organ
development in general,
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CHAPTER 3

A defence response of the host plant might interfere with nodulin gene
expression in Vicia sativa root nodules induced by an Agrobacterium

transconjugant.

Clemens van de Wiel, Jan-Peter Nap, André van Lammeren, and Ton Bisseling



SUMMARY

The Agrobacterium transconjugant LBA2712 harbours a complete R.
leguminosarum sym plasmid in an Agrobacterium chromosomnal background. On Vicia
sativa (common vetch) this strain induces nodules in which a number of plant cells is
filled with bacteria. Nevertheless the leghemoglobin (Lb) genes were not found to be
expressed in these nodules, suggesting that the Rhizobium sym plasmid-borne genes are
not sufficient for inducing Lb gene expression. Detailed structural analyses on the
nodules induced by LBA2712 indicated that the bacteria are subject to degradation as
soon as they are released from the infection thread. An immunocytological analysis of
developing wild-type pea root nodules using a leghemoglobin antiserum showed that
leghemoglobin is only detectable as from the third to fifth cell layer of the late symbiotic
zone. Thus, the differentiation into infected and uninfected cells precedes leghemoglobin
accumulation. In combination with the structural analysis of the nodules formed by the
Agrobacterium transconjugant, it is concluded that the Agrobacterium-induced nodules do
not reach the developmental stage in which the leghemoglobin genes normally are
induced, despite the release of the bacteria from the infection thread. As the results
presented indicate that apparently a host defence mechanism interferes with nodulin gene
expression, it follows that an Agrobacterium transconjugant does not allow conclusions
with respect to the involvement of sym plasmid-borne genes in the induction of the
expression of late nodulin genes.

INTRODUCTION

During nodule formation on the roots of leguminous plants at least twenty nodulin
genes are expressed (Legocki & Verma, 1980, Govers et al., 1985, Lang-Unnasch &
Ausubel, 1985). We showed for pea (Piswmn sativum) (Govers et al., 1985), soybean
(Glycine max) (Gloudemans et al., 1987) and commen vetch (Vicia sativa) (Moerman et
al., 1987), that most nodulin genes are expressed shortly before or concomitantly with
the onset of nitrogen fixation. This class of nodulin genes, of which the leghemoglobin
{Lb) genes are the best studied so far, will be called late nodulin genes. In all three plant
species a number of nodulin genes were expressed about a week before the onset of
nitrogen fixation. This second class of nodulin genes is named early nodulin genes.
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As an approach to identify the Rhizobium genes that are involved in the induction
of nodulin genes, we analysed nodules induced by a strain harbouring the Rhizobium
sym plasmid separated from the Rhizobium chromosome. The Agrobacterium
transconjugant LBA2712 harbours the complete R. leguminosarum sym plasmid in an
Agrobacterium chromosomal background (Hooykaas et al., 1982). On V. sariva this
strain forms nodules in which some cells are filled with bacteria (Hooykaas et al., 1984,
Moerman et al., 1987). Only early nodulin genes were found to be expressed and no
expression of late nodulin genes could be detected in these nodules (Moerman et al., in
press), suggesting that the Agrobacterium transconjugant lacks genetic information for
inducing late nodulin gene expression. The apparent contradiction between the lack of late
nodulin gene expression and the presence of infected cells prompted us to study the
infection process in the nodules induced by the Agrobacterium transconjugant LBA2712
at the electron microscopical level. To obtain additional information about the correlation
between the infection process and Lb gene expression we determined by an
immunocytochemical method in which developmental zone of a wildtype pea nodule Lb
was detectable.

RESULTS

Histology of nodules induced by the Agrobacterium transconfugant LBA2712

In nodules induced on V. sariva by an Agrobacteriwm cured from its Ti plasmid
and carrying a complete sym plasmid from R. leguminosarum instead, designated strain
LBA2712 (Hooykaas et al., 1982), two early nodulin genes are expressed, whereas no
expression of late nodulin genes could be detected. Full details of these studies are
presented in a separate paper (Moerman et al. in press). As an approach to understand this
pattern of nodulin gene expression, we studied the histology of the nodules induced by
LBA2712 at the electron microscopical level, -

The overall morphology of the nodules induced by the Agrobacterium
transconjugant is shown in ransection in Fig. 1A. These nodules have many features in
common with a wild-type nodule (Newcomb, 1981). That is, an apical meristem, an early
symbiotic zone with penetrating infection threads, and a late symbiotic zone characterized
by infected and uninfected cells, peripherically located vascular bundles and endodermis.
In the early symbiotic zone bacteria are released from unwalled regions of the infection
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