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STELLINGEN

1. De argumenten, die Djordjevic et al aanvoeren voor hun visie dat
de reactie van leguminosen op Rhizobium infectie een wverfijnde
pathogene respons is, zijn niet overtuigend,
M.A.Djordjevic et al (1987), Ann.Rev.
Phytopathol. 25, 145-168.

2. In tegenstelling tot wat de titel van hun artikel aangeeft,
leveren Suzuki en Verma geen bewijs voor het voorkomen van
knolspecifieke proteine-kinases.

H.Suzuki en D.P.S Verma (1989), The Plant
Cell 1, 373-379.

3. Het ’nodulatie’-fenotype dient te worden gestandaardiseerd om
te voorkomen dat bacterien die een bepaald percentage planten met
knollen veroorzaken door sommige auteurs als nod— en door anderen
als nod+ wordt aangemerkt.

A.Hirsch et al (1985), J. Bact. 223-230.

J.P.Nap et al (1989), MPMI 2, 53-63.
H.P.Spaink_et al (1989), EMBO J. 8, 2811-
2818.

4. Het is onjuist om uit de =zwakke homologie tussen homeobox-
eiwitten en enkele algemene transcriptiefactoren te concluderen dat
homeobox~bevattende eiwitten geen gedefinieerde functie in
ontwikkelingsbiologische processen hebben.

M.Akam (1989), Cell 57, 347-349.

5. In een tijdperk waarin bioclogische vraagstukken
multidisciplinair worden bestudeerd 1is het achterhaald om
biochemici te overtuigen van het op zichzelf juiste argument dat
reductionisme niet de enige benadering is voor het begrijpen van
biologische systemen.

S.Rose (1988), Trends Bioch. Sci. 13,
160-162.

6. De titel "the egg came first, of course!" voor een manuscript
over patroonvorming in Drogophila oogenese en embryogenese, wordt
pas begrijpelijk bij het nagaan van de sexe van de auteurs.

L.J. Manseau en T.Schupbach (1989),
Trends Genet. 5, 400-405.

7. Niet alleen militaire stellingen dienen, vanwege het aan hun

bestaan ten grondslag liggende gebrek aan gehuanceerd denken, tot
een minimum aantal te worden beperkt.

Wageningen, 6 maart 1990 Ben Scheres
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CHAPTER 1

QOutline



The symbiotic interaction between bacteria of the genus Rhizobium and leguminous plants
leads to the formation of root nodules, which are specific nitrogen-fixing organs on the roots
of plants. Bacteria enter the root by infection threads, and concomitantly cell divisons are
induced in the root cortex, which lead to the formation of a meristem. From this meristem the
different tissues of the root nodule originate. In the nodule bacteria are released in plant cells
and then differentiate into the endosymbiotic bacteroids. These bacteroids are capable of
nitrogen fixation,

The formation of root nodules involves expression of both bacterial and plant genes.
Rhizobium genes involved in nodule formation are the nodulation (nod) genes. Nodule-
specific plant genes are termed nodulin genes. According to their timing of expression they
can be divided into early and late nodulin genes. Early nodulin genes are ¢xpressed well
before the onset of nitrogen fixation, at the time that the nodule tissue is formed and the roots
become infected by bacteria, while expression of late nodulin genes starts shortly before the
onset of nitrogen fixation, when the nodule structure has been formed. Therefore only early
nodulins can be involved in the infection process and in nodule development. Early nodulin
genes expressed during the pea (Pisum sativum L.) - Rhizobium leguminosarum bv. viciae
interaction are the subject of this thesis. Several cDNA clones representing pea early nodulin
genes have been isolated and they have been used to study root nodule development and the
communication between bacteria and host plant.

In chapter 2 we review general aspects of plant development. Recent progresses in
understanding the molecular mechanisms underlying animal development are listed, and the
possible significance of such mechanisms for plant devclopment is discussed. The features of
the root nodule formation system that make it suitable to study particular questions on the
molecular basis of plant development are put forward.

In chapter 3 the pea early nodulin cDNA clone pPSENOD?2 is characterized. The nature of the
encoded polypeptide is compared with that of the soybean early nodulin described before.
ENOD? transcripts are localized both in pea and soybean root nodules throughout successive
stages of development by in sitie hybridization. Data on the primary structure of the ENOD2
protein and localization data are then combined to hypothesise that the function of this early
nodulin is to create an oxygen barrier in the root nodule.
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In chapter 4 the early nodulin ENODI12 is described. The spatial distribution of the
corresponding transcript throughout root nodule development is depicted to demonstrate the
involvement of ENODI2 in the infection process. We describe the primary structure of the
ENOD12 protein and we examine whether ENOD12 gene expression is related to a defensc
respons. Using a sensitive detection method based on the polymerase chain reaction (PCR) we
demonstrate that ENOD12 gene expression is induced by excreted Rhiizobium factors and that
bacterial nod genes are involved. ENOD12 transcripts found in flower and stem tissue are
compared to the ENOD12 mRNAs in nodules using, among other techniques, a novel
adaptation of RNase mapping to determine whether the same genes are expressed in these
different tissues or not.

In chapter 5 it is demonstrated that the accumulation pattern of the transcripts corresponding to
the pPSENQDS, pPsENOD3 and pPsENOD 14 ¢DNA clones differs from that of ENOD?2 and
ENOD12 mRNA. The distribution of the former three transcripts is compared with the
distribution of ENOD'12 mRNA and the late nodulin leghemoglobin transcript. It is shown that
the different transcripts are present at successive stages of development of the infected cell
type. The primary structure of the ENODS5, ENOD3 and ENODI14 carly nodulins is
determined and these data are combined with the localization data of the transcripts to speculate
on functions of these proteins. The involvement of different factors to induce expression of
different early and late nodulin genes is discussed.

In chapter 6 the results described in the previous three chapters are summarized and some
additional data on early nodulins are presented. The significance of the availability of early
nodulin gene probes to elucidate the mechanisms of communication between rhizobia and
legumes, which underly the process of root nodule formation, is discussed. Finally, in chapter
7, the value of the obtained information on early nodulins for studying both specific and
general aspects of root nodule development is discussed.
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CHAPTER 2

Plant development and root nodule formation.



INTRODUCTION

Since the discovery that nitrogen fixation occurs in legume root nodules as the result of
symbiosis with bacteria (Beyerinck, 1888), the interaction between (brady-)rhizobia and
legumes has been stodied extensively. Fixed nitrogen is of crucial importance to
agriculture and this has been a major reason for studying the Rhizobium-legume
symbiosis in detail. Also from a scientific point of view a symbiosis in which one of the
partners is taken up into the cells of the other partner to act as an 'organelle’ with a
specific function (viz. nitrogen fixation) is intriguing. These two reasons explain the
considerable amount of cytological and plant physiological research that has been devoted
to root nodules for decades.

The rise of molecular biology has brought important new tools to the study of the
Rhizobium-legume symbiosis. Our understanding has been decpened by analyses of both
bacterial and plant genes involved in this process. This progress has been extensively
reviewed elsewhere and will not be discussed here (e.g. Rolfe and Gresshoff, 1988;
Morrison er al, 1988; Long, 1989). Rather I should like to substantiate that the
Rhizobium-legume symbiosis, due to the achievements of molecular (genetic) research,
becomes an attractive model system to study important aspects of plant development. An
overview of the current knowledge on developmental processes in higher plants will be
presented and compared with the principles of developmental programs in animals. Data
on molecular mechanisms governing pattern formation and differentiation in animals will
be listed, and the question whether similar mechanisms occur in plants will be adressed.
Finally the importance of root nodule formation as a system for studying plant
development will be discussed.

THE PROCESS OF DEVELOPMENT IN HIGHER PLANTS.
CONCEPTS IN DEVELOPMENT

Plants and animals are multicellular organisms that develop from a single cell, the zygote,
which is the result of the fusion of male and female gametes. Upon division of the zygote
morphologically and physiologically different cells are produced, a process referred to as
differentiation. A body plan is established, and many different cell types are organized in
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an orderly spatial distribution, referred to as morphogenesis. At the moment mechanisims
of development have been studied in animals much more extensively than in plants. In
animals several theoretical concepts have been defined that categorize events occurring
during development. At the first stage of development, called commitment, the fate of a
cell is set by its physical position. Commitment is mostly a theoretical concept, since
experimental demonstration of commitment relies on the next stage in development,
determination. Determination is defined as the progressive fixation of cell fates among'a
group of cells, and competence is the ability of a determined cell to respond to a signal to
express the phenotype belonging to that specific fate. Determination is not necessarily the
result of a single event but can be achieved in successive steps during development,
Determination can occur ¢arly in development, prior to extensive cellular proliferation, as
examplified in the 'mosaic type' animal embryos. On the other hand, determination can
also occur late in development, as in 'regulative type' animal embryos. In regulative
animal embryos a progressively refined network of positional cues appears to provide the
information for determination, and it is difficult to unclutter determination and
competence stages (For a detailed overview of concepts in developmental biology and of
different ways of animal embryonic development see Walbot and Holder, 1987).

Examples exist where, upon determination, a single cell is able to exhibit the same
developmental program in isolated form as in situ, and no further signals are involved.
The term cell-autonomous development is used for these cases. The autonomy of
blastomers specialized for muscle formation in the nematode Caenorhabditis elegans is an
example of this type of development (Whittaker er al, 1977). In other cases a
developmental pathway can only be continved when the cells acquire the competence to
respond to a certain signal, as found in Drosophila melanogaster cell groups, which are
determined to form progenitor cells for a particular type of imaginal disk at the cellular
blastoderm stage. These cells can only follow the developmental pathway they are
determined to after they have acquired the capacity to respond to the moulting hormone
ecdysone at a later stage (N6thinger, 1972).

SPECIFIC FEATURES OF PLANT DEVEL.OPMENT

It is by no means evident that plant and animal development follow the same principles.
Features which clearly distinguish plant from animal development are 1) the
establishment of only a rudimentary body plan during embryogenesis, 2) post-
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embryogenic development from centres of mitotic activity, the meristems, and 3) the
absence of cell mobility because of the presence of cell walls. In the following 1 shall
briefly describe these three specific features, and try to establish which of the concepts
like determination, competence, cell-autonomous development, and development
according to positional information, will be useful to provide a theoretical framework in
plant developmental biology.

Embryogenesis

While in most animals morphogéncsis and differentiation occur largely during
embryogenesis, in plants these processes span both the embryonic and the post-
embryonic phase (Walbot, 1985). During plant embryogenesis a seed is produced which
contains two different organ systems: the terminally developed cotyledon, which in
general function as a food reserve, and a polarized axis with two cell clusters that become
very different centres of mitotic activity after germination of the seed: the root and shoot
meristems. Not much is understood about the mechanisms by which axis polarity, the
meristemns, and the body plan are established in the embryonic phase. In the brown alga
Fucus the sperm cell entrance site polarizes the egg cell and marks the point of future
thizoid development (Jaffe, 1958). Redistribution of F-actin filaments has been shown to
accompany polarization of the unicellular Ficus zygote (Kropf er al, 1989). In eggs of
the amphibian Xenopus laevis polartity is likewise induced by the entrance of the sperm
cell at a specific site, and followed by a redistribution of cytoplasm (Gerhart et al, 1981).
Hence at least in non-vascular plants and amphibians polarization involves similar
mechanisms. On the other hand, in Drosophila it is well established that maternally
delivered cytoplasmic factors provide polarity to the egg cell, demonstrating that several
ways to establish zygotic polarity exist in the animal kingdom (Ingham, 1988). It is not
clear which mechanism provides polarity to the embryo in higher plants, but apparently
the first cell division of the plant zygote, resulting in a terminally differentiated suspensor
cell and the embryo proper cell which will give rise to the mature embryo, already
provides the polarity that specifies the sites where root and shoot meristems are formed at
later stages.

Meristem initiation has been studied in explanted tissues because the embryo,
which is surrounded by carpel tissues, is inaccessible to manipulations. A classic
experiment using cultured tobacco cells showed that the ratio of the plant hormones auxin
and cytokinin determine the type of meristemn that is formed (Skoog and Miller, 1957).
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Experiments with cultured Convolvulus arvensis leaf segments confirmed the importance
of the auxin to cytokinin balance, and demonstrated that commitment of new tmeristematic
cells to develop into either root or shoot tissues was irreversible, and hence the result of
two different and non-convertable developmental pathways (Christianson and Warnick,
1983). Here a clear analogy to the determination concept in animal systems exists, but on
the other hand it is unknown whether differences in hormone balance result in
determination of root and shoot meristemns ir vive. The concept of competence might
apply to the ability of the root and shoot mersitems to become active only at a certain time
point, when the seed germinates.

Post-embryonic development

In plants post-embryonic differentiation starts when, upon germination of the seed, the
root and shoot meristerns exhibit cell divisions in directed geometric planes, and in that
way lead 1o the formation of new organs and tissues. Initial cells in the meristem, which
are morphologically different and have a longer cell ¢cycle then the other meristematic
cells, remain the source of new meristem cells, and resemble animal stem cells in function
and characteristics (Barlow, 1978). In general, meristemns can give rise to indeterminate
growth patterns and can continuously generate vegetative and floral organs. The shoot
meristemn forms axillary meristerns and thus enables the formation of lateral branches with
a new apical meristem,

Root and shoot meristem cells are determined to root and shoot developmental
programs, respectively. Nevertheless, these cells and their derivatives have a large
developmental plasticity. The formation of stable tissue patterns in plants shows that cells
become determined to a particular developmental fate, but this fate is very often
reversibie. The capacity of many (but not all} plant cells to respond to signals for the
redirection of development throughout their life cycle, and the absence of irreversible
developmental commitment even in a differentiated state is referred to as totipotency. This
is in contrast with the general occurrence of irreversible determination in animal
development, examplified by the cell autonomous development observed in lineage
mutants from Caenorhabditis elegans (e.g. Horvitz and Sulston, 1980).

Many features during the post-embryonic growth phase demonstrate the plasticity
of plant development, for ¢xample: 1) The shoot meristem of determinate plants can
become re-directed as a whole by various stimuli during plant development. These stimuli
can be of both internal and external nature, and they cause terminal differentiation of the
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meristem into floral tissues, tendrils or thorns. 2) A subset of cells in the petiole becomes
competent to respond to the hormone abscisic acid (ABA) and forms the leaf abscission
layer. 3) Pericycle cells derived from the root meristem can be re-activated to form new
meristems for lateral root formation. 4) Vascular cells derived from the procambium can
become mitotically re-activated to establish secondary growth of the vascular cylinder. 5)
A haploid germ line can be established from functionally differentiated diploid cells in
pistil and stamens of the flower. 6) In monocots, intercalary meristems develop at the
base of leafs to supply cells for leaf elongation. 7) Meristematic activity and new pattern
formation can also be induced in plant tissues for wound healing after physical damage.
This capacity of plant cells to retain totipotency after specialization, is also reflected by the
relative ease with which many cell types can be used to regenerate complete plants in
vitro. The regeneration potential of plant cells by far exceeds that of animal stem cells,
which are always pre-specialized.

A major question in plant developmental biology is how the activity of meristems
is programmed. This question has been addressed on an operational level mostly using
the shoot meristem as a model, recently reviewed by Sussex (1989). The shoot meristern
consists of three superimposed cell layers, of which the upper L1 layer forms exclusively
epidermis tissue. All the other tissues are formed by a mixed population of derivatives
from the other two L2 and L3 cell layers. L1 cells sometimes divide parallel to the surface
and give rise to cells of the L2 layer, which then do not form epidermal cells anymore
(Derman, 1953). This demonstrates that, already within the meristem, developmental
fates are position dependent, and not lineage dependent, and that cells in the three layers
are not irreversibly determined. In the fern Osmunda cinnamomea the upper five leaf
primordia, after excision from the shoot, give rise to complete plants in sterile culture, but
an increasingly higher number of explants from the next leaf primordia give rise to leaves
instead of complete plants (Caponetti and Steeves, 1963). This indicates that the
developmental fate of leaf primordia is acquired gradually, Additionally, scorable
mutations induced in the shoot apical meristem of mature embryos of maize and
sunflower, allowed clonal analysis of the progenitor cells. It appeared that different cells
in the meristern formed distinct sectors in the plant, usually bounded by internodes.
However, these sectors appeared to overlap when farge numbers of plants were analysed,
indicating that meristem cells were not precisely determined to form particular plant
sectors (Coe and Neuffer, 1978; McDaniel and Poethig, 1988; Jegla and Sussex, 1988).
A highly significant result of these experiments is that no evidence was obtained for pre-

19



specialization of meristematic cells to form different tissues, with the exception of the
epidermis tissue mentioned above. All these observations indicate that determination of
the developmental fate of single cells to form a particular tissue does not occur inside the
shoot meristemn during post-embryonic development.

Cell walls and development

In plants the presence of a cell wall fixes the relative positions of neighbouring cells and
prevents cell mobility, an important means to achieve morphogenesis in animals. The
post-embryogenic morphological pattern is formed by differences in meristematic
division rates and division planes, and cell growth rates. Since developmental
adjustments during morphogenesis cannot be made by re-grouping of cells this appears to
be counteracted by the ability of cells in a fixed position to adjust their developmental
fates to those of neighbouring cells. This implies the capacity of plant cells to receive
information on the developmental stages of neighbouring cells, which can also be
referred to as positional information. As stated before developmental fates are fixed late
during post-embryonic development. Positional information is therefore likely to be of
major importance in determination of cell fate.

Conclusions

The concept of determination appears applicable to the stable formation of root and shoot
meristems during plant embryogenesis, and competence is possibly invelved in
determining the start of meristem activity upon germination. During the post-embryonic
stage of development, which covers the most elaborate part of the cell differentiation and
morphogenesis events in the plant life cycle, the developmental fate of cells derived from
at least the shoot meristem is established late in development, when cells are fixed in
position relative to their neighbours. Therefore developmental decisions rely heavily on
positional cues. Since developmental fates of many cells remain flexible, the term
determination can only be adapted to plant development if it is defined as 2 commitment to
a particular developmental fate which is reversible.
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MOLECULAR MECHANISMS INVOLVED IN DEVELOPMENT
ANIMAL DEVELOPMENT

Genes and animal development

Recently the combination of genetical, biochemical and molecular biological rescarch has
provided some insight into the molecular mechanisms governing animal development and
the compounds involved, and before turning to plant development it is useful to list the
emerging principles. The importance of genes in animal development has become clear
from two kinds of observations: 1) single-gene mutations affect developmental decisions,
e.g. the homeotic mutations in Drosophila; 2) differentiated cell types are marked by the
expression of specific gene sets. The first set of observations show that animals contain
in their genome a set of genes which affect developmental decisions during the formation
of a multicellular organism from the zygote. The second set of observations demonstrate
that cellular differentiation involves activation and repression of specific gene sets,
leading to different cellular phenotypes. An important question regarding the genes which
form developmental instructions is which molecular mechanisms allow these genes to
affect developmental decisions. This question is now adressed in several experimental
systems, and an overview will be provided below. The question of how specific gene
sets are activated and repressed during cell differentiation, and how do these gene sets
lead to the differentiated cell phenotype, is also being addressed, but only fragmentary
knowledge about the modes of activation of large sets of specific genes has been
obtained. Combinatorial use of different cis elements in promoter regions and ¢rans-acting
factors is thought to be the mechanism by which limited numbers of inductive
compounds in different combinations can lead to a large diversity in gene expression
patterns (Dickinson, 1988).

Molecular mechanisms of animal development

Animal development occurs mainly during embryogenesis and is characterized by an
interplay of cell-autonomous differentiation programs and differentiation upon receival of
positional cues. On the other hand the majority of plant development occurs after
embryogenesis and positional cues appear most important, Therefore I shall below
congentrate on those mechanisms which are related to positional information in animals.
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In chicken wing buds, it was found by grafting experiments that cells receive
positional information for specifying differentiation, and that differentiation is dependent
on the distance to a tissue which is giving a positional signal. This resulted in the
hypothesis that gradients of diffusible compounds of low molecular weight, so-called
morphogens, provide positional information (Wolpert, 1969; Crick, 1970). In the
original definition a morphogen is a positional signal that can produce multiple,
concentration-dependent, developmental outcomes. Emerging details on the chemical
nature of morphogen gradients that invoke differentiation in several animal systems will
be discussed. Second, data concerning the molecular systems that lead from positional
information provided by morphogens to cellular differentiation responses will be
presented. Third, a group of molecules receiving positional information by cell-cell
interactions, leading to all-or-none inductive events, is discussed. Fourth, the role of
signal transduction in development will be regarded.

1} Positional signals

Several morphogens have been identified in animal systems. In the developing chicken
wing bud retinoic acid appears to influence differentiation in a concentration-dependent
manner. Furthermore, retinoic acid was shown to be present in developing chicken wing
buds at different concentrations, consistent with the hypothesis that this compound is
locally elicited and forms a concentration gradient (Thaller and Eichele, 1987).

During Xenopus embryogenesis, two peptide growth factor analogues induce
ectoderm cells to differentiate into mesoderm derivates (Kimelman and Kirschner, 1987).
The maternally deposited Vgl mRNA, encoding the TGF-} homologue, has been shown
to form a gradient in the developing embryo (Weeks and Melton, 1987). In explanted
animal pole cells the two factors mentioned induce different mesodermal cell types when
applied in different concentrations and they therefore seem to meet the morphogen
definition (Smith, 1989).

Nurse cells distribute bicoid (bcd) mRNA into the anterior pole of the Drosophila
oocyte. Upon fertilization this mRNA is translated and the resulting protein forms a
concentration gradient in the zygote. The bed protein contains a conserved 'homeobox'
motif with DNA binding properties, and has been shown to induce transcription of at
least the zygotic gap-class gene hunchback in a concentration-dependent manner (Struhl
et al., 1989). Hence the bcd protein can be regarded as a morphogen.
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2) Receptors

Clearly several kinds of molecules conferring positional information during development
exist in animals. Equally important in development are molecules by which cells or
intracellular regions receive and subsequently respond to positional information. The
presence of such systems marks the stage of competence to respond to developmental
cues. A variety of molecular components of systems that appear to elaborate initial
positional information both at uni- and multicellular stages have been reported on.
Representative examples of the different classes of molecules involved are given below.
The retinoic acid receptor has homology to nuclear receptors for steroid/thyroid hormones
with putative DNA-binding 'zinc finger' domains (Petkovitch et al, 1987).
Steroid/thyroid hormones specifically direct differentiation processes, but not necessarily
affect graded responses (for an overview see Walbot and Holder, 1987). This implies
that the retinoic acid system is a member of a larger, related family of
morphogens/hormones and receptors that govern particular stages of differentiation by
direct transcriptional activation of target genes.

The transition of morphogenetic gradients in the unicellular zygote to increasingly
complex patterns of differentiated cell states at blastula stage is becoming unravelled now
in Drosophila embryogenesis. The emerging picture is that initial gradients, from which
the bed protein gradient is only one, cause differential expression of genes encoding
transcriptional regulators. These transcriptional regulators bring about the expression of
genes encoding different transcriptional regulators. In this way the products of several
genes establish a hierarchic cascade of transcriptional regulation leading to a differential
distribution of gene products. The differential distribution of the encoded proteins forms
an increasingly complex spatial pattern which confers unique positional values to
different regions in the embryo. In this way both segmentation and segment identity are
established. Two classes of wanscriptional regulators appear to be active with different
putative DNA binding domains: the nucleic acid binding 'zinc-finger' and the homeobox
domain, respectively (Ingham, 1988). The establishment of pattern by these
transcriptional regulators requires interactions between them, as inferred from
mathematical models that mimick pattern formation (Meinhardt, 1988; Nagorcka, 1988).
Experimental evidence for activation and repression of genes by different homeobox
proteins has been obtained (Krasnow et al, 1989}, and synergism in activation and
repression activities between different homeobox proicing has also been proven (Han et
al, 1989).
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3) Cell-cell interactions

Interestingly, while the first subdivision of the Drosophila embryo is accomplished
mainly by a transcriptional regulation cascade, many cells at blastula stage are still
pluripotent, and further differentiation requires intercellular communication. Examples of
genes involved in developmental decisions by intercellular communication are the notch,
the dppHind, and the sevenless (sev) genes. During embryogenesis the notch gene is
involved in the binary switch between neural and epidermal differentiation. The dppHind
gene is essential for the establishment of the dorsal cell type during embryogenesis. In the
developing eye the sev gene determines the differentiation of the R7 photoreceptor cell.
Both norch, dppHind and sev gene products have protein domains homologous to peptide
growth factors and transmembrane domains. Mosaic analysis of sev mutants indicates
that the sev product is a receptor for a differentiation-inducing signal from neighbouring
cells (Wharton et al, 1985; Hafen et al, 1988). Most likely also the notch and dppHind
gene products enable cells to receive a signal from an already differentiated neighbouring
cell. This signal then specifies development of the receiving cell.

4} Signal transduction

It is also becoming clear that specific signal ransduction pathways have an important role
in animal development. The Drosophila sev receptor contains a protein tyrosine kinase
domain, presumably capable of phosphorylation of specific target proteins (Hafen ez al,
1988). Genetic evidence suggests interaction of the rotch gene product with the Enhancer
of split protein, a putative G-protein involved in signal transduction (D. Hartley et al,
cited in Ingham, 1988). The Drosophila oncogene Abelson tyrosine kinase (abf) is
involved in the development of axons in the embryonic central nerve system (Gertler et
al, 1989). Finally, most likely also Drosopila oncogene c-sre¢ homologs, the tyrosine
kinase Dsrc28C proteins, are involved in segmentation as well as in neuronal
differentiation (Vincent IIT er al, 1989).These examples show that specific signal
transducers like G-proteins and protein kinases are involved in development.

Generality of molecular mechanisms in animal development

Drosophila embryonic development, from which most of the examples mentioned above
were taken, exhibits many species-specific features, Still Drosophila appears to be useful
to elucidate general molecular mechanisms that convert positional signals into actual

24




differentiation, because many homologous gene products are found in other animals: 1)
At least three Caenorhabditus elegans genes that regulate differentiation have been shown
to contain homeoboxes (see Levine and Hoey, 1988), and in mice the members of the
Hox family contain homeoboxes. The spatial distribution of the different Hox transcripts
during murine embryogenesis implies a role in development (Dressler and Gruss, 1988).
2) The mouse zinc-finger domain containing mKr2 gene product is present throughout
development of the central nervous system, and might be involved in development of this
tissue (Dressler and Gruss, 1988). 3). The Caenorhabditis elegans lin-12 gene product is
one of the best studied receptors for an inductive molecule, and appears homologous in
both structure and function to the Drosophila notch, dppHind, and sev gene products. In
several different cell lineages this gene product affects a binary switch between one cell
fate and another (Greenwald et al, 1983). The lin-12 protein has repeated peptide
domains homologous to those in mammalian growth factors (Greenwald, 1985). At least
in a gonad precursor cell depending on lin-12 activity for differentiation, it was shown
that the Jin-12 protein is the receptor for a positional signal from a neighbouring cell
which specifies development (Seydoux and Greenwald, 1989). 4) The general
importance for growth-factor like molecules and their receptors in mammalian
development is well recognized.

Conclusions

Taken together, several main groups of gene products appear to be involved in regulating
animal development: positional signals and their membrane-bound receptors,
transcriptional regulators, and proteins which are part of specific signal transduction
pathways. Important molecular mechanisms in animal development appear to be the
generation of graded positional signals, which are then translated into concentration-
dependent differential responses. Translation of signal into response occurs either by
direct transcriptional activation or by signal transduction mechanisms leading to activation
of specific subsets of proteins, Furthermore receptors which can recognize neighbouring
cells exist, where the presence of the appropriate signal molecule on the neighbouring cell
results in an all-or none developmental decision in the cell carrying the receptor.

The generalized picture of animal development is one of several cascades of
spatial compartimentalization by different gradients of positional signals. The differential
distribution of these signals causes certain cells to become determined. Specific signals
elicited by or present on the surface of already determined cells can then further modulate
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fine-grained development by cell-cell interactions (see also Ingham, 1988). Ultimately an
elaboration of initial differences, obtained in a limited amount of cells, into large
organized groups of cells with a specific pattern of gene expression that determines their
phenotype has to be established to complete development.

PLANT DEVELOPMENT

The importance of genes in plant development

Indications for the importance of gene expression in plant development stem from the
same arguments initially raised for animal systems. First, plant homeotic mutants in
which one mutated gene affects specific developmental steps are known, and second,
different plant tissues show specific gene expression patterns.

Single-gene mutations in Arabidopsis that alter flower development show the
direct role of genes in specific developmental processes, and provide genetic evidence
that development in plants indeed relies on positional information. A precise study on the
phenotype of four recessive, chemically induced mutations revealed homeotic changes
from stamens to petals in agamous-1; sepals to leaves and petals to staminoid petals in
apetala2-1; petals to sepals and stamens to carpels in apetala3-1; and petals to sepals in
pistillata-1 (Bowman er al, 1989). Temperature-shift experiments on the temparature-
sensitive gpetala mutants revealed that the wild-type products act at the same time or after
the primordia of the organs they affect are formed. Hence the wild-type products appear
to allow primordial cells to determine their place in the developing flower and differentiate
appropriately. Flower mutations in other plant species are described which are very
similar, perhaps homologous (discussed by Bowman et al, 1989), indicating that the use
of positional information in flower development is a universal mechanism in higher
plants.

By studying hybridization kinetics Goldberg et al (1978), and Kamalay and Goldberg
(1980) demonstrated that tobacco organ systems contain 24,000-27,000 polysomal RNA
species, of which approx. 8,000 are shared in all organs, and at least 6,000 are unique to
each organ system. Differences in nuclear mRNAs composition were also shown to exist
between the different organ systems, but more overlap in nuclear mRNA composition
then in polysomal mRNA composition between the different organs was observed,
indicating that both transcriptional and post-transcriptional regulation occur to achieve
differences in mRNA sets (Kamalay and Goldberg, 1984). The majority of the organ-
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specific transcripts were shown to belong to the rare-class mRNAs (in total less then
0.01% of the mRNA mass). This mRNA complexity in plants is equivalent to the
complexity in animals (Hastie and Bishop, 1976). Hence plants, albeit apparently more
simple in structure and containing less morhpologically different cell types, show a
complexity in gene regulation similar to that in animals. Stage-specific differences in rare-
class mRNA composition of different mature organs were not observed during the later
stages of soybean embryogenesis (Goldberg er al., 1981). Therefore it is not clear
whether regulation of rare class mRNA plays a role at that stages of embryo
development. However, by molecular cloning numerous (medium-) abundant mRNAs
have been shown to be regulated in a variety of developmental processes, emphasizing
the importance of differential gene expression during development.

Compounds involved in plant development

At this moment research on the molecular biology of plant development is just starting.
Plant physiologists and biochemists have however been putting effort in analyzing the
effects of various compounds on development. Therefore a short description will be
given of compounds shown to be involved in plant development. The existence of
possible analogies to animal developmental mechanisms will be considered.

Plant growth regulators

Growth and development of plants is beyond doubt influenced by the plant growth
regulators (phytohormones), five groups of small chemical compounds. Plant growth
regulators have pleiotropic effects throughout the plant life cycle and the same set of
growth regulators is involved in developmental processes (reviewed by Hall, 1984) as
well as in coordination of overall plant activities (reviewed by Wareing, 1984). Space is
too limited here to list all known effects of plant growth regulators, and to elaborate data
on biosynthesis, active structures, and transport (for a recent overview see Roberts and
Hooley, 1988). It is however relevant to call to mind briefly that growth regulators
appear to induce meristem induction and subsequent differentiation of plant cells in a
concentration dependent manner, which classifies them as positional signals resembling
the animal morphogens: the ratio of auxin to cytokinin influences the decision to form
root or shoot meristems in callus (Skoog and Miller, 1957). The formation of floem and
xylem fibers in callus is dependent on the auxin concentration (Jeffs and Nothcote,
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1967). In these examples plant growth regulators seem to establish determination of
undifferentiated cells.

The nature of the molecular mechanisms underlying hormone-induced
development is unknown. The general opinion is that, to account for the different
responses of plant cells to one or more growth regulators, the existence of a multitude of
receptors, capable for specifying responses, has to be proposed (Hall, 1984). The
balance of certain hormones could then form a developmental field with analogies to
morphogen gradients in animals. A specified developmental pathway could be triggered if
appropriate receptors, reflecting the competence of the target cell, are present. Answers to
basic questions on the action of plant growth regulators thus depend on description of
receptors and growth regulator effects at the cellular level.

The auxins are the best studied plant growth regulators in terms of searching for
putative receptors and analyzing effects at the cellufar level. Evidence has been presented
for the existence of both membrane-bound and soluble auxin receptors in tobacco cells
(Libbenga et al, 1986). This points to the presence of an amount of target molecules for
one single plant growth regulator that is unparallelled in animal systems, supporting the
multiple receptor hypothesis to account for the many different responses of plant cells to
auxins. For molecular cloning of a putative auxin-receptor, antibodies to an auxin-
binding protein have been raised that block auxin-induced, ATPase-mediated proton
import across tobacco protoplast membranes (Lobler and Klimbt, 1985; Barbier-Brygoo
et al, 1989). The primary structure of the protein encoded by a cDNA clone isolated with
the atd of these antibodies surprisingly provides evidence that not an integral membrane
protein but a protein residing in the endoplasmatic reticulum is encoded (Tillmann ez al,
1989). This indicates that the epitope on the membrane-bound protein reacting with the
antibody is also present on a protein residing in the cytosol. It will have to be established
whether the latter protein is an auxin receptor. The amino acid sequence derived from this
putative auxin receptor protein is not homologous to previously described proteins,
indicating that plant growth regulator receptors may be structurally unrelated to animal
signal receptors. As to the subsequent activities of auxin upon binding 1o receptors, rapid
induction of specific mRNA synthesis indicates that at least part of the auxin effects rely
on transcriptional activation of target genes (Theclogis, 1986). Whether plants are able to
respond to other growth regulators by the means of various receptors is not yet
conclusively established, although there are clues to the possible existence of
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proteinaceous receptors for abscissic acid and gibberellins (Hornberg and Weiler, 1984;
Stoddart, 1986).

The pleiotropic effect of plant growth regulators (phytohormones) on
development has urged investigators to seek for more specific regulators of growth and
differentiation in plants. Cell-wall derived oligosaccharins (oligosaccharides with
regulatory activity) have been shown to influence morphogenetic pathways in tobacco
thin-layer explants (Iran Thanh Van ez al, 1985; Eberhard et al, 1989). These compounds
can, at narmow concentration ranges comparable to those at which the classical plant
growth regulators are effective, induce explants to form either vegetative buds, flowers,
callus or roots. The authors conclude that plant growth regulators could affect the release
of cell wall oligosaccharides as non-pleiotropic chemical messages in vive which
‘regnlate a delineated set of biochemical processes that regulate morphogenesis'. Proof
for this statement has to await further experimentation. Interesting with regard to this
evidence for sugar residues as signal molecules, is the suggestion that sugar-binding
glycoproteins termed lectins, which are widespread in the plant kingdom, may play a role
as receptor in varions cell-cell recognition events in plants (Knox and Clarke, 1984).

Phenylpropanoids, possibly derived from the plant cell wall, have been shown to
replace cytokinin requirement for growth in cultured tobacco cells (Lynn e? al, 1987).
Hence not only sugars but also phenolic compounds from cell walls could be cues for
growth and development in plants.

In conclusion, plant growth regulators, notably auxin, share certain characteristics
with animal hormones: receptor-mediated activity, and hormone-induced selective gene
expression. The growth regulator molecules themselves are however completely different
from the morphogen/hormone molecules that provide positional information in animals.
Neither gradient responses as with animal morphogens have been clearly demonstrated.
Furthermore the question as to whether plant growth regulators are primary causative
agents in in vivo differentiation events, or secondary compounds like oligosaccharins and
phenylpropanoids play a decisive role, remains to be established.

Transcriptional regulators

The findings of Paz-Arez er al (1987) that the maize C/ regulatory locus encodes a
protein that is homologous to the transcriptional activator and proto-oncogene c-myb ,
and of Katagiri e¢ al (1989) that two tobacco DNA binding proteins share homology with
animal nuclear factors, can be seen as an argument for the conserved structure of
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regulatory proteins in animal and plant kingdoms. Proteins with demonstrated
transcriptional regulator activities, and involved in development, have to our knowledge
not yet been identified in plants. However, the existence of 2 homeodomain in the yeast
mating type proteins, which act as transcriptional activators invoking a developmental
switch, proves that the use of this type of proteins is not restricted to the animal kingdom
but might be used in all eukaryotes. This indicates that homologous proteins with
analogous functions might be active in plants.

Signal ransduction

Accumulating data on the relevance of signal transduction systems for plants have been
recently reviewed by West et al (1589). In plants compounds have been found which
could function in signal transduction systems like described for animals. Currently the
existence of phosphatidylinositol pathways in plants is supported by more convincing
data then the existence of cyclic nucleotide-mediated pathways. Phosphatidylinositol
compounds and the membrane-bound phospholipase C enzyme that can generate them
have been detected in plants (Boss, 1989). Especially interesting is the finding that auxin
can induce cell division in arrested Catharanthus roseus cells, which is accompanied with
a rapid generation of specific phoshatidylinositols (Ettlinger and Lehle, 1988). Several
lines of evidence point to the importance of Ca2+ as second messenger in plants (Marmé,
1989). Ca2+/calmodulin-dependent proteins kinases have been identified in plants {e.g.
Blowers et al, 1985). Whether these compounds are functional in plant developmental
processes remains to be established. The application of ‘brute force' cloning of specific
protein kinases and G-proteins in plants might be one way to establish the importance of
signal transduction mechanisms in plant development (Palme er al, 1989).

Conclusions

A major effort of the research on the molecular basis of plant development is the
identification of compounds possibly involved in pattern formation and differentiation.
The emerging hypothesis is that phytohormones act as positional signals, whose
pleiotropic effects could be mediated by different receptors, possible involving elements
of signal transduction systemns, The molecular structure of known developmental signals
and putative receptors in plants does not resemble the structure of animal positional
signals and receptors. On the other hand analogous transcriptional activators and signal
transducing proteins exist in animals and plants. It can therefore be postulated that if the
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mechanisms to convey positional information in plants and animals are different, the
mechanisms to translate this information into differential gene expression may be rather
similar. Models on molecular mechanisms leading from positional information to
differentiation during embryogenesis and post-embryonic development are lacking so far.
To establish these models questions regarding plant development will have to be asked in
suitable experimental systems. Below I will discuss root nodule formation as such a
system, capable of providing clues to the molecular mechanisms of post-embryonic
development from meristems.

ROOT NODULE FORMATION AS A SYSTEM TO STUDY PLANT
DEVELOPMENT

Root nodule formation involves development of an organ in which nitrogen fixation takes
place. This particular case of organogenesis is induced by Rhizobium bacteria. In section
A, I shall explain why the root nodule can be considered to be a unique plant organ, and I
shall describe the series of events leading to nodule formation. In sections B and C, 1
shall discuss the intrinsic qualities that make root nodule formation suitable to study
meristem formation and the subsequent differentiation leading to the different nodule cell

types.

A). DESCRIPTICN OF ROOT NODULE FORMATION.

Root nodules consist of several different tissues, schematically represented in figure 1:
nodule cortex, endodermis, nodule parenchyma (‘inner cortex') containing vascular
strands, and a central tissue made up of cells infected with rhizobia and uninfected cells
(Newcomb, 1976; chapter 3). The cell types of the central tissue are unique for root
nodules as they have special functions bearing on symbiosis and assimilation of fixed
nitrogen. The spatial organization of tissues like endodermis and vascular strands in root
nodules is characteristic and is not found in other parts of the plant containing endodermis
and vascular strands. Furthermore the origin of the nodule primordium in the root cortex
is exceptional since organs do not normally arise from this tissue. For all these reasons
the root nodule may be considered a unique organ.
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NODULE ROOT Figure 1. Anatomy of the root
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Two types of root nodules are distinguished, the indeterminate type found €.g. in
pea and alfalfa infected with Rhizobium species, and the determinate type found in e.g.
soybean infected with Bradyrhizobium. Indeterminate nodules contain a persistent
meristem at the apex from which the different tissues of the nodule develop. In that
respect the nodule meristem resembles the apical root and shoot meristems, which are
also persistent and which are the source of the different root and shoot tissues. Since
post-embryonic development in plants involves indeterminate meristems their formation
and activity are of wide importance. In the following I shall therefore elaborate only on
the formation of indeterminate root nodules. Determinate nodules which lack a tue
persistent meristem will not further be discussed.

Different stages of the formation of a pea root noduie are depicted in figure 2,
copied from Libbenga and Harkes (1973). Bacteria first attach to root hairs, make them
curl and enter the hairs after local hydrolysis of the cell wall. Upon entering the bacteria
induce the plant cells to deposit cell wall material which forms a tubular structure, the
infection thread. Through this thread the bacteria enter the plant. This type of infection
process is a specific feature of the plant-Rhizobium interaction. In front of the growing
infection thread tip (ti) a centre of mitotic activity is induced in the inner cortex which
constitutes the nodule primordium, as shown in figure 2A and 2B. Upon reaching the
primordium the infection thread branches (figure 2C, 2D). In the centre of the
primordium the first bacteria are released into plant cells where they eventually
differentiate into bacteroids (bt) capable of nitrogen fixation (figure 2E). When the
bacteria are released from the infection thread, cells at the distal site of the primordium
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Figure 2. Pea root nodule development. A-F: successive stages of development from nodule primordium
initiation to the formation of a root nodule containing an apical meristem. En: endodermis; ti: infection
thread tip; ep: epidermis; bt: bacteroids; m: meristem. Reprinted from Libbenga and Harkes, 1973,
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become small and rich in cytoplasm. These cells form the apical nodule meristem. The
meristematic centre is pushed outward, while generating the different nodule tissues
(figure 2F). The infection threads have now reversed their original growth direction by
180° and follow the meristem. In the zone immediately adjacent to the meristem the
release of bacteria from the infection threads continues. In that way new infected cells are
continuously added to the central tissue, that contains infected and uninfected cells in an
appr. 1:1 matio. Hence root nodule formation, induced by a symbiosis-specific infection
process, includes such characteristic developmental events as the induction of
meristernatic activity and formation of a new plant organ.

B) ROOT NODULE FORMATION AND THE DEVELOPMENT OF APICAL
MERISTEMS.

From preceeding paragraphs it will be clear that the question as to how meristems are
initiated and how they are determined to generate specific tissues is crucial in the study of
post-embryogenic development in plants. There are three arguments for considering root
nodule formation a suitable system to study meristem formation: 1) the development of
nodules, involving the formation of a nodule primordium and meristem, can be studied in
a fixed spatial and temporal frame; 2) a limited, and therefore approachable, set of defined
Rhizobium genes is involved in nodule primordium and meristem formation; 3)
determination of the nodule meristem seems to be achieved by a limited number of
compounds. These arguments will be elaborated below,

1. Controlled induction of primordium and nodule meristem formtion

The starting point of the induction of the primordium from which the nodule meristem is
ultimately formed, is the first cell division in the root cortex. These cell divisions can be
induced in a controlled way by spot-inoculation of Rhizobium on plants, which defines
the time and location of primordium development (Calvert et af, 1984; Dudley et al,
1987). Similarly the time and site of appearance of the nodule meristem at the distal site
of the primordinm are defined. This enables the precise description of variations in
primordium and meristern formation if mutant Rhizobium bacteria, rhizobial factors or
mutant plants are used. Also the various stages at which specific plant genes are involved
in this process can be studied by visualising the location of the corresponding transcripts
at defined time points after inoculation by in situ hybridization (this thesis).
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The site where the first mitotic activity is induced resides in the inner cortex, in
almost all cases opposite the xylem poles. The specific localization of the responding cells
raises the question whether this is a predetermined site, implying that inner cortex cells
are the only ones competent to respond to a bacterial signal, or whether the initiation place
is determined by gradients of positional signals produced by both the plant and
Rhizobium bacteria. A clue for the latter mechanism can be inferred from the observation
that in vitro a diffusible factor from the root vascular system can specify in a pea root
explant system the cortical cells which become mitotically active at the proper auxin-
cytokinin ratio (Libbenga er al, 1973). In the Rhizobium-legume symbiosis this ratio of
plant hormones might be established by inductive signals from the bacterium (see below),

Although nodule meristern formation occurs at the time when the first bacteria are
released in the primordium, bacterial release per se appears not to be the essential trigger
for meristemn induction as evidenced by Rhizobium exopolysaccharide-deficient mutants
which do not infect the plant but are nevertheless able to elicit formation of a nodule
meristem (Finan et al, 1985). At the other hand the observation that the nodule apical
meristem only develops after a specific nodule primordium has been formed might be
relevant. Traditionally the requirement of primordium formation prior to induction of
meristematic activity has been explained by assuming that primordium formation is the
necessary dedifferentiation event preceeding meristem formation. The presence of
nodule-specific gene transcripts in the primordivm which labels it as a specific tissue, and
the observation that only a few distal cell layers of the nodule primordium form the
meristem (Libbenga and Harkes, 1973; chapter 4), point to a more complicated function
of primordium cells in induction, and perhaps determination, of the apical meristem.

In contrast with the root nodule meristern, the apical root and shoot meristems are
not accessible to experimentation in a comparable way at the time when they are formed
during embryogenic development, New foci of meristem activity that arise for example at
the onset of lateral root development, are inaccessible to experimentation since they
cannot be induced with external factors and for that reason their formation cannot be
examined in fixed space and time frames. In vitro meristem induction with hormones on
cultured cells (cf. Skoog and Miller, 1957) or with oligosaccharins on thin layer explants
(Tran Thanh Van et al, 1985) can serve as an alternative to study in vivo meristem
formation by the controlled external application of various growth regulators. However,
if important clues on compounds possibly involved in meristem induction and
specification have emerged from these studies, it remains difficult to establish whether
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