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Statements

1. The fact that the change of developmental program from roots to actinorhizal nodule
lobes involves only subtle changes in gene expression may explain why, up to now, no
nodule-specific genes invelved in the formation of the actinorhizal nodule structure have
been identified.

2. The subtilisin-like proteases, Agl2/Cgl2, described in this thesis, are the first of this kind
to be identified in plants.

3. The non-development of genetics for actinorhizal plants can be partly compensated by
using model systems like Arabidopsis and yeast to analyse gene function.

4. In spite of the differences between actinorhizal and legume nodules, the final functioning
of the two systems is principally similar.

5. The conclusion of van den Heuvel & Ingham and Alcedo et al. that Smo (smoothened) is
the hedgehog (Hh} receptor is not correct, since Smo does not bind directly to Hh.

M. van den Heuvel and P.W. Ingham, 1996, Nature 382: 547-551.
Y. Alcedo et al., 1996, Cell 86: 221-232.

D.M. Stone et al., 1996, Nature 384: 129-134.

V. Marigo et al., 1996, Nature 384: 176-179.

6. The fact that TAFs (= TBP-associated factors) are required for activating transcription in
vitro and, therefore, are obligatory targets of transcriptional activator proteins, does not
prove that in vivo the same simation occurs.

S.8. Walker et al., 1996, Nature 383: 185-188.
Z. Mogtaderi et al., 1996, Nature 383: 188-191.



7. When suggesting that the large majority of broad bean nodulins seem to play no role in
established arbuscular mycorrhiza symbiosis, Friihling et al. do not take in account that the
expression levels of those nodulins could be below the detection limits.

Friihling et al., 1997, Mol. Plant-Microbe Interact. 10: 124-131.

8. The only man who never makes a mistake is the man who never does anything,

Theodore Roosevelt

9. There is only one good, knowledge, and one evil, ignorance.

Socrates

10. The Dutch enjoy one of the highest standards of living and their quality of life is
excellent, but they often disguise this fact by constant complaining about this.

11. Autocracy and corruption are quite commeon to all third world countries and make that
in these countries just a few people prosper while most suffer and starve,

Statements from the thesis entitled:
“Plant genes involved in the establishment of an actinorhizal symbiosis™
Anal F. Ribeiro, Wageningen, 19 March 1996
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The formation of actinorhizal nodules is induced by actinomycetous bacteria of the genus
Frankia on the roots of several dicotyledenous species belonging to eight different plant
families, mostly trees or woody shrubs. These nodules are coralloid structures consisting of
multiple Iobes, which represent modified lateral roots with infected cortical cells. Inside the
infected cells, bacterial nitrogen fixation takes place,

A detailed description and comparison of the symbiosis between Frarkia and actinorhizal
plants and the more well-known Rhizobiumflegume symbiosis, which also leads to the
formation of nitrogen-fixing root nodules, is presented in chapter 1. In spite of the fact that
actinorhizal and rhizobial symbioses seem fundamentally dissimilar, the two systems share
common features concerning the infection mechanism and metabolic processes. This,
together with molecular phylogenetical data, suggest that both types of symbioses are
closely related and that common properties are determining the capacity to develop nitrogen
fixing root nodule symbioses.

The goal of this project was to study plant genes involved in the establishment of an
actinorhizal symbiosis. This process requires plant functions involved in the metabolic
specialization, and plant functions involved in the interaction with the microsymbiont, e.g.
in the infection of cortical cells. To isolate such genes, we have differentially screened an
Alnus glutinosa nodule cDNA library with nodule- and root cDNA, respectively, and
characterized several cDNAs representing genes expressed at elevated levels in nodules
compared to roots.

Most of the cDNAs that we have cloned have been shown to correspond to genes encoding
enzymes involved in nodule functioning (chapters 2-4). During the nitrogen fixation
process, it is a task of the host plant to provide carbon sources for the bacteria, and to
assimilate the fixed nitrogen which is exported to the plant cytoplasm in the form of
ammonium. Thus, enzymes involved in nitrogen (chapter 2) as well as carbon (chapters 3
and 4) metabolism are expected to be highly active in nodules.

One of the isolated cDNA clones, pAgl2, was shown to represent a gene encoding a serine
protease that is suggested to be involved in the process of nodule cortical cell infection
(chapter 5). To assess the importance of this protcase in other actinorhizal symbioses, the
expression of its homolog was examined in nodules of Casuaring glauca (chapter 6).

An evalnation of the obtained results and a comparison of actinorhizal and rhizobial
symbioses is presented in chapter 7.




Chapter 1 Introduction

Nitrogen fixing root nodule symbioses: legume nodules
and actinorhizal nodules

Katharina Pawlowski, Ana Ribeiro and Ton Bisseling. In: Biotechnology Annual Review
Volume 2 (M.R. El-Gewely, ed.). 1996, pp. 151-184. Elsevier Science B.V., Amsterdam,
The Netherlands.
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Nitrogen fixing root nodule symbioses: legume nodules and
actinorhizal nodules

Katharina Pawlowski, Ana Ribeiro and Ton Bisseling
Deparmment of Molecular Biology, Agricultural University, Wageningen. The Netherlands

Abstract. Since decades, research has been performed to answer the question whether the ability to form
an endophytic symbiosis with N,-fixing bacteria can be transferred to agriculturally important crops. Here,
two root nodule symbioses between angiosperms and N.-fixing bacteria, Rhizobium/legume and symbioses
between the actinomycetous bacterium Frankia and actinorhizal plants, wiil be described. In contrast to
Rhizobium. which with one exception. can only enter symbioses with plants of the legume family, Frankia
can enter symbioses with plant species from eight different families, mostly perennial woody shrubs.
While extensive tesearch has been done on physiological, ecological melecular and genetic aspects of
Rhizobium/legume symbioses, molecular studies on actinorhizal symbioses have been started only recently.
Nodule development. structure, and metabolism will be compared between both sysiems, indicating that
actinorhizal symbioses represents a more primitive sitaation with a less sophisticated pattern of signal
exchange. The deveiopmental program of actinorhizal nodules shows less differences from the one of
lateral roots than it is the case for the program ot legume nodules. Also in contrast to legume nodules,
there is a considerable diversity in actinorhizal symbicses regarding the differentiation of the
endosymbiont in symbiosis and the oxygen protection systems provided by the plant. The impiications
of this comparison will be discussed.

Key words: actinorhiza, Frankia, legume, noduiin, Rhizobium, root hair deformation, root nodule,
symbiotic mirogen fixation.

Symbiotic nitrogen fixation systems

Biosphere - nitrogen is subjected to a rapid turnover, and part of it is used as a
terminal electron acceptor by bacteria, and thereby lost as N, into the atmosphere. A
continuous supply with reduced nitrogen from atmospheric N,, is therefore required
to maintain the biosphere balance. This can be provided by two processes: chemicai
reduction in the Haber-Bosch process, or biological N, fixation. However, while
chemical nitrogen fixation is cost intensive and about 40-—50% of the nitrogen applied
as fertiliser is lost via denitrification, runoff or leaching, only 10—20% of the biologi-
cally fixed nitrogen is lost that way {1,2]. Thus, there is a strong interest in a better
understanding of bialogical N, fixation in order to increase agnicultural productivity.

Biological N, fixation can only be performed by certain prokaryotes which contain
genes encoding nitrogenase. This enzyme catalyzes the reaction:
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N, + 8H™ + 8¢ + 16Mg-ATP — 2NH, + H, + 16Mg-ADP + 16P,

Nitrogenase consists of the homodimeric Fe protein, encoded by the nitrogen fixation
(nify gene nifH, and the tetrameric MoFe protein, encoded by rifD and nifK, which
contains the FeMo-cotactor [3]. Since nitrogenase is irreversibly denatured by Q,, the
process of N, fixarion is highiy O.-sensitive [4,5]. Because of this and the high
amount of energy (ATP) necessary for the nitrogenase reaction, the expression of N,
fixation systems is strictly regulated and takes place only under mitrogen starved
conditions, either under low O, tension or when special O, protection systems are
provided. Several nitrogen-fixing organisms can form endophytic symbioses with
higher plants, where the energy for nitrogen tixation and in most cases the O, protec-
tion system, is provided by the plant partner. Symbiotic N, fixation accounts for 70%
of total biological nitrogen fixation (2]. In two groups of symbioses the prokaryotic
partners are soil bacteria {rhizobia in legume symbioses and Frankia spp. strains in
actinorhizal symbioses, respectively). while in the case of the Nostoc-Gunnera sym-
biosis-[6], the cyanobacterium Nostoc is the N,-fixing partner. These systems share
some common features: the prokaryotes fix N, living as endophytes inside the ceils
of special organs of their host, separated from the plant cytoplasm by membranes
derived from the plant plasmalemma. In the case of Gunnera, these infected cells are
located in specialized stem glands whose development does not depend on the
symbiont, while in the case of legumes and actinorhizal plants, the symbionts are
hosted in root nodules that are formed by the plant upon infection with the symbiont.

Most agricuiturally important plant species are belonging to the monocotyledonous
plants, for example rice, corn, and wheat. To date, no monocotyledonous plants were
known to form endophytic symbioses with N,-fixing bacteria, although nitrogen
fixing bacteria like Azospirillum brasilense are associated with the roots of several
grasses. However, in this association bacterial nitrogen fixation does not centribute
to plant growth, ie., it cannot substinite for nitrogen fertilizer [7,8]. In contrast,
nitrogen-fixing root nodule symbioses lead to independence of nitrogen fertilizer for
the plant and are hence of major importance to design strategies by which the ability
to form an endophytic symbiosis with N.-fixing bacteria can be transferred to
agriculturally imporiant crops like rice. Recently, such a project has been initiated by
the International Rice Research Institute in Manila, Philippines {9]. In this chapter we
will give an overview of the Rhizobiumflegume symbiosis as well as actinorhizal
symbioses. We will describe the Rhizobium/legume symbiosis because the system is
well studied at the molecular level and forms a paradigm for plant-microbe
interactions. On the other hand, far less knowledge is available on actinorhizal
symbioses. However, Frankia bacteria can interact with several plant families while
Rhizobium only interacts with leguminosae. Moreover, Frankia-induced nodules are
in fact modified lateral roots while legume nodules are in general, considered to be
unique new organs. Due to the more promiscuous nature of Frankia as well as by the
more root-like nature of actinorhizal nodules, this system might provide useful clues
on how to transfer nodulation ability to other plant species.
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Root nodule symbioses

In this review, the two types of nitrogen-fixing root nodule symbioses, Rhizobium-
legume and actinorhizal symbioses, will be compared. Although the structures of the
respective nodules are different, the process of nodule induction involves some steps
similar in both types of symbioses.

The Rhizobium/flegume symbiosis starts with an interaction between the bacteria
and the root epidermis. In general, deformation and curling of root hairs is induced
{Fig. 1A,B,C). The bacteria become entrapped in the curl and there the host cell wail
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Fig. 1. Signal exchange during legume noduie induction. A: a schematic picture of a legume plant; B: a
cioseup of a root tip. C: the first steps of the interaction between legume roots and chizobia are shown,
Flavonoids present in the plant root exudate are binding the rthizobial Nod» protein [236] which in turn
binds the nod gene promoters and induces the expression of the other nod genes by binding to their
promoters (pro) {43]. The nod gene products catalyze the biosynthesis of the Nod factors, that induce the
deformation and curling of root hairs on the host plant.

Flavonoid structure (for review see [237]): NodD proteins from different rhizobia require specific
flavonaids from their respective host plants for optimal activation. For example, hesperetin (R, = OH, R,
= OCH,, R, = OH} activates the NodD protein of R. leguminosarum biovar viciae, but aot that of R.
leguminosarum biovar trifolii, which is activated by 7-hydroxyflavone (R, = H, R, =H, R; = H). In
addition 10 nod gene-inducing flavenoids, several flavonoids have been identified that inhibit nod gene
activation, for exampie luteolin (R, = OH, R, = OH, R, = OH) inhibits nod gene induction by NodD from
R. legumingsarum bigvar phaseoli, but activates nod gene induction by NodD from R. leguminosarum
biovars viciae and trifolii. The stippled double hound is present in luteolin and 7-hydroxyflavone, but not
in hesperetin,

Nod factor siructure (for review see [26,238]): The number of the N-acetylglucosamine residues can
vary between three and five, The following substitutions can be found: position R,, -H or methyl group;
position R,, acyl group (C16:1, C16:2, C16:3, C18:1 or C18:4); position R,, -H, acetyl (0—6), or carbamyl
group; position R,, -H, sulfate, acetyl, (2-O-methyDfucosyl or D-arabinoesyl group; position R, -H or
glyceryl group. A single Rhizobium siramn can produce several Nod factors;- for example Rhizobium
NGR234 which can nodulate various tropical legumes. synthesizes 18 different Nod factors [239].

6
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18 hydrolysed and a new tubular structure, the infection thread, is formed. The
bacteria invade the root hair and then the root cortex with this infection thread.
Meanwhile, cells of the cortex are mitotically activated and form the nodule
primordium. Infection thread grows towards this primordium and there rhizobia are
released from the tips of the infection threads into the cytoplasm of the plant cells.
This 1s an endocytotic process by which the bacteria become surrounded by a
membrane derived from the host plasma membrane. In some cases, the bacteria do
not enter the plant via root hairs, but berween epidermal cells (“crack entry™).

Frankia bacteria induce nodulation in their host plants in a slightly different way.
In some interactions, root hairs are invaded by the formation of tube-like structures
that resembie the infection threads in legumes. In other cases, intercellular penetration
of the root and colonization of the intercellular spaces takes place. After root hair
infection, like Rhizobium, Frarkia induces mitotic activity in the root cortex but
additionally, cell divisions are induced in the pericycle. The latier center of mitotic
activity develops into a root nodule, and like in legume nodules. specialized cells
become fully packed with the microsymbiont that again is surrounded by a membrane
derived from the plasina membrane of the host.

Rhizobium-legume symbiocses

Although leguminous piants have been used for soil enrichment by green manuring
for centuries, it was first discovered in 1888, that bacteria living in symbiosis with
the plant are responsible for the reduction of atmospheric N, to ammonium [10,11}.
Gram-negative soil bacteria, members of the family Rhizebiaceae (including the
genera Rhizobium, Bradyrhizobium and Azorhizobiumy), induce the formation of root
nodules on their leguminous host plants. These symbioses show different degrees of
host specificity, ranging from the stem-nodulating Azorhizobium caulinodans ORS571
that can only interact with the tropical leguminous shrub Sesbania rostrata [12], to
the wide host range strain Rhizobium spp NGR234 which can induce nodules on
several different tropical and temperate legume species and even on one nonlegume,
Parasponia (Ulmaceae) [13].

In the last decades, considerable research has been devoted to the understanding
of this symbiosis, not only because of the importance of biological nitrogen fixation
to agriculture, but also because it provides insights in mechanisms controlling plant
development.

Formation of legume nodules

Plant genes involved in nodulation. During legume nodulation, plant genes play an
important role and these genes have been studied by genetic and molecular
approaches. Genetic studies have revealed that certain plant genes {sym genes) are
required during all stages of nodulation (for reviews see [14—16]). The phenotypes
of the sym mutants show that the products of these genes are involved in; e.g., root
hair deformation [17], infection {18), and bacterial release [19]. To date, none of the

7
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sym genes have been cloned, but several researchers have started programs to isolate
sym genes by a positional cloning strategy [20—22].

Molecular studies have concentrated on the plant genes whose expression is
induced during the consecutive stages of nodulation (for review see [23-26]). Here,
in most cases, the genes have been cloned, but their functions in the nodulation
process are still poorly understood.

Some of these genes are not expressed in any plant organ other than nodules and
are termed nodulin genes [27]. The recent use of more sensitive methods to detect
gene expression, has shown that several genes which were thought to be noduie
specific, are actually expressed in other organs also. For convenience, they are still
being called nodulin genes in this review. Nodulin genes are thought to be derived,
either from the duplication of genes involved in nonsymbiotic processes {(nodulin
genes sensu strictu) like in the case of leghemoglobins [28] and nodulin-26 [29], or
o be genes recruited from other developmental programs, iike the early nodulin genes
ENODIZ [30] and ENOD40 [31,32]. Nodulin genes expressed before the onset of
nitrogen fixation are called early nodulin genes (ENGD) and are probably involved
in building up the noduie structure and in the infection process. Nodulin genes
expressed at or after the onset of nitrogen fixation, are termed late nodulin genes
(MOD) [33). In general, late nodulins are involved in the metabolic specializarion of
the nodule. For example, leghemoglobin is the most abundant late nodulin in legume
nodules. It works as an Q, carrier in the central tissue of nodules, transporting O, to
the sites of respiration [34].

Bacterial Nod factors. The thizobial signal molecules that induce the early steps of
legume nodulation, are the so-called Nod factors which are lipochito-oligosaccharides
contaming a backbone of 4-3 N-acetylglucosamine residues and a fatty acid at the
nonréducing terminal sugar residue (Fig. 1C) (for reviews see [35—37]). All rhizobia
secrete similar lipochito-oligosaccharides, but their host specificity is determined by
substitutions at the temhinal sugar residues. For example, in the case of R. meliloti,
the major host determinant is a sulfate group at the reducing sugar residue [38,39].
The biosynthesis of Nod factors is mediated by enzymes encoded by the rhizobial
nod genes (for reviews see [40,41]), whose expression is induced by flavonoids
excreted by the plant roots (Fig. 1C) [42]. One of the nod genes, rodD, is expressed
constitutively, and upon binding of host flavonoids, the NodD protein activates the
transcription of the other nod genes (Fig. 1C) [43]. Nod factors can induce several
responses in the host plant [39,44—48], as will be described in the following parts of
this review. In some cases, as in Medicago sativa and Glycine soja, purified Nod
factors are even sufficient to induce the formation of bacteria-free nodules [35,37,49].

Roor hair deformation. Basically, two different ways of rhizobial infection are known:
infection through deformed root hairs, and infection via so-called crack entry, where
the bacteria enter the plant root through gaps in the epidermis [50,51] or enter
between intact epidermal cells {52]. The latter mode of infection only occurs in some
tropical legumes. The infection through deformed root hairs is the most frequently

8
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used way, and will be described in detail in this chapter.

During root hair infection, the first microscopically visible response of the host
plant on rhizobial infection. is the deformation and curling of root hairs (Figs. 1C and
2A) [53)]. Microscopical studies have shown that root hair deformation is due to a
new induction of root hair tip growth by the Nod factors [54]. This process is
accompanied by the induction of several host genes. Examples are Mirip! {53],
encoding a peroxidase and the early nodulin genes ENODS and ENODI2 that encode
proline rich polypeptides, which probably represent cell wall components [30,56),
Purified Nod factors can induce root hair deformation. and also the expression of the
above mentioned plant genes [39.47,57]. Also noduiation by crack entry depends on
Nod factors [58]. Nod factors act in concentrations as low as 107 M, suggesting that
they are recognized by a receptor in the root epidermis [54]. Studies on gene
induction by Nod factors, have shown that the length of the N-acetylglucosamine
backbone as well as the modifications at the rerminal sugar residues, are crucial for

A B

CORTE

w w

Fig. 2. Induction of the nodule primordium via root hair deformation in legumes and actinerhizal plants.

The different steps in nodule primordium induction are indicated in root cross sections. A: Induction
of an indeterminate legume nodule. Stage T shows an uninfected root. Stage I, Nod factors secreted by
the bacteria induce deformation and curling of root hairs. Stage III, after root hair deformation, an
infection thread is formed in the curled root hair by which the bactenia enter the piant. At the same time,
cell divisions are induced in the inner cortical layers. The auter cortical cells form preinfection thread
structures preparing the passage of the infection thread. Stage IV, the infection thread has reached the
nedule primordium in the inner cortex and cells of the primordiuvm become infected by Rhizobium.
(Abbreviations: E = epidermis consisting of awrichoblasts and trichoblasts (forming root hairs); EN =
endodermis; VB = vascular bundle consisting of pericycle (outer layer), phicem, cambium, and xylem.}
The protoxylem cells are indicated. B: Induction of an actinorhizal nodule. Stage I shows an uninfecred
root. Stage IL, after root hair deformation, an infection thread-like structure is formed by which bacterial
hyphae enter the plant, encapsulated in plant cefl wall material. Concomitant with formation of the
infection thread-like structure, cell divisions are induced in the outer cortical layers. Stage ITI, the
encapsulated hyphae have grown towards the dividing cortical cells and infected them, resulting in the
formation of a prenodule. Cel! divisions are induced in the pericycle of the nedule vascular bundle. Stage
IV, the encapsulated hyphae grow from the prenodule to the nodule primordium and infect cells of the
primordium. i

9
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the induction of responses in the root epidermis [39,47]. However, since the presence
of a fatty acyl moiety is essential but its structure is not important, probably the
receptor does not recognize this part of the molecule.

Cytological studies have shown that the expression of ENODI2 and Mrripi is
induced in all epidermal cells of a zone of the root, starting above the root tip even
before root hairs have emerged, and extending to the region containing mature root
hairs [55,59]. A direct contact between Nod factors and epidermal cells is required
for the induction of such genes [39]. Thus, it is likely that within the zone of the root
able to respond to Nod factors, they are recognized by all epidermal cells, not only
by those containing reot hairs. The function of the Nod factor induced plant genes
is unclear. However, it is unlikely that all of these genes are essential for the
infection process, since alfalfa plants lacking ENODI2 can form effective nodules
when inoculated with Rhizobium [603.

Infection thread formarion. When rhizobia induce root hair curling, they become
entrapped in the curls. There they induce the formation of infection threads in the
crooks of curled root hairs, beginning with a local hydrolysis of the plant ceil wall
{Fig. 2A) [61,62]. At the site of hydrolysis the plasma membrane grows inward and
new cell wall material i1s deposited along the invaginating plasma membrane ({62,63];
for reviews see [64,65]). This way, a tubular structure, the so-called infection thread.
is formed by which the bacteria enter the plant [66]. The mechanism by which this
local hydrolysis of the plant cell wall is achieved is unclear, but it seems unlikely that
hydrolytic enzymes secreted by the bacteria can establish such a localized effect.
Hence, it has been suggested that the bacteria induce the local secretion of hydroiytic
enzymes by the plant which also happens when a trichoblast forms a root hair (for
review see [65]) Bacteria inside the infection thread are surrounded by a matrix,
whnch contains (glyco-) proteins and other compounds of the piant as well as
compounds secreted by the bacteria [67]. The infection thread wall is most likely of
plant origin, and has an ultrastructure similar to that of the plant cell wall [68]. The
products of the early nodulin genes ENODS and ENODI2, have been suggested to
be involved in'infection thread formation, since ENODS and ENODI?2 are transcribed
in cells containing an infection thread tip, and ENODI2 expression is also induced
in the dividing cortical cells in front of the infection thread [30,56]. It has been
proposed that infection thread growth resembles the development of root hairs, but
the direction of growth is inverted [46]. Thus, the mechanisms coatrolling initiation
as well as growth of the infection thread, might be derived from root hair develop-
ment.

During infection thread formation, root cortical cells are mitotically activated and
form nodule primordia (see below}. The infection thread grows toward the base of
the root hair and subsequently toward the nodule primordium. If the primordium is
formed by inner cortical cells (see below), the infection-thread has to cross the outer
corex to reach the nodule primordium. Prior to infection thread penetration, the
cortical cells between the infected root hair and the nodule primordium are activated
and form radial tracks of cytoplasm (Fig. 2A) [62]. Such cytoplasmic structures are

10
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called “premnfection threads” and resemble phragmosomes [46). Therefore, it was
postulated that the cells forming a preinfection thread enter the cell cycle, although
they do not divide {46]. Studies on expression of cell cycle specific genes have
proven that the cortical cells forming a preintection thread indeed enter the cell cycle
and become arrested in the G, phase [69]. Thus, preinfection thread formation is
derived from the cell cycle machinery.

The infection thread penetrates root cortical cells by local hydrolysis of the cell
wall.and grows through the preinfection thread structures to the nodule primordium,
where bacteria are endocyiotically released into the plant cells and differentiate into
their symbiotic form, the bacteroids [70,71].

When the plants are not infected through deformed root hairs, but by crack entry,
the situation is less uniform with regard to infection thread formation. In case of
Neptunia and during stem nodule induction on Sesbania rostrata, infection threads
are formed when the bacteria have entered the plant [72—74], while in roots of
Arachis hypogaea, intercellular infection centers develop and bactena enter the cells
of the nodule primordium directly via invagination of the plant plasma membrane,
without infection thread formation [75]. In Stylosanthes and Aeschynomene, a similar
process takes place without the formation of infection centers {50,76].

Cartical cell divisions and nodule meristem formation. Concomitant with infection
of root hairs, root cortical cells, mostly opposite a protoxylem pole of the rooi stele
[77], are activated and start dividing {Fig. 2A). Several nodulin genes are expressed
in the dividing cortical cells. Examples are ENOQD {2 [30], ENOD40 [31,32,78,79] and
GmN93 [31]). Which of the root cortical cells divide, is determined by the piant
[80,81]. In temperate legumes such as pea, vetch and alfaifa, inner cortical cells
divide and form the nodule primordium [71,82]. When the infection threads reach the
primordia, they ramify, and cells at the base of the primordium are infected. At the
same time, a meristem is formed at the distal part of the primordium, consisting of
small cells with dense cytoplasm [82]. The nodule meristem differentiates during the
complete nodule life time into the different cell types that buiid up the nodule.
Consequently, these nodules have an indeterminate development like lateral roots.
Nod factors have the ability to induce the formation of nodule primordia [48]. For
this action, they have to be present in higher concentrations, and to fulfill more
stringent structural requirements than for the induction of responses, in the root
epidermis {83]. Thus, it has been postulated that at least two different Nod factor
receptors are present in the root epidermis: a “signaling receptor” involved in the
induction of reactions in the epidermis, and an “uptake receptor” that initiates the
infection process and is activated only by a very specific structure {83]. However, the
mechanism by which they induce mitotic activity in the cortex, is not completely
understood. Cytokinin and compounds that block the polar wransport of auxin,
phenocopy the Nod factors, since they can cause the formation of nodule-iike
structures {84,85]. Therefore it is assumed that Nod factors cause a change in the
cytokinin/auxin balance which subsequently results in the mitotic reactivation of
cortical cells. Before cell division occurs, expression of the earty nodulin ENOD40
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is induced in the regions of the root pericycie opposite to a protoxylem pole {(W.-C.
Yang and T. Bisseling, unpublished resuits). Thus, a tissue even deeper inside the
root responds faster to Nod factors than the cortex. It is possible that ENCD40
expression in the pericycle is involved in a process which leads to a change in
hormone balance or perception in the cortex, which finally caunses cortical cells to
divide. This hypothesis is based on the observation that ENOD40 is affecting the
response to auxin when expressed in tobacco protopiasts (K. Pawlowski, K. van de
Sande, R. Walden and T. Bisseling, unpublished results).

In tropical legumes such as soybean, outer cortical cells of the roots divide to form
the nodule primordium, while the inner cortical cells between the primordium and the
stele are activated to divide and will in turn form the connection with the vascular
bundle of the root. The growing infection threads directly invade primordium cells
after penetrating the root hair (for review see [81]). Cells at the periphery of the
primordium remain mitotically active and form a spherical meristem which loses its
activity at an early stage of development. Thus, these nodules have a determinate
growth pattern and are called determinate nodules.

Infection of cells by Rhizobium. When the infection thread has reached the nodule
primordium, bacteria are released from the infection thread into the cytoplasm.
During the release, the bacteria become surrounded by a plane-derived membrane, the
peribacteroid membrane (PBM; Fig. 3A,B). The bacteria, together with the space
within the PBM (peribacteroid space, PBS), and the PBM, torm a functional structure
called symbiosome [86]. The PBM works as an interface between both symbiotic
partners, controlling the metabolite exchange. In accordance with its specialized
function, it is different from the plasma membrane, from which it is derived, in
phosphelipid and protein composition [24,87]. It has been suggested that the PBM
has obtained some properties of the membrane of the vacuole {24,88,39] since within
the PBS, hydrolytic enzymes have been found which are also present in vacuoles
[90.91]. An integral PBM protein, nodulin-26, is targeted to the vacuolar membrane
when expressed in tobacco, supporting the hypothesis of the similarity between PBM
and vacuolar membrane {92]. In the same line of argument, it was also proposed that
the symbiosome resembles a lytic compartment, similar to the vacuole, that the
bacteroides continuously have to neutralize by exporting ammonia, be a product of
nitrogen fixation, in order to avoid being degraded by the plant [93]. Thus, rather
than a symbiosis, the interaction between rhizobia and legumes would constitute a
case of parasitism of the plant on the bacteria. This hypothesis is supported by the
fact that for Rhizobium mutants unable to fix nitrogen, premature degradation of
bacteroides can be detected in the infected cells of the nodules {94].

Legume nodule structure

Determinate and indeterminate legume nodules have a similar tissue organization, a
ceniral tissue where bacteria are hosted, surrounded by several peripheral tissues
(Fig. 4A) (for review see [25,64,71]). The peripheral tissues comprise the nodule
cortex, the endodermis and the nodule parenchyma [95]. The latter tissue harbors the

12




160

Fig. 3. Nitrogen-fixing endosymbionts in Rhizobium/legume and actinorhizal symbioses.

A: Intracelluiar rhizobia in a naduie formed on clover by R. rrifofii. This region of the indeterminate
clover nedule shows the transition of the prefixation zone IT to the interzone II-IIL In the upper cell (II,
prefixation zone}, intracellular bacteria (b) have not vet differentiated into their nitrogen-fixing form. The
bottom cell (II-III, interzone) contains amyloplasts (a), and nitrogen-fixing bacteroides (ba) have
differentiated. In both cells, intracellular bacteria are surrounded by a peribacteroid membrane. Bar = 1
pm. B: Detail — the bactenal membrane (b) and the peribacteroid membrane (p) which separate the
bacteroides (ba) from the cytoplasm {cy) can be clearly distinguished. Bar = 500 nm. The photographs
were kindly provided by U. Bialek and A. van Lammeren, Department of Cytology, Agricultural
University Wageningen, The Netherlands. C: Intracellular Frankig in a nodule formed on Alnus serrulata.
Vegetative hyphae (h) and nurogen fixing vesicles (v) can be seen. Arrows point at the lipid envelope of
a vesicle (e) and at a sept in a vesicle (s). Bar = | um. D: Detail — a vesicle is separated from the piant
cytoplasm (cy) by its own membrape (b), the lipid envelope (e) and the invaginated plant plas-
mamembrane (p). Amrowheads point at the plant cell wall-like encapsulation material between piant
ptasmamembrane and vesicle lipid envelope. Bar = 500 nm. Photographs were kindly provided by H.M.
Berg, Biology Department, University of Memphis, Tennessee, USA.
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Fig. 4. Structure of indeterminate root nodules. A: Scheme of an indeterminate legume nodule. Zonation:
I, nodule meristem; II, prefixation zone; II-1II, interzone: II, nitrogen fixation zone: IV, senescence zone
([93]; see text). B: Scheme of an actinorhizal nodule frem Alnus glitinesa. Zonation: 1, nodute meristem;
2, infection zone; 3, nitrogen fixation zone; 4, senescence zone ([144); see text). The central vascutar
bundle contains a multilayered pericycle [136,219]. Due w the activity of the apical nodule merisiem. a
developmental gradient of infected cells forms in the central tissue (A) or in the cortex (B), respectively.
The zones in which bacterial nitrogen fixation takes place are indicated for boih types of nedules.

nodule vascular bundles. The central tissue consists of two cell types, infected and
uninfected cells. The infected cells are fully packed with bacteria. A few cell layers
of uninfected cells, the boundary layers, separate the central tissue from the nodule
parenchyma [25,80].

Meristems of indeterminate nodules go on differentiating into the different noduie
tissues. The effect is that the central tissue can be divided into several zonmes
representing successive stages of development (Fig. 4A). A nomenclature has been
developed for the successive zones of indeterminate nodules [96). The meristem at
the apex is designated as zone [. It consists of small cells with dense cytoplasm that
are not infected by rhizobia. This zone is immediately followed by the prefixation
zone I1. In the distal part of this zone 11, infection threads penetrate meristematic cells
and bacteria are released into the piant cytoplasm. In the proximal part of the
prefixation zone 11, plant cells elongate and symbiosomes proliferate.

The interzone TI—1I1 is characterized by the start of starch accumnulation in infected
cells, and the presence of differentiated bacteroides (Fig. 3A,B) [96]. It is also marked
by dramatic changes in gene expression by both plant and bacteria. For exampie, the
bacteria induce expression of the N,-fixation genes (Fig. 5A,B) [97], while the
expression of bacterial ropA encoding an outer membrane protein is switched off
[98]. The expression of the plant nodulin genes ENODS and ENOD40 [30,79] is
strongly reduced at this transition, whereas several other nodulin genes like NOD6
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Fig. 5. Tn site localization of gene expression in indeterminate legume nodules.

In A and C, bright fieid microscopy was used; silver grains denoting hybridization appear in black.
In B and D, darkfield microscopy was used; silver gramns are visible ag white dots. Due to the very high
density of silver grains in some infected cells of both sections, the light scattering by darkfield
illumination is impaired. A and B: Expression of a Rhizobium leguminosarum nitrogenase structural gene,
nifH, in a longitudinal section of a 15-day-old pea nodule. The different zones of the developmental
gradient are indicated: m, noduie meristem: p, prefixation zone; i, interzone; f, fixation zone. A senescent
zone has not vet developed. R. leguminosarum nifH expression starts in the first cell layer of the
interzone. A nodule vascular bundle (v) is indicated. An arrow points at a protoxylem pole of the root
vascular bundie. The root cortex (rc) is labeled. C and D: Expression of a pea leghemoglobin (/b} gene
in an adjacent section of the same nodule lobe. /b gene expression starts in the prefixation zone. The
beginning of the interzone, i.e., the zone of R. leguminosarum nifH induction, is indicated by arrowheads.
Bar = 300 pym.

are induced [99]. The signal or mechanism that controls this developmental switch
is not yet understood, aithough there is evidence that the O, concentration is involved
in the mduction of bacterial nif genes ([100]; see below).

In the nitrogen fixation zone IIL, the plant cells have reached their maximal size
and bacteroides are fixing nitrogen. In older nodules a senescent zone [V is present.
Senescence of nodule tissues has hardly been studied at the molecular level. Based
on analogy to other senescent organs, it is likeiy that the expression of genes
encoding hydrolytic enzymes like proteases and RNases will be induced in this zone.
Indeed proteases, e.g., thiol proteases, have been found to be active in senescent
nodutes ([101,102] and references contained therein). A nodulin gene specifically
expressed in senescent nodules, has been isolated from winged bean and found to
encode a proteinase inhibitor [103]. Protease-inhibiting activity has also been found
in the peribacreroid space of soybean nodules [104]. These data suggest that the plant
has developed a system to controd bacteroid senescence,

Actinorhizal symbioses

A rather diverse group of plants from eight different families have the ability to
establish a symbiosis with Frankia bacteria resulting in acttnorhizal root nodules. Up
to now, about 194 actinorhizal plant species from 24 genera have been identified {for
review see [103]). Frankia is a filamentous gram-positive actinomycetous bacterium
(reviewed in [106,107)). In contrast to Rhizobium, Frankia normally grows in hyphal
form, being able to form also two other specialized cell types, namely vesicles, the
sites of N, fixation (see below), and sporangia. Although actinorhizal nodules were
first described in 1829 {108], only tn 1895 it was shown that they contributed to the
nitrogen nutrition of the plant [109]. The identification of the microsymbiont as an
actinomycete finally took place in the 1930s [110,111].

Due to their symbiosis with Frankia, actinorhizal planis can grow on marginal
soils. They are used in soil reclamation and reforestation, for timber-, fuelwood-, and
pulp production, as windbreak plants in desert agroforestry systems and also to
stabilize coastal sand dunes in tropical and subtropical countries [112—120].
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Frankiae have not been classed into species thus far. Physiological criteria could
only be used to define two broad groups of strains [121]. As in the case of
Rhizobium-legume symbioses, Frankiae show different degrees of host specificity, but
here the attempt to use the host specificity as a taxonomic criterion has proven
impracticable {122]. Meanwhile, Frankia strains have been isoiated from several host
plants and can be grown in culture (for review see [103]). During isolation, some
strains require the addition of a root steroid, dipterocarpol, for initial growth
stimulation [123,124]. The nability to isolate Frankia strains from some actinorhizal
plant families, for example Datiscaceac and Coriariaceae, might reflect special
requirements of these strains for growth stimulation. For the strains cultured thus far,
four major host specificity groups have been defined [125]: group | includes those
strains capable of nodulating Alnus, Comptonia, Myrica and Gymnostoma, group 2
includes strains inducing nodules on Casuarina, Allocasuaring, Mvyrica and
Gymnostoma, group 3 includes Frankia strains able to nodulate Elaeagnus,
Hippophae, Shepherdia, Myrica and Gymnostoma, and group # includes strains that
are able to nodulate either Alnus and Comptonia, or Casuarina and Allocasuarina,
or Elaeagnus, Hippophae, and Shepherdia, but not Myrica or Gymnostoma. Strains
which do not fit into this scheme are referred to as atypical, an expression also used
for strains that are not able to reinfect their host plant from whose nodules they were
isolated (for review see [L05]).

Induction of actinorhizal nodules

As in Rhizobium/legume symbioses, there are two ways known by which Frankia can
initiate a symbiotic relationship with a compatible host plant, namely root hair
mfection, observed in Alnus, Casuaring, Comptonia, and Myrica [126—128] and inter-
ceilular penetration which has been reported for Elaeagnus and Ceanothus {129,130].
Also in actinorhizal symbioses, the mode of infection is plant-determined [129.131].

Root hair infection starts with the deformation of the root hairs {(Fig. 2B) [132].
There is no need for direct contact between the host plant cells and Frankia in order
to induce root hair deformation [133,134]. Therefore it has been suggested that, in
anafogy to the signalling between Rhizobium and legumes, plant root exudates may
stimulate the synthesis and/or release of a diffusible “Nod” factor by Frankia that in
turn causes root hair deformation [134]. To date, the characterization of Frankia “nod
genes” has not been reported, but it has been observed that (a) factor(s) present in the
supernatant of a Frankia culture can cause root hair deformation on Alnus glutinosa
(M. van Ghelue, E. Lgvaas, E. Ringg and B. Sclheim, personal communication). This
suggests that like in the Rhizobium/legume symbiosis, the interaction indeed is
initiated by an exchange of signals between the two symbionts.

Upon root hair deformation, Frankia hyphae associated with deformed root hairs,
initiate digestion of the primary root hair cell wall and as a response, the host plant
starts to build up a cell wall-like matrix around the microsymbiont (Fig. 2B) [135].
In this way, a tubular ingrowth, termed encapsulation, is created which functionaily
resembles the infection thread observed in the Rhizobium-legume symbiosis, and like
the latter, grows through cortical cells (Fig. 2B) [132]. However, no equivalent of the
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infection thread matrix exists in actinorhizal symbioses, but the hyphae are
surrounded by the cell wall-like material of the encapsulation, equivalent of the
infection thread wall in Rhizobium/legume symbioses. In response to the invading
microsymbiont, root cortical cells proximal to the infected root hairs start to divide
and enlarge, giving rise to the so-called prenodule whose cells enlarge further upon
infection by encapsulated hyphae (Fig. 2B) [136]. Thereupon, cell divisions are
induced in the pericycle resulting in the formation of a nodule fobe primordium, that
upon infection develops into a nodule lobe. Thus, while initially, Frankia, like
Rhizobium, induces cell divisions in the nodule cortex, the final nodule primordium
1s formed in the root pericycle like a lateral root primordium. Like in Rhizobium/
legume symbioses, the primordia of actinorhizal root nodules are formed mosily
opposite to a protoxylem pole of the root stele [137].

Encapsulated hyphae grow from the prenodule towards the nodule primerdium,
thereby again crossing cortical cells [136]. After entering the nodule primordium,
Frankia hyphae mnfect part of the primordium cells. During infection, the piant
plasma membrane invaginates and encapsulating material is continuously deposited
around the growing hyphae (for review see [132]). Thus, like Rhizobium, Frankia is
surrounded by a membrane derived from the plant plasma membrane when it is
present in the host cell (Fig. 3C,D). However, in contrast o Rhizobium, Frankia
bacteria remain in the infection thread-like structures and are not released endo-
cytotically. After infection., Frankia hyphae grow until they occupy most of the
volume of the infected cell. Then, specialized vesicles are formed in which
nitrogenase is expressed (Fig. 3C,D) [138,139]. From now o, new cortical cells are
formed from the nodule meristem and these become infected by hyphae progressively.
In this way a nodule with an indeterminate growth pattern is formed (Fig. 4B).

The process of infection by intercellular penetration is more primitive. Frankia
hyphae enter the root by partial digestion of the middle lameila between adjacent
epidermal cells and move on strictly intercellularly [129,131], while epidermal and
cortical cells secrete some pectinaceous and proteinaceous material into the
intercellular space [140]. No prenoduie is formed, but immediately upon intercellular
coionization of the root cortex, cell divisions are induced in the roct pericycle
resulting in the formation of the nodule primordium., While in Rhizobium/legume
symbioses, only a few cases of infection by crack entry are known, in acrinorhizal
symbioses infection by intercellular penetration seems to take place in most
actinorhizal plant families except for Betulaceae, Myricaceae and Casuarinaceae.

in legumes it has been shown that before an infection thread traverses a cortical
cell, a dramatic rearrangement of the cytoplasm occurs. In a normal cortical cell the
cytoplasm including the nucleus, is located at the periphery of the cell. Before a
cortical cell is penetrated by the infection thread, the nucleus moves to the center of
the cell and the cytoplasm obtains a radial polar organization which is named
preinfection thread. The preinfection thread forms the pathway that the infection
thread follow on their way to the noduie primordium, and the polar organization of
the cytoplasm seems to be essential to support the polar growth of the infection
thread [46]. Preinfection threads are reminiscent of phragmosomes, suggesting that
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the corresponding cells enter the cell cycle and becoine arrested in the G, phase. This
hypothesis was confirmed by analysing the expression of cell cycle specific genes
[691. Preintection thread tormatton has not been studied in actinorhizai nodulation but
it seems very likely thar in case of infection via root hair deformation, preinfection
threads have to be formed also here. Therefore it is striking that infection via root
hairs is correlated with the induction of cell divisions in the cortex, although no
specific function has been assigned to the dividing cortical cells forming the
prenodule. We hypothesize that in actinorhizal plants, when infection threads traverse
cortical cells, preinfection thread structures have to be formed, impiying that cortical
cells enter the cell cycle and become arrested in the G, phase. However, in some
cortical cells this arrest is not established, leading to cell division, although this is not
functional in the infection process. This hypothesis is supported by the fact that after
infection of Ainus by Frankia, irregular undulated cell walls in combination with
bundled arrays of microtubules, were found in postmeristematic cells proximal to the
root meristem and the nodule meristem [141], indicating nonfunctional activation of
the cell cycle machinery.

Structure of actinorhizal nodules
Actinorhizal nodules are perennial structures consisting of mulitiple lobes [142]. By
ontogeny, as well as by tissue organization, ach nodule lobe represents a modified
lateral root with a central vascular cylinder. However, actinorhizal nodule lobes differ
from lateral roots, in that they lack a root cap, have a superficial periderm, and con-
rain both infected and noninfected cortical cells (Fig. 4B) (for review see [132,143]).
Like in the case of temperate legumes, actinorhizal nodule lobes have an
indeterminate growth pattern due (o the presence of an apical meristem that
differenniates continuously in a proximal direction [132]. Depending on the
developmental stage of the infecied cortical cells. a zonation of the nodule lobe can
be observed (Fig. 4B) [144]. Thus, starting trom the distal end of the lobe, four zones
can be distinguished. Zone 1, the meristematic zone, consists of small dividing cells
that do not contain bacteria. Zone 2, the infection zone, comesponding to the
prefixation zone in legume nodules, contains enlarging cortical cells, some of which

Fig. 6. In siw localization of gene expression in actinorhizai codules of Almes glusinosa.

in A and C, bright field microscopy was used; silver grains denoting hybndization appear in black.
In B and C. darkfield microscopy and epipelarized light were used; silver grains are visibte as white dots.
A and B: Expression of a Frankia nitrogenase strucrural gene, #ifH, in a lengitudinal section of a nedule
lobe. The different zones of the developmental gradient are indicated: 1, medstematic zone: 2, intection
zone; 3, fixation zone: 4. senescence zone. Arrowheads point at infected cells of zone 2 that are not yet
completely filled with hyphae and do not contain vesicles. These celis show no Frankia nifH expression.
The centrai vascular bundle (v) and the peridenm (p) are indicated. C and D: Expression of A. ¢lusinosa
agl2 i an adjacent longitudinal section: of the same nodule lobe. Amowheads point to infected cells of
zone 2 that are not yet completely tilled with hyphae; these cells show high ag!2 expression levels. An
infected cell of zone 3 showing ag/2 expression at a high level is marked by a star. An arrow potnts at
an adjacent cell which shows little ag/2 expression. Bar = 508 um. This is a modified version of Figure
3C-3F of Ribeiro et al. [144], reprinted with the permission of the American Society of Plant
Phystologists.
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are infected and in turn, enlarge more than uninfected cells while being gradually
filled with hyphae from the center outward [139,145]. Once the infected cells are
completely filled with hyphae, provesicles are formed as terminal swellings on
hyphae or on short side branches [146]. In zone 3, the fixation zone, provesicles
differentiate into vesicles. During this step of differentiation, the svnthesis of
nitrogenase, the enzyme responsible for the reduction of atmospheric nitrogen in
ammonia, is induced [147]. The expression of the structural nif genes encoding
nitrogenase is a marker for the shift from zone 2 to zone 3 (Fig. 6A) [144,148]. In
zone 4, the senescence zone, cortical cells become senescent and the microsymbiont
as well as the host cytoplasm is degraded. This zonation of the nodule cortex has
been found to be applicable to nodules of Alnus glutinosa. Casuarina glauca and
Ceanothus griseus, where infected cells are distributed over the cortex. However, in
Datisca and Coriaria, where only a defined area of the cortex can be infecied (see
below), the developmental pattern is more complicated ([144]; K. Pawlowski and
A.M. Berry, unpublished results).

Due to the structural similarities between actinorhizal nodules and lateral roots, the
products of nodule-specific genes can be expected to be involved in either of three
processes. First, genes whose products are involved in the developmental shift from
lateral root to nodule development, would determine the difference between lateral
root- and nodule meristems and therefore should be differentially expressed in the
respective meristems. Second, genes whose products are involved in the infection
process should be expressed in the young infected ceils. Third, there could be nodule-
specific genes whose products are involved in the metabolic specialization of the
nodule, i.e.. In the assimilation of the ammonium exported by symbiotic Frankia, or
in the transport and synthesis of carbon sources for the bacteria. Since actinorhizal
plants mostly represent woody shrubs or trees, recalcitrant to molecular biological
analysis [149], their nodule-specific genes have not been examined as thoroughly as
those of legumes. Only recently, actinorhiza-specific genes have been cloned from
Casuarina {150,151] and Alnus {144,152,153]. One nodule-specific gene from Alnus,
agl2, was found to be expressed at the highest levels in the infected cells of the
infection zone 2, i.e., in cells where nif genes have not been induced yet (Fig. 6C,1D)
[144]. Ag/2 encodes a serine protease which thus seems to be involved in the
infection process. Another nodule-specific gene family has been found ([134]; K.
Pawlowski, C. Guan and T. Bisseling, unpublished results) showing an expression
pattern similar to that of ag/2. These genes encode glycine-rich proteins with a signai
peptide indicating that they might be localized in the cell wall. Thus. the infection
process and the interaction with the bacterial symbiont, appear to involve sets of
nodule-specific genes. Several other genes were found to be expressed at elevated
levels in Alnus nodules compared to roots [153]. Their products mostly were involved
in nodule niirogen and carbon metabolism, i.e., in.the metabolic specialization of
nodules. No member of the putative group of genes important for the developmental
shift from root to nodule development has been identified yet.
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Actinorhizal and legume nodule metabolism

Legume nodules as well as actinorhizal nodules have to provide a suitable
environment for nitrogen fixation by the endosymbiont, i.e., they have to protect
bacterial nitrogenase from O,, supply the intracellular bacteria with carbon sources
and assimilate the product of N, fixation, ammonium, which is exported by the
bacteria. Furthermore, in the context of the complete plant, nodules represent carbon
sinks and nitrogen sources: efficient transport of carbon sources to the nodules and
of nitrogen sources from the nodules has to be provided. Different sirategies have
been adopted to fuilfill these requirements that will be discussed in the following

paragraphs.

Oxygen protection of bacterial nitrogenase

While nitrogenase itseif is O, sensitive, the high amount of energy required for the
nitrogenase reaction has to be generated by oxidative processes, leading to a high
demand for O, in noduies. To meet these conflicting demands, different strategies
have been developed. For legume nodules, physiological studies have shown that the
noduile parenchyma forms an O, diffusion barrier (Fig. 4A) [153]. This, together with
the high O, consumption rate of Rhizobium, leads to a low O, concentration in the
central tissue of the nodule, whiie in the infected cells, high levels of the O,-carrier
protein leghemoglobin facilitate (3, diffusion to the sites of respiration (Fig. 5C,D)
[156,157]. Since in indeterminate legume nodules, the nodule parenchyma is
interrupted by the meristem at the distal end of the nodule, an O, gradient is formed
{Fig. 4A)}. Data on bacterial nitrogenase gene expression in the free-living state have
shown that nitrogenase expression is induced by low O, tension [158]. It has been
suggested that this type of regulation may also play a role in symbiosis. where
nitrogenase gene expression starts in the first layer of interzone II-JII (Fig. SA,B).
In fact, when overail O, concentration in alfalfa nodules was reduced by submerging
the noduies in agar, the nitrogenase structural gene nifff was expressed zlso in the
prefixation zone [101], confirming the role of O, in aif regulation.

0, is generally assumed to diffuse via the intercellular spaces, because its diffusion
is about 10* times faster in air than in water. The O, diffusion barrier in the nodule
parenchyma is established by cell layers in which the size of the interceilular spaces
can be controlled [157], presumably by the release and uptake of intercelluiar water
in the nodule parenchyma [159—161)]. Furthermore, nodulins like ENODZ2 which are
specifically expressed in the nodule parenchyma might contribute to the formation of
the O, diffusion barrier [95].

Actinorhizal nodules are structurally rather diverse (for review see [143]). An
example of this diversity are the (), diffusion pathways. In order to provide 0, access
to the sites of respiration, i.e., N,-fixing Frankia vesicles [162] and plant mitochron-
dria, O, has to pass through the nodule periderm and reach the infected cells via
intercellular spaces. To provide O, access through the periderm, two strategies have
been developed: either the periderm is disrupted by lenticels like in some legume
nodules, or agraviotropically growing nodule roots containing large air spaces, are
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protruding from the lobes [163]. The O, concentration can affect nodule anatomy,
such as causing changes in the size of lenticels in Afnus and Coriarig, in the
thickness of the periderm in Coriagria or in the length of nodule roots in Myrica
[164—166]. There is also variability in the arrangement of infected cells in the cortex,
While the infected cells are distributed over the nodule cortex, interspersed with
uninfected cells, in nodules formed by Alnus, Casuarina, Ceanothus and Myrica, in
nodules formed by Coriaria or Datisca they are arranged in a continuous kidney-
shaped patch at one side of the acentric stele, not interspersed with uninfected cells
[166,167].

The mechanisms of O, protection among actinorhizal plants diverge considerably
as well. In contrast to Rhizobium, Frankia can fix nitrogen also in the free-living state
at atmospheric G, concentrations [168). This.is achieved by the location of the O,
sensitive nitrogenase, in special vesicles which provide O, protection by their outer
envelopes consisting of multilayered hopanoid membranes (Fig. 3C,D) {169.170]. In
symbiosis the shape and position of the vesicles in the infected cells is determined
by the host plant [131], While vesicles formed in cuiture are spherical, in symbiosis
their shape [107], envelope morphoiogy [171], and internal structure (septate or
nonseptate) (for review see [107,172]) depends on the host plant. Vesicles can also
contribute to oxygen protection in symbiosis. The symbiotic vesicles have a high
respiratory capacity [162], thereby further decreasing the amount of O, in the direct
neighbourhood of nitrogenase. A different situation is found in Caswuaring- and
Allocasuarina symbioses. Here, #Frankia forms atypical hyphae instead of vesicles,
for nitrogen fixation in the infected cells [173]. In these symbioses, but also in
nodules of Myrica where Frankia forms vesicles {174}, the infected cells are
surrounded by an O, diffusion bairier, achieved by lignification of the cell walls of
the infected cells and of the adjacent uminfected cells [175—179]. Furthermore,
Casuarina, Allocasuarina, and Myrica synthesize high amounts of hemoglobin in the
infected cells [151,180—182]. Hemoglobin is homologous to leghemoglobin, and like
in the legume nodules it facilitates O, diffusion toward the sites of respiration. Hence,
in some actinorhizai symbioses, like in legumes, the piants seem to be mainly
responsible for providing O, protection to bacterial nitrogenase. However, in contrast
to legumes, in actinorhiza both partners can contribute to O, protection, as signified
by the formation of Frarkia vesicles in nodules.

Hydrogen metabolism
As shown above, hydrogen (H,) production is an obligatory part of the nitrogenase
mechanism; furthermore, in the absence of other reducible substrates, the total
electron flux through nitrogenase is funnelled into H, production [183]. H, is a
competitive inhibitor of N, fixation [184}. Consequently, nitrogen fixers tend to
express an uptake hydrogenase to oxidize H, to H,0, resulting in O, consumption and
energy (ATP) generation. In free-living Frankia as well as in cultures of some
rhizobia, activation of hydrogenase expression by H, results in an increased
nitrogenase activity [185—189].

Research on the benefits of uptake hydrogenase activity for symbiotic nitrogen
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fixation, has yielded inconclusive data. For legume symbioses, where the effects of
isogenic strains differing only in hydrogenase activity could be examined. contradic-
tory resuits were obtained. While in some cases, hydrogenase activity was beneficial
for the symbiotic performance of a rhizobial strain [190—192] in others it was
detrimentaf {193,194]. Af any rate, no selection pressure favouring rhizobia which can
express hydrogenase seems to exist, as signified by the fact that many rhizobial
strains have been isolated which do not contain uptake hydrogenase [195—197].
Therefore, it seems likely that uptake hydrogenase activity is not important under
conditions of sufficient carbon supply and O, protection. This hypothesis is supported
by physiological studies on free-living Azorhizobium caulinodans ORS571, showing
that hydrogenase activity is a disadvantage under conditions of (3, lirnitation [198].

For Frankia. no isogenic strains are avatlable. hampering studies on the role of
hydrogenase activity for symbiotic nitrogen fixation (for review see [199]), However,
the vast majority of Frankia strains isolated thus far shows hydrogenase activity
{[200]; F. Tavares, U. Mattsson and A. Sellstedt, personal communication). Thus, in
actinorhizal nodules where the bacteria have to contribute 0 O, protection
themselves, bacterial uptake hydrogenase activity may be more important for
symbiotic efficiency.

Nitrogen metabolism

In both legume and actinorhizal symbioses, ammonium, the product of nitrogen
fixation, is exported by the bacteria and assimilated in the plant cytoplasm via the
glutamine synthetase (GS)/glutamate synthase (GOGAT) pathway (for review see
[201]). High levels of plant GS activity were found both in legume and in A.
glutinosa nodules [201]. After ammonium assimilation, glutamate has to be
metabolized into nitrogen transpert forms, which depend on the plant species. In
ternperate legumes as well as in most actinorhizal plants examined thus far, the major
nitrogen transport forms are amides, namely, glutamine and asparagine [201,202].
Tropical legumes with the exception of some trees-[203] transport ureides [201]. Most
Alnus species and Caswarina equisetifolia use an ureide, citrulline, as nitrogen
transport form [201,202},

In indeterminate legume nodules as well as in actinorhizal nodules of Afnus,
ammonium assimilation as signified by GS expression seems to be confined to the
infected cells and to the nodule vascular system [153,204,203]. In determinate
nodules, however, where ammonium assimilation and the synthesis of ureide for
nitrogen transport are spatiaily separated, the situation is more diverse: GS activity
in soybean nodules was found both in the infected and in the uninfected cells [206],
while GS expression in nodules of Phaseolus vuigaris was confined to the infected
cells and to the nodule vascular system [207]. However, uricase (nodulin-35), which
catalyzes the oxidation of uric acid to allantoin, in both soybean and Phaseolus
nodules is localized in the specialized peroxisomes of uninfected celis only
[208—210], and the activity of the enzyme catalyzing the next step in purine
oxidation, allantoinase, was also confined to the uninfected cells [208]. The
uninfected cells of determinate nodules, contain specialized peroxisomes where these
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enzymes are localized and ureide biosynthesis takes place [211]. They form a network
and are involved in transport of nitrogenous compounds to and carbon sources from
the noduie vascutar bundles [212]. Connected by an elaborate tbular endoplasmic
reticulum system which is appressed to the specialized peroxisomes, the ptaces of
ureide biosynthesis, and continues through plasmodesmata, they constitute a more or
less continuous network throughout the central tissue, facilitating the transport of
nitrogenous compounds to the nodule vascular bundle {212]. In indeterminate legume
nodules, however, where amides serve as nitrogen transport form, whose biosynthesis
takes place in the cytoplasm, no specialized function could be assigned to the
unintected cells in the central tissue, which are fewer than in determinate nodules and
do not form a network [73]. Here, efficient transport of nitrogenous compounds seems
to be achieved by the presence of transfer cells in the pericycle of the nodule vascular
bundles, providing an abundant surface area across which the transport can occur
(213].

In actinorhizal nodules of Alnus giutinosa, citrulline biosynthesis seems to take
place in the infected cells, since acetyl omithine transaminase, an enzyme invoived
in citrulline biosynthesis, has been found to be expressed in these cells [153].
Although Alnus is a ureide transporter, there is no homology with determinate legume
noduies, because citrulline is not synthesized via de novo ureide biosvathesis as in
the case of the tropical legumes [214.215], but via omithine [216]. Thus, the
brosynthesis of citruiline does not require peroxisomal enzymes, but seems to take
place at least partially in the mitochondna where omithine carbamoyl transferase was
detected [217]. No metabolic specialization of the uninfected cells of Alnus nodules,
except for starch storage [218], couid be found up to now. Transport functions in
Alnus nodules seem to be fulfilled by the pericycle of the central vascular bundle of
the nodule lobes, which consists of several layers of small celis with a dense
cytoplasm, but without the cell wall structures typical for transfer cells [136,219].
Considering that in Al/nus nodule lobes, the transport function which in legume
nodules is carried out by several vascular bundles, is concentrated on the central stele,
it seems likely that the proliferation of the pericycle serves to improve-the transport
capacities.

Carbon metabolism

Nodules need to be supplied with carbon sources for maintenance and growth, energy
for N, fixation and for supply of acceptor molecules for assimilarion of the fixed
nitrogen. Shoot carbohydrate pools have been identified as the primary source for the
maintenance of nodule N, fixation activity, also during darkness ([218,220]; reviewed
for legumes in [221]), in spite of the presence of starch grains in legume [96,210] and
actinorhizal nodules [218,220,222]. Assimilates are transported in the form of sucrose
from source to sink tissues [223] where they are introduced into metabolism by the
action of symplastic sucrose synthase, or apoplastic invertase. In mature legume
nodules, high sucrose synthase activities have been detected [224], and sucrose
synthase transcription has been shown to be induced in legume as well as actinorhizal
nodules [153,225,226].
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Analysis of nodule enzyme activities has shown that malate is the primary product
of glycolysis in legume noduies, and in turn seems to be exported to the bacteroides
aS an energy source or 1o serve as an ammontum acceptor and to be metabolized to
aspartate {221). This is achieved by high activities of phosphoenolpyruvate (PEP)
carboxylase, malate dehydrogenase (MDH) and aspartate transaminase (AAT) in
legume nodules [221,227]. Nodulin-26 wiich is located in the PBM, has been
suggested to mediate the transport of malate into the PBS [29], although its low
substrate specificity in vitro indicates that it is more likely to form a pore responsible
for the uptake of ions or small metabolites in general [228]. In actinorhizal nodules
of A. glutinosa, high activities of PEP carboxylase [229] and MDH activity were
found [230]. However, the identity of the carbon source provided by the plant to
endosymbiotic Frankia 1s not clear yet, aithough a malate-aspartate-shuttie has been
suggested {230}. Furthermore, it remains to be exammed how far nodule carbon
transport and metabolism differs between different actinorhizal symbioses.

Conclusions and future prospects

In nodules, specific needs have to be fulfilled to allow nitrogen fixation. The
comparison between legume- and actinorhizal nodules shows that these requirements
can be met in a variety of ways. This implies that there will be multiple possibilities
to solve these problems in new nitrogen fixing systems.

The comparison of structure and development of Rhizobium/legume and
actinorhizal nodules has revealed several differences. First, Rhizobium/legume nodules
have a stem-like morphology with peripheral vascular system and infected cells in the
central tissue, while actinorhizal nodulé lobes represent modified lateral roots with
a central vascular cylinder and infected cells in the corex. Second, the two types of
nodules are also developmentally different, legume nodule primordia being induced
in the root cortex and actinerhizal nodule primordia in the root pericycle. Third, while
rhizobia in symbiosis are released into the plant cytoplasm by a process resembling
endocytosis, no such release 1s taking place in actinorhizal symbioses. Fourth, there
is no compartment in actinorhizal nodules cormresponding to the infection thread
matrix in Rhizobium/legume systems. Thus, both types of symbioses seem fundamen-
tally dissimjlar. However, in spite of these differences there is evidence for a
phylogenetic relationship between both symbioses, since the comparison of sequences
of the gene encoding the large subunit of ribulosebisphosphate carboxylase from
different plant species has shown that there seems to be a single phylogenetic origin
of susceptibility to nitrogen-fixing root nodule symbioses in angiosperms {231). This
is supported by the fact that nodules induced by Rhizobium on Parasponia
(Ulmaceae), the only nonlegume being able to enter a symbiosis with rhizobia [232},
structurally and developmentally resembie actinorhizal -nodules. Furthermore, in
Parasponia nodules, rhizobia are not released from the infection threads, and an
infection thread matrix is not discernable [233,234]. Thus, the differences between
both symbioses may simply be due to the variability of ways to meet the re-
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quirements for symbiotic nitrogen fixation in legumes vs. other plant families.

While previously legume nodules were considered unique organs and root nodule
induction seemed to require a set of specific genes, new results have changed ocur
view on nodule development. Proteins previously thought to be nodule-specific, have
been shown 1o have counterparts in nonsymbiotic plant development, as it has been
found for hemoglebin [28,235]. Infection thread growth during legume nodule
induction has been related o a common developmental process, namely cell cycling
(69]. Root hair deformation has been identified as newly induced tip growth (54]. The
identification of the developmental pathways from which symbiotic processes are
derived, wiil allow the development of sirategies to engineer new systems. Hence, the
possibility of transferring the ability to enter N.-fixing symbioses to other crop plants
can be considered more optimistically nowadays because of the results in recent
research on nodule development.
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Abstract

Two nodule cDNA clones representing genes involved in Alnuy glutinosa nitrogen metabolism were analysed. ag!/
encoded glutamine synthetase (GS), the enzyme responsible for ammonium assimilation, while gg//8 encoded
acetylornithine transaminase (AOTA), an enzyme involved in the biosynthesis of citrulline, the nitrogen transport
form in Alnus. G8 mRNA was found at highest levels in root nodules, where it was present in the infected ceils as
well as in the cells of the pericycle of the vascular system. AOTA transcripts were found at high levels in nodules,
confined to the infected cells, suggesting that in nodules of A. glutinosa, citrulline biosynthesis takes place mainly

in the infected cells.

The major enzyme responsible for the first step
in ammonium assimilation is glutamine synthetase
(GS; EC 6.3.1.2) which catalyses the ATP-dependent
condensation of ammonium with glutamate to yield
glutamine [16]. Plant GS iscenzymes are located in the
cytosol or the chloroplasts [23]. Different GS isoforms
are encoded by small multigene families whose mem-
bers have been shown to be differentially expressed in
an organ-specific manner [2, 28, 33|. GS expression
has been extensively investigated in legumes, espe-
cially in root nodules where GS plays a crucial role in
the assimilation of ammonium, the product of rhizobial
nitrogen fixaticn.

Nitrogen-fixing actinomycetes of the genus
Frankia can induce actinorhizal nodules {actinorhizae)
on the roots of several woody plants from eight dif-
ferent families, collectively calied actinorhizal plants.

The nucleolide sequence data reported will uppear in the EMBL.,
GenBank znd DDBI Nucleotide Sequence Databases under the
accession number YO8681 (pAgl1) and YOB680 (pAglI8).
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Actinorhizal nodules structurzlly resemble modified
lateral roots without root caps, with a central vas-
cular tissue and infected cells in the expanded cor-
tex {3]. In actinorhizal nodules as well as in legume
nodules, ammonium, the product of bacterial nitrogen
fixation, is assimilated via the GS/GOGAT {(glotam-
ine synthetase/glutamate synthase) pathway [31]. GS
activity has been found in root nodules of A. gluiinosa,
where it was associated with the cytosol of the large
inner cortical cells [4, 17].

The product of the GS/GOGAT pathway, glutam-
ate, is further metabelized in root nodules to yield
a nitrogen transport form which is brought inte the
xylem. The nitrogen transport form depends on the
host plant. Most actinorhizal plants export amides, but
Alnus species are citrulline exporters [31]. In plants as
well us in microorganisms, citrulline is synthesized via
the arginine biosynthetic pathway. The enzyme acet-
ylornithine transaminase (AOTA; also known as acet-
ylornithine aminotransferase, ACOAT, EC 2.6.1.11)
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Aglls 1 MTSLOYFSLNRPVFPATHLHR PGIRHLQVSACANVEVOAPSEVKKQGVEE 5¢
ArgD 1 MSLQTLIEQATNFPESGSAASSPFBT 26
ARGSE 1 MFKRYLSSTSSKRFT 15

AgliB 51 EVMEAAGRVLVGTYAR. VPVVLSRGRGCRLY . DPEGREYLDLSAGIAVNV 98
ArgD 27 DSFDAS. . .VMSTYGR.FPLALERGAGCRVW . DTOGKEYLOFVAQIATCT 71
ARGS 16 SILEEKARQV. TTYSRPEDLC ITROKNAKLYDDVNGKEY IDPTAGIAVTA 64

agllh 99 LGEADSDWLRAVTEQAATLTHVSNVEY....... STPOVELARRLVASSF 141
AzgD 72 LGHAHPAMVEBAVYRQ IQKIHEVENLYY IFEQGELAQWIIQ. . ... .. H8C 124
ARGE 65 LGHEANPKVAEILHHQANKLVESISNLYFTRECLDLSEKIVEKTRQFGGRAD 114

Agll8 142 ADRVFFSHNEGTEANEAAIKFARKEQRFTRFDEKQPATEFVSFSNSFEGRT 191
ArgD 125 ADRVPFCHSGARAMEAATKTARKYAHTYVT.DIEK...PIILTANASFEGRT 161
ARGB 115 ASRVFLCNSOTEANEAALFPAKKHG. IMENPSKQ. ..GIVAFENSPHGRT 160

Aglls 192 MASLALTSKENYRSPFEPVMPGVTFLEYGNIEAATQLI. . ... QRPKIAA 236
ArgD 162 LATITATGQAKYOKYPDPLVPGFHYVNYNDISAVEARISELDEGDYRVAA 211

ARG8 161 MGALSYIWNSEKYRTPPGULVPHVSFLNLNDEMTKLQSYIETKKDE. .IAG 208

Agllé 237 VFVEPIQARGGVYSATKEFLYALREACDDSGTLLVFDEVQCGULGRTGYIN 286
ArgD 212 ILIEPLQGEGGVRPGDVEYFQKLRQICDDTGILLMFDEVQVGMGRSGKIN 261
ARGES 209 LIVERIQUEGGVFPVEVEKLTGLKRICQINDVIVIHDEIQCALGRSGKLY 258

Agll8 287 AREIY..DVFPDIMTLAKPLAGGLPIGAVLVTERVASATTYGDRGTTFAG 334
ArgD 262 GYEYLGVE. .FDIFTSAKGLGUALPIGA.MMSKKFCDVFOPGEHASTFGG 308
ARGES 259 AHAYLPSEAHPDIFTSAKALGNGFPIAATIVNEKVNNALRVGDEGTTYGA 308

Agl18 335 GPLVCKAALTVLDKILRPGPLASVSERGHYFKEMLINKLGG NSHVEEVR 383
ARGD 309 NPFACGVALAVCOTLERENTLONVODRGEQOLRSGLRATAAKYPHELTEVR 358
ARGS 309 NPLACSVSNYVLDTIADEAFLKQVBKKSDILOKRLAREICAKYPNCIKTIR 358

Aglla 384 GVGLIVGIELD....VSASPLVNACLNSULLVLTAGKGNVVRIVPPLIIT 429
ArgD 359 GWOLINGLELAADIPLTAADVVEAAINEGLLIVPAGPK.VVRFVPFLIVT 407
ARGE 359 GKOLM....LGAEFVEFPTEVIKKARELGLLIITAGKS. TVRFVPALTIE 403

Agllg 430 EQBLEKAAEILLQCLPALDRHG 451
ArgD 4038 BARINTALKLLEFALATVTA 427
ARGES JU4CELIEEGMDAFEKAIEAVYA 423

Figure . ADTA amino acid sequence comparisons. Comparison between the amine acid sequence of Agl18 and the sequences of Anabacna
AOTA (ArgD) | 13]) and yeast AOTA (ARGS) [13). Sequence data were analysed using the programs of the Wisconsin Genetics Computer Group
(GCG) [9). Gaps were introduced to optimize the alignment. Identical amino acids are given in bold type.

catalyses the fourth step in this pathway, the con- of the cDNA clones were sequenced [30] and the

version of N-acetyl-y-glutamate semialdehyde to N-
acetylornithine [22, 7, 8].

pAglland pAgl 18 from an A. glutinosa nodile
¢DNA library encode a glutamine synthetase and an
acetylorithine transaminase, respectively

To analyse nitrogen metabolism in actinorhizal nod-
ules, an A. glwinosa nodule cDNA library was
screened differentially with nodule and root cDNA,
respectively [29]. 24 clones hybridizing with nod-
ule cDNA but not or only weakly with root cDNA
were purified. Their plant origin was confirmed by
Southern hybridization with total DNA from the host
plant A. glusinosa and the microsymbiont Frankia
HFPArl3, and their nodule-enhanced expression was
confirmed by Northern hybridization with total RNA
isolated from roots, nodules and shoot tips of A. glu-
tinosa, respectively ([29], data not shown). The ends
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deduced amino acid sequences were used for homo-
logy searches in the nucleotide sequence databases
of the National Center of Biotechnology Information
(NCBI), National Library of Medicine, NIH, in Beth-
esda, MD [1]. Two clones encoding products that were
involved in nitrogen metabolism were selected for fur-
ther characterization. .

The insert of the cDNA clone pAgl1 was found
to encode a 356 amino acid polypeptide, showing
high amino acid sequence homology with all plant GS
enzymes. Highest homologies were found 1o a cytoso-
lic GS from roots and nodules of soybean (95% amino
acid similarity; data not shown) [24] and to a nodule-
enhanced cytosolic GS from alfalfa (%3%; data not
shown) [34]. Because of these homologies and the fact
that Ag!l does not contain a transit peptide sequence
at the N-terminus (data not shown), it probably repres-
ents a cytosolic GS isoform and was termed AgGS1. In
previouns physiclogical studies by Hirel ef al. [17], two




GS isoenzymes have been reported in Alnus glutinosa
nodules, a majorisoform and minorisotorm, The major
one showed the same chromatographic behaviour as,
and probably was identical with, rcot GS {17]. Up to
now, the data available do not allow te conclude which
isoform AgGS1 represents.

The insert of the cDNA clone pAgll8 encoded
a 451 amino acid polypeptide, homologous fo acet-
ylorithine transaminase (AOTA) encoded by the argD
gene of Anabaena (43%: Fig. 1) 13| and by the ARGS
gene from Saccharomyees cerevisiae (42%; Fig. 1)
[15]. Only in the N-terminal regions, which prob-
ably represent transit peptides for specific subcellu-
lar localization, amino acid sequences were divergent.
These data strongly suggested that Ag | 18 represents an
AOTA. Itis known that yeast AOTA (ARGS) and mam-
malian ornithine aminotransferase {OAT) are all ioc-
ated in the mitochondrizl matrix [25, 15]. This would
suggest that Agl 18 is also located in the mitochon-
dria. The N-terminus of Agl 18 [ulfils the criteria for
mitochondrial transit peptides and for the N-termini
of mature mitochondrial proteins |38]. The mitochon-
drial tocalization of AOTA agrees with cytochemical
data on the localization of omnithine carbamyl trans-
ferase, another enzyme involved in citrulline biosyn-
thesis which was found in the mitochondria of host
cells in Alrus root nodules |32], indicating that citrul-
ling is synthesized in the mitochondria.

To analyse the organization and complexity of GS
and AOTA genes in A. glutinosa, DNA gel blots con-
taining total DNA of A. glutinosa digested with EcoRI,
BamHI and HindlIl were hybridized with the complete
inserts of pAgl 1 and pAg |l 18, respectively. The results
are shown in Fig. 2. Both G5 and AOTA seem to be
encoded by small gene families in A. gluiinosa. The
GS DNA gel blot hybridization results indicate that
there are at {east two members in the GS gene family
of A. glutinosa (Fig. 2A), while the hybridization with
agll& leads to a more complicated pattern, contain-
ing several weaker hybridizing bands (Fig. 2B). These
bands might represent genes encoding other amine-
transferases, since Agll8 alse showed homology to
human [18] and Drosophila ananassae OATs (Gen-
Bank accession number dbjlD5033 1; data not shown),
supporting the hypothesis of an evolutionary relation-
ship between AOTAs and OATS [15].

Expression of GS and AOTA

RNA gel blothybridization was performed to check the
organ-specific expression of GS and AOTA genes using
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Figire 2. DNA pel blot hybridization analysis. DNA gel blots
containing total DNA of Afnus ghufosa [29] digesied with EcoRI
{E). BamHI (B) and HindlH (H) were hybridized with *P-labelled
inserts of pAgll (A) and pAgl18 (B} respectively. Hybridization
conditions have been described elsewhere [29]. The ag/f cDNA
contains an EcoRI & HipdIll and two SamHI siwes. The agfl8
cDNA contins a HindlIll site.

RNA isolated from seedling roots and cotyledons har-
vested 2-3 weeks after germination, nodules harvested
5-8 weeks after infection, shoot tips, male and female
flowers, and developing fruits harvested in April, June,
and September 1994, respectively. As shownin Fig. 3,
GS transcripts were found in all the tissues tested, with
highest levels in the nodule (Fig. 3A). AOTA mRNA
was found to be present at high levels in nodules and
at very low levels in roots (Fig. 3B). Regarding the low
expression levels found in roots, it should be noted that
the roots for RNA isolation were taken from seedlings
germinated in the absence of nitrogen sources,

The expression patterns of agf/ and gl /8 in the
nedule were determined by in sitw hybridization of
longitudinal and cross-sections of A. glutinosa nod-
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Figure 3. RNA gel blet hybridization analysis. RNA gel blots con-
taining about 10 ug total RNA |27| per slot were hybridized with
F2Pplabelled inserts of pAgll (A) und pAgl18 (R), respectively.
Hybridization conditions have been described elsewhere [29]. The
amount of mMRNA on the filters was detenmined by hybridization with
asoybean ubiquitin probe [19]. Signal was quantified by a Phosphor-
Imager (Molecular Dynamics, Sunnyvale, CA). Expression levels
are shown as relative area units calculated from comparison with
ubiquitin expression, RNA wus isolated from roots, nodules, coty-
tedons, shoottips, male flowers, female flowers, and from immnature
fruits harvested Aprii, June, and September, respectively,
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ules with **S-labelled antisense and sense RNA probes,
respectively [35). For a marker of the developmental
gradient of the infected cells, in situ hybridizations
with antisense RNA of the nitrogenase structural gene
nifH from Frankic HFPAT]3 were performed on adja-
cent sections [29]. The results are shown in Fig. 4. GS
mRNA was found in the infected cortical cells and in
the cells of the muitilayered pericycle of the central vas-
cular system of the noduie lobe. The highest amounts
of GS transcripts were found in the infected cells show-
ing the highest level of Frankia nifH expression. GS
mRNA could not be detected in infected cells before
the onset of bacterial nitrogen fixation (Figs. 4A/B,
C/D). The AOTA gene showed a different expression
pattern in A. glutinosa nodules. [t was highly expressed
in the infected cells of the nedule, but no AOTA mRNA
could be found in the pericycle of the nodule vascular
system (Figs. 4E/F), indicating that expression in this
tissue was below the detection limit. For both GS and
AOTA, no signal was detected in hybridizations with
sense RNA probes (data not shown).

GS expression in legume nodules

To compare the expression paiterns of GS between
actinorhizal and legume nodules, in sife hybridization
of legume GS was performed. Longitudinal sections
from indeterminate nodules of pea (Pisum safivim ssp.
sativum L. cv. Rendo) and from determinate nodules
of Phaseolus visigaris L. cv, Negro-Jamapa [36] were
hybridized with P vulgaris nodule-specific GS (gin-
7) [2] antisense and sense RNA, respectively. Results
are shown in Fig. 4. [n pea nodules, GS was found
to be expressed in the nodule meristem, at decreased
levels in the prefixation zone and interzone, and at
highest levels in the tixation zone, in both infected and
uninfected cells. [1s transcripts were detected also in the
nodule vascular system (Figs. 4G/H). These results are
consisient with those of promoter analysis of pea GS3A
ir transgenic alfalfa nodules [51. In £ vulgaris nodules.
gln—y transcripts were confined 1o the infected cells
(Figs. 41T}, confirming the results of Forde et al. | 14].
Thus, while the study of nodule GS gene expression
using promoter-GUS fusions in heterologous legumes
can yield misleading results [21]. the data obtained for
pea and P. vulgaris could be confirmed using in situ
hybridization.



Conclusions

In A. glutinosa nodules, GS and AOTA genes were
both found to be expressed in the infected cortical cells,
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while GG expression was also found in the pericycle of
the nodule vascular system. Thus, it is very probable
that the assimilation of ammonium exported by sym-
biotic Frankia, and the biosynthesis of the nitrogen




Figure 4. In siju localization of GS and AOTA mRNA. In bright-field micrographs (A, C, E, G, 1, I), silver grains denoting hybridization are
visible as black dots. In dark-field micrographs (B, D, F, H), silver grains appear as white dots. Panel {F) is a dark fieid photograph taken under
epipolarized light to visualize silver grains in particular, For the preparation of A. glutinnsa GS sense and antisense RNA probes, a 650 bp EcoR1
fragment containing the 5 half of the cDNA was subcloned in pBluescript XS (Siratagene). The Tesuliing clone was linearized with Xbal
and antisense RNA was transcribed using T3 RNA polymerase, or it was linearized with Sall and sense RNA was transcribed with T7 RNA
polymerase. For AOTA, a 5ol deletion derivative of pAg! 18, containing the 5' 400 bp of the cDNA was lincarized with EcoRl and antisense
RNA was transciibed using T3 RNA polymerase, or it was lineurized with Ssil and sense RNA was transcribed with T7 RNA polymerase.
For P. vifgaris gin-y, a 360 bp EcoRIBamHI fragment of the coding region [14] was subcloned in pBluescript KS¥. The resulting plasmid
was linearized with EcoRI and antisense RMA was transcribed with T7 RNA poiymerase, or it was linearized with BamHI and sense RNA
was transcribed with T3 RNA polymerase. The production of Frankia nifHf anlisense RNA has been described elsewhere [29]. A/B. Section
of a 8-week-old A, glutinosa nodule hybridized with Frankia nifHf antisense RNA. nifHf expression is confined to the infected cells filled with
Frankia material (black arrowhead}, while no expression can be delected in young infected cells not ¥et completely filled with hyphae (white
arrowheads). A white arrow points &t the pericycle in the cross-section of a nodule vascular bundle. A short black arrow points at the root
pericycle. C/D. An adjacent section of the same nodule hybridized with A. glutinosa GS antisense RNA. In infected cortical cells not yet
completely hilled with hyphae, i.e. not expressing Frankia nifH and not fixing nitrogen, GS expression cannot be detected (white arrowheads),
while high levels of GS expression are visible in the nitrogen fixing infected cells (black arvowheads). High levels of GS expression are aiso
found in the pericycle of the noduie vascular system (white arrow), but expression in the pericycle of the root is below the detection level (short
black arrow). No GS expression is detectable in the meristerns of nodule lobes (thick black arrows; m). E/F. Cross section of a 12-week-old
nodule lobe hybridized with A. ghtinose AOTA antisense RNA. While infected cortical cells are showing hybridization (black arrowhead),
no hybridization is found in the pericycle of the nodule vascular system (white arrow). G/H Loengitudinal section of a 18-day-old pea noduie
hybridized with P. vielgaris G5, antisense RNA, The zonation of the nodule according 1o Vasse er af. [37] is indicated, GS expression is detected
in the meristem (1), in the prefixation zone (2), in the interzone (3) and in the fixation zone (4). A senescent zone has not yet developed. Highest
expression levels are found i the fixation zone, G5 is also expressed in the nodule vascular systam (arowhead). I Section of a 14-day-old
white / vudgarix nadule, not yet fixing nitrogen, hybridized with P vidgaris GS, antisense RNA. Expression is conlined to the infecied cells of
the central tissue (arrow}, J. Section of a 21-day-old pirk nitrogen-fixing £ vidgaris nodule, hybridized with P vulgaris GS, antisense RNA.
Gs., expression is still confined to the infected cells of the inner tissue (arrow). The bars denote 300 pan. The bar in A is valid for A-D, the bar
in E is valid for E-J.

transport form, citrulline, occurs mainly in the infec-
ted cells of A, glutinosa nodules. Citrulline would then
have to be exported from the infected cells to the xylem
elements.

The special muitilayered pericycle of the central
vascular system of Alnus nodule lobes consists of
small cells with a dense cytoplasm and high metabol-
ic activity, as shown by the presence of high amounts
of mitechondria, and by high levels of sucrose syn-
thase expression [6, 36]. The fact that GS transcripts
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were found in the pericycie of the nodule vascular sys-
tem indicates that free ammonium is present in this
tissue. Thus, either ammonium is diffusing from the
infected cells to the pericycle, or assimilation products
are degraded in the pericycle, yielding ammonivm for
reassimilation. The latter hypothesis is sopported by
the fact that the composition of nitrogenous solutes in
the stem xylem and the nodules is different, arguing
for a degradation and reassimilation process of nitre-
genous solutes during transport to the plant vascular




system. Glutamate is enriched in the stem xylem com-
pared to nodules [4]. An assimilation product might
be degraded in the pericycle, and ammoniym reas-
similated by the GS/GOGAT cycle to yield glutamate.
Such degradation/reassimilation processes have been
postulated by Lea and Miflin [20] who have estimated
that a nitrogenous solute can be catabolized and reas-
similated five or more times before ending up in the
seed. Thus, we postulate that nitrogenous sclutes are
degraded and ammonium is reassimilated in the vascu-
lar pericycle of Afaus nodules in the course of transport
10 the xylem. Also in legume nodules, GS expression
is found in the nodule vascular system, indicating that
reassimilation of ammonium occurs in the course of the
transport of nitrogenous solutes to the xylem [14, 5, 34]
(Fig. 4G/H; Fig. 41/]}. Reassimilation of ammonium
seems 1o be involved in nitrogen transport in general,
since GS expression has been detected in the phloem
of stems, leaves, and roots [11].

All legume nodules examined thus far have in com-
mon that GS gene expression in the central tissue is
controlled developmentally as well as metabolically,
while the different modes of regulation usually are
applied to different GS genes [16]. The fact that GS
expression is always induced before the onset of nitro-
gen fixation and the export of ammonium by bacter-
oids [26. 14, 24, 34] (Fig. 4G/H; Fig. 41/)), and the fact
that GS is expressed in ineffective, i.e. not nitrogen-
fixing nodules, indicate developmental control. Meta-
bolic control, i.e. induction by ammonium, has been
shown directly for a soybean GS gene [24]. Further-
more, the fact that GS expression is consistently much
lower in ineffective than in effective nodules [39, 10,
12} indicates that legumes contain GS genes which are
expressed in nodules under metabolic control. This is
different from the situation in actinorhizal nodules of
A. glutinosa, where GS induction does not seem to
precede the onset of bacterial nitrogen fixation. Ia the
infected cells, GS and ADTA expression was confined
to the nitrogen fixation zone, i.e. to those infected
cells where Frankia is fixing nitrogen and exporting
ammonium to the plant cytoplasm. Thus, development-
al control of GS expression seems to be lacking in the
infected cells of A. glutinosa nodules.
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Abstract Two different types of nitrogen-fixing root
nodules are known — actinorhizal nodules induced by
Frankia and legume nodules induced by rhizobia.
While legume nodules show a stem-like structure with
peripheral vascular bundles, actinorhizal nodule lobes
resemble modified lateral roots with a central vascular
bundle. To compare carbon metabolism in legume and
actinorhizal nodules, sucrose synthase and enolase
¢DNA clones were isolated from a ¢cDNA library, ob-
tained from actinorhizal nodules of Afnus glutinosa.
The expression of the corresponding genes was mark-
edly enhanced in nodules compared to roots. In situ
hybridization showed that, in nodules, both sucrose
synthase and enolase were expressed at high levels in
the infected cortical cells as well as in the pericycle of
the central vascular bundle of a nodule lobe. Legume
sucrose synthase expression was studied in indetermi-
nate nodules from pea and determinate nodules from
Phaseolus vulgaris by using in situ hybridization.

Key words .Alnus glutinosa - Actinorhiza - Nodule -
Sucrose synthase + Enolase

Introduction

Symbiotic nitrogen fixation in legume as well as
actinorhizal root nodules is dependent on the supply of
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carbohydrates from the host plant, which has to pro-
vide substrates for plant and bacterial respiration
(Akkermans et al. 1981; Vance and Heichel 1991) and
acceptor molecules for the assimilation of fixed nitro-
gen (Schubert 1986). Thus, efficient transport and meta-
bolism of carben seurces is essential for nitrogen-fixing
root nodules. The host plant also has to provide carbo-
hydrates for nodule starch biosynthesis. Indeterminate
legume nodules contain starch in both infected and
uninfected cells (Vasse et al. 1990), and starch grains are
present in the uninfected cells of determinate legume
nodules and actinorhizal nodules (Wheeler and Lawrie
1976; Taté et al. 1994). The main transport form of
photosynthate from source to sink tissues in plants is
sucrose, which is transported from the shoot to the
nodules (Pate 1962). Sucrose degradation can be in-
itiated by the activity of apoplastic invertase or sym-
plastic sucrose synthase (Morell and Copeland 1984,
1985). The latter appears to be primarily used in mature
legume nodules {Kouchi et al. 1988; Anthon and
Emmerich 1990). Sucrose synthase (UDP-glucose: p-
fructose-2-glucosyl-transferase, EC 2.4.1,13) catalyzes
the cleavage of sucrose to p-fructose and UDP-glucose
(Akazawa and Okamoto 1980). At the sites of sucrose
synthase activity in nodules, either starch biosynthesis
or assimilate degradation for ammonium acceptor mol-
ecules or respiratory substrates should be taking place.

If the products of sucrose synthase reaction are
not used for starch biosynthesis, but provide carbon
sources for respiration or acceptor molecules for
ammonium assimilation, UDP-fructose has to be me-
tabolized to phosphoenolpyruvate (PEP). Subsequent
carbon dioxide fixation by PEP carboxylase leads to
the formation of dicarboxylic acids which can then be
reduced to malate. High PEP carboxylase activities
have been detected in both legume and actinorhizal
nodules (Vance and Heichel 1991; McClure et al. 1983).
PEP formation involves the action of enolase

(2-phosphe-p-glycerate hydrolase, EC 4.2.1.11) in the
last step. Thus, high enolase activities are expected in




nodules as well. At the sites of enolase activity, sucrose
should be used for the production of acceptor molecu-
Ies for ammonium assimilation or of substrates for
plant and bacterial energy production, but not for
starch biosynthesis.

While metabolism and development of legume
nodules have been studied extensively, actinorhizal
noduies have received less attention up to now (Mylona
et al. 1995; Benson and Silvester 1993). Actinorhizal
root nodules are formed by several dicotyledonous
plant species upon infection by actinomycetous bac-
teria of the genus Frankia (Benson and Silvester 1993).
The tissue organization of actinorhizal nodule lobes
resembles that of lateral roots without root caps and
with infected cells in the expanded cortex (Berry and
Sunell 1990). While they are dissimilar from nodules
induced by (Azo-, Brady-)Rhizobium on legume roots
(Mylona et al. 19935), their structure is very similar to
that of nodules induced by (Brady-)Rhizobium on Para-
sponia, the only non-legume nodulated by Rhizobium
(Trinick 1979}). Recently, a single phyletic origin for
susceptibility to nitrogen-fixing symbioses in angio-
sperms has been suggested (Soltis et al. 1995). Thus, both
types of nitrogen-fixing symbioses seem to be related.

In order to compare the carbon metabolism in legume
and actinorhizal nodules, sucrose synthase expression
was analysed by in site hybridization in actinorhizal
nodules of Alnus glutinosa and in Rhizobium-induced
nodules of pea and Phaseolus vulgaris, respectively. The
sitpation in actinerhizal nodules was further examined
by analysis of enolase expression.

Materials and methods

Plant and bacterial growth conditions

Alnus glutinosa seeds were collected from a lecal source (Weerrib-
ben, The Nethetlands). Growth conditions have been described
elsewhere (Ribeiro et al. 1995) Nodules were harvested 5-13 weeks
after infection, depending on the growth state of the plants. For
isolation of root RNA, seedling roots were collected from uninfected
plantlets 2 to 3 weeks after germination. Far isolation of shoot tip
RNA or genomic DNA, shoot tips including the two youngest
unfolded leaves were collected from plants 5-13 weeks after infec-
tion. Cotyledons were harvested 2 to 3 weeks after germination. 4.
glutinosa flowers were collected from a local stand (Wageningen,
The Netherlands) in March 1994, Developing fruits were collected
from the same stand in April, June, and September 1994, respectively.
Pisum sativum ssp. satioum L. ¢v. Rondo was grown in gravel trays and
inoculated with Rhizobtum leguminosarum by viciae 248 as described
by Bisseling et al. (1978). Phaseoius viigaris L. cv. negro Jamapa was
inoculated with R. leguminosarum bv. phaseoli strain CE330 (Dicbold
and Noel 1989) grown in YEM medium (Bhuvaneswari et al. 1930).
Eegume nodules were harvested 2-3 weeks alter infection.

Isolation of DNA and RNA

DNA and RNA were isolated from A. glutinose leaves as described
by Ribeiro et al. (1995). Total RNA was isolated from legumes as
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described by Pawlowski et al. (1994). Poly(A) RNA was isolated
from total RNA using Dynabeads (Dynal, Oslo, Norway) according
to the protocol provided by the manufacturer.

Construction and screening of a ¢cDNA library

A cDNA library was custom-made by Stratagene (La Jolla, Calil,
USA) in 2ZAPII from poly{A) RNA of 4. ghitinosa nodules bar-
vested 5—8 weeks after infection. Differential screening of this library
has been described by Ribeiro et al. (1995).

Cloning and sequencing procedures

DNA manipulations were carried out as described by Sambrook
et al. (1989). The nuclectide sequences were determined by the
dideoxy chain-termination method (Sanger et al. 1977) using an
automatic sequencer (Applied Biosystems, Foster City, Mass.,, USA;
Model 373A). S8equence data were analyzed using the programs of
the Wiscensin Genetics Computer Group (Devereux ot al. 19841

Southern and Northern hybridization conditions

Total RNA was denatured in dimethyl sulfoxide/glyoxal and elec-
trophoresed on 1.2% agarose gels (Sambrook et al. 1989). DNA was
separated on 0.8% agarose gels (Sambrock et al. 1989). Nucleic
acids were transferred 1o GeneScreen (New England Nuclear,
Beverly, Mass,, USA) filters (RNA). Northern hybridizations were
performed in bufler containing 50% formamide at 42° C (Sambrook
et al. 1989). Filiers were washed at 65° C with decreasing salt concen-
trations down to 0.5 x 83C, .1% SDS, but in case of a heterologous
probe with 2x 85C, 0.1% SDS.

In situ hybridization

Fixation and hybridization conditions have been described else-
where (Ribeiro et al. 1995). For the Frankia nifH probe, pFnifH1
(Ribeiro et al. 1995) was linearized with EcoRI and antisense RNA
was transcribed using T7 RNA polymerase. For A, glutinosa sucrose
synthase sense and antisense probes, an X kol deletion derivative of
pAgSusl containing 922 bp of the 5 end of the cDMN A was linearized
with Xhol and transcribed with T7 RNA polymerase (sense) or
linearized with BamHI and transcribed with T3 RNA polymerase
(antisense), respectively. For A. glutinosa enolase sense and antisense
probes, a 660 bp HindITE-PstE fragment containing the 5 part of the
cDNA was subcloned in pBlueseript K8* and linearized with
HindllI and transcribed with T7 RNA polymerase (sense} or lin-
earized with BemHI and transcribed with T3 RNA polymerase
(antisense), respectively. For Vicia faba sucrose synthase, a deriva-
tive of the cDNA clone containing the first 395 bp of the coding
region and 40 bp of the 5" nontranslated region in pSVB30 (Kiister
et al. 1993) was used. The plasmid was linearized with BamH!I and
sense¢ RNA was produced using T3 RNA polymerase, or lineanzed
with HindIIl and antisense RNA was produced using T? RNA
pelymerase. For legume in situ hybridizations, 6 x 10° cpmy/slide
were used. For A. glutinosa in situ hybridizations, 3 x 109 ¢pm/slide
were used.

After washing, the slides were coated with microautoradiography
emulsion LM-1 {Amersham, UK) and exposed lor 4 weeks at 4°C.
They were developed in Kodak (Rochester, NY, USA) D19 develop-
er for 5 min and fixed in Kodak fixer. Sections were counterstained
with 0.02% ruthenium red and 0.025% toluidine blue O for 5 min
each and mounted with DePeX (BDH Laboratory Supplies, Poole,
UK).




Results

Isolation of sucrose synthase and enolase cDNAs from
an 4. glutinosa nodule cDYNA library

A ¢DNA library constructed from poly(A) RNA from
A. gluzinosa nodules was screened differentially with
nodule and root cDNA, respectively, in order to isolate
cDNA clones cortesponding to nodule-specific or
nodule-enhanced genes. Twelve positive clones were
isolated. Southern hybridization on blots containing
genomic DNA from Frankia HFPArI3 and A. gluti-
nosa, respectively, was performed to prove that the
¢DNAs were plant-encoded. The nodule-specific/
nodule-enhanced nature of these ¢cDNA clones was
verified by Northern hybridization with RNA from
roots and nodules (data not shown). Two ¢cDNA clones
representing nodule-enhanced genes, pAg3-1 and
pAgl4, were found to encode polypeptides involved in
nodule carbon metabolism and selected for further
analysis. Sequencing showed that the insert of pAg3-1
contained a 2412 bp open reading frame (ORF) encod-

A EBH

B EBH

Fig. 1A, B Sucrose synthase and enolase seem to be encoded by
small gene families. Southern blots containing genomic DNA of
Alnus glutinosa digested with EcoRI (E), BemHI (B), and HindIII
(H), respectively, were hybridized with the inserts of pAgSusl (suc-
rose synthase; A) and pAgPghl (cnolase; B). Stringent washing
conditions (65°C; 0.5 x 88C, 0.1% SDS) were used.
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ing a 91600 dalton protein representing sucrose syn-
thase, since it showed 84.2% amino acid sequence
identity with the sucrose synthase of Vicia fuba (Kiister
et al. 1993; EMBL accession number X92378). Accord-
ing to the nomenclature for plant sucrose synthases
{Hannah et al. 1994), this clone was renamed pAgSusl.
Sequencing of pAg144 revealed a 1323 bp ORF encod-
ing a 47600 dalton protein which was identified as
enolase (EMBL accession number X92377). This clone
was renamed pAgPghl (Cushman et al. 1994). Based on
the fact that it displayed 87.5% amino acid sequence
identity with the cytosolic enolase of Arabidopsis
thaliana and because its N-terminus did not show any
homology to the chloroplast target sequence, AgPghl
can be assumed to encode a cytoplasmic, not a plastidic
enolase (Van der Straeten et al. 1991). Four of the five
cysteine residues of plant enolases pointed out by Yan
der Straeten et al. (1991) are found also in AgPgh1 (data
not shown). Southern hybridization suggested that
both A. glutinosa sucrose synthase and enolase are
encoded by small gene families (Fig. 1A and B).

Expression of sucrose synthase and enolase in
different organs of A. glutinosa

The expression of sucrose synthase and enolase genes
in seedling roots, nodules, shoot tips, cotyledons, male
and female flowers and immature fruits of A. glutinosa
was examined by Northern blot hybridization. Both
genes showed considerably higher levels of expression
in nodules compared to roots (six to nine times for
sucrose synthase, four to 5.5 times for enolase; Fig. 2A,
B). Enolase was expressed at a higher level in roots than
in shoot tips, while sucrose synthase showed higher
expression in shoot tips than in roots. This is consistent
with the fact that although glycolytic activity is ex-
pected to be higher in non-photosynthetic tissues
(Goodwin and Mercer 1983), young leaves and the
shoot meristern represent a sink tissue for photosyn-
thate transport, and thus should contain relatively high
sucrose synthase activities (Sonnewald and Willmitzer
1692). However, sucrose synthase and ¢nolase expres-
sion levels in the different organs do not vary in
paraliel. This might be explained by posttranslational
regulation of sucrose synthase or enolase activity. An
activation of pre-cxisting enzymes has been suggested
as a control for glycolytic activity in general {Solomos
and Laties 1974), and anaerobic induction of glycolytic
enzymes has been shown to take place at the level of
both transcription and translation (Hake et al. 1985}

Expression of sucrose synthase and enolase in nodules of
A. glutinosa in comparison to nitrogenase expression by
the microsymbiont

Expression of sucrose synthase and enolase in A. gluti-
nosa nodules was analysed by in situ hybridization of
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longitudinal nodule sections with 3*S-labeled antisense
RNA. Hybridization with Frankia nif H was used to
visualize the onset of nitrogen fixation (Fig. 3A, B; Paw-
lowski et al. 1995; Ribeiro et al. 1993). A. glutinosa
nodules can be divided into four zones: {1} the meristem
at the tip of the nodule lobe, (2) the infection zone
where cortical cells enlarge and some are infected by
Frankia hyphae, becoming filled with hyphae before
they start to form vesicles, (3) the nitrogen fixation
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zone where bacterial nitrogenase is expressed in fully
differentiated vesicles and nitrogen fixation takes place;
and (4) the zone of senescence where endosymbiont
material and plant cytoplasm are degraded. Frankia
nif H expression, i.¢. nitrogenase production and nitro-
gen fixation, only takes place in zone 3 (Huss-Danell
and Bergman 1990; Pawlowski et al. 1995; Ribeiro et al.
1995). The results showed that sucrose synthase and
enolase genes were expressed at high levels in the infec-
ted cells and in the pericycle of the central vascular
bundle of the nodule lobe, but not in the vninfected
cortical cells (Fig. 3C, D; E, F). Expression of sucrose
synthase and enolase genes in the infected cells is de-
tectable in zone 2, and thus precedes the onset of nif H

i

Fig. 2 Expression of (A) sucrose synthase (¢gSus!) and {B) enolase
(agPghl) in different organs of A. glutinosa. RNA was isolated from
rocts, nodules, cotyledons, shoot tips, male flowers, fernale flowers,
immature fruits harvested in April, immature fruits harvested in
June, and from immature froits harvested in Septermber. Worthern
blots containing about 10 ug total RNA per slot were hybridized
with the inserts of pAgSusl and pAgPghl, respectively. Afterwards,
ihe amount of mRNA on the filters was determined by hybridization
with a soybean ubiquitin probe (Kouchi and Hata 1993). Tn all cases,
the hybridization signal was detected by phosphoimaging and quan-
tified by software (ImageQuant} provided by the manufacturer
(Malecular Dynamics). Based on ubiguitin expression, the relative
amounts of mRNA per slot were calculated. Relative area units
denoting expression of agSus! and agPghl were calibrated accord-
ing to the amounts of mMRNA.

.
»>

Fig. 3A-1 Localization of Frarkia nifH and A. glutinose sucrose
synthase and enolase transeripts in longitudinal sections of A. gheti-
nosa roots nodules harvesied 12 weeks after infection. A, C,E, H and
I represent bright field micrographs, B,D,F, G and J represent dark
field/epipolarization micrographs in which silver grains are visible as
yellowish dots. A, B Bxpression of Frarkia eifH. Arrewheads indi-
cate infected cells in zone 2 (see Results) which are not yet completely
filled with hyphae, i.e. they do not contain vesicles and Frankia does
not express aifl{. White arrows indicate the nodule meristem. C,
D Expression of sucrose synthase (agSus/). The pericycle of the
nodule vascular bundle, where agSus! is expressed, is indicated by
long thick arrows. A thin arrow poinis to the nodule meristem.
Arrowheads point ont infected cells of zone 2 which are not yet
completely filled with hyphae, i.e. do not contain vesicles, but al-
ready express sucrose synthase, Two infected cells expressing sucrose
synthase are marked by stars, while an uninfected cell not showing
sucrose synthase expression is indicated by a short arrow. The starch
grains in the uninfected cortical cells, which de not express sucrose
synthase, are visible as tiny light blue dots. E,F Expression of
enolase (agPghl). Arrowheads poini cut infected cells of zone 2 ex-
pressing agPghl. A long white arrow indicales the pericycle. Infected
cells of zone 3 that express agPghl are marked by stars. Short white
arrews point out an uninfected cell of zone 3 not expressing agPghl.
G Hybridization of an adjacent section with a sense RNA probe. No
accumulation of silver grains can be seen in any tissue. H, I Detail of
sucrose synthase expression in the area ncar to the base of the
nodule lobe (switch from nitrogen fixation zone 3 to senescence zone
4). While some cells still contain undegraded Frankia and express
sucrose synthase (short arrow), other cells not yet showing degrada-
tion of the endosymbiont have switched sucrose synthase expression
off (long arrow). Arrowheads point out starch grains in uninfected
cells. Bar in B = 500 pm; bar in [ = 250 pm









expression {Fig. 3A-D, E, F), but increased upon onset
of nifH expression in zone 3. No hybridization was
detected by sense RNA probes, as shown in Fig. 3G.
Sucrose synthase (Fig. 3H, I) as well as enolase (data
not shown) expression was switched off before the en-
dosymbiont material was degraded by the plant in the
course of senescence, as has also been shown for the
expression of Frankia nifH (Pawlowski et al. 1995). No
expression of sucrose synthase was detected in the
uninfected cells containing starch grains (Fig. 3C, D).

Expression of sucrose synthase in Rhizobium-induced
nodules of Pisum sativum and Phaseolus vulgaris

To compare the situation in actinorhizal nodules with
that in legume nodules, in situ hybridization of legume
sucrose synthase was performed. V. faba sucrose
synthase (Kdster et al. 1993) antisense RNA was
hybridized to longitudinal sections of mature indeter-
minate nadules formed by pea and of determinate nod-
ules formed by P. vulgaris. The use of a heterologous
probe should allow detection of the expression of differ-
ent members of the sucrose synthase gene families in
pea and P. vulgaris. The results are shown in Fig. 4. The
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Fig. 4A-K Lccalization of sucrose synthase mRNA in sections of
determinate and indeterminate legume root nodules. A, C,E and
H represent bright field micrographs; B, D, F and I dark-field micro-
graphs (silver grains are visible as white dots); G represents a dark
field photograph taken with epipelarized light; J and K represent
photographs taken under phase contrast and epipolarized light
(silver grains are visible as light green dats), A and B Expression of
sucrose synthase in an 18-day-old pea nodule. The different zones of
the nodule (Vasse et al. 1990; Franssen et al. 1992) are marked: M,
meristematic zone; P, prefixation zone, 1, interzone; F, fixation zane.
Sucrose synthase expression can be seen all over the central tissue.
An arrow points to a cluster of highly vacuolated uninfected cells
which also express sucrose synthase. C and Iy Expression of sucrose
synthase in a 21-day-old pea nodule. Arrows indicate the nodule
vascular bundles expressing sucrose synthase. Elongated infected
cells at the end of the fixation zone indicate the beginning of
senescence (Newcomb 1981). E and F Expression of suctose syn-
thase in a 21-day-old Phaseolus vulgaris nodule. Thin arrows point
out nodule vascular bundles expressing sucrose synthase. A thick
arrow points oul uninfected cells in the central tissue that do not
express sucrose synthase. G Under epipolarized light, the starch
grains in the uninfected cells of the central tissue, in the boundary
cell layers and in the cells of the root cortex at the nodule base are
visible as light blue dots. An arrow indicates a boundary layer cell
containing starch grains. H and I Expression of sucrose synthase in
a 14-day-old P, sulgaris nodule (white nodule). A thick black arrow
peoints at uninfected cells of the central tissue expressing sucrose
synthase. J Detail of H: in a 14-day-old P. vulgaris nodule, sucrose
synthase expression in the uninfected cells containing starch grains
(black arrow} is higher than in the infected cells {white arrow).
Because the uninfected cells are highly vacuolated, silver grains
denoting sucrose synthase expression are concentrated around the
starch grains. b, boundary layer cell; ¢, cortical cell; 3, infected cell; v,
uninfected cell. K Detail of E: in a 21-day-old P. vulgaris nodule,
sucrose synthase expression in the infected cells (white arrow) is
higher than in the uninfected cells containing starch grains (black
arrow). Bar in A = 500 um; bar in J = 50 pm
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central tissue of an indeterminate nodule is divided into
meristem, prefixation zone, interzone and fixation zone
(Fig. 4A) as described by Vasse et al. {1990} for alfalfa
and applied by Franssen et al. (1992) to pea. In the
indeterminate pea nodules, sucrose synthase was found
to be expressed in the central tissue from the nodule
meristem to the fixation zone (Fig. 4A, B). Sucrose
synthase mRNA was also detected in the uninfected
cells of the central tissue, ie. in the nodule meristem
and in the uninfected cells of the fixation zone
(Fig. 4A, B). Transcripts were also found in the nodule
vascular system, but at significantly lower levels than in
the central tissue (Fig. 4C, IJ). In mature determinate
nodules (harvested 21 days after infection) formed by P.
vulgaris, sucrose synthase was expressed in infected and
uninfected cells and in the nodule vascular system
(Fig. 4E, F). Starch grains were found only in uninfec-
ted cells (Taté et al. 1994; Fig. 4G). Expression in
uninfected cells containing starch grains was lowet
than in the infected cells (Fig. 4K). In young determi-
nate nodules (harvested 14 days after inoculation), suc-
rose synthase was expressed in the nodule vasculal
system and all over the central tissue including th
boundary layers (Fig. 4H, I). Expression in uninfected
cells containing starch grains was higher than in infec-
ted cells (Fig. 4]).

Discussion

¢DNAs encoding sucrose synthase and enolase from
A. glatinosa nodules were cloned and characterized.
They were found to be expressed in the infected cells
and in the pericycle of the nodule vascular bundles, as
well as in the nodule meristem. For comparison,
expression of sucrose synthase was also studied in de-
terminate and indeterminate legume nodules, where it
represents a nodulin (Thummler and Verma 1987; Kiis-
ter ¢t al. 1993). Here, sucrose synthase was found to be
expressed in the infected and uninfected cells of the
central tissue, as well as in the vascular tissue. It was
also expressed in the apical meristem and the preinfec-
tion zone of indeterminate nodules.

Sucrose synthase activity has been correlated with
cell wall biosynthesis (Chourey et al. 1991), with
phloem loading and unleading (Nolte and Koch 1993;
Martin et al. 1993), and sink strength (Martin st al.
1993). Furthermore, breakdown of sucrose is necessary
for starch biosynthesis. Thus, expression of sucrose
synthase is expected in the meristem, the infected cells
of the prefixation zone of legume nodules and of the
infection zone of actinorhizal nodules, respectively, and
in the phloem of vascular tissue. To produce acceptor
molecules for ammonium assimilation and carbon
sources for the bacteria, sucrose synthase activity is
also expected in the infected cells of the fixation zone:
and for starch biosynthesis sucrose synthase activity is




needed in the uninfected cells in determinate legume
nodules (Taté et al. 1994) and actinorhizal nodules
{Wheeler 1976; Wheeler et al. 1983). The results ob-
tained meet all these expectations, except that no
sucrose synthase mRNA was detected in the uninfected
cells of A. glutinosa nodules (Fig. 3C, D). Furthermore,
the fact that the expression patterns of enolase and
sucrose synthase are identical suggests that the prod-
ucts of the sucrose synthase reaction enter glycolysis
and are not used for starch biosynthesis. This may be
due to the fact that, as shown by acridine orange
staining, the RNA content of the uninfected cells is
much lower than that of infected cells (data not shown),
and thus sucrose synthase mRINA levels in the uninfec-
ted cells could easily be below the limit of detection by
in situ hybridization. In any case, the experiments have
shown that expression levels of sucrose synthase are
much higher in infected than in uninfected cortical cells
of A. glutinosa nodules.

The levels of sucrose synthase mRNA in the pericycle
of A. glutinosa nodules were higher than in the vascular
system of legume nodules, when compared with the
expression in the respective infected cells, Whereas in
legume nodules the central tissue containing the infec-
ted cells is surrounded by a network of vascular
bundles containing transfer cells to improve transport
activity (Walsh et al. 1989), actinorhizal nodule lobes

- only contain one central vascular bundle. An unusual
multilayered pericycle consisting of small cells with
a dense cytoplasm like that found in A. glutinosa
nodules was reported previously for nodules of
A. japounica {Burgess and Peterson 1987a). Burgess and
Peterson (1987b) have found numerous mitochondria
in the pericycle cells, signifying high glycolytic activ-
ities, and proposed that this tissue mediates the trans-
port of nitrogen and carbon sources between vascular
bundle and infected cortical celis, although it does not
contain transfer cells. It is likely that the high levels of
sucrose synthase and enolase expression in the peri-
cycle of A. glutinosa nodule vascular bundles reflect the
activity of transport processes in these cells.

QOur results obtained with determinate nodules of
P. vulgaris suggest that, before nitrogen fixation, starch
biosynthesis is responsible for the major part of nodule
sucrose consumption, as indicated by the higher levels
of sucrose synthase mRNA in uninfected than in infec-
ted cells. However, after the onset of nitrogen fixation,
higher sucrose synthase levels are found in the infected
cells. These results confirm physiclogical studies on
sucrose synthase activities in protoplasts of infected
and uninfected cells of mature soybean nodules
{Kouchi ¢t al. 1988). However, contradictory results
have been obtained in immunocytochemical studies on
the localization of sucrose synthase in mature soybean
nodules, where more sucrose synthase protein was
found in the uninfected than in the infected cells of
the central tissue (Gordon et al. 1992; Zammit and
Copeland 1993). Furthermore, in immature soybean
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nodules, sucrose breakdown for starch biosynthesis
seems mainly to be catalyzed by invertase (Morell and
Copeland 1984, Anthon and Emmerich 1990). How-
ever, determinate nodules of soybean and P. vulgaris
might differ in sucrose synthase and invertase expres-
sion, as they have already been shown to differ in
glutamine synthetase (GS) expression: while in soybean
nodules, S is expressed in both infected and uninfec-
ted cells (Miao et al. 1991), in mature nodules of P.
vulgaris, OGS expression is confined to the infected cells
(Forde et al. 1989),

The starch stored in the uninfected cortical cells of
the perennial nodules of A. glutinosa {Wheeler and
Lawrie 1976) scems to be destined to support spring
flush growth, comparable to the function of carbohy-
drates stored in roots (Kozlowski and Keller 1966;
Wheeler et al. 1983). The purpose of starch accumula-
tion in legume nodules is largely unknown (Vance and
Heichel 1991). Amyloplasts are dramaticaily enriched
in the infected cells of the interzone of indeterminate
legume nodules (Vasse et al. 1990; Franssen et al. 1992),
while in determinate legume nodules they are confined
to the uninfected cells of the central tissue and the
boundary layers (Price et al. 1984; Taté et al. 1994).
Increased starch accumulation has been correlated
with ineffective or less effective symbioses (Lin et al.
1988; Malek et al. 1988). Large amyloplasts are also
present in bacteria-free indeterminate nodules formed
spontaneously on alfalfa (Joshi et al. 1991} and white
clover {(Blauenfeldt et al. 1994). Here the amyloplasts
are located in the expanded cells of the central tissue,
not in the small interstitial cells, indicating that these
large cells, corresponding to the infected cells in func-
tional nodules, dominate the sugar sink. Therefore it is
striking that, in immature determinate nodules, sucrose
synthase expression was higher in uninfected cells in-
volved in starch storage than in infected cells
(Fig. 4], K), suggesting that before the onset of nitrogen
fixation, more photosynthates are channeled into
nodule starch biosynthesis than into the infection pro-
cess. This fact is compatible with data on amyloplasts
in bacteria free nodules indicating that carbon trans-
port is an inherent part of nodule ontogeny and inde-
pendent of Rhizobium (Joshi et al. 1993).

Altogether, the most striking difference between suc-
ros¢ synthase expression in legume nodules and ac-
tinorhizal nodules of A. glutinosa is the fact that sucrose
synthase expression could not be detected in the starch-
containing uninfected cells of the latter. It remains to be
examined whether this is a sensitivity problem due to
the low metabolic activity of the uninfected cells, or
whether invertase instead of sucrose synthase is respon-
sible for the breakdown of sucrose for starch biosynth-
esis, as has been suggested for soybean nodules (Morell
and Copeland 1984; Anthon and Emmerich 1990).
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Summary

A cDNA clone, pAgthil, encoding a homologue of yeast
Thid, which is involved in thiazole biosynthesis, was
isolated from a library made from poly{A} RNA from
actinorhizel nodules of Alnus glutinosa by differential
screening with nodule and root ¢cDNA, respectively. The
corresponding gene, agthif, was shown to be expressed
at high levels in nodules and shoot tips of A. glutinosa,
while having low exprassion levels in roots, flowers, and
developing fruits. The function of AgThil was demon-
strated by yeast complementation studies, in which
AgThil was able to rescue a yeast thid mutant when fused
to the yeast Thi4 signal peptide. In A. glutinosa nodules,
high levels of agthif mRNA were detected in the infected
cortical cells and in the pericycle of the nodule vascular
systam. A homologue of this cDNA, araé/tz, was identified
in Arabidopsis thaliana. araé maps in a region of chromo-
some 5 of Arabidopsis containing the tz locus which is
consistent with the fact that ara6transcription is disturbed
in two tz mutant lines. araé/tz is expressed at high levels
in chloroplast-containing parenchymatic cells of lsaves,
inflorescence shoots and flowers of Arabidopsis, and at
lower levels in the vascular system.

Introduction

The formation of actinorhizal nodules is induced by actino-
mycetous bacteria of the genus Frankia on the roots of

Received 20 Decomber 1995; revised 28 April 1996; accepted 17 May 1996,
*For correspondence (fax + 31 317 483684;
e-mail Katharina Pawlowski@mac.mb.wau.nl).

several dicotyledonous species belonging to eight different
plant families, mostly trees or woody shrubs {Benson and
Silvester, 1893). These nodules are perennial structures
cansisting of multiple lobes. Single lobes represent modi-
fied lateral roots without root caps, and their cortical cells
can be infected by Frankia (Berry and Sunell, 1990). Thus,
their structure is different from that of legume nodules,
which represent stem-like organs with a peripheral vascular
system and infected cells in the central tissue. In spite of
the structural similarity between actinorhizal nodules and
lateral roots, nodule-specific genes are expressed in the
actinorhizal plants Alnus and Casuarina, for example, the
symbiotic hemoglobin of Casuarina glauca (Fleming et al.,
1987; Jacobsen-Lyen ef al, 1995) and two genes of Alnus
glutinosa, one encoding a serine protease most likely
involved in tha infection process {Ribeiro ot al., 1995) and
the other encoding a cysteine protease which might be
involved in nodule senescence (Goetting-Minesky and
Mullin, 1884}. Several nodule-enhanced genes, whose
products are mostly invoived in nodule matabelism, such
as sucrose synthase and enclase (Van Ghelue et al., 1996),
and glutamine synthetase {Pawlowski et al., 1994a) have
also been identified in A. giutinasa. Since most actinorhizal
plants represent trees or woody shrubs, they are re-
calcitrant to molecular biological and genetic analysis.
Therefore, for the functional analysis of most of the
actinorhiza-specific ¢cDNAs, model systems have to be
used. Such systems include yeast and Arabidopsis which
have already been efficiently used to study gene function
in other plant systems {see e.g. Cheon =&t al, 1993;
Langridge, 1994).

In this paper we report the isolation of an A. glutinosa
nodule-enhanced cDNA, a homologue of yeast thid which
has been strongly suggested to encede an enzyme invoived
in the biosynthesis of thiazole (4-methyl-5-B-hydroxy-ethyl-
thiazole}, one of the two pracursors of thiamine {Praskelt
and Meacock, 1992; Praekelt et al, 1994). Thiamine, or
vitamin B1, is a co-factor in both glycolysis and the Calvin
cycle. In nitrogen-fixing root nodules, the assimilation of
ammaonium exported by the endosymbiont to the plant
cytoplasm requires high plant glycolytic activities in order
to provide energy and carban backbones. Thus, not only
high levels of sranscription of genes encoding glycolytic
anzymes like enolase (Van Ghelue et al., 1996) but also of
genes encading enzymes involved in the synthesis of
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glycolytic co-factars like thiamine can be expected in
nodules. The functional characterization of the A, glutinosa
yeast thidhomologous cDNA using yeast comple-
mentation and characterization of its homalogue in
Arabidopsis is described. :

Results

Isolation and characterization of noduie-specific/nodule-
enhanced ¢DNAs from Alnus giutinosa

An A. glutinosa nodule cDNA library was screened differen-
tially with nodule versus root cDNA. Ten clones hybridizing
with nodule but not or only weakly with root cDNA were
purified and characterized. Using hybridization with
Southern blots containing DNA from A. glutinosa and
Frankia HFPArI3, respectively, it was confirmed that their
inserts were derived from A. glutinosa. Hybridization with
RNA gel blots containing RNA from different organs of
A. glutinasa, was performed to confirm the nodule-specific/
nodule-enhanced nature of the cDNAs. One cDNA, agb,
hybridizing to a mRNA present at low levels in roots and
flowers and at high ievel in shoot tips and nodules of
A. glutinosa (Figure 1), was selected for further analysis.
Southern analysis suggested that Ag6 was encoded by a
small gene family of A. giutinosa (data not shown). A full-
length cDMNA of 296 was isolated from the cDNA library.

Sequencing of agh and identification of a homoiogue in
Arabidopsis thaliana

The DNA sequence of a full-length ¢DNA clone from agé
was determined [EMBL accessien number X97434) and the
encodsd amino acid sequence was used for a homology
search in the DNA data bases of the National Center of
Biotechnology Information. A homologue of ag6was found
amongst the randomly sequenced Arabidopsis cDNA
clones (GenBank accession number T04141). This hemo-
logue was designated arab. The expression of ara6 in
different organs of Arabidopsis was analysed by RNA gel
blot hybridizations, and ara8 was shown to be expressed
in all organs at similar levels, with the exception of roots
where no expression was detected (data not shown).
Because a second Arabidopsis cDNA {GenBank accession
number U17589; Machado st al., 1996) showing 99% iden-
tity to the partial sequence of araé was found in the
data bases later, the full-length sequence of ara6 was not
determined. The 1% difference in ths two A. thaliana
saquances, T04141 and U17589 is probably due to the fact
that they originate from different plant ecotypes. The
proteins encoded by agé and ara6 showed high homology
with Thi4 (Mol?) from yeast, which has been strongly
suggestad to represent an enzyme involved in the thiazola
hiogynthetic pathway (Praekelt and Meacock, 1992; Praekelt
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Figure 1. Expression of agihii in diffzrent organs of A. glitinosa.

Lanes: 1, roots; 2, nodules; 3, shoot tips; 4, cotyledons; 5, male flowers; &
fernale flowars; 7, immature fruits collected in April; 8, immature fruits
collected in June; 9, immeture fruits collected in September.

RNA gel blots containing about 10 1tg of total RNA par stot were hybridizec
against agth/1. Afterwards, the amount of mRNA on the filters was
determined by a hybridization with & soybean ubiquitin (ubi) probe (Kouch
and Hata, 1993). Signal was determined by using a Phospholmage:
{Molecular Dynamics, Sunnyvale, CA, USA}. Expression levels of agthi
are shown as relative area urits caleulated from comparison with
ubiguitin expression,

et al, 1994; data not shown) and with 5ti35, a proteir
ancoded by a stress-induced gene from Fusarium sp. {Cho
et al., 1990), which although identified as a stress-inducible
protein, is not excluded from having a function in thiamine
biosynthesis {Praekeit et al, 1994). In spite of the strong
homology between the four proteins, Agb and Ara6 contair
at their N-termini a signal peptide for plastidic targeting
{Gavel and Von Heijne, 1930a), while both yeast Thi4 anc
Fusarium 5ti35 contain an N-terminal signal peptide fo
mitochondrial targeting (Gavel and Von Heijne, 1990k; dat:
not shown).

Yeast complementation studies: ag is the functional thi4
homologue

To prove that in fact ag6 is a functional thid homologue
yeast complementation axperiments were performed. In &
preliminary experiment, the full-length cDNA agé, wher
expressed in a yeast thid mutant strain, did not restore
thiamine-independent growth. However, since Ag6 anc
Thid contain non-homalogous signal peptides, this lack o
complementation could be due to problems with proteir




targeting. Therefore, constructs expressing the mature part
of Ag6 fused to the signal peptide of yeast Thid were
censtructed in the centremeric yeast vector YCPS0 carrying
the wra gene, designated plJP57a {sense} and plJP57b
(antisense), The uracil auxctrophic yeast strain T3/3 which
contains a transposon insertion in thi4 was transformed
with pUP57a and pUP57b. Transformants were selected
on yeast medium lacking uracil, but containing thiamine,
For testing complementation, transformants were streaked
on medium with and without thiamine, respectively.
T3/3(pUP57a) showed normal growth after 3 days on hoth
media. T3/3(pUP57b) only grew on medium containing
thiamine. Thus, pUP57a ceuld complement the yeast thi¢
mutant, restoring wild-type-like thiamine-independent
growth.

These results showed that Agé is the functional homo-
logue of the yeast Thid. Since a maize homologue of agh
and yeast thi4 has been named thil {Belanger et af., 1995),
agb was renamed agthil,

RFLP mapping: ara6 maps at the tz locus of Arabidopsis
thaliana

In order to see whether araé maps to a locus defined by a
mutation, RFLP mapping was performed using the map-
ping population of recombinant inbred lines of Lister and
Dean (1993). Restriction of DNA from the Arabidopsis
ecotypes Coiumbia and Landsberg erecta with Clal yielded
an RFLP marker. ara& was shown to map on chromosome
5 between the markers md35 and g2368. On the integrated
map of Arabidopsis (Hauge et al,, 1993; Koornneef, 1934],
the tz (thiazole requirement) locus {Feenstra, 1964} has
been located between these two markers. Because of the
amino acid homology with yeast Thid and since agthiT can
complement yeast thiazole mutants, we assumex that ara6
might be the tz gene of Arabidopsis.

Therefore, RNA was isolated from rosette leaves of five
different tz mutants and A. thaliana ecotype Landsherg
erecta wild-type and analysed for araé expression by RNA
gel blot hybridization. As can be seen in Figure 2, one of
those mutants, C53375 (Redei, 1965), showed a strong
raduction of ara6 expression. Furthermore, another one,
C83673 (Redei, 1965), contained two araé transcripts of
different size, indicating a mutation affecting the start of
transcription. These data strongly suggest that araf is the
transcript of the ¢z gene of Arabidepsis.

In situ iocalization of agthil and ara6/tz mRNA

The expression pattern of agthi7 in root nodules of
A. glutinosa was determined by in situ hybridization of
lengitudinal sections and cross-sections of nodules with
%g.labeled antisense and sense RNA, respectively. As a
marker for the developmental gradient of the infected cell,
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Figure 2. Expression of arabifz in rosetie leaves of wild-type (ecotype
tandsberg erecta) and fz mutants of A, thaliana.

An RNA gel blct containing abecut 10 pg total RNA per sict was hybridized
against 2raftz. Expression levels of araf/iz were guantified as described
in the legend of Figure 1. Lanes: 1, ecotype Landsberg erests; 2, CS3311
{gli-1in ecotype Estland; background for $z-31 mutation in C53573; Redei,
1967); 3, CS3375 {iz-1; Redei, 1965); 4, CS3573 (12-31, gt-T; Redeal, 1965); 5,
C53574 (tz-2, gi1-2; Redei, 1955k, 6, C$3581 (tz-31, gi?-2 Redei, 1965); 7,
53590 {1z mutant in ecotype Columbia; Redei, 1965). Numbers rapresent
seed stock numbers from the Arabidopsis Biological Resaurce Center at
Ohio State University (Columbus, OH}.

in situhybridizations with antisense RNA of the nitrogenase
structural gene nifH from Frankia HFPArt3 were performed
in parallel (Pawlowski et al., 1995; Ribeiro et al., 1995). The
results are shown in Figure 3{a) and (b). agthi! mRNA was
found in the infected corticat cells and in the cells of the
multilayered pericycle of the central vascular bund!e of the
nodule lobe. agthil mRNA was present in young infected
cells incompletaly filled with Frankia hyphae, but the high-
est levels of agthii mRNA were found in mature infected
cells containing nitrogen-fixing Frankia vesicles (Figure 3a
and 3b). That means that agthi? expression in the infected
cells preceded nifH expression by Frankia (Ribeiro et al.,
1995). In the distal part of the nodule vascular bundls,
where no infection of the neighbouring cortical cells can
be seen, expression of agtii7 in the pericycle of the stele
was not detectable {Figure 3c and 3d). No agthi7 mRNA
was found in senescent infected cells, and no signal was
found in hybridizations with sense RNA (data not shown).

arab/tz expression was analysed by /n situ hybridization
of sections of inflorescence shoots, leaves and flowers of
Arabidopsis with ®S-labeied sense and antisense RNA.
arabftz was found to be expressed to high leve!s in the
parenchymatic leaf cells containing chloroplasts, but not
in the epidermis {Figure 3i). In inflorescence stem sactions,
high expression of araétz was detected in chloroplast-
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containing parenchyrmatic cortical cells and lower expres-
sion levels were found in the vascular parenchyma (Figure
3e and f and g and h). As with leaf sections, no expression
was found in epidermal cells. Also in flower organs, araé/ftz
was expressed inthe chloroplast-centaining parenchymatic
cells and not in the epidermis {data not shown). No signal
was found in hybridizations with sense RNA {data not
shown).

Discussion

We have shown that the gene agthi? lagf), which is
expressed at markedly elevated levels in actinorhizal
nedules of A, glutinosa, is the functional homologue of
the yeast thi4 gene, which has been suggested to encode
an enzyme involved in the biosynthesis of the thiamine
precursor, thiazoie. Thiamine, or vitamir B1, contains
two cyclic moieties, 4-methyl-5-p-hydroxy-ethylthiazole
(thiazole) and 2-methyl-4-amino-5-hydroxy-mathylpyrimi-
dine {hydroxymethyipyrimidine). In higher plants, thiazole
is very likely synthesized in plastids from 1-deoxy-D-
threo-2-pentulose, tyrosine and cysteine {Julliard and
Douce, 1991), which is essentially the same pathway as
has been preposed for E. coli (Vander Horn et al., 1993).
However, it is still unclear which step of this pathway is
catalysed by yeast Thid. Amino acid sequence comparison
data, RFLP mapping results, and the fact that the
expression of the homologous Arabidopsis gene, arab/
tz, is impaired in socme Arabidopsis tz mutants, strongly
suggest that araf/tz also represents a functional homo-
logue of the yeast thid gene. A maize homologue of
yeast thi4, named thi?, has been shown to encode a
protein able to complement the yeast thi4 mutant as
well {Belanger et ai., 1995}. Thus, thiazole biosynthesis,
in spite of involving different amino acid precursors in
yeast and higher plants (Julliard and Douce, 1991; White
and Spenser, 1982), seems to proceed via the same
pathway in both systems.

While in higher plants, thiamine biosynthesis is taking
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place in plastids (Belanger ot al, 1995; Julliard and
Douce, 1991), in yeast the pathway seems to take place
in the mitochendria, since the N-terminal sequence of
Thid resembles a mitochondrial targeting signal (Bedwell
et al, 1989). Interestingly, Belanger et al. (1995} report
that maize thil was able to comptement a yeast thi4
mutant, though not restoring wild-type-like growth, while
agthi1 needed the signal peptide of yeast thid in order
to ccmplement the yeast thi4 mutant. Probably, the
plastidic signal peptide of maize Thi1 managed to confer
some targeting to yeast mitochondria, as has also been
shown for for the signal peptide of the small subunit of
Rubisco from Chlamydomoanas (Hurt ef al, 1986}, while
the corresponding signal peptide from AgThi1 did not.

Since thiamine is a co-factor of both glycolysis and
the Calvin cycle, plant thi7 genes are expected to
be expressed in cells where high activities of either
photosynthesis or glycolysis are present. Consistently,
agthil, arabfz and maize thiT (Belanger et ai., 1995)
show very low expressicn levels in roots, while being
expressed at high levels in photosynthetic plant grgans.
I situ hybridization has shown that high leveis of ara8/
tz expression are confined to the chloroplast-containing
parenchymatic cells, and at somewhat lower levels in
the vascular tissue. In A. glutinosa nodules, agthil was
found to be expressed in the infected cortical cells and
in the pericycle of the nodule vascular bundle. These
expression patterns suggest that energy-demanding pro-
cesses are taking place in the cells expressing agthit
and ara6/ftz, namely, photosynthesis in the chloropiast-
containing cells, ammonium assimilation in the infacted
nodule cortical cells, and transport processes, for
example, phlcem loading, in the vascular system, respect-
ively. This interpretation is consistent with the fact that
high levels of sucrose synthase and enolase expression
{Van Ghelue &t al, 1996} are found in the same cells
that express agthfi.

Thus, thiamine biosynthesis in higher plants seems to
be correiated with glycolytic and Catvin cycle activity.

Figure 3, In situ localization of agthi1 mRNA in root nodules of A. glitinosa and of arati/tz mRNA in inflorescence sterms and leaves of A. thaliana ecotype
Landsberg arecta.

In {a), (c}, (8], (g} and (i} bright field microscopy was used. Silver grains denoting hybridizaticn are visible as black dots. In (b} and {d}, dark field microscopy
and epipolarized light was used. Silver grains are visible as yellow dots. In {f} and {h}, dark field microscopy was used, and silver grains appear ss white dots,
{a) and i(b) Expression of A. glutinoss agthiT in a longitudinal section of a nodule lobe. Exprassion can be found in infected cells which are not yet complataly
filled with Frankia hyphasg {marked by arrowheads), but is stronger in infected cells containing nitrogen-fixing Frankia vesicles (marked by white arrow} and
in the pericycle of the vasgulsr bundle. m, meristem; p, pericycle.

{c) and {d} Datail of the centrai stele of a ncdule lobe. agthi1 expression is confined to the pericycle ishort arrew); no expression is found in the phioem
{long arrow). In the distal part of the nodule, where no cells are infected in the cortax, agthi1 expression in the pericycle {marked by an asterisk) is below
the detection level.

{e} and {f) Expression of A. thalians ara6/z in an inflorescence stem cross-section. Strong signal can ba seen in the chloroplast-centaining cells of the stem
parenchyma ip). Waaker expression is found in the vascular bundles. No expression is found in tha pith and in the epidermis {e).

{g} and {h) Detail of the cross-section of an inflorescence stem. Expression of #ra6 in the vasculsr parenchyma. e, epidermal 2sll; p, phloem parenchyma;
s, sclerenchyma; x, xylem parenchyma.

{i) Expression of arafAz in a leaf section. arafi/tz is expressed at high levels in the parenchymatic cells, while no exprassion is found in the epidermis,
e, epidermal cell.

Bars in (b} and (f} = 500 um; bars in {d} and (k} = 100 pm.
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Experimentat procedures

Plant and bacterial growth cenditions

Alnus glutinosa seeds were collected from a |ocal source
{Weerribben, The Netherlands). The plants were grown in a
greenhouse at 25°C under 16 h light, 8 h dark. Growth and infection
conditions have been described elsewhere (Ribeiro st ai., 1995),
For isolation of root RNA, seedling roots were collected from
uninfected plantlets 2-3 weeks after germination. For isalation of
shoot tip RNA or genomic DNA, shoot tips including the two
youngest unfolded leaves were coliected from plants 5-13 wesks
after infection. A. giutinosa Rowers were collected from a local
stand (Wageningen, The Netherlands) in March 1994, Developing
fruits from A. glutinosa were collected fram the same stand in
April, June, and September 1994. Arabidopsis thaiiana was grown
in a greenhouse. Seeds were germinated on filter paper wetted
with sterila distilled water for 1 day at 4°C and for 2 days at 21°C
in the dark before being transferred to soil. Seads of ¢z mutants
were germinated on filter paper wettad with 1 mM thiamina. 1z
mutant plants were watered with 1 mM thiamine once per week.

Isclation of DNA and RNA

DNA was isolated from A. glutingsa and Frankia HFPAr3 as
described by Ribeiro et al. (1995}. Total RNA was isclated from A.
giutinosa and A. thaiiana as described by Pawlowski ef al. (19%4b).
Foly{A) RNA was isolated from total RNA using Dynabeads {Dvnal,
(Oslo, Norway) according to the protocol provided by the manufac-
turer. ONA was isolated from A. thaliana leaves according to Tai
and Tanksley (1990),

Construction and screening of a cDNA library

AcDNA library from poly{A) RNA of A. glutinosa nodules harvested
58 weeks after infection was custom-made by Stratagene
(La Jolla, CA, USA) in 2Zapll. The differential screening has keen
describad elsewhere (Ribeiro et al, 1595),

Cloning and sequencing procedures

DNA manipulations were carried out as described by Sambrook
et &l. {1983). The nucleot/de sequences were determined using
the dideoxy chain termination method (Sanger et al., 1977).
Sequence data were analysed using the programs of the Wisconsin
Genetics Computer Group {Devereux et al, 1984). Data base
searches were performed using the sLasT algorithm (Altschul et al,,
1990} in the nucleotide sequence data bases of the National Center
of Biotechnology Information {NCB1), National Library of Medicine,
NIH, in Bethesda, MD.

DNA and RNA gel blot hybridization conditions

Total RNA was denatured in dimethyl sulphoxide/giyoxal ana
separated on 1.2% agarose gels {Sambrook et al.,, 1989}. DNA was
separated on 0.8% agarose gels {(Sambrook et &/., 1983). Nucieic
acids were transferred to GeneScreen {New England Nuclear,
Beverly, MA, USA) filters (RNA) or to Amersham Hybona N*
{Amersham, UK} filters {DNA). RNA gel blot hybridizations were
parformad in buffer containing 50% formamide at 42°C (Sambraok
et al, 1989;. Southern hybridizations were performed according
tc the protocol provided by the manufacturer for Amersham

67

Hybond N*. Filters wera washad at 65°C with decreasing salt
concentrations down ta 0.5 x S8C, 0.1% SDS. For heterclogous
hybridizatians, filters were washed with 2 x SSC, .1% SDS.

Yeast complementation

For growth of yeast, tha medium descrihed by Wickerham (1951}
was used. Supplements were added according to the auxotrophies
of the yeast strains used. For expressing tha complete ag6 cDNA
in yeast, it was excised from pBluescript SK™using Sall and BamHI
and cloned in sense and antisense orientation into the Safl/BamH)-
digested yeast axpression vector pG3 which carries the yeast trp
gene (Schena et al, 1991). The canstructs contained the Alnus
cDNA under the cantrol of the yeast glyceraldehyde phosphate
dehydrogenase (GPD) pramoter and the phosphoglycerate kinase
[PGK} terminator. Vector and censtructs were transformed into a
haploid disrupted spare of the diploid thit::ura2 disruption strain
842 described by Prackelt and Maacock (1992}, Transformants
were selected on medium lacking tryptophan.

For the construction of vectors expressing Agé fused to the
signal peptide of veast Thi4, the yeast thi¢ promoter {1 kb) plus
N-terminus of the thi4 coding region and the thid terminator {1 kb)
were amplifiad by PCR using primers 5'-CCGAATTCAACCTAATG-
ACTGTTCTATA-3' and 5'-CCGGATCCGTCAGATAAGCAGTGA-
GTAC-3' for promoter/N-terminus and 5 -CCGGATCCGCTTTTT-
AATGAGGTATGCTT-3' and 5’-CCGGTCGACGAGCTCGGTACCCG-
GAGATCC-3' for the termirator and cloned between the EcoRI
and Safl sites of ihe centromeric yeast vector YCP50 which contains
the yeast ura gene. The agf cONA was amplified by PCR using
the 5 primer 8-AAGGATCCCCGCCGTACGATCTGAAAGC-3 and
the 3" primer 5-CCGGATCCCTAAATATTTCCGGCATT-3' and
clened in sense and antisense orientation intc tha internal BamH!
site between the thi? promoter plus N-terminus and the terminator.
These constructs were designated pUPS72 {sense) and pUP57b
{antisense), respactively. The junction saquence between the ysast
N-terminus and the Alnus Ag6 sequence is as follows: {THI4 aminc
acid position 25) CLSDGGSPPYDLKAF {Ag6 amino acid positicn
60). The constructs were used to transform T3/3, a yeast strain
tontaining a transpasan insertion in thid (Mato, his3-A200,
urad-167, trpi-A, leu2-A, GAL, thid:Ty-H3HIS3; Byrne et ai,
unpublished).

In situ hybridization

Tissus fixation and hybridization conditions have been described
by Ribeiro et al. (1995). For the Frankia nifH riboprobe, pFnifH1
[Ribeiro at af,, 1995) was linearized with EcoRl and antisense RNA
was transcribed using T?7 RNA polymerase. For A. glutinosa
agthiT sense and antisense riboprobes, the original cDNA clone
comprising positions 67-1341 of the full-length sequence was
linearized with Xbal and transcribed with T3 RNA polymerase
{antisense) or linearized with Hindill and transcribad with T? RNA
polymerase {sense), respectively. For A. thaliana ara6/tz sense and
antisense ribeprobes, a roughly 0.5 kb Hindill fragment of the cDNA
clone was subcloned in pBluescript KS™ (direction of transcription
same as for B-galactosidase) and linearized with Xaol and tran-
scribad with T7 RNA polymerase {antisense] ar linearized with
BamH) and transcribed with T3 RNA polymerase {sense),
respectivaly.

After washing, the slides were coated with microautoradio-
graghy amulsion LM-1 {Amersham, UK} and exposed for 4 weaks
at 4°C. They were developed in Kodak {Rochester, NY, USA} D19
developer for 5 minutes and fixed in Kodak fix. Sections were



counterstained with 0,.02% ruthenium red and 0.025% toluidine
blue 0 for 5 min each and mounted with DePeX (BDH Laboratory
supplies, Pocle, UK).
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A Nodule-Specific Gene Encoding a Subtilisin-Like Protease
Is Expressed in Early Stages of Actinorhizal Nodule
Development

Ana Ribeiro,® Antoon D. L. Akkermans,® Ab van Kammen,? Ton Bisseling,”’ and Katharina Pawlowski ®

a Departmant of Molecular Biolagy, Agricultural University, Dreijenlaan 3, 6703HA Wageningsn, The Netherlands
b Department of Microbiology, Agricultural University, Hesselink van Suchtelenweg 4, 6703CT Wageningen,
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To idantify genes speclifically expressed during early stages of actinorhizal nodule development, a cDNA library made
from poly(A} RNA from rcot nodules of Alnus glutinosa was screened differentlally with nodule and root cDNA, respec-
tively. Seven nodule-anhanced and four hodule-specific cDNA clones were isolated. By using in situ hybridization, two
of the nodule-specific cDHAS were shown 10 be expressad at the highest levels in infected cells before the onset of nitro-
gen fixatlon; one of tham, agi2 (A. glutincsa}, was examined in detall. Sequencing showed that ag72 codes for a serine
protease of the subtiligin (EC 3.4.21.14) family. Subtilisins previously appeared to be limited to microorganisma. However,
subtilisin-like serine proteases have recently been found in archaebacterla, fungi, and yeasts as well as in mammals;
a plant subtilisin has also been sequenced. In yeast and mammals, subtitases are responsible for processing peptide
hormones. A homolog of ag12, ara12, was identifled in Arabidopsis; it was expressed in all organs, and Its expression
lavels ware highest during silique development. Hence, o 1r study shows that subtilases are also involved in both symibi-

ofic and nonsymbictic processes in plant development.

INTRODUCTION

Actinorhizal reot nodules are induced by actinomycetes of the
genus Frankia on several woody dicotyledonous plant species
belonging to sight diffarant plant families (Benson and Sitvester,
1993). The tissue organization of single lobes of these ned-
ules resembles that of lateral roots in that they contain a central
vascular pundle. However, they lack root caps and have both
infected and unintected cortical cells (Berry and Sunell, 1990).
The formation of these lobes is initiated in the pericycle. The
structure of actinorhizal nodules is dissimilar to nodules in-
duced by Azorhizobium, Bradyrhizobium, or Rhizobium on
fegume roots (Hirsch, 1992}, which are initiated in the root cor-
tex of the plant and contain peripheral vascular bundles, yet
similar to that of nodules induced by Bradyrhizobium or Rhizo-
bium on Paraspomnia, the only non-legume nodulated by
Rhizobium (Trinick, 1979}.

Similar to nodules formed on temperate legumes, actincrhi-
zal nadule lobes have an indeterminate growth pattern due
to the prasence of an apical meristem that differentiates con-
tinuously in a proximal direction (Berry and Sunell, 1990;
Hirsch, 1992). A part of the new cortical cells formed by the
meristem is subsequently infected by bacterial hyphae. This
continuous production and infection of new cells leads to a

*To wham corrasgondence should be addressed.

72

zonation of the nodule Iobe. Thus, starting from the apical
meristem, we can distinguish four zones. The meristematic
zonhe (zone 1) consists of small dividing cells that do not con-
tain bacteria. The prefixation zone (zone 2) contains enlarging
cortical celis. Some of them are infected and in turn enlarge
more than uninfected cells, while being graduaily filled with
hyphae fram the center outward (Lalonde, 1979; Schwintzer
et al., 1982; Berry and Sunell, 1990). When they are cormpletaly
fillad with hyphae, provesicles are formed; they represent ter-
minal swellings on hyphae or on short side branches (Fontaine
et al., 1984). In the fixation zone (zone 3) in the course of the
differentiation of provesicles into vesicles, bacterial nif {nitro-
gen fixation} gene expression is inguced and nitrogenase is
produced (Huss-Dianell and Bergman, 1990). Nitrogenase cata-
lyzes the reduction of atmospheric nitrogen into ammonia. The
induction of nif gene expressicn, for examgle, of the nitrogenase
structural gene nifH, is a suitable marker for the transition of
zone 2 1o zone 3 and can be easily detected by in situ hybrid-
ization (Pawlowski et al., 1985). The senescent Zone (zone 4)
is characterized by the occurrence of cortical cell senescence
and degradation of the host cytoplasm as well as of the micro-
symbiont (Berry and Sunell, 1990). Thus, in each mature nodule
lobe, a gradient of developmental stages is present, beginning
with uninfected meristematic celis and finishing with senes-
cant cells.
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In Rhizobium-induced legume nodutes, several nodule-
specific ganes, the so-called nodulin genes {van Kammen,
1984), have been identified (for reviews, see Franssen et al.,
1992; Hirsch, 1992). By using in situ hybridization with indeter-
minate nodules of pea and alfalfa, Scheres el al. demonstrated
that early and late nodulin genes are axpressed in subsequent
zones of the nodule (1990a). Late nodulin genes, which are
expressed at the onset of bacterial nitrogen fixation, seem to
be involved in nodule functions. Examples include leghemo-
ghobin {reviewed by Appleby et al., 1988), glutaming synthe-
tase {Cullimore and Bennett, 1988}, and sucrose synthase
(Thummler and Verma, 10887; Kilster et al., 1993) genes. Early
nodulin genes, which are expressed before the onset of nitro-
gen fixation, have been implicated either in infection or in
building up the nodule structure. Such genes include ENOD2
[van de Wial at al., 1990), ENODI2 (Scheres st al., 1990b),
and the Medicago truncatula proline-rich protein gene MtPAP4
(Wilson et al., 1994),

Because of the structural similarity between actinorhizal
nodules and lateral roots, we asked whether nodule-specific
genaes are also expressed during early stages of actinorhizal
noduie development or whether for actinorhiza, nodule-specific
gena expression is ohly necessary for nodule functioning, for
axample, to support ¢carbon supply to the bacteria and assimi-
lation and metabolism of the ammonium produced by bacterial
nitrogen fixation. To answer this question, we isolated nodule-
specific cDNAg from a cDNA library made from Alrus glutinosa
root nodules, focusing specifically on cDNAs representing
genes expressed during early stages of nodule development.

RESULTS

Isolation and Characterization ol Nodule-Specific
tDNAs

To obtain cDNA clones corresponding to genes involved in nod-
ule development, ~8 x 10° clanes of an A. glutinosa nodule
cDNA library were differentially screened with nodule and root
cDNA, respectively. The nodule-specificienhanced nature of
the isolated cDNA clones was confirmed by RNA gel blot hy-
bridization, showing that seven different nodule-enhanced and
four different nodule-specific clones had been purified. DNA
gel blot hybridization was performed to confirm that the iso-
lated cDNA clones were not derived from Frankia.

To determine which of the isolated clones represented a gene
exprassed during an earty stage of developriant, in situ hybrid-
ization studies were conducted using the bacterial nitrogenase
structural gene nifH as a marker for the developmental stage
of infected cortical cells. These studies revealed that two of
the nodule-specific clones, pAg12-1 and pAgi64, represent
genes expressed balore nif gene expression. ag164 (A. glutin-
o058} encodes a glycine-rich protein and has been feund to be
highily homologous 10 pAgNEB4 (Mullin et al., 1993; Twigy, 1993);
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therefore, it was not studied in greater detail. The sacond clone,
pAg12-1, was sefected for further analysis.

By using RNA gel blot hybridization analysis, a 2.5-kb tran-
script of ag12 was found in nodules but not in roots, cotyledons,
male or female flowers, and developing fruits (Figure 14). How-
ever, a low level of transcript was detocted in shoot tips. To
find a full-length ¢DNA clone, eight different cDNA clones were
isolated from the library and the ends of their inserts were se-
quenced. They were derived from two different but highly
homologous mRNAS, ag12-1 and ag?2-2 (95% identity in the
first 980 bp of the coding region; 64.6% identity in 92 bp of
the 3' nontranslated region). DNA gel blot hybridization with
the inserts of pAg12-1 and pAgi2-2 confirmed these results,
revealing two 10 six hybridizing bands in the genome of A. giu-
tinosa {Figure 2}. Thus, Ag12 is encoded by a small gene family.
In situ hybridization was performed using a fragment of the
coding region derived from pAg12-1 (see Mathods); this frag-
ment detected both mRNAs, One full-length clone representing
the other member of the family was designated pAg12-2, and
it was selected for sequencing.

Localization of ag12 mRNA In A. glutinosa Nodules

The expression pattern of agr2 in A, giutinosa root nodules
was determined by in situ hybridization of longitudinal and
cross-sactions of nodules with 5S-labeled antisense and
sense ANAs, respectively. To obtain a reference point for the
developmental stage of the infected cell, in situ hybridizations
with antisense RNA of the nitrogenase structural gene nifH
frorm Frankia were performed on adjacent sections {Pawlowski
et al., 1995). The results showed that ag72 was expressed at
high levels in the visibly infactad cells of zone 2 (Figures 3A
and 3B}. Thesa celis had not yet completely filled with hyphal
material and did not yet express nifH (Figures 3C and 3D). A
longer exposure showed that ag12 was also expressed in the
infected cells of zone 3, although at lower levels {(Figures 3E
and 3F). In Figures 3C to 3F, 2g72 was expressed at high lov-
els in the young infected cells of zone 2; at the onset of nifH
expression, howaver {(beginning of zone 3; Figures 3C and 3D),
the level of ag12 transcript was reduced markedly (see detail
in Figure 3G). In the mature infected cells of zone 3, ag?2 was
expressed at different levels (Figures 3E and 3F), although
always lower than in zone 2 and higher than in the area of
zone 3 where nifH was induced. No expression of 2972 was
found in senescent, infected ceils of zone 4 {Figure 3H). Thus,
ag12 expression was induced to high levels upon infection of
cortical cells in zone 2. Subsequently, expression levels were
markediy reduced at the onset of nitrogen fixation. This meant
that infected celts had passed through a phase where ag’2
expression was undetectable. The level of ag?2 mRNA then
increased again and was maintained at iregular levels. In some
of the mature infected cells, ag12 expression was barely de-
tectable. At the onset of senescence (zone 4), ag72 expression
was switched ofi.
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Figure 1. ANA Gel Blot Hybridization Analysis.

(A) Exprossion of agi2 in different argans of A. glutinosa.

Bar 1, roots; bar 2, nodules; bar 3, cotyledans; bar 4, shoot tips; bar
5, male flowers, bar 6, femaie flawers; bar 7, immature fruits collected
in April; bar 8, immature fruits collected in June; bar 8, immature fruits
collected in September.

{B) Expression of ara12 in different organs of Arabidopsis.

Bar 1, roots; bar 2, resetta leaves; bar 3, cauline leaves: bar 4, inflores-
cance stems; bar 5, flowers; bar 6, immature siliquss.

RNA gel blots containing ~10 ug of total ANA per siot were nybridized
agains! ag72 and ara12, respectively. Afterward, the amount of mANA
on the filters was determined by a hybridization with a seyb&an ubi-
quitin probe (Kouchi and Hata, 1993}. The signal was quantified using
a Phosphotimager. The results were calculated as the parcentage of
expression in nodules in (A) and as a parcentage of expression in in-
florescence stems in (B), respectivaly. The average results of three
independent experiments were combined in one diagram. Standard
deviations are given.
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Figure 2. Ag12 Is Encoded by a Small Gene Family.

A DNA gel blot containing genomic DNA of A. glutinosa digested with
EcoRl (E), BamHI (B}, and Hindlll {H), respectively, was hybridized
with the insert of pAg12-2. agf2-1 and ag12-2 cDNAs contain one in-
ternal EcoRl site each but no Hindlll or BamHI sites.

agi2 Encodes a Serine Proteass and Has a Homolog
in Arabidopsis

The DNA sequence of the insert of pAg12-2 was determined
(EMBL accession number XB5975). The 2435-bp cDNA con-
tains an open reading frame encoding a protein of 761 amino
acids and with an isoelectric point of 7.25 (Figure 4). The amino
acid sequence was used for homology searches in the se-
quence data bases of the National Center of Biotechnology
Information, and a homolog was found among the randomly
sequenced Arabidopsis cONA clones (GenBank accession
number TO4180; clone 2E4T7P). It was designated ara12. RNA
gel blot 2nalysis showed that ara12 hybridizes with a 2.5-kb
mRNA present in all organs of Arabidopsis; howeaver, transcript
levels varied, with the highest levels baing in immature siliques
(Figure 1B). The DNA seguence of grat2 was determined
(EMBL accession number X85974). Because 2E4T7P is not
a full-length cDNA clone, the 5' region was ampiified by poly-
merase chain reaction as described in Methads. However, the
amplification product was stit not full length. Sequence com-
parison showed that ara12 encodes a polypeptide with 1%
homology to the polypeptide encoded by ag12-2 (Figure 4).

Both Ag12 and Ara12 show significant homology to prokary-
otic sering proteases of the subtilisin family (Barr, 1991; Siezen




Flgure 3. Localization of Frankia mifF and A. giutinasa ag12 in Sections of A. glutinosa Nodules.




at al., 1991). Homology is particularly high arcund the four
residues forming the active site of subtilases {Barr, 1991; Siezen
st al., 1991; Figures 4 and 5). Subtilases are produced as pre-
proenzymes, therefore remaining inactive uniil secreted and
processed (Siezen et al., 1991). The start of the mature pro-
teins encoded by 2g72-2 and ara’2 has bean deduced from
sequence cOMparisons with other subtilases (R. Siezen, per-
sonal communication; Yamagata et al., 1994; Figure 4); the
putalive transmembrane signal peplide cleavage site was de-
termined according to tha method of von Heijne (1986}

DISCUSSION

Nodule-Specific Gene Expression in A. glutinosa

Altogether, four nodule-specific and seven nodule-enhanced
cDNAs were isolated. Two of the nodule-spacific CONA clones,
pAg12-1 {Figure 3) and pg 184 {data net shown), were shown
to reprasent genes expréssed at high levels in infected cells
before the onset of bacterial 7if gane expression. Thus, in spite
of their structural similarity with lateral roots, the early stages
of actinorhizal nodule devetopment appearad to involve the
axpression of nodule-specific genes. However, the expression
of these early nodulin genes in the infacted cells implied that
they were most likely involved in the interaction with the bac-
terial symbicnt. In legume nodules, several early nodulin genas
are expressed specifically in cells not infected by Rhizobium.
For example, ENOD?2 is expressad in the nodule parenchyma
{van de Wiel et al., 1990), MIPRP4 is expressed in the meristem
of M. truncatuwla nodules {(Wilson et al., 1994), and soyboan
GmENOD40 is exprassed in the nodule vascular tissue and,
to a lower level, in the uninfected cells of soybean nodules
{Kouchi and Hata, 1993; Yang et al., 1993). Thus, cells not
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infected by Rhizobium also show nodule-specific differentia-
tion in legume nodutes. However, in actinarhizal noduies the
infected cells seem to be the only specialized cell type. Thus,
to date we have found no evidence that the formation of the
actinorhizal nodule structure itself requires the exprassion of
nodule-specific genes. The change ofthe developmental pro-
gram from roots to actinorhizal nodule lobes may involve only
subtle changes in gene expression.

The other nodule-specific or nodule-enhanced cDMNAS 5o
isolated represent ganes that are expressed al later stages
of Alnus nodule development. Sequencing has shown that most
of them encode enzymes involved in the carbon and nitrogen
metabolism of the nodule (Pawlowski ot al., 1994a). Thus, as
in legumes, the metabolic specialization of actinorhizal
nodules comprises high expression levels of genes whose
products are involved in glycotysis and nitrogen assimilation.

A Subtilase Involved in Nodule Devalopmant

We showed that Ag12 and Arai2 represent subtilisin-like pro-
teasas based on amino acid sequence conservation (Barr, 1991;
Siezen et al., 1991). For a long time, many have thought that
the subtilisin-like proteases are unique 1o prokaryotes. How-
aver, more racerdly, subtilases have been found in fungi and
in yeast; here, they are invalved in processing the mating pherc-
mone and killer toxin precursors (Julius et al., 1984; Mizuno
st al., 1988). In turn, subtilases have been identified in higher
sukaryoles such as mammals, insects, Moliusca, and nema-
lodes; hare, they are involved in proprolein processing. In these
organisms, several subtilisins are responsible for processing
peptide hormone and pheromone precursors, theaving at sites
comprised of pairs of basic amino acid residuss (dibasic sites;
reviewed by Barr, 1991). There is also evidence that a subii-
lasa is involved in processing the cuticle collagens of

Figure 3. (continued).

In (A), (€), {E), (G), and (H), bright-figld microscopy was used; silver grains denoting hybridization appear as black dots. In {B), (D), and (F),
dark-field microscopy and epipolarized light were used; silver grains are visible as yellow dots. Slides ware exposed for 4 weeks in (C) to (H}
or for 2 weeks in (A) and (B}.

{A} and {B) Expression of agf2 in a longitudinal section of & nodule lobe. After exposure for 2 waeks, only the hybridization in infected cells
of zone 2 can be seen. M, meristematic zone.

(€} and (D} Expression of Frankia nifH. The four different zones described in the Introduction are marked. Arrowheads point te infected cells
of zone 2 that are not yet completsty filled with hyphae and do not contain vesicles. These cells show no Frankia nifH expression.

(E) and (F) Expression of ag72 in adjacent longitudinal sections of the same nodule lobe. Arrowheads point to infected cells of zone 2 that are
not yat completely filled with hyphae, thai is, not containing vesicles; these cells shaw high ag72 axprassion levels. Arrows point 1o two infecied
cells of zone 3 in (E); one cell shows ag712 expression at a high level, the other shows little axpreasion. The areas magnified in pansls {G) and
(H} are indicated by white boxes.

(G) Detailed view of {E) (zones 2 and 3): reduction of eg?2 expression at the shift from 20ne 2 {o zone 3. An infacied call of zona 2 showing
high ag12 expression is indicaled by an arrow. An adjacent cell of zone 3 (indicated by & star} contains Frankia vesicles and shows significantly
reduced expression of ag?2,

{H) Detailed view of (E) (zones 3 and 4): no expression of agi2 in senescent cells. S, senescent cell.

Bar in (A) = 500 um; bar in (G) = 100 ym,
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Agl2 NKLYNGICLPYLPI.E‘ABCI:LAL mnmxsummmr
AralZ . . CLGFCEVEASSSDOGTY IVHMAKSQTR SSID

Agl2 SHHWWYSBIVDCLNBERPTTESFVYITYNHVLEGFSASLSHORLDTLRESP
Acal2 LESEWYDSSLRSI.SO...SAELLYTYENAIRGPSTRLTOERADSLMTOR

=> mature @nzyme
Agl2 GFVEBAYRDRNATLDTTHTPRFLSLN.PTGGLWP. BNYGEWIIMQSB
Aral2 GVISVLPEHRYELETTRTPLFLGLDEHTADLFPEAGSYS.

Agi2 ¥ KBDGMTACVRA
Aral2 ¥ YSDEGF . GP IP:

ICSRE IGARYPHENG,
“3'TNI'TA51.CN'RRLIGARE‘IARGY

Agl2 - IMAATPNATF TVNGASYFGYCKGTAR
Arml2 ESTMGPIDESKESR. IPIDDDGEGMSSMSWEWLWASBM

Agl2 GIAPRARVAVYEVTNPEGRYTSDVLAGIDUATADCVDVISISLGYDGVE .
Aral2 GML.HA.LAVYRVCWLCGCFSSDILAAIDKATADNVNVLSMSLG . GGMSD

-
M1l2Z LYEDPIATASTAAMRKGVVVETEAGHACYTE GMENCIPWVLTVARNGHID
Aral2 YYRDGVAIGATAA ILVS( SSLSNVABNITTVGAGTLE

Aygl2 RSFAGTLTLGHDQTITGWTMFPASATIES.SQLVYNKTISACRSTE,
Arsl2 BRDFPALAILGNGKNFTGVSLFKGEALPDKLLPFIY, AGNASIIRWGN’LC

Agl2 ... LLSDAVYS.VVICEAITPIYAQI...DAITRSNVAGAILISNHTKL
Aral2 HTGTLIFPEKVHGKIVMCD. .RGINARVORGDVVKAAGGVGMILANTAANG

A9l FBLGGGVS.CPCLVISPEDAAALIK . YAKTDEFPLAGLKFOETITGTEPA
Aral? ERLVADAHLLPATTVGER.AGDIIRKYVTYDENPTASISILGTVVGVERS

AglZ PAVAYYSERGPSPSYPGILEPDVMAPGSLVLASWIPNEATAQIGTNVYLS
Aral2 PVVAAFSSRGPNSITPNILKPDLIAPGVNILAAW. .TGAAGETQ....LA

-
Aglz 3..... TRMVBET SMACE RASGVAALLEA AR EWSFAA I REAMWTTANE
Aral2 SDSR.'RV'EFNI I56TENSCPHVBALAALLES VEVEWSPAAIRSALNTTAY .

Aglz LDNI.‘LNPIHEN’W FHIA,,.... SPLAMGAGETDPNRALDRPGLVYDATP
Aral2 TYK. . ..D@RPLLDIATGKP STPFOHGARGRVSPTTATNRGLIYDLTT

AglZz ODYTNLLCSMWYNKAQITAIVRSDSYTCSNDPS..... SDLNYPAFIAFH
Arall? EDYLGFLCALNYTSPQIRSVSRRN.YTC. .DPSKSYSVADLMNYRSF.AVN

Agld NSTCRRSVNTEQRIVINVGDGAATYKATVTA . PXDSRVIVSPOTLAFGSK
Aral2 VDGA. .GAYKYTRTVISVE . GRGTYSVKVISETTGVKI SVEPAVLNFKEA

aglz YI.'KQS!NLTIIN‘I'TRD TERKLI , SPGALVIANENGREMVRSP IVVEPLR
Aral2 KRRKKBYTVT, . FTVDSSKPSGSNSFGSIEMS. . DCKEVVGEBPVAIS. W

Agl2 IND
Araly T

Figure 4. Sequence Cormparisan of Ag12 and Arat2.

Conserved amino acids are shown in boldiace type. The putative sig-
nal peptide cleavage site {between positions 28 and 29 in Ag12) is
marked with a star. The start of the putative mature enzyme {position
114 in Ag12) is indicated. The amino acids forming the active site of
subtases (O at 145, H at 216, N at 316, and S at 537; positions in the
Ag12 sequence) are marked by black dots. Gaps have been introduced
1o optimize the alignmeant.

Gaenorhabditis efegans (Yang and Kramer, 1994). (n plants,
however, only physiological evidence was available to substan-
tiate the existence of subtilisins (Rudenskaya, 1994; Schaller
and Ryan, 1994) until a subtitisin-like protease was sequenced
from melon fruits {Yamagata ef al., 1954).

Both ag?2 and ara12 expreasion levela were particularty high
in early stages of development, that is, in early infection stages
of actinorhizal nodules and during silique development in Arabi-
dopsis. Thus, it is likely that both enzymes play a role in protein
processing and not in degradation. The presence of a puta-
tive signal paptide in the sequence of Ag12 and Aral2 indicates
that both anzymes are probably active in the extracsliular
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space. In the casa of Agi2, which was only expressed in in-
fected cells, the site of activity could be the space between
invaginated plasma membrane and bacteria. Thus, Agi2 might
be involved in processing a protain that is part of the cell
wall~like matrix material surrounding the bacteria or in pro-
cessing ancther protein with an undetermined function,

In contrast to subtilasee, cysteine proteases and aspartic
proteases have been studied extensively in plants and have
besn implicated in several degradative procesaes in plant de-
velopment, for example, seed germination {Tormakangas et
al., 1991; Cejudo et al., 1892; Carvantes et al., 1994), fruit de-
velopment {Lin et al., 1993), senescence (Granell et al., 1992),
and wilting (Williams et a!., 1994). Analysis of protease activ-
ity during legume nodule development has revealed cysteine
protease activities appearing during nodule sanescence in nod-
ules of French bean involved in degradation ot leghemaghobin
and bacteroids (Pladys and Rigaud, 1985; Pladys et al., 1991).
A nodule-specific ¢ysteine protease has been identified in
A. glutinosa (Goetting-Minesky and Mullin, 1934). This protease
might be involved in actinorhizal nodule senescence because
cysteine proteases are also involved in senescence processes
in other systems {Granell et al., 1992). Pladys and Rigaud (1985)

AVPRCA  IIPDGV

BASBEN VIPSGI
LLERTP VIDSGT

TAPROK VIOTGL
MACDPR IIDTGI
THFRB1 VVISGI

Agl2 VIDSGY
Aral2 viprev

SCKEX2 IVPIDGL

HSFUR ILDGI

Figure 5. Sequence Conservation around the Amino Acids Forming
the Active Site of Subtilases.

Subtilisins from different organisms are compared. The list beging with
a cyanobacterial sequences, followed by two bactenal sequences, three
sequences from fungi, the two plant sequences described in this study,
a sequence from yeast, and two seguences frorn animals (Drosophila
and humans, respectively). The last three sequences comprise pro-
teinases processing hormone precursors. Amino aclds conserved in
at least five crganisms ara set in boldface. The four amino acids form-
ing the active site (B, H, N, and S} are cutlined. AVPRCA, calciurmn-
depandent proteases from Anabaena sp (Maldener ot al., 1991);
BASBPN, sublilisin of Bacillus amyloliquelaciens (Wells et al., 1683);
LLPRATP, subitilisin of Lactococcus lactis (Vos et al., 1989); TAPROK,
proteinase K from Titirachium album (Gunkel and Gassen, 1089);
MACDPA, cuticie-degrading pratease from Metarhizium anisophiae (St.
Leger ot al., 1992); THPRBY, alkaline protease from Fichoderma har-
zianum (Geremia et al., 1993); SCKEX2, yeast KEX2 endopaptidase
{Mizuno et al., 1938); DMFUR?1, furin from Drosophila (Roebroek at
al., 1991); HSFUR, human furin (Barr ot al., 1991).




also found serine protease activily during legume nodule func-
tioning, but the enzyme was not characterized further.

Ag12 and Arai2 in Symblotic and Nonsymbiotic
Plant Development

ag12 was expressed at high 1evels only in nodules of A, giu-
tinosa; here, it probably was invalvad in the interaction with
the endosymbiont. However, it also was expressed at low lev-
els in A, gistinosa shoat tips, that is, during nansymbiotic plant
development, which is consistent with the occurrence of the
homologous ara?2 in a nonsymbiotic plant like Arabidopsis.
Legume nodulin genes are thought 10 be derived from the
duplication of genas involved in nonsymbiotic processes (Nap
and Bisssling, 1990), as is the case for leghemoglobins (Taylor
ot al., 1994) and nodulin-26 (Miac and Verma, 1993), or to be
genss recruited from other developmental programs, as s the
case for ENODT2 (Scheres et al., 1990b) and ENOD4Q (Kouchi
and Hata, 1993; Yang et al., 1993). The first has also been
shown to have occurred in actinorhiza because, in Casuarina
glauca, a small family of hamoglobin genes has been found
that is exclusively expressed in nodules {Fleming et al., 1987);
a distinct hemoglobin gene has also been found that is ex-
pressed in rocts and at a lower level in leaves, stems, and
nodules {Christensen et al., 1991; Jacobsen-Lyon et al., 1995).
It is not clear whether the same ag72 genes are expressed
in shoot tips and in nodules of A. giutinosa or whether differ-
ent members of the gene family are expressed in these two
organs, Therefore, based on our data, it cannot be determined
whether there is a nodule-specific member of the ag12 family.
Simitar 1o legume nodular genes, in A, glutinosa a nodule-
spacific gene was either recruited or duplicated from nonsyrm-
biotic development. Two lines of evidence suggest that
subtilases are invoived in several processes in plant develop-
ment: first, ara12 is expressed in every organ of Arabidopsis;
and second, sequences with ~65% homology 1o ara12 are
found among the randomly sequenced Arabidopsis cDNAs
{GenBank accession numbers T21798 and T22184}. In the case
of ag12, we propose that a proprotein-pracessing subtilase in-
volved in nonsymbiotic plant development has acquired a
specific function in the interaction with symbiotic Frankia,

METHODS

Plant and Bacterial Growth Conditions

Ainus glutinosa seeds ware collected from a local source (Weerribben,
The Netherlands). The plants were grown in & greenhouse at 25°C
under 16 hr of light and 8 hr of darkness. Seeds were garminated in
trays containing starile gravel wetted with sterile tap water. After 3 weaks,
the seedlings were transterred to sterile gravet wetted with quarter-
strength Hoagland's solution (Hoagland and Arnan, 1838), and each
planilet was infactad with 1 mL of a 1.5 dilutad dispersad culture of
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Frankia HFPArI3 (Berry and Torrey, 1979) grown in P medium without
nitrogen (Meesters et al., 1985). Nodules were harvested 5 to 13 wesks
after infection. Nodules for in situ hybridization were grown in a hydro-
ponic tank with quarter-strength Hoagland's solution. Male and ferale
flowers of A. glutinosa were collectad from a local stand (Wagenin-
gen, The Netherlands} in March 1994, Developing fruits ware collacted
from the same stand in April, Juna, and Saptember 1994.

Arabidopsis thaliana ecotype Landsberg emecta was grown in a green-
housa in pot soil. Seeds were germinated on filtar paper watted with
tap water for 1 day at 4°C and for 2 days at 21°C in the dark before
transfer to pot soil. Arabidopsis roots were obtained by germinating
seeds and cultivating iniiquid LS medium (Linsmaier and Skocg, *965)
with 2% sucrose on a shaking incubator at 21°C in the light. Rosatte
leavas wera harvesied before botting; stems, cauline leaves, and flowers
wera harvested shortly after flowering. Siliques were harvested 2 to
3 weeks after llowering.

1sotation of DNA and RNA

For isolation of root RNA, seadling raots were collected from uninfected
plantlets 2 to 3 weeks afier garmination. For igolation of shoct tip ANA
or gerarmic DNA, shoot tips including the two youngest unfolded leaves
were collatted from plants 5 to 13 weeks after infection.

DNA was isolated from A. glutincsa leaves according to Dellaporta
et al. (1983), with soma modifications: Polyclar AT (Serva, Heidelberg,
Germany} was added during grinding, and 1o remove further polyphe-
nols, an extraction with Polyclar AT was performed befare isopropanol
precipitation. Afterward, the DNA was purified by a CsCl gradient. DNA
from Frankia HFPArl3 was isolated from cultures grown in P medium
with 0.2%4 casaming acids. Cells were resuspanded in 1.75 mLof 03 M
sucrose, 120 mM EDTA, 25 mM Tris-HCI, pH 8.. Fifty milligrams of
lysozyme and 30 mg of achromopeptidase (Sigma) were added, and
lysis took place at 37°C for 30 min. Four hundred and seventy microliters
of 5 M NaCl and 375 pL of 10% N-cetyl-N N N-trimethylammoniumn bro-
mide in 0.7 M NaCl were added, and the mixture was incubated at
65°C for 30 min. The DNA was exiracted with chloralorm and phenol-
chloroform and precipitated with isopropanal, followed by an ethanol
pracipitation. Total ANA was isolated from A. giufincsa, as described
by Pawlowski st al. (1994b}. Poly{A) ANA was isolated from total RNA
using Dynabeads {Dynal, Oslo, Norway) accerding to the pretocol
pravidad by the manufacturer. Total RMNA was isolated from Arabidop-
sis, as described by Kiedrowski et al, (1992).

Conslruction and Screening of a cDNA Library

A cDNA library from poly(A) RNA of A. glutinosa nodules harvested
5 to B weeks after infection was custom-madae by Stralagene in AZap!l.
Probes lor the diffarential scraening of this library wera prepared from
RNA isolated from A. giutinosa nodules ang roots, ragpectively. Com-
plementary DNA was produced from 10 ug of total RNA using reverse
transcriptasa (Amersham) and amplified using a random primed DNA
labeling protocol (Feinberg and Vogelstein, 1963) in the presance of
«-®#P-dATP. Plaques (105) were plated and amplified in situ after trans-
fer to Amersham Hybond filters (Amersham), as described by Sambrook
ot al. (1869). After hybridization in buffer without formamide (Sambrock
et al., 1988), filters were washad at 85°C with decreasing salt concen-
trations down ta 0.5 x S5C (1 x SSCis 0.15 M NaCl, 0.015 M sodium
citrate}, 0.1% SDS5, jollowad by a washing step in 0.5 x SSC, 4% SDS,
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fo remove contaminants due to remnants of bacterial debris. For isola-
tion of full-langth cDNA clanes, no in situ amplification of phages on
the filtars was performed. In a second screening, minipreparation DNA
from 224 library plasmid clones was digested with EcoRl and sub-
jected to gel slectraphoresis. DNA gel blots were hybridized with nodule
and root cDNA, respectively. Clonas whose inserts wara only hybridizing
against noduie cONA were selected for further analysis.

Cloning and Sequencing Procedures

DNA manipulations wera carried out as described by Sambrook et
al. (1989}. Deletion clones ware canstrucled using the exonuclease
I kit from Promega. The nuclectide sequences were determined using
the dideoxy chain termination mathod {Sanger et al., 1977) and an
automatic saquencer (model 373A; Applied Biosysiems, Foster City,
CA). Sequence gata were analyzed using the programs of the Genetics
Computer Group (Devareux et al., 1884). Data base searches were
performed using the BLAST algorithm [(Altschul et &, 1990) in the
nucleotide sequence data bases of the Naticna! Center of Bictachnol-
ogy Information, National Library of Medicine, and National Institutes
of Health.

DNA and RNA Gel Blots and Hybridization Conditions

Total ANA was danaturad in dimethyl sulfoxidefglyoxal and elactropho-
resed on 1.2% agarose gels (Sambrook et al., 1389). DNA was
separated on 0.8% agarcse gels (Sambreok et &, 1389). Nucleic acids
were transferred te GeneScreen (New England Nuclear Resaarch,
Beverly, MA) filtars (RNA) or to Amersham Hybond N+ (Amarsham)
filrars (DNA). RNA gel blot hybridizations were performed in buffer
containing 50% formamide at 42°C (Sambrook et &i., 1989). DNA gel
blot hybridizaticns were performed according to the pretocol provided
by the manufacturer for Amersham Hybond N+, Filters were washed
at 85°C with decreasing salt concentrations to 0.5 x SSC, 0.1% S80S,
and, in the case of a heterologous probe, with 2 x SSC, 0.1%¢ S0S.
Hybridization signals were quantified with a Phosphorimager (Molec-
wlar Dynamics, Sunnyvale, CA).

In Situ Hybridization

Tisgues were fixed in 100 mM sodium shosphate, pH 7.2, containing
4% paraformaidehyde and 0.25% glutaraidehyde for 4 hr under vacuum,
dehydrated via a graded ethanol serigs, and embedded in Paraclean
{iGinipath, Duiven, The Nethetlands). Sections (7 pm thick) were dried
oh polylysine-coated alides at 37°C overnight, deparaffinized with xy-
lene, and rehydrated via a graded ethanol series. Hybrigization
pretreatment, hybridization, and washing were parformed essentially
as described by Cax and Goldberg {1988) and adapled by van de Wiel
et al. (1890). Washing stringency, RMase concentration, and DTT con-
centrations in the washing buffers were increased,

For the Frankia HF PArI3 nift probe, a 387-bp Sstl internal fragment
of nifH from pFQ148 {Simonet &t al., 1988) was subcloned in pBluascript
SK- (Stratagens), yielding pFnifH1. This plasmid was linearized with
EcoRl, and antisense RNA was transcribed using T7 ANA polymer-
ase. For A, glutinasa ag12-1 sense and anlisonse probes, a plasmid
containing 212 to 685 bp of the cDNA in pBluascript SK— was linear-
izad using Hindll! and transcribed with T3 ANA polymerase (antisense)
or linearized with BamHI and transcribed with T7 RNA polymerase
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(sonse), respectively. After washing, the slides were coated with
microautoradiegraphy emulsion LM-1 {Amarsham) and exposed for
4 waeks at 4°C. They were developed in Kodak D19 developer (East-
man Kodak, Rochester, NY} for 5 min and fixed in Kodak fix. Sections
were counterstained with 0.02% ruthenium red and 0.025% toluidine
blue 0 for 5 min aach and mounted with DePaX (BDH Laboraiory Sup-
plies, Pools, United Kingdom.

Peclymerase Chain Reaction

Taq polymerasa (SupefTag) was obtained from Sphaero Q (Leiden, The
Netherlands) and used according to ths instructions provided by the
manufacturer Using sligonucleotide 5-GGTGTGTAGCTCGIAACGG-3"
and the T3 primer (Bethesda Research Laboratory, Gaithersburg, MD)
on the APRL2 cDNA library of Arabidopsis (T. Newman, Chio State
University, Columbus, OH), fragments of 250 to 600 bp were ampli-
fied. Fragments of 400 1o 600 bp were subclonad and seguencad.
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Abstract

We have cloned a ¢DNA from Casuarina glauca nodules representing the homolog of an
Alnus glutinosa gene, agl2, encoding a nodule-specific subtilisin-like protease. RNA
hybridization analysis has shown that, like ag/2, cgI2 is expressed at high levels in nodules,
but not in roots. fn situ hybridization showed that it is expressed in the young infected cells
of the nodule where Frankia does not yet fix nitrogen. The occurence of these subtilases
during infection of cortical cells in two different types of actinorhizal nodules supports
phylogenetic data which indicate that the symbiosis of Casuarinaceae, Alnus, and Myricaceae
has a commen evolutionary origin.
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Introduction

Actinomycetes of the genus Frarnkiz can enter a root symbiosis with several woody
dicotyledonous plant species, belonging to eight different plant families, commonly called
actinorhizal plants. The result of this symbiosis is the formation of root nodules where
Frankia is fixing atmospheric nitrogen inside plant cells. Actinorhizal root nodules are
coralloid structures consisting of multiple lobes, each of which resembles a modified lateral
root without a root cap and with a superficial periderm, a central vascular bundle, and both
infected and uninfected cortical cells (Benson and Silvester, 1993; Pawlowski et al., 1996).

Actinorhizal nodule lobes have an indeterminate growth pattern, due to the presence of an
apical meristem, resulting in a zonation of each lobe. Thus, starting from the apical meristem,
we can distinguish four zones (Ribeiro et al., 1995). The meristematic zone (zone 1) consists
of small dividing cells that do not contain bacteria. The prefixation zone (zone 2) contains
enlarging cortical cells, some of which become gradually infected with hyphae from the center
outward (Schwintzer et al., 1982; Berry and Sunell, 1990). In the nitrogen fixation zone
(zone 3) Frankia vesicles have formed, bacterial nif (nitrogen fixation) genes are expressed,
and nitrogen fixation takes place (Fontaine et al., 1984). In the senescence zone (zone 4)
nitrogen fixation stops and both plant and bacterial material is degraded (Berry and Sunell,
1990),

We were interested to study whether plant genes involved in the process of cortical cell
infection by Frankia are conserved among actinorhizal symbioses. Previously, two nodule-
specific gene families whose expression correlates with this process have been identified in
Alnus glurinosa (Ribeiro et al., 1995; Pawlowski et al., 1996). One of them encodes glycine-
and histidine-rich metal-binding proteins (Twigg, 1993; Pawlowski et al., 1996). The other
one, agl2, encodes subtilisin-like proteases (Ribeiro et al.,1995). The presence of a N-
terminal signal peptide in both types of proteins suggests that they are targeted to the vacuole
or to the extracellular space. As a first step to assess the general importance of Agl2-like
proteases in actinorhizal symbioses, a homolog was cloned from Casuarina glauca.

Molecular phylogeny suggests that nitrogen fixing root nodule symbiosis in Alnus
(Betulaceae), Casuaring (Casuarinaceae), and Myrica (Myricaceae) has a common
evolutionary origin (Figure 1; Swensen, 1996). This is supported by symbiosis-related
features; for example, only plants belonging to branch ¢ (Figure 1) are infected intracellularly
by Frankia via root hairs. Root hair infection staris with the deformation of root hairs
(reviewed by Pawlowski et al., 1996), Afier that, Frankia hyphae enter root hairs,
encapsulated in a cell wall-like matrix of plant origin. Initially, Frankia induces cell divisions

85




in the root outer cortex, giving rise to the prenodule. Upon infection of prenodule cells with
encapsulated hyphae, cell divisions are induced in the root pericycle resulting in the formation
of the nodule lobe primordium, which after infection develops into a nodule lobe. In the
actinorhizal plants belonging to branch a (Figure 1), no prenodule is formed, and Frankia
reaches the nodule primordium cells via penetration of the root epidermis and intercellular
colonization of the root cortex. In all actinorhizal nodules, upon infection of a plant cell,
Frankia hyphae branch until they occupy most of the volume of the infected cell. This process
is accomplished by the invagination of the plant plasma membrane and continuous deposition
of encapsulating material,

Because of the phylogenetic relationship and the similarity of the infection processes of Alnus
and Casnaring, the latter was selected to study whether an ggi2 homolog is involved in
process of cortical cell infection by Frankia in this plant.

Q Rosid |
I q Rosid !
R
Urticales
finci. Paragoonial
Rhamnaceae
Elagag
B Q Leguminosae

Betulaceae
Casuarinaceae

Fagales
Myri

d I Coriatiaceas

L ] Cueurd

Figure 1: Part of a strict consensus free summarizing the major clades found in phylogenetic analysis of 99
rbeL sequences (modified after Soltis et al., 1995). The thick black line denotes the nitrogen-fixing clade,
Four clades (a<d) within this ¢lade contain symbiotic species. Families containing species enlering a
symbiosis with Frankia strains are given in bold print, families containing species interacting with rhizobia
are underlined. The figure was kindly provided by S. Swensen (Ithaca College, NY, USA).
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Results

Isolation and sequencing of cgl2

For the isolation of the agl2 homolog from Casuarina glauca, degeneraie primers were
designed (see Materials and Methods) on the basis of amino acid sequences conserved
between two subtilisin-like proteases from higher plants, A. glutinosa Agl2 and Arabidopsis
thaliena Arai2 (Ribeiro et al., 1995). By reverse-transcription and PCR, a 0.8-kb DNA
fragment was amplified from RNA isolated from C. glauca nodules, which in turn was
cloned and sequenced. Sequence comparison showed that the cloned fragment represents the

homolog of agi2 (Figure 2). Therefore, the clone was designated pCgl2.

Cgl2
Agl2

Cgl=2
Agl2

Cglz
AglZz

Cgl2
Agl2

Cgl2
Agl2

Cgl2
Agl2

Figure 2: Sequence comparison of Agl2 (amino acid residues 302 to 366) and Cgl2. Conserved amino

MAEFAAMERGVLVSTSAGNEGPFFGNLHNGIPWVLTVAGGTVDRSFAGTL
TASFAAMERGVVVSTSAGNAGPFFGNMHNGIPWVLTVAAGNIDRSFAGTL

TLGNDQIITGWTLFPASAVIQONLPLVYDRNISACNSPELLSEAIYTIIIC
TLGNDQTITGWTMFPASAI IESSQLVYNRTISACNSTELLSDAVYSVVIC

EQARSIRDQIDSLARSNVVGAILISNNTNSSEL . GEVICPCLVISPKDAR
EAITPIYAQIDAITRSNVAGAILISNHTKLFELGEGVSCPCLVISPKDAA

AVIKYANFNETIAFASMEFQKTFLGAKPAPAVASYTERGPSPSYPGVLEPD
ALIKYAKTDEFFLAGLEFQETITGTRPAPAVAYYSSRGPSPSYPGILEFPD

VMAPGSQILAAWVPTDATAQIGTNVYLSSHYNMVSGTSMACPHASGIAAL
VMAPGSLVLASWIPNEATAQIGTNVYLSSHYNMVSGTSMACPHASGVAAT

LKAAHPEWSPAATSS
LEAAHPEWSPAAIRS

acids are shown in bold print.
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Expression of cgi2
RNA ge! blot hybridization analysis

Northern blots with RNA isolated from C. glauca roots and nodules were prepared and
hybridized with cgf2. A 2.5-kb transcript was detected in RNA of nodules but not of roots
(Figure 3), thus confirming the nodule-specific nature of cg/2. The size of the cg/2 transcript
was similiar to that of its homologs in A. gluinosa and Arabidopsis thaliana. This supports
that cg12 is the homolog of agi2 from A. glutinosa.

R N Figure 3: RNA gel blot hybridization analysis:
Expression of ¢gZ2 in roots and nodules of Casuaring
- 2.5 kb glauca. R, roots; N, nodules.
RNA gel blots containing about 10 ug of total RNA
per slot were hybridized with ¢g{2. The signal was
detected by using a Phospholmager.

Localization of cgl12 mRNA

The expression pattern of cgl2 in C. gleuca root nodules was determined by in situ
hybridization of longitudinal- and cross-sections of nodules with 338-labelled antisense and
sense RNA probes. To obtain a reference point for the developmental stage of the infected
cell, in situ hybridizations with antisense RNA of the nitrogenase structural gene nifH from
Frankia were performed on adjacent sections (Pawlowski et al., 1995). The results showed
that, similarly to agi2, cgi2 was expressed at highest levels in the young infected cells of
zone 2, where Frankia does not express nifH (Figure 4), and at lower and irregular levels in
the infected celils of zone 3, where Frankia does express nifH (data not shown). Neo
expression of cgl2 was detected in other nodule cells.
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Figure 4: Localization of Frankia nifH and C. glauca cgl2 mRNA in sections of C. glarzca nodules,
Bright-field microscopy was used; silver grains denoting hybridization appear as black dots, Slides were
exposed for 4 weeks at 40C and stained with Ruthenium red and Toluiding Blue after developing. (A) Frankia
nifff expression denotes nitrogen-fixing infected cells. {B) cgl2 expression is detected in young infected celis
where Frankia does not yet express nifH (aowheads); in this section, ¢gl2 expression was below the
detection limit in the infected cells that do express rifif (arrows).
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Discussion

Based on sequence and expression analysis, cgl2 represents the C. glauca homolog of A,
glutinosa, agl2, which is proposed to encode a protein involved in the infection of nodule
cortical cells by Frankia (Ribeiro ct al., 1995). Agl2 and Cgl2 represent subtilisin-like
proteases.

Subtilases have been identified in a wide variety of organisms, where they can have cither
degradative or processing functions. According to Gluschankof and Fuller (1994), all
processing proteases of the subtilisin famnily contain a so-called P-domain that is missing in
degradative preoteases. Based on these data, both Agl2 and Cgl2 would fall in the
degradative class since they miss the P-domain (data not shown). However, since both agl2
and cgl2 and their homelog in Arabidopsis, aral2 (Ribeiro et al,, 1995), are expressed at
particularly high levels in early stages of development, i.e. in early stages of infection in
actinorhizal nodules and during the beginning of silique development in Arabidopsis, it seems
more likely that these enzymes play a role in protein processing and not in degradation. Up to
now neither bacterial- nor plant subtilases with the features of a processing enzyme have been
identified. Neverthless, there is evidence for the existence of processing proteases in plants,
since a fungal peptide toxin was correctly processed when expressed in tobacco (Kinal et al.,
1995). Thus, it might be possible that the presence of the P-domain in the class of processing
subtilases is related to phylogeny and not just to function. In this case, plant subtilases
without this domain might still have processing functions.

Phylogenetic analysis suggests that actinorhizal Myricaceae, Casuarinaceae, and Betulaceae
(subclade c; Figure 1) have a commen symbiotic ancestor (Swensen, 1996). Although the
infection process and the spatial distribution of the nodule cells are similar in all these three
plant families, there are differences concemning the nodule oxygen protection/diffusion
pathways and Frarkia differentiation (reviewed by Pawlowski et al., 1996}, which might
suggest that the symbiotic syndrome developed independently in Betulaceae and
Casuarinaceae and Myricaceae, respectively (Swensen, 1996}, However, the conservation of
Agl2/Cgl2, together with the fact that so far all the atternpts to isolate homologous genes
from legume nodules of Vicig sativa as well as from actinorhizal nodules of Datisca
glomerata have failed (data not shown), might be a further indication that indeed, the
symbiotic syndrome in Alnus,Casuarina, and Myrica had a common evolutionary origin.
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Methods
Plant and bacterial growth conditions

Casuarina glauca seeds were provided by the Desert Development Center (Egypt). The plants
were grown in a greenhouse at temperatures ranging from 25 to 30 ~C, under 14 hr of light
and 10 hr of darkness. Seeds were germinated in trays containing a mixture of sand and
vermiculite (1:1). After four months the seedlings were transfered to hydroponic culture with
quarter-strength Hoagland’s solution {Hoagland and Arnon, 1938) supplemented with 17
mg/l (NH4)2504. Nutrient solution was changed weekly. One week before inocculation the
plants were deprived of nitrogen. Four month-old plants were infected with 1:3/1:4 diluted
dispersed culture of Frankia Thr (Girgis et al., 1990} grown in BAP-PCM medium (Fontaine
et al.,, 1986). Nodules were harvested 3 to 4 weeks after infection. Actinorhizal nodules of
Datisca glomerata nodules were kindly provided by AM. Berry (UC Davis, CA, USA).
Legume nodules of Vicia sative were obtained as described by Vijn et al. (1993).

Isolation of RNA

For isolation of root RNA, seedling roots were collected from uninfected plantlets 4 to 5
months after germination. For the isolation of nodule RNA, 3 to 4 week-old nodules were
used. Total RNA was isolated from C. glauca and D. glomerata as described by Pawlowski
et al. (1994). Total RNA from Vicia sativa nodules were isolated as described by Govers et
al. (1985).

Reverse transcription and Polymerase chain reaction (RT-PCR)

AMYV reverse transcriptase was obtained from Gibco BRL (Gaithersburg, MD). cDNA was
synthesized from total RNA isolated from C. glawca nodules as described by the
manufacturer. For the PCR, Taq polymerase was obtained from Gibco BRL (Gaithersburg,
MD) and used according to the instructions provided by the manufacturer. Using
oligonucleotides 5'-GCIATIG(G/CMI(G/CITT(T/C)GCI GCIATGG-3' (Forward) and 5°-
GCHG/CHAMIC(G/MIGTIGCIGCIGGI(G/CYHA/T) CCA-3" (Reverse) a 0.8 kb cgl2
fragment was amplified from C. glauce nodule cDNA during 35 cycles (94 0C, 1.5 min; 42
O¢, 1.5 min; 72 °¢, 1.5 min).
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Cloning and sequencing procedures

The 800 bp DNA fragment amplified by PCR was subcloned into pGEM-T! using a Kit from
Promega (Madison, WI) for subcloning PCR products, yielding pCgl2. The nucleotide
sequence was determined as described by Ribeiro et al. (1993).

In situ hybridization

In situ hybridization experiments were performed as described by Ribeiro et al. (1993). For
probe preparation, pCgl2 was linearized with SsAl and transcribed with T7 RNA polymerase
(antisense) or linearized with PstI and transcribed with T3 RNA polymerase (sense)

RNA gel blots and hybridization conditions

Northern blots with nodule- and root RNA were prepared and hybridized as described by
Ribeiro et al. (1995). For RNA blot hybridization the insert of pCgl2 was cut out using Pstl
and SstL
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Chapter 7

Concluding Remarks
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Nitrogen-fixing root nodule symbioses

Two groups of plants, legumes and actinorhizal plants, are abic to enter root nodule
symbioses with ritrogen-fixing soil bacteria, rhizobia and Frankia, respectively.

Actinorhizal and legume nodules are dissimilar in their structure as well as in several aspects
of their development (chapter 1). First, while legume nodules have a stem-like morphology,
actinorhizal nodule lobes represent modified lateral roots. Second, legume nodules are formed
by mitotic reactivation of root cortical cells, while actinorhizal nodule formation is initiated in
the root pericycle. Third, in most legumes, bacteria are released by an endocytosis-like
process into the cytoplasm of plant cells, whereas in actinorhizal nodules the plant membrane
surrounding Frankia remains attached to the plasmamembrane, and no endocytosis is
observed. Interestingly, nodules of Parasponia, the only non-legume nodulated by rhizobia,
structurally and developmentally resemble actinorhizal nodules.

In spite of the differences between actinorhizal and legume symbioses, the two systems share
common aspects especially with respect to nodule functioning. For example, in both legume
and actinorhizal nedules, ammonium, the product of nitrogen fixation, is exported by the
bacteria and assimilated in the plant cytoplasm via the GS (glutamine synthetase)/{GOGAT
(glutamate synthase) pathway (Schubert, 1986; chapter 2). Moreover, sucrose synthase is
implied in carbon metabolism in both cases (chapter 3). In some actinorhizal plants, the
mechanism of nodule oxygen transport involves a nodule-specific oxygen-binding protein,
hemoglobin, similar to that (leghemoglobin} found in legume nodules (Jacobsen-Lyon et al.,
1995). In addition to the nodulin (leg)hemoglobin, both systems involve several other nodulin
genes. In legumes these genes have been classified into early and late nodulin genes (Nap and
Bisseling, 1990a). Late nodulin genes are expressed at the onset of bacterial nitrogen fixation,
and seem to be involved in nodule functioning. Early nodulin genes are expressed before the
onset of nitrogen fixation, and are probably invoived in cither infection or in building up the
nodule structure. Also in actinorhizal nodule formation early nodulin gengs appear to play a
role, Examples are, agl2/cgl2 (chapters 5 and 6), and agl/64 (Guan et al., 1997), which are
both expressed in young infected cells, prior to bacterial nitrogen fixation, and have been
suggested to be involved in the infection process. Agl12/Cgl2 are subtilisin-like proteases that
are among the first to be identified in plants. The role of ¢gf2 in early stages of nodule
development has been confirmed by showing that it is also expressed in prenodule cells in
Casuarina glauca (Ana Ribeiro, Laurent Laplaze and Katharina Pawlowski, unpublished
data). The prenodule is a cluster of dividing cortical cells and as such it is similar to the
legume nodule primordium, although it does not contribute to the actinorhizal nodule lobe
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structure, Up to now early nodulins common to both rhizobial and actinorhizal symbiosis
have not been identified.

Achievements in molecular studies of actinorhizal symbioses

Due to their woody nature, actinorhizal plants were for many years recalcitrant to molecular
biological and genetic analysis. The achievements described in this thesis, together with the
recent results of others working on the molecular aspects of actinorhizal symbioses (Goetting-
Minesky and Mullin, 1994; Jacobsen-Lyon et al., 1993; Guan, 1996; Gherbi et al., 1996;
Franche ¢t al., 1997; Diouf et al,, 1995; A.M. Berry, unpublished results) show that
meanwhile, actinorhizal plants can be examined using standard molecular biological
techniques such as isolation of nucleic acids, in situ hybridization, and plant transformation.

In the course of this work, we have also shown that the lack of a genetic system for
actinorhizal plants can be compensated by using model systems like Arabidopsis and yeast to
analyse gene functions (chapter 4). Many of the actinorhizal nodule-specific/enhanced genes
identified thus far have homologs in non-symbiotic plants like Arabidopsis (chapter 4 and 5;
Guan et al., 1997). This, together with the fact that quick mapping procedures and an
integrated genetic map for Arabidopsis are available, can be useful to analyse the function of
the Arabidopsis homologs of actinorhizal genes. Furthermore, mapping analyses can be
complemented with phenotype studies, since a suitable transformation system is also available
for Arabidopsis. Because some actinorhizal nodulin genes have also homologs in yeast
(chapter 4), from which site-directed mutants can be constructed easily, complementation
studies can be performed to ascertain gene function (chapter 4).

Due to these achievements, the different aspects of actinorhizal nodulation can now be studied
in more detatl.

Molecular phylogenetic data

Molecular phylogenetic analyses, based on chloroplast rbel. gene sequences, suggest that all
plants able to form nitrogen fixing root nodules, with either Frankia or rhizobia as
microsymbiont, belong to a single branch of the rosid 1 clade (Soltis et al., 1995). Thus, a
single genetic predisposition to enter a root nodule symbiosis seems to have arisen at one
point in evolution. Based on it, both rhizobial and actinorhizal symbioses seem to have
developed three to four times independently (Doyle, 1994; Swensen, 1996), and plant
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families containing members able to enter a root nodule nitrogen-fixing symbiosis are
classified into four different groups, i.e., subclades (Soltis et al.,, 1995; Swensen, 1996).
Three of these subclades contain actinorhizal plants, and one contains the legumes (Figure 1
in chapter 6). Interestingly, Parasponia, the only non-legume nodulated by rhizobia, whose
nodules are actinorhiza-like, groups together with actinorhizal plants in one of the subclades.
This classification, based on rbcL gene sequences, is supported by some aspects of the
symbioses. For example, all plants in subclade a (Figure 1 in chapter 6) are infected
intercellularly, though by different microsymbionts; the plants in subclade c are all are infected
intracellularly by Frankie, and only the plants from subclade d form nodules displaying a
special pattemn of infected cells in the cortex of the nodule. Thus, the diversity of nodule
development and infection between the different groups of plants can be seen as a result of

independent acquisition of symbiotic propertigs in the course of evolution.

Future prospects

Altogether molecular phylogeny has shown that plants entering a root nodule symbiosis with
nitrogen-fixing bacteria (Frankia or rhizobia) are closely related, and the plants of the rosid I
clade most probably share a commnon feature which allowed them to develop an interaction
with Frankia or rhizobia. Additionally, molecular phylogeny and cytology suggest that
conmumon principles are underlying the independently developed nodule formation processes.
Therefore, parallel studies with the different systems will be useful to get more insight about
the properties determining the capacity to develop nitrogen-fixing root nodule symbioses.
Such insight might be important in the attempts to transfer the ability to enter nitrogen-fixing
root nodule symbiosis to plant species outside the rosid I clade.

As previously mentioned, apart from hemoglobin and some nodulins involved in nodule
carbon- and nitrogen metabolism, genes in common to rhizobial and actinorhizal nodules have
not yet been identified. However, all nodulins examined to date have been shown to be either
recruited or duplicated from non-symbiotic plant development (Nap and Bisseling, 1990b;
Jacobsen-Lyon et al., 1995), and homologs of nodulins have been found in non-symbiatic
plants such as Arabidopsis. These facts could be exploited 1o study genes shared by the two
types of nodules and to determine their role in the symbiotic relationship. This might be one
of the strategies to identify the commen aspects that make legumes and actinorhizal plants
susceptible to the symbiotic interaction with Rhéizobium and Frankig. In addition, comparative
studies at the physiological, cytological, and molecular biological level, could be useful to
study the divergences among the different root nodule nitrogen fixing symbiotic systems and
provide insight in the different strategies used by plants to achieve symbiotic nitrogen
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fixation. Recently, in situ hybridization with GS antisense RNA revealed that ammonium
assimilation in actinorhizal nodules of Datisca glomerata takes place in the uninfecied cells
(A.M. Berry and K. Pawlowski, unpublished data). This expression pattern is completely
different from that found in actinorhizal nodules of Alnus (chapter 2) and Casuaring (AM,
Berry and K. Pawlowski, unpublished data} as well as in legume nodules (chapter 2). Such
results exemplify the potential of comparative studies, that are now possible due to the
availability of cloned genes.
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Samenvatting

Actinorhiza-knollen worden, deor actinomyceten van het genus Frankia, geinduceerd op de
wortels van verschillende dicotyle plantesoorten, behorende tot acht verschillende families.
Elke knol bestaat uit gemodificeerde zijwortels (“lobes™) zonder wortelmutsje, met een
centrale vaatbundel en met geinfecteerde en niet-geinfecteerde cortexcellen.

Om plantegenen te isoleren die betrokken zijn bij het vormen van een actinorhiza-knol hebben
we een cDNA bank van Alnus glutinosa knollen differentieel gescreend met respectivelijk
knol en wortel cDNA. Verschillende cDNA’s, die genen vertegenwoordigen die op een hoger
nivo in de knol tot expressie komen dan in de wortel (bepaald met RNA blot hybridisatie),
zijn geisoleerd en gesequenceerd. De plaats van expressie van de corresponderende mRNA’s
in de knol was onderzocht met in situ hybridisatie. Wanneer het nodig was, zijn model
systemen als gist en Arabidopsis gebruikt om de functie van de gecodeerde eiwitten te
analyseren.

Twee van de gefsoleerde cDNA cloons waren sucrose synthase en enolase, enzymen
betrokken bij koolstof metabolisme. De hiermee overcenkomende genen komen in alle
planteweefsels tot expressie, maar op een duidelijk hoger nivo in koollen. In situ hybridisatie
liet zien dat in knollen beide genen sterk tot expressie kwamen in de geinfecteerde cortexcellen
en in de pericykel van de vaatbundel. '

Een andere cDNA cloon, pAgthil, codeerde voor een eiwit homoloog aan gist Thi4, wat een
rol speelt in thiazol biosynthese. Het hiermee overeenkomende gen, agthil, kwam sterk tot
expressie in de knol en in de scheutapex van A. glutinosa, terwijl het zwak tot expressie
kwam in wortels, bloemen en ontwikkelende vruchten. In knollen was aqgthil mRNA
gelocaliseerd in de geinfecteerde cortexcellen en in de pericykel van de vaatbundel. Een
homoloog gen, arat/tz is geidentificeerd in Arabidopsis thaliana. ara6/tz mapt in ecn gebied
van chromosoom 5 van Arabidopsis wat het rz locus bevat. Dit komt overcen met de
waamemingen dat ara6/¢z transcriptie verminderd was in 2 van 5 Arabidopsis tz mutant lijnen.
arab/tz komt sterk tot expressie in chloroplast bevattende parenchym cellen van bladeren,
scheuten van de bloeiwijze en bloemen van Arabidopsis, en minder sterk in het vaatweefsel.
De functie van AgThil is aangetoond door complementatie studies in gist, waarbij AgThil
een gist thi4 mutant kon redden.

cDNA’s zijn geisoleerd die kodeeren voor glutamine synthetase (GS) en acetylornithine
transaminase (AOTA), beiden betrokken bij stikstofrmetabolisme, GS is het verantwoordelijke
enzym voor ammeonium assimilatie, terwijl AOTA betrokken is bij de biosynthese van
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citrulline, de vorm waarin stikstof getransporteerd wordt in Alnus. GS mRNA is gevonden in
alle weefsels die getest zijn, met het hoogste nivo in knollen, waar het aanwezig is in de
geinfecteerde cellen en in de cellen van de pericykel van het vaatweefsel. AOTA mRNA is op
zeer laag nivo in wortels en op hoog nivo in knollen gedetecteerd, waar expressie beperkt was
tot geinfecteerde cellen. Deze data suggereren dat in A. ghetinosa knollen ammonium
assimilatie plaats vindt in de geinfecteerde cellen en in de pericykel van het vaatweefsel, en
citrulline biesynthese voomamelijk in de geinfecteerde cellen. Ammonium assimilatie in de
pericykel is waarschijnlijk gerelateerd aan stikstoftransport.

Een van de weinige knol specifike genen, d.w.z. genen die niet tot expressic komen in
wortels, agi2, kwam het sterkst tot expressie in geinfecteerde cellen, voor de start van
stikstof fixatie. Sequentie analyse liet zien dat agl2 kodeert voor een serine protease van de
subtilisine (EC 3.4.21.14) familie. Een gen homoloog aan agl2, aral2, is geidentificeerd in
Arabidopsis. aral2 kwam in alle organen tot expressie, met de sterkste expressie tijdens de
vroege silique ontwikkeling. Om het belang van dit protease in andere actinorhiza symbiosen
vast te stellen is het expressiepatroon van een homoloog gen, ¢gl2, onderzocht in knollen van
Casuarina glauca en er werd gevonden dat het vergelijkbaar was met dat van ag/2. Deze
resultaten worden bediscussieerd met het oog op de phylogenetische relatie tussen Alnus en
Casuaring.
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Summary

Actinorhizal multilobe nodules are induced by actinomycetes of the genus Frankia on the
roots of several dicotyledenous species belonging to eight different plant families. Each
nodule lobe is a modified lateral root, without a root cap, with a central vascular cylinder, and
with infected and uninfected cortical cells.

To isolate plant genes involved in the establishment of an actinorhizal symbioses, we have
differentially screened an A. glutinosa nodule cDNA library with nodule- and root cDNA,
respectively. Several cDNAs, representing genes expressed at elevated levels in nodules
compared to roots, as determined by RNA gel blot analysis, were isolated and sequenced.
The localization of the corresponding mRNAs in the nodule was examined by in situ
hybridization. Whenever necessary, model systems such as yeast and Arabidopsis were used
to analyse the functions of the encoded proteins.

Two of the isolated cDNA clones corresponded to sucrose synthase and enolase, enzymes
involved in carbon metabolism. The corresponding genes were expressed in all plant tissues
but at markedly elevated levels in nodules. f» sifu hybridization showed that in nodules, both
sucrose synthase and enolase were expressed at high levels in the infected cortical cells as
well as in the pericycle of the vascular bundle.

Another ¢DNA clone, pAgthil, was shown to encode a homolog of yeast Thi4, which is
involved in thiazole biosynthesis. The corresponding gene, agthil, was found to be
expressed at high levels in nodules and shoot tips of A. glutinosa, while being expressed at
low levels in roots, flowers, and developing fruits. In nodules, agrhil mRNA was localized
in the infected cortical cells and in the pericycle of the nodule vascular system. A homolog of
this gene, ara6/tz, was identified in Arabidopsis thaliang. araftz maps in a region of
chromosome 5 of Arabidopsis containing the ¢z locus. This is consistent with the
observations that ara6/z ranscription was impaired in two ovt of five Arabidopsis ¢z mutant
lines. arafi/tz is expressed at high levels in chloroplast-containing parenchymatic cells of
leaves, inflorescence shoots and flowers of Arabidopsis, and at lower levels in the vascular
system. The function of AgThil was demonstrated by yeast complementation studies, in
which AgThil was able to rescue a yeast thi4¢ mutant.

c¢DNAs encoding glutamine synthetase (GS) and acetylomnithine transaminase (AOTA), both
invelved in nitrogen metabolism, were isolated. GS is the enzyme responsible for ammonium
assimlation, while AOTA is involved in the biosynthesis of citrulline, the nitrogen transport
form in Alnus. GS mRNA was found in all tissues tested with the highest levels in nodules,
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where it was present in the infected cells as well as in the cells of the pericycle of the vascular
system. AOTA transcripts were detected at very low levels in roots and at high levels in
nodules, where it was confined to the infected cells. These data suggested that in A. glutinosa
nodules, ammonium assimilation takes place in both the infected cells and in the pericycle of
the vascular system, and citrulline biosynthesis occurs mainly in the infected cells.
Ammonium assitnilation in the pericycle is likely to be related to nitrogen transport.

One of the few nodule-specific genes, i.¢., genes that are not expressed in roots, agf2, was
shown to be expressed in nodules at the highest levels in infected cells before the onset of
nitrogen fixation. Sequencing showed that agf2 encodes a serine protease of the subtilisin
(EC 3.4.21.14) family. A homolog of agi2, aral2, was identified in Arabidopsis. aral2 was
expressed in all organs, with the highest expression levels in the beginning of silique
development. To assess the importance of this protease in other actinorhizal symbioses, the
expression pattern of its homolog, cgl2, was examined in nodules of Casuarinra glanca and
found to be similar to that of agZ2. These results are discussed in view of the phylogenetical

relationship of Alrus and Casuarina.
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