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Chapter 1

GENERAL INTRODUCTION



General introduction

3

NITROGEN-FIXING SYMBIOSES

In most terrestrial plant-dominated ecosystems, the limiting nutrient factors for plant

growth are nitrogen (N), phosphorous (P), or potassium (K). While green plants are able to

obtain carbon by means of photosynthesis, N (and P) has to be taken up from the soil in the

form of ammonium (NH4
+), and nitrate (NO3

-) ions. These nitrogen compounds are recycled

by micro-organisms from organic compounds, and in most cases the nitrogen-cycle in soil

functions sufficiently to support plant growth.

In some ecosystems the availability of nitrogen is limited. This may be the case in primary

soils (dune areas, sites of recent volcanic activity), but may also be caused by erosion of the

topsoil by flash floods or landslides, acidic or oxygen-deprived conditions (reduced nitrogen

mineralisation), and human exploitation (e.g. deforestation, crop harvesting, open mining).

Several free-living bacteria of different genera (i.e. Azotobacter, Bacillus, Clostridium,

Klebsiella, and cyanobacteria (i.e. Nostoc, Anabaena) have the ability to reduce atmospheric

dinitrogen gas (N2) to ammonium. The impact of these free-living nitrogen-fixers on the total

soil nitrogen in general is modest, due to shortage of energy, but in the long run they

contribute to the nitrogen enrichment of the soil. Alternatively, N2-fixing bacteria that live in

symbiosis with higher plants have better opportunities to grow due to the direct C-supply by

their hosts (Ishizuka 1992). These symbiotic associations consist of specific nitrogen-fixing

bacteria and (higher) plants, which contain the bacteria inside specialised tissues, mostly in or

near the root system.
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Phylogeny of actinorhizal plants

Whereas the symbioses of rhizobia (i.e. Rhizobium, Bradyrhizobium, Sinorhizobium) are

confined to the Leguminosae and to the far-related genus Parasponia (Akkermans and Van

Dijk 1981), the actinomycete Frankia is associated with a large number of higher plant

genera. The majority of the participating “actinorhizal” plant species (so far about 200

species, belonging to 25 genera within 8 plant families) are woody perennials, and can be

found in most climatic zones, usually as pioneer species early in vegetation successions (Bond

1983). In Europe and Asia the most important genera are Alnus, Hippophaë, Myrica, and

Elaeagnus. The most common genus in tropical- and subtropical regions (Asia and Australia)

is Casuarina. In arctic zones Alnus and Dryas are important genera, involved in colonisation

of glacial wastelands (Lawrence et al. 1967, Ugolini 1968).

Initially, the taxonomy of the host plants of Frankia, based on classic plant morphology

and anatomy data, was thought to be too diverse to be explained by a common descent. Bond

(1983) therefore suggested that these associations arose individually, at a time when available

soil nitrogen was universally scarce, thus providing the ancestors of present-day host plants

with an additional nitrogen source. A recent analysis of the taxonomy of flowering plants,

using the chloroplast gene rbcL, placed plant families with nodular nitrogen-fixing symbioses,

both actinorhizal or rhizobial, together in a single clade, “rosid I” (Chase et al. 1993, Mullin

and Dobritsa 1996). A study on a more narrow selection of plant species provided some

evidence for the monophyly of this nitrogen fixing clade (Soltis et al. 1995). Recently,

Swensen (1996) combined molecular genetic data with morphological characteristics to show

that within this clade actinorhizal plant taxa form four major groups. Each of these groups is

separated from the other lineages by related, but nonactinorhizal taxa, and also within each

group, non-actinorhizal plant taxa were present. From the combined molecular and

morphological data, Roy and Bousquet (1996), Swensen (1996), and Swensen and Mullin

(1997) concluded that nodule-based nitrogen-fixing actinorhizal symbioses may have

originated independently at least four times (Fig. 1). This indicates that this entire group of

plant taxa (including the Leguminosae) has (or had) the inherent capacity for symbiotic

relationships with soil microorganisms.
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The phylogeny of some actinorhizal plant genera has previously been studied through

RFLP analysis of rDNA of several Alnus spp. (Bousquet et al. 1989). This research has

confirmed the taxonomy of alders based on morphological characters. The Alnus species

clustered within the two subgenera Alnobetula (A. crispa and A. viridis) and Alnus (A.

incana, A. rugosa, A. japonica, A. glutinosa and A. rubra). The clustering of Betula

papyrifera with the subgenus Alnobetula confirms the closeness of Betula to the genus

Alnus.
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Figure 1 Phylogenetic tree, showing the major clades encountered in an analysis of the rbcL gene sequence

from actinorhizal plants (in bold) and non-actinorhizal plants (modified after Swensen and Mullin 1997;

Used with permission of the publisher). Clades, containing actinorhizal plant species are indicated by boxes,

numbered I to IV.
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Figure 2 UPGMA dendrogram of eight Betulaceae based on RFLP of the ribosomal DNA region (after

Bousquet et al. 1989; Used with permission of the publisher).

USE OF NITROGEN-FIXING SYMBIOSES

The positive effect of symbiotic N2-fixing plants on the growth of nearby farming crops

has been recognised separately by various agricultural civilisations. In Europe, this growth-

enhancing effect was found when cultivating crops on fields where earlier beans had been

grown. Even now, planting beans for soil fertilisation is common practice in various forms of

sustainable agriculture. A similar growth-enhancer is the alder, of which an old English rhyme

says “The alder, whose fat shadow nourisheth, Each plant set neere him long flourisheth”. In

other parts of the world native people, like the South-American Indians and the Japanese, had

recognised similar beneficial effects with certain indigenous trees and shrubs, and these plants

were used extensively as windbreaks, growth-enhancers, soil stabiliser and source of lumber

(Dawson 1986, Míguel et al. 1978, Paschke 1997, Uemura 1971). Nowadays, nitrogen-fixing

plants are still useful, although in many cases they have been replaced by industrially

produced nitrogen fertilisers. Leguminous plants obviously remain an important source of
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food for both man and cattle. Even though a plant like Datisca cannabina is no longer

interesting for the production of natural dyes, it is still a useful candidate for stabilisation of

steep hills (Hafeez et al. 1984b). Casuarina species are widely used as a source of timber and

firewood, and actinorhizal plants may be employed in forestry as nurse crops (Binkley et al.

1984, Bollen et al. 1967, Carpenter and Hensley 1979, Dawson 1986, Paschke et al. 1989),

although the costs of maintaining actinorhizal nurse plants are often overlooked (Akkermans

and Hahn 1990).

As the symbiotic systems of plants with Rhizobium and Frankia are important with respect

to nitrogen fixation (Thomas and Berry 1989, Torrey 1978), these interactions have been the

focus of extensive studies. The objective of this chapter is to provide a comprehensive

introduction to the symbiosis of Frankia with higher plants, and specifically with Alnus

glutinosa (L.) Gaertn., the Black Alder.

FRANKIA ASSOCIATED WITH PLANTS

Symbiotic Frankia are located in specialised structures, or nodules, along the root system

of the host plants. The occurrence of Frankia inside symbiotic root nodules was first reported

in 1866 by Woronin, who described hyphae and vesicles and stated that these belonged to a

parasitic fungus. Later, these hyphae were correctly identified as belonging to an

actinomycete (Becking et al. 1964, Lechevalier and Lechevalier 1979), and currently,

Frankia is considered to belong to the order Actinomycetales, family Frankiaceae, genus

Frankia (Becking 1970), together with the related genus Geodermatophilus (Hahn et al.

1989b). The root nodules are analogous to those induced by Rhizobium in legumes, and they

provide an environment where Frankia can grow and prosper, while providing the host-plant

with fixed nitrogen. Through microscopic studies (Berry 1984), and subsequent molecular

biological studies (Guan 1997, Pawlowski et al. 1996, Ribeiro 1996, Van Ghelue 1994) the

infection process, nodule formation and colonisation by Frankia has become better

understood.
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Infection of the host

The actual process of root infection by symbiotic bacteria starts with the chemotaxis, and

subsequent attachment of the bacterial cells to the surface of the plant. Rhizobium is thought

to bind to its host through a specific interaction between plant-secreted lectins and specific

carbohydrates on the bacterial cell surface (Bohlool and Schmidt 1974). In the case of

Frankia, the exact mechanisms of recognition and binding are still unclear, but there is a

possibility that here too, lectins are involved in the process (Chaboud and Lalonde 1983).

Like Rhizobium, in some host species Frankia infects the root system by penetrating root

hairs (Berry et al. 1986, Berry and Torrey 1983). Prior to infection host root hairs grow

deformed, getting twisted and branched and often form bulging tips. After this, Frankia

hyphae may or may not penetrate the root hair cell wall. It has been demonstrated that

initiation of root hair deformation by Frankia is triggered by plant exudates (Van Ghelue

1994, Van Ghelue et al. 1997). Here again, a similar mechanism was described for

Rhizobium, which only expresses its nodulation (nod) genes after induction by specific

flavonoids produced by the host plant (Peters et al. 1986, Relic et al. 1994). The activation

of these nod genes results in the excretion of Nod factors (lipo-oligosaccharides) by the

bacterium (Fisher and Long 1992). The Nod factors subsequently initiate root hair

deformation and cortical cell divisions (Djordjevic et al. 1987). While no Frankia nod genes

have yet been found, for actinorhizal symbioses a similar signal exchange sequence is

supposed. It is certain that flavonoid compounds, like with Rhizobium, can have a significant

impact, both positive and negative, on the nodulation of alder by Frankia (Benoit and Berry

1997).

The fact that root hair curling is an important step in nodule development was confirmed

by Callaham et al. (1979), who reported that nodule formation was positively correlated with

the extent of root hair deformation on the host plant. In principle, only one root hair infection

is needed, but in practice several root hair infections can be involved in the induction of one

nodule (Diem et al. 1983).

Before Frankia actually enters the plant root, a pre-nodule is formed, which can be

recognised as a slight local swelling of the root (Angulo Carmona 1974). Pre-nodule

formation is induced by stimulation of cortex cell division near the infection site, possibly
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through excretion of plant hormones by Frankia (Berry et al. 1989, Miguel et al. 1978,

Wheeler et al. 1984).

A second mode of infection, also employed by Rhizobium, does not involve the plant root

hairs, but proceeds by direct intercellular penetration of the root epidermis, and colonisation

of the intercellular spaces of the root cortex. This method of infection is primarily found in

symbiotic relationships between frankiae and members of the Elaeagnaceae (Miller and Baker

1985), but is also known to occur in other actinorhizal plant families, with the exception of

the Betulaceae, Casuarinaceae and Myricaceae. Which type of infection is used seems to be

largely determined by the host plant, as is indicated by the observation of a particular Frankia

using both modes of infection, depending on the host species (Miller and Baker 1986). Bond

(1959) and co-workers (i.e. MacConnel and Bond 1957) reported that nodulation of several

actinorhizal plant species by Frankia is inhibited by a high nitrate concentration. Kohls and

Baker (1989) found evidence that induction of root hair formation is also suppressed. This

might explain why nodulation of plants, infected via epidermal cells, such as Elaeagnus

species, was unaffected by the substrate nitrate level (Kohls and Baker 1989). Unlike the root

hair infection mode, the epidermal root infection does not initiate pre-nodule formation

before the actual nodule primordium is formed.

After initial extra-cellular growth (in the case of epidermal root infection), Frankia

eventually penetrates the host cells. When entering a plant cell (immediately, in the case of

root hair infection), Frankia is embedded into a layer of cell wall-like material (Berry and

Torrey 1983), surrounded by a pectinaceous matrix (Lalonde and Knowles 1975) This

creates a tubular encapsulation, functionally similar to the infection thread described for the

Rhizobium-legume symbiosis (Berry and Sunell 1990). It is suggested that this matrix

material can also be used as a substrate by the colonising frankiae, because hyphae imbedded

in the matrix are surrounded by a clear dissolution zone. Frankia is known to possess

pectinolytic enzymes (Séguin and Lalonde 1989, Simonet et al. 1989) which may be used to

facilitate the infection process.
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Nodule formation

The actual nodule is not initiated in the pre-nodule, but in the root pericycle. The Frankia

hyphae invade the root pericycle from the pre-nodule cells, penetrating cortical cell walls in

the process. In the infected region lateral root initiation is stimulated by the endosymbiont

(Angulo et al. 1975). This new root primordium is the basis of the new root nodule, and

possesses a central vascular cylinder, just like a normal lateral root. Around this vascular

tissue, cortical cells infected with Frankia are situated. In contrast, in legumes the infected

nodule cells are situated in the centre of the root nodules, surrounded by cortex cells and

vascular tissue. So, instead of the lateral root morphology of actinorhizal nodules, legume

nodules have a stem-like appearance. An exception forms the Rhizobium-Parasponia

symbiosis, whose nodules closely resemble actinorhizal nodules in structure and in

development (Trinick 1979). The infection of an actinorhizal nodule seems to be co-ordinated

with considerable expansion of the infected host cells which gives rise to the swelling of the

root nodule. Within these nodule cortical cells, Frankia hyphae branch and multiply, while

the host cells surround them with a plasma membrane and cell-wall material, like in the root

hair cells. Again, this cell wall material might be utilised by certain Frankia as a substrate,

since some strains possess pectinase (Simonet et al. 1989, Séguin and Lalonde 1989) and

cellulase (Safo-Sampah and Torrey 1988). The presence of pectinase (pel) genes is not

uncommon in other soil microorganisms, and also Rhizobium has the ability to degrade

pectins (Angle 1986).

The apical meristeme is not infected, and only newly formed cortical cells are invaded by

the endosymbiont. In general, the nodule displays extensive dichotomous branching,

producing the characteristic multi-lobed appearance of actinorhizal nodules. In some host

genera, non-infected roots are formed at the tips of the nodule lobes, and with their

negatively geotropic growth seem to facilitate the transport of additional oxygen into the root

nodules (Tjepkema 1977, Torrey and Callaham 1977). Although the nitrogen-fixation process

itself is inhibited by high oxygen levels, the vegetative hyphae and the host cells still require

oxygen for proper growth. It has been shown that lack of oxygen reduces nodule

development in the root system of alder plants (Kurdali and Domenach 1991, MacConnell
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1959). This is also illustrated by the complete absence of nodulation of Alnus glutinosa in

swamps at soil depths devoid of oxygen (Akkermans 1971, Akkermans and Van Dijk 1976).

While free nitrate levels can affect nodule formation through root hair suppression, stored

internal nitrogen levels of the host plant can also regulate nodulation (Thomas and Berry

1989). Furthermore, an active, systemic mechanism for feedback control of nodulation

prevents excessive nodulation of the root system of some actinorhizal host plant species

(Dobritsa and Novik 1992, Wall and Huss-Danell 1997). While in these host plants

nodulation proceeds normally, a second incubation with Frankia showed a markedly retarded

nodulation response, which extended to parts of the root system that were not nodulated

previously. Such a feedback control system for nodulation is also known to exist in

Rhizobium/legume interactions (Caetano-Anollés and Gresshoff (1991). In this way the host

plant may create a balance between costs and benefits of the symbiosis, its nitrogen

requirements and the nitrogen-fixation of the nodules (Dobritsa and Novik 1992). In a way,

this feedback mechanism has much in common with the phenomenon of induced resistance of

plants (Gatz 1997, Karban et al. 1997) and is mirrored by the balance between resistance and

tolerance of a plant like Arabidopsis thaliana against plant herbivory (Mauricio et al. 1997).

Differentiation of Frankia: Vesicles

Intracellular hyphae undergo extensive branching, and eventually vesicles  terminal

swellings from short lateral hyphae  are formed. These vesicles seem to be closely

associated with nitrogen fixation, as their absence also marks the absence of nitrogen fixation,

both in culture (Tjepkema et al. 1980) and in nodules (Mian and Bond 1978). By using

immuno-gold labelling techniques on ultra-frozen microtome slices of cell pellets, it was

shown that, indeed, nitrogenase activity is solely restricted to the vesicles (Meesters et al.

1987). Earlier results already indicated that in the vesicles the redox potential is sufficiently

low for nitrogen fixation to occur (Akkermans 1971). As with the exact means of Frankia

infection (i.e. root hair infection or root epidermis penetration), the shape and arrangement of

the vesicles inside infected cells are controlled by the host plant species (Lalonde and Calvert

1979). Alnus and Elaeagnus-type nodules contain large, spherical, and septate vesicles,

Dryas species contain elliptical, non-septate vesicles, Coriaria (Allen et al. 1966), Myrica
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and Comptonia nodules have club-shaped vesicles, whereas in members of the genus

Casuarina vesicles are absent, and symbiotic nitrogen fixation takes place in the hyphae

(Berg and McDowell 1987, Sellstedt and Mattson 1994).

Microscopic studies show that the multi-laminate cell envelope surrounding the vesicles of

Alnus-nodulating Frankia strains resembles the glycolipid membranes found associated with

heterocysts of cyanobacteria (Torrey and Callaham 1982). With these Frankia strains, this

cell-envelope forms a diffusion barrier to oxygen, thus protecting the nitrogenase located

inside the vesicles (Murry et al. 1984, 1985). Parsons et al. (1987) found that the thickness

of the envelope can be adapted to function as an oxygen barrier under a wide range of pO2

levels, to a maximum of up to 3 times the atmospheric concentration. Abeysekera et al.

(1989) suggested, however, that this oxygen diffusion barrier might not be the only O2

protection mechanism in Alnus nodules (nodule O2-respiration; Huss-Danell et al. 1987,

haemoglobin; Suharjo and Tjepkema 1995). In some other actinorhizal genera, it is primarily

the host plant that provides the necessary oxygen diffusion barrier (plant cell wall in Myrica:

Zeng and Tjepkema 1994; Casuarina: haemoglobin; Gherbi et al. 1997, discontinuity of

intercellular air spaces; Tjepkema and Murry 1989, Zeng et al. 1989; nodule periderm in

Coriaria: Silvester and Harris 1989). Even so, the nitrogenase activity in many actinorhizal

plant species is rather dependent on the ambient oxygen concentration (Tjepkema 1979).

Differentiation of Frankia: Sporulation

Along with the vesicles, in some actinorhizal plant species (Torrey 1987), ageing hyphae

may form structures, functionally analogous to sporangia. These structures, spindle-shaped in

pure cultures and in nodules from plants in hydrocultures, usually emerge when formation of

vesicles is initiated.

Mature sporangia are especially abundant in ageing, or dead host cells in which the

endosymbiontic vesicle stadium is already degenerating (Becking et al. 1964, VandenBosch

and Torrey 1985). Sporangia are formed by specific cell-divisions, preferably in thick hyphae,

accompanied by septation perpendicular to, and later also parallel to the longitudinal axis

(Van Dijk and Merkus 1976).
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With respect to spore-formation, within Frankia two groups are recognised (Van Dijk

1979). One type, named sp(-), forms spores in pure cultures, but fails to do so inside root

nodules. The other strain type, sp(+), is comprised of organisms which form spores within the

root nodule symbiosis, but which have until now eluded every attempt to isolate and maintain

them in pure culture. This division of Frankia in sp(+) and sp(-) strains may not be absolute,

as strains possessing intermediate nodular spore-formation have been reported (Van Dijk et

al. 1988). Nonetheless, for many actinorhizal symbioses the distinction between sp(+) and

sp(-) seems to be valid (Torrey 1987). Finally, Simonet et al. (1994) demonstrated that sp(+)

and sp(-) Alnus-infective nodules can be separated on the basis of their respective bacterial

16S rDNA sequences, which suggests that these two types of endophytes are genetically

different.

Nodulation experiments have shown that whereas the sp(+) strains in general have a much

higher infection potential than the sp(-) strains (Akkermans and Van Dijk 1976, Houwers and

Akkermans 1981, Van Dijk 1984), this improved infectivity may also have a price. Several

authors reported reduced acetylene reduction activity by nitrogenase in sp(+) nodules

compared to sp(-) (Monz and Schwinzer 1989, Normand and Lalonde 1982, VandenBosch

and Torrey 1984, Weber 1990), a higher energy requirement of the nitrogenase (Monz and

Schwintzer 1989) and reduced vesicle longevity (VandenBosch and Torrey 1985). On the

other hand, MacKay et al. (1987) and Van Dijk (1978) found no differences in nitrogen

fixation capacity between sp(+) and sp(-) nodules, and Kurdali et al. (1989) reported a strong

influence of soil type on the effectivity of both sp(+) and sp(-) Frankia strains. While the

discrepancies between the results of these experiments may seem strange, it is important to

realise, that the genetic make-up of the host plants, and indeed of the particular Frankia

strains that were used, may have considerably influenced the outcome of the nitrogen fixation

measurements (Kurdali et al. 1990).

In Finland, sp(+) nodules were mainly found with Alnus incana, and sp(-) nodules were

predominantly found on Alnus glutinosa (Weber 1986). In other ecosystems studied, mixed

sites with both spore types are often encountered (Kashanski and Schwintzer 1987, Van Dijk

1978, 1984), as are sites having only sp(-) nodules (Kashanski and Schwintzer 1987).

Generally, sp(+) nodules are found under established actinorhizal plant vegetations while sp(-
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) Frankia can be encountered in pioneer ecosystems (Holman and Schwintzer 1987, Van Dijk

et al. 1988), or even in soils without a host plant vegetation (Paschke and Dawson 1992a).

This has fuelled the belief that sp(+) Frankia form a group of obligate symbionts, while sp(-)

strains can also grow as saprophytes. Also, sp(+) type Frankia have been much more

resistant to isolation than sp(-) strains (Quispel and Tak 1978) and even now, no proven

sp(+) Frankia isolates are successfully maintained in pure culture.

Spores do not seem to be more resistant to extreme soil conditions (i.e. high temperature)

than the vegetative hyphae, so probably their only function is to enhance the dispersal of

Frankia in the soil (Van Dijk 1984).

Nodule physiology

The symbiotic relationship between Frankia and its host is an intricate system, in which

host cell functions are tightly interwoven with the endosymbiotic cellular activities. Recently,

molecular evidence for this has been uncovered in the form of plant-derived nodule-specific

genes in Alnus glutinosa (Guan et al. 1997, Pawlowski 1997, Ribeiro et al. 1995, Ribeiro

1996). Cortical cells are newly formed in the apical nodule meristem, and are subsequently

infected by Frankia hyphae. Towards the base of the nodule, the infected cells become

progressively older, and the endosymbiont shows signs of senescence (degeneration of

hyphae and vesicles; in sp(+) nodules increase in sporangium formation and size). This

development from pre-infection cortical cell, infected cell, to senescent cortical cell is

paralleled by expression patterns of these nodule-specific genes (Ribeiro 1996), and of nif

gene expression (Pawlowski et al. 1995).

The commitment of the endosymbiont to symbiotic nitrogen fixation is shown by research

on the carbon metabolism of Frankia inside the root nodules of A. glutinosa and H.

rhamnoides (Huss-Danell et al. 1982a). Enzymes of the glyoxylate cycle were not detected in

vesicles of the Frankia strain that was tested. In contrast, their occurrence was demonstrated

in Frankia grown in liquid culture media.
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The host controls the assimilation of the fixed nitrogen. Research on Alnus has shown that

both glutamine synthetase and glutamate dehydrogenase, and the enzyme ornithine carbamoyl

transferase are abundant only in nodule host tissue (Blom 1982, Blom et al. 1981, Gardner

and Scott 1982). These enzymes are needed in Alnus for the assimilation of fixed nitrogen

(ammonia), by forming glutamine and citrulline, respectively. Likewise, glutamine synthetase

activity was only found in vegetative hyphae of pure cultures of Frankia strain CpI1 (Noridge

and Benson 1986), and not in the vesicles. Thus, most of the ammonia formed by the bacteria

inside the root nodules would be available to the plant, keeping the endosymbiont starved for

nitrogen. Results obtained by Akkermans (1971) already pointed in this direction: 15N2,

offered to a Frankia-host symbiosis was largely incorporated in reduced N outside the vesicle

fractions after a short incubation time.

In temperate zones, nitrogen fixation activity by Alnus glutinosa nodules ceases in winter

(Akkermans 1971). Nodule dormancy seems to be associated with the levels of abscisic acid

(Watts et al. 1983), which may act by repressing nodule auxin activity. In spring, nitrogenase

activity is slowly reinitiated (probably from newly formed vesicles) when the plant starts

budding, until increased availability of photosynthates stimulates higher rates of nitrogen

fixation (Akkermans 1971, Wheeler et al. 1983). Fluctuations in nitrogenase activity are the

result of variations in photosynthetic activity of the plant (Huss-Danell et al. 1989) and of soil

water-table fluctuations. Changes in combined nitrogen content of the soil (Granhall et al.

1983, Huss-Danell et al. 1982b) may also inhibit nitrogen fixation, but in some cases

additional nitrogen fertilisation is beneficial to the symbiosis (Steele et al. 1989).

In general, nitrogen fixation and Frankia survival in planta are less affected by adverse

environmental conditions than nitrogen fixing and survival of the free-living endophyte are

(Hennessey et al. 1989), attesting to the protective buffering capacity of the plant tissues

enveloping the endosymbiont.



General introduction

17

FRANKIA OUTSIDE NODULES

Isolation and in vitro growth requirements

Initially, Frankia were believed to be obligate symbionts, due to the consistent failure of

all isolations. Only in 1978 the first Frankia isolate became available (Callaham et al. 1978),

and even today Frankia strains from some actinorhizal genera still await isolation. Isolation

techniques (see Stowers 1987 for a review) that have been used to successfully isolate

Frankia from nodules are serial dilution (Diem et al. 1982), micro-dissection (Berry and

Torrey 1979), OsO4 surface sterilisation (Normand and Lalonde 1982), filter exclusion

(Benson 1982, Weber et al. 1988), and sucrose density fractionation (Baker and O’Keefe

1984, Baker and Torrey 1979, Burggraaf et al. 1981). All isolated strains are slow-growing,

aerobic heterotrophs, with doubling times ranging from about 15 to 48 h (Benson and

Silvester 1993, Savouré and Lim 1991, Schwencke 1994).

In vitro carbon requirements

Although some Frankia strains can utilise glucose as a carbon-source (Carú 1993), many

of the strains that have been isolated grow primarily on acetate, pyruvate or propionate

(Akkermans et al. 1983). Growth on low molecular-weight fatty acids seems to be a

universal trait of Frankia (Akkermans et al. 1981, Shipton and Burggraaf 1982), whereas

some Frankia strains are also able to use other carbohydrates (Lechevalier et al. 1983), and

various Tweens (Blom 1981) as a carbon and energy source. Furthermore, several lipid

supplements have been shown to positively affect Frankia growth rate in vitro (Lalonde and

Calvert 1979, Schwencke 1991), although much of the growth stimulation may be due to a

beneficial effect on the bacterial plasma membrane, rather than on the cell’s carbon

metabolism (Selim et al. 1996, Selim and Schwencke 1994). Certain plant-extracts facilitated

Frankia isolation (Quispel and Tak 1978, Quispel et al. 1983) or growth (Ringø et al. 1995,

Rogers and Wollum 1974), and the active component in lipid petrol extracts from Alnus-

roots was characterised as dipterocarpol (Quispel et al. 1989). The inducing effect on

outgrowth of Frankia from nodules by these lipid components may simply reflect the

transition of the endophyte physiology from a symbiotic to a free-living mode, whereas the
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growth enhancement by phenolic compounds could indicate that such compounds function as

chemical mediators between the host cell and the symbiotic Frankia (Perradin et al. 1983).

Several strains produce extracellular protease and amylase which may play a role in the

infection process (Lechevalier et al. 1983).

Possible storage compounds are glycogen and trehalose, of which the latter one may also

have a function of tolerance against desiccation in Frankia (Burleigh and Dawson 1994).

In vitro nitrogen requirements and N2 fixation

In absence of nitrogen fixation, Frankia isolates can utilise a wide variety of nitrogen

sources, including NH4
+, NO3

- and a number of amino acids (Akkermans et al. 1983, Blom et

al. 1981, Shipton and Burggraaf 1982). In many strains, vesicles are formed in culture media

without combined nitrogen (Tjepkema et al. 1981). Exceptions to this are strains such as

Cc1.17 (Meesters et al. 1985). Nitrogen fixation activity rapidly declines in batch cultures,

which may be partly caused by accumulation of inhibitory waste products. In line with this,

continuous-culture grown Frankia show a stable nitrogenase activity (Harris and Silvester

1992).

In vitro abiotic growth parameters

Although some Frankia are considered to be strictly microaerophilic (Lechevalier et al.

1983), this may not hold true for all strains, as in vitro growth can be significantly increased

through stirring (Schwencke 1991). In static culture the protein content of Frankia strain

ArI3 doubled in about 30 days, whereas in a stirred fermentor the doubling time was about

2.5 days (Ringø et al. 1995). Furthermore, Frankia does not grow under totally anoxic

conditions (Benson et al. 1985, Callaham et al. 1978).

Although a salt-tolerant strain has been found (Girgis et al. 1992), most Frankia strains

cannot grow under extreme high osmotic conditions such as some other actinomycetes

(Shipton and Burggraaf 1982). The ranges of temperatures (10-40°C) and pH (5.5-8.0)

(Burggraaf and Shipton 1982) over which growth takes place are rather unexceptional for a

soil organism.
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TAXONOMY

Host specificity groups

Originally, species-name assignment was based on the host plant of the Frankia in

question (Becking 1970), but this was shown by Baker (1987) to be an oversimplification.

Becking (1968) introduced the concept of cross-inoculation, or host-specificity groups,

which was extended by Baker (1987). In nodulation experiments, Frankia strains were

shown to be able to form effective symbioses with all host plants within such a host-

specificity group, but were unable to do so with host plant species associated with the other

specificity groups (Bermúdez de Castro et al. 1976). Differences in the composition of the

cell-wall surfaces of Frankia strains belonging to the Alnus and Hippophaë specificity groups

confirmed the validity of this subdivision (Baker et al. 1981, Chaboud and Lalonde 1983,

Gardes and Lalonde 1987). Host specificity group 1 includes Frankia strains capable of

forming nodules with Alnus (Baker and Torrey 1980, Horrière 1984), Comptonia, and

Myrica. Host specificity group 2 contains strains, nodulating Casuarina, some

Allocasuarina, and Gymnostoma. Host specificity group 3 Frankia strains nodulate

Elaeagnus, Hippophaë, and Shepherdia. Some plant species, belonging to the genera of

Myrica and Gymnostoma, can be nodulated by a wide variety of Frankia strains, and are

called promiscuous hosts (Baker 1987, Racette and Torrey 1989). Others, like Allocasuarina

lehmanniana, seem very selective in their acceptance of infective Frankia strains (Torrey and

Racette 1989). Host specificity group 4 consists of strains, able to form symbiotic

interactions with host species from the plant genera of group 3, but unable to nodulate the

promiscuous hosts. Also from the point of view of the Frankia strains, the boundaries

between the specificity groups are not absolute (Bosco et al. 1992). It must be stated that this

picture can change in the future, and more host specificity groups will be added, as several

actinorhizal plant genera, (Rhamnaceae: Gauthier et al. 1984) have not been (fully) tested or

have yet to yield infective Frankia isolates.

Although the host-specificity groups form a useful tool for classification of the various

Frankia strains, they do not provide enough detail to come to a successful species definition.
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Molecular characterisation of Frankia

Molecular biological techniques have been a useful and potent addition to the traditional

physiological tests (Horrière 1984, Lechevalier and Ruan 1984), for the detection of and

distinction between Frankia strains, whether in vitro or in planta. These techniques include

fatty acid analysis (Mirza et al. 1991), SDS-PAGE (Sodium Dodecyl Sulphate

Polyacrylamide Gel Electrophoresis) protein pattern analysis (Benson and Hanna 1983,

Gardes and Lalonde 1987), isozyme variations (Gardes et al. 1987), RFLP (Restriction

Fragment Length Polymorphism) analysis (Dobritsa 1985, Maggia et al. 1992, Nittayajarn et

al. 1990, Simonet et al. 1989), DNA- hybridisation (Simonet et al. 1988), PCR amplification

(Hahn et al. 1989a, Simonet et al. 1991), and RNA and DNA sequence analysis (Harry et al.

1991, Nazaret et al. 1991). Although these techniques allow for the identification of separate

groups within Frankia, even within host-specificity groups (Benson et al. 1984), there is still

much discussion about the attributes, which have to be used for Frankia species definition

(Lalonde et al. 1988). An additional complication in taxonomic subdivision is the large strain

diversity which has been shown to be present when using the techniques mentioned above

(Faure-Raynaud et al. 1991, Gardes et al. 1987). Presently, isolates of Frankia are only

characterised by international strain codes, which specify the culture collection in which the

strain is kept, and the genus and species of host plant it was isolated from (Lechevalier 1983).

Although no species definition has been yet agreed upon, the phylogeny of Frankia is

being studied. The combination of PCR amplification and sequence analysis makes it possibly

to analyse Frankia strains without prior isolation. Using 16S rRNA and 23S rRNA gene

sequences, phylogenetic trees have been constructed (Hahn et al. 1989b, Hönerlage et al.

1994, Normand et al. 1996). While these trees are comprised of a limited number of Frankia

strains, and do not form a complete consensus, phylogenetic techniques show a great potential for

the future of Frankia taxonomy.
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ECOLOGY

Dispersal of Frankia

As nodules are part of the plant root system, they have the same life span as the individual

roots. Under field conditions root nodules in the alder rarely exist more than ten years. New

roots and nodules are formed almost continuously during the life of an actinorhizal plant, and

the average turnover frequency of root nodules of a tree species such as Alnus glutinosa is

about 3 years (Akkermans 1971, Akkermans and Van Dijk 1976, Van Dijk 1984). When root

nodules die off, Frankia particles are released into the soil. Thus, the senescence and

degeneration of root nodules can be an important factor (especially for sp(+) strains) in the

release, and maintenance of a large Frankia population in the soil of ecosystems containing

host-plants (Van Dijk 1984).

There may be mechanisms, other than the degeneration of root nodules, which can lead to

the dispersal of Frankia. While wind-borne dispersal is unlikely (Arveby and Huss-Danell

1988), this cannot be said from water movement in wet sediments, or from rainwater runoff

down terrain elevations. Especially spores could, due to their small size and large numbers,

contribute to the spreading of Frankia in an ecosystem. There also is some evidence for the

role of soil fauna (e.g. earthworms) in the dispersal of Frankia (Reddell and Spain 1991).

Growth and persistence in soil

The possibility of (extranodular) saprophytic growth of Frankia in the root systems of

actinorhizal and non-host plants has been mentioned previously. Considerable numbers of

Alnus-infective Frankia strains of the sp(-) strain type, have been detected in the rhizosphere

of Betula spp. (Paschke and Dawson 1990, Smolander and Sundman 1987, Smolander

1990a, 1990b, Smolander and Sarsa 1990, Van Dijk 1984), Populus sp. and grasses

(Houwers and Akkermans 1981). Alnus and Betula are taxonomically closely related genera

in the Betulaceae, and it has been suggested (Paschke and Dawson 1992b, Zitzer and

Dawson 1992) that because of this, Frankia can also grow as a saprophyte in the rhizosphere

of Betula spp. Rönkkö et al. (1993) have confirmed that Frankia can colonise root systems
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of grasses (Poa pratensis, Festuca rubra). Likewise, Zimpfer et al. (1997) also reported the

presence of Frankia in soils devoid of host plants.

When growing saprophytically, Frankia may fulfil the role of a root-associated nitrogen fixer,

and its positive effect on plant growth might be augmented by its ability to produce auxins

(Wheeler et al. 1984).

Detection of Frankia populations in soil can be achieved through biotests, i.e. using host

plant nodulation to enumerate the number of nodulating units (NU) (or nodule forming

capacity, NC) per volume of soil (Huss-Danell and Myrold 1994, Van Dijk 1978). PCR

amplification of specific Frankia sequences from soil-extracted DNA can give the number of

Frankia genomic units (GU) per volume of soil (Picard et al. 1992). Essentially, the NU or

NC represents the number of Frankia particles, able to form an active symbiosis, while GU

represents the total number of Frankia particles. Myrold and Huss-Danell (1994) showed

that the GU for a particular location was constant, while the NU changed seasonally. The NU

per volume of soil can be determined through inoculation of plants with dilution series of soil

solutions (Van Dijk 1978), or through inoculations using the MPN principle. Both methods

have been compared by Myrold and Huss-Danell (1994) and were found to give similar

results. One has to be careful when comparing the PCR-based Frankia detection with the

biotest assay in terms of yield or sensitivity because these two methods give essentially

different information. The PCR-based method quantifies all Frankia DNA present, including

dormant and dead cells and possibly fossil DNA, while only active, compatible, and

nodulating Frankia cells will emerge from the bioassays. The soils that were examined by

Myrold and Huss-Danell (1994) gave on average 100 times higher GU values than nodulating

units.

The number of nodulating units of a soil is strongly correlated with the soil pH (Smolander

and Sundman 1987, Smolander et al. 1988), and high nodulation capacities were found at soil

depths, where moist, but well-aerated conditions prevailed (Dawson et al. 1989). This

confirmed the findings that Frankia is rather sensitive to water-stress (Shipton and Burggraaf

1982), which has also been found for the nodulation process itself (Pratt et al. 1997). Nalin et

al. (1997) demonstrated that the Frankia population composition could change markedly
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with soil depth and with a decrease in the soil organic matter content. Consistent with this, a

decrease of Frankia nodulation was found with increasing soil depth (Zitzer et al. 1996).

Diversity in soils and nodules

There exists a large amount of indirect evidence for the occurrence of co-infections of two

or more Frankia strains in one nodule (Benson and Hanna 1983, Dobritsa and Stupar 1989,

Hafeez et al. 1984a, Murry et al. 1997, Reddell and Bowen 1985, Simonet et al. 1994). This

phenomenon might very well be dependent on the density of Frankia around the infected host

plant, instead of being a deliberate infection strategy. Local strain diversity can be significant

(Chaudhary and Mirza 1987, Nalin et al. 1997, Zitzer and Dawson 1992), but may also be

small (Maggia et al. 1992, Simonet et al. 1994). According to Jamann et al. (1992) the

extent of Frankia strain diversity seems to be unaffected by soil- or geographic factors. Nalin

et al. (1997), however, found that the composition of the Frankia soil community changes

with soil depth, which correlated with a decrease in the organic matter content of the soil.

Thus, it is altogether possible, that the existence of (micro) gradients in the soil promotes

diversity of the Frankia population. On a macro-scale, an observer would not perceive such

gradients, nor would any differences in the composition of the Frankia population be

detected.

That Frankia is not the only microbial inhabitant of root nodules has been shown by

several isolation trials with surface-sterilised nodules. These yielded a large variety of

microorganisms, primarily actinomycetes, which had to be co-infectants or co-symbionts, as

they were unable to nodulate the host plants themselves (Allen et al. 1966, Niner et al. 1996,

Ramírez Saad et al. 1998, Uemura 1952).

Interactions with soil organisms

The rhizosphere forms a heterogeneous ecosystem, where a large variety of micro-

organisms exist together. It has been shown that many of these microorganisms interact with

Frankia and/or its host. Some soil organisms, like Pseudomonas cepacia (Knowlton et al.

1980, Knowlton and Dawson 1982) facilitate the infection by Frankia of the host root

system, probably through induction of root hair deformation. Rojas et al. (1992) describe
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how several soil actinomycete isolates had a positive effect on Frankia acetylene reduction

rates with Alnus rubra, while other actinomycete strains had a negative effect on the growth

of the host plant. Probanza et al. (1996) found positive effects of some Bacillus spp. on the

growth of alder, whereas some Pseudomonas spp. negatively influenced alder development.

Endo- (Gardner et al. 1984, Russo 1989) and ecto-mycorrhiza (Chatarpaul et al. 1989) both

have a positive, even synergistic effect on the host / endophyte interaction. Also, there are

microorganisms that are able to produce non-actinorhizal “pseudo-nodules” on the roots of

alder (Berg et al. 1992, Savka et al. 1992). Some pseudo-nodules have an appearance quite

similar to Frankia-induced nodular structures, as is the case with the myco nodules produced

by some Penicillium species (Van Dijk 1979, Sequerra et al. 1995, Valla et al. 1989). They

can appear in high numbers on the roots of alder seedlings (Van Dijk 1979). Also, the mode

of infection is rather similar to the root hair infection utilised by Frankia, although infection is

limited to the root cortex (Sequerra et al. 1994).

Plant pathogenic nematodes may interact with Frankia nodulation in soil, due to their

detrimental effect on the root system of the host plant (Zoon 1995). With respect to the host

plant, Frankia strains also interact with each other. Hahn et al. (1990b) reported that one

(non-nodulating) Frankia strain increased nodulation of the host root system by a second

Frankia. Furthermore, it was reported that mixed Frankia inoculates gave better growth of

Alnus spp. than the best individual Frankia strain (Prat 1989).

Variation in Frankia host compatibility

The Frankia/host plant interaction is the result of a complex inter-species process, and

varying degrees of compatibility may exist between the two symbiotic partners. When a

Frankia strain and an actinorhizal plant are totally compatible, the combination will result in

an optimal symbiotic interaction (Hooker and Wheeler 1987). When endophyte and plant are

totally incompatible, no nodulation will occur at all (Zhongze et al. 1984). This all-or-nothing

principle is the basis for the host-specificity groups described above. With some Frankia/host

combinations, nodules with reduced nitrogen-fixing capabilities (Domenach et al. 1989) are

formed, while others give rise to totally ineffective (non-nitrogen fixing) nodules (Bosco et

al. 1992, Nazaret et al. 1989). The nodules resulting from this crippled interaction usually
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remain small (VandenBosch and Torrey 1983, Mian and Bond 1976), and vesicles are not

found, or occur only in very small numbers (VandenBosch and Torrey 1983). This partial

incompatibility between host and endophyte has also been found with Rhizobium (Shantaram

et al. 1987, Amarger 1981).

Since either partner can enter into an effective symbiosis with a more compatible host

plant or Frankia strain, these interactions could be called facultatively ineffective with respect

to nitrogen fixation. There are Frankia strains, however, which seem to be unable to form

effective, nitrogen-fixing nodules with any actinorhizal plant. Previously, such Frankia strains

were referred to as ‘atypical’, but this term is rather uninformative. Instead, Akkermans and

Hirsch (1997) proposed to use a universal set of codes, based on well-defined phenotypic

characteristics, like root hair curling (Hac), nodulation (Nod) and nitrogen fixation (Fix). A

similar system of nomenclature was already in use for the Rhizobium/legume symbiosis.

Using this code system, ‘atypical’ Frankia nodules should be referred to as being (Nod- Fix-)

or (Nod+ Fix-). For ease of use, Fix- Frankia strains will hereafter be referred to as ineffective

Frankia strains.

INEFFECTIVE (FIX-) FRANKIA STRAINS

Ecology of facultatively ineffective interactions

Although most facultatively ineffective interactions were the result of in vitro inoculation

of endophytes and actinorhizal plants from different host compatibility groups, there is also

an example of naturally occurring, and ecologically functional ineffective interaction (Weber

1986, Weber et al. 1987). It was found that the indigenous sp(-) population with its much

lower nodulation capacity successfully maintained itself in an ecosystem containing sp(+)

frankiae. This was possible because the sp(-) strain was capable of forming an effective

symbiosis with both of the local hosts Alnus incana and Alnus glutinosa, while the sp(+)

strain produced ineffective nodules with the black alder trees. Thus, in Alnus (as in the

Casuarinaceae family), complete intragenus (intrafamily) compatibility does not exist. Apart

from this example, it is likely that facultative ineffectivity occurs on a very small scale, due to

partial incompatibility between one particular host tree and the local Frankia strain. It is
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known that within established Alnus populations there can be considerable genetic variation

(Bousquet et al. 1986, Hendrickson et al. 1993), and it is not unthinkable that differences in

compatibility to certain Frankia stains exist within such variable host plant populations.

Non nodulating, non nitrogen-fixing (Nod-, Fix-) Frankia strains

Several isolated Frankia strains were found to be unable to nodulate the original host

plant, but could participate in a functional symbiosis with another actinorhizal plant species

(Diem et al. 1982, Normand and Lalonde 1986). Other isolated strains, however, were

unable to induce nitrogen-fixing nodules on any host plant. These ineffective Frankia strains

were found to be associated with effective nodules from a variety of host plant species,

including Alnus glutinosa (Hahn et al. 1988), Elaeagnus umbellata (Baker et al. 1979),

Datisca cannabina, and Coriaria nepalensis (Chaudhary and Mirza 1987, Mirza et al. 1992).

Ecology of Fix- Frankia/host plant interactions

While all of these Frankia strains were isolated from effective root nodules, Van Dijk and

Sluimer-Stolk (1990) reported that soil under an A. glutinosa vegetation had a high

nodulation capacity for ineffective Frankia, although no ineffective nodules could be detected

on the alder root systems in situ. Wheeler et al. (1981) do mention the occurrence of small

nodules on alder plants in field-situations, but this was not further investigated. Apart from

this incidental observation, there is no direct evidence that ineffective Frankia strains will

infect A. glutinosa root systems in the field. Still, the nodule formation induced in greenhouse

experiments with hydrocultures and soil planted alder seedlings strongly suggests their

natural occurrence.

With the alder-derived ineffective strains, it was found that another type of partial

incompatibility with the host plant existed. Some of the A. glutinosa plants that were used for

inoculation experiments completely failed to generate ineffective nodules, while others

showed profuse nodulation (Hahn et al. 1988). Van Dijk and Sluimer (1994) showed that this

resistance of A. glutinosa to nodulation by obligatory ineffective Frankia is determined

genetically, rather than physiologically. Variable resistance was even encountered within half-

sib alder seed-lots. Nodulation experiments with an ineffective Frankia strain showed a non-
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Poisson distribution, with a high percentage of non-nodulated test plants. Between seed

batches, substantial and consistent differences in resistance were found. In contrast, a normal

Poisson distribution was found using a local effective Frankia strain. While seedling

resistance was found with A. glutinosa, all Alnus nitida plants were (ineffectively) nodulated

by the ineffective Frankia strain. The speed with which the nodules occurred on the alder

seedlings also varied considerably. It was found that this is also host-determined, and that

plants can be selected for fast nodulation.

While it has not been reported as such, this phenomenon of variable resistance to

nodulation by ineffective Frankia strains may also occur with other host plant species (Baker

et al. 1979) and with facultatively ineffective interactions (Torrey and Racette 1989).

As the report by Van Dijk and Sluimer-Stolk (1990) is the only one mentioning the

occurrence of ineffective Frankia in the soil, it is difficult to assess what is the ecological

niche of these organisms in the soil. The ineffective Frankia strain type was present in much

larger quantities than the local effective strain, as was shown by the nodulation potentials of

both strains. Furthermore, the ineffective strain seemed to be present most frequently in the

wettest parts of their sampling site, and its nodulation capacity was negatively correlated with

the elevation of the soil surface. It is unknown whether this was due to the soil humidity

itself, or to related soil parameters.

OUTLINE OF THE THESIS

In conclusion, our knowledge about the ecology of the ineffective Frankia strain type,

associated with A. glutinosa is far from complete. From an ecological point of view a number

of questions can be raised:

1)  Do ineffective Frankia form a common part of the Frankia soil population at wet alder

sites, or do they only occur in a limited geographical area? This question is addressed in

Chapter 2, where the results of a survey are given of the occurrence of ineffective

Frankia soil populations in various wet A. glutinosa sites. Furthermore, additional

evidence for the hypothesis that these Frankia strains are restricted to permanently

inundated ecosystems is presented here.
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2)  Is the resistance, shown by the host plant A. glutinosa to nodulation by ineffective Frankia

influencing the ineffective Frankia population, and are ineffective Frankia strains solely

dependent on the formation of ineffective nodules on A. glutinosa for the maintenance of

their soil population. Chapter 3 addresses some of the problems of obtaining clonal A.

glutinosa plants for the cultivation of ineffective Frankia strains, and for the study of host

resistance of alder trees. Also, nodulation resistance in natural alder populations with or

without an ineffective Frankia soil population was analysed.

3)  What is the phylogenetic relationship of ineffective Frankia strains from wet A. glutinosa

soils with Fix- Frankia isolates, and with local effective Frankia strains? Chapter 4

contains an introduction to the use of phylogeny in ecological studies, and a synopsis on

phylogenetic tree construction. Data on the phylogenetic position of uncultured ineffective

Frankia strains with respect to local effective Frankia strains, and with respect to Fix-

Frankia isolates are discussed, also comparing several different phylogenetic tree-making

methods.


