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Abstract

In the mutualistic symbioses between legumes and rhizobia, actinorhizal plants and Frankia, Parasponia sp. and
rhizobia, and cycads and cyanobacteria, the N2-fixing microsymbionts exist in specialized structures (nodules or
cyanobacterial zones) within the roots of their host plants. Despite the phylogenetic diversity among both the hosts
and the microsymbionts of these symbioses, certain developmental and physiological imperatives must be met for
successful mutualisms. In this review, phylogenetic and ecological aspects of the four symbioses are first addressed,
and then the symbioses are contrasted and compared in regard to infection and symbio-organ development, supply
of carbon to the microsymbionts, regulation of O2 flux to the microsymbionts, and transfer of fixed-N to the hosts.
Although similarities exist in the genetics, development, and functioning of the symbioses, it is evident that there
is great diversity in many aspects of these root-based N2-fixing symbioses. Each symbiosis can be admired for
the elegant means by which the host plant and microsymbiont integrate to form the mutualistic relationships so
important to the functioning of the biosphere.

Introduction

The ability of a plant to supply all or part of its N
requirements from biological nitrogen fixation (BNF)
in its roots can be a great competitive advantage over
non-N2-fixing neighbours. BNF is the conversion of
atmospheric N2 to ammonium, a form of N that can
be utilized by plants. However, BNF is in the sole
domain of certain bacteria (diazotrophs), which con-
tain nitrogenase, the enzyme complex that catalyzes
the conversion of N from the gaseous to the combined
form. Occurrence of N2-fixing bacteria with higher
plants is not uncommon, but in most case these are
only ‘associations’, in which relatively free-living bac-
teria grow in the rhizosphere, on the rhizoplane, or
more rarely, in non-specialized intercellular spaces in
plants (Vessey, 2003). The transfer of fixed N from the
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bacterium to the plant in these associations is relatively
low, and the relationship between the two organisms
could be viewed as opportunistic rather than mutual-
istic. However, in a much smaller proportion of cases
across the plant world, the association between plant
and bacterium is much more intimate, with the N2-
fixing bacterium being housed within specialized plant
organs. In these truly mutualistic symbioses, the ge-
netics and physiology of the plant and bacteria are
integrated to the extent that the two organisms can
appear to function nearly as one.

On several occasions, symbioses have evolved
between terrestrial plants and N2- fixing bacteria, lead-
ing to the existence of specialized organs on the host
plants that provide excellent environments for the
prokaryotes to infect, live, and fix N2. Although the
genetic backgrounds and physiological functioning of
these symbioses can be seen as very diverse, there are
several developmental and physiological ‘imperatives’
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that must be met for successful symbioses between
host plants and their N2-fixing microsymbionts. These
imperatives include:

– the ability of the microsymbiont to infect and
colonize host plant organs

– the ability of the host plant to supply energy and
nutrients to the microsymbiont

– the ability of the host plant and microsymbiont
to regulate O2 flux

– the ability to transfer the fixed N from the
microsymbiont to the host

Four such extant plant root symbioses are the
partnerships between legumes and rhizobial bacteria,
actinorhizal plants and Frankia bacteria, Parasponia
and rhizobial bacteria, and cycads and cyanobacteria.
In this chapter we will compare and contrast these
four symbioses using these criteria. However, we will
first address evolutionary and ecological aspects of the
symbioses. A challenge in comparing these symbi-
oses is the unbalanced level of knowledge that exists
for the four symbioses; i.e. the legume-rhizobium
symbiosis is very well studied, there is a relatively
good level of knowledge on the actinorhizal-Frankia,
information on the Parasponia-rhizobia symbiosis is
limited except on some topics (e.g., hemoglobin),
and knowledge about the cycad-cyanobacterial sym-
biosis is scant. Nonetheless, we will see that despite
quite varied genetic makeup and evolutionary back-
grounds, each of the four symbioses has developed
equally elegant means to meet the physiological and
developmental imperatives for a successful symbiosis.

Evolutionary and ecological considerations

The four symbioses addressed here represent wide
ranges in both evolutionary/phylogenetic and ecolo-
gical contexts. However, the legume, Parasponia,
and actinorhizal plant symbioses can be seen as
more closely related to each other compared to the
cycad symbiosis. This is quite obvious given that
the legumes, Parasponia and actinorhizal plants are
angiosperms (and may even have had a common an-
cestor, see below), whereas cycads are gymnosperms.
From the microsymbiont perspective, there is an ex-
treme diversity with rhizobia (gram negative) being
members of the α-subgroup of the phylum Proteo-
bacteria, Frankia (gram positive) from the high-GC
subgroup of the phylum Actinobacteria, and the Cy-
anobacteria (gram negative) representing their own
phylum of photoautotrophic non-proteobacteria.

Cycads represent an ancient life form, have a
unique placement in terrestrial plant evolution, and are
among the most primitive extant seed-plants (Bren-
ner et al., 2003; Schneider et al., 2002). They are
ever-green and have a palm-like appearance with a
thick, often columnar stem and rosettes of long pin-
nately compound leaves (see Costa and Lindblad,
2002; Lindblad and Bergman, 1990). They may range
in height from about 0.2 to 20 m. The presence of
prominent reproductive cones (male and female) re-
veals their true gymnosperm nature. Extant cycads
may be divided into three families: Cycadaceae with
the genus, Cycas; Stangeriaceae with the genera, Stan-
geria and Bowenia; and Zamiaceae comprising eight
genera, Zamia, Chigua, Ceratozamia, Dioon, Enceph-
alartos, Lepidozamia, Microcycas and Macrozamia.
Together, about 240 extant species have been identi-
fied within the order Cycadales. Nucleotide sequen-
cing of the rbcL gene suggests that the cycad genera
cluster monophyletically, and that the genus Cycas
forms a basal group (Treutlein and Wink, 2002). Mo-
lecular data also imply that extant cycad genera and
species may not have evolved until within the last 50
million years. Cycads dominated the Earth’s forests
from Greenland and Alaska to Antarctica about 250
to 65 Myr ago, long before the advent of angiosperms
(Brenner et al., 2003; Schneider et al., 2002). During
this period the climate was warmer, wetter and low
in seasonality. As CO2 levels were also higher, this
may have enhanced plant growth and the N demand,
which in turn may have stimulated the development
and maintenance of the cycad-cyanobacterial symbi-
osis. Hence, the well-developed symbiotic relation-
ship between cycads and cyanobacteria may be due
to a long-lasting co-evolution between the organisms.
As the cyanobacteria are ancient organisms that arose
some 3 Byr ago (Schopf et al., 2002), symbiotically
competent cyanobacteria may have been wide-spread
long before the cycad started to dominate the global
terrestrial vegetation.

Today, the ecological distribution of cycads is con-
siderably more limited. Many cycads are endangered
due to the drastic climate change, commercial exploit-
ation, and anthropogenic activities. Species within the
Cycas, Encephalartos and Macrozamia genera are still
well represented, predominantly in warmer and more
humid tropical and subtropical regions. Species within
the genera Macrozamia and Zamia are also common in
dryer soils of low fertility in Australia, and often com-
prise an understorey vegetation of Eucalyptus forests
(Grove et al., 1980). More than 35 species of the genus
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Encephalartos (endemic to Africa) constitute the large
cycad flora in South Africa, while Stangeria is en-
demic to its coastal regions (Grobbelaar et al., 1986).
Due to their highly decorative appearance, cycads
are widely cultivated and used as ornamental plants
in greenhouses and in private and public botanical
gardens world-wide.

The capacity of cycad-cyanobacteria symbioses to
fix N2 has been confirmed in a limited number of
field and laboratory studies (see Rai et al., 2000,
2002). Grobbelaar et al. (1986) also demonstrated
that all 33 species of Encephalartos and one Stan-
geria tested, using the acetylene reduction technique
as well as 15N-enrichment, were capable of fixing N2.
In the field, two Macrozamia riedlei stands growing
naturally in Western Australia in Eucalyptus forests
fix 19 kg N ha−1 yr−1 (Halliday and Pate, 1976)
and about 8 kg N ha−1 yr−1 (Grove et al., 1980),
respectively. These rates are essentially similar to
those of free-living cyanobacteria, while much lower
than those recorded for legume-rhizobia symbioses
(see below). However, the much lower growth rate
of cycad tree species compared to annual legume
crop species should be taken into consideration when
comparing N2 fixation rates between these two symbi-
oses. The proportion of cycad N derived from fixation
of atmospheric N (%NDFA) is not known. Addi-
tional field studies are needed to fully estimate the
N2-fixing capacities and ecological significance of
cycad-cyanobacterial symbioses.

In contrast to the cycads, legumes, Parasponia and
actinorhizal plants are flowering plants encompassing
families all found within the Eurosid I clade of the
Eudicots (Soltis et al., 2000). Legumes are within the
order Fabales and represented by a single family, the
Fabaceae (formerly the Leguminosae); however, most
of the more than 650 genera in the family contain
species that can form rhizobial root nodules. Para-
sponia is one of the 18 genera of the Ulmaceae (order
Rosales), and is the only genus outside the legumes
known to enter an N2-fixing symbiosis with rhizobia.
There are only five identified species of Parasponia
(Becking, 1992), with P. andersonii appearing to be
the most commonly studied. In contrast, actinorhizal
plants (which are simply defined as a group by their
ability to be nodulated by Frankia bacteria) are more
taxonomically diverse. They encompass 25 genera,
in eight different families, in three different orders:
the Betulaceae, Casuarinaceae and Myricaceae of the
order Fagales; the Rosaceae, Rhamnaceae and Elaeag-
naceae of the order Rosales; and the Coriariaceae and

Datiscaceae of the order Cucurbitales (Gualtieri and
Bisseling, 2000).

It was once thought that apparent taxonomic di-
versity among legumes, Parasponia and actinorhizal
plants indicated that N2-fixing symbioses in flowering
plants evolved independently several or possibly many
times (Baker and Mullin, 1992). However, nucleotide
sequencing of the rbcL gene of 99 taxa in the Eurosid I
lineage infers that all eight families capable of N2-
fixing symbiosis exist within a ‘nitrogen-fixing clade’
(Soltis et al., 1995). These data suggest a single origin
of the predisposition for nodulating, N2-fixing symbi-
oses in flowering plants. If there was only one origin,
then the fact that not all extant taxa in the N2-fixing
clade are capable of N2-fixing symbiosis implies a loss
of the capacity in those taxa. This loss might have
been due to high metabolic cost to the plant for N2
fixation compared to assimilation of combined N from
the soil (Layzell, 1990). However, although the po-
tential for nodulation may have a common ancestry,
analysis of symbioses-related genes appears to indic-
ate that actual symbioses have arisen multiple times
within the clade, at least among both the legumes and
actinorhizal plants (Doyle, 1998; Swensen, 1996).

Origins of the legume, Parasponia and actinorhizal-
plant symbioses are highly likely to be much more
recent than the cycad-cyanobacteria symbiosis given
that angiosperms did not evolve until 250 to 150
Myr ago (Sprent and Raven, 1992), a period when
cycads were already the dominant flora on the planet.
Today, legumes are the third-largest family of flower-
ing plants with over 18,000 species; however, not all
species are capable of forming N2-fixing symbiosis.
Legumes are an incredibly morphologically and eco-
logically diverse group of plants, ranging from small
forbs to large trees, and occur from the Arctic tundra,
to tropical rainforests, to arid deserts (Allen and Al-
len, 1981). The legumes represent many of our most
important grain and forage crops including soybean
(Glycine max L. Merr.), common bean (Phaseolus vul-
garis L.) and alfalfa (Medicago sativa L.). Peoples
et al. (2002) have shown that across a wide range of
environments and species, legumes commonly fix ap-
proximately 25 kg N per tonne of above-ground dry
matter. With root biomass also taken into account, the
amount of N2 fixed by legumes can be in the range of
300–400 kg N ha−1 yr−1 (Kelner et al., 1997; Peoples
et al., 2002).

Actinorhizal plants represent approximately 200
species of woody shrubs and trees predominantly in
temperate climes but also extending into the tropics,
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especially the Casuarinaceae. Like the wild (non-
crop) legumes, actinorhizal plants have a propensity
to grow in marginally fertile soils, and many as early-
successional plants (Benson and Silvester, 1993).
Hence actinorhizal plants play extremely important
roles in the N cycle of forests and in the revegeta-
tion of various landscapes (Benoit and Berry, 1990;
Schwencke and Caru, 2001). Rates of N2 fixation in
the range of 30 to 50 g N tree−1 season−1 are possible,
but actual rates in the field are often lower due to envir-
onmental stresses such as drought, nutrient limitation,
or nematode predation (Dommergues, 1995). For ex-
ample, Mariotti et al. (1992) found N2 fixation rates
of only 15 kg N ha−1 yr−1 for a 3-year old Casuar-
ina equisetifolia stand in Senegal. Actinorhizal plants
have been used in erosion control, soil reclamation,
agroforestry and dune stabilization, as well as in fuel
wood, pulp and timber production. For instance, Casu-
arinaceae are utilized in stabilizing desert and coastal
dunes (i.e. in shelter belts), and in the reclamation of
salt-affected soil as well as in intercropping systems
(Diem and Dommergues, 1990).

It was only 30 years ago that Trinick (1973) first
reported the N2-fixing, root-nodule-forming symbi-
osis between Parasponia (initially classified as Trema
sp.) and rhizobia. The Parasponia-rhizobia symbiosis
is represented by only five species of tropical tree
which can grow up to 15 m and are native to the Indo-
Malaysian Archipelago and the Pacific Islands, from
Sumatra in the east to as far west as Polynesia (Beck-
ing, 1992; Webster et al., 1995a). As with the other
symbiosis these trees are often pioneering species in
very nutrient-poor soils (e.g., volcanic ash). Despite
its microsymbionts being rhizobia, Parasponia is taxo-
nomically and phylogenetically closer to members of
the actinorhizal members of the Rosaceae, Rham-
naceae and Elaeagnaceae than to the legumes (Soltis
et al., 1995). Quantification of N2 fixation in Para-
sponia are rare and no doubt reflect the challenges in
making such measurements in trees species, as is the
case in many actinorhizal plants. However, acetylene
reduction assays of intact and detached Parasponia
nodules generally indicate that nitrogenase activity per
unit mass of nodule is lowers than that seen in legumes
by 0.5 to 1.0 orders of magnitude (see Becking, 1992).
It is particularly interesting that when rhizobial isol-
ates from Parasponia were used to infect the legumes
Vigna sp. (Becking 1983a) and Macroptilium atrop-
urpureum (Price et al., 1984), the nitrogenase activity
per unit mass fresh weight of the legume nodules was
approximately three times that of the Parasponia nod-

ules. These results suggest that Parasponia as a host
is more responsible for the lower levels of nitrogenase
activity (compared to the legumes) than its microsym-
biont. Nonetheless, from observations of its growth
rate under optimal conditions in a glasshouse, Trinick
(1981) estimated that a plantation of 6-month old
Parasponia might fix as much as 850 kg N ha−1 yr−1.

On the microsymbiont side, the phylogenetic
relationships between rhizobia, Frankia, and cy-
anobacteria can be considered even more distant than
those of their plant hosts, with each group com-
ing from separate eubacterial phyla. Rhizobia is a
generalized term referring to bacteria from the gen-
era Allorhizobium, Azorhizobium, Bradyrhizobium,
Mesorhizobium, Rhizobium, and Sinorhizobium. Indi-
vidual legume species are often infected by a single
species of rhizobia, but in some cases multiple spe-
cies, even in some cases from multiple genera, infect
a single host species (e.g., soybean [Glycine max]
is infected by Brayrhizobium japonicum, B. elkanii,
and Sinorhizobium fredii). Parasponia is infected by
rhizobial strains belonging to the Bradyrhizobium and
Rhizobium genera. Although there is cross inocula-
tion between rhizobial isolates from Parasponia and
some legumes (e.g., Macroptilium sp. and Vigna sp.)
(Becking, 1992), Parasponia strains tend to display
specificity for Parasponia as a host. For example, al-
though Bradyrhizobium strains isolated from a wide
range of legume hosts could induce nodules on Para-
sponia, the nodule morphology was commonly abnor-
mal, and there was little or no nitrogenase activity
(Becking, 1983a; Trinick and Galbraith, 1980).

Actinorhizal plants are only nodulated by strains
of actinomycetes from the genus Frankia. Whereas
‘host-specificity’ (the selectivity of the plant host for
specific species, or even sub-species, of microsym-
biont) is useful in species designation in the rhizobia,
this phenomenon is not nearly as effective in Frankia,
and even with the abundance of molecular tools at
our disposal, identification of speciation in the genus
is still a difficult task (Benson and Silvester, 1993;
Clawson and Benson, 1999).

All cycad genera are capable of forming well de-
veloped root-symbioses with cyanobacteria, and fila-
mentous heterocystous species within the genus Nos-
toc are the dominant microsymbionts (Rasmussen and
Nilsson, 2002), although others have been identified
(e.g. Calothrix sp.; Grobbelaar et al., 1978). Con-
sidering the large variety of terrestrial cyanobacterial
genera, the dominance of the genus Nostoc in cycad
and other plant symbioses implies that specific sym-
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biotic characters are held by this genus. In spite of
the relatively narrow diversity among the cyanobac-
terial cycad colonizers, a recent study using PCR
fingerprinting with primers derived from short tan-
demly repeated repetitive sequences demonstrated that
a single root cluster can be colonized by several strains
of the cyanobiont (Zheng et al., 2002).

The phylogenetic diversity among the microsym-
biont groups in the four symbioses under discussion is
not surprising. Although the structure, function, and
amino acid sequence of nitrogenase is highly con-
served throughout the domain, the ability to fix N2
is ‘sprinkled’ in many taxa throughout the Eubacteria
(Reinhold-Hurek and Hurek, 1997). This situation of
a highly conservative genetic trait being widely and
diversely spread among taxa is more comprehensible
if horizontal (lateral) transfer of aspects of this trait
were at play (Zehr et al., 2003). Another possibil-
ity is that widely spread symbiosis genes have been
lost in some organisms through evolution (e.g., due to
increases in N contents of soils and water), and that
only those in which N2 fixation was a competitive ad-
vantage for survival retained them. Analysis of partial
nifH gene products (a common marker for the enzyme
nitrogenase reductase) demonstrates a very broad
phylogenetic range among N2-fixing prokaryotes (Fig-
ure 1). Interestingly enough, rhizobia, Frankia, and
cyanobacteria cluster together more closely than many
other diazotrophs (Reinhold-Hurek and Hurek, 1997;
Zehr et al., 2003). Many nitrogenase-encoding genes
(nif genes) as well as genes related to enabling symbi-
osis with host plants (e.g., nod genes) are clustered in
‘symbiotic islands’ on the chromosome or on plasmids
as in rhizobia and Frankia (Lavire and Cournoyer,
2003). There is strong evidence for lateral transfer of
some symbiosis genes within rhizobia (Parker et al.,
2002; Qian et al., 2003; Suominen et al., 2001) and
some evidence for such transfer in Frankia (Lavire
et al., 2001; Lee et al., 2001).

An interesting evolutionary convergence among
rhizobia, Frankia and cyanobacteria is the occurrence
of NiFe hydrogenase-uptake systems in all three mi-
crosymbionts. The reduction of protons to H2 gas
by nitrogenase is an obligatory process in N2 fixa-
tion in all four symbioses. For example, in legume-
rhizobia symbioses, commonly 25 to 60% of electron
flow through nitrogenase may be used to produce H2
(Layzell, 1990). The ATP and reductant utilized to
form this H2 by-product can be seen as lost energy,
as there is no apparent useful function for H2 in the
microsymbiont or the host. In some diazotrophs scav-

enging systems have evolved, so-called uptake hydro-
genases (Hup+), which oxidize the H2 produced by
nitrogenase, recovering the ATP and reducing power.
Uptake hydrogenase is widespread in rhizobia (Bagin-
sky et al., 2002), and the small and large subunits of
this heterodimeric enzyme are coded for by the hupS
and hupL genes, respectively. Specifics on the uptake
hydrogenase of the Parasponia-rhizobia symbiosis are
not known, but the system is known to be active due
to the negligible levels of H2 evolution from nodules
as a proportion of total nitrogenase activity (Beck-
ing, 1983b). Likewise, uptake hydrogenase activity is
widespread in Frankia (Benson et al., 1980; Matts-
son and Sellstedt, 2002; Roelofsen and Akkermann,
1979). Antisera raised against the large subunit of
Bradyrhizobium japonicum hydrogenase recognized
this protein in Frankia KB5 (Mattsson et al., 2001).
Recently the two filamentous heterocystous cyanobac-
teria Anabaena strain PCC 7120 and the symbiotically
competent Nostoc punctiforme (Nostoc PCC 73102),
have been shown to contain uptake hydrogenases
coded for by the hupSL genes (Tamagnini et al., 2002).

Establishment of the symbioses: Signal exchange,
infection, and symbio-organ development

Although all four N2-fixing root symbioses result in
specialized root organs to house the microsymbionts,
the establishment of these organs and their structure is
quite different. While the root nodules of Parasponia
sp., actinorhizal plants and the symbiotic coralloid
roots of cycads are modified roots, the root nodules
formed in the legume-rhizobia symbiosis arise from
unique zones of cell division in the root cortex. In this
section we will first discuss signal exchange between
the partners in each symbiosis, and then address the
actual infection and symbio-organ development.

Signal exchange

The establishment of the legume-rhizobia symbioses
is initiated by the exudation of flavonoid and isoflavon-
oid compounds (e.g., genistein, naringenin, luteolin)
from the host plant (Miklashevichs et al., 2001). These
substances act as both chemo-attractants to the rhizo-
bia and inducers of the nod genes (i.e. the regulat-
ory nodD genes and the structural nodABC genes)
in the rhizobia (see below). Other substances implic-
ated in chemo-attraction and proliferation of rhizobia
in legume rhizosphere include nutrients (amino acids,



210

Figure 1. Phylogeny of partial NifH protein sequences from a wide range of diazotrophic bacteria and Archea. Also included are partial
sequences of NifH-like iron-sulfur proteins associated with chlorophyll (bchXL and frxC). Designations ‘vnf’ and ‘anf’ refer to sequences
associated with the vanadium and the iron-only (non-Mo) forms of nitrogenase, respectively. Adapted from Heinhold-Hurek and Hurek (1997).

organic acids, and sugars; e.g., Pandya et al., 1999;
Robinson and Bauer, 1993) and secondary metabolites
such as betaines (Phillips et al., 1995). Likewise, the
non-protein amino acid toxin, mimosine, produced by
some tree and shrub legumes, enhances the abund-
ance of specific rhizobial strains in the rhizosphere
(Soedarjo and Borthakur, 1998).

There is no information on the excretion of sig-
nalling compounds from Parasponia roots to its
microsymbiont. However, given that the nodula-
tion genes nodABC and nodD are highly conserved
in rhizobia, including Parasponia-rhizobia (Marvel
et al., 1987; Scott et al., 1987), we can infer that
flavonoid and/or isoflavonoid compounds are exuded
by the plant to induce these nod genes (Bender et al.,
1987a).

There is some evidence of chemo-attraction and
proliferation of Frankia in the rhizospheres of Betula
pendula (Smolander et al., 1990) and Alphitonia
neocaledonica (Gauthier et al., 2000), non-nodulating
species of the Betulaceae and Rhamnaceae, respect-

ively, but the nature of the exuded substances is
unknown. The actinorhizal species Alnus glutinosa
exudes flavonols (e.g., quercetin and kaempferol)
that can enhance the level of nodulation; however,
their exact role in the process is unknown (Hughes
et al., 1999). Likewise, the process of chemo-
attraction of Nostoc to the cycad rhizosphere is not
clear, although chemo-attractants are operative in
other cyanobacterial-plant symbioses (Bergman et al.,
1996; Knight and Adams 1996). Symbiotically com-
petent cyanobacteria are attracted at least to some
non-cycad host plants, such as liverworts and Gun-
nera, but no signal/attractant compounds have been
identified to date. A low-molecular-weight compound
has been identified, but not chemically characterized;
it induces the infectious form of the cyanobacteria,
i.e. hormogonia (a highly motile form of the fila-
mentous organism) in both liverworts and Gunnera
(Adams, 2002; Bergman, 2002). Even roots of non-
host plants, such as rice (Oryza sativa L.) and wheat
(Triticum aestivum L.) attract cyanobacteria and re-
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lease hormogonia-inducing factors (Bergman et al.,
2004). Cycads are also well known for producing
several secondary metabolites such as flavones, azo-
glucosides and neurotoxic non-protein amino acids
(e.g., β-methylamino-L-alanine) (Brenner et al., 2003;
Schneider et al., 2002). Whether these cycad root com-
pounds function as chemo-attractants for cyanobac-
teria or only in preventing infection by other micro-
organisms (from incompetent cyanobacteria to bac-
teria and fungi) are open questions.

As referred to above, flavonoid/isoflavonoid com-
pounds exuded by legume roots (and presumably
Parasponia) induce the nod genes in rhizobia. The
interaction of the rhizobial regulatory NodD protein
with specific flavonoids is believed to be the first
level of host-specific recognition in the symbiosis.
The consequence of nod gene expression is the bac-
terial synthesis of the nodule-inducing, ‘Nod factor’
(see Miklashevichs et al., 2001). Nod factors are lipo-
chito-oligosaccharides (LCOs) whose exact structure
is a component of the second level of host-specific
recognition in the symbiosis (i.e. only certain LCOs
can initiate nodulation in certain legumes). Very re-
cently, two putative Nod-factor receptor kinase gene
(NFR1 and NFR5) have been identified in Lotus ja-
ponicus (Madsen et al., 2003; Radutoiu et al., 2003).
Perception of Nod factor by the host legume res-
ults in numerous responses involved in infection and
nodule formation, including root hair deformation,
development of pre-infection threads, cortical cell
divisions, and induction of nodule-specific genes ex-
pressed early in nodule development (ENOD genes;
Miklashevichs et al., 2001; Schultze and Kondorosi,
1998). Aside from Nod factor, there are a plethora of
other rhizobial cell-surface and excreted compounds
implicated in symbiosis-oriented signaling functions
including bacterial polysaccharides (Price, 1999), the
phytohormones, IAA (indole acetic acid) and cy-
tokinins (Hirsch et al., 1997), and most recently low-
molecular-weight proteins (nodulation outer proteins
or Nops) (Marie et al., 2003).

Equivalents of rhizobial Nod factors have not been
identified for Frankia. Root-hair deformation occurs
in some actinorhizal plants in response to supernatants
of Frankia cultures induced (Van Ghelue et al., 1997)
or non-induced (McEwan et al., 1992) by root exud-
ates, but also in response to substances produced by
other soil bacteria (Knowlton et al., 1980). Attempts
to purify Frankia Nod factors using the protocol de-
veloped for rhizobial Nod factors has failed, indicating
chemical differences between both types of molecules

(Cérémonie et al., 1999). An ENOD40 gene promoter,
which is present in legumes and at least one actin-
orhizal species, Casuarina glauca, is induced during
nodule induction in legumes by Nod factor, but not
in actinorhizal plants (Santi et al., 2003b). Attempts
to isolate Frankia nod genes by complementation of
rhizobial mutants have failed as well, probably due to
the fact that most Frankia promoters do not work in
gram-negative bacteria (Lavire and Cournoyer, 2003).
It will be necessary to identify a promoter from an
actinorhizal plant that is induced by bacterial sig-
nal factors in order to develop a reliable bioassay.
There is no evidence at this time that the produc-
tion of phytohormones by Frankia might be involved
in the initiation of host-responses. Although Frankia
produces cytokinins (Stevens and Berry, 1988) and
pseudoactinorhiza (i.e. empty nodules) can be induced
by cytokinins in some cases (Rodriguez-Barrueco and
de Castro 1973; C. Santi, C. Franche and E. Duhoux,
personal communication), there is no evidence that cy-
tokinins synthesized by Frankia are involved in nodule
induction.

Homology to a few nod genes was detected in both
compatible and non-compatible cyanobacteria as well
as in cyanobacteria of the Azolla symbiosis (Plazinski
et al., 1991; Rasmussen et al., 1996), however it was
later found that an equivalent to nodM had no symbi-
otic relevance (Viterbo et al., 1999). Phenolics are also
present in cycad symbiotic coralloid roots (Obukowicz
et al., 1981), but it is unknown if these are involved
in signalling to the microsymbiont. Extremely little
is known about signals from the cyanobacterium mi-
crosymbiont which might influence development of its
cycad host. Invading cyanobacteria trigger the devel-
opment of a ‘cyanobacterial zone’ in a cell layer in
the cortex or a layer underlying the root cap of cor-
alloid roots (see below). These changes suggest that
the invading cyanobacterium excretes a growth factor,
which influences tissue development. There is some
indirect evidence that this factor may be the phyto-
hormone IAA (Sergeeva et al., 2002). Recent studies
indicate that, like in rhizobia, surface-related or re-
leased proteins are up-regulated during hormogonium
differentiation in a symbiotically competent Nostoc.
These may be involved in aspects of symbiotic com-
petence, such as in recognition and inter-organism
signaling, in identification of target plant cells, or in
camouflage to avoid plant defense responses (Klint
et al., 2003).
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Figure 2. Diagrammatic illustration of examples of the diversity of infection and nodule-initiation patterns in legume-rhizobia symbioses.
A. Spontaneous nodulation in the absence of rhizobia as seen in some genotypes of Medicago sp. Nodule primordia (NP) are spontaneously
initiated in the inner root cortex (adjacent the vascular tissue (VT)). B. Commonly in members of the Caesalpinioideae (the oldest legume
subfamily) nodules do not form. The rhizobia enter the root through root hairs, and exist within intracellular infection threads (light grey
tracing). C. In some tree species of the subfamily Mimosoideae (e.g., Mimosa scabrella), infection occurs intercellularly (dark gray tracing)
between intact epidermal cells and outer cortical cells, but an intracellular infection thread develops in the inner cortex. An NP, which will
develop into an indeterminate-type nodule, is initiated in the cortex adjacent to the VT. D. In some aquatic legumes of the Mimosoideae (e.g.,
Neptunia natans), infection occurs via crack entry through the epidermis at the junction of a lateral root (LR). As the rhizobia move toward
nodule primordia initiated in the inner cortex of the lateral root, an intercellular infection thread develops. The nodule primordia give rise to
indeterminate nodules. E. In Arachis hypogaea (peanut; groundnut), a member of the subfamily Papilionoideae, infection occurs intercellularly
at the base of an epidermal cell having a root hair. An infection thread does not develop. Rhizobia enter an NP initiated in the outer cortex
of a LR which leads to a determinate-type nodule. F. In Chaemaecytisus proliferus, tagasaste, a woody species of the Papilionoideae, initially
infection occurs via ‘shepherd’s crook’ root hairs, and an infection thread which initiates a NP in the inner root cortex. However, this infection
thread aborts early after initial formation and the NP receives rhizobia via a secondary, intercellular (non-infection thread) infection. The NP
develops into an indeterminate-type nodule. G. In a large number of genera used in agriculture (e.g., Lens, Medicago, Pisum, Trifolium, Vicia)
of the Papilionoideae, rhizobia enter shepherd’s crook root hairs via an intracellular infection thread. The infection threads deliver the rhizobia
to NP initiated in the inner cortex which gives rise to indeterminate-type nodules. H. In another large group of crop genera (e.g., Glycine,
Lotus, Phaseolus, Vigna) of the Papilionoideae, rhizobia also enter shepherd’s crook root hairs via an intracellular infection thread. However,
the infection threads deliver the rhizobia to NP initiated in the outer root cortex, which gives rise to determinate-type nodules. Adapted from
Guinel and Geil (2002).

Infection and symbio-organ development

The infection of the host by the microsymbiont, and
the development of the root nodule/tissue to house the
microsymbiont are very different among the four sym-
bioses. Even within the legume-rhizobia symbiosis,
there is considerable diversity of modes of infection
and nodule development (Figure 2). Depending on
the particular legume, the path of infection may be
intercellular (Figure 2D, E) intracellular (Figure 2B,
G, H) or a combination of the two (Figure 2C, F).
Intracellular infection occurs via infection threads, tu-
bular cell-wall-like structures constructed by the plant

involving extensive cytoskeleton activity, the synthesis
of which is initiated by bacterial Nod factor (Lhuissier
et al., 2001).

The most intensively studied symbioses involve
crop legumes (e.g., common bean, cowpea (Vigna sin-
ensis [L.] Savi ex Hassk.), fababean (Vicia faba L.),
pea (Pisum sativum L.), soybean) of the Papilion-
oideae subfamily with intracellular infections leading
to either indeterminate (Figures 2G, 3B, 4B) or de-
terminate root nodules (Figures 2H, 3A, 4A). Nodule
primordia are initiated opposite to protoxylem poles.
However, primordia of indeterminate nodules are ini-
tiated within the inner-root cortex, while determinate
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nodules are initiated in the outer-root cortex. Inde-
terminate nodules maintain a persistent apical mer-
istem and continue to grow throughout the lifespan of
the nodule, thus resulting in a developmental gradi-
ent within the nodule with a bacteroid differentiation
zone, mature zone (where N2 fixation occurs), and
senescence zone (Figure 4B). Indeterminate nodules
tend to be oblong in shape and, depending on the
legume, may form singular or bifurcated nodules. De-
terminate nodules (Figures 3A, 4A) do not maintain
an active meristem, are more spherically shaped, and
have a defined lifespan (Vikman and Vessey, 1993). In
both types of nodules, infection-thread development
and initial cortical cell divisions of nodule primordia
occur simultaneously. The bacteria move through the
infection thread matrix and are ‘released’ into the in-
fected cells of the developing nodule engulfed in a
plant membrane (the peribacteroid membrane). Re-
cently the Sen1 gene, a plant gene involved in the
differentiation of bacteria into bacteroids, has been
identified in Lotus japonicus (Suganuma et al., 2003).
The structure containing the bacteroids, the symbio-
some, is analogous to a plant organelle with the
peribacteroid membrane overseeing the traffic into and
out of the symbiosome (Day et al., 2001; Day and
Udvardi, 1993). The symbiosome may contain one or
several rhizobia that have undergone certain morpho-
logical changes associated with their new symbiotic
lifestyle, and in this symbiotic state are referred to as
bacteroids (Oke and Long, 1999). Again depending on
the legume, a single nodule may contain several strains
of rhizobia, but in the majority of cases a nodule hosts
a single strain of rhizobia (e.g., Martinez-Romero,
2003). However, it is common that a single plant root
will contain more than one strain of rhizobia among its
nodules (e.g., Bromfield et al., 2001; Denison, 2000).

A plethora of nodule-specific plant genes are ex-
pressed during the development and functioning of
legume nodules (Schultze and Kondorosi, 1998; Tre-
vaskis et al., 2002). These genes have been char-
acterized into two groups depending on whether the
proteins they code for are synthesized early or late in
nodule development (the early and late nodulins, re-
spectively). Many of the early nodulin (ENOD) genes
are associated with induction of root-hair deforma-
tions, cortical cell division, and cell-wall modifica-
tions (including ENODs 2, 5, 10, 11, 12, and 40).
The late nodulin genes (commonly classified NOD or
simply N genes) are more closely associated with the
mature N2-fixing nodule. Genes coding for leghemo-
globin are classical examples of late nodulins; how-

ever, some of their expression is as early in nodule
development as some ENOD genes (Heidstra et al.,
1997). Genes encoding proteins associated with car-
bon and nitrogen metabolism (e.g., Colebatch et al.,
2002a; Silvente et al., 2003), and membrane transport
(e.g., Kapranov et al., 2001; Szczyglowski et al., 1998)
in the nodules are commonly studied late nodulins.

Like rhizobia, Frankia strains can enter the roots
of their host plants either intracellularly, via root hairs,
or intercellularly, depending on the host plant spe-
cies (Miller and Baker, 1986; Racette and Torrey,
1989). Early work by Benson and Hanna (1982) us-
ing whole-cellular protein profiles indicated more than
one genetically distinct Frankia within the same actin-
orhizal nodule. However, in situ hybridization based
on a 23S rRNA insertion target which allowed for the
analysis of Frankia populations in nodules of vari-
ous Alnus species revealed the presence of only one
Frankia population in every nodule homogenate (Zepp
et al., 1997). However, in Ceanothus caeruleus, a host
that Frankia infects intercellularly (in contrast to Al-
nus, which is infected intracellularly via root hairs),
nodules also contained a non-fixing, non-nodulating
actinomycete strain (Ramirez-Saad et al., 1998).

Intracellular infection takes place in the Betu-
laceae, Casuarinaceae and Myricaceae. When a
Frankia hypha is trapped in a root hair curl, an in-
fection thread develops by which the hypha enters the
plant root (Berg, 1999; Berry and Torrey, 1983; Calla-
ham et al., 1979). No equivalent of the infection thread
matrix (i.e. a space encompassed by the infection
thread walls) of legumes exists in actinorhizal sym-
bioses. Instead, Frankia hyphae are embedded within
the cell wall-like material or ‘interfacial matrix’ (Berg,
1999), which is the equivalent of the infection thread
wall in legume nodules. As in the legume-rhizobia
symbiosis, concomitant with root-hair infection, cell
divisions are induced in the root cortex. The infection
thread grows to the dividing cortical cells, and infects
some of them by intense branching within the cells,
filling them with Frankia hyphae from the inside out-
ward (Burgess and Peterson, 1987; Schwintzer et al.,
1982). This cortex-based structure is called the pre-
nodule. While the prenodule develops, the formation
of a nodule primordium is induced in the pericycle
of the root, like in the case of lateral root primordia
(Callaham and Torrey, 1977). Note that this is in con-
trast to legume-nodule primordia which are initiated
in the inner or outer root cortex (Figure 2), not the
root pericycle. However, like lateral roots and legume
nodule primordia, actinorhizal nodule primordia are
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usually located opposite protoxylem poles. Hyphae
in the infection threads grow from the prenodule to
the nodule primordium, again by cell-to-cell passage,
and infect primordium cells. The nodule primordium
develops into a nodule lobe. Depending on the host
plant species, more than one nodule primordium can
be formed per prenodule (Torrey and Callaham, 1979).

During intercellular infection, Frankia hyphae
enter the root between epidermal cells, and colonize
the root cortex intercellularly (Miller and Baker, 1985;
Racette and Torrey, 1989). In contrast to rhizobia,
Frankia does not depend on gaps in the root epidermis
for entering the root. During the colonization of the
cortex, the root cortical cells secrete an electron-dense
pectin- and protein-rich material into the intercellular
spaces, and the formation of a nodule primordium is
induced in the root pericycle (Liu and Berry, 1991;
Valverde and Wall, 1999). Frankia hyphae infect prim-
ordium cells from the apoplast by intense branching
of hyphae, concomitant with continuous invagination
of the plant plasma membrane. Intercellular infection
takes place in host plants of the Rhamnaceae, Elae-
agnaceae and Rosaceae families. In host plants of the
actinorhizal Cucurbitales (Datisca and Coriaria), the
infection mechanism has not been examined yet, but
since no prenodules or infection threads are found in
these plants, infection is assumed to follow the inter-
cellular pathway. In contrast with all other host plants
examined, infected cells of Datisca and Coriaria nod-
ules are filled with branching Frankia hyphae from
the periphery inward, instead of from the center out-
ward, and they retain large central vacuoles (Hafeez
et al., 1984; Newcomb and Pankhurst, 1982). Another
unique feature of actinorhizal Cucurbitales is that their
nodule cortical cells become multinucleate prior to
infection.

Frankia induce the formation of multiple ‘lobed’
root nodules composed of modified lateral roots
without root caps, a superficial periderm, a central vas-
cular system (in contrast to the peripheral vasculature
of legume nodules), and infected cells in the expan-
ded cortex (Figures 3C, 4C). Due to the activity of
the apical meristem, the infected cells in the expanded
cortex are arranged in a developmental gradient in a
similar fashion to indeterminate nodules of legumes.
In the infection zone, infected calls gradually fill with
branching Frankia hyphae. Once an infected cell is
filled with branched hyphae, vesicles develop and N2
fixation starts (Huss-Danell and Bergman, 1990). In
the N2-fixation zone, Frankia vesicles develop and
bacterial N2-fixation takes place. In the zone of sen-

escence, bacterial material is degraded by the plant.
In most actinorhizal nodules, infected and uninfected
cells are interspersed in the cortex of the nodule lobe.
In the actinorhizal Cucurbitales, however, the infected
cells form a continuous patch, kidney-shaped in cross-
section, at one side of the acentric stele (Hafeez et al.,
1984; Newcomb and Pankhurst, 1982).

As in legume nodules, the search for, and char-
acterization of, genes and their encoded proteins has
been a focus of research in actinorhizal plants. In gen-
eral, genes expressed at significantly higher levels in
nodules than in roots encode products involved either
in (a) nodule metabolism (e.g., symbiotic hemoglobin;
Gherbi et al., 1997; Jacobson-Lyon et al., 1995),
(b) the internalization of the microsymbiont (e.g., cell-
wall proteins specific to infected cells; Pawlowski
et al., 1997), or (c) nodule-specific development (e.g.,
subtilases, possibly involved in inducing infected-cell
differentiation within nodules; Berger and Altmann,
2000; Svistoonoff et al., 2003). Interestingly, only one
legume Enod gene homolog has been discovered so
far in an actinorhizal plant, namely the dg93 mRNA
sequence common to soybean nodules and Datisca
glomerata (Okubara et al., 2000).

Parasponia nodule development and structure in
some ways can be seen as an intermediate between
legume and actinorhizal nodules, but also has unique
features. Despite early observations that inoculation
effected root hair growth and morphology (Lancelle
and Torrey, 1984), it is now clear that Parasponia
rhizobia do not infect the plant through root hairs
(Becking, 1992). In P. andersonii (Bender et al.,
1987b) and P. parviflora (Becking, 1992), rhizobia
erode the root epidermis below an area of bacterial
colonization on the root surface. Bender et al. (1987a,
b) referred to subsurface swelling zone as a prenodule,
comparable with the prenodule development that oc-
curs in actinorhizal plants. However, Becking (1992)
argues that these swellings are not always observed
and are not morphogenetically comparable to pre-
nodules of actinorhizal plants. Others have observed
‘crack entry’ of rhizobia into Parasponia roots (Web-
ster et al., 1995a), similar to that seen in the infection
of some legumes (Figure 2C, D and E). Thick-walled
infection threads of plant origin in the intercellular
spaces act as a conduit for the rhizobia to nodule prim-
ordia developing from the root pericycle. In this way,
Parasponia nodules are more similar to actinorhizal
nodules than legumes, being modified lateral roots and
the mature nodule having a centralized vascular sys-
tem (similar to Figure 4C). The mature nodule is also
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Figure 3. Examples of (A) determinate legume nodules (Glycine
max), (B) indeterminate legume nodules (Pisum sativum), (C) an
actinorhizal nodule (Datisca glomerata), and (D) a portion of a
symbiotic coralloid root cluster (Cycas revoluta). In the coralloid
root cluster (D), the black arrows indicate lenticels and the white
arrow indicates where a root lobe has been cross sectioned to reveal
the cyanobacterial infected zone as a darker ring.

actinorhizal in appearance being multi-lobed and in-
determinate. However, the rhizobia within the infected
cells of the nodule are contained in thin-walled ‘fixa-
tion threads’ (Price et al., 1984) which Becking (1992)
contends are actually filamentous ‘peribacteroid sacs’
associated with, or extensions of the infected plant
cell’s membrane. Although cell wall-like deposits are
associated with this peribacteroid membrane (Smith
et al., 1986), it is not cell wall per se.

In the cycad-cyanobacteria symbiosis, the cy-
anobacterial microsymbiont, or cyanobiont, invades a
particular root type, referred to as coralloid roots due
to their ‘coral-like’ appearance. It has been speculated
that the coralloid roots may have initially evolved as
pneumatophores (apogeotropic roots facilitating an ef-
ficient gas exchange) that only later became cyanobac-
terial host-organs (Grobbelaar et al., 1986; Wittman
et al., 1965). However, fossil evidence of symbiotic
tissues invaded by cyanobacteria is still missing. As
there are no other reports of plant pneumatophores in-
fected by cyanobacteria, additional components only
held by the cycad roots must be involved in acquir-
ing cyanobacteria as symbionts. Root hairs, which
are necessary for the infection of many legume and
actinorhizal plants, are absent in cycad roots.

Coralloid roots develop from ‘precoralloid’ roots
arising either as adventitious roots from the hypocotyl,
or as secondary roots from the upper regions of the
tap root. Precoralloid roots are easily recognizable
by their swollen appearance (compared with normal

roots), their papillose sheath, and their apogeotropic
growth. As the precoralloid root matures, lenticels
replace the papillose sheath at the base of the root
and repeated bifurcations give rise to the extensively
branched coralloid root cluster (Figure 3D). Such in-
dividual coralloid clusters can reach up to 10 cm in
diameter and weigh up to 500 g, and may be found
down to about 50 cm below ground. Coralloid roots
are formed in the absence of cyanobacteria as has been
shown using axenic cultures of Zamia sp. (Ow et al.,
1999); however, irreversible morphological changes
occur upon colonization by cyanobacteria (Ahern and
Staff, 1994; Costa and Lindblad, 2002; Wittman et al.,
1965).

Processes involved in the invasion of the coral-
loid roots by cyanobacteria are still largely unclear,
and very few cycad genera have been examined. Non-
etheless, the apogeotropic growth of the precoralloid
roots brings the root caps close to the soil surface,
the habitat where the photoautotrophic cyanobacterial
microsymbiont would be expected. Some studies sug-
gest that colonization takes place either at the apex, at
the base, or in an intermediate position of the sym-
biotic coralloid root, and lenticels have often been
proposed as the cyanobacterial root entry point (Fig-
ure 3D). For example, Ahern and Staff (1994) found
that 95% of the infected roots of 60 Macrozamia seed-
lings had prominent apical lenticels. Other possible
modes of cyanobacterial entry are through the papil-
lose sheath, through breaks in the dermal layer, or
through channels leading from the root surface to the
cyanobacterial zone. In contrast to both legume and
actinorhizal symbioses, there is no evidence of infec-
tion thread development in the infection process in
cycads.

Upon colonization by the cyanobiont, develop-
mental and morphological changes are initiated in
symbiotic coralloid roots (Ahern and Staff, 1994;
Costa and Lindblad, 2002; Lindblad et al., 1990). The
production of the papillose sheath ceases, the roots be-
come wider, and the strict apogeotropic growth of the
roots ceases. The widening is due to the development
of a root ‘zone’ which the cyanobacteria invade. This
zone may be the result of the development of a persist-
ent root cap which forms a secondary (outer) cortex
overlying the original root epidermis (equivalent to the
inner cortex) of the non-infected root. Another pos-
sibility is that the cyanobacterial invaded zone is the
result of the development of a specialized secondary
(outer) cortex overlying the original (inner) cortex. Ir-
respective of the origin, the cyanobacterial invaded
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Figure 4. Diagrammatic representation of longitudinal sections
through (A) a determinate legume nodule, (B) an indeterminate
legume nodule, (C) an actinorhizal nodule, and (D) a lobe of a
symbiotic coralloid root cluster. The grey colored regions represent
the infected zones. The dark, thick lines represent vascular tissues.
Cortical tissue (C), outer cortical tissue (OC), inner cortical tissue
(IC) and meristems (m) and periderm tissue (P) are indicated in the
various symbio-organs. In the indeterminate legume nodule (B) and
the actinorhizal nodule (C), the zones of infection/differentiation
(1), N2-fixation (2) and senescence (3) are indicated.

zone develops between these two root layers (Fig-
ure 3D, 4D). The widening of the cyanobacterial zone
is due to considerable host-cell elongation, radially to
the long axis of the roots, and a partial separation of
the host cells located between these layers.

The outcome of the developmental process in sym-
biotic coralloid roots is the creation of a mucilaginous
extracellular space, densely filled with cyanobacteria
and traversed by numerous elongated host cells (Fig-
ure 4D). These elongated cells interconnect the inner
(original) and outer (‘new’) cortex. The cyanobac-
terial zone may vary in prominence, from 230 to
365 µm in diameter depending on the cycad genus
(Chaudhuri and Akhtar, 1931). However, in contrast
to the symbioses of legumes and actinorhizal plants,

the cyanobionts always remain extracellular, although
the same cyanobacterium is capable of invading plant
cells in the angiosperm Gunnera (Johansson and Berg-
man, 1992). The elongated host-root cells that cross
the zone filled with cyanobacteria show transfer-cell
morphology (cell-wall invaginations, amyloplasts and
numerous mitochondria), suggesting a role in nutrient
exchange (see below) between the partners (Lindblad
et al., 1985a; Obukowicz et al., 1981). The zone
infected with cyanobacteria is clearly visible by the
naked eye as an intensely blue-green pigmented band
mid-way between the stele and the root surface on sec-
tioning of the root (Figure 3D, 4D). The retention of
pigments (chl a and phycobiliproteins) in cyanobac-
teria living in darkness in plant roots is due to pigment
synthesis in cyanobacteria being a light-independent
process, as in some lower plants. The cyanobacterial
root zone is absent at the root apex, but otherwise
it forms a continuous cylinder all the way down the
symbiotic coralloid root, except below lenticels.

To date, no symbiosis-related genes have been
identified (or searched for) in cycads, although it
is obvious that the cyanobacterium influences cycad
root development as evidenced by microscopic stud-
ies (see above). The search for differences in gene
expression patterns of non-infected and infected coral-
loid roots is now desirable. More is known regarding
symbiosis-related gene expression of the cyanobiont.
For instance, within the host tissue, cyanobacterial
cell division is slowed down to synchronize devel-
opment, cell-volume increases, cell-surface structures
are altered, and subcellular rearrangements are ap-
parent (Rai et al., 2000, 2002). Host plants are
also capable of dictating cell differentiation processes
(that of hormogonia and heterocysts) in the cyanobac-
terium. For example, it has been shown in other
cyanobacterial-plant symbioses that host plants may
elicit or prevent the differentiation of hormogonia via
the release of a hormogonia-inducing factor (HIF)
or a hormogonia-repressing factor (HRF). Interest-
ingly, a mutation in hrmA, a gene induced by HRF,
increases the cyanobacterial infectivity several-fold,
probably by prolonging the hormogonial stage (Cohen
and Meeks, 1997; Meeks et al., 1999). Infectivity is
also enhanced by mutations in the expression of sigH,
which is induced by HIF. This is interesting, as it
points to the possibility of obtaining ‘super-infectious’
cyanobionts. Such mutants may perhaps also be used
to infect roots of non-host plants of great commercial
interest, such as wheat and rice, which readily associ-
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ate with some cyanobacteria (Gantar and Elhai, 1999;
Nilsson et al., 2002).

Once inside the root, differentiation of the N2-
fixing heterocysts is stimulated, and soon reaches
frequencies never seen in their free-living state (Lind-
blad et al., 1985b). This suggests over-expression of
hetR, the heterocyst regulatory gene highly expressed
in free-living cyanobacteria upon deprivation of com-
bined N (Buikema and Haselkorn, 1993). Since this
gene is under the control of the nitrogen-dependent
global transcription factor NtcA, it has been proposed
that the plant may bypass this control. However, re-
cent data indicate that both ntcA and hetR are over-
expressed in planta (Wang et al., 2004). Moreover,
hetR mutants still infect liverworts while ntcA mutants
fail to do so (Wong and Meeks, 1994). Although these
studies have been performed on cyanobionts in the
Gunnera and bryophyte symbioses, respectively, they
are probably relevant also for cycads.

Supplying the microsymbiont with energy

An integral aspect of symbioses between host plants
and their N2-fixing microsymbionts is the supply of
reduced carbon substrates from the host to the mi-
crosymbiont. Evolutionarily, it is believed that this
supply of energy has played a large role in ‘drawing’
the microsymbionts into the symbioses (Simms and
Taylor, 2000). In all four symbioses examined here,
the carbon supplied to the microsymbionts ultimately
derives from photosynthesis by the host. However,
a great difference among the symbioses is that free-
living (i.e., non-symbiotic) rhizobia and Frankia in the
soil are carbon heterotrophs, but free-living cyanobac-
teria are photoautotrophic. Hence, for host-supplied
carbon to play a major role in initiating and maintain-
ing the cycad-cyanobacteria symbiosis through evolu-
tion, the carbon supply from the host must be superior
in some fashion to the cyanobacterium supplying its
own carbon from photosynthesis.

Carbon provision and assimilation to bacteroids in
legume nodules has been reviewed recently by Lod-
wig and Poole (2003). In summary, photosynthate is
supplied to nodules as sucrose in the phloem. Sucrose
synthase activity in the nodule is primarily respons-
ible for the hydrolysis of the sucrose. If carbon supply
to the nodule is more than sufficient, some of the re-
leased monosaccharides can be stored as starch within
the nodule. Sugars destined for utilization by the bac-
teroids pass through glycolysis and enzymes of the

tricarboxylic acid cycle, to form malate, fumarate and
succinate, the three dicarboxylic organic acids that are
the primary carbon sources for bacteroids in the nod-
ules. The transport of these dicarboxylic acids across
the peribacteroid membrane and their utilization by
bacteroids have been studied extensively (Day et al.,
2001; Day and Udvardi, 1993; Lodwig and Poole,
2003).

Very little is known about the carbon sup-
ply to rhizobia in Parasponia. Mohapatra and
Gresshoff (1984) found that Parasponia-Rhizobium
strain ANU289 grew well in vitro on a wide range
of carbon sources, but that succinate, fumarate, or
pyruvate was necessary to support good levels of ni-
trogenase activity. It is interesting that nitrogenase
activity was enhanced by more than three-fold if
mannitol or sorbitol was added to succinate in the
medium compared to succinate alone. The forms
of carbon transported in the phloem of Parasponia
are unknown. Micrographs of bacteroids (Becking,
1992; Trinick, 1979) within Parasponia nodules com-
monly depict abundant poly-β-hydroxybutyrate glob-
ules which Becking (1992) concluded indicated that
carbon was not a limiting factor to the rhizobia. Newly
infected cells contain starch-filled plastids (Lancelle
and Torrey, 1985; Trinick, 1979) but the plastids of
mature cells plastids contained little to no starch. It is
not clear from these micrographs and others (Becking,
1979, 1992; Lancelle and Torrey, 1984, 1985; Trinick,
1979; Webster et al., 1995b) if starch accumulates in
uninfected cells in the infected zone as is common in
legume nodules. However, in P. andersonii nodules,
one of the authors (K. Pawlowski, unpublished data)
has observed large amyloplasts in uninfected cells in
the region between the vascular tissue and the infected
zone .

There are many similarities between the scenario
for supplying carbon to legume bacteroids and the sup-
ply of energy to Frankia from its actinorhizal host. As
in legumes, sucrose is believed to be the major sugar
delivered to the nodules of most actinorhizal plants.
Sucrose synthase expression levels are high in the nod-
ules of Alnus glutinosa (Van Ghelue et al., 1996).
However, sorbitol is a major phloem-transported car-
bohydrate in the Rosaceae (Brown and Hu, 1996),
but it is not known if actinorhizal genera of this fam-
ily might utilize this sugar alcohol as their major
carbon supply to nodules. All actinorhizal nodules,
except for those formed by Casuarina spp., accumu-
late starch, though not in infected cells (E. Duhoux,
unpublished observation). It is unclear whether nod-
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ule starch plays a role in carbon storage for particular
growth situations; at any rate it is not used during
spring flush growth (Wheeler et al., 1983). Nodules
are strong carbon sinks, and starch biosynthesis may
simply represent a metabolic ‘safety valve’ when car-
bon is received in excess of demand, as appears to be
the case in legumes (Walsh et al., 1987).

In the free-living state, Frankia strains grow on
short-chain fatty acids (acetate, propionate), vari-
ably on succinate, malate or pyruvate, and (except
for some living symbiotically with members of the
Elaeagnaceae and Casuarinaceae) poorly or not at all
on a range of sugars (Benson and Silvester, 1993).
However, the Frankia microsymbionts of many actin-
orhizal plants (e.g., Ceuthostoma sp., Kentrothamnus
sp., and Chamaebatia sp.) have not been isolated yet,
so their carbon source preferences have yet to be ana-
lyzed. Studies on the metabolism of symbiotic Frankia
have been performed using so-called vesicle clusters,
consisting of symbiotic vesicles together with a part
of their subtending hyphae isolated from nodules
(Van Straten et al., 1977; Vikman and Huss-Danell,
1987b). Vesicle clusters from Alnus spp. have an aer-
obic metabolism (Vikman and Huss-Danell, 1987a).
In agreement with the hypothesis that Frankia is fed
dicarboxylates in planta, succinate, as well as a com-
bination of malate, glutamate and NAD, were found to
stimulate respiration (Akkermans et al., 1981; Vikman
and Huss-Danell, 1991). Evidence for CO2 fixation in
actinorhizal nodules was found, although this might
be due to reactions associated with ammonia assim-
ilation, instead of metabolism of dicarboxylic acids
(Huss-Danell, 1990; McClure et al., 1983).

An alternative hypothesis is that symbiotic Frankia
are supplied with hexoses by the host plant. Hex-
oses are not the ideal carbon sources for free-living
Frankia, but it is possible that Frankia’s carbon pref-
erences in nodules do not reflect those in free cul-
ture. Sucrose, trehalose, maltose, glucose and fructose
stimulated respiration in vesicle clusters from Al-
nus rubra (Lopez et al., 1986). On the other hand,
these observations might simply reflect the ability of
Frankia to metabolize its own storage carbohydrates,
glycogen and trehalose (Lopez et al., 1984). Further-
more, given the dissimilarities between actinorhizal
nodules formed by plants from different families, dif-
ferences in the carbon source for the microsymbionts
might exist amongst Fagales, Cucurbitales and Ro-
sales. In summary, the carbon sources delivered to
symbiotic Frankia are still not clearly known.

Compared with the legume and actinorhizal symbi-
oses, relatively little is known about the carbon supply
to cyanobionts from their cycad hosts. Free-living cy-
anobacteria are capable of higher-plant-type oxygenic
photosynthesis; however, in cycad symbiotic coral-
loid roots, where the availability of light would be
negligible, the normally photoautotrophic cyanobac-
teria would become functionally non-photosynthetic.
A heterotrophic life style and a dependence on car-
bohydrates supported by the host plant are therefore
expected. Nostoc, as opposed to many other cyanobac-
teria, can easily switch from growing photoautotroph-
ically to growing heterotrophically (Rippka et al.,
1979) which probably is a very important part of their
symbiotic competence. Evidence of the heterotrophic
nature of cycad cyanobionts includes the fact that ex-
ternally added fructose and glucose to cycad isolates
grown in darkness stimulated their nitrogenase activity
(Lindblad, 1992; Martel et al., 1993). The carbon sup-
plied by the host is still unknown, and whether the mu-
cilage filling the extracellular space of the symbiotic
coralloid roots has a role in the carbon supply to the
cyanobiont, or whether it is of cyanobacterial origin, is
also an open question. However, a plant-derived mu-
cilage is apparent in organs infected by cyanobacteria
of other plant symbioses (e.g., Gunnera) (Bergman,
2000). Amyloplasts are common in the elongated cells
of the cyanobacterial zone which show transfer cell
morphology. The plant carbohydrates filling the cy-
anobacterial zone may be made available via, or stored
in, these plastids (see Rai et al., 2002).

Regulation of O2 supply to the microsymbiont

Three types of nitrogenase (the molybdenum-iron, the
vanadium-iron, and the iron-iron complexes) exist in
the Eubacteria (Burris, 1991), and more recently a
molybdenum-carbon monoxide nitrogenase complex
was discovered in Streptomyces thermoautotrophicus
of the Archaea (Ribbe et al., 1997). The legume-
rhizobia, Parasponia-rhizobia, actinorhizal-Frankia,
and cycad-cyanobacteria symbioses all contain the
Mo-Fe nitrogenase complex, by far, the most abundant
form of nitrogenase in the biosphere (Burris, 1991).
This nitrogenase is sensitive to inhibition by molecu-
lar oxygen. The exact mechanism of the inhibition is
unknown (Gallon, 1992), but it may be that O2 itself
is a substrate of nitrogenase, and its reduction leads to
highly reactive oxygen species (e.g., O−

2 ) which result
in the denaturation of the nitrogenase complex. Re-
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gardless of the mechanism, all diazotrophs containing
the Mo-Fe nitrogenase complex must protect nitro-
genase from O2. In aerobic bacteria such as rhizobia,
Frankia, and cyanobacteria, this is a particular di-
lemma because the organisms require an adequate O2
flux for oxidative phosphorylation to provide the en-
ergy required for nitrogenase activity, but not so high
a flux that it will result in inhibition of nitrogenase.
In fact, despite existing in an aerobic milieu, it is ne-
cessary that the environment immediately surrounding
the nitrogenase complex be microaerobic.

Solving this ‘O2 dilemma’ in cyanobacteria is
particularly interesting because in a free-living (non-
symbiotic) state the bacteria can fix N2, but also carry
out photosynthesis, which generates O2. Protection of
nitrogenase from O2 in Nostoc in a free-living state is
accomplished by isolating nitrogenase in thick-walled,
non-O2 producing (i.e. non-photosynthetic) hetero-
cysts in the filamentous organism (Gallon, 1992; 2001;
Meeks et al., 1999). The double envelope surround-
ing the outer membrane of the heterocyst decreases
the diffusion of O2 into the cell. Likewise, O2 con-
sumption by respiration has been implicated in helping
to maintain microaerobic conditions inside the hetero-
cyst. In the heterocystous Anabaena PCC 7120, the
coxA gene which codes for a subunit of cytochrome
oxidase was stimulated during heterocyst differenti-
ation, but not in a coxA mutant, which could only
fix N2 under anaerobic conditions (Haselkorn et al.,
1997).

Compared with free-living, non-symbiotic forms
of the cyanobacteria, it may be easier for a cyanobiont
to cope with O2. The lack of light in the symbiotic
coralloid root means little or no O2 production from
cyanobacterial photosynthesis (Bergman et al., 1986).
In addition, it also appears that the partial pressure
of O2 (pO2) in the cyanobacterial zone of coralloid
roots, as in other cyanobacteria-infected plant organs,
is lower than levels free-living cyanobacteria may ex-
perience. Heterocyst abundance is much higher in
the cyanobiont than in the free-living state (Bergman
et al., 1986), but in freshly isolated cycad cyanobi-
onts nitrogenase activity is inhibited on exposure to
pO2 above 1 kPa (Lindblad et al., 1991). This implies
the maintenance of a low pO2 in the cyanobacterial
zone, that the heterocyst envelope may be impaired, or
that isolation of the cyanobiont from the plant disrupts
the protective conditions or prevents important inter-
actions between the organisms (Costa and Lindblad,
2002). How the plant manages to lower the pO2 in
the symbiotic tissues is an intriguing question. How-

ever, the abundance of mucilage in the extracellular
spaces of the cyanobacterial zone may play a role.
Protection of nitrogenase activity from excessive O2
flux by mucilage has been implicated in other plant-
associated diazotrophs (Vessey and Pan, 2003; Zhulin
et al., 1996).

In contrast to cyanobacteria, rhizobia in their free-
living state in soil are incapable of N2 fixation. Nitro-
genase activity can be induced in rhizobial cultures or
isolated bacteroids, but only when the pO2 is main-
tained at very low levels (e.g., 0.5 to 1.5 kPa O2)
(Allen and Elkan, 1990; Karr et al., 2003). In its
symbiotic state, the legume nodule creates a microaer-
obic environment to protect nitrogenase from O2, but
a relatively high flux of O2 is maintained to the bac-
teroids for respiration. These seemingly contradictory
functions (low O2 concentration/high O2 flux) are ac-
complished via an O2-diffusion barrier in the cortex of
the nodules, and facilitated diffusion of O2 bound to
the transporting hemoprotein, leghemoglobin.

The subject of the regulation of O2 flux to bacter-
oids within legume nodules has been well reviewed
(see Hunt and Layzell, 1993; Lodwig and Poole,
2003). In brief, an O2-diffusion barrier exists in a
region of densely packed cells in the inner cortex of
legume nodules. There is some controversy whether
expression of Enod2 is related to the development of
this diffusion barrier (Wycoff et al., 1998). The ex-
act nature of this diffusion barrier is unknown, but
there is evidence that the path length of intercellular
water (Denison, 1992) or the abundance of intercel-
lular glycoprotein (James et al., 2000) may play roles
in establishing the diffusion resistance to O2. A very
important feature of this diffusion barrier is that it
can quickly change (i.e. in seconds to minutes) its
resistance to O2 diffusion when either the external
concentration of O2 or the internal demand for O2
changes. In fact, it appears that a number of stresses
(drought, temperature, supplemental mineral N, car-
bohydrate limitations) decrease nitrogenase activity
indirectly by decreasing O2 diffusion into the infected
zone of the nodule (Kuzma and Layzell, 1994; Ser-
raj et al., 1999; Vessey et al., 1988). In the infected
zone of the nodule, leghemoglobin acts as a shuttle,
binding O2 from the intercellular spaces within the
infected zone, diffusing down the oxyleghemoglobin
concentration gradient, and delivering O2 to the sites
of respiration (cytochrome oxidase) in the bacteroids
(Becana and Klucas, 1992; Bergersen, 1996; Denison
and Okano, 2003). Leghemoglobin represents approx-
imately 5% of the total protein of a mature nodule and
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is coded for by at least four lb genes, of which lbc3
is the most intensively studied (e.g., Cvitanich et al.,
2000).

In terms of regulating O2 flux within symbio-
organs, the actinorhizal-Frankia symbiosis can be seen
as an intermediate between the cycad and legume sym-
bioses. In contrast to rhizobia, Frankia can fix N2
in the free-living state at ambient pO2. The vesicles
of Frankia have similarities in form and function to
cyanobacterial heterocysts, but in some actinorhizal
plants hemoglobins also appear to have a role in O2
flux as in legumes. Hemoglobins have not been found
in cyanobacterial symbioses; however, some cycad
symbiotic coralloid roots are pink. Whether this color
is due to hemoglobins or to the red water-soluble
pigment phycoerythrin, abundant in symbiotic Nostoc
(Poza-Carrion et al., 2001), has yet to be resolved.

When Frankia are cultured with limiting levels of
mineral N and ambient pO2, they form specialized
vesicles at the end of normal hyphae or at the ends
of short side hyphae (Silvester et al., 1990). Within
the vesicles, nitrogenase is protected from O2 and
N2 fixation can take place (Meesters, 1987; Parsons
et al., 1987). The vesicles are surrounded by envelopes
consisting of multiple layers of hopanoids, bacterial
steroid lipids (Berry et al., 1993; Huss-Danell, 1997).
The number of layers depends on the pO2 (Parsons
et al., 1987). While vesicles formed in the free-living
state are always round and non-septate, the shape and
cellular location of vesicles formed in planta depends
on the host plant genus (Baker and Mullin, 1992),
indicating that here, vesicles represent a symbiosis-
specific differentiation comparable to bacteroids in
legume nodules. In addition to diffusion resistance, the
fast respiration rate of Frankia vesicles suggests that
metabolic consumption of O2 also plays a role in O2-
protection of nitrogenase (Vikman, 1992). In nodules
of Datisca, Frankia forms lanceolate vesicles in radial
orientation that form a ring around the central vacuole.
Multiple mitochondria accumulate at the vesicle base
and probably play a role in the metabolic removal of
O2 (Silvester et al., 1999). In contrast, the respiratory
protection of nitrogenase at work in some actinorhizal
symbioses appears to have little role in the protection
of nitrogenase in legume nodules (Weisz and Sinclair,
1987).

Actinorhizal nodule lobes are surrounded by a su-
perficial periderm that may be impermeable to O2.
To provide the infected zone with O2, the nodule
periderm can be disrupted by lenticels (Betulaceae,
Datisca, Coriaria), or nodule roots can be formed

(Casuarinaceae, Myricaceae, Datisca) (Huss-Danell,
1997). Nodule roots are agravitropically growing roots
with large air spaces in the cortex that are formed at the
tip of nodule lobes, i.e. by a change in the activity of
the nodule lobe meristem (Bond, 1952). Subsequently,
new nodule lobe meristems can be induced next to the
origin of the nodule root. Nodule roots provide access
to O2 for nodules formed on roots submerged in water,
and their length depends on the pO2 level (Silvester
et al., 1988; Sprent and Scott, 1979). Diverse O2 pro-
tection systems for bacterial N2 fixation have evolved
in different actinorhizal plant genera (reviewed by Sil-
vester et al., 1990). The lack of a region of densely
packed cells encompassing infected zones (i.e. an O2-
diffusion barrier) in the actinorhizal nodule lobes is
inconsistent with a legume-nodule-like O2 diffusion
control system. Only Coriaria nodules have developed
a comparable system, in that these contain a long len-
ticel at the non-infected side of the nodule lobe with a
variable O2-diffusion control system in the cell layers
between stele and periderm that enables control of O2
flux to the infected cells (Silvester and Harris, 1989).

In some cases, in symbioses with Casuarina spp.
for example, only the plant seems to be responsible
for O2 protection of nitrogenase, more comparable
to the situation in legume nodules. In these nodules,
Frankia do not form vesicles (Berg and McDowell,
1987a), the walls of infected cells are lignified to pre-
vent O2 access (Berg and McDowell, 1987b), and
large amounts of a nodule-specific hemoglobin are
present in the cytosol of infected cells (Jacobson-Lyon
et al., 1995). Nodules of Myrica spp. also contain large
amounts of hemoglobin and the walls of infected cells
are heavily lignified (Pathirana and Tjepkema, 1995;
Zeng and Tjepkema, 1994), although in this genus,
Frankia forms vesicles (Baker and Mullin, 1992).
Even if hemoglobin is clearly plant-based in some
cases (Christensen et al., 1991), recently Beckwith
et al. (2002) have found production of a hemoglobin in
genetically diverse strains of Frankia. The combined
role of plant-based and Frankia-based hemoglobins in
the regulation of O2 flux in actinorhizal nodules has
yet to be elucidated.

Although Parasponia nodules are morphologically
similar to actinorhizal nodules, in terms of regula-
tion of O2 flux to bacteroids, they are more similar
to legume nodules. Parasponia nodules have a zone
of tightly packed cells surrounding the infected zone
which is presumed to function similarly to the O2-
diffusion barrier of legume nodules (James et al.,
1994; Tjepkema and Cartica, 1982). Hemoglobin is
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probably the most intensively studied aspect of the
Parasponia-rhizobia symbiosis (e.g., Appleby et al.,
1983; Bogusz et al., 1988; Hunt et al., 2002). In a re-
cent comparison of hemoglobin gene sequences from
a wide range of symbiotic and non-symbiotic plants,
it was concluded that the symbiotic hemoglobins from
legumes and actinorhizal plants are related to the class
2 non-symbiotic hemoglobin genes assumed to be
common to all dicots (Hunt et al., 2001). Interestingly,
hemoglobin sequences from Parasponia nodules are
more closely related to class 1 non-hemoglobin genes
assumed common to both monocots and dicots. These
observations lead Hunt et al. (2001) to conclude that
symbiotic hemoglobin of Parasponia was probably re-
cruited from non-symbiotic hemoglobins independent
from the symbiotic hemoglobin in extant legume and
actinorhizal plants.

Transfer of the fixed N from the microsymbiont to
the host

The host’s benefit from a N2-fixing symbiosis is only
realized when it receives the fixed N from the mi-
crosymbiont. The product of nitrogenase activity in
the microsymbiont is NH3; dependent upon pH, a
proportion of the NH3 will form NH+

4 (pKa = 9.25).
In legume nodules, the NH3 quickly diffuses out of
the bacteroid’s alkaline protoplasm into the symbio-
some’s acidic peribacteroid space where it is pro-
tonated to NH+

4 . An ammonium-transporting system
(Amt) present in free-living rhizobia is suppressed in
bacteroids (Udvardi and Day, 1990), thereby stopping
the potential for cycling the NH+

4 back into the bacter-
oid. An ion channel, specific for monovalent cations,
facilitates the transport of the NH+

4 across the peribac-
teroid membrane and into the infected cells’ cytoplasm
(Tyerman et al., 1995). Once in the plant cytosol, the
glutamine synthetase (GS) and glutamate-oxoglutarate
aminotransferase (GOGAT) enzyme systems are the
main conduits of NH+

4 assimilation into amino acids
(Cullimore and Bennett, 1992). However, additional
aminotrasferase activity is required to form the main
N compounds exported from the nodules, primarily
amides (glutamine and aspargine) in legumes of tem-
perate origin and ureides (allantoin and allantoic acid)
in legumes of tropical origin (Parsons and Sunley,
2001; Pate, 1989).

The above scenario is the most widely accepted
model for the movement of NH3 from the sites of N2
fixation to the cytosol of infected legume cells. How-

ever, there are alternative hypotheses. There is some
evidence that alanine may be the export form of the
fixed N from bacteroids (Allaway et al., 2000; Waters
et al., 1998). It is still being debated as to how import-
ant this alanine may be to the overall export of fixed N
from bacteroids (Li et al., 2002).

The form of N exported from Parasponia-rhizobia
to the host cells is unknown, but there is little reason
to believe it should be exceptional as compared to
legume rhizobia (e.g., Udvardi et al., 1992). Early
work (Becking, 1983a) on the amino acid content
of P. parviflora nodules indicated higher levels of
the glutamate, aspartate and amides in nodules with
greater N2 fixation. This would suggest that Para-
sponia nodules are amide exporters similar to legumes
of temperate origin (Webster et al., 1995a) and many
actinorhizal plants [see below; note that P. parviflora
nodules did not contain citrulline (Becking, 1983a),
an N-export product of Alnus sp. and Casuarina
sp.]. Synthesis and transport of these amino acids in
nodules of P. andersonii were confirmed by Baker
et al. (1996), however they also demonstrated the
incorporation of significant quantities of 15N2 into
4-methylglutamate in nodules, demonstrating the de
novo synthesis of this non-protein amino acid and
suggesting a role in xylem transport of fixed N as well.

The form of fixed N exported from Frankia is
unknown. However, similar to legume nodules, high
expression levels of GS have been found in infec-
ted cells of actinorhizal nodules of Alnus glutinosa
(Guan et al., 1996) and Casuarina glauca (L. Laplaze
and K. Pawlowski, unpublished), supporting the pro-
posal of NH+

4 export by Frankia. However, in Datisca
glomerata nodules, plant GS expression was restric-
ted to the uninfected cells surrounding the infected
cells (Berry et al., 2004; Pawlowski et al., 2003).
Since NH+

4 is relatively toxic, and thus unlikely to
be allowed to diffuse through several plant cell lay-
ers prior to assimilation, these results suggest that
within the infected cells, an assimilated form of N
is exported by Frankia that is degraded in the unin-
fected cells, followed by the re-assimilation of NH+

4
in the GS/GOGAT pathway (Berry et al., 2004). In
contrast, Valverde and Wall (2003) recently demon-
strated the expression of most of the enzymes in-
volved in the synthesis of asparagine in nodules of
Discaria trinervis, but not in roots. They hypothes-
ized that the assimilation of fixed N, exported as
NH+

4 from the microsymbiont, followed a similar pat-
tern to that seen in amide-exporting legume nodules
(e.g., alfalfa). The above models describe amide syn-



222

thesis in actinorhizal nodules, and most actinorhizal
plants transport amides in their xylem. However, Alnus
spp. and Casuarina equisetifolia transport citrulline
(Schubert, 1986; Sellstedt and Atkins, 1991). Results
on the cell-specific localization of an enzyme in the
citrulline biosynthetic pathway, acetylornithin amino-
transferase, have led to the conclusion that citrulline
biosynthesis takes place in the infected cells (Guan
et al., 1996).

As opposed to other cyanobacterial-plant symbi-
oses (i.e. Gunnera; Silvester et al., 1996) and the plant-
microsymbiont systems described above, NH+

4 may
not be the fixed N transported from the cyanobiont to
the cycad. This is indicated by the fact that activities,
protein levels and cellular location of glutamine syn-
thetase in cyanobionts of cycads (Cycas, Ceratozamia
and Zamia) resemble that of free-living cyanobacteria
(Lindblad and Bergman, 1986). Moreover, 15N2 ana-
lyses of cycad symbiotic coralloid roots suggest that
either glutamine and citrulline (Zamiaceae) or only
glutamine (Cycadaceae and Stangeriaceae) are the N
compounds translocated to the cycad (Costa and Lind-
blad, 2002; Pate et al., 1988). This implies that,
although all other non-cycad cyanobionts tested so far
release the fixed N as NH+

4 , by either lowering the
cyanobiont GS activity or GS protein levels (Bergman
et al., 2004; Rai et al., 2000), the cycad-cyanobacterial
symbioses have apparently solved this crucial symbi-
otic issue using other mechanisms (Pate, 1989; Pate
et al., 1988).

Conclusions

Despite the evolutionary, phylogenetic, and ecological
diversity among the four root symbioses, there are
numerous similarities in the means by which sym-
biotic partners in legumes, actinorhizal plants, Para-
sponia sp. and cycads facilitate the developmental and
physiological imperatives that enable the symbioses to
function. However, although all four symbioses meet
the same symbiotic imperatives (e.g., infection, col-
onization, control of O2 flux, exchange of C and N),
they have not developed the same physiological and
anatomical mechanisms to achieve these ends.

While there is evidence of a relatively close phylo-
genetic relationship between legumes, Parasponia and
actinorhizal plants (i.e. the N2-fixation clade) which
may point to a common ancestry of these groups,
the cycads, being a much more ancient order, are
not closely related to the others. The three groups

of microsymbionts (rhizobia, Frankia and cyanobac-
teria) are all Eubacteria, but are phylogenetically quite
distant. Nonetheless, the highly conserved nature of
many of the genes coding for the Mo-Fe form of
nitrogenase shared by the four symbioses indicates
some degree of commonality, and possibly lateral gene
transfer. Ecologically, the four symbioses are dis-
persed across many geographical and climatic regions;
however, not surprisingly, there is a propensity for
distribution among low-fertility habitats.

In the infection processes there is evidence for
roles of chemo-attractants, and flavonoid-type sub-
stances have been implicated in all four symbioses.
There are many similarities between legumes and ac-
tinorhizal plants in the infection process, with both in-
tercellular and intracellular infection pathways, how-
ever, the actual nature of the infection threads are
quite different, and the equivalent of nod factor has
not yet been identified in the actinorhizal symbiosis.
Parasponia infection is unique as it seems to involve
a degradation of the root epidermis, and two sorts of
symbiotic ‘threads’; a thick-walled intercellular infec-
tion thread and a ‘fixation thread’ that is more compar-
able to legume symbiosome than an infection thread in
the other symbioses. Coralloid root infection is most
comparable to crack-infection processes seen in some
members of the other three symbioses. Little is known
regarding signal exchange in the cycad- cyanobacteria
symbiosis. While the symbio-organs of cycads, ac-
tinorhizal plants and Parasponia are modified roots,
legume nodules arise from distinctly different zones of
cell divisions than those that give rise to lateral roots.

In terms of energy supply to the microsymbionts,
organic acids are the primary carbon supply to rhizo-
bia and are implicated in supplying Frankia. Likewise,
simple sugars have been proposed as substrates for
Frankia and cyanobacteria in their respective sym-
bioses. In legumes, most actinorhizal plants, cycads
and possibly Parasponia, starch appears to be a com-
mon form of stored carbohydrate when supplied to
the symbio-organ in surplus of the microsymbiont’s
requirements.

Rhizobia in both legume and Parasponia symbi-
oses are extremely dependent upon the plant nod-
ule with its O2 diffusion barrier and leghemoglobin
to provide the O2 flux required for respiration, but
without diminishing nitrogenase activity. By thick-
ening the walls of the cells (compartments) where
nitrogenase is located, Frankia and cyanobacteria are
more independent in their regulation of O2 flux within
their respective symbioses, but still some level of con-
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trol is enacted by the host tissue (e.g., hemoglobin
and/or mucilage, respectively).

In terms of the means of transferring the fixed
N from the microsymbiont to the host, some actin-
orhizal plants, legumes and possibly Parasponia have
many similarities with NH+

4 appearing to be the main
form of N export from the bacteria, processing by
GS/GOGAT, and the synthesis of amides as a form
of N-transport compound out of the nodules. Less
is known about the N transfer process in the cycad-
cyanobacteria symbiosis, but it may be unique from
the other two, with an organic-N compound (amino
acid) being the potential export product from the
heterocyst.

As stated at the outset of this chapter, a great
challenge in comparing the four symbioses is the un-
balanced amount of knowledge we have of the given
partnerships. It is not surprising that the amount of
knowledge and research on each of the four symbioses
is relative to their recognized economic importance.
Agronomically important legume-rhizobia symbioses
have been, and continue to be, well examined. The
use of the ‘model’ legumes, Lotus japonicus and
Medicago truncatulata (Colebatch et al., 2002b), and
the complete sequencing of the genomes of a sev-
eral of the rhizobial microsymbionts (Galibert et al.,
2001; Kaneko et al., 2000, 2002) will further help to
accelerate the investigation of these symbioses. The
actinorhizal-Frankia symbioses are not as well char-
acterized, despite their importance in forest succession
and revegetation (Benoit and Berry, 1990). Some chal-
lenges to the rate of progress in this field is that
Frankia cannot yet be transformed (John et al., 2003),
and the proportion of the genome which has been se-
quenced is relatively small. Nonetheless, progress on
Frankia genetics is being made, particularly in specific
areas such as the nif genes (e.g., Lavire and Cournoyer,
2003; Oh et al., 2003). Transformation of actinorhizal
plants is possible with Agrobacterium rhizogenes and
A. tumefaciens, and progress is being made in the
host’s genetics, particularly in the Casuarinaceae com-
pared with the other seven actinorhizal plant families
(Franche et al., 1998; Santi et al., 2003a). Despite the
fact that Parasponia represent only five species native
to a well-defined geographical region, they have re-
ceived quite a bit of attention due to the fact that they
are the only nonlegume plant to establish an effective
symbiosis with rhizobia. Some aspects of the symbi-
osis have been quite well studied (e.g., hemoglobin),
but there is still an absence of much basic information
on the development and maintenance of the symbiosis.

Our knowledge of cycads, and in particular of their
peculiar cyanobacteria root symbiosis, is still highly
inadequate and fragmentary, and many questions re-
main, although this division dominated the Earth’ flora
some hundred million years ago. For example, why
are cycads the only extant gymnosperms to form a
symbiosis with a N2-fixing organism, given the com-
petitive advantages of such a trait? Likewise, why do
cycads, but no other plants, accept cyanobacteria in
their roots, although root colonization is dominating
among symbiotic angiosperms? Cyanobacteria do col-
onize cells of one angiosperm family (Gunneraceae),
but exclusively cells in stem glands, not its roots. Why
the cycad roots are never colonized by rhizobia or
Frankia although these N2-fixing bacteria form dis-
tinct root symbioses with angiosperms is another open
question. However, the fact that (almost) the com-
plete genome of Nostoc ATCC 29133, isolated from
a cycad, is known will open new research avenues.

Regardless of the genetic, evolutionary, and func-
tional diversity of the respective hosts and microsym-
bionts, the outcome of all the root symbioses is equally
elegant: a micro-organism finds shelter and sustenance
within the host plant and compensates its host with a
constant and renewable source of N.
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