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INTRODUCTION

One of the most studied symbioses is that between plants

and bacteria of the gram-negative Rhizobiaceae (Rhizo-

bium, Azorhizobium, Sinorhizobium, Bradyrhizobium, and

Mesorhizobium). This association is restricted to the

family Fabaceae, with the exception of Parasponia (Ul-

maceae). The association culminates in the formation on

plant roots of a novel organ, the nodule, that houses the

bacteria in a protected and specialized environment. The

bacteria provide fixed nitrogen to the plant in exchange

for carbohydrates. Gram-positive, filamentous, actinomy-

cetes (Frankiaceae) also engage in a symbiotic nitrogen

association, but with actinorhizal plants, a diverse group

of dicotyledons represented by eight different families.

Nodules are again the key plant structure formed in re-

sponse to the symbiosis. The benefits of these nitrogen-

fixing symbioses have long been recognized. It is known

that the Greeks engaged in agricultural practices utilizing

leguminous plants as early as the 5th century B.C.

NITROGEN

Nitrogen is required for amino acid, nucleotide, protein,

and nucleic acid production, necessary for the fundamen-

tal processes governing plant growth and development.

However, soils become readily depleted of available

nitrogen, particularly if nitrogen-containing plant parts are

not plowed back into the field. Over 70% of the at-

mosphere is made up of molecular nitrogen (N2).

However, the triple bond holding the two nitrogen atoms

together results in a very stable molecule. Only some

prokaryotes—those that synthesize nitrogenase—fix N2

and reduce it to ammonia (NH3), which is then converted

to nitrate (NO3
�), a form used by plants. Most nitrogen in

the fertilizer supplied to crop plants is in the form of NH3,

produced by the energy-consuming Haber-Bosch process.

However, the high cost associated with producing nitro-

gen fertilizer and the problems associated with its ap-

plication (such as nitrification of the soil and runoff into

water supplies) make biological nitrogen fixation sig-

nificant, particularly in countries where fertilizers are

not subsidized.

THE Rhizobium-LEGUME SYMBIOSIS

The process leading to the development of the nodule

involves constant communication between the partners.

Under nitrogen-limiting conditions, leguminous plants se-

crete flavonoids—phenolic compounds composed of two

benzene rings linked by a heterocylic pyran or pyrone ring.

There are more than 4000 flavonoids, differentiated by the

number of hydroxyl substituents, methyl groups, sugars,

and other substituents (Fig. 1A).[1] The release of flavo-

noids causes Rhizobium in the rhizosphere to be attracted to

the plant roots. Specific flavonoids induce rhizobial nod

genes, resulting in the production of Nod factor—mono-

acylated chains of 3–5 b-1,4 linked, N-acetyl glucosamines

with various chemical modifications (Fig. 1B). Nod factor

is the key signaling molecule produced by Rhizobium be-

cause it is absolutely required for progression of the

symbiosis.[2] Specific rhizobia attach to the plant root,

causing root hair deformation, root hair curling, and 360�
curls (shepherd’s crooks). In addition, plant early nodulin

(ENOD) genes are induced.[3] An infection thread, through

which the bacteria enter the root hair, is formed from the

invagination of the plant plasma membrane accompanied

by the deposition of cell wall material. Either inner or

outer cortical cells of the root begin to divide and

eventually the nodule develops (Fig. 2A, Figs. 3A and

B). The infection thread elongates and branches within the

newly divided cells, and the bacteria become endocytosed

into infection droplets. In the differentiated parts of

the nodule, the rhizobia develop into bacteroids and fix

atmospheric nitrogen. The peribacteroid membrane (PBM)

always separates the bacteria from the cytoplasm of the

plant cell and is the location at which nutrient exchange

occurs. The bacteroid, the PBM, and the interface be-

tween are referred to as the symbiosome (Fig. 2C).

THE Frankia-ACTINORHIZAL SYMBIOSIS

In contrast to legume nodules, in which the central in-

fected tissue is surrounded by nodule parenchyma and

peripheral vascular bundles (Fig. 2A), actinorhizal nodules

resemble lateral roots, having a central vascular bundle.

The peripheral infected tissue is surrounded by cortical
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nodule parenchyma (Figs. 2B, 3C). Cell divisions that

initiate the nodule primordium take place in the pericycle

instead of the cortex. Root hair deformation and infection

thread formation also characterize the Frankia-actinorhizal

symbiosis; however, the early signals involved are not well

understood, although flavonoids may be involved. In the

nitrogen-fixing zone of the nodule, filament branches

differentiate into specialized structures known as vesicles

that express nitrogenase and fix nitrogen (Fig. 2D).[4] To

date, Frankia genes involved in establishing the nodule

have not been identified.

VARIATIONS IN THE PROGRESSION
OF THE SYMBIOSES

Entrance of the bacteria in both symbioses can occur by

intercellular infection through gaps in the epidermis where

Fig. 1 Signal molecules involved in the Rhizobium-legume symbiosis. (A) Generic structure of flavonoids. R refers to the various

substituents. (B) Generic structure of Nod factor; n = number of glucosamine residues in the backbone.

Fig. 2 Symbiotic structures. (A) Section of an indeterminate

nodule of Melilotus alba; vb = vascular bundle. (B) Section of an

actinorhizal nodule of Alnus; vb = vascular bundle. (C) Symbio-

somes within cells of a Pisum sativum nodule; s = symbiosome.

(D) Nitrogen-fixing vesicles of Frankia bacteria in an Elaeagnus

nodule; ve = vesicle. Scale bars (A, B) represent 100 mM; scale

bars (C, D) represent 10 mM. (View this art in color at www.

dekker.com.)

Fig. 3 Schematic ofdifferent types ofnodules. (A) Indeterminate

nodule in which the infected central tissue is surrounded by the

nodule parenchyma and peripheral vascular bundles. (B) Deter-

minate nodule in which cell divisions initiate in the outer cortex.

(C) Actinorhizal nodule in which the central vascular bundle is

flanked by infected cells and cell divisions originate from the

pericycle. (Based in part on Ref. 5.)
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lateral or adventitious roots emerge from roots or stems,

or by penetration of the middle lamella of intact cells.

Parasponia, the only nonlegume known to associate with

Rhizobium, develops nodules that resemble modified

lateral roots. Nodule morphology depends on the host.

For example, indeterminate nodules are produced in

Medicago, Melilotus, Pisum, and Trifolium, where initial

cell divisions in the inner cortex (usually opposite the

protoxylem pole) result in the formation of the nodule

primordium (Fig. 3A). Because of a persistent nodule

meristem, nodules are usually elongated. In contrast,

Phaseolus, Glycine, and Lotus produce determinate nod-

ules. Cell divisions initiate in the outer cortex, followed by

division of the inner cortical cells. The nodule meristem

stops dividing early in nodule development, resulting in a

spherical nodule (Fig. 3B).

METABOLISM

Nitrogenase is highly sensitive to oxygen, and the nodule

provides a specialized environment for rhizobia. Oxygen

is maintained at low levels in the cell, partially due to

nodule structure and to leghemoglobin, which acts as an

oxygen scavenger. In contrast, Frankia bacteria provide

oxygen protection for themselves via the lipid envelope

that surrounds the nitrogen-fixing vesicles. In addition, the

high rate of respiration in infected cells and the action of

hemoglobin may limit the presence of oxygen.[6]

The peribacteroid membrane that surrounds the bacter-

oids is the site of nutrient exchange in the rhizobia-legume

symbiosis. Channels have been identified that catalyze the

transport of fixed nitrogen to the plant, which is then fed

into the glutamine/glutamate synthase cycle. Nitrogen is

subsequently transferred to the rest of the plant through the

vascular system. Carbohydrates are imported to bacteroids

as dicarboxylic acids by active transporters found in the

bacteroid membrane.[7]

The details of nitrogen and carbon metabolism and

transport in the actinorhizal symbiosis are not as well

defined. However, in both symbioses, carbon is critical for

energy and reducing power. Globally, the nitrogen contri-

bution by the Rhizobium-legume symbiosis is an estimated

24–584 kg N ha�1 y�1, whereas the Frankia-actinorhizal

symbiosis contributes 2–362 kg N ha�1 y�1.[8]

EVOLUTIONARY ASPECTS

All the plant species that engage in nitrogen-fixing nodule

symbioses are members of the Rosid I clade. Thus evo-

lutionarily, there appears to be a single origin for the

plant’s susceptibility to entrance by bacteria.[9] However,

nodulation may have multiple origins of evolution, as

indicated by varying nodule morphology and infection

methods used by different hosts. Within the Rosid I clade,

there are four major lineages of nodulating plants:[10] One

encompasses legumes and the others consist of nonle-

gumes, including the actinorhizal families Casuarinaceae

and Myricaceae, as well as the rhizobia-nodulated Para-

sponia. Within the three subfamilies of the Fabaceae—the

Papilionoideae, Mimosoideae, and Caesalpinioideae—

over 80% of the first two groups nodulate, whereas less

that 25% nodulate in the more basal Caesalpinioideae.

Based on phylogenetic analysis of rbcL, nodulation may

have had three evolutionary origins: at the base of the

papilionoids, prior to the evolution of the mimosoids, and

in the branch leading to Chamaecrista, one of the few

caesalpinioid genera that nodulates.[9]

CONCLUSION

Nitrogen is critical for plant growth and development, and

some plants have the advantage of engaging in a symbiotic

association with nitrogen-fixing bacteria. Interaction with

rhizobia is primarily restricted to legumes, but Frankia

bacteria associate with different dicotyledonous families.

Both types of symbioses culminate in the formation of

a novel plant organ, the nodule. Although nodule structure

and the form in which the bacteria fix nitrogen varies

between the symbioses, an evolutionary predisposition

for nodulation seems likely. Advances made in deter-

mining the common mechanisms involved in both asso-

ciations will further our understanding of biological

nitrogen fixation.
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