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ABSTRACT: Rhizobia are well known for their capacity to establish a symbiosis with legumes. They inhabit root
nodules, where they reduce atmospheric nitrogen and make it available to the plant. Biological nitrogen fixation
is an important component of sustainable agriculture, and rhizobial inoculants have been applied frequently as
biofertilizers. In this review we present recently developed technologies and strategies for selecting quality
inoculant strains by taking into consideration the complex interaction between the edaphic environment with the
genotypes of both the legume and its microsymbiont. Enhanced competitive ability in an inoculant strain is a key
requirement for successful colonization of plant roots, nodule formation, and subsequent N2-fixation. We discuss
several avenues for the management and manipulation of rhizobial competition as well as genes that influence
competition in the rhizosphere. The use of molecular techniques has greatly contributed to our knowledge of
nodule-bacterial diversity and phylogeny. Approaches to the study of rhizobial diversity as well as mechanisms
for the evolutionary diversification of nodulating bacteria are presented. Rhizobium genomes ranging from 5.5 to
9 Mb have been sequenced recently and deposited in public databases. A comparison of sequence data has led to
a better understanding of genes involved in the symbiotic process as well as possible mechanisms responsible for
horizontal transfer of genetic elements and symbiosis genes among rhizobia. Furthermore, rhizobia are frequent
rhizosphere colonizers of a wide range of plants and may also inhabit nonleguminous plants endophytically. In
these rhizospheric and endophytic habitats they may exhibit several plant growth-promoting effects, such as
hormone production, phosphate solubilization, and the suppression of pathogens.

KEY WORDS: biological nitrogen fixation, rhizobial competition, diversity, genome structure, plant growth
promotion.

I. INTRODUCTION

Rhizobia encompass a range of bacterial gen-
era, including Rhizobium, Bradyrhizobium,
Sinorhizobium, Mesorhizobium, Allorhizobium,
and Azorhizobium, which are able to establish a
symbiosis with leguminous plants. They elicit the
formation of specialized organs, called nodules,
on roots or stems of their hosts, in which they
reduce atmospheric nitrogen and make it avail-
able to the plant. Symbiotic nitrogen fixation is an
important source of nitrogen, and the various le-

gume crops and pasture species often fix as much
as 200 to 300 kg nitrogen per hectare (Peoples
et al., 1995). Globally, symbiotic nitrogen fixa-
tion has been estimated to amount to at least 70
million metric tons of nitrogen per year (Brockwell
et al., 1995). In 1999, world consumption of fer-
tilizer nitrogen was 88 million tons and apart
from the consumption of nonrenewable energy
sources, environmental pollution from fertilizer
nitrogen escaping the root zone is high because in
many cases nitrogen fertilizers are not used effi-
ciently by crops (Peoples et al., 1994). Therefore,
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biological nitrogen fixation is an important and
integral component of sustainable agricultural
systems. Furthermore, biological nitrogen fixa-
tion from legumes offers more flexible manage-
ment than fertilizer nitrogen because the pool of
organic nitrogen becomes slowly available to
nonlegume species (Peoples et al., 1995). Con-
comitant with N2-fixation, the use of legumes in
rotations offers control of crop diseases and pests
(Robson, 1990; Graham and Vance, 2000).

Inoculation of legumes with rhizobial strains
selected for high N2-fixing capacity can improve
nitrogen fixation in agriculture, particularly when
local rhizobial strains are absent from soils or
ineffective. However, newly introduced strains
often fail to compete with well-adapted indig-
enous populations. Substantial efforts have been
undertaken to improve nodulation by trying to
understand the factors that affect the interactions
between rhizobia and soil fauna, between macro-
and microsymbionts, as well as between these
components and the edaphic environment. Strat-
egies to facilitate decision making regarding the
choice of legume and — if required — the choice
of an appropriate inoculant strain of rhizobia are
addressed in Section II of this review.

Our understanding of the vast diversity of
nodulating bacteria has increased extraordinarily
due to the application of molecular markers in
bacterial taxonomy. The search for novel rhizobia
has not only expanded our knowledge on the
evolution of nodule bacteria, but also provided
very valuable information on strains with varying
nodulating and N2 fixation capabilities as well as
different physiological properties. These aspects
are discussed in section IV. Furthermore, consid-
erable knowledge has been obtained on the diver-
sity and beneficial effects of rhizobia living in
association with nonleguminous plants. The plant
growth-promoting effects of free-living rhizo-
sphere rhizobia as well as of endophytic strains
are reviewed in Section VI.

The interaction between legume and rhizobia
has been studied intensively at a molecular level.
This interaction starts with a signal exchange
between both partners. Plant roots secrete spe-
cific flavonoids that interact with the bacterial
NodD protein, resulting in the activation of
rhizobial nod genes and synthesis of Nod factors.

Perception and transduction of these key signal
molecules for nodule organogenesis has been re-
viewed recently (Broughton et al., 2000;
Miklashevichs et al., 2001). Genes involved in
the nodulation process or in determining competi-
tive ability have also been identified recently and
are addressed in this review (see Section III), as
are several attempts to improve nitrogen fixation
by genetic engineering. Furthermore, the sequence
information of whole rhizobial genomes (Kaneko
et al., 2000; Galibert et al., 2001) or symbiotic
islands (Freiberg et al., 1997; Göttfert et al., 2001)
has become available, providing a more complete
picture of rhizobial genomes, which is discussed
in Section V.

The objective of this review is to synthesize
fundamental results from very early research re-
ports with modern outputs. We hope the outcome
of our efforts is to stimulate research at many
levels, from the field to the laboratory, in this vital
process of symbiotic N2-fixation.

II. ADVANCES IN TECHNOLOGIES AND
STRATEGIES FOR SELECTING
INOCULANT QUALITY RHIZOBIAL
STRAINS

In this section, we review advances in tech-
nologies and strategies for selecting inoculant
quality strains of root-nodule bacteria for the pur-
pose of maximizing legume derived N2-fixation
in agriculture. This objective has been a pursuit of
scientists for over 100 years, but it is especially
relevant in today’s world because biological N2-
fixation is considered an essential element of ag-
ricultural sustainability. The Bellagio conference
on N2-fixation (Kennedy and Cocking, 1997) ac-
knowledged that with the decline in the price of
manufactured fertilizer in the 1990s, biological
N2-fixation with legumes and rhizobia, was most
likely to remain in extensive, rather than inten-
sive, agricultural systems. However, Graham and
Vance (2000) warned that a world decline in ag-
ricultural dependence on biological nitrogen fixa-
tion was incompatible with the need to increase
world protein production from a notably deterio-
rating area of global arable land. The urgency for
advancement in the quality and utilization of
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rhizobial inoculants (and legumes) in both inten-
sive and extensive forms of world agriculture was
promulgated with some force and clarity. The
potential economic benefits of improving global
N2-fixation in agriculture by 10% have been esti-
mated at close to US$ 1 billion annually (Herridge
and Rose, 2000).

Relative to the almost weekly advances made
in our understanding of the genetics of the root
nodule bacteria, which are covered in later sec-
tions of this review, advances made in rhizobial
ecology appear pedestrian. This is not an indict-
ment of the outputs from rhizobial ecologists, but
more an affirmation of the complexities of deal-
ing with the multiple interactions of the edaphic
environment (E) with the genotypes of both the
legume (Gl) and its microsymbiont (Gr).

There are a number of routes to improved
N2-fixation, including plant breeding and selec-
tion, legume adoption, and correct inoculant
usage. However, preeminent rhizobial ecologists
have suggested that 90% of all rhizobial inocu-
lants applied are of no practical benefit to the
productivity of legumes (Brockwell and
Bottomley, 1995). While this analysis probably
underestimates the ‘insurance factor’ in second
crop inoculation, our challenge in achieving an
increase in global N2-fixation may well com-
mence with a dissection of the rationale for this
latter claim.

Brockwell and Bottomley (1995) considered
a combination of flawed inoculant technology,
substandard inoculant strains and poor decision
making in the use of inoculants as the key fac-
tors contributing to the inefficient global usage
of rhizobial inoculants. Current inoculant tech-
nologies have been reviewed recently by Lupwayi
et al. (2000) and Date (2001). Therefore, in this
section of the review we concentrate on decision
making prior to an assessment of inoculation
requirement, then prior to the commencement of
a rhizobial selection program, following which
we review methodologies appropriate for the
selection of inoculant quality rhizobia. In so
doing, we hope to develop a rationale that, if
followed, will improve global N2-fixation and
overcome the constraints to effective inoculant
usage identified by Brockwell and Bottomley
(1995).

A. Decision Making Relative to the
Adoption of Legumes and in
Assessment of the Requirement to
Inoculate

The integration of legumes into farming sys-
tems is acknowledged to have wide-ranging ben-
efits, the most important being N2-fixation and
the control of cereal crop diseases and pests
(Robson, 1990; Graham and Vance, 2000). Eight
other ancillary benefits to legume cultivation have
been listed by Howieson et al. (2000a). Although
legumes have been used since antiquity in human
diets on all continents (Saxena, 1988), and they
represent a significant component of many of the
unimproved grasslands of the world (Snaydon
1987; Cocks and Bennett, 1999), legumes only
represent a minor proportion of the plants in most
managed agricultural enterprises. Given their
obvious value, why should this be the situation?

In the developing world, productivity in the
less managed and extensive semiarable regions
may be underpinned by a legume base that is in
ecological equilibrium with grasses and herbs
(Snaydon, 1987). However, bio-economic analy-
sis applied to moderate-sized farms in the devel-
oped world indicates that legumes are only adopted
where they are transparently profitable (Pannell
and Bathgate, 1991). Furthermore, and most rel-
evant to this review, the on-farm decision to adopt
legumes may be impacted by the necessity to
inoculate with root-nodule bacteria specific to
that legume. For example, a fixed cost of inocu-
lant materials of between $5 and $10 per hectare
combined with the opportunity cost of labor re-
quired in the inoculation operation is sufficient to
alter the decision-making process against the adop-
tion of legumes in low-input agricultural enter-
prises (Howieson, 1995). Similarly, in small land-
holdings in the developing world, legume adoption
is clearly enhanced if inoculation is not required
(Mpepereki et al., 2000). With this as background,
it can be seen that the decision to embark on a
research program to develop legumes and their
inoculants for farming systems requires substan-
tial premeditation. It is futile to begin if the chances
of legume adoption (or inoculation) are low be-
cause of economic or other constraints after their
use.
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B. Separating the Decision Making into
Components

A series of flow diagrams illustrating the
decision-making processes required to increase
N2-fixation in agriculture is shown below. Figure
1 provides an overview of these routes for deci-
sion making. The first step in the process is to
analyze whether legume usage is required in the
particular farming system of focus and whether a
suitable legume is commercially available (Fig-
ure 1 and Table 1—component A). The second
step is to assess whether legume inoculation is
required, whether it can be implemented or
whether it can be avoided. This may necessitate a
simple field or pot experiment being conducted at
a representative site (Figure 2—component B),
and if a positive response to inoculation is de-
tected, then a strategy for increasing N2-fixation
must be developed (Figure 3—component C).
The techniques for this activity as illustrated are

covered in component D. These strategies must
be holistically reconciled with the capacity to
deliver appropriate inoculant technology to the
farming system and its prospects for adoption.

C. Developing and Introducing Legumes
to Farming Systems — Is it Profitable?
(Table 1—Component A)

Cereals, oilseeds, grasses, and herbs produce
higher protein grains and higher yields when grown
after, or in conjunction with, legumes (Rowland
et al., 1988; Armstrong et al., 1997; Dakora and
Keya, 1997). The transfer of symbiotic N through
soils to nonlegumes can readily be quantified with
modern isotopic techniques (Unkovich and Pate,
2000; van Kessel and Hartley, 2000). Because of
this, in many farming systems legumes are not
grown as continuous crops or pastures, but are
rotated with a non-leguminous crop such as cere-

FIGURE 1. A flow chart illustrating the range of decisions required to be considered prior to initiating a
legume or rhizobial selection program.
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TABLE 1
Component A. The Most Profitable Land Use Options for a Hypothetical Farm in a
Low Input Dryland Mediterranean Environment. The Negative Values Represent the $/
ha That This Option Is Less Profitable Than the Optimal Land Use, the Number of ha
of Which Is Represented in Shaded Type

Note: P, pasture; W, wheat; B, barley; L, lupin; LD, lupin sown dry; C, canola; K, chickpea; F, field pea;
V, vetch; O, oats.
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als or oilseeds. However, different soil types are
more or less conducive to legume production, and
therefore yields may vary, with concomitant im-
pact on the following crop production and prof-
itability. Because of their complexity, it is conve-
nient to model these quantifiable biotic and abiotic
interactions to aid in answering the question “can
a legume be profitable if introduced to the farm-
ing system?”

Table 1 (component A) represents a set of
options for utilizing legumes in a hypothetical
dryland farm in a Mediterranean environment
(average growing season rainfall 229 mm) as pre-
dicted by the MIDAS bio-economic model ver-
sion 4 (Pannell and Bathgate, 1991).

The model farm has seven soil types increas-
ing in clay content from less than 10% (soil 1) to
more than 50% (soil 7). The numbers in shaded
type in Table 1 represent the hectares selected by
the model for the most profitable rotational op-
tion on that soil type. On five of the seven major
soil types represented in this model, cereal–le-
gume rotations are the most profitable land use;
however, several alternative options are only mar-

ginally less profitable (as indicated by the shadow
costs that show the lower profitability for this
option in $/ha). For example, on soil 4 the model
selects 250 ha of a cereal-canola-chickpea rota-
tion (CWBK) as being the most profitable. How-
ever, cropping wheat with a vetch crop every
fourth year (WWWV) is only $1.41/ha less prof-
itable in every year. Thus, a significant increase
in the cost of the chickpea component would see
WWWV become the most profitable option. In
this scenario, if second crop inoculation in the
chickpea phase was removed (at a saving of ap-
proximately $10 per ha.) the selected option would
become even more financially attractive, particu-
larly if productivity was unaffected.

On the poorest acid sandy soils (1 and 3)
permanent pasture is identified as the most prof-
itable option because the soils are too infertile for
reliable grain production. On soil 3, the introduc-
tion of a canola-cereal-lupin rotation (CWWL)
would be competitive with permanent pasture if
increased profitability of less than $3/ha. was
achieved. The selection of an effective and persis-
tent inoculant strain of lupin rhizobia would be an

FIGURE 2. Component B — the possible outcomes of a preliminary inoculation experiment to determine
if a legume requires inoculation in a particular soil. The experiment has three legume treatments-
uninoculated, inoculated with a “best bet” strain, and N-fertilized (after Date, 1977). The ensuing research
requirements are represented in component C, Figure 3.
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imperative if this scenario were to be economi-
cally competitive. Repeat inoculation would not
be economically pragmatic.

Thus, for both of these examples, the selec-
tion of an inoculant strain that was sufficiently
well adapted to the edaphic environment to obvi-
ate second crop inoculation would markedly in-
crease the profitability of legume usage. The cost
of inoculation could be effectively amortized over
several successive legume phases.

In putting these model predictions into a re-
search context, if a legume is to be introduced to
the farm, or remain part of the most profitable
farming system on these soil types, the cost of
rhizobial inoculant must be minimized. To achieve
this, the legume must nodulate effectively, in the
long term, with the soil population of root-nodule
bacteria that (ideally) will have developed fol-
lowing an original inoculation with an elite strain.
This, then, would be a sensible research objective
directed at overcoming some of the constraints to
effective inoculant usage, such as poor decision

making in the use of inoculants, as identified by
Brockwell and Bottomley (1995).

However, effective and abundant second crop
nodulation can never be assumed. Evaluating this
aspect of legume science has been a fundamental
preoccupation of rhizobial ecologists for many
years. To investigate whether a legume can in-
deed nodulate and achieve an optimal symbiosis
with soil-borne rhizobia, the focus of the decision
making process shifts to Figure 2—component B.

D. Assessment of Inoculation
Requirement (Components B and C)

The principles for investigating legume re-
sponse to inoculation have not varied substan-
tially since Hellriegel (1886) and Hellriegel and
Wilfarth (1888) demonstrated the unequivocal role
of bacteria in nodule formation. Inoculation of
legumes with a thin coating of soil, taken from a
field where the crop had previous been grown

FIGURE 3. Component C — research strategies for increasing N2-fixation (after Howieson and McInnes,
2001). Examples of successful outcomes from research strategies I-VII are shown in Table 2.
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successfully, rapidly became a standard practice
(Fred et al., 1932). Inoculation was often not
pursued when a legume was to be grown in the
same field for a second time. One hundred years
later, Thies et al. (1991) proposed a predictive
model for inoculation response based on the N
status of the soil combined with the size of the
rhizobial population in the soil. The response to
inoculation appeared to decline as the number of
compatible rhizobia in the soil rose above 10
cells/g — the cell number in soil that represents
the lower limit for detection in the most probable
number (MPN) technique for enumerating rhizo-
bia (Brockwell, 1971). As with most biological
models, the limitation to the wider application of
the Thies et al. (1991) model is in the amount of
work required to provide data for its substantia-
tion. The enormous variation inherent in the
edaphic component in many agricultural settings
(E — see later discussion) and its interaction with
rhizobial populations (Gr —see later discussion)
has limited the adoption of this model, yet its
principles remain valid. These principles and those
enunciated by the previous workers (Brockwell,
1971; Bell and Nutman, 1971) are represented in
a simplified flow chart (Figure 2 — component
B) to aid decision making with respect to the
requirement for inoculation. The simple experi-
ment described in the chart is a necessary precur-
sor to legume and inoculant development, if that
indeed was the outcome of consultation with com-
ponent A. The very same experiment, principles,
and interpretations apply when investigating the
persistence of rhizobia previously introduced to
the soil as a legume inoculant. The experiment
has three treatments:

• the uninoculated legume
• the legume inoculated with a “best guess” in-

oculant strain
• the uninoculated legume supplied with fertil-

izer N

This experiment can be conducted at a field
site representative of the target environment for
legume introduction, a site where previous inocu-
lant strains have been introduced, or it can be
conducted in a controlled environment with the
legume grown in pots containing soil from the

target environment. In the latter, several soils can
be collected and the treatments factorialized with
soil type to gain a broader understanding of the
likely legume reaction. A further modification
might be to grow the legume in pots containing an
inert substrate inoculated with a small portion of
soil from target sites (Brockwell et al., 1988).
This modification requires greater axenic control
of the growing environment to avoid rhizobial
contamination.

While the experiment described is relatively
simple, interpretation of its outcomes is not a
menial task. There are seven potential outcomes
from a successfully conducted experiment (com-
ponent B), and four of these led to a specific
research direction (scenario 3 of component C in
Figure 3). Thus, where there is no background
population of rhizobia capable of effective nodu-
lation (A and B), or where the “best guess” strain
is only moderately effective (C) there exists a
requirement to select an effective, inoculant strain
of rhizobia adapted to the target edaphic environ-
ment. Even where the “best guess” strain has
proven effective (D), there may still be a require-
ment to assess its adaptation to the soil. The sce-
nario where the soil is devoid of a backround
rhizobial population capable of interacting with
the legume of choice is commonly encountered
where legumes are introduced to regions outside
their center of evolution (Howieson et al., 2000a).

A further outcome, where all treatments have
healthy nodules because of the presence of an
effective background rhizobial population (E),
directs us to a legume selection program (sce-
nario 4) that requires minimal microbiological
input. This is a common outcome with pulse le-
gumes grown in tropical Asia (Singleton et al.,
1992) and was the philosophical foundation for
the successful soybean selection program in south-
ern Africa (Mpepereki et al., 2000).

The last two outcomes of the experiment,
where variably effective background rhizobial
strains are present in the soil in varying number (F
and G), lead us to future research scenarios 1 or
2 in Figure 3 (component C). These represent
perhaps the most common (albeit intractable) situ-
ations in world agriculture. The presence of com-
petitive but variably effective populations of rhizo-
bia in the soil frequently compromises N2-fixation,
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because resident soil rhizobia are often successful
in nodule formation (Thies et al., 1991). There are
dual research strategies to pursue when faced with
these difficult situations, requiring the initiation
of parallel rhizobial and legume selection pro-
grams. Thus, overall, six of the seven potential

outcomes from the preliminary experiment in
component B can be interpreted through compo-
nent C in a manner that suggests the development
of a selection program for root-nodule bacteria.
Methodologies and strategies for this are discussed
in component D. Table 2 lists examples, from

TABLE 2
Recent Examples Where Applying the Research Pathways i-vii in Figure 3 Have
Been Successful in Developing Improved Symbiotic N2-Fixation in Agriculture
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both temperate and tropical agriculture, where the
research steps i-vii in component C have resulted
in the development of improved nitrogen fixation
in legumes.

E. Component D — Selecting and
Improving Root-Nodule Bacteria to
Maximize N2-Fixation

There are two somewhat opposed schools of
thought. Some authors consider that a legume,
when faced with competition for nodulation by
variably numerous and effective rhizobial strains
in the soil (scenarios 1 and 2, component C), can
actively select for an effective microsymbiont
(Robinson, 1969; Renwick and Gareth-Jones,
1986). Alternatively, it has been proposed that
rhizobial numbers are the primary, if not absolute,
determinant of the number of nodules formed
(Thies et al., 1991; Evans et al., 1996). We pro-
pose that rhizobial genotypes are differentially
adapted to soil conditions, and it is this adaptation
(rather than the relationship with the legume) that
primarily determines the outcome of competition
for nodule occupancy (Sprent, 1994; Howieson
et al., 2000b). There is experimental evidence to
support all these views; however, the research
strategy pursued to select appropriate inoculant-
quality rhizobia can vary substantially according
to one’s preference.

Before discussing this further, it is appropri-
ate to review some terminology and concepts.
Consider the host genotype to be represented as
Gl and the rhizobial strain genotype as Gr. In an
otherwise nonlimiting environment, we can con-
sider N2-fixation to be a product of the two geno-
types, viz G2. However, the environment (E) is
rarely nonlimiting, thus net N2-fixation can be
represented as G2 × E. E, which has both biotic
and abiotic components, can impact on either Gr

or Gl . G2 can be assessed in the absence of signifi-
cant interaction with E in a controlled environ-
ment glasshouse or growth room. Plants may be
grown in an inert substrate and adequately sup-
plied with all nutrients except N. If one supports
the concept that legumes have the capacity to
select an effective microsymbiont from a pool of
strains, then perhaps maximizing G2 represents

the end point of research. The selected genotypes
can be introduced to the soil. If, however, one
supports the view that Gr

 × E more strongly im-
pacts N fixation, then rhizobial strain selection
research inevitably must graduate from the con-
trolled environment to the field environment. In
so doing, the release of substandard inoculant
strains that are poorly adapted to their target en-
vironment, a constraint to increased N2-fixation
identified by Brockwell and Bottomley (1995),
might be minimized.

Breeding for enhanced N2-fixation in legumes
(Gl

 × E) with a focus on legume physiology and
agronomy rather than interaction with rhizobial
genotype is outside the scope of this review. The
reader is directed to recent reviews by Hungria
and Vargas (2000), Herridge et al. (2001), and
Herridge (2002).

Several attempts have been undertaken to
improve the N2-fixation efficiency of rhizobial
strains by genetic engineering. However, the re-
lease of genetically improved strains is often re-
stricted by national regulation and potential eco-
logical effects due to the release of transgenic
organisms are frequently discussed by the public.
Nevertheless, some recombinant rhizobial strains
have been commercialized, such as S. meliloti
strain RMBPC-2, which has been approved by
the US Environmental Protection Agency in 1997.
This genetically engineered bacterium contains
additional copies of nifA and dctABD to increase
nitrogen fixation and thus yield of alfalfa
(Bosworth et al., 1994). The improvement was
based on the fact that nifA plays a positive regu-
latory role in the expression of nitrogen fixation
genes and that dicarboxylic acids from the plant
are required as a carbon and energy source. The
recombinant strain was tested at four field sites in
Wisconsin, where yield was significantly increased
by 12% compared with the biomass obtained with
the wild-type strain at a site where soil nitrogen
and organic matter content were low. However,
the recombinant strain did not affect yield at sites
with either high indigenous competitors or high
nitrogen levels (Bosworth et al., 1994).

Ramírez et al. (1999) introduced the Vitreoscilla
sp. hemoglobin gene (vhb) into R. etli strain CE3 to
improve its symbiotic performance on common bean.
Hemoglobin is an oxygen-binding protein, and there-
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fore the recombinant bacterium showed an increase
in respiratory activity, chemical energy content, and
expression of the nitrogen fixation gene nifH. Plants
inoculated with the engineered strain showed sig-
nificantly enhanced nitrogenase activity and total
nitrogen content compared with plants inoculated
with the wild-type strain (Ramírez et al., 1999). The
authors concluded that the hemoglobin synthesis
stimulated the respiratory efficiency of free-living
rhizobia as well as of symbiotic bacteroids leading
to higher levels of nitrogen fixation. Recently, a Tn5
mutant of R. tropici was obtained that also showed
enhanced respiration as well as significantly im-
proved symbiotic performance (Marroquí et al.,
2001). This mutant had increased levels of the cyto-
chromes c1, CycM, and aa3, and the mutated gene
was shown to be a glycogen synthase (glgA gene).
Results suggested that glgA mutants may be used to
enhance symbiotic nitrogen fixation in the field
(Marroquí et al., 2001).

Overexpression of the B. japonicum terminal
oxidase cbb3 in a R. etli ntrC mutant led to an
increase in nitrogen fixation (Soberón et al., 1999).
As symbiotic nitrogen fixation is an energy-con-
suming process that takes place under microaero-
philic conditions, a cbb3 terminal oxidase, effi-
ciently coupled to ATP production, is produced
during symbiosis. However, due to the presence
of oxygen, the cbb3 gene is not expressed in the
free-living state. In addition to O2, NtrC — a
transcriptional activator protein that modulates
gene expression in response to nitrogen — re-
presses the free-living cell production of the cbb3

terminal oxidase (Soberón et al., 1999). There-
fore, overexpression of cbb3 in a ntrC mutant of
R. etli led to a significantly improved symbiotic
performance, as determined by nitrogenase ac-
tivities (Soberón et al., 1999).

Specific DNA amplification was applied by
Castillo et al. (1999) to construct S. meliloti strains
that contain different copy numbers of a symbi-
otic gene region covering a regulatory gene
(nodD1), the common nodulation genes (nodABC),
and a gene essential for nitrogen fixation (nifN).
Average copy numbers ranged from 2 to 7. Strains
with a moderate increase in copy number of the
symbiotic gene region showed significantly im-
proved nodulation, nitrogenase activity, plant N
content, and plant growth (Castillo et al., 1999).

Some rhizobia, mainly strains belonging to
the genus Bradyrhizobium, possess a hydrogen
uptake (Hup) system that is able to recycle the
hydrogen evolved by nitrogenase, resulting in a
more efficient use of energy (for a review see
Ruiz-Argüeso et al., 1999). In order to improve
nitrogen fixation in Hup–- strains, Báscones et al.
(2000) introduced the Hup gene cluster into vari-
ous Rhizobium strains. This was done by using
Tn5-derived minitransposons that allow stable
integration into the chromosome. With some
strains high levels of hydrogenase activity were
achieved, whereas others showed only poor ex-
pression of the Hup system. In order to generate
strains suitable for field release, a procedure was
developed for eliminating the antibiotic resistance
gene as well as for the characterization of the
minitransposon insertion site (Báscones et al.,
2000).

Approaches to genetically improve the com-
petitive ability of rhizobial strains are discussed
in Section III.

F. Component D — Methodologies to
Optimize G2 Using Natural Strain
Biodiversity

The application of molecular intervention to
improving G2 certainly has merit for those sym-
bioses where optimizing N2-fixation has been in-
tractable. The most problematic symbioses in this
regard appear to be Phaseolus, Vigna, and Gly-
cine (Herridge, 2002). However, for many sym-
bioses of commercial relevance there is an almost
unlimited supply of rhizobial strains that, when
inoculated onto their host legume, produce N2-
fixation in the range 20 to 105% of an appropriate
N-supplied control plant (Howieson et al. 2000
a,b). The challenge for these symbioses is to align
the genotype of the host with the optimal geno-
type of the microsymbiont.

The nitrogen fixation process in legumes re-
quires the coordinated expression of a set of genes
that become active in both the legume and prokary-
otic micro-symbiont postinfection (Kaminski
et al., 1998). The manifestation of this coordi-
nated gene activity can be routinely evaluated
under controlled conditions, where all the ele-
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ments essential for plant growth, nodulation, and
N2-fixation (temperature, CO2 concentration, light,
pH, root aeration, and mineral nutrients except
combined N) may be optimized. Under these cir-
cumstances, plant growth becomes, in isolation, a
function of the specific set of genes available for
N2-fixation. Conditions appropriate for nonlimiting
nodule function and culture of the legume, cover-
ing many substrates, have been described previ-
ously: aerated agar (Barrett-Lennard and Dracup
1988), hydroponics (Mytton et al., 1984), ver-
miculite (Vincent, 1970), sand (Howieson et al.,
2000b), and semienclosed systems (Gibson, 1963).
All methodologies have their limitations or ad-
vantages and the choice of method depends on the
legume as well as the environment available for
working. However, the same set of principles
applies to all methods: conditions for plant growth,
nodulation, and subsequent nodule function must
be nonlimiting and the appropriate control of con-
tamination by unwanted root-nodule bacteria must
be implemented. Under these circumstances, host-
strain interactions in the capacity for N2-fixation,
G2, can be examined and elite combinations dis-
covered.

A particular advantage with sand culture sys-
tems is that more than one legume species can be
assessed against a specific rhizobial strain con-
tained in a single pot. This approach has been
useful in the investigation of the interactions be-
tween annual and perennial Trifolium spp. when
exposed to single rhizobial isolates (Yates et al.,
2002). With subtle modifications, standardized
glasshouse techniques can also be adapted for
focussed investigation of some components of G2

× E. Cheng et al. (2002) report an adaptation of
the techniques of Howieson et al. (1995), where
in a split-plot factorial design an acid sand sub-
strate was combined with rates of rhizobial inocu-
lation, rhizobial strains, and two species of
Medicago to investigate differential symbiotic
tolerance to acidity in the nodulation phase.

G. Component D — Methodologies to
Optimize Gr

 × E

The principal abiotic stresses that impact Gr ×
E may be generalized because any conditions

outside the routine edaphic ranges of pH, mois-
ture content, salinity, temperature, clay content,
organic matter content, and mineral nutrition that
the microsymbiont may normally be exposed to
in its saprophytic state. The challenge in screen-
ing strains for adaptation in the field is in defining
these ‘routine’ conditions and in predicting where
variance to these conditions may impact Gr x E.

Some of these abiotic stresses and their im-
pacts on root nodule bacteria have been well de-
fined (Sadowsky and Graham, 1998). For ex-
ample, the mineral nutritional constraints on root
nodule bacteria and symbiotic N2-fixation are well
understood in vitro and reflect a combination of
the essential needs of either the free-living root
nodule bacteria, the growth of the legume, or the
N2-fixation process itself (Robson, 1978; O’Hara,
2001). We know cobalt is an essential nutrient
required by root nodule bacteria, boron is essen-
tial for legumes (but not root nodule bacteria),
and molybdenum is essential for nitrogen fixation
because of its specific role in nitrogenase. How-
ever, because mineral deficiencies in root nodule
bacteria can affect a multitude of physiological
functions (nutrient uptake, growth regulation, gene
function, genetic exchange, survival, and the vi-
able nonculturable state), the impacts of nutrient
deficiencies on root nodule bacteria in their free-
living state are probably underestimated (O’Hara,
2001).

Root-nodule bacteria throughout their diverse
centers of origin have probably evolved to toler-
ate prevailing conditions that nevertheless might
be considered stressful to root nodule bacteria in
other environments. Gr × E stress in this sense is
probably a manifestation of man’s endeavours to
exploit legumes and root nodule bacteria in re-
gions outside their natural origins. For example,
in the tropics root-nodule bacteria such as the
species R. tropici (Graham et al., 1994) appear
comfortable in the pH range 4.0 to 5.0 in soils
whose ancient geology and prolonged weathering
have rendered them low in clay content (<10%),
low in exchangeable divalent cations (<10 meq /
100 g), high in Al saturation, and low in P content
(<2 ppm; Uehara, 1978). These very same condi-
tions are considered inhospitable to root-nodule
bacteria found in the fine-textured soils of the
Mediterranean basin, with the exception of the
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lupin-nodulating Bradyrhizobium sp. (Lupinus).
Conversely, while many rhizobial species of the
Mediterranean basin in the genera Rhizobium,
Mesorhizobium, and Sinorhizobium persist and
nodulate their hosts optimally in fine-textured,
calcareous soils of pH 8.0, these same conditions
are highly prejudicial to nodulation of lupins (Tang
et al., 1992; 1993). In a similar sense, while
Bradyrhizobium spp. (Lupinus) may survive long
periods of exposure to high temperature in a des-
iccated, presumably anhydrobiotic state, on the
unprotected surface of seeds of their host
Ornithopus (Bowman et al., 1995), these same
conditions are rapidly lethal to many temperate
(Bushby, 1982) as well as tropical (Hungria and
Vargas, 2000; Date, 2001) rhizobial species.
Hence, in optimizing Gr × E for its abiotic param-
eters, we must be aware that different rhizobial
species and genera have probably evolved intrin-
sic adaptive mechanisms that suit them to their
prevailing conditions.

Understanding and defining with precision
the abiotic conditions that impact Gr × E offers
some opportunity for selecting genotypes of root
nodule bacteria that might tolerate them. Per-
haps the best understood abiotic stress on root
nodule bacteria is acidity. There are several clear
examples in the literature of successful selection
programs for acid tolerance in root nodule bac-
teria that have produced outcomes adopted by
commerce. The discovery of acid-tolerant strains
of R. phaseoli by Graham et al. (1982) gave rise
to Phaseolus inoculants successful on acid soils
(Vargas and Graham, 1988). These acid-tolerant
strains have been widely utilized in South
America (Sadowsky and Graham, 1998) and have
been classified subsequently as belonging to the
novel species R. tropici (Graham et al., 1994).
The selection of acid-tolerant strains of S. meliloti
from naturally occurring pockets of acid soils in
the Mediterranean basin (Howieson and Ewing,
1986) combined with species of Medicago more
capable of nodulation under acid stress
(Howieson and Ewing, 1989) allowed the culti-
vation of Medicago spp. on one million hectares
of acid soils in southern Australia, leading to
productivity increases of up to 51% (Howieson
et al., 1991). Finally, scientists at EMBRAPA
Brazil selected strains of soybean bradyrhizobia

well adapted to the acid and Al-rich soils of the
Brazilian Cerrados, a region of some 207 million
hectares in total (Hungria and Vargas, 2000). In
these examples, the selection of elite strains was
a c c o m p l i s h e d
in situ following some rudimentary prescreening
in the laboratory. Can our present knowledge of
the physiological and genetic basis of acid toler-
ance in bacteria expedite future selection for
acid tolerant inoculants?

Acid stress (low pH) on root nodule bacteria
is a relatively simple condition to reproduce in the
modern laboratory, and many attempts have been
made to do so since Fred and Davenport (1918).
However, despite our capacity to maintain a stable
pH with appropriate buffers in the face of meta-
bolic repudiation, the physiological and genetic
complexity of acid tolerance in rhizobia makes it
extremely difficult for the character to be geneti-
cally manipulated, or even fully simulated, in the
laboratory.

Dilworth et al. (2001) listed a variety of chal-
lenges that acid-sensitive bacteria face when ex-
posed to acidity. Some bacterial responses to acid-
stress include maintenance of intracellular pH
(pHI) in order to protect internal cell components,
modification or abandonment of external struc-
tures exposed to acidity (such as periplasmic pro-
teins or flagella) and resisting stresses (such as
heavy metals) whose interaction with pH may be
more lethal than pH per se. An alternative, but
probably concomitant, strategy to resist acid pH
may be the accumulation of compatible solutes
(Aarons and Graham, 1991; Graham et al., 1994).
Insertional mutagenesis to create either acid-sen-
sitive mutants or mutants with pH-dependent re-
porter expression has identified three genes in-
trinsically involved in pH tolerance (actP, exoH,
actA), a sensor-regulator gene pair (actS-actR)
that is required for acid tolerance and approxi-
mately 12 genes that show pH-dependent expres-
sion (e.g., lpiA, phrR, fixNO, kdpB; Reeve et al.,
1997; 1998; 1999; Tiwari et al., 1993; 1996a,b).
Using a proteomics approach, the same group has
identified 52 rhizobial proteins whose concentra-
tion changes after exposure to acidity. Many of
these proteins have been identified recently from
the genome database of Rm1021 (Reeve et al.,
2002). Recently, differential pH-induced proteins
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have been identified in R. tropici and R. etli (Peick
et al., 1999). In that study, proteins were identi-
fied that had high similarity to enzymes involved
in the synthesis of exopolysaccharides.

The net effect of acid tolerance genes acting
simultaneously in root nodule bacteria may be the
ability to generate an ‘acid tolerance response’
(ATR; Foster and Hall, 1990). An ATR has been
described in root nodule bacteria when cells grown
under mildly acid conditions exhibit much greater
resistance to severe acidity than corresponding
cells pregrown at neutral pH (O’Hara and Glenn,
1994). Not all strains possess an ATR, and there
is some indication that acid soil-tolerant strains of
R. leguminosarum bv. trifolii possess an ATR,
whereas sensitive strains do not (Watkin et al.,
2000).

Because of the low level of understanding of
the concomitant effects of biotic and abiotic
stresses on rhizobia living in acid soils, we do not
believe we can select acid soil-tolerant rhizobia in
the laboratory alone. However, the combined body
of information on the effects of pH on rhizobia
may provide a number of ‘hoops’ through which
strains must be able to jump if they are to succeed
in acid soils. First, it seems logical to source
putatively acid-tolerant strains from where they
occur naturally in acid soils. Second, a strain must
presumably be able to grow at low pH in the
presence of heavy metals (perhaps Cu and Zn)
and at low Ca concentration (200 to 500 µM) if it
is to survive in acid soils. It also seems probable
that strains with the capacity to develop an ATR
are more likely to succeed in acid soils than those
that do not.

The same approach that has uncovered this
wealth of knowledge regarding the effects of acid-
ity on root-nodule bacteria can probably be ap-
plied to understanding the physiological and ge-
netic response to many of the other important
abiotic stresses (desiccation, salinity) that root
nodule bacteria might face in a hostile soil envi-
ronment. However, if we overlay the biotic stresses
of predation, antibiosis, organic nutrition, and
competition on these abiotic parameters, is it likely
that inoculant strains with optimal Gr

 × E will
ever be selected from within the laboratory? We
think not, in the short term, and hence adequate
field techniques for screening the adaptation of

inoculant-quality rhizobia in the soil must be
developed.

H. Component D — Field Screening for
Gr

 × E

While our understanding of stress tolerance
increases with intensive laboratory studies, such
as those described above, field methodology for
selecting strains adapted to the edaphic environ-
ment of the host legume have also been refined.
For many symbioses, the greatest challenge is to
develop a consistent nodulation pattern for the
legume in the agricultural environment. There-
fore, it is important that the selection process is
focussed on identifying a pool of effective rhizo-
bia for the target legume (i.e., high G2) and then
differentiates between them on the basis of Gr ×
E. An approach such as this might overcome one
of the key constraints to improved inoculant us-
age identified by Brockwell and Bottomley (1995),
and that is of the use of suboptimal inoculant
strains.

One resilient methodology for testing sur-
vival and colonization by rhizobia in target soils
is the “cross-row” technique, as described by
Howieson and Ewing (1986), which is a modifi-
cation of that developed by Chatel et al. (1968).
Briefly, strains are introduced to the soil as in-
ocula at a site of appropriate chemical and physi-
cal characteristics and generally free of the
rhizobial species of interest. The pH of the site
should be in the range targeted for the host-le-
gume, particularly if this is likely to be a con-
straint on rhizobial survival. Soils with a sandy
texture (5 to 20% clay) expedite recovery of roots
for examination of the nodules and also place
increased selection pressure on inoculant survival
through periods of temperature stress and desic-
cation (Bushby and Marshall, 1977). However, if
legumes are targeted for clay soils (e.g., the black
cracking basaltic clays of South America, Eu-
rope, and eastern Australia), then it may be nec-
essary to take cores over root systems and recover
roots and nodules through a process of soaking
and sieving (Date, 1982). Clay soils may also
contain high levels of soil N that mask inocula-
tion responses. In this case strain selection is best
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performed on soils where N levels have been
depleted by nonlegume crop or pasture species.

In the “cross-row” bio-assay the plots are sown
as 2-m lines of inoculated legume seed, separated
by 1-m buffers and fertilized with all necessary
macro- and micro-nutrients except N. Plants are
allowed to grow through a full season during which
top dry weight and N2-fixation can be assessed. If
the target soils are low in available N, the biomass
production of the tops is an excellent indicator of
symbiotic performance. This can provide valuable
information given that preselection of the elite
combinations of G2 in component D was based on
N fixation under optimal conditions. If the soil
contains appreciable N, then the N15 natural abun-
dance method (Unkovich and Pate, 2000) can reli-
ably indicate strain symbiotic performance. It is
likely that strains differ in their relative abilities to
survive after inoculation on the seed surface or in
the legume rhizosphere in difficult soils. Hence,
data on in situ performance gathered in the year of
establishment of the experiment can provide valu-
able additional information in the search for elite
strains.

Following a season in the soil in the cross-
row experiment, the individual strains are traced
for their survival and movement away from the
line of introduction to the soil using a nodulation
bio-assay. In this assay, uninoculated but surface-
sterilized seeds are sown across the original line
at two or three points within the original 2-m
length. Individual plants are excavated 10 to 12
weeks after sowing and the nodulation pattern
recorded. Strains that achieve nodulation consis-
tently at distances up to 20 cm away from their
original placement are considered to have colo-
nized the soil and thus tolerated the existent
edaphic conditions. Strains that are not recovered
are considered to have failed, and thus strains are
differentiated on the basis of Gr × E.

Experimental design can be as randomized blocks,
or adjusted to take advantage of spatial analysis tech-
niques (Cullis and Gleeson, 1991). If the experiment
is sown into a soil containing background rhizobia
capable of nodulating the bio-assay host, then nodule
occupancy can be determined using molecular tech-
niques (Thies et al., 2001). The implications for
N2-fixation of competition for nodulation by back-
ground strains are reviewed in the following section.

I. Conclusions

To realize the enormous potential for increased
global N2-fixation from legumes requires the se-
lection and development (or construction) of elite
inoculant strains of root-nodule bacteria that suit
both their legume host and the target edaphic
environment. There are numerous research path-
ways to achieving this, requiring appropiate deci-
sion making and understanding of the socio-eco-
nomic constraints to both legume adoption and
inoculation. This section has emphasized some
aspects of the research methodologies and bio-
economic components relevant to the develop-
ment of elite inoculant strains of root-nodule bac-
teria. If followed, these strategies should overcome
two of the constraints to optimizing global inocu-
lant usage in agriculture identified by Brockwell
and Bottomley (1995) — poor decision making
and substandard inoculant strains.

III. THE RHIZOBIUM COMPETITION
PROBLEM

Competition for nodule occupancy occurs
whenever two or more rhizobial strains have the
opportunity for infection of a susceptible legume
plant. Nodulation by unwanted strains has been
an intractable issue to rhizobiologists for many
years (Ireland and Vincent, 1968; Brockwell
et al., 1982) and continues to be so (Denton et al.,
2000; Brockwell, 2001). Competition is most se-
vere in the case of pasture legumes growing in
long-term pasture phases, or in self-regenerating
rotations with cereal crops (Reeve and Ewing,
1993), where the regenerating legume must nodu-
late from within the soil population of rhizobia
after the year of establishment. Competition is
less severe in annually sown crop legumes or
forages where the seed may be inoculated prior to
sowing, an action that gives the inoculant strain a
positional, if not numerical, advantage.

Numerous rhizobial strains have been identi-
fied that show high nitrogen-fixing ability with
their target host legume (e.g., Parker and Oakley,
1963; Howieson et al., 2000a). Nevertheless, at-
tempts to increase legume yields in agricultural
fields by inoculation with superior strains have
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often failed (Brockwell and Bottomley, 1995).
This may be due to inappropriate inoculation tech-
nology (Date, 2000; Lupwayi et al., 2000), but it
is often the result of the inability of inoculant
strains to compete with indigenous rhizobia for
nodule formation on the plant host. Considerable
efforts have been undertaken to understand
rhizobial competition and various factors contrib-
uting to inoculation success have been reviewed
previously by Dowling and Broughton (1986),
Bottomley (1992), Streeter (1994), and most re-
cently Sadowsky and Graham (1998). In this sec-
tion the management and manipulation of rhizobial
competition will be addressed, as well as genetic
factors known to be involved in competition.

A. Managing Rhizobial Competition

One of the greatest difficulties in managing
rhizobial competition for nodulation is that we do
not actually have a comprehensive understanding
of which phases in the nodulation process are
exposed to competition, or indeed which of these
phases are the most sensitive to external influ-
ences (Phillips et al., 1996). If we are to manage
rhizobial competition effectively, a starting point
is to identify which step in the nodulation process
is most impacted by competition. This may, of
course, vary for different symbioses.

Root colonization by a particular strain (per-
haps the final outcome of competition) probably
involves several phases of a rhizobial life cycle. If
achieving numerical superiority is pivotal to suc-
cess in a competitive environment (Thies et al.,
1991; Carter et al., 1995), then rhizobial multipli-
cation and survival in the bulk soil (saprophytic
competence, Chatel et al., 1968), tolerance to
antibiotic agents (Triplett, 1990), chemotaxis
(Bauer and Caetano-Anolles, 1990), motility
(Wadisirisuk et al., 1989), the efficiency of at-
tachment to roots and growth rate (Smit et al.,
1992; Hartwig et al., 1991), as well as multiplica-
tion from the nodule environment after root
senescence (Murphy et al., 1995), may all be
considered components of competition. However,
which of these components is the most suscep-
tible to external influence? In the following part
of this section we examine several opportunities

for managing competition by influencing some of
these phases. In general, the approaches can be
thought of as falling into two broad categories —
those that directly enhance the numerical superi-
ority of a given rhizobial genotype in a given
phase, or those that provide an exclusive and
advantageous benefit to a particular host legume-
rhizobial combination.

B. Manipulating Competition through
Conventional Approaches

Changing the soil chemical environment by
addition of phosphate and lime altered nodule
occupancy of clover by indigenous rhizobial
strains (Renwick and Gareth-Jones, 1986;
Almendras and Bottomley, 1987). Although the
mechanisms for this were not immediately clear,
it has been shown since that changing external
pH, calcium, and phosphate concentrations af-
fected relative strain success in the attachment of
S. meliloti to roots of Medicago spp. (Howieson
et al., 1993). These same chemical factors were
also shown to interact differentially on strains in
their effects on growth rate (Howieson et al., 1992;
Reeve et al., 1993). Hence, in the research of
Almendras and Bottomley (1987) the altered chemi-
cal environment may have impacted several phases
of the rhizobial life cycle that we believe are im-
portant to competition, including strain multiplica-
tion and attachment to legume roots.

It has been shown that the location of an
inoculant strain together with a carbon source,
such as glycerol in microgranules, conferred a
competitive advantage to the inoculant bacterium
(Duquenne et al., 1999). Additionally, soil tex-
tural and structural properties affected rhizobial
competition (Moawad and Bohlool, 1984;
Palanipappan et al., 1997). Strains have been
shown to differ in their efficiency of nodulation
according to soil temperature (Roughley, 1970;
Montañez et al., 1995) and the choice of inocula-
tion method (Danso and Bowen, 1989; Hardarson
et al., 1989). Conventional agricultural practices
such as liming and fertilization, as well as tillage,
green manuring, and removal of stubbles (which
all impact soil temperature and structure) there-
fore may be manipulated to affect rhizobial com-
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petition for nodulation. In the foreseeable future
these practices may be managed to take advan-
tage of particular desirable strains.

Other conventional approaches have been
applied successfully to overcome competition by
ineffective indigenous rhizobia. By selecting the
genotype of the host legume to nodulate preferen-
tially with effective background rhizobial strains,
Mpepereki (2000) greatly improved N2-fixation
in Glycine in Africa. In an alternative approach to
increase legume production in soils of southern
Australia where variably effective naturalized
rhizobia were competitive for nodulation with
Trifolium, Howieson et al. (1995) introduced a
previously unexploited pasture legume genus
Biserrula, together with its specific root-nodule
bacteria (Nandasena et al., 2001). Abril et al.
(1997) demonstrated that inoculation of chickpea
with native and well-adapted rhizobia resulted in
a better response than inoculation with exotic,
nonadapted strains. The potential for exploiting
genetic diversity to improve agricultural produc-
tion from legumes is discussed more fully in Sec-
tion IV of this review.

C. Manipulating Competition Using Less
Conventional Approaches

Factors that ‘catalyze’ rhizobial growth are
more likely to affect competition than factors that
provide broad-spectrum energy sources (Phillips
et al., 1996). This ‘genotype-specific activity’ is
the basis of the rhizopine concept of Murphy and
Saint (1992), of the selective aromatic catabolism
proposed by Rynne et al. (1994), and of the biotin
synthesis/uptake concept of Phillips et al. (1995),
all of which seek to enhance strain competitive-
ness. The latter concept has been used to promote
competitive root colonization of S. meliloti, and
as the growth of S. meliloti is frequently limited
by the availability of biotin (Streit et al., 1996),
recombinant strains with extra biotin synthesis
capability were developed (Streit and Phillips,
1996). Transconjugant strains achieved a higher
cell density on a defined medium, but in the rhizo-
sphere the biotin-producing strains showed de-
layed growth and competed poorly against the
parental strain (Streit and Phillips, 1996). Possi-

bly the additional metabolic load due to biotin
synthesis inhibited other cell functions important
for competition in the rhizosphere. However, the
concepts mentioned above offer the opportunity
to manipulate competition, either in the rhizo-
sphere or the bulk soil, by delivering numerical
superiority to rhizobial genotypes previously se-
lected or engineered for catabolism of a specific
substrate. We should also include under this head-
ing the numerous proposals for utilizing different
isoflavone fractions from legume seed and root
exudates as precursors for the synthesis of le-
gume genotype-specific rhizobial metabolites
(Loderio et al., 2000). While metabolism of these
exudates can result in increased rhizobial growth
(Hartwig et al., 1991), this approach may not
provide significantly superior numbers of the de-
sirable strain. It may instead offer the desirable
strain a key to the door for legume infection.
Various Rhizobium genes involved in nodulation
such as the common nodABC and the regulatory
nodD genes are induced by flavonoid signals from
the plant host. The protein products of nod genes
synthesize Nod factors, which are signal mol-
ecules that define the host range of the microbial
symbiont (Freiberg et al., 1997). Nod factors also
regulate nodule initiation and morphogenesis
(Denarié et al., 1996). Recently, it has been shown
by Lamrabet et al. (1999) that mutants of S. fredii
producing altered Nod factors exhibit significantly
decreased competitiveness to nodulate soybeans.

Historically, it has been logistically difficult
to undertake screening procedures for competi-
tiveness across a large number of strains.
Amarger (1981) reported a novel means to select
competitive rhizobia based on the final plant dry
weight when a range of effective strains were
mixed individually with an ineffective strain of
known competitiveness. A greater plant weight
indicated increased competitive ability. A modi-
fication of this experimental technique that would
allow its completion prior to the manifestation
of differential N2-fixation might be to identify
successful competitors based on a PCR analysis
of nodule occupants (Wilson, 1995; Tas et al.,
1996; Malek et al., 1998). To avoid repetitive
isolations, another alternative might be to label
the rhizobial strain of known competitive ability
with a marker gene such as lacZ (Krishnan and
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Pueppke, 1992; Kamboj et al., 1996), gusA, or
celB (Wilson et al., 1994; Wilson et al., 1995;
Streit et al., 1995; Sessitsch et al., 1996; Sessitsch
et al., 1998). The activity of the gene is suffi-
cient to color nodules when exposed to an appro-
priate substrate and the proportion of colored
nodules indicates the outcome of the competi-
tion for nodulation (Wilson, 1995; Sessitsch et
al., 1997c; Vásquez-Arroyo et al., 1998). Fur-
thermore, the availability of differently marked
strains allows simultaneous detection of several
strains on a single plant as well as the detection
of multiple nodule infections (Sessitsch et al.,
1996; de Oliveira et al., 1998). To assist this
approach, Reeve et al. (1999) identified inser-
tion sites in the S. meliloti chromosome that are
only transcribed when the bacteria are in the
nodule environment. Sites such as these might
be valuable for rhizobial competition studies with
marker genes as described above because the
gene insertion has less potential for affecting
that substantial part of the rhizobial life cycle
completed external to the nodule. Similarly,
rhizobia that carry gusA or celB constructs with
nifH gene promoters express the marker gene
only under microaerophilic conditions such as
within nodules (Wilson et al., 1995; Sessitsch
et al., 1996).

In an acid environment, strain competitive-
ness might be enhanced by the insertion or up-
regulation of genes involved in acid tolerance.
There has emerged a substantial body of knowl-
edge of genes conferring acid tolerance in S.
meliloti over the last decade using an inser-
tional mutagenesis approach (Tiwari et al., 1993,
1996a, b; Reeve et al., 1998, 1999), although
Dilworth et al. (2001) speculated that there is
still much to learn before this knowledge can
be applied pragmatically. This latter attitude is
perhaps vindicated when we apply a proteomic
approach to understanding acid tolerance and
learn that 50 or more proteins might be in-
volved in bacterial acid tolerance (Reeve et al.,
2002). Nonetheless, manipulating acid toler-
ance in rhizobia selected for an acid environ-
ment represents one of the few opportunities
for managing rhizobial competition by influ-
encing the saprophytic, or free living, stage of
the rhizobial life cycle.

D. Genetic Determinants of Rhizobial
Competition in the Rhizosphere

Rhizobia generally achieve their maximum
population density in, or around, the rhizosphere
of legumes (Rovira, 1961). When rhizobia achieve
high numbers in the rhizosphere, their metabolic
byproducts or antibacterial secretions may be in
sufficent concentration to influence competition
for nodulation. One of the few characterized fac-
tors contributing to the competitive ability of
rhizobial strains in the rhizosphere are rhizopines,
which are myo-inositol derivatives. Approximately
10% of the strains of R. leguminosarum bv. viciae
and S. meliloti appear to produce and catabolize
the rhizopine L-3-O-methyl-scyllo-inosamine
(Wexler et al., 1995). Bacteroids of these strains
synthesize rhizopines, which are then exclusively
catabolized by free-living cells of the same strain
in infection threads and rhizospheres (Murphy
et al., 1995; Wexler et al., 1995). Rhizopine strains
enjoy a competitive advantage in nodulation, per-
haps because of the availability of this exclusive
substrate, and they have been shown to outcompete
mutants containing a Tn5 transposon insertion in
the rhizopine gene region (Gordon et al., 1996).
Heinrich et al. (1999) reported that a rhizopine
strain of S. meliloti remained at a competitive
nodulation advantage even after a period of
4 years in the soil. The genes involved in rhizopine
synthesis have been termed moc and mos genes,
respectively, and are regulated by nifA/ntrA regu-
latory genes, which are maximally expressed in
bacteroids (Murphy et al., 1995). However, low
levels of rhizopines are also synthesized at the
early stages of the symbiotic interaction, prob-
ably resulting from microaerobic induction in free-
living bacteria (Heinrich et al., 2001). These re-
cent observations may explain the rhizopine effects
on competition. It had hitherto been conceptually
difficult to ascribe a competitive advantage to
rhizopine production and catabolism in rhizo-
spheres or decayed nodule tissue, both of which
are unlikely to be substrate limited environments.

The catabolism of rhizopines is dependent
upon a functional myo-inositol catabolic pathway
(Bahar et al., 1998; Galbraith et al., 1998), and
recently it has been demonstrated that the capa-
bility of rhizobial strains to degrade myo-inositol
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is essential for efficient nodulation (Fry et al.,
2001; Jiang et al., 2001). Furthermore, myo-inosi-
tol is abundant in soils and rhizospheres, and the
ability to metabolize inositol confers a competi-
tive advantage to bacteria colonizing soils and
plant roots (Wood and Stanway, 2001). A func-
tional myo-inositol dehydrogenase gene (idhA) is
required for efficient nitrogen fixation and com-
petitiveness of S. fredii (Jiang et al., 2001). The
competitive ability of idhA mutants proved to be
severely affected, and they were outcompeted by
the parent strain, even when the mutant was ap-
plied at a 10-fold numerical advantage (Jiang
et al., 2001). In R. leguminosarum bv. viciae the
expression of iolA and iolD is required for growth
on myo-inositol, and mutations in these genes
resulted in a substantially decreased nodulation
competitiveness (Fry et al., 2001). Thus, our un-
derstanding of the rhizopine concept and associ-
ated catabolism of myo-inositol, like the develop-
ment of marker genes and the knowledge of acid
tolerance in rhizobia, has made remarkable
progress in the last half-decade. These advances
in basic science may yet provide an opportunity
for genetic intervention in rhizobial competition.

A second well-characterized determinant of
nodulation competitiveness is the production of
trifolitoxin (TFX), which is a potent antirhizobial
peptide that is produced by some strains of
R. leguminosarum (Bosworth et al., 1993; Breil
et al., 1993). TFX inhibits members of a specific
clade of the α-Proteobacteria that includes le-
gume micro-symbionts as well as plant and ani-
mal pathogens (Triplett et al., 1994). Although
TFX is rapidly broken down in soil (Robleto
et al., 1997), it has been shown that TFX produc-
tion significantly enhances strain competitiveness
(Triplett et al., 1987; Triplett, 1988; Triplett, 1990;
Robleto et al., 1997). Furthermore, genes respon-
sible for TFX production have been transferred
successfully to nonproducing strains to increase
competitive ability (Robleto et al., 1997). A re-
combinant, TFX-producing R. etli strain has been
shown to significantly increase nodule occupancy
values in non sterile growth chamber experiments
(Robleto et al., 1997) as well as under agricultural
conditions. A field experiment was carried out in
which the transgenic strain was tested over 2
years for nodule occupancy and over 3 years for

assessment of the effect of TFX production on
grain yield. The recombinant strain exhibited at
least 20% greater nodule occupancy than the wild-
type strain in both years, and no effect on grain
yield was observed (Robleto et al., 1998).

Similarly, R. leguminosarum strains have been
shown to produce bacteriocins — antibiotics that
are active against closely related strains or spe-
cies. Rhizobium bacteriocins have been character-
ized as small, medium, and large, based on their
size and diffusion characteristics (Schwinghamer
and Brockwell, 1978; Hirsch, 1979). Only a few
strains produce medium bacteriocins, and symbi-
otic plasmids have been shown to carry determi-
nants for their synthesis (Hirsch et al., 1980). A
recent report revealed that medium bacteriocins
are related to RTX proteins, which include hemol-
ysin and leukotoxin, and contribute to nodulation
competitiveness (Oresnik et al., 1999).

There are further avenues for manipulating
competition by selective substrate utilization in
the rhizosphere. Roots of alfalfa, the host plant of
S. meliloti, exude proline as well as proline-re-
leasing compounds such as betaines and stachy-
drine (Phillips et al., 1998). The enzyme proline
dehydrogenase, encoded by putA, catalyzes the
oxidation of proline to glutamate and has been
found to be essential for the nodulation efficiency
and competitiveness of S. meliloti (Jiménez-Zurdo
et al., 1995; Jiménez-Zurdo et al., 1997). Re-
cently, transgenic strains carrying multicopy plas-
mids with the putA gene in combination with a
strong constitutive promoter proved to be more
competitive for alfalfa nodulation in the green-
house as well as under agricultural conditions
than their parental strains (van Dillewijn et al.,
2001).

The physiology of the bacterial surface itself may
also be a factor influencing rhizobial competition.
Mutants of R. etli with altered colony morphology
induced nodules and reduced acetylene, but showed
decreased competitive abilities (Araujo et al., 1994).
Similarly, mutants of S. meliloti with altered li-
popolysaccharides (LPS) (Lagares et al., 1992) and of
B. japonicum with altered exopolysaccharides (EPS)
(Parniske et al., 1993) were compromised in their
competitive abilities. Whereas most rhizobia carrying
mutated exo genes (responsible for the biosynthesis
of exopolysaccharides) show decreased nodulation
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competitiveness, an exo mutant of a S. fredii strain
was more competitive than its parental strain (Krishnan
and Pueppke, 1998).

Rhizobium spp. typically carry two to eight
stable plasmids that can constitute up to 40% of
the rhizobial genome (Honeycutt et al., 1993) and
that have been linked to competitive ability. Plas-
mid-cured strains often fail to compete with wild-
type strains (Hynes et al., 1990; Brom et al., 1992;
Moènne-Loccoz and Weaver, 1995), and a sub-
stantial decrease in competitivity for nodulation
was found in multiple plasmid-cured strains when
compared with single plasmid-cured strains (Brom
et al., 2000). It must be understood, however, that
the deletion of such a significant amount of DNA
has the capacity to impact a wide range of cell
activities that together may be manifested as re-
duced competitiveness. Furthermore, genetic ex-
change among rhizobia in soil (Schofield et al.,
1987) and the often reported genomic instability
of Rhizobium (Romero and Palacios, 1997;
Romero et al., 1997) may lead to altered competi-
tiveness. Transient increases in nodulation com-
petitiveness were obtained by introducing cryptic
plasmids from R. tropici into R. etli (Martínez-
Romero and Rosenblueth, 1990).

Genes required for the utilization of a range
of carbon sources are located on plasmids, and it
has been found that plasmid-encoded genes in-
volved in the degradation of rhamnose play a role
in competition of R. leguminosarum bv. trifolii
(Oresnik et al., 1998). Rhamnose utilization mu-
tants showed impaired competitive abilities. Fur-
thermore, rhamnose catabolic genes were induced
by root extracts of the host plant, suggesting that
rhamnose catabolism plays an important role in
the early interaction between macro- and
microsymbiont (Oresnik et al., 1998). Mimosine,
a toxin produced by the tree legume Leuceaena,
provides a competitive advantage to mimosine-
degrading rhizobia (Soedarjo and Borthakur,
1998). Furthermore, stomatin-like proteins re-
quired for nodulation competitiveness have been
identified (You et al., 1998). In addition, nodule
formation efficiency genes (nfe) located on plas-
mids have been found in S. meliloti (Sanjuan and
Olivares, 1991; Soto et al., 1993), whereas B.
japonicum hosts a nfe gene that is located on the
chromosome (Chun and Stacey, 1994).

R. leguminosarum strains were constructed
for the biological control of Sitonia larvae by
introducing the Bacillus thuringiensis δ-endot-
oxin gene (cryIIIA) (Giddings et al., 2000). Al-
though the recombinant strain did not show the
intended trait, it exhibited a significantly enhanced
competitive ability for nodule formation when
compared with the parental strain. Although it is
often assumed that any secondary effects of trans-
formation events will result in a reduction of fit-
ness or competitive ability, this study illustrates
this is not always the case. In addition, it has been
shown that the competitive ability for nodulation
is not necessarily impaired due to the additional
metabolic load imposed by expression of the in-
troduced DNA and synthesis of the correspond-
ing enzyme (Sessitsch et al., 1997c).

There are multiple avenues emerging for the
manipulation of competition between rhizobia in
the soil (summarized in Table 3). These avenues
provide the guidelines for continued exploration
of rhizobial competition at the ecological, bio-
chemical, and molecular levels. It may not be too
long before we are able to eventually influence
rhizobial competition for nodulation in agricul-
tural practices to the net benefit of N2-fixation.

IV. DIVERSITY OF NODULE BACTERIA
FROM LEGUMES

Bacteria that form nitrogen-fixing nodules in
the roots and stems of legumes have different growth
rates, biosynthetic pathways, catabolic capabilities,
habitats, and morphologies. Among these bacteria
differences are well recognized in fatty acid profiles,
sequences of proteins and genes, structures of li-
popolysaccharides and exopolysaccharides, protein
and enzyme patterns, as well as in the size of the
chromosomes and in the genome organization. Nev-
ertheless, nodule-forming bacteria are not as phylo-
genetically diverse as nitrogen-fixing bacteria
(Phillips and Martínez-Romero, 2000), suggesting
that nitrogen fixation is an earlier bacterial charac-
teristic than nodulation.

In this section we have tried to avoid overlaps
with previous reviews on Rhizobium diversity and
related topics (Young and Haukka, 1996; van
Berkum et al., 1999; Sadowsky and Graham, 1999-
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2001; Terefework et al., 2000; Wang and Martínez-
Romero, 2000; Sprent, 2001), but we follow some
of the ideas presented earlier in Rhizobium phy-
logenies and bacterial genetic diversity (Martínez-
Romero and Caballero-Mellado, 1996).

Much emphasis and interest has been given
recently to the molecular diversity of the nodule-
bacteria and this has, with some significant excep-
tions, provided an extension and confirmation of
the results of previous phenotypic analyses. How-
ever, the molecular tools have contributed to the
confidence level for the identification of these bac-
teria and enlarged the scope of our understanding
of nodule-bacteria diversity. The surprising dis-
covery of novel nodulating groups, classified within
the β-Proteobacteria, is based on the analysis of the
16S rRNA gene sequences (Moulin et al., 2001). In
this case, the phenotypic comparison to their rela-
tive Burkholderia spp. has not yet been published.

It is puzzling how the β-Proteobacteria were mis-
taken as Bradyrhizobium (Boone et al., 1999), which
have extremely different growth rates. Burkholderia
strains are fast growers (much faster than Rhizo-
bium strains), while Bradyrhizobium strains are
slow-growing bacteria. It remains to be established
if the nodulation capacity is extended to other β-
Proteobacteria that are more commonly known as
plant-associated bacteria, human or plant patho-
gens. It may be that they are a single group among
nonnodulating bacteria, as seems to be the case for
Azorhizobium caulinodans (Dreyfus et al., 1988),
which up to now constitutes the single nodulating
species among the Xanthobacter-like organisms.

Nodulating Methylobacterium strains have
been reported recently from Crotalaria nodules
(Sy et al., 2001). These bacteria grow in methanol
and have been designated M. nodulans, and are
probably the same organism previously reported

TABLE 3
Approaches to the Manipulation of Rhizobial Competition
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to nodulate Lotononis bainesii (Norris 1958).
Seven other Methylobacterium species tested by
Sy et al. (2001) had neither nodA genes nor nodu-
lated Crotalaria plants. Similarly, six red-pig-
mented Methylobacterium strains isolated from
Lotononis bainesii in South Africa and Uruguay
were unable to nodulate Australian native
Crotalaria retusa and C. cunninghamii, yet nodu-
lated C. juncea ineffectively (Abreu and
Howieson, unpublished data). Previously, no nodu-
lating bacteria within the Methylobacterium or
the β-Proteobacteria (Moulin et al., 2001) had
been described. Other novel nodule isolates (de
Lajudie et al., 1998a; Tan et al., 2001a) resemble
former Agrobacterium strains (now reclassified
as Rhizobium, Young et al., 2001). Thus, it seems
worth searching among the vast majority of
nonanalyzed legumes for their symbiotic bacteria
to reveal additional nodulating bacteria and ex-
pand our understanding of the evolution of this
phenotype in bacteria.

Beyond the chromosomal diversity there ex-
ists symbiotic diversity within single groups or
species and significant diversity in the Nod factor
structures produced (reviewed in Dénarié et al.,
1996; Perret et al., 2000; Spaink et al., 2000) even
by bacterial symbionts of a single legume. Up to
now the diversity of rhizobia is still largely deter-
mined from nodule bacteria, and so the diversity
of soil rhizobia has not been described compre-
hensively. The few studies available reveal a larger
diversity of rhizobia strains in the soil (Louvrier
et al., 1996 and references therein) and the ampli-
fication of nodD, the nodulation regulatory gene,
directly from soil showed that nodules contain
selected genotypes from those existing in soil
(Zézé et al., 2001).

The diversity of nodule bacteria seems to be
driven by crop domestication (Martínez-Romero
and Caballero-Mellado, 1996) and by the history
of the land use (Wang et al., 1999a; Palmer and
Young, 2000). Diversity may be constrained by
some agricultural practices such as chemical fer-
tilization (Caballero-Mellado and Martínez
Romero, 1999) or slurry amendments (Labes
et al., 1996). However, the biodiversity of nodu-
lating bradyrhizobia in soils that have carried a
lupin-cereal rotation for 25 years in southwestern
Australia remains very high (McInnes, 2002).

In recent years a few novel genera and sev-
eral species have been reported. The current sta-
tus of legume nodule-bacteria taxonomy may be
consulted at the following web site: http://
www.honeybee.helsinki.fi/users/lindstro/
Rhizobium/index.htm. When the diversity of
nodule bacteria was reconsidered some years
ago with the dawning of the molecular era, it
was anticipated that many genera and species
would be required to accommodate all the diver-
sity. In contrast, it has been considered recently
that the overall diversity of tropical rhizobial
species may be restricted (Moreira et al., 1998;
Parker, 2001) in view of the fact that few bacte-
rial genotypes with low specificity nodulate sev-
eral tropical legumes (Lafay and Burdon 1998;
Parker 2001). In addition, common genera of
root-nodule bacteria were recovered from the
survey of a large number of tropical legumes
(Moreira et al., 1998). The observation of local
legumes sharing symbionts has been made not
only in cases of symbiosis with Bradyrhizobium
but also with Rhizobium such as those of
R. hainanense (Chen et al., 1997) and R.
yanglingense (Tan et al., 2001b), and the advan-
tages of local legumes sharing microsymbionts
has been discussed (Parker, 1999). A larger di-
versity of legume plants is encountered in tropi-
cal areas (Sprent 2001), and many tropical plants
have also been described as promiscuous
(Pueppke and Broughton, 1999). In contrast,
many of the Mediterranean legumes are consid-
ered to be highly specific in their rhizobial re-
quirements. We see evidence of an increase in
the number of rhizobial species being identified
with molecular analysis, as more legumes are
being examined for their agricultural potential
(Nandasena et al., 2001; Kishinevsky et al.,
2002). It may be that a greater increase in the
taxonomic diversity within the Mesorhizobium,
Sinorhizobium, and Rhizobium will emerge from
Mediterranean and temperate regions of the world
than from the tropics.

A. Origins of Diversity

The comparison of whole genomes, or sig-
nificant part of genomes, is now possible for some
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strains. A global comparison of the M. loti chro-
mosome and the S. meliloti genome has been
reported (Figure 3 in Galibert et al., 2001). S.
meliloti and M. loti seem to have diverged 400 to
500 million years ago (Morton, 2001). It has been
considered that old diverging lineages may ac-
count for the extensive diversity in Rhizobium
(Piñero et al., 1988). Despite the large divergence
of S. meliloti and M. loti, the remnants of an
ancestral genome, modified over time by inser-
tions, transpositions, and inversions, may still be
recognized (Morton, 2001). Estimating the time
of group divergence, although speculative, is a
fascinating task. Molecular differences provide
hints to the time bacteria shared an ancestor and
undertook their diverging pathways. From the
sequence of glutamine synthetase, the divergence
of the genera Bradyrhizobium and Rhizobium was
estimated at over 500 million years ago (Turner
and Young, 2000).

There is greater diversity among bacteria than
among eukaryotes (Doolittle, 1999). It has been
theorized that bacterial diversity appeared very
early in the primitive life on Earth, perhaps trac-
ing back to the last common ancestor (Doolittle,
1999). Other lineages such as those leading to
nodule bacteria may trace back to the origin of
plants, whereas those like Salmonella and Es-
cherichia spp. (mammal dependent) seem to have
diverged much later. The prevalence of diverging
clones with limited elimination by bacterial ex-
tinction (Dykhuizen, 1998) contributes to diver-
sity. “Diversity arises and is maintained through
interplay between ecological and genetic factors”
(Spiers et al., 2000).

In rhizobia, their wide geographical distribu-
tion (see later) and the different plant hosts and
niches they occupy have also been proposed as
causes of their diversification (Martínez-Romero
and Caballero-Mellado, 1996). At present, it is
recognized that rhizobia are aquatic (Chaintreuil
et al., 2000; Wang and Martínez-Romero, 2000),
epiphytic (Boivin et al., 1997), and endophytic
(see Section VI) in addition to being soil bacteria.
They are also encountered in seeds (Pérez-Ramírez
et al., 1998). Furthermore, different bacterial
genera and species may be obtained from a
single plant species. Diverse Sinorhizobium,
Mesorhizobium, and Rhizobium spp. have been

obtained from Leucaena leucocephala (Wang
et al., 1999a), Acacia farnesiana (de Lajudie et
al., 1994, 1998b), and Astragalus adsurgens (Gao
et al., 2001). It seems that some nodule occupants
may be favored by environmental conditions or
even the depth of the roots (Dupuy and Dreyfus,
1992; Dupuy et al., 1994). It is remarkable that
both Sinorhizobium and Bradyrhizobium have
been reported nodulating native Acacia spp. in
Africa, Australia, and in the Americas (de Lajudie
et al., 1994; Frioni et al., 1998; Marsudi et al.,
1999). It is tempting to speculate that diversifica-
tion has taken place from a common ancestor
since their geographical isolation as a consequence
of genetic drift and/or adaptation of bacteria to
plants. The bacterial genetic adaptation may in-
clude recombination with local bacteria. The dif-
ferences encountered between R. gallicum in
Europe and in the Americas may be related to
their geographical isolation (Sessitsch et al.,
1997a).

Human domestication of legumes may have
selected particular rhizobial lineages that were
suited for their nodulation. Alternatively, there is
the observation that the more rare a legume spe-
cies, the more specific rhizobia it has (Thrall
et al., 2000). Interestingly, legumes that are con-
sidered more modern are nodulated solely by fast
growing rhizobia and not by Bradyrhizobium, and
this seems to support an earlier proposal that nod
genes evolved in bacteria more similar to
Bradyrhizobium then further spread to Rhizobium
ancestors (Martínez-Romero, 1994; see Diversity
Epilogue). The genetic diversity of hosts has been
found to relate to the polymorphism of their sym-
bionts (Spoerke et al., 1996; Wilkinson et al.,
1996)

Other soil bacteria such as Pseudomonas are
highly diverse, and the ecological causes of their
diversity have been discussed (Spiers et al., 2000)
and are coincidental to some of the considerations
made for rhizobia.

B. Lateral Transfer as a Diversification
Mechanism

Lateral transfer of genetic information seems
to contribute to the generation of novel rhizobial
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genotypes, and the long evolutionary histories of
bacteria would allow ample opportunity for lateral
transfer. The most convincing example of transfer
of genetic information in the field is that reported
by Sullivan et al. (1995), who, 7 years after apply-
ing a Mesorhizobium loti strain as an inoculant,
recovered bacteria other than the inoculant from
Lotus nodules. The novel symbionts carried the
symbiotic genetic information from the inoculant
strain yet originated from soil Mesorhizobium
strains (Sullivan et al., 1996) that acquired the so-
called “symbiotic island” from the introduced strain
by lateral transfer. Their results also showed the
existence of nonsymbiotic Mesorhizobium strains
similar to those reported previously in R. etli
(Segovia et al., 1991). In congruence with the docu-
mented lateral transfer, it has been observed that
Mesorhizobium loti strains correspond to different
Mesorhizobium lineages revealed by their 16S
rRNA gene sequences and DNA relatedness, indi-
cating that the symbiotic islands have naturally
spread in Mesorhizobium. Similar cases of symbi-
otic lateral transfer are deduced to occur in
Mesorhizobium having other specificities, such as
in those nodulating Astragalus sinicus (Zhang
et al., 2000), Amorpha fructicosa (Wang et al.,
1999c), and Cicer arietinum (Nour et al., 1995). In
all these cases, a diversity of Mesorhizobium groups
have been recognized from nodules of each plant
species, and in some cases the identity (or
near-identity) of nod gene sequences has been dem-
onstrated in these dissimilar bacteria (see
Mesorhizobium diversity). In S. meliloti chromo-
somal regions exhibiting a lower GC content may
have been acquired from lateral gene transfer, and
there is a suggestion that vapAD genes might be
relics of the ancient integration of plasmids into the
chromosome (Capela et al., 2001).

In Rhizobium species the genes for symbiosis
are plasmid borne, while they are located in the
chromosome of Bradyrhizobium and Mesorhizobium
species. The exceptions in Mesorhizobium are M.
amorphae (Wang et al., 1999c) and M. huakuii (Guo
et al., 1999), which have symbiotic plasmids. The
mobile “symbiotic island” of M. loti integrates into
the chromosome of the recipient strain (Sullivan and
Ronson, 1998). Transfer of plasmids among species
and genera of nodule bacteria has been obtained
repeatedly in the laboratory (Martínez et al., 1987

and references therein; Rogel et al., 2001), and from
the comparative analysis of chromosomal and plas-
mid markers it has been suggested that plasmid
transfer also occurs in stems (Laguerre et al., 1993;
Perret and Broughton, 1998).

Among Rhizobium and Sinorhizobium strains
nodulating Phaseolus vulgaris there are indica-
tions that genetic transfer of symbiotic informa-
tion has occurred because nodA gene sequences
are quite similar among these strains (Laguerre
et al., 2001). This may also explain the nifH and
nod gene tree topology obtained from different
Sinorhizobium strains. Large differences were
observed in these genes in the American isolates
compared with the African isolates (Haukka
et al., 1998). The American Sinorhizobium isolates
seemed to cluster with the American Rhizobium
isolates by analyzing nod and nif gene sequences.
Because nod and nif genes are plasmid borne, it is
possible that lateral transfer of plasmids has oc-
curred among these genera. Also common inser-
tion elements were found in S. meliloti and former
Agrobacterium strains (Deng et al., 1995).

From the genome sequencing projects
(Freiberg et al., 1997; Kaneko et al., 2000), it has
been observed that similar plasmid genes exist in
different genera and species, suggesting that plas-
mids have transferred among strains. Interestingly,
in some strains the genetic information located on
plasmids is not confined to plasmids in other
strains (Haugland and Verma, 1981; Galibert
et al., 2001). Examples of the spontaneous inte-
gration of plasmids and megaplasmids into chro-
mosomes have been reported (Mavingui et al.,
2002), revealing the plasticity in genome organi-
zation of nodule bacteria.

Plasmid transfer between bacteria has been
recognized as a mechanism potentiating their rapid
adaptation and colonization of different niches
(Reanney, 1976; Mazodier and Davies, 1991;
Souza and Eguiarte, 1997). In R. etli, the coloni-
zation of bean nodules or of maize as an endo-
phyte seems to correlate with the plasmid content
of the bacteria and not with chromosomal charac-
teristics (Gutiérrez-Zamora and Martínez Romero,
2001).

It has been shown on several occasions that
bacteria incapable of forming nodules are close
relatives to symbiotic ones (Martínez-Romero
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et al., 2000; Gándara et al., 2001). This is also the
case with the novel Methylobacterium and β-
Proteobacteria described previously. An ancient
lateral transfer of nodulation genes is the most
viable explanation for the presence of nod genes
in the β-Proteobacteria (Moulin et al., 2001) and
in Azorhizobium. It seems that the earlier pro-
posal to describe nodule-bacteria phylogenies or
relationships as nets (Martínez-Romero and Ca-
ballero-Mellado, 1996) instead of trees to account
for lateral transfer is pertinent.

C. Approaches to Diversity Studies

Despite the controversy surrounding the defi-
nition of bacterial relatedness and phylogenies on
the basis of 16S rRNA gene sequences (Young
and Haukka, 1996; Martínez-Romero et al., 2000),
16S rRNA gene sequences constitute the largest
database for the comparison of new isolates, and
in the majority of cases the results derived from
such analyses provide a very good indication of
the affiliation of the isolate that is usually con-
firmed by independent data using alternative
methods. It is worth mentioning that there can be
heterogeneity of the 16S rRNA gene copies within
a single species, for example, in S. saheli with
two different sequences more different than those
among S. saheli and S. terangae and also in a
Sinorhizobium isolate from Acacia senegal (Young
and Haukka, 1996). A PCR-RFLP analysis of
23S rRNA genes was not coherent with the 16S
rRNA-derived trees (Terefework et al., 1998),
and partial sequences of 23S rRNA genes also
show some discrepancy to 16S rRNA gene se-
quences (van Berkum et al., 1999) but complete
23S rRNA gene sequences of some strains con-
firmed in general the 16S rRNA gene sequence-
based relationships (Pulawska et al., 2000). The 5'
end of the 23 S rRNA gene contains an interven-
ing sequence that is cleaved during rRNA pro-
cessing and has also been used to classify rhizo-
bia (Selenska-Pobell et al., 1997).

Because ribosomal RNA gene sequences are
too conserved to reveal differences among closely
related bacteria, intergenic sequences of riboso-
mal genes (ITS) have been analyzed (Sessitsch
et al., 1997b; Vinuesa et al., 1998; Tan et al.,

2001a). In addition, the banding patterns of some
tRNAs and of 5S rRNA are proving useful to
recognize rhizobia groups and species (Velázquez
et al., 1998, 2001a and b).

To better describe rhizobial diversity and
propose robust bacterial phylogenies, genes other
than the ribosomal RNA genes have been ana-
lyzed, such as glutamine synthetase (GSI, Turner
and Young, 2000, and GSII, Wernegreen and
Riley, 1999; Turner and Young, 2000), recA and
atpD (Gaunt et al., 2001). Interestingly, the analy-
ses derived from the groupings were in agree-
ment with those proposed by the 16S rRNA gene
sequence data analysis, namely, Sinorhizobium
was distinguished as independent from Rhizo-
bium, Mesorhizobium, and Bradyrhizobium
(Wernegreen and Riley, 1999; Turner and Young,
2000; Gaunt et al., 2001). Azorhizobium was
clearly separated as well. The picture that
emerged generated confidence in the 16S rRNA
gene sequence based trees but left a small mar-
gin of doubt for the existence of lateral transfer
of genetic information among genera to explain
the anomalous placing of the GSII sequences of
B. japonicum and of M. loti and M. haukuii.
With this analysis the M. loti and M. huakuii did
not cluster with the other Mesorhizobium strains
(Turner and Young, 2000). Two copies of GSII
gene sequences have been found in S. meliloti,
one in the chromosome and the other in
megaplasmid B (Capela et al., 2001). The num-
ber of copies of GSII in other bacteria is un-
known, and it remains to be established if pos-
sible recombination events among the gene copies
may affect their phylogenetic information.

Undoubtedly the proportion of the Rhizobium
genome sampled is still very small. How many
more genes need to be sequenced to better define
rhizobia phylogenies? Do key genes exist that
may reflect the evolution of these bacteria? It is
clear that new approaches are required to depict
more realistic evolutionary trends of these bacte-
ria. Global approaches such as microarray analy-
sis and proteomics would be of value to address
nodule-bacteria diversity, and these will be used
frequently in the future. The determination of (not
necessarily 100% complete) genomic sequences
from several rhizobia is feasible and will be rel-
evant for diversity studies.
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D. Mesorhizobium Diversity

Mesorhizobium species have been encoun-
tered in Africa, Asia, Australia, Europe, South
and North America, and even in the Arctic (Poinsot
et al., 2001). They nodulate various legumes in
the Mimosoideae and Papilionoideae subfamilies
of the Leguminosae. The genus was described as
being intermediate between Rhizobium and
Bradyrhizobium (Jarvis et al., 1997). There is a
range of growth rates within Mesorhizobium
strains, but in general they grow slower than Rhizo-
bium and faster than Bradyrhizobium.

The DNA-DNA relatedness among all the
described Mesorhizobium species is 2 to 35%,
and protein pattern correlation coefficients of 75
encompass all the Mesorhizobium species. The
Asian species M. huakuii and M. tianshanense are
not more closely related to each other than to the
other Mesorhizobium species by 16S rRNA gene
sequence or by patterns of metabolic enzymes
(Wang et al., 1999c). The size of the chromosome
of M. loti MAFF 303099 is 7.03 Mb and this
strain carries two additional plasmids that do not
harbor the nod-nif genes, which are located on the
chromosome (Kaneko et al., 2000). It remains to
be established if the other mesorhizobial species
or M. loti strains have similar chromosome sizes.

In the genus Mesorhizobium there seems to
exist symbiotypes moving or flowing over differ-
ent genotypes based on the following data: (1)
seven Chinese Mesorhizobium strains from As-
tragalus sinicus representing different 16S and
23S ribosomal DNA genotypes (one of them cor-
responding to M. huakuii) had identical nodA
sequences (Zhang et al., 2000), (2) besides M.
mediterraneum and M. ciceri (Nour et al., 1994)
there are other mesorhizobial genomic groups
nodulating Cicer arietinum (Nour et al., 1995).
The nodA gene sequences of M. mediterraneum
and M. ciceri are almost identical (Zhang et al.,
2000), suggesting the existence of gene transfer
between these two species, (3) in addition to M.
amorphae, two additional Mesorhizobium geno-
types were found to nodulate Amorpha fruticosa,
and they all had a symbiotic plasmid of identical
size with common nifH gene hybridization pat-
terns, (4) M. plurifarium encompasses a diverse
but continuous group of bacteria that nodulate

Acacia spp., Prosopis and Leucaena (de Lajudie
et al., 1998b), and (5) M. loti symbiotic islands
may be transferred and contained within different
Mesorhizobium genotypes (Sullivan et al., 1996).
Other data derived from the analyses of nod genes
and GSII sequences (Wernegreen and Riley, 1999)
also support the absence of genetic barriers for
lateral transfer within Mesorhizobium lineages.
There might have been an ancient exchange of
genes between a Rhizobium species and M. haukuii
(Turner and Young, 2000), and a Mesorhizobium
isolate from Astragalus adsurgens that exhibits a
mosaic sequence of 16S rRNA genes that carry
characteristic signatures of Rhizobium strains (Gao
et al., 2001).

The symbiotic islands of two M. loti strains
(Sullivan and Ronson, 1998; Kaneko et al., 2000)
are different in size and have around half of the
nucleotide sequences in common. Conserved se-
quences were interrupted by insertions and dele-
tions (Ronson et al., 2001). The symbiotic islands
of M. loti have been classified as belonging to the
family of conjugative transposing elements called
CONSTINs (Hochhut and Waldor, 1999). Fur-
thermore, genomic islands harboring other genes
seem to exist in Mesorhizobium (Ronson et al.,
2001), which could also be involved in moving
large pieces of DNA among Mesorhizobium
strains. The linear comparison of the M. loti whole
genome with S. meliloti reveals some regions
(around 6) present in M. loti but not in S. meliloti.
These could have been acquired in M. loti. If there
are several genomic islands that confer ecological
adaptation and these were to move frequently
between Mesorhizobium, then these bacteria could
be highly chimeric (with no species boundaries)
resulting from a mixture of genomes. Clearly, this
requires further research.

E. Bradyrhizobium Diversity

Bradyrhizobium species are encountered in
Africa, Asia, North and South America, Europe,
and Australia. They nodulate a wide diversity of
legumes in the Mimosoideae, Caesalpinoideae, and
in the Papilionoideae. Many native tropical legumes
from the Amazons, Africa, and Central America
(Doignon-Bourcier et al., 1999; Parker and Lunk,
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2000; Parker 2001), but also legumes in Mediter-
ranean and temperate areas (Lange 1961; Barrera
et al., 1997; Parker, 1999) are nodulated by
Bradyrhizobium. Photosynthetic Bradyrhizobium
strains have been isolated from stem and root nod-
ules of Aeschynomene (So et al., 1994; Molouba
et al., 1999). More recently, Bradyrhizobium strains
have been found inside rice plants in Asia
(Engelhard et al., 2000) and Africa (Chaintreuil
et al., 2000). A characteristic of the genus is its
slow growth and alkali production in some media
(Graham and Parker, 1964). B. liaoningense was
described as a particularly slow grower (Xu et al.,
1995), a characteristic shared with some isolates of
Acacia (Barnet and Catt, 1991) and Phaseolus
lunatus (Ormeño et al., unpublished) or a number
of Caesalpinoidea isolates from Brazil (Moreira,
2000). In Bradyrhizobium there are strains tolerant
to high temperatures, desiccation, acidity (reviewed
in Graham, 1992), and strains that fix nitrogen as
free-living bacteria under low levels of oxygen
(Keister, 1975). The size of the genome of B.
japonicum is 8.7 Mb, whereas the size of other
species is unknown.

In Africa, native Bradyrhizobium strains were
recruited to nodulate adapted soybean cultivars,
eliminating the need for inoculation (Abaidoo et
al., 2000). Soybean symbionts used as inoculants
in Brazil were identified as B. elkanii (Rumjanek et
al., 1993) or B. japonicum and B. elkanii (Boddey
and Hungria, 1997). Both B. japonicum and B.
elkanii have been recovered from soybean nodules
in the USA (Keyser et al., 1984), in Paraguay
(Chen et al., 2000), and in Japan (Minamisawa
et al., 1992). B. japonicum strains with different
interstrain nodulation competitive abilities that
belong to different serogroups were recognized
(Moawad et al., 1984; van Berkum et al., 1993).

Few species have been described in Brad-
yrhizobium, and three of them correspond to
soybean symbionts despite the fact that
Bradyrhizobium strains are symbionts of a wide
range of legumes. These symbionts were as-
cribed to “cowpea” bradyrhizobia in the past
(Jordan, 1984). Recently, novel bradyrhizobia
groups have been reported. Legumes from the
Canary Islands in Spain are nodulated by
Bradyrhizobium spp. (Vinuesa et al., 1998). A
number of Bradyrhizobium strains from peanut

(van Rossum et al., 1995; Zhang et al., 1997),
from Lupinus spp. (Barrera et al., 1997), and
from Phaseolus lunatus (Ormeño et al., unpub-
lished) were found to be related to B. japonicum.
The Lupinus isolates from the cold uplands in
Mexico and the P. lunatus isolates from their
site of origin in Peru had low DNA relatedness
(around 35%) to B. japonicum despite a high
identity of their 16S rRNA genes. As well, the
commercial Lupinus isolate in Australia, WU425,
is widely divergent from B. japonicum and B.
elkanii by fatty acid methyl ester analysis
(FAME) (Graham et al., 1995). The Brad-
yrhizobium from peanuts in China resemble B.
japonicum by 16S rRNA gene sequence but not
by FAME (Chen et al., personal communica-
tion). Some isolates from tropical legumes in
Panama were related to B. japonicum USDA
110 or to bradyrhizobia in the Phillipines (Parker
and Lunk, 2000). North American isolates from
Amphicarpae (Phaseoleae) and from Apios and
Desmodium resembled B. elkanii by 16S rRNA
gene sequences (Parker, 1999) but differed from
it by isozyme alleles, nod genes sequences, and
symbiotic behavior (Marr et al., 1997; Sterner
and Parker, 1999). It has been discussed previ-
ously that the high conservation of 16S rRNA
genes in (Barrera et al., 1997) hampers species
distinction, and this may be related to the fact
that there is only one ribosomal operon in
japonicum (Kündig et al., 1995; Göttfert et al.,
2001) compared with three copies in Rhizo-
bium and Sinorhizobium (Capela et al., 1999)
and two in Mesorhizobium species (Kaneko et
al., 2000).

A number of alternative approaches that have
been useful for other bacteria have been explored
to describe Bradyrhizobium diversity. These ap-
proaches include AFLP analysis (Willems et al.,
2000; Chen et al., unpublished results), pyrolisis
mass spectrometry (Barrera et al., 1997), low-
molecular-weight RNA profiles (Velázquez et al.,
1998), FAME (Graham et al., 1995; Zhang et al.,
1997), REP-PCR fingerprints (Chen et al., 2000),
ribosomal intergenic analysis (Vinuesa et al., 1998;
van Berkum and Fuhrmann, 2000; Doignon-
Bourcier et al., 2000; Tan et al., 2001a), and
others (Minamisawa et al., 1992; Ladha and So,
1994). All these approaches reveal more diversity
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than that shown by ribosomal RNA gene sequence
data.

By DNA-DNA hybridization a complex and
seemingly continuous array of Bradyrhizobium
strains from diverse legumes was revealed
(Willems et al., 2001a, and b), and AFLP analysis
showed 34 distinct groups, although phenotypic
differences could not be attributed to these groups
(Willems et al., 2000).

There is a notorious lack of correlation between
phenotypic and genetic analyses in bradyrhizobia
(So et al., 1994; van Rossum et al., 1995), and this
has led to questioning of the usefulness of the
polyphasic approach in this group (So et al., 1994).
The sequence of the symbiotic region (chromosomal)
in B. japonicum has been reported (Göttfert et al.,
2001), and there was evidence of horizontal transfer
of symbiotic genes in Bradyrhizobium (Isawa et al.,
1997). Recombination among a B. japonicum-like
strain and B. elkanii has been postulated to occur in
nature to explain the mosaic observed in the 5'
fragment of the 23S rRNA gene sequence in a B.
elkanii-related strain isolated in Panama (Parker,
2001). The similarity of the B. elkanii 16S rRNA
gene signature sequence to Mesorhizobium has been
interpreted as evidence of recombination (Lafay and
Burdon, 1998). The possibility that “Bradyrhizobium
strains may be affecting each other’s evolution
through exchange of various... genes” has been dis-
cussed (Parker, 2001).

Are there genomic islands or conjugative
transposons (in analogy to those in Mesorhizobium)
in Bradyrhizobium species? The existence of ge-
nomic islands in strains of the genus Bradyrhizobium
could fit with their large chromosome size, the con-
tinuity of genotypes, the finding that their plant-host
specificity is scattered among genotypes and with
the lack of congruence of phenotypic and genetic
data. This deserves future research.

F. Rhizobium and (Former)
Agrobacterium Diversity

Rhizobium species are found worldwide; they
interact with a large diversity of plants even out-
side the Leguminosae and have been found as
endophytes (see section VI). For a long time Rhizo-
bium and Agrobacterium have been recognized as

being closely related genera (Graham, 1964).
Several proposals for the inclusion of Agrobac-
terium in Rhizobium have emerged (Graham, 1964;
Sawada, 1993; Pulawska et al., 2000 and refer-
ences in Gaunt et al., 2001). The close relatedness
of both genera has been confirmed with different
molecular approaches and with novel isolates,
and a formal proposal for the amalgamation of
both genera has been published (Young et al.,
2001).

The similarity of Agrobacterium and Rhizo-
bium species has been revealed using a range of
analyses. For example, R. tropici and Agrobacterium
bv. 2 strains resemble one another in morphology,
growth rate, tolerance to acid pH, DNA-DNA hy-
bridization (Martínez-Romero, 1994) and in the se-
quences of 16S (Willems and Collins, 1993) and
23S rRNA genes (Pulawska et al., 2000). We also
found sequences homologous to R. tropici teu genes
(Rosenblueth et al., 1998) in Agrobacterium plas-
mids (A. rhizogenes Ri plasmid NC 002575,
GenBank). R. (former Allorhizobium) undicola are
nodule isolates from Neptunia natans that are closely
related to the former A. tumefaciens (de Lajudie
et al., 1998a). R. galegae and R. huautlense
are sometimes placed in the neighborhood of
Agrobacterium (Wang and Martínez-Romero, 2000),
but their phylogenetic position is perhaps uncertain
(Wang et al., 1998). Other nodule bacteria closely
related to R. radiobacter (formerly Agrobacterium)
have been described by 23S rRNA-based PCR-RFLP
analysis (Terefework et al., 1998) and by 16S rRNA
gene sequences (Tan et al., 2001a).

Differences in plasmid content may explain
to a large extent the different behavior of sym-
bionts and pathogens. In Agrobacterium that form
tumors in Chrysanthemus, plasmids in addition to
the tumorogenesis (Ti) plasmid have effects on
virulence (Ogawa and Mii, 2001). In Rhizobium
species, plasmids other than the nod-nif plasmid
have roles in symbiosis (reviewed in Toro, 1996;
García de los Santos et al., 1996), and in species
of the genus Rhizobium (including former
Agrobacterium) there exist cured derivatives that
lose symbiotic or pathogenic characteristics
(Segovia et al., 1991).

Plasmids in Rhizobium species may carry
genes of catabolic pathways (García de los Santos
et al., 1996; Oresnik et al., 1998), and the distri-
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bution of the repABC origins of replication in
Rhizobium, Sinorhizobium, and Mesorhizobium
species symbiotic and tumorogenesis plasmids
suggest their common evolutionary origin (Turner
et al., 1996; Rigottier-Gois et al., 1998). The ex-
istence of plasmid replicons related to the symbi-
otic plasmids in bacteria such as Paracoccus
(Bartosik et al., 1997) and Rhodobacter species
indicate perhaps that nod-nif plasmids could be
encountered in these bacteria (Gaunt et al., 2001).

In Rhizobium and Sinorhizobium strains there
may exist diverse symbiotic specificities within a
single species in relation to the different symbi-
otic plasmids carried by the bacteria. The epithet
biovars are used to refer to this symbiotic diver-
sity within a species and they have been described
for R. leguminosarum (bvs. viciae, trifolii and
phaseoli, Jordan, 1984), R. etli (bvs. phaseoli and
mimosae, Wang et al., 1999b), S. terangae and S.
saheli (bvs. acaciae and sesbaniae, Lortet et al.,
1996), R. galegae (bvs. orientalis and officinalis,
Radeva et al., 2001), and R. gallicum and R.
giardinii (bvs. phaseoli and gallicum, Amarger et
al., 1997). The existence of different symbiotic
plasmids in a common genetic background may
be explained by plasmid exchange occurring in
nature.

The genus Rhizobium encompasses bacteria
with a large biological diversity that may be ex-
plained by being an older lineage or by having
more efficient mechanisms of genetic exchange
or simply by being polyphyletic.

G. Sinorhizobium Diversity

Sinorhizobium species have been encountered
in Asia, Africa, Europe, and North and South
America. There is S. meliloti in Australia, which
may have co-evolved with the indigenous
Trigonella or may have been introduced, as is the
case in China for Medicago isolates that exhibit a
limited genetic diversity (Yan et al., 2000).

Sinorhizobium strains from Medicago sativa,
M. falcata, and M. truncatula were recognized as
two diverging but related groups (Eardly et al.,
1990; Rome et al., 1996a) and later divided into
two different species (Rome et al., 1996b). There
are indications that there is no genetic recombina-

tion or plasmid transfer between these two closely
related species (Rome et al., 1996a). Other
Medicago isolates from M. ruthenica have an
affiliation to Rhizobium strains (van Berkum et
al., 1998) but also to Sinorhizobium strains by
other criteria (van Berkum et al., 1999).

A number of related lineages have been en-
countered nodulating Acacia and Sesbania in
Africa (de Lajudie et al., 1994; Haukka et al.,
1998; Nick et al., 1999). It is possible that these
species represent the spreading and divergence
from some common ancestor.

In Asia S. fredii strains nodulate soybean; a
strain seemingly related to it, NGR234 (isolated
from New Guinea), has the largest host range ever
reported, including several species in the
Caesalpinioideae subfamily (Pueppke and
Broughton, 1999). Interestingly, S. fredii-like
bacteria have been recovered from Phaseolus
vulgaris in nodules in Spain (Herrera-Cervera
et al., 1999), and as nodule isolates of Acacia
native species from a reserve area in Mexico (To-
ledo et al., unpublished results). The Spanish and
Mexican S. fredii isolates do not nodulate soy-
bean, and we suggest they have been geographi-
cally isolated from their Asian relatives for mil-
lion of years.

Recently, Ensifer adhaerens was recognized
as being related to the genus Sinorhizobium based
on its 16S rRNA gene sequence (Balkwill, 2001).
It has DNA-DNA homology in the range of other
Sinorhizobium species (Rogel et al., 2001) and is
most closely related to novel Sinorhizobium groups
identified recently (Wang et al., 2002). E.
adhaerens strains are predatory soil bacteria
(Casida, 1982; Germida and Casida, 1983). They
did not form nodules on the hosts tested or do
they have nod genes (Rogel et al., 2001), but they
may become nodulating bacteria when acquiring
the symbiotic plasmids from R. tropici (Rogel
et al., 2001). E. adhaerens may be transferred to
Sinorhizobium if more evidence becomes avail-
able.

In Sinorhizobium species, the nod and nif
genes are located on plasmids of around 500 kb,
with the exception of S. meliloti Rm 1021, which
has two megaplasmids of 1354 kb and 1683 kb
(Galibert et al., 2001) that may be the product of
a co-integration event. The size of the chromo-
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some of S. meliloti 1021 is 3.7 MB (Capela et al.,
1999) and that of NGR234 is nearly 3.5 MB
(Viprey et al., 2000).

H. Azorhizobium Diversity

Azorhizobium strains were isolated in Af-
rica (Dreyfus et al., 1988) and also in Asia from
rice (Engelhard et al., 2000). The remarkable
characteristic of Azorhizobium strains is that
they can form photosynthetic stem-nodules and
fix nitrogen as free-living bacteria. Only one
species is recognized, and it is closely related
to Aquabacter and to Xanthobacter species
(Rainey and Wiegel, 1996). All of them have
been assigned to a new family (Kuykendall
et al., 2002).

Azorhizobium is the genus with the fewest
different isolates of nodulating bacteria. The search
for other stem nodulating bacteria has rendered
bacteria belonging to Bradyrhizobium (So et al.,
1994).

In A. caulinodans, nod genes are located on
the chromosome, but they have a different GC
content and are bordered by insertion elements.
These findings led to the proposal that nodulation
genes were acquired by lateral transfer from other
nodule bacteria. Interestingly, the Nod factors
produced by another Sesbania symbiont, S.
terangae bv. sesbaniae, are similar to those pro-
duced by A. caulinodans.

I. Diversity Epilogue

The more we have sampled the diversity of a
nodule-bacteria group, the more difficult it is to
define species for such clusters because more
contiguous and continuous lineages or branches
are then revealed. This is the case with the groups
closely related to R. etli, with the intermediate
bacteria seemingly recombinants between
R. tropici A and B (Martínez-Romero, 1996),
and is becoming the case in the genera
Bradyrhizobium, Mesorhizobium, and even
Sinorhizobium. Sometimes species delimitations
may be artifactual in these bacteria.

V. SIZE, STRUCTURE, AND FEATURES
OF RHIZOBIAL GENOMES

More than 3 years after the publication of the
sequence of pNGR234a, the symbiotic plasmid of
Rhizobium sp. NGR234 (Freiberg et al., 1997), we
now have available the DNA sequences of a 410-
kb symbiotic-gene-rich region of B. japonicum 110
(Göttfert et al., 2001), the 7.6 and 6.7 Mb genomes
of M. loti strain MAFF303099 and S. meliloti strain
1021, respectively (Kaneko et al., 2000; Galibert et
al., 2001) and that of the closely related plant
pathogen Agrobacterium tumefaciens strain C58
(unpublished; see Table 4). This overwhelming
flow of sequence data is probably not over, be-
cause the symbiotic plasmid of R. etli sequenced
more than a year ago will eventually be deposited
in databases, and the genome of B. japonicum will
be completed in Japan in the near future. With
sizes ranging from 5.5 to almost 9 Mb, genomes of
rhizobia and related bacteria are large when com-
pared with those of other microorganisms and of-
ten encode more proteins (Table 4) than the 6300
predicted on the 15 chromosomes (≅12 Mb) of
Saccharomyces cerevisiae. Compared with the rest
of the genome, genes directly involved in symbio-
ses with legumes (nodulation and nitrogen fixation
loci) or in the formation of crown gall by
Agrobacterium represent only a small fraction of
all encoded peptides.

The structure of these genomes varies consider-
ably: from the single 8.7-Mb chromosome of
B. japonicum (Kündig et al., 1993) to strains con-
taining circular and linear chromosomes as well as
plasmids (e.g., A. tumefaciens C58) (Allardet-Servent
et al., 1993), or those having megaplasmids larger
than many bacterial genomes and encoding essential
functions as in S. meliloti 1021 (Finan et al., 2001).
Accordingly, the number of replicons ranges from
one (B. japonicum strain 110) to at least seven as in
R. etli CFN42 (Quinto et al., 1982), and symbiotic
genes can be found either on chromosomes and/or
on plasmids. This diversity in size and structure of
genomes correlates well with the diversity found in
the taxonomy of rhizobia. It also indicates that the
position of symbiotic loci on one or the other of the
cell’s replicons has no or little effect on their pheno-
typic expression (Mavingui et al., 2002).
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A. RIMES, Mosaic Elements and Other
DNA Repeats

Rhizobial genomes often contain families of
reiterated sequences. The probing of restricted
genomic DNA of two Rhizobium etli strains
(R. phaseoli CFN42 and CFN285), S. meliloti
2011, and A. tumefaciens C58 with clones of
random libraries showed the presence of up to
200 families of DNA repeats per genome (Flores
et al., 1987). Repeated sequences range in size
from 50 bp (Perret et al., 2001) to several kilobases
(Perret et al., 1987) and represent duplications of
uncoding regions (mosaic elements) (Perret et al.,
2002) or of genes involved in house-keeping func-
tions (e.g., operons coding for ribosomal RNAs),
symbioses, and N2-fixation with legumes (nodD
and nifHDK loci) (Quinto et al., 1982) and trans-
position (genes of insertion sequences — IS).

Duplicated regions can be identical or highly con-
served, such as many of the IS elements found in
NGR234 (Freiberg et al., 1997; Perret et al., 1997),
or they can show a varying degree of sequence
similarity like the hundreds of RIMEs (Rhizo-
bium Intergenic Mosaic Elements) found in
S. meliloti strain 1021 (Galibert et al., 2001,
Østeras et al., 1995) and NGR234 (Perret et al.,
2001). Interestingly, the distribution of these re-
peated elements is not regular. For example,
RIME1 and RIME2 sequences are found prefer-
entially on the chromosomes of S. meliloti and
NGR234 (Galibert et al., 2001; Perret et al., 2001).
Conversely, many IS elements accumulate on
plasmids rather than on chromosomes (Perret et
al., 1997; Galibert et al., 2001). Although dupli-
cation/amplification of symbiotic genes may im-
prove the symbiotic competence of rhizobial
strains (Mavingui et al., 1997), the effects of an

TABLE 4
Structure, Size, and Major Features of Genomes of Members of the Rhizobiaceae
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increased number of IS and RIMEs on the pheno-
types of modified rhizobia is not clear. The pres-
ence of many ancient duplications in S. meliloti
strain 1021 (42% of all genes belong to paralogous
families) (Galibert et al., 2001) suggests that ge-
nomes of rhizobia may sustain large numbers of
repeated sequences without the noticeable effects
on bacterial growth and survival. The occurrence
of dispersed and large DNA repeats has direct
consequences on the stability of the genome ar-
chitecture, however. Recent analyses using
NGR234 as a model system have confirmed that
highly conserved and repeated sequences such as
those found on pNGR234a become preferential
sites for homologous recombination at elevated
frequencies (Flores et al., 2000). Although this
phenomenon can be used by researchers to gener-
ate strains with specific symbiotic properties
(Flores et al., 2000), the effect of genome rear-
rangements on the phenotypes of rhizobia occur-
ring in soil is not well understood. Nevertheless,
major genome rearrangements such as the inte-
gration of both, the c.a. 2.2-Mb megaplasmid
pNGR234b and the 536-kb symbiotic plasmid
pNGR234a, into the chromosome of NGR234 have
no obvious effect on the growth and symbiotic
properties of the modified strains (Mavingui et al.,
2002). This suggests that despite obvious problems
linked to replication and modifications in the copy
number of many genes carried by these replicons,
rhizobial genomes are flexible and probably more
unstable than previously thought.

B. Symbiosis Islands

Despite the number of bacterial genes required
for the establishment of functional symbioses with
legume hosts, and the need to preserve their coor-
dinated and timely expression, recent data have
confirmed that symbiotic loci can be transferred to
nonsymbiotic soil bacteria by means other than
mobilization of symbiotic plasmids. Isolation of
microsymbionts from nodules of Lotus corniculatus
grown for 7 years in fields originally devoid of
nodulating Mesorhizobium loti resulted in the iden-
tification of various strains, all of them distinct
from the original inoculant strain ICMP3153
(Sullivan et al., 1995). Interestingly, genetic analy-

ses showed the nodulation and nitrogen fixation
genes acquired by the local and nonsymbiotic rhizo-
bia were laterally transferred from the inoculant
strain via a 500-kb “symbiotic island” (SI) that
integrated into the phe-tRNA gene of the recipient
bacteria (Sullivan and Ronson, 1998). Like other
elements of the family of “genomic islands”, SI do
not carry origins of replication and must integrate
into a replicon (in general the chromosome) in
order to persist within the host genome. Like other
elements of the flexible gene pool, SI share char-
acteristics of mobile genetic elements but carry
larger numbers of genes than transposons and ph-
ages (Hacker and Carniel, 2001). As genomic is-
lands often have guanine plus cytosine (G+C) con-
tents and codon usage distinct from that of the host
genome, bioinformatic analyses of complete ge-
nome sequences can lead to their identification.

Using such a procedure, a large symbiosis
island was identified in the genome of the Japa-
nese microsymbiont M. loti MAFF303099
(Kaneko et al., 2000). With a G+C content 4%
lower than the rest of the genome (Table 4), the
island of MAFF303099 is 100 kb larger than that
of M. loti R7a and carries additional genes such as
those coding for a complete type III secretion
system. Although the DNA sequence of the M.
loti R7a island has not been fully released, a
comparison of the few sections accessible in
GenBank with the complete sequence of
MAFF303099 showed that both islands are quite
different. Except for IntS, a P4-like integrase that
possibly mediates integration of M. loti SI, the
rest of the regions bordering the element in R7a
(GenBank accession number AF049242 and
AF0249243) are completely different from those
in the MAFF303099 chromosome. Interestingly,
in silico probing of MAFF303099 genome with a
13.2-kb DNA sequence of M. loti R7a (GenBank
accession number AF311738) that carries a func-
tional nifA as well as genes required for the bio-
synthesis of biotin and nicotinate (Sullivan et al.,
2001) confirmed the presence of two highly ho-
mologous loci in MAFF303099. As expected, the
most conserved region is located on the symbio-
sis island (genes mll5837 to mll5826), whereas
the second locus that does not contain a nifA copy
(genes mll9106 to mll9093) is carried by pMla,
the largest of the two plasmids found in
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MAFF303099. In addition, bioA, bioB, bioF, and
bioD (involved in the biosynthesis of biotin) on
the one hand, and nifA on the other hand are also
duplicated elsewhere in the symbiosis island, sug-
gesting that mutation of one copy of nifA or bioZ
in MAFF303099 would not be sufficient to obtain
the respective symbiotic and auxotrophic pheno-
types observed with the Tn5 mutants of R7a
(Sullivan et al., 2001).

Even in the absence of a complete DNA se-
quence of R7a in the database, several conclusions
can be drawn from the limited information avail-
able. First, like symbiotic plasmids of various
rhizobial strains the structure and genetic organiza-
tion of symbiosis islands seem to vary consider-
ably. Duplications of loci, such as the key symbi-
otic regulator nifA and the biotin and nicotinamide
biosynthetic genes, may account for some of the
100-kb difference in size between the islands of M.
loti R7a and MAFF303099. Furthermore, the ab-
sence from the genome of MAFF303099 of orfC
and orfD adjacent to intS of R7a indicate that
symbiosis islands carry additional genes to those
essential or directly related to nodulation and nitro-
gen fixation. Similarly, many genes encoded by
the MAFF303099 island have no ortholog in S.
meliloti (Galibert et al., 2001), suggesting that these
loci may play accessory roles and increase the
fitness of recipient strains in other ecological niches
than the rhizosphere of legume hosts. If this is true,
SI should perhaps be regarded as more general
“fitness islands” rather than elements devoted ex-
clusively to symbioses with legumes (Hacker and
Carniel, 2001). Secondly, symbiotic genes carried
by a genomic island may have distinct origins, as
suggested when comparing the homologies ob-
tained for NifA1 (mll5837) and NifA2 (mll5857)
of M. loti MAFF303099: the mll5837 encoded
product is very similar to NifA of M. loti R7a and
B. japonicum, whereas NifA2 closest homologues
are proteins of R. etli, R. leguminosarum, and Rhizo-
bium sp. NGR234. Finally, at least in the case of
M. loti MAFF303099, a large fraction (19.6%) of
the genes and gene fragments encoded by the 611-
kb island are related to functions of transposable
elements (Kaneko et al., 2000). This elevated den-
sity of IS-like sequences that resembles the situa-
tion in pNGR234a (Freiberg et al., 1997) is not
found in pMla, pMlb, and the rest of MAFF303099

chromosome. Thus, it is tempting to speculate that
symbiotic plasmids/islands shuttle IS sequences
across different hosts and promote propagation of
these transposable elements (Perret et al., 1997).
As many IS that often duplicated elsewhere in the
genome of NGR234 are targets for site-specific
recombination leading to alternate genome struc-
tures within a population of otherwise “clonal”
cells (Flores et al., 2000; Mavingui et al., 2002),
symbiosis islands such as that of MAFF303099
may also be prone to important genomic rearrange-
ments. This can lead to the acquisition by the island
of additional genetic functions (e.g., the gain of a
second copy of nifA), or alternatively to the trans-
fer of loci from the laterally acquired island and
their integration elsewhere in the host genome.

C. Lateral Transfer of Genetic
Information and Acquisition of
Symbiotic Functions

A recurrent feature in rhizobia is the presence
of genetic elements (plasmids, genomic islands,
etc.) with G+C contents significantly different
from the rest of the genome. Reported for
megaplasmid pSymA of S. meliloti 1021 (60.4
mol% vs. 62.7 mol% for the chromosome)
(Galibert et al., 2001), this is also true for the
symbiotic plasmid of NGR234, plasmids pMla,
pMlb, as well as the symbiosis island of M. loti
MAFF303099 (Table 5). It is generally accepted
that distinct codon usage and significant differ-
ences in G+C content when compared with the
rest of the genome are features of regions that
have an evolutionary history that differs from the
vertically inherited genes (Ochmann et al., 2000).
Once introduced, laterally transferred DNA se-
quences begin a process of amelioration through
mutation, becoming gradually similar in G+C
content with the rest of the host genome (Martin,
1999). Altogether these data suggest that large
DNA segments were horizontally transferred to
many rhizobial genomes, and that transfers oc-
curred relatively recently (as for M. loti R7a)
because the acquired sequences could be still dis-
tinguished from the genome of the new host.

In S. meliloti strain 1021 it has been postu-
lated that nodulation genes have two distinct ori-
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gins: horizontal gene transfer for most loci en-
coded by pSymA, and resident gene duplications
for nodM and nodPQ (Galibert et al., 2001). In
NGR234, most nodulation genes involved in the
synthesis of Nod factors have G+C contents 7 to
17 mol% lower than chromosomal loci, also sug-
gesting that symbiotic functions were acquired
via the lateral transfer of pNGR234a (Freiberg
et al., 1997). At c.a. 59 mol%, the nitrogen fixa-
tion genes (nif and fix) also encoded by pNGR234a
have G+C contents that resemble more those of
chromosomal loci, suggesting a distinct evolu-
tionary history from nodulation genes (Dobert
et al., 1994). Another striking feature is the mo-
saic structure of pNGR234a. In contrast to nif and
fix homologues clustered between nucleotides
434,000 to 489,000, loci involved in nodulation
are dispersed in at least six regions. Furthermore,
the strong similarities with A. tumefaciens genes
required for replication and conjugal transfer of
pNGR234a and the presence of a cytochrome
P450 gene cluster from B. japonicum (orfs y4kS
to y4lD) highlights the diverse origins of the ge-
netic elements that compose the symbiotic plas-
mid of NGR234. However, the fragmented evolu-
tion of rhizobial replicons is not limited to
NGR234. As mentioned previously, similar fea-
tures have been inferred from genomic sequence
data in S. meliloti and M. loti. For instance, the
presence of a 16-kb gene cluster being 80% iden-
tical at the nucleotide level to pNGR234a in plas-
mid pMla of strain MAFF303099 is most intrigu-
ing (Figure 4). Preceded by conserved NifA -
σ54-like sequences, these loci are expressed inside
nodules formed by NGR234 on the roots of Vigna
unguiculata (Perret et al., 1999). Although it is
not clear whether these genes contribute directly

to nitrogen fixation in M. loti, their location on
pMla clearly shows that putative symbiotic loci
are not necessarily restricted to so-called symbi-
otic islands/plasmids. The presence of IS-like
sequences between the three major operon struc-
tures showing the highest degree of conservation
(see Figure 4) also indicates an important role for
transposable elements in the evolution of this re-
gion. Therefore, many forces probably contribute
to shape the genomes of microsymbionts. Among
these, horizontal transfer of plasmids and genetic
islands allow the integration of symbiotic func-
tions into new soil bacteria possibly better adapted
to local environmental conditions or specific host-
plants. In turn, and mostly through homologous
recombination between duplicated sequences
(such as conserved IS elements), major genome
rearrangements (amplifications, deletions, repli-
con-fusions) modify the laterally transferred ge-
netic elements allowing the integration (or the
loss) of new (or old) symbiotic functions. Both
mechanisms contribute to the evolution of symbi-
otic replicons/islands, a process possibly much
more dynamic than was previously thought.

VI. RHIZOBIUM AS ENDOPHYTES AND
AS PLANT GROWTH-PROMOTING
RHIZOBACTERIA OF NON-
LEGUMINOUS PLANTS

A. Endophytic Rhizobia

The definition of endophytes and the techni-
cal considerations for their isolation and charac-
terization have been reviewed extensively
(Reinhold-Hurek and Hurek, 1998a and b;

TABLE 5
Characteristics of Large and Fully Sequenced Symbiotic Regions
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Hartmann et al., 2000; James, 2000). In
nonnodulating legumes (Sprent, 2001) rhizobia
were commonly encountered inside roots without
forming nodules (Allen and Allen, 1981). This is
perhaps the first report of rhizobia as endophytes.
Rhizobia have also been been found as common
rhizosphere colonizers of a wide range of plants
(Rovira, 1961; Höflich et al., 1995; Chabot et al.,
1996) and also as endophytic bacteria not only of
legumes (Sturz et al., 1997; O’Callaghan, 1999)
but also of nonlegumes; in these cases rhizobia
share their rhizospheric and endophytic habitats
with many other bacteria (Piceno and Lovell,
2000). Could it be that rhizobia were first
rhizospheric, then endophytic, and then nodule-
forming bacteria? Rhizobia show effects of plant
growth promotion (Höflich et al., 1995; Yanni
et al., 2001) that may be due to phosphate solubi-
lization, hormone production, and other traits. R.
undicola strains (formerly Allorhizobium) were
isolated as endophytes of banana plants and have
been found to be plant growth-promoting
rhizobacteria (PGPR) of plantlets derived from
tissue culture (Lucía Martínez, personal commu-
nication).

There are indications of some degree of adapta-
tion between local plants and endophytic rhizobia
(Gutiérrez-Zamora and Martínez-Romero, 2001).
Beneficial effects of local endophytes on crop plants
have been shown in Brazil, whereas when several
Chinese isolates were tested with Californian rice
varieties, no increases resulted (Phillips et al., 2000).
In that study decreases in plant development were

obtained with a Herbaspirillum strain (identified on
the basis of its 16S rRNA gene sequence). When the
same Californian varieties were tested with locally
isolated endophytes, plant growth promotion was
observed with isolates such as Pantoea (Phillips
et al., 2000; unpublished results). A large diversity
among rice endophytes has been recorded recently
(Watanabe et al., 1979; Ueda et al., 1995; Barraquio
et al., 1997; Engelhard et al., 2000; James, 2000). In
addition, azorhizobia were found in a survey of
endophytic bacteria of native races of rice in Nepal
(Engelhard et al., 2000). In this case there was no
clear association of the rhizobial endophyte with
legumes. In Africa, photosynthetic bradyrhizobia
were found as natural endophytes of wild rice
(Chaintreuil et al., 2000). These photosynthetic
bradyrhizobia colonized the root surface and also
intercellular spaces but were rarely found intracellu-
larly. Furthermore, azorhizobia (Ladha et al., 1989),
former Agrobacterium-like and Bradyrhizobium
strains (Tan et al., 2001a), isolated from Sesbania
aculeata and Aeschynomene fluminensis colonized
rice endophytically. Their contribution to rice growth
remains to be established.

Continuing the discussion of co-selection and
adaptation of plants with bacteria, traditional le-
gume-cereal associations have been studied with
the hypothesis that rhizobia enriched in these soils
could have served as inocula of nonlegumes for
years. In Egypt, a 700-year-old tradition of culti-
vating rice in rotation with berseem clover pro-
vided the rationale for searching for rhizobia as
rice endophytes (Yanni et al., 1997). The rhizo-

FIGURE 4. Comparison of DNA sequences encoded by pNGR234a, the symbiotic plasmid of Rhizo-
bium sp. NGR234, and pMla, a 352-kb plasmid of Mesorhizobium loti strain MAFF303099. Highly
conserved regions are shown with the levels of DNA sequence identity given in %.
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sphere of field grown rice cultivated in rotation
with berseem clover contained about 1.7 × 106

indigenous R. leguminosarum bv. trifolii per gram
of soil. These clover-nodulating rhizobia natu-
rally invaded rice roots and achieved an internal
population density of about 1.1 × 106 endophytes
per gram of fresh weight of rice (Yanni et al.,
1997). In these fields there were records of lower
N-fertilizer requirements in the rice-clover rota-
tion than in rice monoculture. Nevertheless, the
contribution of N2-fixation by rhizobia to rice
does not seem to be substantial and other plant
growth promotion effects have been implicated.
A comprehensive review on this multinational
project has been published indicating that the rice-
clover rotation replaced 25 to 33% of the N-
fertilization required in the rice-only fields (Yanni
et al., 2001).

R. etli is a natural maize endophyte in tradi-
tional fields in Mexico, where there is an enormous
richness of R. etli strains that nodulate Phaseolus
vulgaris beans (Piñero et al., 1988 and reviewed in
Martínez-Romero, 2002). Bean and maize might
also have been co-domesticated as in Peru where
bean and maize are grown in intercropping sys-
tems with seeds of both species sown together
(Pineda et al., 1994). Mexican Indian and Peruvian
traditional agriculture is still based on maize-bean
associations, and in this way maize serves as a stalk
for the climbing bean. This type of agriculture
requires a fine developmental compatibility of maize
and bean and its advantages have been documented
(Souza et al., 1997). Unfortunately, modern agri-
culture has promoted maize and bean in monocul-
tures in order to facilitate harvest mechanization.
There is evidence that the application of N-fertiliz-
ers has inadvertedly favored beans with low ca-
pacities to fix nitrogen (Martínez-Romero, 2002).
It may be that maize cultivars unfavorable for en-
dophytic interactions have also been selected and
that the delicate association of bean-Rhizobium-
maize has been disrupted. Very good responses to
inoculation have been obtained with R. etli in origi-
nal maize races as well as in unimproved maize
varieties when cultivated in growth chambers and
in the greenhouse. The effects may be caused by
plant growth-promoting substances such as hor-
mones or lumichrome (Gutiérrez-Zamora and
Martínez-Romero, 2001) or by a suppression of

pathogens. The role of nitrogen fixation in this
association is currently under study.

Maize, like sugarcane, is a C4 plant that may
have less photosynthetic constraints to support
bacterial nitrogen fixation than C3 plants. The
discovery of nitrogen fixation in sugarcane opened
a new avenue of research in this area (Ruschel
et al., 1975; Boddey et al., 1991; Urquiaga et al.,
1992). To attain considerable levels of N2 fixation
in sugar cane, plants require nearly optimal con-
ditions of water, temperature, phosphate, and other
nutrients (Boddey et al., 1995). The determinant
role of the plant genotype on N2-fixation has been
recognized not only for sugarcane (Boddey et al.,
1995; Urquiaga et al., 1989) but also for rice (App
et al., 1986; Watanabe et al., 1987; Yoneyama
et al., 1997). The capacity of sugarcane to fix
nitrogen has been attributed to the fact that low
levels of chemical N-fertilization have been used
for this crop in Brazil for a long time. There are
several reviews on sugarcane endophytes (Boddey
et al., 1995; Baldani et al., 2000) and reports on
their in planta localization (James et al., 1994;
James and Olivares, 1998; Fuentes-Ramírez
et al., 1999). It seems that bacterial communities
are responsible for the nitrogen fixation process
(Baldani et al., 2000).

The possible mechanisms of entry of endo-
phytic bacteria into plant tissues have been re-
viewed (James et al., 1994; Reddy et al., 1997). It
is a common finding that plant cells occupied by
endophytes are dead (Hurek et al., 1994; Sprent
and James, 1995; Reddy et al., 1997), and this
constitutes an important contrast to the situation
in nodules. Interestingly, saprophytic intracellu-
lar rhizobia have been found in old alfalfa nod-
ules (Timmers et al., 2000). Little is known of the
rhizobial genes required to penetrate the plant as
an endophyte, but it seems that nod genes are not
required (Gough et al., 1997), and that flavonoids
enhance this process (Gough et al., 1997; Webster
et al., 1998). The physiology of Rhizobium as an
endophyte is unknown. Saprophytic S. meliloti
cells in alfalfa nodules exhibited a limited expres-
sion of nifH genes but did not fix nitrogen within
the limit of detection (Timmers et al., 2000).
Expression of nif genes was detected on rice roots
with Azoarcus (Egener et al., 1998) and with
Pseudomonas stutzeri (Krotzky and Werner, 1987;
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Vermeiren et al., 1998). Similarily, expression of
the R. etli nifB gene on maize roots has been
demonstrated (Martínez-Romero, unpublished).

While some genetic and physiological simi-
larities between endophytic and pathogenic bacte-
ria has been suspected, rhizobia as endophytes do
not normally induce pathogenic symptoms in plants.
The genetic differences distinguishing pathogens
from endophytes would be worthy of future analy-
sis. Looking to the future, Arabidopsis thaliana
seems to be a promising model plant with which to
study endophytic interactions (Gough et al., 1997;
Triplett, personal communication) because of the
availability of existing mutants and the knowledge
of its genome. A. caulinodans and even S. meliloti
have been found to colonize A. thaliana, however,
S. meliloti cells were detected only in low numbers
(Gough et al., 1996, 1997).

The relative contribution of rhizosphere and
endophytic rhizobia to plant growth promotion is
unknown. Do endophytes, being sometimes less
numerous than their rhizospheric counterparts
(Gutiérrez-Zamora and Martínez-Romero, 2001),
provide real benefits to the plants? This is a ques-
tion deserving of priority research in endophytic
associations. In this regard, it is worth mentioning
that in other systems bacteria-degrading recalci-
trant compounds seem to be enriched in endo-
phytic populations but not in the rhizosphere of
plants in contaminated sites (Siciliano et al., 2001),
and that endophytic bacteria of red clover are
considered responsible for the negative allelo-
pathic effects of clover on maize (Sprent and
James, 1995; Sturz and Christie, 1996). Endo-
phytic associations are gaining interest in the tra-
ditional field of nitrogen fixation research.

B. Rhizobia as Plant Growth-Promoting
Rhizobacteria (PGPR)

Plant growth promoting rhizobacteria (PGPR)
are a very small portion (2 to 5%) of rhizosphere
bacteria that are able to promote plant growth or
health when reintroduced in large numbers by
inoculation (Antoun and Kloepper, 2001). Early
studies on PGPR were performed mainly with
fluorescent pseudomonads and root crops such as
potato or beet. Plant growth promotion has been

observed in many crops (Höflich et al., 1994;
Antoun and Kloepper 2001) and forest trees (Holl
and Chanway, 1992) inoculated with different
Gram-positive or Gram-negative PGPR.

1. Root Colonization of Nonlegumes by
Rhizobia

The ability of a PGPR to colonize roots in the
presence of competing indigenous soil microflora
is a major key to success in inoculation with ben-
eficial bacteria. The PGPR strain R. leguminosarum
bv. trifolii R39, isolated from red clover nodules,
colonized the rhizospheres of pea, maize, and sugar
beet better than the PGPR strain Pseudomonas
fluorescens PsIA12 isolated from a wheat rhizo-
sphere (Höflich et al., 1995). Under field condi-
tions a rifampicin-resistant spontaneous mutant of
strain R39 established a stable population (6.3 ×
103 cfu per gram of fresh root) in maize roots
during the vegetative period (Wiehe and Höflich,
1995). A more elaborate study showed that 4 weeks
after inoculation, R39 was present exclusively in
the rhizosphere soil and the rhizoplane of maize
(Schloter et al., 1997). Fourteen weeks after inocu-
lation the maize root cortex and the intracellular
spaces of central root cylinder cells contained
microcolonies of strain R39. By using biolumines-
cent mutants, Chabot et al. (1996) observed that 4
weeks after seeding the two mineral phosphate-
solubilizing PGPR strains R1 and P31 of R.
leguminosarum bv. phaseoli were superior maize
and lettuce root colonizers compared with other
PGPR strains tested. However, the internal root
tissues of 4-week-old inoculated maize grown in a
silty clay loam contained endophytes, but were
free of Lux+ rhizobia. Maize root colonization by
strain R1Lux+ was not affected by P-fertilization
(Chabot et al., 1998). In a survey of bacterial endo-
phytes of cotton and sweet corn, McInroy and
Kloepper (1995) observed that B. japonicum was
present exclusively in the roots of both crops.

2. Effect of PGPR Rhizobia on Yields

Yield increases caused by inoculation of
nonlegumes with PGPR rhizobia have been reported
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in pot and field experiments. R. leguminosarum bv.
trifolii R39 promoted the growth of maize, spring
wheat, and spring barley in field trials performed
between 1985 and 1993 in a loamy sand soil in
Germany (Höflich et al., 1994). Inoculation of these
nonleguminous plants with R39 resulted in yields
that were significantly (P<0.05) increased by 6 to
8%. The two rice endophytes R. leguminosarum bv.
trifolii E11 and E12 enhanced rice grain yield by 46
and 42%, respectively, under field conditions (Yanni
et al., 1997). A 20% increase in shoot growth and
grain yield of the wild rice Oryza breviligulata was
obtained under greenhouse conditions by inocula-
tion with photosynthetic endophytic bradyrhizobia
(Chaintreuil et al., 2000).

Hilali et al. (2001) studied 100 strains of
R. leguminosarum bv. trifolii isolated from the
roots of wheat cultivated in rotation with clover in
two different regions of Morocco. Greenhouse
wheat inoculation assays performed in two differ-
ent soils showed that the endophytic strain IAT168
behaved like a PGPR (the 24% increases in shoot
dry matter and grain yields were significant at P
<0.1) in the loamy sand Rabat soil. However, in
the silty clay Merchouch soil, six strains had sig-
nificant (P<0.05) deleterious effects, stressing the
importance of choosing rhizobial strains that are
PGPR for all the plants involved in crop rotation
systems. Maize and lettuce growth promotion
under field conditions were obtained by inocula-
tion with two mineral phosphate-solubilizing
PGPR strains R1 and P31, of R. leguminosarum
bv. phaseoli (Chabot et al., 1996). Interestingly,
in a P-depleted loam soil in Quebec, strain P31,
significantly (P<0.05) increased lettuce shoot dry
matter yield when the soil was fertilized with half
of the recommended amount of P (35 hg ha–1

superphosphate). The yield was equivalent to that
obtained with the uninoculated control fertilized
with the recommended 70 kg ha–1 superphosphate.
Greenhouse radish inoculation trials with 266
strains of Rhizobium and Bradyrhizobium revealed
the existence of potential PGPR strains among all
the genera and species tested (Antoun et al., 1998).
No significant correlation was found between the
in vitro bacterial characteristics generally associ-
ated with PGPR activity (i.e., production of in-
dole 3-acetic acid, siderophores, or HCN and P-
solubilization) and radish yield. In fact, strain Soy

213 of B. japonicum, which produced the highest
increase of radish cultivar Pocker dry matter yield
(60% compared with uninoculated control), did
not exhibit any of the in vitro characteristics tested.
Other mechanisms of action such as induced sys-
temic resistance against pathogens (Ramamoorthy
et al., 2001) or competition and antagonism to-
ward other deleterious microorganisms might be
responsible for the beneficial effect of strain Soy
213. Beneficial genes expressed solely in planta
might also be present in this strain. However,
many strains harboring all these in vitro charac-
teristics did not produce plant growth promotion.
These observations indicate that plant yield is the
outcome of very complex interactions taking place
in the rhizosphere between plant roots, soil, and
rhizobacteria, and they underline the importance
of developing model systems to study the PGPR
mechanisms of action in planta.

3. Mechanisms of Action of PGPR
Rhizobia

PGPR exert their beneficial effect by using
one or more direct or indirect mechanisms of
action. By using a growth pouch gnotobiotic sys-
tem, Noel et al. (1996) observed that several strains
of R. leguminosarum bv. viciae promoted the early
seedling root growth of canola and lettuce. The
observed growth stimulation was associated with
the production of the plant growth regulators in-
dole-3-acetic acid (IAA) and cytokinin. The evi-
dence for this was that auxotrophic mutants re-
quiring tryptophan or adenosine (the precursors
of hormone synthesis) did not exhibit growth-
promoting effects to the same extent as the parent
strain did. The growth promotion of wheat and
maize inoculated with R. leguminosarum bv.
trifolii R39 in greenhouse and field experiments
was mediated by auxine and cytokinine produc-
tion (Höflich et al., 1994). Similarly, the benefi-
cial effect of the P-solubilizing R. leguminosarum
bv. phaseoli P31 on field grown lettuce cultivated
in a soil with low fertility was associated with its
ability to produce substantial amounts of IAA
(Chabot et al., 1996). The concentration of IAA
was increased in the rice root environment when
inoculated with rhizobia (Biswas et al., 2000a).
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Rhizobial inoculation also significantly increased
the uptake of N, P, K, and Fe by rice; however,
increased N uptake was not due to biological
nitrogen fixation. Rhizobial strains have also been
reported to promote growth and vigor of rice
seedlings, and this beneficial effect has led to
significantly increased grain yield at maturity
(Biswas et al., 2000b), although the mechanisms
of this were not elucidated.

The role of inorganic P-solubilization as a mecha-
nism in maize growth promotion was analyzed by
using two Lux+ mutants of R. leguminosarum bv.
phaseoli R1 with reduced solubilization activity
(Chabot et al., 1998). Barley yield and uptake of P,
N, K, Ca, and Mg were significantly increased by
inoculation with a P-solubilizing strain of
Mesorhizobium mediterraneum (Peix et al., 2001).
Under gnotobiotic conditions, in dual inoculation
trials of lettuce, a very significant interaction was
observed between Sinorhizobium meliloti and the
AM fungus Glomus mosseae. This translated into a
476% increase in shoot dry matter yield of 40-day-
old plants (Galleguillos et al., 2000), and the growth-
promoting effect reported was not accompanied by
an increase in root colonization by the AM fungus.
This observation suggests that the PGPR rhizobial
strain did not act as a mycorrhizal helper bacterium
(Budi et al., 1999), but that rather that the fungus
stimulated the PGPR activity.

The interaction between AM fungi and rhizo-
bia merits further investigation because rhizobial
Nod factors have been found to stimulate mycor-
rhizal colonization in nodulating and nonnodulating
soybeans (Xie et al., 1995) as well as Lablab
purpureus (Xie et al., 1997). Furthermore, the ad-
dition of Nod factors to suspension-cultured to-
mato cells induced a rapid yet transient alkaliniza-
tion of the culture medium (Staehelin et al., 1994).
This reaction is comparable to the one elicited by
chitin, and the lipochito-oligosaccharide Nod fac-
tors were found to be inactivated by plant chitinases.
As chitinases are induced by chitin and are associ-
ated with plant defense reactions against bacterial
or fungal attack, the hypothesis that rhizobia can
induce defense mechanisms in nonlegumes by re-
leasing flavonoid-induced Nod factors needs to be
verified. The finding that the arbuscular-mycor-
rhizal fungus Gigaspora margarita harbors endo-
symbiotic bacteria belonging to the genus

Burkholderia sp. (Bianciotto et al., 1996a) with a
potential P-uptake activity (Ruiz-Lozano and
Bonfante, 1999) combined with the knowledge
that rhizobia can attach to AM fungal mycelia and
spores (Bianciotto et al., 1996b) suggests that the
ecology of rhizobia in the mycorrhizosphere should
be investigated further. It would be revealing to
determine if endophytic rhizobia occur in AM fungi.

The lipopolysaccharides (LPS) produced by
R. etli strain G12-induced systemic resistance in
potato roots against infection by the cyst nema-
tode Globodera pallida (Reitz et al., 2000). LPS
reduced nematode infection at concentrations as
low as 0.1 mg ml–1. G12-induced systemic resis-
tance triggered a signal transduction pathway dif-
ferent from common or chemical induced path-
ways (Reitz et al., 2001). In fact, the reaction was
not accompanied by enhanced accumulation of
pathogenesis-related proteins such as chitinase
and beta-1,3-glucanase, and the lignin content of
the roots was not affected. This indicates that
lignified root cells acting as mechanical barriers
were absent. A recent study showed that G12 is
able to colonize the external and internal roots of
potato and Arabidopsis (Hallmann et al., 2001).
In the presence of Meloidogyne incognita, G12
also inhabited the interior of nematode galls in
high numbers.

Rhizobial strain YAS34 was selected from the
rhizoplane of sunflower based on its ability to pro-
duce large amounts of gel-forming exopolysaccharide
(EPS) and was identified as a Rhizobium sp. (Alami
et al., 2000). The inoculation of sunflower seeds and
soil with strain YAS34 in pot experiments signifi-
cantly increased the root-adhering soil in 15- to 16-
day-old plantlets. This was accompanied by increases
in shoot (up to +50%) and root (up to +70%) dry
matter yields under both normal and water stress
conditions.

Like other PGPR, rhizobia produce siderophores
that are strain specific (Reigh and O’Connell, 1993),
and they can utilize a large spectrum of these mol-
ecules to overcome iron starvation (Plessner et al.,
1993; Carson et al., 2000). Future research will
elucidate the importance of rhizobial siderophores
in the biological control of pathogens and the pos-
sible competitive advantage gained by rhizobia
through their ability to utilize siderophores of other
organisms (Plessner et al., 1993).
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The in vitro antagonism of rhizobia against
plant pathogenic fungi has been well documented.
In field experiments, strains of S. meliloti, R.
leguminosarum, and B. japonicum applied either
as seed dressing or as soil drench reduced infec-
tion by soilborne root fungi such as Macrophomina
phaseolina, Rhizoctonia solani, and Fusarium spp.
in both leguminous (soybean and mung bean) and
nonleguminous (sunflower and okra) plants
(Ehteshamul-Haque and Gaffar, 1993). Inocula-
tion with rhizobia resulted in increased shoot
length and fresh weight when compared with the
untreated controls.

The beneficial effects resulting from the use
of legumes in crop rotations or in intercropping
systems has conventionally been attributed to their
ability to form atmospheric nitrogen fixing sym-
bioses with rhizobia and other rotational benefits
relating to disease suppression (Robson, 1990;
Pineda et al., 1994; Graham and Vance, 2000).
However, considering the growing number of
observations of the PGPR activity of rhizobia
with nonlegumes, an additional beneficial effect
of legumes might emerge, because their ability to
supply the inoculum of PGPR rhizobia to the
companion or following nonlegume crop becomes
more fully understood. In fact, Biederbeck et al.
(2000) found that the rhizoplane of wheat culti-
vated for 20 years in rotation with lentil contained
over 10,000 times more rhizobia than that of mo-
noculture wheat. Roots of wheat cultivated in
rotation contained 68 × 103 endophytic rhizobia
per gram compared with 2 rhizobia per gram in
monoculture wheat. Similarly, Lupwayi et al.
(2000) estimated that the number of endophytic
rhizobia was 100 times greater in roots of barley
and canola grown after inoculated or uninoculated
peas than in the roots of continuously grown bar-
ley or canola.

VII. CONCLUDING REMARKS

Legumes have been an integral part of ag-
riculture for millenia because of their fixation
of atmospheric nitrogen and their capacity to
minimize the impacts of disease, pests, and soil
infertility when used in rotation with crops.
Rhizobial inoculants may greatly contribute to

N2-fixation by legumes if appropriate strains
that nodulate their host effectively and suit their
edaphic environment are applied. Strategies
have been developed for the selection and de-
velopment of elite inoculant strains and inter-
disciplinary research on environmental and
genetic factors that effect nodulation and N2-
fixation will continue to improve our under-
standing of rhizobial ecology. The establish-
ment of a database recording all pertinent
information available and the development of
models predicting the benefits of legume crop-
ping and inoculation would advance progress
in the exploitation of nitrogen fixation by le-
gumes.

An immense diversity of nodule bacteria
and even novel nodulating groups have been
discovered recently. It remains to be seen
whether these new discoveries contribute to
global nitrogen fixation and if these novel bac-
teria represent potential inoculant strains. His-
torically, rhizobial diversity has been deter-
mined from nodule isolates; however, recent
studies indicate that a greater diversity of soil
rhizobia actually exists than previously de-
scribed. Rhizobia are now considered endo-
phytes or rhizobacteria of nonleguminous plants,
and many of them show plant growth-promot-
ing effects. However, further research is re-
quired to elucidate their diversity, mechanisms
of interaction, and contribution to nitrogen fixa-
tion and plant growth.

Sequencing efforts have contributed to a rap-
idly improved understanding of rhizobial genomes,
and sequence analysis of whole genomes will
enable further comparison of genome structures.
Sequence information will also support the appli-
cation of novel tools such as microarray-based
expression analysis to reveal gene function. To
gain further insights into the interaction between
plants and rhizobia, the use of model organisms
that have been fully sequenced will support the
identification of genes involved in a given plant
or bacterial response.

Nitrogen fixation is one of the most important
biological processes on this planet, and a contin-
ued improvement in the understanding of the le-
gume/rhizobia interaction will be necessary to
sustain a food supply to its inhabitants.
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