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Abstract

As symbiotic systems are the most ecologically sound and the cheapest source of
fixed nitrogen, agricultural scientists have long wished to extend the host range
of rhizobia, with their excellent nitrogen-fixing ability, to the cereals rice and
wheat. Recent developments in cell biology techniques to remove the cell wall at
the apices of root hairs of a wide range of plants, both legumes and non-legumes,
as well as advances in Rhizobium genetics, have opened up new approaches to
the infection of cereals. Furthermore, the isolation and construction of new
Rhizobium strains which can induce nodule-like structures on the roots of differ-
ent rice varieties has re-stimulated interest in this area of agricultural research.
The nodule-like structures formed on the roots of rice seedlings are most proba-
bly a form of modified lateral root and vary enormously in their size and internal
structure. The best examples have vascular bundles associated with these root
outgrowths, and inter- and intra-cellularly located bacteria. The infected plant
cells appeared to be unstressed and the intracellular bacteria ‘packaged’ within
membranes. As yet, there is little hard evidence of infection thread formation
or precisely how these structures may be induced. Because the frequency of
formation of these ‘nodules’ is so variable, progress in this research area is slow,
but there are now sufficient observations to establish that a real phenomenon
exists, and it should therefore become a field of research in biological nitrogen
fixation.
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1. Introduction

The benefits to agriculture from the legume symbiosis with Rhizobium have
been widely recognized throughout history, and the international farming com-
munity has inoculated legumes with various strains of rhizobia since early this
century. Agricultural scientists have long held the wish to be able to transfer
the nitrogen-fixing ability of Rhizobium to other plant groups, especially to the
monocotyledons. The introduction of a similar bacterial seed inoculant system
for rice would be an ecologically sound and cheap supplement for nitrogenous
fertilizer. Over the last few years, a number of groups have been attempt-
ing to extend the Rhizobium-legume symbiosis to non-legumes by applying
various strains and conditions to induce nodule-like structures, with varying
degrees of success. We summarise the current knowledge in the field, as well
as unpublished results from our laboratories.

Despite the encouraging results from some laboratories, we cannot over-
state the importance of understanding the complex cytological and biochemical
events that underlie the development of the symbiosis. The considerable work
on Rhizobium and Bradyrhizobium- Parasponiasymbioses, for example (set out
below) is an attempt at understanding these principles through cellular and
molecular biology. It is clear from work on the other non-legumes that the key
to success may be the analysis, understanding and manipulation of the regu-
lation that controls host specificity. If there are to be working symbioses with
non-legumes, especially the monocotyledons, then a thorough working knowl-
edge of the system is paramount for further manipulation and improvement of
the crop.

2. Parasponia andersonit nodulation

In symbiotic associations between soil bacteria ( Rhizobium and Bradyrhizo-
bium) and the members of the plant family Leguminosae, the rhizobia infect
the root via either the root hairs or by crack entry (by entering the plant
through the small areas of damaged cells caused by emerging laterals or adven-
titious roots) and induce the formation of morphologically-defined structures
called nodules (Rolfe and Gresshoff, 1988). The only non-legumes known to
form nodules with either Rhizobium or Bradyrhizobium belong to the genus
Parasponia (Trinick and Galbraith, 1980) which are infected close behind the
growing tip of the tap root. Bacteria colonize the root surface at this infec-
tion zone and begin to erode the mucilage layer of the primary cell wall of
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epidermal cells within 24 hr of inoculation. Four days after inoculation, the
overlying epidermal layer ruptures and a mass of dividing cells emerges. This
region provides a site through which bacteria enter the root and colonize the
root cortex. No root hair infection occurs in the invasion of Parasponia plants.
Infection requires the initiation of cell division followed by the formation of in-
fection threads from bacterial colonies within the root cortex and the induction
of a lateral root below the site of cell division (Bender et al., 1987a,b). The
final structure is a lateral root swollen on either side of the central vascular
tissue by cortical cells filled with infection threads containing bacteria actively
engaged in nitrogen fixation.

An important finding has been that some strains of rhizobia can nodulate
both legumes and Parasponia, and we suggest that the widely differing nodu-
lation processes are largely plant determined and require the correct trigger(s)
from rhizobia. During these studies it was observed that not all rhizobia sur-
vive well within the cells of Parasponia plants or readily colonize their root
surface. Some rhizobia are very rapidly ‘rejected’ by the plant’s defences,
while other strains multiply on the roots of Parasponia without any obvious
plant reaction.

The genetic analysis of the nitrogen-fixing symbiosis between Parasponiaand
rhizobia has been a focus of the work on Rhizobium nodulation of non-legumes
in Canberra since 1980 (Bender et al., 1987a,b; Plazinski et al., 1985; Mclver
et al., 1989). These studies of the different Rhizobium and Bradyrhizobium
strains that can infect either legumes or Parasponia plants have shown that
the conserved nodulation genes nodA BC, needed for the curling of legume root
hairs, were not essential for the initiation of infection, i.e. not required for the
induction of cell division. However, these genes were required for Parasponia
‘prenodule’ development. In contrast, the regulatory nodD gene of Rhizobium
strains was essential for the initiation of infection. In addition, successful infec-
tion required not only nodD but a host specific nodulation (hsn) region which is
not needed for the nodulation of legumes. Agrobacterium tumefaciens carrying
this Parasponia-specific region, as well as legume nod genes, was able to form
nodules to an advanced stage of development on Parasponia plants. However,
these nodules were non-nitrogen-fixing and had fibrillar material associated
with the infection threads in the infected plant cells.
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3. Rhizobium induced changes in the growth of root hairs on cereal
roots

Earlier studies showed that specific recombinant Rhizobium strains contain-
ing the nodulation genes, nodABCD, could cause root hair curling and dis-
tortion (the Hac*/Had* phenotypes) on rice if they were carried on a vector
which had an enhanced copy number (Plazinski et al., 1985). These findings
showed that the expression of some of the Rhizobium symbiotic genes could
induce changes in the growth of root hairs similar to that observed on legumes.
The nodABCD genes are the minimum number of genes required for the for-
mation of the extracellular metabolites which cause the Hact phenotype on
legumes. These nodulation factors are lipo-oligosaccharides (LOSs) (Lerouge
et al., 1990) and if applied to the roots of white clover seedlings at a 107'° M
concentration the Hact response occurred, while application at 1078 M con-
centration induces both Hact and cell division in the root cortex. Thus, the
appropriate concentration of these LOS compounds can induce different plant
cell responses. The implication of these findings on rice root hair curling
was that Rhizobium metabolites will affect cells from both dicotyledonous and
monocotyledonous plants.

Other studies support the view that as a result of the activity of the
Rhizobium nodulation genes, the pattern of root hair growth on the mono-
cotyledons oat, rice and maize can be altered (Terouchi and Syono; 1990a,b;
Piana et al., 1988). Using microscopy studies, Terouchi and Syono (1990a,b)
established that the presence of the Symbiotic (Sym) plasmid was necessary
for R. leguminosarum bv. trifolii strains to attach to the root hairs of both
oat and rice seedlings. In addition, only Nod* strains of R. leguminosarum
bv. trifolii could reproducibly attach at a high frequency to the cell surface of
wall-regenerating rice protoplasts made from rice mesophyll cells. The authors
showed that R. leguminosarum bv. trifolii strains can extensively curl and dis-
tort the root hairs of oat seedlings without the addition of flavones, which had
to be added to cultures of R. meliloti and R. leguminosarum bv. viciae strains
before these latter Rhizobium strains could curl oat root hairs (Terouchi and
Syono, 1990a). The possibility that oats excreted compounds which can induce
Rhizobium nod genes of R. leguminosarum bv. trifolii strains was tested and
confirmed, although the possibility that the root hair deformation response
in oats might be more sensitive to Rhizobium extracellular products needs to
be investigated. Piana et al. (1988) reported that a transconjugant strain,
Azospirillum brasilense carrying the nodulation genes of R. meliloti, can in-
duce root hair curling on maize and medicago seedlings.
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4. Infection of Rice Seedling Roots

The results from three laboratories (in UK, China and Australia) indicate
(1) that some Rhizobium strains can infect and induce nodule-like structures
on the roots of rice seedlings and (2) that there does appear to be a large
variation between rice varieties in their sensitivity to these Rhizobium strains,
and (3) rhizobia because of their special properties (Table 1) appear to be the
more desirable bacterial group to use in experiments when attempting to infect
the roots of non-legumes with bacteria and induce a functional nitrogen-fixing
‘nodule’.

Recently, it was found that the treatment of seedling roots with a mixture
of cell wall-degrading enzymes, cellulase and pectolyase, could very rapidly re-
move the cell wall at the tip of root hairs of a wide range of crop plants, both
legumes and non-legumes, including cereals (Cocking, 1985). The Nottingham
group (Al-Mallah et al., 1987) extended these observations to show that root
hairs of white clovers treated with cell wall-degrading enzymes (cellulase-
pectolyase) removed a barrier to Rhizobium-host specificity and enabled the
normally excluded R. loti bacteria, inoculated in the presence of polyethylene
glycol (PEG) to infect plants at about 1% frequency and form nitrogen fix-
ing nodules. This is an important observation not only because the enzyme
treatment removes a barrier to infection but also to host specific regulation
of nitrogen fixation as well. However, this enzyme-PEG treatment of Lotus
corniculatus seedlings did not facilitate R. leguminosarum bv. trifolii to form
nodules on Lotus seedlings, but only to induce deformation and some curling of
the root hairs. Thus, the success of facilitating nodulation by the application
of this protocol is dependent on the particular plant being tested.

Table 1. Advantages of Rhizobsum for rice nodulation

e Both Rhizobium and Bradyrhizobium strains can colonize and infect the roots of
legumes without eliciting plant defence systems.

e Rhizobia have evolved regulatory genes which respond to specific plant signals as part
of the control of the expression of their invasion genes.

e Rhizobia can reside either intercellularly or intracellularly in legume roots without
inducing host cell death responses.

o Both Rhizobium and Bradyrhizobsium strains, which can fix nitrogen under in vitro
conditions, are available.

o Different Rhizobium strains can often erode the mucigel slime layer and the surface
epidermal cells of legume roots.

o Rhizobium-derived signals can distort plant cell differentiation and cell division, a
prerequisite for nodule formation.
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Subsequently, nodulation of non-legumes was also achieved at low frequen-
cies by applying rhizobia in the presence of PEG and calcium chloride to
enzyme-treated roots of both the monocotyledons, rice and wheat, and the
dicotyledon, oilseed rape (Al-Mallah et al., 1989; Cocking et al., 1990). These
nodule-like structures were induced on the roots of some varieties of rice and
not others (Table 2). Taipei 177 was the most successfully infected rice variety,
as nodule-like structures were formed after all enzyme-PEG treatments with
different Rhizobium strains. However, Rhizobium leguminosarum bv. trifolii
which induced up to 7% of the inoculated Taipei 177 plants to form ‘nodules’,
failed to induce such structures on variety Taipei 309 (Table 2).

The nodular structures that formed were either spherical or elongated and
their formation on rice seedlings roots depended on the use of the enzyme-
PEG protocol. The internal organisation of these nodular structures was usu-
ally composed of irregularly-shaped plant cells, large air spaces and bacteria
present in the intercellular spaces and within some of the outer layer cells of
the ‘nodule’. The plant cells associated with intracellular bacteria were either
dead or degenerated. The bacteria were also often associated with fibrillar
material (Al-Mallah et al., 1989). No nitrogen was fixed in these structures
(Al-Mallah et al., 1989; Cocking et al., 1990).

A different approach to the nodulation of rice came from a group in China
who reported that Rhizobium sp. from the legume Sesbania cannabina could

Table 2. Responses of rice varieties to Rhizobium inoculation

Characteristics IRNG rice nodulation experiments (% nodulation)
of Rhizobium
inoculant Nottingham Beijing Canberra
(UK) (PRC) (Australia)
Taipe1 177  Taipei 309 Lianjiang Calrose
Yuefu Echuca
Jiangxi 80074 Lemont

Enzyme-PEG treated

rice seedlings plus

rhizobia

R. loti 1.5 0.7
R. I bv. trifolii 7.3 0
R. loti+ R.lL bv. trifolii 157 2.5

Sesbania cannabina
Rice rhizobia strain Rr2 54.0-66.7

Transconjugant
Rhizobium strain 0.1-0.25
ANU536
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nodulate seedlings of some varieties of rice at a frequency of up to 67% (Jing
et al., 1990; Li Guang-Shan et al., 1991). These workers used bacteria orig-
inally from §. cannabina to inoculate a hybrid rice variety DS. Small milky
white nodules appeared within 15 days and these structures gradually became
brown on their surface and grew to 2-3 mm in diameter by 35-40 days af-
ter inoculation. Bacteria were isolated from these rice ‘nodules’, purified and
re-tested on the hybrid rice DS and three local Chinese varieties, Lianjiang,
Yuefu, and Jianxi 80074, as well as S. cannabina (Table 2). These nodule-like
structures were spherical and when sectioned were similar in construction to
soybean and S. cennabine nodules. Within the ‘nodules’ there were structures
interpreted to be infection threads, plant cells filled with bacteria encapsulated
in membranes, and the bacteria had presumptive polyhydroxybutyrate (PHB)
granules present. The general appearance was like that of an ineffective in-
determinate nodule. In the earlier report from this group, nitrogen fixation
was apparently observed by measuring acetylene reduction, however, adequate
controls were not included. The important implications of these studies re-
quire extensive repetition in other laboratories before they should be widely
accepted.

5. Construction of a Rice-Nodulating Rhizobium Strain

The genetic analysis of the different Rhizobium and Bradyrhizobium strains
that infect Parasponia, along with the microscopic investigation of the
Parasponia symbiosis, has enabled the construction of a Rhizobium strain
which can nodulate rice without added phytohormones. This bacterial con-
struction had the properties that Rhizobium strains required for the successful
invasion of Parasponia: (1) an ability to induce erosion of the root surface
layer of cells; (2) an ability to induce cell division in the sub-epidermal layer
of root cells; and (3) contained an allelic form of the regulatory gene (nodD)
which can interact with signal compounds produced by rice roots and cause
induction of the normally unexpressed Rhizobium nodulation genes.

The basic Rhizobium strain R. leguminosarum bv. trifolii strain ANU 843,
used in this construction, does not induce the defence responses of Parasponia,
it erodes the root surface epidermal cells and induces root cortical cell division.
Into a derivative of this strain (ANU 851, a nodD mutant) was inserted a
nodD which was shown to respond to signals from the root exudates from
rice seedlings and cause root hair distortions. This nodD gene was cloned
into a high copy number vector to supply multiple copies of the regulatory
gene and help ensure optimal nod gene regulation. This genetically engineered
strain ANU 536 occasionally formed nodules on rice seedlings of variety Calrose
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without any other additions at a low frequency of 0.25% (Fig. 1a and Table 2)
(Rolfe and Bender, 1990). The nodule-like structures were small, white, and
contained bacteria. Sections of one of the best structures had vascular bundles
associated with the root outgrowth (Fig. 2a). One of these structures examined
in some detail had an internal structure resembling that found within legumes
and contained membrane encapsulated bacteria which often appeared to have
inclusions resembling refractile granules of PHB (Fig. 2b). Furthermore, the
infected plant cells did not appear stressed by the presence of the packaged
bacteria.

So far we have been able to initiate nodule-like structures on three rice
varieties readily available in Australia, short grain varieties, Calrose (Fig. la)
and Echuca (Fig. l1c-e), and long grained variety, Lemont (Fig. 1b and Fig. 3).
The seedling nodulation frequencies on these varieties were low, but similar
in each case (between 0.10% to 0.25%) with small creamy white structures
being formed (Table 2). Where bacteria were observed within these induced
structures they were usually found between cells or in dead and dying plant
cells. These bacteria also appeared to contain refractile PHB granules.

6. Future Developments

As an approach towards the development of Rhizobium inoculant for rice,
an International Rice Nodulation Group was established by the Rockefeller
Foundation to (1) select the best Rhizobium-rice cultivar combination that
gives the highest reproducible frequency of nodulation; (2) use a detailed light
and electron microscopy study of the infection of the roots of the rice seedlings
to help design a more invasiveinoculum strain; (3) to investigate the Rhizobium
genetics and possible gene amplification processes that may be involved 1n
the “adaptation” of rhizobia and their interaction with rice plants, and (4)
use the above findings to modify this plant-microbe association into one that
stimulates the growth of rice plants in the field. This stimulation could be due
to bacterial-derived phytohormone effects, as well as to a contribution from
fixed nitrogen.

The work is labour intensive and progress is slow, with a lot of variation in
the frequency of formation of nodule-like structures. Identification of the vari-
ous physiological factors that influence the induction of these root outgrowths
is needed, although the growth status of the inoculated plants on nitrogen-free
media and the pH of the growth media appear to be important for success.

One recent finding that might prove to be very important in strain develop-
ment is the nodulation of oilseed rape in the absence of enzyme-PEG treatment
when roots were inoculated with Rhizobium strain RP501 (Cocking et al., 1990)
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Figure 1. Nodule-like growths (stars in a-d) on three varieties of rice infected by the
Rhizobium construct ANU536. (a) Short grain variety Calrose; (b) long grain
variety Lemont; (c-e) short grain variety Echuca. In Figure e the nodule-like
growth in the upper part of this scanning electron micrograph can be compared
to a lateral root outgrowth in the lower part. Bar in Figure d represents 300 pm
for Figures a—d. Bar in Figure e is 100 pm.



354 R.W.RIDGE ET AL.

¥

\

N

-
)

&
q-'v

IR

Figure 2. Sections of the best example of a nodule from the short grain variety Calrose
infected by ANU536. The ‘nodule’ shows considerable internal structure, includ-
ing vascular bundles (circled in a); bacteria (arrow in b) were found inside liv-

ing cells, surrounded by a membrane. No infection threads were found. Bar in
{a) = 30 pm; Bar in (b) = 1 um.
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Figure 3. Nodule-like growths (arrowheads) on the long grain variety Lemont after infection
by ANU536.
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or Bradyrhizobium strain CP283 (Cocking, personal communication). Further
analysis of the evolved invasion of the non-legume plant Parasponia might still
be the quickest way to extend the host range to other non-legumes.
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