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ABSTRACT

BoPan

In the N2 fixing legume symbiosis~ minerai nitrogen (N) not ooly decreases N2 fixatio~

but a1so delays and inhibits the fonnation and development ofnodules. The purposes of

this thesis were to elucidate the role ofsignaling in the minerai N effects on nodulation

and nitrogen fixation in soybean [G{ycine max (L.) Merr.] and to attempt to find ways to

overcome this inhibition. The responses of soybean plants~ in tenns ofdaidzein and

genistein synthesis and exudation, to different minerai N levels were studied. Daidzein

and genistein distribution patterns varied with plant organs~ minerai N levels~ and plant

development stages. Mineral N inhibited daidzein and genistein contents and

concentrations in soybean root and shoot extracts, but did not affect root daidzein and

genistein excretion in the same way. In both synthesis and excretion, daidzein and

genistein were not affected equally by minerai N treatments. Variability existed among

soybean cultivars in the responses ofroot daidzein and genistein contents and

concentrations to minerai N levels. The amount ofdaidzein and genistein excreted by

soybean roots did not a1ways correspond to the daidzein and genistein contents and

concentrations inside the roots. On the Bradyrhizohiumjaponicum side~ nod gene

expression was inhibited by minerai nitrogen. Genistein was used to pre-incubate B.

japonicum cells or was applied directly into the plant growing medium. The results

showed that genistein manipulation increased nodule weight and nodule nitrogen fixation

under greenhouse conditions, but interactions existed among soybean cultivars, genistein

concentrations and nitrate levels. Similar results were found under field conditions.

Soybean yield was increased on sandy-Ioam soil by preincubation ofB. japonicum ceUs

with genistein. Addition ofgenistein beginning at the onset ofnitrogen fixation aIso

improved soybean nodulation and nitrogen fixation. Soybean cultivars had different

sensitivities to genistein addition. Addition ofgenistein partially overcame the inhibitory

effect ofminerai N on nod gene expression.

Other studies a1so show that temperature affected genistein and daidzein content

and concentration in soybean roots. The effect oftemperature varied among soybean

cultivars.
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Some PGPR strains can mitigate the negative effects ofnitrate on soybean nodulation and

nitrogen fixation, however, this is influenced by soybean genotype. Applying PGPR

together with genistein preincubation ofB. japonicum ceUs improved soybean nodualtion

and increased yield. The level of improvement varied among soybean cultivars and

PGPR strains. Preincubation ofB. japonicum ceUs with genistein irnproved strain

competitiveness under greenhouse, but not field conditions.

OveraU, these findings suggested that both plant-to-Bradyrhizohium and

Bradyrhizohium-to-plant signais play important roles in the effects of minerai N on

nodulation and N fixation. Signal manipulation could partiaUy overcome the inhibitory

etfeets ofminerai N on soybean-B. japonicum N fixation symbiosis.

ii
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RÉsUMÉ

BoPan

Chezles plantes fixatrices d'azote (N)~ l' N minéral inhibe la formation et le

développement des nodules. Le but de cette thèse était d'élucider le rôle deomolecules

signales das la repression de la nodulation tede la fixation por le N~ chezle soja [Glycine

max (L.) Merr.] et de trouver un moyen pour vaincre cette inhibition. On a étudié la

sYnthèse et l'exsudation de la daiclzeine et de la génisteine parle soja en réponse à

différents niveaux d'N. La distribution de la daidzeine et de la génisteine dépendait du

stade de développement et de l~organe végétal et du niveaux d'N. L'N minéral réduit la

concentration de la daidzeine et de la génisteine dans les extraits de tiges et de racines

mais n'a pas affecté l'excrétion de ces deux produits de la même façon. Les différents

niveaux d~N n'oot pas affecté la SYnthèse et l'excrétion de la daidzeine et de la génisteine

de la même façon. Les concentrations de la daiclzeine et de la génisteine dans les racines

des différents cultivars de soja en réponse à l'N étaient variables. La quantité de

daidzeine et de génisteine excrétée par les racines ne correspondait pas toujours à la

quantité sYnthetisée dans les racines. L'N a inhibé l'expression du gène nad de

Bradyrhizobium japonicum. La génisteine a été utilisée pour la pré-incubation de B.

japonicum ou en application directe dans le milieu de croissance des plantes. Dans un

environnement contrôlé~ la manipulation de la génisteine a causé une augmentation de la

masse des nodules et de la fixation azotée~ mais il y avait une interaction entre les

concentrations de génisteine~ les cultivars de soja et l'N. Des résultats similaires ont été

trouvé aux champs. La pré-incubation de B. japonicum avec de la génisteine, a augmenté

le rendement du soja sur un loam sableux. L'addition de la génisteine en début de

fixation a amélioré la nodulation et la fixation dl N par le soja. L'addition de la

génisteine a partiellement surmonté l'effet inhibiteur de l'N sur l'expression du gène nod.

D'autres études montrent que la température affecte la concentration de la

daidzeine et la génisteine dans les racines du soja. L'effet de la température était

différent selon les cultivars. Quelques souches de rhizobactéries qui favorisent la

croissance des plantes (RFCP) ont pu atténuer les effets négatifs du nitrate sur la

nodulation et la fixation du soja. Cependant ceci fut influencé par le gêno type de soja.
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L'application de RFCp au moment de la pré-incubation de B. japonicum avec la

génisteine a amélioré la nodulation du soja et a augmenté le rendement. L'amélioration a

varié avec le cultivar de soja et la souche de RFCP utilisés. La pré-incubation de B.

japonicum avec la génisteine a amélioré la compétitivité des souches dans les serres mais

non aux champs.

En somme, ces résultats suggèrent que le signal de la plante à B. japonicum et de

B. japonicum à la plante joue un rôle important dans l'effet de l'N sur la nodulation et la

fixation de l'azote. La manipulation du signal pourrait partiellement surmonter l'effet

inhibiteur de l'N sur la symbiose soja-B. japonicum.

iv
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Section 1. GENERAL INTRODUCTION

1.1 Introduction

Nitrogen (N) is an essential element for the growth and development ofail organisms.

However~ most life forms are unable to use N2 directly. The forms ofN usable by plants

are present in limited supply in the soil and are easily lost by leaching, denitrification and

volatilisation. Because crops generally require relatively large amounts ofN for growt~

it frequently becomes the most limiting soil nutrient. N fertilizer ranks tirst among the

extemal inputs required to maximize outputs from agriculture. It is aIso one of the most

important factors in fostering the human population expansion ofthe 20tb century (Smil,

1997). As a result of massive introduction ofN fertilizer, many deleterious

environmental consequences have been created. Problems range from local health to

global changes, from deep underground to high in the stratosphere.

Soybean is one of the most important oilseed crops and high protein feed

supplements for humans and livestock in the world. Soybean production has dominated

world oilseed production during tms century. Soybean production in Quebec has risen

sharply, from less than 3,000 ha in 1986 to about 120,000 ha in 1998.

As a nodulting legume, soybean [Glycine max (L.) Merr.] forros an N2 fixing

symbiosis with Bradyrhizobium japonicum and Sinorhizobium fredii. Soybean N fixation

can provide the plant with a source ofN additionaI to that in soil, and reduce the farmer's

dependence on fertilizer N. Soybean has been a valuable rotation and intercropping crop

and has contributed enormously to the sustaining ofagriculture since ancient times. The

N fixation ability, nutrient value and environmental adaptation ensure that soybean will

continue to be an important world food crop in an era of increasing food demand and

concems for the sustainability ofagricultural production systems (Keyser and Li, 1992).

With limited land on which to expand and the emphasis on sustainable systems, increases

in soybean production will come mostly from increases in yield per unit area.

Improvements in biological N fixation can help achieve tms goal.

Legumes, including soybe~ frequently fail to achieve maximum N2 fixation

under field conditions (Atleins, 1994). Any one ofmany factors, which simply liroit plant
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growth, could be responsible for yield depression (Lie, 1974). There are also a number of

limitations intrinsic to legumes, which are imposed by the nature ofthe symbiosis itself

(Quispel, 1974). Mineral N is a unique factor in that it promotes plant growth, but

inhibits legume nodulation and N fixation in N-rich soils or foUowing application ofN

fertilizer.

Mineral N affects every stage ofsymbiotic development and both partners in the

symbiosis (for reviews see Slreeter, 1988; Carroll and Mathews, 1990). There is, as yel,

no convincing evidence to explain the mechanism ofthese effects, although several

explanations have been postulated. Signal production and exchanges ofrhizobia

(oodulation factors) and hast plants (nod gene inducers, such as isotlavonoids) have been

studied in recent year (Promé and Demont, 1996; Verma, 1992). The intention ofthis

study was to investigate the effects of minerai N on signal production ofhost plants and

rhizobia. It is hoped that such an investigation will contribute to the understanding ofthe

mechanisms ofminerai N inhibition ofnodulation and N2 fixation, help to overcome the

inhibitory etfect ofminerai N, increase N accumulation., and reduce the reliance ofboth

soybean and the following crops on expensive and potentially polluting N fertilizer.

1.2 Hypotheses

General hypothesis:

B. japonicum and soybean signal production and exchange control nodulation (nodule

foonation process including root hair curling, infection thread formation and nodule

initiation) and nitrogen fixation (function ofnodule, that is nitrogenase activity), such that

environmental factors, which affect nodulation and nitrogen fixation., interrupt signal

production and exchange. Thus, nodulation and nitrogen fixation can be improved

through signal manipulation.

Specifie hypotheses:

1. Mineral nitrogen affects the synthesis and excretion of isof1avonoids by soybean

plants.

2. Mineral nitrogen affects B. japonicum nod gene expression and Nod factor

production.

3. Variation exists among soybean cultivars for flavonoid sYDthesis and exudation.
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4. Manipulation of signalling, by addition ofgeniste~ can partially overcome the

inhibitory etfeets ofminerai nitrogen on nodulation and nitrogen fixation.

S. Plant growth promoting rhizobacteria can improve soybean nodulation.

6. B. japonicum strain competitiveness is related to signal production and exchange.

Based on the hypotheses, the following objectives were formulated:

1.3 Objectives

General objective:

To determine the effects ofenvironmental factors (mainly minerai N) on the signal

production and exchange during the establishment ofthe soybean N2 fixing symbiosis.

Specifie objectives:

1. To determine temperature effects on daidzein and genistein synthesis in three soybean

cultivars.

2. To determine the effect ofgenistein addition to the rooting medium at the onset of

nitrogen fixation on nodulation and N fixation.

3. To determine the level ofvariation among soybean cultivars for daidzein and

genistein synthesis and exudation at different nitrate levels.

4. To determine the degree ofcorrelation ofdaidzein and genistein production by

soybean roots with soybean nodulation.

S. To determine the effects ofminerai nitrogen levels on genistein and daidzein

concentrations and contents in soybean tissues and exudates.

6. Ta determine the relationships ofdaidzein and genistein concentrations in various

plant parts.

7. Ta determine the effects of root growth environment on daidzein and genistein

synthesis and exudation.

8. Ta determine the effect of incubating B. japonicum cells with genistein on strain

competition.

9. To determine PGPR effeets on minerai N inhibition ofsoybean nodulation and N

fixation.

10. To determine the combined effeets ofPGPR and genistein on nodulation and N

fixation.
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Section 2

GENERAL LITERATURE REVIEW

2.1 Soybean

Soybean [Glycine max (L.) Merr.] is one of the most important oilseed crops and protein

sources for humans and livestock in the world. It has been a valuable rotation and

intercropping crop, usually with corn (Johntson et al, 1975). Soybean production has

dominated world oilseed production during this century.

Soybean is a subtropicallegume. The symbiotic association ofB. japonicum with

roots ofsoybean provides an N input system to the plant. Altematively, nitrate is readily

taken up from the soil by soybean roots and provides a second N input system. Both

symbiotic N2 fixation and N03- utilization May be essential for maximum yjeld (Harper,

1974).

The cultivated soybean is diploid and is part ofthe genus Glycine Wild that

belongs to the subfamily Papilionoideae ofthe family Leguminosae (Hymowitz and

NeweU, 1981). The root system ofsoybean is diflùse and consists ofa taproot, which

usuaUy cannot be distinguished from other roots of similar diameter, with a large number

ofsecondary roots that in tum support roots ofhigher order. In addition, multi-branched

adventitious roots emerge from the lower portion of the hypocotyl. At maturity the root

system May be extensively nodulated.

The soybean-Bradyrhizobium symbiosis can fix about 300kg N ha-1 under good

conditions (Keyser and Li, 1992). Nitrogen fixation generally reaches a peak at early

pod-fill and declines during late reproductive phases (Imsande, 1989). The plant

moblizes a large quantity ofN from vegetative tissue to meet the demand for seed N,

whereas the net rate of N03-uptake graduaUy declines throughout pod fiU. Therefore

nodulation on lateral and deep roots may be essential for maximum N2 fixation, in order

to match the high N demand during pod fill (Zapata et al., 1987).

Research on the bacterial panner, which is more easily manipulated by genetic

methods, but difficult to handle in ecological terms, has shown that most processes in

nodulation are govemed by overriding plant control systems. These deal with the initial
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blueprint for the construction ofthe nodule, the strong plant defence systems that control

bacterial occupancy, the plantIs control ofcarbohydrate as weil as oxygen supply to the

encased bacteroid, and tinal1y the plant control ofnodule senescence (Gresshofl: 1993).

Early cross-inoculation studies showed that the plant genome and not the bacterium

control nodule structure. The entire developmental pathway needed for nodule formation

is plant encoded and requires the presence ofa particular plant genetic background

(Gresshof( 1993). The number ofnodules per plant is genetically limited (Fujita et al.,

1991).

2.2 (Brady)Rhizobillm

The ability to reduce N2 is limited to prokaryotes. Legumes and a few other plant

species have the ability to fix atmospheric N2 through symbiotic relationships with

Rhizobium (Sprent and Sprent, 1990). The bacterial component can live in soil but does

not fix N2 without the host (except at low P02 under laboratory conditions).

Rhizobia (i.e., nodule-fonning baeteria) are a heterogeneous group, which contain

at least four distinct genera: Rhizobium. Bradyrhizohium. Sinorhizobium and

Azorhizobium (Young, 1996). The slow-growing nadulation bacteria, which have

specific associations with soybean, are referred to as Bradyrhizobium. Sorne soybean

varieties can also nodulate with the fast growing Sinorhizobium fredii.

Bacterial ceUs exhibit various types of surfaces. Often they are surrounded by

capsules and/or layers of slime, chiefly composed ofacidic and neutral polysaccharides

(or sometirnes acidic polypeptides). Internai ta such layers is the outer most permanent

surfaces of the bacterial cell, the outer membrane ofGram-negative baeteria. The

membrane has a Iipid bilayer, whose outer leaflet is composed mainly ofabundant

lipopolysaccharides (LPSs). The outer membrane also contains abundant integral

proteins, but the polysaccharide portion ofthe LPS molecules restriets access to these

proteins.

Ecological research into the root-nodule baeteria has lagged behind genetic and

physiological work (Bamet, 1991). It requires rapid and reliable methods for strain
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identification. It is still not possible to define which aspects ofthe physical environment

are important in controlling the distribution and growth of (Brady)Rhizobium. In recent

years, a major development was a revival ofRhizobium microbiology, recognizing the

rhizosphere as a determining factor for efficiency ofsymbiosis and the bacterium as a

living soil organism rather as a Nod factory (IS-MPMI meeting report, 1997). There are

marked differences between strains in both the maximum temperature at which they can

survive and the range over which they will grow (Hartel and Alexander. 1984)

At this time, we know little about the distribution ofthe root-nodule bacteria at

either the global or microsite level, but the importance ofsuch data is being recognized.

The distribution ofhost legumes is another factor controlling the distribution of

(Brady)Rhizobium in soil populations. There is abundant evidence that the availability of

the specific host is not necessary for a strain's continued presence in the short term

(Brunei et al.. 1988), but is required ta maintain them in the longer term. There is

substantial variation within local populations ofnodule baeteria (Broughton et al., 1987),

supporting the concept that each site provides a range of niches which can maintain a

diverse population. The rhizoplane population and the proportion ofnodules formed by

introduced strains has been shawn ta decline with distance from the site of inoculation

(McDermott and Graham, 1989) possibly indicating that their movement is minimal.

Approximately 90 percent ofceUs of indigenous B. japonicum in an agricultural field soil

were attached to soil particles (Ozawa and Yamaguchî, 1986), a1though the remaining ten

percent offree ceUs May weil be sufficient for continued migration. The effects of

lowered sail water are also likely ta be important and the most likely explanation is that,

as sail water levels decrease, thinning ofwater films, emptying of sail pores and

reduction in the extent ofcontinuous water-fiIled pathways will reduce bacterial

movement and nutrient accessibility.

Our knowledge of the ecology of the nodule bacteria is still insufficient for it to

be ofpraetical use in the establishment of inoculant strains. CUITent research has ooly

emphasized the complexity of the problem.
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2.3 Nitrogen (N) Fixation

2.3.1 N and N2 ruation

N, a necessary element in the composition ofproteins, nucleic acids and other

major cellular components, is an essential molecular building block for the growth and all

organisms. However, most life forms, including aIl plants and animals, are unable to use

N2 directly. The usable forms ofN by plants (most notable, nitrate and ammonia) are

present in limited supply in the soil and are easily lost by both leaching and by

denitrification. Because crops generally require relatively large amounts ofN for growth,

it frequently becomes the limiting soil nutrient. N fertilizer has been one of the most

important factors fostering the human population expansion of the 20th century (Smil,

1997). N fertilizer ranks first among the extemal inputs required to maximize outputs in

agriculture and as a result contributes substantially to environmental poUution (Bohlool et

al., 1992).

Symbiotic nitrogen fixation is defined as the reduction ofatmospheric N2 to

ammonia through the symbiosis ofhost plants and nitrogen fixing baeteria. Biological

nitrogen fixation is estimated to convert 175 x 106 t ofN from N2 to ammonia every year,

whereas global industrial processes fix about 60 x 106 t.

2.3.2 Nodule Forntation

The development ofnitrogen-fixing nodules has been characterized as occurring

in a series of stages, each ofwhich may be influenced by one or more genes in each

syrnbiotic partner. These stages are listed as foUows*:

1. Root (rhizoplane) chemotaxislcolonization

2. Multiplication and colonization of the root surface

3. Marked root hair curling

4. Infection thread formation

5. Nodule initiation (meristem formation, differentiation)

6. Bacterial release into plant cells

7. Bacteroid development and multiplication
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8. Nitrogen fixation (nitTogenase activity)

9. Nodule persistence, senescence

These stages cao be roughly divided into three phases: recognition and infection

(invasion), nodule formation, and N2 fixation.

2.3.2.1 Signal Exchange and Recognition

Recognition is the initial step in a multi-step sequence leading to formation of

root nodules. The recognition process involves a specifie or selective response between

bacterial ceUs and the legume host root-haïr ceU. The molecular mechanisms of

recognition can be considered as a form ofceU-to-cell interorganismal communication.

2.3.2.1.1 Plant Signais to (Brady)Rhizobillm

The tirst exchange ofsignais involves the secretion of phenolic compounds,

isoflavonoids by host plants (peters and Verma, 1990). Isotlavonoids have been reported

in root exudates for many years (Rao. 1990). lsoflavonoids appear to have multiple roles

during several stages ofnodule development. Early in the symbiosis, the host releases

flavonoid signais that are perceived by the bacteria and trigger the co-ordinated

expression ofa series of nodulation (nod) genes (Long, 1989). Although nodD (nodD1)

genes in Rhizobium spp. are constitutively expressed (Rossen et al., 1985). nodD1

expression in B. japonicum is inducible by isof1avonoids or soybean seed extract

(Banfalvi et al., 1988). Eight isof1avones capable of inducing nod gene expression were

purified from soybeao seed extract and their structures determined (Smit et al., 1992).

Daidzein and genistein are the major components of soybean root exudates, which induce

the nod genes ofB. japonicum (Kosslak et al., 1987). Daidzein has less nod gene

inducing ability than does genistein (Sutherland et al., 1990). These two compounds are

synthesized constitutively and stored in the conjugated form (Graham et al., 1990).

These signal compounds are often excreted by the portion ofthe root with emerging root

hairs, the region that is Most susceptible to infection by (Brady)rhizobia (Verma, 1992).

Detailed studies with soybean roots showed that cotton string placed directiy on the root
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tip coUected more daidzein than string touching tissue 1 cm behind the tip (Grah~

1991). A study with 3-day-old alfalfa seedUng showed that l3-galactosidase activity was

present ooly in bacteria (nod::laz gene fusion) surrounding the root tip and in the region

ofyoung root hairs (peters and Long~ 1988).

Isotlavonoids originate from the phenylpropanoid pathway. They occur in

legumes grown under sterile conditions without exposure to any apparent biological and

environmental stress factors (Tiller et al.~ 1994). Their levels cao also be influenced by

the inoculation ofRhizobia (Pueppke et al., 1998). Eleven enzymes~ such as

phenylalanine ammonia lyase (pAL) and chalcone synthase (CHS), are involved in the

biosynthesis ofgenistein in soybean roots (Barz and Welle, 1992). Structural variations

in isoflavonoids released from different legurnes affect rhizobial nod gene transcription

and determine their host-plant specificity through interactions with NodD proteins

(Spaink et al., 1987).

As soon as it was established that sorne isotlavonoids are natural nod-gene

inducers, the molecular specificity of rhizobia for isotlavonoids was tested by supplying

numerous commercially available compounds. Those studies also showed that a C-7

hydroxylation (tlavone numbering system) contributed to activity in most systems (RoIre,

1988), but the availability of different NodD proteins and varying levels ofinducing

activity permitted no global conclusions about structure-activity relationships in

isoflavonoids. One concept from those studies, which has been supported by later work

with compounds actually released from legume plants, is that a weak nod-gene inducer

can attenuate the activity of a stronger inducer (Djordjevic et al., 1987). It is important

to understand the synthesis and exudation ofboth inducing and inhibiting compounds in

the developing legume root.

A nodC-nodZ fusion facilitated this work by detecting active molecules at far

lower concentrations than would have been possible with normal analytical methods.

These isotlavonoids occur predominantly in the form of7-0-g1ucoside-6"-O-malonate

conjugates (Graham et al, 1990). The f1avonoid conjugates are located in vacuoles

(Stafford, 1992). Seeds and roots ofcommon bean and alfalfa release different
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isotlavonoids. It is not known, for example, whether isoflavonoids extracted from

legume seeds with 2-butanone, also are released into aqueous solution during

germination. While luteolin activates the NodD1, but not the NodD2, protein in R.

meliloti, the bean isoflavonoids activate ail the three nodD gene produets in R.

leguminosarum. bv. phaseoli. Naturally occurring mutations in nodD genes could

dramaticaUy alter flavonoid-NodD interactions just as laboratory mutations do (Bum et

al., 1987; Spaink et al., (989).

Because release ofany compound from plants involves at least an energy cost

associated with gynthesis and possibly a cost for storage and/or exudation, it is reasonable

to expeet that plants regulate production ofnod-gene-inducing isoflavonoids. Such

controls relating to f1avonoid synthesis, storage, exudation, or modification after

exudation may operate at the genetic and/or biochemicallevel. On the other hand,

stimulation of isoflavonoid biosynthesis in the plants is a common feature ofmany

infecting micro-organisms irrespective ofwhether they are bacteria, fungi, viroses or

nematodes (for review see Dakora and Phillips, (996). In soybean roots, the formation

and exudation ofdaidzein, genistein and coumestrol can be elicited by pure Nod factors

from B. japonicum (Schmidt et al., (994). Works in Phillips's laboratory showed that

isotlavonoids are released as aglycones or glycosidic conjugates. The latter are less

active but have a higher solubility in water, and they can be converted to active forms by

bacterial glycosidases (Hungria et al., 1991; Maxwell and Phillips, (990). Rhizobium

strains were found having different abilities to converted the conjugated forms into

genistein and daidzein (pueppke et al., 1998).

Recourt et al. (1991) has determined that some ofthe enzymes of the

phenylpropanoid pathway increase in activity soon after inoculation. There are several

possible roles for isoflavonoids in the root after or besides infection. One is that new nod

gene-inducing isoflavonoids are secreted into the root environment (van Brussel et al.,

1990). These additional inducers May be required to induce nod gene expression in

rhizosphere or after infection; nod genes are expressed even after Rhizobium ceUs have

invaded the nodule (Sharma and Signer, 1990). Another possibility is that the root
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responds to Rhizobium inoculation as an infected plant to an invading pathogen.

Estabrook and Sengupta-Gopalan (1991) found that subsets of the PAL and CRS gene

familles are specifically induced in soybean roots after infection with B. japonicum, and

the symbiosis-specific PAL and CRS genes in soybean were not induced by stress or

pathogen interactions. Preculturing B. japonicum ceUs with 10J.lM genistein or daidzein

induced resistance against the phytoalexin glyceollin suggesting that transcriptional

regulation may be involved in this phenomenon (parniske et al., 1991). A third

possibility is that isof1avonoids disrupt the normal endogenous hormone levels ofthe root

by funetioning as endogenous auxin transport inhibitors.

The speetrum of secreted isotlavonoids may change with conditions, which May

have ecological and developmental consequences for the free-living rhiozbia (Lawson et

al., 1995). The presence of rhizobial ceUs around the roots cao alter how plants

syothesize and/or release nod-gene-inducing isoflavonoids. Studies with soybean showed

that roots inoculated with B. japonicum contained additional daidzein and genistein (Cho

and Harper, 1991a). Inoculation with an infeetive rhizobial symbiont causes a change in

the internai flavonoid pool ofthe root. This second wave of isoflavonoids leads to an

increased nod gene-inducing aetivity (Schmidt et al., 1994). Experiments with vetch

indicate the presence ofR /egllminosanlm. bv. viceae bacteria strongly affects the release

ofnod-gene-inducing isof1avonoids into root exudate (Recourt et aL, 1991; van Brussel et

al., 1990), and sorne new nod-gene inducers were released. Whether the new nod-gene

inducers released in the presence of rhizobia also regulate other, presently unkno~

bacterial genes remains to be determined. Another point that should be established in

these types ofexperiments is whether additional isotlavonoids that do not induce nod

genes are released by the plant in response to rhizobia. Ifsuch isoflavonoids are released

from legume roots in response to rhizobia, they could be part of the well-known plant

response to microbes and other elicitors which results in the release ofisoflavonoid

phytoalexins (Dixon and Lamb, 1990).

The concept that legume plants may control the level ofnod-gene-inducing

activity in the rhizosphere by releasing inhibitors (Firmin et al., 1986; Djordjevic. 1987)
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was supported by the demonstration that compounds released naturaIly trom aIfaifa roots

interact to affect nodC-nodZ transcription in vitro (peters and Long, 1988). Those data

indicate that the weak inducers~ 7,4'-dihydroxytlavone and liquiritigentin, present in root

exudate can decrease the effectiveness ofthe very strong nod-gene inducer 4,4'

dihydroxy-2'-methoxychalcone. Thus, it is conceivable that legumes can alter the

effectiveness ofa strong inducer in the rhizosphere by releasing weaker inducers which

would compete for binding NodD proteins. Flavonoid inducers ofnodulation genes

stimulate Rhizobium fredii USDA257 to export proteins ioto the surrounding

environment (Krishnan and Pueppke, 1993). The nod gene inducer genistein can alter the

composition and molecular mass distribution ofextracellar polysaccharides produced by

Rhizobium fredii USDA193 (Ounn et al., 1992).

Low concentrations of isotlavonoids cao affect the growth rate of

(Brady)rhizobia. In the case ofB. japonicum, one oftwo strains studied grew faster with

1J.lM daidze~ but not 10 flM (D' Arcy-Iameta and Jay, (987). The measured increases

in optical density~ viable ceU counts and total protein for R. me/ilon were reproducible

when ceUs were growing slowly on the defined mediu~ but no tlavonoid effect on

growth rate was detected when ceUs were growing more rapidly on a complex medium.

One important feature ofthese data lies in the fact that most microbes are generally

believed to be either resting or growing at less than optimum rates in sail. Thus growth

factors trom plants could favour development ofcertain bacterial populations.

The discovery that isotlavonoids are plant signals ta microbes has important

implications for understanding and managing soil ecosystems. A broad view of

isotlavonoids as plant signais to soil microbes recognizes that because plant genes are

responsible for produciog isotlavonoids, aIl the agronomie tools available for altering

those genes and for managing plant species that release certain isotlavonoids from living

or dead roots are available for modifying the tlavonoid profile of soils.

The effectiveness of isotlavonoids is found to vary between cultivars (Horvath et

al., 1986; Zaat et al., (988). Cho and Harper (199Ib) reported that there is a strong

positive relationship between root isotlavone concentrations and soybean nodule
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numbers. Exogenous abscisic acid application ioto the soybean root medium resulted in a

decrease in nodule number and weight in both hypemodulating and wild-type soybean

plants, and isoflavonoid concentrations also markedly decreased in response to abscisic

acid application (Cho and Harper, (993).

It has been reported that adding isotlavonoids to the rhizosphere ofalfalfa

increased nodulation and N2 fixation by R. meliloti under contralIed environment

conditions. In one example, 10 J,lM luteolin had a positive effeet on Hairy Peruvian

alfalfa (Kapulnik et al., 1987), in the other case 10 flM naringenin produced a similar

response in Rijka T9 alfaIfa (Jain et al., 1990). Presumably those results indicate that,

under the conditions of this experiments, the natural isoflavonoids released from seeds

and roots ofthose alfalfa cultivars limited nodulation. Thus adding more isotlavonoids

May have enhanced nodulation by promoting growth ofR. meliloti and by inducing nod

genes in a larger proportion of the rhizobial population. However, attempts to extend

these observations to other alfalfa cultivars by adding luteolin or 4', 4-dihydroxy-2' 

methoychalcone ta rhizosphere have not increased nodulation (for a review see Phillips,

1992). Addition ofgenistein directly into soil or incubation ofB. japonicum with

genistein increased nitrogen fixation under cool spring environment conditions (Zhang

and Smith, 1995). In addition to our present understanding as to which isotlavonoids are

released by legumes and how those compounds affect (Brady)Rhizobium, more detailed

studies to determine when and under what conditions isoflavonoids limit nodulation are

needed to clarifY the basis of these apparently contlicting results.

Data available for B. japoniclim show that not ail strains nodulating soybean

respond identically to isotlavonoids. The nod genes in B. japonicum USDAll 0, for

example, were induced by daidzein in the presence ofchrysin and naringenin, while the

daidzein effect on other strains was greatly reduced by those compounds (Kosslak et al.,

1990). Other workers, who tested approximately 1,000 compounds for inhibition of

genistein-induced transcription ofnodY-nodZ in B. japonicum, identified 7-hydroxy-5

methylflavone as a very strong inhibitor (Cuningham et al., 1991). Both studies

concluded that natural variation among B. japonicum probably will prevent chemical
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inhibitors ofnod-gene induction from being commercially useful (Kosslak et al., 1990;

Cuningham et al., 1991). An alternative method for favouring nodulation ofsoybean by

certain strains ofB. japonicum May involve the isotlavonoid-inducible no/A gene, which

allows Rhizobia to nodulate certain soybean genotypes (Sadowsky et al., 1991). Whether

that genotype-specific nodulation is based on the presence ofunique isof1avonoids has

not been reported.

Studies have shown that more than 30 genes in Sinorhizobium me/iloti have now

been found that are regulated by betaines, isoflavonoids, or water-soluble vitamins (IS

MPMI meeting report, 1997). The initial signal from the plant root is ooly capable of

inducing Nod factor SYnthesis in the appropriate baeterial symbiont (Cardenas et al.,

1995). Thus, colonization specificity is in sorne cases direeted by the plant signal (Long,

1996). Based on the study ofnod gene induction, it is possible to modify commercial

inoculant preparation to include nodulation gene-inducing compounds (Hungria and

Stacey, 1997). Altematively, it may be possible to select for legume host varieties that

produce large amounts or certain amounts ofnodulation gene-inducing compounds.

Lectins (carbohydrate binding proteins or glycoproteins) are found in seeds, roots,

leaves, and stems oflegumes. Those found on the root are often concentrated in the area

where nodule initiation occurs. Bohlool and Schmidt (1974) have proposed the

involvement of plant lectins in the recognition process. The biochemical role of the

lectins, and the symbiotic events, in which they participate, remain subject to debate.

Nodule morphogenisis appears to be elicited by at least two distinct signals: one

from (Brady)Rhizobium, a product of the nod genes (Nod factor), and a second signal,

which is generated within the plant tissues after treatment with Nod factor. Changes in

the balance of endogenous plant hormones or the sensitivity of plant tissues to these

hormones are likely to be involved. These hormonal changes may be triggered by

endogenous isotlavonoids produced by the root in response to inoculation with

Rhizobium (Hirsch, 1992). Long and Cooper (1988) reported that a plasmid causing

constitutive synthesis ofthe cytokinin and zeatin, aIIowed Nod- (nodABC) melilotin

mutants to cause partial nodule formation on alfalfa. Jacobs and Rubery (1988) reported
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that isotlavonoids are aIso naturalligands of the naphthylphthalamic acid receptor and act

as anti-auxins. Rhizobia cao produce auxins, gibberellins, and CYt0kinins (see references

in Torrey, 1986). IAA production by R. meliloti is stimulated by the addition of

isotlavonoids (prinsen et al., 1991). Taller and Sturtevant (1991) found that there was a

difference in the type ofCYt0kinins produced by R. meliloti after treatment with nod-gene

inducing isotlavonoids, implyffig that CYtokinin production May be NodD-regulated.

Hirsch et al. (1989) proposed that treating alfalfa roots with auxin transport inhibitors

could lead to an endogenous hormone imbalance which is rnanifested by ceU divisions,

the formation of pseudonodules, and the expression ofearly nodulin genes. But even if

such a block in auxin transport occurs in roots, it is not known whether the black results

in higher or lower concentrations ofauxin relative to the levels ofthe other endogenous

honnones in the pseudonodule-forming root segment. These findings have led to the

development ofa secondary signal model (Hirsch, 1992; Cooper and Long, 1994; Hirsch

and Fang, 1994) in which the initial baeterial signal is transdueted by a series of steps that

lead to changes in the activities of endogenous hormones (Long, 1996).

1.3.2.1.1 (Brady)Rhizobium Signais to the Legume Plant

The variety and range ofplants that forro nodules when infected by aoy one

rhizobial strain can vary enonnously. Rhizobium species NGR234 cao nodulate a very

wide range of legumes in over 70 genera. The range of plants nodulated is determined

principally by the baeterial nodulation (nod) genes, several ofwhich encode proteins that

are involved in the biosyothesis of nodulation signalling molecules (Nod factors)

(Dénarié et al., 1992). These substituted lipo-chitin oligosaccharides (LCOs, e.g. Nod

factor), which function as plant morphogens, consist ofa chito-oligosaccharide backbone

(B-l,4-linked N-acetylglucosamine residues) and carry an N-linked acyl group at the

terminal nonreducing glucosamine residue.

(Brady)rhizobial cells appear to produce complex mixtures ofLCO species. B.

japonicum strains make a variety ofNod factors, with one strain making more than ten

different structures (Carlson et al., 1993). The acyl groups May be C I8:1, C 16:0 or C 16:1
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depending on the particular str~ with C18:1 being the most common type mixtures of

Nod factors trom B. japonicum elicited the transcription ofearly nodulin genes in

soybean more efficiently than did the signal molecule species (Minami et al., 1996),

which could explain the diversity observed in Nod factor synthesised bya signal

rhizobial strain: different Nod factors could differentially activate plant genes involved in

the symbiotic process. Demont-Caulet et al. (1999) also reported that a mixture ofNod

factors was slightly more active than the synthetic analogue ofthe major natural product.

Nod factors can induce various root responses, e.g. root haïr deformation,

depolarisation ofthe root haïr membrane potential, induction of nodulin gene expression,

formation ofnodule primordia, induction oftlavonoid synthesis genes and induction of

mitosis (for reviews see Heidstra and Bisseling, 1996; Spaink, 1996).

Nod factor structure does not correlate with rhizobial taxonomy and phylogeny as

derived trom molecular studies of rRNA. but it correlates instead with the rhizobial host

range, indicating that a given plant has defined Nod factor structural requirements for the

triggering of symbiotic responses (Dénarié et al., 1996). Two genetically distant soybean

symbionts, B. japonicum and Sinorhiozbium fredii, both produce similar Nod factors

containing, on the reducing N-acetyl-glucosamine, an O-fucosyl substitution which May

thus be involved in recognition by their plant host (Sanjuan et al., 1992)

The nodA, nodB and nodC genes are conserved in all nodulating rhizobial strains.

Mutation ofany of these genes blocks nodulation completely and their products are

essential for the synthesis ofnod factors. NodC is similar in sequence to chitin synthase

and is involved in the biosynthesis of the oligosaccharide backbone (Geremia et al.,

1994). NodB is a chitin oligosaccharide deacetylase that removes the N-acetyl group

from the terminal glucosamine residue (John et al., 1993), and NadA (an acyl transferase)

is involved in the attachment of the fatty acyl chain to the deacetylated amine group

(Rohrig et al., 1994). NodM and NodN are also involved in the fonnation ofNod factors.

Many other nod-gene products contribute to the specificity ofNod factors by

modifYing their structures. These modification may be for protection against degradation

by the host plant or optimization ofbinding affinities for a specifie plant receptor
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(Spaink, 1996). Studies have suggested that the synthesis of the Nod factor core and the

modifying side groups cao be differently regulated (Cren et a1.~ 1995).

Modifications ofLCOs are believed to Mediate host range in rhizobia-Iegume

symbioses (Schultze and Kondorosi, 1995). Plant responses demonstrate an

interdependence ofbackbone length and the presence ofsubstitutions on the reducing

end. The plant recognizes lipo-chitiooligosaccharides without reducing end substitutions

despite the importance oÎthese modifications for host range (Stokkermans et al.~ 1995).

These data give further support to the hypothesis that the modifications ofthe chitin

backbone function to protect the molecule from hydrolytÎc enzymes rather than as a part

ofa species-specific lock and key-binding mechanism required for signal transduction.

The nodI and nodJgenes are often in the same operon as nodABC. NodI is

related to a large family of ATP-dependent membrane transporters and NodJ is a very

hydrophobie membrane protein (Evans and Dowinie~ 1986). Mutants ofR.

leguminosarum bv. trifolii lacking these genes secrete significantly lower amounts of

Nod factors than normal and accumulate the Nod factors in the ceUs~ showing that NodI

and NodJ are involved in secretion ofNod factors (Mckay and Djordjevic, 1993). R.

leguminosarum bv. viciae nodI or nodJ mutants secrete normallevels ofNod factors and

the Nod factors do not accumulate in the cell (Spaink et al., 1992), presumably because

an alternative secretion system is present.

The production, and in particular the excretio~ ofNod metabolites ofR.

leguminosarum bv, trifolii was restricted by a range ofenvironmental conditions which

are associated with poorer nodulation in the field. Lowered phosphate level~ lowered pfL

and lowered temperature all reduce production and excretion ofNod factors, with certain

combinations of these treatments causing the greatest reduction. The excretion rather

than production ofNod factors is more sensitive to certain environmental stresses, such

as low phosphate levels and high nitrogen concentrations (Mckay and Djordievic~ 1993).

Dusha et al. (1989) found that high levels ofKN03 (70 mM) do not affect the expression

of"odABC in R. melilot; (this does not necessarily indicate that Nod factors were

produced or excreted). In Mckay and Djordievic's study (1993), high levels ofKN03 or
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CNH4)2S04 were shown to substantially reduce the excretion ofNod factors by

ANU845m (pRI4003). Environmental conditions that permit the expression ofa gene do

not necessarily allow the functioning ofa metabolic pathway and the formation ofend

products. Measurement ofthe physiologically active products (Nod factors) May weil

have more value when we try to relate field-based observations to precise molecular

events.

Changes in nodule occupancy by different rhizobial serogroups as a result of

environmental change provide a pracrical insight into plant-microbe interactions that can

be related to the production and excretion ofNod factors. Previous studies (Almendras et

al., 1987; Mullen et al., 1988) have shown how nodule occupancy by different serogroups

ofrhizobia can be dramatically changed as a result of changes in the phosphate

concentration, growth temperature, or pH. These observed changes in nodule occupancy

as a result ofenvironmental change may weIl relate to differences in the abilities of

strains to produce and excrete Nod factors and hence to be competitive. The ability of

different strains to produce and release Nod factors is likely to be a major determinant of

nodule occupancy, strain competition in the soil and should be considered when

screening strains suitable for adverse environments.

Lipo-chitin oligosaccharide Nod factors can induce plant responses such as the

deformation ofroot hairs at concentrations as low as 10-12 M, implyjng that there is a very

high affinity receptor for these morphogens. At high concentration (such as 10-8 M), they

can induce nodule morphogenesis (Truchet et al., 1991; Stokkermans and Peters, 1994).

This is particularly clear with alfalfa (Truchet et al., 1991) and Glycine soja

(Stokkermans and Peters, 1994). In sorne legumes, including alfalfa and vetch, nodule

morphogenesis is initiated in inner cortical cells and the induction ofnodule

morphogenesis indicated that these cells could recognize Nod factors. However, this

could also have resulted from a secondary signal syothesized by, for example, root haïr

cells in response to Nod factors. As weU as inducing nodule morphogenesis, Nod factors

also stimulate the formation ofcytoplasmic bridges in cortical cells (van Brussel et al.,

1992), and it is these that fonn the pathway along which infection threads develop. Thus,
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the plant (rather than the baeteria) defines where infection threads grow and so where the

baeteria enter the developing nodule.

The tirst response observed after adding Nod factors is a depolarization ofthe

plasma membrane of root haïr ceUs ofalfalfa (Ehrhardt et al., 1992), thus providing a

rapid assay to evaluate early responses of root haïr ceUs and to use pharmacological

approaches to explore the transduction pathways. This depolarization starts within 1 min

ofadding the Nod factor and occurs with concentrations of 10.9_10-11 M. NodO has been

postulated ta amplify the etrect ofNod factors, and this May occur by facilitating the

uptake ofNod factors or by stimulation ofan ion flux across the plant plasma membrane

(Sutton et al., 1994). Depolarization ofplant cell membranes is often seen with bacterial

pathogens and elicitors of plant-defence responses.

Nod factors could potentially be transformed before they interact with the plant.

In the presence ofroots, Nod factors are rapidly degraded by plant chitinases and this

process is likely to play an important role in the fate ofNod factors both in the

rhizosphere and in the plant tissues (Staehelin et al., 1995). It was shown that structural

modifications in the Nod factors influence their stability against hydrolysis by purified

chitinases ofvarious plant species (Staehelin et al., 1994).

Certain oligosaccharides prepared by degradation ofmicrobial and plant cell walls

have been shown ta be involved in the control of plant gene expressio~and the term

oligosaccharins has been proposed to designate such molecules with regulatory activity

(Ryan and Farmer, 1991). Rhizobial Nod factors represent a novel c1ass of

physiologically-significant oligosaccharins, characterized by a chitinoligomer backbone,

mono N-acylated at the non-reducing end. Severallines ofcircumstantial evidence raise

the possibility that these rrnzobial signais are mimicking endogenous plant Molecules

involved in the control ofdevelopment. First, Rhizobium, Bradyrhizohium, and

Azorhizohium strains, despite being genetically very distantly related, praduce similar

Nod factors. Second, the fact that the nodABC genes are required for nadulation ofthe

non-Iegume Parasponia, strongly indicates that rhizobiallipo-chitooligosaccharidic Nod

factors are also able to elicit developmental responses in plants other than legumes.
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Third, Nod factors from R. leguminosarum bv. viciae can rescue embryo formation at an

unpermissive temperature with a mutant carrot cell lîne. The ability oftbis culture to

generate somatic embryos is temperature sensitive (De Jong et al., 1993). Purified Nod

factors also enhance significantly the expression of several cell-cycle rnarker genes in

microcal1us suspension cultures ofMedicago saliva. The Nod factors thus appear to

stimulate the progression of the cell cycle (Savoure et al, 1994).

Duelli and Noel (1997) reported that seed exudate (anthocyanins) and root

exudate ofPhaseolus vu/garis induce modifications ofrhizobiallipopolysaccharide. It

has become clear DOW that regulation ofthe synthesis of rhizobial surface

polysaccharides is an important factor in establishment ofan effective symbiosis, and that

nod genes encode ooly a part of the nadulation story (IS-MPMI meeting report, 1997;

Eggleston et al., 1996).

Mellor and CoUings (1995) presented sorne excellent hypotheses regarding the

relationsbips among Nod factors, plant defence reactions and nodulation.

2.3.2.2 Infection and nodule development

Root infection by (Brady)rhizohia is a multistep process that is initiated by

preinfection events in the rhizosphere. Bradyrhizohia respond by positive chemotaxis to

plant root exudates and move toward localized sites on the legume roots (Barbour et al.,

1991). Nodulation begins when (Brady)rhizobia attach themselves to epidermal cells.

Once near the root surface, (Brady)rhizobia cause alterations in the growth ofemerging

and growing root haies, leading to root hair curling. Epidermal cells with immature or as

yet unfonned root hairs are the usual sites for bacterial penetration (Bhuvaneswari et al..

L980). Elongated root hairs are sometimes infected, but tbis is rather unusual (Rao and

Keister, L978). Infected hairs are always shorter than mature intact haies, and they are

markedly curled. Bradyrhizobia enter the roots at the sites where roots hair cell walls are

hydrolyzed. The penetration occurs by invagination ofthe plasma membrane. Growth of

the infection thread is co-ordinated by the plant cytoskeleton in association with the

nucleus. Infection threads may branch witbin a root hair (Turgeon and Bauer, 1982). An
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infection thread, including its dividing bacteri~ grows 60 to 70 f.1m to the base ofthe root

haïr ceU. The host plant reacts by depositing new ceU wall material around the lesion in

the form ofan inwardly growing tube. The bacteria travel from host cell to host cell via

the infection thread and its branches. Infection thread formation and penetration are

relatively rare events.

Concomitantly with formation ofthe infection thread, cortical ceU divisions take

place several ceUs distant from the advancing infection thread to form a nodule

primordiu~ and the infection thread grows toward this primordium. In Glycine max, the

tirst divisions occur in the hypodermis and spread to the outer layers ofthe cortex

(Calevert et al., 1984). These mitoses increase cell numbers in the cortical layer, which

then becomes the main area ofinfected ceUs (Newcomb et al., 1979). The combination

ofmultiple threads and branching ofthreads in the cortex results in penetration ofmany,

but not all ofthese ceUs. The peripheral uninfected area becomes the nodule cortex,

which includes a scleroid layer and several vascular bundles. CeU division ceases early

durîng nodule development and the final form ofthe nodule results from cell enlargement

rather than cell division.

At sorne time during or foUowing mitotic activity, rhizobia are released into the

cytoplasm ofindividual target ceU through a small thin area on the surface of the

infection threads. The bacteria are enveloped by a plasma membrane ofplant origin,

called the "peribacteroid membrane lt
• The bacteria then undergo rapid multiplication,

accompanied by rnatched peribacteroid membrane synthesis, until the host cell becomes

densely fiUed with packets ofbacteroids (Werner and Morschel, 1978).

The route of infection is characteristic for the hosto A given legume is infected by

the same type ofmechanism regardless ofthe infecting strain (Rolfe and Gresshoft:

1988). Similarily, the structural and developmental characteristics ofan efficient nodule

are specified by the host which possesses the genetic information for symbiotic infection

and nodulation; the role ofthe bacteria is to switch on this plant developmental program

(for a review see Dénarie et al., 1992).

As the nodule matures, oxygen-rich leghemoglobin develops gradually in the host
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tissue and the nodule becomes pink, remaining so until it begins to senesce. As

leghemoglobin forms and bacteria cease dividing, N2 fixation begins (Lersten and

Garlso~ 1987).

The problem ofnodule senescence has received little attention. The initial crop of

nodules is frequendy senescent by early pod fill (Zapata et al.~ 1987), and subsequent

nodulation, apparently extremely critical for enhanced seed yield (Imsande, 1989), is due

to less or inetTective indigenous strains (Hardason et al., 1989). One way of improving

overall fixation is to prolong the period of nodule activity. The longevity ofnodules is

related ta the growth habit ofthe host plant. (Brady)Rhizobium strain effects on nodule

longevity have not been adequately characterized. There is a distinction between the

senescence ofwhole nodules and the senescence ofzones within the nodule tissue. The

tirst obvious signs of nodule senescence are a brown colour, wrinkled surface, and soft

texture. A change in colour May occur in the central zone, from pink or red ta brown,

grey, or green. Environmental changes (light intensity, day length, water supply, oxygen

concentratio~C02 concentratio~soil pH and nutrient levels, pollution, and infection by

other organisms) detrimental ta plant growth May result in premature nodule senescence.

The controlling effects ofphotosynthetic rate on nodule nitrogenase activity have been

reviewed (Vance and Helchel, 1991). Increased levels ofcarbohydrate May delay but not

prevent nodule senescence. Law root temperatures delay senescence, while high root

temperature has inhibitory etTects on nodule development and accelerates nodule

senescence.

2.3.2.3 Chemistry and Biochemistry of Nitrogen Fixation

The mature nodules carry out at least three major functions. The first of these is

glucose catabolism giving energy, reducing-power, and carbon skeletons for the plant cell

cytoplasm and organelles. The second is the metabolism ofnitrogen fixation in the

bacteroid. The third is ammonia assimilation in the plant cytoplasm, giving a net

conversion of carbon skeletons and ammonia to amino acids and/or ureides, which are

then exported from the nodule.
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Nitrogenase, which comprises 30% orthe total protein in infected root nodule

ceUs, has been purified from ail known types ofN2-fixing organisms, with the exception

of archaebacteria (Sprent and Sprent, (990). Nitrogenases are known to be made up of

two distinct parts, dinitrogenase reductase (Fe-protein), which is an eleetron carrier and is

used to reduce the other enzyme, dinitrogenase (Mo-Fe protein), which is the enzyme

responsible for the reduetion ofN2.

The symbiotic reduction ofnitrogen gas to NH4+ and its subsequent assimilation

into other nitrogenous compounds in legume root nodules is an energy demanding

process that involves bath the plant host and the bacterial symbiont. ATP synthesis is

provided by oxidative phosphorylation, resulting in the need for high rates ofO2

consumption in legume nodules. However, 02 is a potent inhibitor ofnitrogenase. To

maintain a very low free O2 concentration conducive to N2 fixation, legume nodules vary

their permeability ta 02 diffusion (Hunt et al., 1987). A nodule gaseous diffusion barrier,

composed ofwater-tilled intercellular pores located within the nodule cortex regulates

oxygen flux from the rhizosphere ioto the nodule and prevents nitrogenase inhibition by

02. To achieve high rates ofrespiratory O2 consumption at low infeeted eeU O2

concentration, 02 binds to a hemo-protein (leghemoglobin), which facilitates O2 diffusion

throughout the cytosol (Hunt and layzell, 1993).

Studies have shown that a graduai increase in the external partial pressure ofO2

stimulate nodule metabolism and N2 fixation (Hunt et al., 1989; Diaz dei Castillo et al.,

1992). Weisz and Sinclair (1988) showed that soybean nodule activity and nodule gas

permeability were both closely correlated to, and reduced by, low soil temperature,

probably due to temperature mediated changes in the turgor ofcortex cells. Also,

treatments 5uch as N03- fertilization, phloem sap deprivation, or prolonged exposure to

an Ar:02 atmosphere have ail been shown to inhibit nitrogenase activity by decreasing

nodule penneability to 02 diffusion (Hartwig et al., 1987; Vessey et al., 1988; Diaz dei

Castillo et al., 1992), but the mechanism by which cortical penneability is altered is

controversial and a hypothesis of "solute-transport mediated control ofnodule function ll

was put forward (for a review see Walsh, 1995). Under these conditions, the reduced
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flux ofoxygen into the nodules limited nodule respiration, and resulted in inhibition of

both host carbohydrate conversion to ATP and production ofreduetant required for

nitrogenase activity (Weisz and Sinclair, 1988).

Soybean nodules are dependent on reduced C from the leaf--either C fixed over

the preceding hours through photosynthesis or C remoblized from leafstarch. Current

phot0SYnthate is transported to the nodule in the form of sucrose and is stored in the plant

fraction of nodules as starch. The leaf starch reserve is the largest pool ofC available to

support nodule respiration, although the nodule polyhydroxybutyrate (PHB) reserve is

large. The published evidence convincingly indicates that legumes and other Nz-fixing

species respond to an increased supply ofphotosynthetic products over the long term by

coordinated increases in the mass ofail plant organs, including nodules (Vance and

Heichel, 1991).

Ammonia, fixed by nitrogenase, is excreted from bacteroids, moving freely across

membranes. Thus, it is assumed to flow out ofthe bacteroid by diffusion, down the

concentration gradient caused by its continuai removal from the host cytoplasm (Millor

and Werner, 1990). Glutamine May be further used for asparagine or purine SYnthesis,

depending on whether the plant is an amide-transporting legume (most ofthis group are

temperate legumes) or a ureide-transporting legume (most oftbis group are tropical

legumes). The amide exporters transport asparagine and glutamine while ureide

exporters transport either aIIantoin and alIantoic acid or citrulline. Soybean is a ureide

exporting legume, in which glutamine, glycine, and aspartate are used for purine

syothesis in plastids of infected cells. Purine nucleotide is transformed to xanthine and

uric acid, which is transformed by peroxisomes in neighbouring, uninfected cells to

allantoin. This is further transformed on the smooth endoplasmic reticulum ofuninfected

cells to allantoic acid (Millor and Werner, 1990).

During biological Nz fixation, Ir and N z are simultaneously reduced by the

bacterial enzyme nitrogenase by the foUowing reaction:

N z + 8Ir + 8e- + 16 MgATP -->2NH3 + Hz + 16 MgADP + 16Pi

The Hz produced during Nz fixation May by partiaIly or entirely reoxidized by a
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baeterial uptake hydrogenase (Hup") enzyme that is expressed in many legume

symbioses. In Hup- symbioses, H2 evaluation can be measured and used to monitor either

relative nitrogenase aetivity during N2 fixation (Hunt and Layzell, 1993) or total

nitrogenase aetivity when, in the absence ofthe substrate N2 and other nonphysiological

substrates, H2 is the ooly product ofnitrogenase (Moloney et al., 1994). Obviously, Hl

production wastes ATP energy involved in the transfer ofeleetrons used to reduce 2I1 to

make H2. The relative efficiency can be calculated as

1 - (H2 evolved in air) / (H2 evolved in Ar:02).

Under conditions where rhizosphere P02 and pN2 are close to atmospheric levels.

electron allocation coefficient values for nitrogenase range from 0.4 to 0.9 (Layzell et al.,

1984; Diaz dei Castillo et al., 1992). Relative efficiency values for soybean have been

measured at 0.6 - 0.8. The action ofhydrogenase does not alter the N2 fixing reaction,

but can result in recapture of sorne energy that would otherwise be lost from the complex

as H2•

2.3.3 General genetic cbaracteristics

As N2 fixation is a symbiosis, the genetic aspects ofboth organisms, those of the

baeteria and those ofthe higher plant, are involved. In recent years, advances have

occurred in several major areas: the identification ofnew nodulation genes; the use of

genetically modified (Brady)Rhizobium to study mechanisms and the analysis ofnod

gene regulation

2.3.3.1 Nodulin genes and Nodulins

Nodulin genes are plant genes exclusively expressed during the development of

the N2 fixing symbiosis. They can be divided into early and late nodulin genes,

according to the times oftheir expression during nodule development (Govers et al.,

1987). The proteins encoded by these genes are called nodulins.

Early nodulins can be involved in root haïr deformation, infection, or nodule

morphogenesis. Genes encoding early nodulins are induced during rhizobial infection,
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growth ofthe infection thread~ and stimulation ofcortical cell divisions (Kouchi and

Hata, 1993).

Later noduüos, associated with nodule function, are detectable after the nodule

has developed and bacterial release has taken place. They function in oxygen transport~

ceU wall architecture, possibly plant defense~ sugar and nitrogen metabolism as weU as

membrane transport (Gresshoft: 1993). Late nodulin genes are activated in the

developing and mature nodule concomitantly with the onset ofnitrogen fixation activity.

Leghemoglobin (Lb) transcript detection was used as a marker for the expression of late

nodulin genes. Leghemoglobin is detectable just before nitrogenase activity can be

measured (Verma et al., 1979).

2.3.3.2 (Brady)Rhizobillm genes and their functions

Over 50 different nodulation genes have been identified (Stacey, (995). The

(Brady)Rhizobium genes essential for infection and nodule formation can be divided ioto

two classes. One class includes several sets ofgenes involved in the formation of the

bacterial ceU surface, such as genes determining the sYDthesis ofexopolysaccharides (exo

genes), lipopolysaccharides (/ps genes), capsular polysaccharides or K-antigens, and B

1,2-glucans (ndv genes). Mutations in these genes disturb the infection process to various

degrees (Noel, 1992).

The second class consists ofthe nodulation genes. They can be categorised as: (a)

the nod genes (i.e. the 55 known nod. nol, noe genes), essential for the induction of plant

response, and subdivided into the common nod genes [n0d4. B, C, 1, and J, functionally

interchangeable among different species of (Brady)Rhizobium] (Appelbau~ 1990) and

host specific nod genes (nodE, F, D, and H), (b) thefix genes (those that have been

shown to be required for symbiotic nitrogen fixation, but whose function is not known to

be analogous to a free-living function, are referred to as fix genes), which are involved in

the process ofN fixation, (c) the nifgenes (those with homologs in free-living nitrogen

fixation systems are referred to as nifgenes), about 20 in number, which are really a

subset fix genes and code for nitrogenase and related proteins.
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In the Rhizobium species the nod, ft. and nifgenes are ail contained on a sym

plasmi~ while in Bradyrhizobium species these genes are on the chromosome

(Appelbaum et ai. 1990).

The nodDABC genes have been shown to be essential for root hair curling,

formation ofthe infection thread, and the induction ofcortical cell division, thus for the

earliest steps in the developmental program ofthe root nodule in which no nodulin gene

expression has been identified yet. Mutations in nodABC prevent marked root hair

curling (Hacj and formation ofinfection threads (Inf). The nodABC genes are also

involved in morphogenesis and encode functions that stimulate cell division without

direct contact between the bacteria and the stimulated plant cells. Overproduction ofthe

nodABC gene products either by increased gene copy nurnber or from strong promoters

proved deleterious to nodulation (Knight et al., 1986). Thus, the concentration of the

nodABC gene products is critical for the proper development ofthe symbiosis.

Host-specific nod genes influence root hair curling, infection thread formation, and

nodule initiation in various ways.

B. japonicum possesses two nodD genes (i.e. nodDt and nodD2 ) arranged

tandemly (Gottfert et al., 1989). The inability to induce gene transcription in a

nodD tnodD2 deletion mutant can ooly be complemented by nodD1, and not by nodD2

(Gottfert et al., 1992), which is dependent on the presence ofisotlavones (Smit et al.,

1992). Eight isotlavones capable ofinducing nod gene expression were purified from

soybean seed extracts and their structure determined (Smit et al., 1992). These same

eight compounds are present in root exudates. The combined presence ofgenistein,

daiclzein and their glucosides apparently results in enhanced nod gene expression.

In B. japonicum, the notA gene is located downstream ofnodD2 and transfer of

nolA to wild-type cells and various mutants results in a marked reduction in nodY and

nodD. expression (Dockendorifet al., 1994). This means, in addition to NodD, NolA is

also involved in nod gene regulation.

Mutation in nodD l dramatically reduces nod gene expression, but has no effect on

soybean nodulation. Moreover, a nodD t-nodD2 deletion mutant is still Nod"'. In addition
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to NodDl, NodV may also be involved in recognizing and responding to isot1avone

inducers (Stacey, 1995). Recent evidence has suggested that, in the absence ofNodD,

NodW is essential for nodulation ofsoybean (Sanjuan et al., 1994).

In sorne cases, such as R. leguminosarum, nodD also autogenously regulates its

own expression (Rossen et al., 1985). In several cases, it has been shown that different

nodD genes confer distinctive patterns ofnod gene response to a variety of pure

isof1avonoids or plant exudates (Spaink et al., 1987; Bassam et al., 1988). NodD is a 33

kd protein, which binds the promoters of inducible nod genes. These inducible promoters

are characterized by a long, highly conserved sequence, the 'nod box'. The NodD protein

displays a footprint on nod gene promoters ofabout 55-60bp, which corresponds very

closely to the extent of the nod box. These biochemical studies thus support the proposai

that NodD is a DNA binding transcriptional aetivator.

The.ftx and nifgenes contribute to the late stages of nodule development and

nodule funetion. They appear to influence the level ofexpression of late nodulin genes.

In nodules formed on pea by nifandfix mutants the amount ofmRNA ofthe late nodulin

genes is 10 ta 40% ofthe amount found in wild-type nodules (Govers et al., 1985). In

Klebsiella pneumoniae about 20 contiguous nifgenes are required for nitrogenase aetivity

and growth on a N-free medium (Appelbaum, 1990). The funetions ofthefix genes are

less clear. It is established, at least in R. melilotï, that the fixL gene product is a protein

that spans the membrane of the baeteroid and senses the oxygen concentration inside the

nodule (Earl et al., 1987).

Many genetic loci that influence the symbiosis have been identified in a variety of

(Brady)Rhizobium strains. In many cases, the genes have been cloned and sequenced,

and the produets have been associated with a particular stage of infection, nodule

development, or nitrogen fixation. Spaink et al. (1989) has construeted a hybrid nodD

gene that does not require a flavonoid for nad gene expression. A Rhizobium strain with

this hybrid nodD gene expresses increased nitrogenase aetivity in the nodule. This and

other examples show that genetic alterations can increase the ability of rhizobia to fix

nitrogen.
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However~ the biochemical activities ofthe proteins encoded by symbiotic genes

have not been defined~ except in the case of sorne nifgenes (i.e., nijHDK, encoding the

nitrogenase polypeptides). The possibility that other symbiotic genes remain to be

discovered should not be overlooked. The identification ofgenes that may affect the

survival and competitiveness of (Brady)Rhizobium in nature is just beginning.

Fisher ( 1993) recently reviewed genetic regulation of nitrogen fixation in

rhizobia. Yuen and Stacey (1996) showed that organic acids (i.e.~ acetate~ fumarate, L

malate) significantly inhibit nod gene expression in B. japonicum and May be important

in suppressing nod gene expression in nodules.

2.4 Environmental EfTects on Nitrogen Fixation

The consequences ofenhancing N2 fixation cannot be assessed in isolation

because it is only one of several primary components ofcropping systems which are

under the control of human managers. Other factors, such as the amount of fertilizer,

water supply, phenotypes, numbers of plants and baeteria present, can modifY the effects

of increased N2 fixation (BrocleweU et al., 1988).

Inadequate nodulation oflegumes is not always manifested in poor yield because

the plant compensates by increased uptake of soil N (Herridge, 1984). Such exploitation

of the reserves of the soil N is not sustainable. Nodulation failure resulting from

unfavourable environmental conditions has been attributed to a breakdown ofthe early

events of nodulation, such as stimulation of root hair curling and formation of infection

threads, and can occur even when the growth of the individual partners is not unduly

affected by the limiting condition.

2.4.1 Soil Mineral Nitrogen

Many legume species have direct access to biologically fixed nitrogen, but

preferentiaUy utilize soil minerai N rather than develop a root nodule symbiosis with

(Brady)Rhizohium. Ali the stages ofsymbiotic development that have been investigated

are inhibited by minerai N, including isoflavonoid production (Cho and Harper, 1991a;
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1991b)~ root haïr deformatio~ attachment of rhizobia to the root haïrs, root haïr curling,

infection thread formatio~ the level of immunologicaUy detectable lectin on the root

surface, and other infection events (for reviews see Streeter, 1988; Carroll and Mathews,

(990). AdditionaUy, nitrate delays the appearance ofnodules (Darbyshire, 1966; Gibson

and Harper, (985), inhibits the number ofnodules that are formed~ slows nodule

development, reduces specifie nitrogenase activity (Eardly et al., 1984), and it induces

premature nodule senescence (Schuller et al., 1986). It is generaUy accepted that nitrate

is particularly inhibitory ta nodule growth and nitrogenase aetivity~ and somewhat less

inhibitory to the infection process.

Infection is inhibited ooly at relatively high minerai N concentrations. Although

high nitrate (18 mM) will completely inhibit nodule formatio~ a delay ofonly 5 days in

the nitrate treatment after inoculation alIows sorne infections ta generate funetionai

nodules (Streeter, 1988). IAA added with nitrate will partially offset the negative effect

of nitrate on infection (Dixo~ 1969). The localized effect of nitrate on nodulation has

been demonstrated in severallegume species using split-root systems (Kosslak and

Bohlool, 1984). Nodule development is affected on the nitrate-free portion ofthe root,

ooly ifthe level ofnitrate is very high on the other halfofthe root.

With long-term exposure of plants ta 4 ta 8 mM N03·, etfects ofN03- on nodule

growth were greater than effects ofN03· on specifie nitrogenase activity (Streeter, 1988).

Studies with field-grown plants also indicate much greater effects on nodule growth than

on specifie nodule activity (Miller et al.. 1982).

A few studies have compared bath (Brady)Rhizobium and legume genotypes and

their response ta combined N and these studies seem ta indicate that differences among

legume genotypes are probably greater than differences among (Brady)Rhzobium strains

(Ralston and Imsande, 1983). Sorne strain variation in the sensitivity ofsoybean

symbioses to nitrate does exist; however, the presently known variation seems

insufficient to lead to a substantial field benefit (McNeil, 1982). While variation does

exist at low or medium levels of nitrate, no striking differences have been reported at

higher levels ofnitrate. A slight, but significant~bacterial effect on the regulation of
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nodulation by nitrate is the observation that a high dose inoculation partially aIIeviates

the degree ofinhibition in soybean.

Malik et aL (1987) demonstrated that ifexposure to nitrate was delayed for 18

hours after the time ofinoculatio~ inhibition was much reduced. Exposure to nitrate for

periods of4 to 24 hours after inoculatio~ followed by transfer to no-nitrate conditions for

the remainder of the time, did not result in substantial inhibition of nodule number. This

indicated that the effects of nitrate on infection initiation could be almost entirely

reversible.

Although the inhibition ofnodulation by NO]- has been known for over 100 years,

the mechanisms involved are still poorly understood. A number ofhypotheses have been

proposed for the mechanism ofnitrate inhibition including 1) inhibition ofnitrognase

activity (Roberts and Bill, 1981; Vessey and Waterer, 1992), 2) carbohydrate deprivation

(Latimore et al., 1977), and 3) nitrite effeets on nitrogenase (Rigaud and Puppo, 1977), 4)

decrease in isotlavonoids (Cho and Harper, 1991).

Sorne studies suggest a pivotai role ofO2 supply to bacteriods as a common therne

in the mechanism ofinhibition (Hunt et al., 1988). Vessey et al (1988) demonstrated that

with N03- application phloem supply to nodules is sharply reduced. Regardless of

whether the casual factor is a decline in carbohydrate supply to nodules or a more direct

etfect of nitrate on the nodule, a decrease in 02 diflùsion into the infected zone and

consequently an 02 limitation of nitrogenase activity is indicated.

There are sorne other possible mechanisms for nitrate inhibitio~ including

enzyme activities, leghemoglobin/oxygen balance, pH and ion balance, ammonium

concentration and metabolism in bacteriods, ail ofthem still need to be tested (Ligero et

al., 1991). Our present knowledge of the Rhizobium-Iegume sYmbiosis would suggest

that there are Many, Many more similarities than differences among species. Regardless

ofone's position on this issue, there is a practical point, namely, it is dangerous to draw

conclusions regarding mechanisms based on studies with a single sYmbiotic system. It is

highly important to compare the response ofat least a few different legumes and

Rhizobium strains before drawing conclusions about mechanism. A second issue is
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whether it is likely that mechanisms for the inhibition ofinfection, ofnodule growth, and

inhibition ofnitrogenase are Iikely to he the same. (The three inhibitory etfects represent

three very different processes).

Further research on nitrate effects will continue to contribute to the knowledge of

nodulation in general. It will be useful in differentiating between the basic host and

microbial requirements for nodulation and the interaction ofthese symbiotic partners.

2.4. 2 Temperature

As a subtropical legume, soybean requires temperatures in the range of25 to

30 0 e for optimal plant growth and development (Jones and Tisdate, 1921). When soil

temperature drops below this range, legume nodulation and N fixation are negatively

affected. Matthews and Hayes (1982) have shown that decreasing RZT below 25°e

results in decreased nodule growth and total N fixation per plant, while at a RZT of 15°e,

the plant net nitrogenase activity is reduced by 25% (Walsh and Layzell, 1986), and

nodulation ceases in plants at 10 0 e RZT (Matthews and Hayes, 1982). Lynch and Smith

(1993a) reported that a RZT of 15°C delays the onset ofN fixation until approximately 4

to 6 weeks after inoculation, while for plants grown at 25 °C the onset ofN fixation is at 2

weeks after inoculation.

Lie (1981) noted that ail stages of nodule formation and functioning are affected

by suboptimal RZT. Experiments involving the transfer of legume plants, at various

stages oftheir life cycle, between optimal and suboptimal RZTs have generally indicated

that infection and early development processes are the most sensitive to low RZT

(Lindemann and Ham, 1979; Matthews and Hayes, 1982). Gibson (1971), in a review of

the data on environmental effects on the legume Rhizobium symbiosis, suggested that low

temperatures retard root hair infection more than nodule initiation, nodule development,

or N assimilation. With temperate legumes such as Trifolium parvijlonlm and T.

glomeratum, Kumarasinghe and Nutman (1979) found that the onset of infection and rate

of infection thread development in root hairs varied greatly with soil temperature. They

found that at optimal soil temperatures (from 18 to 30 0 e) infections were initiated earlier
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and in larger numbers than at low (6 to 12°C) or moderately high (36°C) temperatures.

Studies ofthe effects ofsuboptimal RZTs on soybean concluded that these conditions

decrease N fixation activity by the nitrogenase enzyme complex (LayzeU et al, 1984a)

and suppress and/or delay root infection and nodulation (Walsh and LayzeU, 1986).

The effects oflow temperature on the function ofN2-fixing nodules May he due,

in part, to the changes in nodule oxygen permeability (Walsh and LayzeU, 1986). Low

temperature is known to increase Oz solubility and decrease its diffusion coefficient.

Leghemoglobin is also likely to he affected by low temperatures as a result ofboth a

lower diffiJsion coefficient for the oxygenated forro ofleghemogiobin (Moll, 1968) and a

change in the affinity ofleghemogiobin for O2 and for other substrates (Stevens, 1982).

The respiratory capacity ofa nodule is also likely to be lower at low temperatures

(Eamshaw, 1981).

Soybean plants export the fixed N in the nodule in the form ofureide. The

solubility ofureide is low and decreases sharply as temperature declines, therefore low

temperature May also limit the rate ofexport offixed N trom the nodule (Sprent, 1982).

ln tum, higher N concentrations inside the nodule May inhibit Nz fixation.

Decreases in temperature result in progressively less bacteroid tissue (Lie, 1981)

and delay its rate offormation (Fyson and Sprent, 1982). Roughley (1970) reported that

infection is delayed at low temperatures, but once infected, nodule development is very

rapid. However, nodules fonned at low temperatures contain low amounts ofbacteroid

containing tissue, almost none at 7°C (Roughiey, 1970; Roughley et al., 1981).

The effect of low temperature on soybean nodulation, and N fixation and N

assimilation May aIso be mediated via effects on plant physiology and growth. For

soybe~ decreased aerial temperature resulted in decreased relative growth rate, stomatal

conductance, net COz exchange rate, leaf assimilate export rates, and leaf elongation rate

(Duke et al., 1979; Musser et al., 1983). Many adverse effects oflow RZT on

chilling-sensitive plants can be attributed to low temperature-induced membrane phase

transitions which decrease the activity ofmembrane-bound enzymes (Duke et al., 1977;

Duck et al., 1978). The effect oflow temperature on N2 fixation and N03- N assimilation
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May also be mediated via effects on photosynthesis or translocation, as has been

demonstrated in the case of limitations to nitrogenase activity. Decreased shoot and root

respiration and inereased carbon levels (partly as starch) in mature leaves and stems at

low RZTs (Walsh and LayzeU, 1986) reduced transportation ofenergy to nodules and

decreased nodule function.

Alilegumes are C3 plants with optimum temperatures for photosynthesis between

15°C to 25°C (Lie, 1981). At leaf temperatures greater than 30°C net photosynthesis is

reduced. This effects the rate ofN2 fixation. Again the degree and duration of the stress

are both important. At higher temperatures a rapid degeneration of nodules takes place,

resulting in a shortening of the period for nitrogen fixation (Lie, 1981). There are

differences among the bacterial strains in the response to high temperatures (Lie, 1974),

and selection of rhizobial strains for high temperatures is feasible. High temperatures

reduce the numbers of lateral roots and root hairs. The few root hairs formed have an

abnormal form, bulbous and very short (Lie, 1974).

2.4.3 Water

The water use efficiency of legumes is generally low and they are, as a group,

quite sensitive to drought stress. Water supply has a major effect on nodulation and N2

fixation. In dry soil infection is restricted because ofthe absence of normal root hairs;

instead, short, stubby root haies appear, which are inadequate for infection by rhizobia

(Lie, 1981). Water stress significantly decreases the number of infection threads formed

and inhibits nodulation. This etTect on infection is reversible, when the plants are re

watered immature hairs resume normal growth and become infeeted. Following

successful infection, reduced water supply can retard nodule development (Sprent and

Sprent, 1990). Lower water potentials in the nodules May reduce N2-fixing activity

(pankhurst and Sprent, 1976), with an accompanying reduction in nodule respiration,

reduetion in transport of fixed N out ofnodules, and impainnent ofphotosYDthate supply

from a stressed shoot system (Huang et al., 1975). N2 fixation activity reduces as water

potential decreases and ceases irreversibly in detached nodules when the fresh weight
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drops below about 80% ofthe fully turgid weight (Raper and Kramer, 1987). The effects

ofdrought stress on N2 fixation usually have been perceived as a consequence of straight

forward physiological responses acting on nitrogenase activity and involving exclusively

one ofthree mechanisms: carbon shortage, oxygen limitation, or feedback regulation by

nitrogen accumulation (for a review see Serraj et al., 1999).

Strain difference exists io drought resistance and survival (Athar and Jhonson,

1996; 1997). Several indigenous strains ofB. japonicum were superior as inocula over

commercial strains when soybean was grown under drought conditions (Hunt et al.,

1988). Genetic variation in N2 fixation response to water deficits aIso exists among

legume cultivars (Sinclair and Serraj, 1995; Purcell et al., 1998).

2.4.4 Salt and Soil pH

Legumes have long been recognized as either sensitive or ooly moderately

resistant to salinity (for review see Zahran, 1991). It is very diflicult to separate salt

effects on the legume symbiosis ioto those acting on the symbiotic relationship directly

and those affecting the plant and, therefore, affecting the relationship through the plant

(Brignoli and Lauteri, 1991). Salt may directly affect infection and nodule development

(Zahran and Sprent, 1984). Under severe stress both the reduction in leghemoglobin

content and inhibition of bacteroid respiration May be salt-induced and contribute to

inhibition ofnitrogen fixation (Delgado et al., 1994).

Under high salty concentrations nodule water activity is negatively affected by

osmotic withdrawai from nodules. Bacterial colonization and root haïr curling of plants

maintained at 100 mol m-J NaCI are both reduced when compared to those plants grown

at 50 mol m-J and the proportion of root hairs containing infection threads is reduced by

about 30% (Zahran and Sprent, 1984). Three weeks after treatment nodule numbers are

reduced by about 50% in the saline treatment, and nodule weight by more than 60%.

Genotypic differences were observed in growth and nitrogen fixation in sixteen

soybean cultivars grown under NaCl (80 mM) stress, and the root played a primary role

in the regulation of ion uptake, as weil as growth and nitrogen fixation, under salt stress
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(Velagaleti et al., 1990)

In most species nodulation will not occur below pH 4.5 to 4.8. Low pH generally

reduces nodulation. This may be due to reduced growth and multiplication ofrhizobia in

the soil (Rice et al, 1977), increased numbers ofineffective rhizobi~ or sensitivity ofthe

infection process (Date, 1988). Sorne strains of (Brady)Rhizobium isolated from low pH

soils will ooly grow at pH around 4.5. Acid soil may also be low in available calciu~

magnesiu~ phosphorus, and molybdenum and may contain levels ofaluminium and

manganese toxic to the host plant (Sprent and Sprent, 1990). Lowering the medium pH

from 7.0 to 5.0 affected the number and relative concentration ofthe Nod Metabolites

made (Mckay and Djordjevic, 1993).

The exudation from subclover roots of isoflavonoids required for nod gene

induction in R. leguminosarum bv. tri/olii was reduced when the plants were grown al a

pH of< 5 (Richardson et al., 1988a). Low pH and increased aluminium concentrations

were also shown to restrict nod gene induction in R. leguminosarum bv, tri/olii, although

this effect could be partially reversed by addition ofcalcium (Richardson et al., 1988b).

2.4.5 Biological Factors

2.4.5.1 Inoculation and Strain Competition

The difficulty in establishing large numbers of nodule bacteria in the presence of

other soil microorganisms has led to suggestions that nodule bacteria are poor

competitors for soil nutrients (Alexander, 1985). Adequate populations ofB. japonicum

must be present to produce a well-nodulated soybean crop. Smith et al. (1981)

determined that an inoculum level above 1 x 105 rhizobia per centimetre of row was

necessary to establish effective nodulation. High soybean yields also require adequate

levels ofphosphorous and potassium (Johntson, 1987). Liming acid soils to a pH of6.0

to 6.5 is an important prerequisite for profitable soybean production (Scott and Aldric~

1983).

Pure culture inoculation of legumes was demonstrated as early as 1896.

However, legume inoculants do not demonstrably affect yields in many soils where

36



•

•

•

indigenous strains are present. One limitation is the problem ofcompetition. Most of the

data for soybean indicate that between 5 and 20% ofnodules will be formed by the

inoculant strains in the tirst year foUowing introduction ofthe strain (Streeter, 1994).

Superior nitrogen-fixing inoculum strains are often unable to fonn a significant

proportion of the nodules in a field situation because of competition trom indigenous

strains. Thus, improvements in the competitiveness as weU as the nitrogen-fixation

efficiency of inoculants would be desirable (Appelbaum, 1990). The prospects of

developing strains oflegume nodule bacteria that provide higher produetivity for the

leguminous plant was described recently by Robert and Triplett (1996).

Methods for measuring nodulation competitiveness have been discussed (Triplett

and Sadowsky, 1992). Three factors (a prokaryotic genome, an eukaryotic genome, and

the environment) interaet to influence the outcome of field inoculations. McDermott and

Graham (1990) showed that speed of nodulation is crucial to nodulation competitiveness.

Usedjudiciously where needed and perfonned properly, legume inoculation is a

significant agent for improving crop productivity and soil fertility. A1though rhizobia are

as widely distributed as legumes themselves, there are Many soils devoid of strains

suitable for an introduced legume and sorne soils where rhizobia are few after a

prolonged period without production ofthe legume. Inoculants are prepared by adding

fermenter-grown broth containing a large population of rhizobia to powdered carrier

foUowed by a period of incubation. Graham-Weiss et al. (1987) proposed direct

fermentation on nutrient-supplemented vermiculite for production ofbacterial inoculants.

Griffith and Roughley (1992) have suggested that sorne advance might be made through

the control of moisture contents in peat culture and correct use ofpackaging films. The

oxygen and nutrient requirements of rhizobia in peat culture remain to be properly

addressed. The stage ofgrowth ofthe fermenter-grown rhizobia when it is added to the

peat carrier May be ofsignificant factor determining the final population of the peat

inoculant (Brockwell and Bottomley, 1995).

A prime aim of legume inoculation is ta maximize survival of inoculant during

the period between its introduction to the soil and the development ofa legume
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rhizosphere which it can colonize. Application ofinoculant to the seed surface prior ta

sowing is the traditional, most commonly used and easiest means of inoculation, although

viability ofthe rhizobia is subject to the hazards ofdrying, fertilizer contact and seed coat

toxicity. Tenacity is an important characteristic ofadhesives used to ensure that

inoculant is not lost from machinery.

Many factors influence the success ofan inoculant per se. Perhaps the MOst

important are the inoculum rate and the abundance in the soil of indigenous rhizobia

capable ofnodulating hosto Weaver and Frederick (1974a) found in greenhouse

experiments that the number ofnodules on Glycine max increased with increasing rates

ofB. japonicum inoculant. These increases were not observed, however, in soils

containing more than 1000 rhizobia g-I soil. Results offield studies were similar

(Weaver and Frederick, 1974b), and the authors suggested that in order for the inoculant

to form 50% ofthe nodules, the inoculum should be supplied at 1000 times the level of

indigenous rhizobium population.

The ability ofa (Brady)Rhizobilim strain to adapt to prevailing soil conditions and

to persist into subsequent growing seasons is an important consideration in choosing

inocula. Mcloughlin et al. (1984) used a dominant field isolate ofR. tri/olii as an

inoculant in the field in which it originated. It was much more competitive than two non

indigenous strains used in the study, forming the majority ofnodules and persisting weIl

into the second growing season. Fast-growing soybean rhizobia (S. fredii) ofChinese

origin are more effective for Chinese lines of soybean, inciuding Glycine soja, than for

North American cultivars (Dowling and Bohlool, 1985).

(Brady)Rhizobilim strains vary tremendously in their response to the environment.

Nutritional response, soil, temperature, phage resistance, minerai composition, nutrient

availability (as weil as toxicity), and previous land usage affect rhizobia in different ways

(Trinick, 1985; Schmidt et al., 1985; Hodgson et al., 1986; Hartel et al., 1984). In

addition, there is strong circumstantial evidence that genetic exchange occurs among

rhizobia in soil (Broughton et al., 1984).

Environmental factors affect the growth ofboth plants and rhizobia. As plants
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must develop a rhizosphere to support rhizobial growth as weil as build a

morphologically developed nodule to house the invading rhizobia, it is probable that any

factor that adversely affects plant growth will also profoundly affect competition for

nodulation. McNeil (1982) found that one strain ofB. japonicum out-competed another

for nodulation sites in the presence ofnitrate. Growth ofRhizobium in pure culture under

low phosphate levels has been found to vary among strains (Beek and Munns, 1984).

Phosphorous limitation is exacerbated by low pH and the combination ofpH and

phosphorous levels can have a strong influence on competition for nodulation

(Almendras and Bottomley, 1985). Extreme soil acidity is usually linked with high

a1uminum levels and these inhibit growth ofthe legume host (Franco and Munns, 1982),

but this has little effect on the survival of rhizobia in the soil (Hartel and Alexander,

1983). Low pH (in liquid medium) inhibits nodulation by Bradyrhizobium (Evans et al.,

1980). Changes in soil pH May also alter the relative proportion ofnodules formed by

competing strains ofR. meli/oti (Dughri and Bottomley, 1983).

Soil temperature is a major factor in the ability ofRhizobium ta persist and

compete. Strains differ in their ability to survive and grow over a range oftemperatures

(Hartel and Alexander, 1984). Weber and Miller (1972) planted soybean plants in pots

containing soil with a large population of indigenous rhizobia and found different

serogroups predominated in the nodules ofplants that were incubated at different

temperatures. Two strains ofR. trifolii were inoculated onto clover plants; one strain

formed the majority ofnodules at 12°C, but the other strain was more competitive at

25°C, and the baeterial strain x temperature x variety interaction was highly significant

(Hardarson and Jones, 1979). So, even though temperature cannat be controlled under

field conditions, (Brady)Rhizobium can be selected for optimum nitrogen fixation or

competitive abilities under the prevailing conditions so that the strain's optimum

temperature for nodulation and competitiveness are similar to the soil temperature at the

time ofinoculation. Furthermore, rhizobia with a metabolism adapted to a particular

temperature May compete better at that temperature.

Drought conditions, which are often found in conjunction with salt stress, also
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affect (Brady)Rhizohium survival and competition (Osa-Afiana and A1exader, 1982). An

isolate from Tanzania (where drought is frequent) was mueh more competitive under

extreme drought stress than two European isolates, suggesting that the ability to compete

in dry soil May also be heritable

A study on carbon distribution in the Vicia faba symbiosis revealed that nodules

on plants infected with VAM receive twice as much med carbon as those on uninfeeted

plants (Kucey and Paul, 1982). As yet, there is no evidenee that mycorrhizal fungi

influence competition among (Brady)Rhizohium strains (Kosslak and Bohlool, 1984) or

compete for (Brady)Rhizobium infection sites (Subba Rao, 1984).

Bacteriocins are funetionally defined as specifie, non-self-propagating agents

produced by one baeterium and antagonistie toward other similar baeteria. Baeterioein

producing strains are common among the Rhizobiaceae. B. japonicum bacterioein

producing strains did not have an advantage over sensitive strains in competition for

nodulation ofG. max grown on perlite (Gross and Vidaver, 1978). Bacteriocins cao

provide a selective advantage against undesirable rhizobia. In competition tests this

ineffective strain formed nodules more successfully than an effective strain. These

examples point to an important raie for bacteriocin-like substances in competition among

(Brady)Rhizohium strains; bacteriocins presumably affect competition by altering the

population ofsensitive rhizobia in the rhizosphere.

Many eompounds have been identified that inhibit tlavonoid induction ofnod

genes in (Brady)Rhizohium spp., and the formation of soybean nodules cao be prevented

by the use of such inhibitors (Cunningham et al., 1991; Kosslak et al., 1990). A1tered

EPS production may enhance the competitiveness of strains ofB. japonicum (Bhagwat et

al., 1991)

The intrinsic diversity of rhizobia suggests great potential for competition among

strains for attaehment and nodule initiation. Sorne strains might have higher-affinity

receptors, e.g. for lectins, than other strains, or greater competence for attachment or

nodule formation. Host-specifie genes have also been implicated in competition

between R. trifoii strains (Djordjevic et al., 1985). It is a1so possible that rhizobia that
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can initiate infection and nodulation quicldy and efticiently will have a competitive

advantage over those that are slower. Initial nodules are known to apically suppress

further nodulation in legumes, and the delayed inoculation ofa second strain has been

shown to influence competition (Kosslak et al., 1983). When less competitive strains

were inoculated before competitive strains, the nodule occupancy ofthe less competitive

strains was increased. Diatloffand Brockwell (1976) observed that a strain ofB.

japonicum that was unsuccessful in forming nodules on one G. max cultivar could

prevent other strains ofB. japonicum in mixed inocula from nodulating this line.

Streeter (1994) pointed out that strain versus plant genotype interactions observed

in artificial environments such as growth pouches are likely to be significantly different

from those in soil. Strain comparisons should involve multiple plant genotypes and, if

not done in the field, should involve the use ofsoil and sorne control of root temperature.

That the host exerts a specifie selective effect on a mixed soil population has been

known for over thirty years (Vincent and Waters, 1953; Cregan and Keyser, (988), and

the geognostic basis of the selection has been studied (Chandra and Pareek, 1985; Jones

and Hardarson, 1979). In G. max the inheritance of preference for a particular Rhizobium

strain it May be related to a single gene (Materon and Vincent, 1980). Thus it May be

possible to breed legumes that can differentiate between various indigenous rhizobial

strains. Presumably, it will be possible to manipulate both the hast and the rhizobial

genes in such a way that nodulation will ooly be possible with specifie legume-

Rhizobium combinations. To achieve any ofthese goals, however, it is vital that research

on competition for nodulation goes hand in hand with legume breeding program based on

a thorough understanding the molecular biology ofnitrogen fixation. Studies will

continue on strain competition and the ability of inoculants to compete successfully with

naturalized rhizobia for nodulation sites. The ability to persist as a permanent of soil

microflora (Date, 1991) and to maintain symbiotic characteristics (Brunei et al., (988)

will remain objectives in inoculation strain selection.
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2.4.5.2 Mycorrbizal Fungi

It has long been known that MOst legumes are also normally colonized by

arbuscular mycorrhizal (AM) fungi. In aU cases examined~ the

legume/Rhizobium/mycorrhiza association is more efficient than the association ofany

two ofthese (Barea and Azcon-Aguilar 1983). Improved phosphorous uptake by

mycorrhizae is recognized as the major cause ofplant growth enhancement. An N2

fixing legume will have a larger P requirement than that a non-fixing one and if the soil is

P limiting, a mycorrhizallegume will fix more N than a non-mycorrhizaI one.

AM fungi can aIso facilitate the transfer of nutrients between adjacent plants.

Hamel et ai. (1991)~ using the l~ dilution metho~ demonstrated that N2 fixed by

soybean plants can be transferred to its intercropped cereal partners by mycorrhizal fungi.

They found that the presence ofG/omus versiforme increased the efficiency ofindirect

l~ transfer from the labelled soybean plants to corn by 45%. However, negative results

were found in alfaIfa-timothy and alfalfa-bromegrass mixtures (Hamel et al, 1991).

Both (Brady)Rhizobium and AM fungi produce plant hormones or plant hormone

like substances, such as auxins, gibberellins and CYt0kinins. As weil, AM fungi enhance

the production of sorne these compounds in the roots ofplants. Some plant-to-bacterium

signal compounds (phenolic) have recently been shown to stimulate the germination of

mycorrhizal spores (Gianinazzi-Pearson et al., 1989). Thus the possibility exists that the

presence ofthe appropriate (Brady)Rhizobium May enhance the likelihood ofmycorrhizal

infection. The rate ofGlycine max mycorrhizal infection has been shown to increase

under drought stress, and mycorrhizal inoculation has alleviated drought stress under arid

conditions with Acacia and Leucaena (Robson and Bottomly, 1991). As with simple N2

fixing and mycorrhizal SYmbioses there are genotype interactions that determine the

effectiveness ofthe tripartite association. Presumably some combination(s) oflegume,

mycorrhizal fungi and N2-fixing baeterial genomes would be optimal, while others would

promote plant growth less weil. It is on soils low in both N and P that dually infected

legumes have a large potential acting as pioneer species.
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2.4.5.3 Plant Growtb Promoting Rhizobacteria

In recent yeacs there has been renewed interest in the use ofsoil baeteria which,

when applied to seeds, tubers or roots, are able to colonize plant roots and stimulate plant

growth and crop yield. These have been termed plant growth promoting rhizobacteria

(pGPR) (Kloepper et al., 1980) and have been shown to increase plant growth,

development, and yields in such non-Iegume crops as potato, radish, sugar beet, wheat

and canola (Gaskins et al., 1985; Polonenko et al., 1987). Sorne reports suggest positive

effects ofsome PGPR on the legume N2-tixing symbiosis; the bacteria responsible for

this effect are termed nodule promoting rhizobacteria (NPR). Inoculation with PGPR,

often pseudomonads, and (Brady)Rhizohium has been demonstrated to positivelyaffect

symbiotic N fixation by enhancing root nodule number or mass (Grimes and Mount,

1984; Polonenko et al.. 1987; Yahalom et al., 1987) and increasing nitrogenase activity

(Iruthayathas et al., 1983). Zhang and Smith (1996) concluded that inoculation of

soybean plants with PGPR strains produced a wide range ofeffects, which varied among

strains ofPGPR and over root zone temperatures.

Work in our laboratory has shown that PGPR increase early season nodulation

and total seasonal nitrogen fixation of soybean grown in an area with cool spring soils.

The ability ofPGPR to stimulate soybean nodulation and growth is related to their ability

to colonize soybean roots, and this largely depends on root zone temperature. Ali steps in

early nodulation were stimulated by the presence ofPGPR.

2.4.5.4 Pathology and predation

When Nrfixing organisms are afflicted with pests or pathogens the fixation

process is usually affected. Conversely, the N2-fixing symbiosis May affect the plant

disease either by its effeet on plant nutrition status or directly (Sprent and Sprent, 1990).

Plant viroses affect the structure, physiology and biology ofboth root nodules and host

plants. Nodules may have levels ofvirus such that nodule activity is directly affected

(Sprent and Sprent, 1990). Root nodules May be eaten by some insects or larvae

(Wolfson, 1987).
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(Brady)Rhizobium have been shown to he sensitive to low concentrations of

fungicides, and the fungicide treatment of seeds often leads to poor nodulation (Curley

and Burton, 1975; Graham et al.~ (980). As different levels ofresistance to fungicides

have been observed among strains ofRhizobium (Faizah et al., (980), it should be

possible to use resistant isolates as inoculants.

Both baeterial and protozoan predators in soil are known to multiply at the

expense of (Brady)Rhizobium. The practical importance ofprotozoa in Iimiting

populations of (Brady)Rhizobium is still uncertain. The most significant effect of

baeteriophages is likely to be the production ofgenetic change in host populations.

Bdellovibrio, an intracellular bacterial parasite ofRhizobium fust isolated from plant

pathogenic baeteri~ is widespread in the soil and in the laboratory, and is capable of

infecting and Iysing large numbers of rhizobia.
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Preface to section 3

Section 3 is composed ofa manuscript by Pan B and Smith DL published in Journal of

Agronomy & Crop Science, 1998, 180:77-82. The literature cited in this and the

foUowing sections is Iisted together in the reference section at the end ofthe thesis.

Figures and tables in each section are a1ways presented at the end ofeach section.

Previous work in our laboratory showed that low temperature delayed soybean

nodulation and nitrogen fixation. l started with this experiment to measure signal

compound production in soybean roots at three root zone temperatures using three

soybean cultivars. This experiment also introduced me to the concepts associated with

signal compounds and the methodologies for measuring them.
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Section 3

Genistein and Daidzein Concentrations and Contents in Seedling

Roots of Three Soybean Cultivars Grown under

Three Root Zone Temperatures

3.1 Abstract

Daidzein and genistein are plaot-to-baeterium signal compounds involved in soybeao

nodule formation. They cao induce nad gene expression in Bradyrhizobium japonicum.

The objective ofthis study was to determine whether the production of signal molecules

was affected by low root zone temperatures (RZTs) in a manner that varied among

soybean cultivars. Daidzein and genistein concentrations of soybean seedling roots were

measured at three RZTs by high performance liquid chromatography (HPLC). The results

indicated that daidzein content and concentration per plant were higher at 15 and 17.5°C

than those at 25°C. AC Bravor had higher daidzein contents and concentrations than did

Maple Glen and KG20. At 17.5°C~ KG20 had higher genistein content and concentration

levels than Maple Gle~ and no difference existed for the two cultivars at 15 and 25°C.

Daidzein contents and concentrations ofMaple Glen and AC Bravor increased with

harvest time. However~ for cultivar KG20~ the content and concentration decreased at 19

days after inoculation. Genistein contents and concentrations ofthe 3 cultivars increased

under each RZT up to the last harvest. There was an interaction between soybean cultivar

and RZT for root genistein and daidzein contents and concentrations. The content and

concentration ofdaidzein in soybean seedling roots were much higher (more than 5 times)

than those ofgenistein.

Key words: Glycine max [L.] Merr.~ Root~ Temperature~ Genistein, Daidzein.

3.2 Introduction

The establishment ofan effective N2-fixing nodule requires expression of the bacterial

(nod) genes and the resulting production ofNod factors (Stacey et al.~ 1992). Prior to this
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process, an exchange ofmolecular signais between the host plant and (Brady)Rhizobium

over space and time is essential (Long, 1989). The tirst apparent exchange ofsignais

involves the secretion ofphenolic compounds, tlavones and isotlavones, by legumes

(peters and Verma, 1990). The plant f1avones and isotlavones represent an important

class ofplant-to-baeterium signal molecules active during nodulation. They appear to

have multiple roles and act during several stages ofnodule development, including

triggering the co-ordinated expression ofa series ofbacterial nod genes (Long, 1989),

inhibiting the induction ofnod genes (Kosslak et al., 1990), acting as chemo-attractants

(Barbour et al., 1991), stimulating or inhibiting the growth ofspecifie (Brady)Rhizobilim

strains (Hartiwig et al., 1991; Kape et al., 1992), playing a role inside the root during

nodule meristem formation (Schmidt et al., 1992), and functioning as modulators of polar

auxin transport (Jacobs and Rubery, 1988).

The isof1avones genistein and daidzein are the major compounds in soybean

(Glycine max (L.] Merr.) root extracts responsible for induction ofnod genes of

Bradyrhizobium japonicum (Kosslak et al., 1987). Cho and Harper (1991) reported that a

hypernodulating soybean mutant, derived trom the cultivar Williams, had higher root

concentrations ofisof1avonoid compounds (genistein and daidzein) than did Williams at 9

to 12 days after inoculation. Matthews et al. (1989) showed that root extract from

soybean cultivar Williams had three to six times more ability to induce Bradyrhizobium

nod genes than did 3-day-old cultivar Bragg seedlings. Kapulnik et al. (1987) reported

that the super-nodulating alfalfa HP32 had more root nodules and fixed more N2 than the

parental HP population. Flavonoid extracts ofHP32 seedIing roots were shown to

contain a 60% higher concentration ofcompounds that induce the transcription ofa

nodABC-lacZ fusion in R. meliloti than comparable extracts ofHP roots.

Ifgenetic variance for the ability to produce signal Molecules at low RZTs exists,

plant breeders might be able to select for improved soybean nodulation at low RZTs by

selecting for genotypes with high isotlavonoid concentrations. In tbis study, we used three

soybean cultivars ofdifferent maturities to test for variance among cultivars for genistein
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and daidzein root concentrations under low RZTs.

3.3 Materials and Metbods

Soybean cultivars KG20 (short maturityy 113 days in Quebec)y Maple Glen (middle

maturityy 121 days in Quebec) and AC Bravor (long maturity, 128 days in Quebec) were

used. They have aU been developed for production under the short season conditions of

eastem Canada. The experiment was carried out on a controUed environment growth

bench (Modei GB48, Controlled Environments Ltd., Winnipeg, MB, Canada) at an

irradiance of300 Ilmol m~2 S-l for a 16:8 h (day:night) photoperiod and a constant air

temperature of25°C. The plastic plant pots were sealed to the bottom oftanks. A hole

through the bottom ofthe tanks allowed each pot to drain when it was watered. The root

zone temperatures were controlled (± 0.5°C) by circulating cooled water in the tanks

around the pots. Soybean was grown in a mixture ofTurface (Applied Industrial

Materials Corp., DeertieldyIL):sand (1: l, v/v). Plants were watered with a modified full

strength Hoagland's solution (Zhang and Smith, 1995).

The experiment tested three RZTs, 15, 17.5 and 25°C, and was arranged in a split

plot design with three replications. The main plot factor was RZT and cultivar was the

subplot. Six soybean seeds were directly sown into each pot. Plants were inoculated at

the VC stage (Fehr et al., 1971). Under different RZTs, the times for the plants to reach

the VC stage were different, so the plants were inoculated at different times for each RZT.

The inoculum was produced by culturing B.japonicum strain USOA110 in yeast

extraet mannitol broth in 250 mL tlasks shaken at 125 rpm at 25°C. When the sub-culture

reached mid log phase, pure medium was used to dilute the inoculum to an 00620 of0.08

(equivalent to 108 cells mL-I). Two mL ofinoculum were added to 20 mL ofdistilled

water which was then divided evenly among the pots. After inoculatio~ a layer ofperlite

(1 cm depth) was placed on the top ofeach pot to provide an insulating layer between the

rooting medium surface and the air.

Plants were harvested at 2, 6, 10, 15 and 19 days after the inoculation. The roots
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were washed in distiUed water and carefully dried with paper towels before being weighed.

Harvested soybean roots were placed in vacuum tlasks with 10 times the root fresh

weight of80% methanol-dH20. Root tissue was placed under vacuum for 20 minutes.

The pH was adjusted to 5.3 with 0.1 N HCL. Samples were transferred into 250 mL

tlasks at 4°C and shaken for 48 h at 150 rpm. Plant roots and extracts were separated by

filtering through Whatman No. 1 tilter papers. The resulting extracts were rotary

evaporated to remove the methanol fraction. The aqueous fraction was freeze-dried, and

resuspended to equal 10 mg ofextract dry weight per mL ofdistilled water. The

resuspended extracts were phase-partitioned three times against equal volumes ofethyl

acetate, retaining each organic fraction. Dry sodium sulphate was added to absorb the

remaining water. The clear ethyl acetate fraction was decanted and rotary evaporated at

JO°C until dry. The sample was then redissolved in 1 mL ofHPLC grade pure methanol

and centrifuged for 15 min before being run through an HPLC.

The genistein and daidzein concentrations were detennined using a Waters HPLC

system (Waters Associates Inc., Milford, MA) consisting ofa model 712 WISP, two 510

pumps and a 441 UV detector operating at 254 nm. Separation was achieved by a 3.9 x

JOOmm J,lBondapak C18 column (Waters Associates me. Milford, MA) using a mobile

phase consisting ofa 60:40 ratio ofmethanol:distilled water. The run time for separation

was 15 minutes with an isocratic flow rate of 1.0 mL min- l
. Commercial genistein (4, 5, 7

trihydroxyisotlavone, purity of98%, Sigma) and daidzein (4', 7-Dihydroxyisotlavone,

purity > 98%, ICN) were used as standards.

Results were analyzed statistically by analysis ofvariance using the Statistical

Analysis System computer procedure (SAS Institute Inc., (988). The LSD test was

applied to make comparisons among the means at the 0.05 level ofsignificance, when

analysis ofvariance showed significant treatment effects.
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3.4 Results

Daidzein Concentration and Content over Time

Daidzein concentrations ofthe three soybean cultivars increased with successive

harvest time (Fig. 3.1). The concentrations were lower for the first two harvests, and then

increased strongly at later harvest. At 17.5 and 25°C, daidzein concentration and content

were generaUy lower than at lSoC RZT.

At ISoC, the daidzein content ofall the three cultivars increased with harvest time

(Fig. 3.2). There were large increases in daidzein content at the last harvest for aU three

cultivars. At 17.SoC, daidzein content increased with harvest time, the ooly exception

being at the 5th harvest; at that time daidzein content ofKG20 decreased (Fig. 3.2). At

25°C, the daidzein content of soybean cultivar KG20 decreased at the 4th and 5th

harvests. For Maple Glen and AC Bravor, daidzein content increased from the first to the

fifth harvest (Fig. 3.2).

Genistein Concentration and Content over Time

Genistein concentrations and contents increased with harvest time (Fig. 3.3 and

3.4). Genistein concentrations ofall three cultivars increased strongly from the third

harvest on. Genistein concentrations and contents were much lower (less than one fifth)

than those ofdaidzein (Fig. 3. l, 3.2, 3.3 and 3.4).

Daidzein and Genistein Contents and Concentrations over Temperature and Cultivars

Daidzein concentrations and contents ofsoybean roots were higher under 15 and

17.5°C RZTs than under the 2SoC RZT (Fig. 3.1 and 3.2). There was little difference in

daidzein content and concentration between 15 and 17.5 oC (results not shown). At each

RZT, AC Bravor had higher daidzein contents and concentrations than did Maple Glen

and KG20.

At 15 and 2SoC RZT, there were no differences among the three cultivars for

genistein concentrations and contents (Fig. 3.3 and 3.4). At 17.SoC RZT, KG20 and AC
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Bravor had higher genistein concentrations and contents than Maple Glen.

3.5 Discussion

RZTs andIsoflavonoid Concentration and Content

In soybean root systems, daidzein and genistein concentration and content Can be affected

by the aetivities ofenzymes leading to their biosynthesis and/or excretion. Eleven

enzymes including phenylalanine ammonia Iyase (pAL) and chalcone synthase, are

involved in the biosynthesis ofgenistein and daidzein in soybean plants (Barz and Welle,

(992). Isotlavonoid biosynthesis and excretion are different processes, and RZT could

have differential effects on them. For Many plants, the extraetable amount ofPAL

increases as temperature declines. This is because the rate of synthesis is less affeeted by

the temperature than the rate ofdegration (Graham and Paterson, (982). Graham (1991a)

pointed out severallines ofevidence which suggest that the release of isof1avones may be

a specific and regulated phenomenon, and that soybean seeds May possess a feedhack

mechanism to regulate the exudation oftheir very large stores of isotlavone signal

molecules. This excretion process may also be inhibited by low temperature. The balance

between the synthesis and excretion will deterrnine the concentrations and contents of

genistein and daidzein in soybean roots. If tbis balance is affected by RZT, the

concentration will be affected. This could account for the RZT induced changes in

genistein and daidzein concentrations we observed in soybean roots.

The results of this experiment are in general agreement with the tindings ofZhang

and Smith (1996). They found that when soybean plants were germinated and maintained

at RZTs ranging from 13°C to 17°C, root genistein concentration and content per plant

were lower than those ofplants germinated and maintained at RZTs above 17°C. Their

explanation was that under lower RZTs the biosynthesis ofgenistein in plant tissues May

have been reduced by declining relative activity ofenzymes in the synthesis path way. Our

results show no significant change and a trend toward a decrease with decreasing RZT in

root genistein concentration over RZT for the cultivar Maple Glen, which was the only
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cultivar tested by Zhang and Smith (1996). This pattern is ditferent from that of the other

two cultivars tested here. IfsuboptimaI (below 17°C) RZTs reduced genistein

biosynthesis, then the increased genistein concentration and content in their experiment

could ooly be explained by the decrease in genistein excretion with more genistein retained

inside the root instead ofbeing excreted into the growth medium. In this respect, their

findings also agree with our results.

Cultivars and Changes in Signal Molecule Levels over Time

Daidzein and genistein concentrations and contents ofthe three soybean cultivars used in

this experiment responded differently (to different degrees) to RZTs, but the overall

pattern of response was the same. The increases in daidzein and genistein concentrations

and contents up to 19 days after inoculation are in agreement with the results ofCho and

Harper (1991). When affalfa plants were grown under controUed environment conditions,

isoflavonoid conjugates continued to accumulate as the plants matured, over a 57-day

period (Tiller et al., 1994). Interactions existed between cultivar and RZT, for daidzein

and genistein concentrations. Daidzein and genistein contents and concentrations of the

late maturing soybean AC Bravor tended to be higher, while the levels of those variables

were not different between the early and middle maturing soybean cultivars. The

possibility that late maturity cultivars are more affected than early maturity ones has to be

further investigated as only one cultivar ofeach soybean maturity group was used in this

experiment.

Conjugates of the isof1avones daidzein and genistein are major Metabolites in aU

embryonic organs within the dry seed and seedling root, hypocotyl, and cotyledon tissues

at ail times after germination (Graham, 1991). It has been reported that foUowing

inoculation with Rhizobium melilot; a1falfa seedlings exude isoflavonoid conjugates and

that formononetin 7-0-glucoside-6'-O-malonate is a selective activator ofnod-genes in the

nodulating bacteria (Dakora et ai., 1993). This observation suggests that isoflavonoid

conjugates are aIso important in signalling between root and rhizosphere. Both the
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formation and hydrolysis of these isotlavone conjugates are subjeet to an intricate

regulation progr~ and they may play a direct role in the responses ofsoybean tissues to

elicitor treatments (Graham, 1991). In tbis study, we only measured daidzein and

genistein concentration and content. The quantity, regulation and function of the

conjugate fonns of isoflavones among soybean cultivars may be important and needs to be

studied.

Since the etfects ofRZT on root genistein concentration varied among cultivars,

presumably due to differential effeets on the balance between SYRthesis and excretion, a

practical aspect of tbis work is that simple selection of root genistein concentration in a

plant breeding program, could not be used to develop soybean cultivars which nodulate

better at lower RZTs. It would appear that a plant breeder would have to measure and

attempt to increase actual signal molecule excretion trom soybean roots at lower RZT.

This is likely to be a more difficult task.
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Preface to section 4

Section 4 is composed ofa manuscript by Pan B, Zhang F and Smith DL published in

Journal ofPlant Nutrition, 1998, 21:1631-1639.

Previous work in our laboratory showed that genistein concentration in soybean

root system increases with seedling developmen~ and decreases after the onset ofN2

fixation. This experiment was condueted to determine whether addition ofgenistein to the

rooting medium at the onset ofN2 fixation would increase nodulation thereafter. We have

manipulated soybean nodulation and nitrogen fixation with signal compound additions.

This experiment a1so introduced me the concepts ofsoybean nodulation and N2 fixation.
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Section 4

Genistein Addition to the Rhizosphere orSoybean [Glycine max (L.) Merr.)

Increase Nodulation

4.1 Abstract

In the legume-(Brady)Rhizobium symbiosis, signal exchange between the host-plant and

the symbiotie baeterium is an essential step in nodule formation. Genistein is the most

effective plant-to-bacterium signal in the soybean [GÔ'cine max (L.) Merr.] N2-fixing

symbiosis. Its concentration in soybean root system increases with seedling development,

and decreases immediately after the onset ofNz fixation. This study was condueted ta

determine whether addition ofgenistein to the soil rhizosphere at the onset ofNz fixation

would increase nodulation thereafter. The results indicated that watering soybean plants

with a solution containing genistein beginning at the onset ofN2-tixation increased nodule

size, nodule number and nodule weight per plant. Shoot nitrogen concentration was also

increased. Soybean cultivar AC Bravor was more sensitive to genistein addition than

Maple Glen.

Key Wortls: Glycine max, genistein, nodulation

4.2 Introduction

Nitrogen availability is an important factor governing yields ofagricultural crops. The

legume-(Brady)Rhizobium symbiosis channels large quantities ofatmospheric nitrogen

into both agricultural and non-agricultural systems, and thus is offundamental economic

and ecological significance.

Development ofN2-fixing legume root nodules involves a complex series of

interactions between the infecting bacteria and the hast root (Stacey 1995). Leguminous

plants are able to synthesize specifie phenolic compounds that are sensed by rhizobacteria

(peters and Verma 1990). These low molecular weight compounds aetivate the nodD

gene(s) of (Brady)Rhizobium, which control(s) the expression of the common nod genes
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(Kosslak et al. 1987). As a result ofnod-gene induction, lipo-chitooligosaccharide

nodulation factors (Nod factors) are produced by the bacterial symbiont7 which in tum

elicit root hair deformation, initiation ofcortical ceU division, and induction of specific

changes in cell morphology; that iS7 these compounds trigger a plant organogenic program

leading to nodule formation (Dénarié and Cullimore 1993). A precise exchaoge of

molecular signals between (Brady)Rhizobium and host plants is essential to the

development ofan effective legume root nodule (Verma 1992).

Because isotlavonoids cao cause nod-gene induction at concentrations in the

nanomolar and low micromolar range7 agronomists could manipulate the effeet ofthese

compounds through direct application ofthe natural product7 selection of the host-strain

combinations that stimulate increased synthesis and release of active nod-gene inducers7

or through plant breeding. As a result of those manipulations7 t1avonoid-induced

transcription ofnod genes and sustained gene expression could enhance nodulation,

promote N2 fixation and increase grain yields (Dakora 1995). Sorne legume cultivars

apparently supply limiting amounts of the isot1avonoids (Hungria and Phillips 1993;

Kapulnik et al. 1987). The effectiveness of isoflavones was found to vary among soybean

cultivars (Horvath et al. 1986).

The isoflavones daidzein and genistein are the major components of soybean root

extracts responsible for inducing the nod gene(s) ofB. japonicum (Kosslak et al. 1987).

Daidzein has less nod gene-inducing ability than does genistein (Sutherland et al. 1990).

Preincubation ofB. japonicum with genistein increased nodule number and hastened the

onset ofN2 fixation at suboptimal root zone temperatures (Zhang and Smith 1995).

Those increases lead to an increase in nitrogen-fixation ability and a reduction in nitrogen

limitation of soybean grown in short season areas. Genistein concentration increases with

early soybean root development7and then decreases after the onset ofN2-fixation (Zhang

and Smith 1996 b). To date7 there have been no investigations ofwhether or how

genistein addition to the rhizosphere7 beginning at the onset ofnitrogen fixation, alters

plant nadulation and growth. In this studY7 we test the hypothesis that adding genistein to
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the rhizosphere by watering soybean plants with a genistein solution beginning at the onset

ofNz fixation increases soybean nodulation, and total N2-fixing ability, leading to

increased nitrogen and dry matter accumulation.

4.3 Material and Metbods

Experimental design

The experiment was carried out under greenhouse conditions. The air temperature regime

was 30/20°C day/night, with the relative humidity being 60 to 70%. The bighest daylight

intensity was 900 fJ.mol m-2
S-l. Turface (Applied Industrial Material Corp., Deertield,

IL):sand (1:1, v/v) was used as a growing medium. Two factors were included in the

experiment, genistein concentrations (0 and 5 fJ.M) and soybean cultivars (AC Bravor and

Maple Glen). The experiments were arranged in a random completely block design with

four replications. Genistein applications were started at the date ofonset ofN2 fixation

[14 days after inoculation (DAI), indicated by sharply increased photosyothetic rates;

Zhang and Smith 1994], and continued throughout the experiment. When the plants

needed to be watered, a 10 mM genistein stock solution was added to Hoagland's solution

(Hoagland and Arnon 1950), in an amount sufficient to make the 5~ genistein solution,

and 250 mL ofHoagland's solution containing either 0 or 5 J.lM genistein were added to

each ofthe pots at each watering (2 to 7 times per week depending on the plant size).

That amount of solution is enough to wet the whole growth medium and whole root

system was evenly watered. A total of 12 mg ofgenistein was added to each pot. In

general, molecules of tbis type are not available as a carbon source for baeteria (peters and

Verma 1990). AC Bravor and Maple Glen were selected as they have been shown ta

respond differently ta application ofgenistein under cool soil conditions (Zhang and Smith

1996 a).

Plant materials and inoculation

Seeds of the soybean cultivars AC Bravor and Maple Glen were surface-sterilized in 4%
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sodium hypochlorite for 7 min, and then rinsed several times with distilled water. Five

seeds were directly sown in each ofthe pots. When the seedlings reached the vegetative

cotyledon stage (VC, unifoliolate leaves unrolled sufficiently that the edges were not

touching, Fehr et al., 1971), seedlings were thinned to 2 plants per pot. The Hoagland's

solution used in these studies was modified to provide a nitrogen-free solution: the

Ca(N03)2 and KN03 were replaced with 1 mM CaCI2, 1 mM K2HPO<h and 1 mM

KH2P04•

The inocula were produced by culturing B. japonicum stain USDA110 in yeast

extract-mannitol broth in 250-mL tlasks shaken at 120 rpm at 25°C. A five day old sub

culture (00=0.4) was diluted with distilled water to an ~20 of0.08 (approximately 108

ceUs mL-1
). After thinning the seedlings, 1 mL ofinoculum was applied by pipette onto

the rooting medium at the base ofthe plant.

Data collection

Plants were harvested five times. The tirst harvest was at 14 DAI, and subsequent

harvests were made every 10 days. For each harvest smaU nodule (diameter < 1.5 mm)

number, large nodule (diameter ~ 1.5 mm) number, nodule weights, shoot and root

weights, and shoot and root nitrogen concentrations were measured. The photosynthetic

rates and chlorophyll fluorescence levels ofthe central uppermost fully expanded leaflet

were measured prior to each harvest. Photosynthetic measurements were taken with a LI

6200 portable photosynthesis system (Li-Cor Inc., Lincoln, NE) between 10:00 and 12:00

in the morning. Chlorophyll fluorescence was measured with a Cf-l 000 chlorophyll

fluorescence measurement system (Morgan Scientific Inc., Andover, MA) at the same

time. Nitrogen content was measured by Kjeldahl analysis (Kjeltec system, Tecator AB,

Hoganas, Sweden).

Statistical Ana/ysis

Results were statistically analyzed by analysis ofvariance using the Statistical
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Analysis System computer procedure (SAS Institute me. 1988).

4.4 Results

Genistein effects on nodulation

Genistein increased large nodule numbers ofAC Bravor plants at the third, fourth

and tifth harvest (Fig. 4. lA). The greatest increase occurred at the fifth harvest, plants

watered with genistein produced 10-32% more nodules than non-genistein watered

control plants. There were no changes in large nodule numbers for Maple Glen.

Genistein application decreased small nodule numbers at the second and third

harvests (Fig. 4.1B). By the fourth and fifth harvests, genistein increased small nodule

numbers. Both the decreases and increases in small nodule numbers were larger for AC

Bravor than Maple Glen.

Genistein irrigation increased nodule weights per plant at the 3rd and 4th harvests

(Fig. 4.2A).

Genistein addition increased individual nodule weight for both AC Bravor and

Maple Glen plants, with the largest proportional increases being 83% for Maple Glen, and

31% for AC Bravor, bath at the third harvest (Fig. 4.2B).

Genistein effects on plant nitrogen content andplant growth

Genistein increased shoot (Fig. 4.3), but not root (data not shown), nitrogen

content at most harvests.

Leaf photosynthetic rate and chlorophyll fluorescence were not atTected by

genistein treatment (data not shown).

4.5 Discussion

Adding 5 J.lM genistein to the rooting medium be8inn.ing at the onset ofN2 fixation

altered nodulation, and to some extent, N2 fixation. Genistein addition may promote nod

gene expression (Kosslak et al. 1987) ofthe B. japonicum rooting medium leading higher
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levels ofNod factor production by B. japonicum cells than would otherwise have been the

case. Kosslak et al. (1987) showed that 5 J,1M genistein is sufficient to maximally induce

the nodulation genes. The expression ofbradYrhizobial nod genes have been shown to

stimulate production of the bacterial Nod factor, able to induce Many ofthe earlyevents in

nodule development and regulate plant morphogenesis (Spaink 1996).

Preincubation ofB. japonicum with genistein or application ofgenistein into the

plant rhizosphere at the time ofseeding accelerate nodulation and the onset ofnitrogen

fixation in cool spring production areas, leading to increases in total fixed nitrogen, grain

and protein Yield. Those increases are mainly due to the a1teration of the time-course of

each nodulation stage (Zhang and Smith 1996 a). In this study, genistein was added only

after the beginning ofnitrogen fixation and the temperatures ofboth the shoot and root

zone were in the optimal range (25-30°C) for soybean nodulation. The observed

increases in nodule size and weight per nodule suggested that soybean nodulation cao be

partially altered by addition ofgenistein into the rhizosphere. The increase in nodule size

may be related to the increases in nodule cell division or bacterial ceU numbers. Sïnce

isoflavonoids can function as modulators of polar auxin transport (Jacobs and Rubery

1988), it is tempting to speculate that they could locally disturb the auxin-cytokinin

balance, leading to the induction of nodule meristems (Schmidt et al. 1994). D'Arcy

lameta & Jay (1987) reported that low micromolar concentrations ofisoflavonoids

stirnulate the growth rate of rhizobia. Increased nodule size May also be due to the effects

ofgenistein on the bacterial nod genes and Nod factor, which trigger the formation ofthe

root nodules by initiating cell divisions at distinct sites, and possibly by affecting regulation

of the plant cell cycle (Verma 1992). The increase in weight per nodule could be due to

stimulation ofcell division in developing nodules.

The nodulation and plant nitrogen concentration ofcultivar AC Bravor tended to

he more responsive to genistein application either by way of pretreated B. japonicum

under lower root zone temperatures (Zhang and Smith 1995) or addition ofgenistein to

the root medium after nitrogen fixation had commenced under an optimal temperature
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regime (Fig. 4.1 and 4.3). This is in accordance with the results ofother workers

(Hungaria and Phillips 1993; Kapulnik et al. 1987) who also found differences among

legume cultivars for signal molecule activity. This phenomenon could be related to

genistein synthesis and/or exudation abilities ofthe two soybean cultivars. Kapulnik et al.

(1987), for example, reported that the superior nodulation and N2-fixation ofHP32 alfalfa

compared to HP a1falfa are associated with a 77% increase in the amount ofplant tissue

luteolin.
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Preface to section S

Section 5 is composed ofa manuscript by Pan B and Smith DL and will be submitted to

Journal ofExperimental Botany.

It has been known for several decades that minerai N inhibits soybean nodulation

and N fixation. However, the mechanism is not well understood~ a1though several

explanations have been proposed. The chapter irnrnediately proceeding this one showed

that addition ofsignal Molecules could lead to continued modification after the tirst

nodules fonned begin to fix N2 . Using signal measurement methodology learned in the

tirst experirnen~ this experirnent investigated signal production from the soybean plants

at different mineral N levels under greenhouse condition.
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Section 5

Mineral Nitrogen and Daidzein and Genistein Levets in Soybean Tissues

and Root Exudates

5.1 Abstract

Isotlavonoids, principally daidzein and genistein, excreted by soybean (Glycine max

Merr. [L.]) roots aetivate the transcription ofBradyrhizobiumjaponium nod genes

involved in the formation ofroot nodules. It has been shown that minerai nitrogen (N)

reduces the concentration ofdaidzein and genistein in soybean roots, but tbis could be

due to reduced synthesis or enhanced rates ofexcretion from the root. The effeet of

minerai nitrogen on soybean root exudation of isotlavonoids has not been previously

determined. The study was conducted under carefully controUed greenhouse conditions.

Soybean plants were grown in growth pouches and in pots. The soybean cultivar was

Maple Glen. Daidzein and genistein contents and concentrations in soybean roots,

shoots and in root exudates were detennined using bigh performance liquid

chromatography (HPLC). The results showed that 10 mM ammonium nitrate strongly

inhibited root daidzein and genistein contents and concentrations, while 1 mM

ammonium nitrate had less inhibitory effect. As the plants grew, daidzein and genistein

contents increased in roots, and increased and then decreased in shoots. Oaidzein and

genistein exudation was not inhibited by the ammonium nitrate treatments. Changes in

daidzein and genistein ratios indicated that neither their sYQthesis nor their exudation was

affected equaily by ammonium nitrate treatments. Growth methods May have affected

soybean tissue daidzein and genistein contents and concentrations.

Key words: Glycine max (L.] MeIT., genistein, daidzein, ammonium nitrate

5.2 Introduction

An exchange ofmolecular signais between the host plant and (Brady)Rhizobium over

space and time is essentiai for the successful establishment ofan effective Nz-fixing

nodule (Long, 1989). The tirst apparent exchange ofsignais involves host plant secretion

ofphenolic compounds, flavones and isotlavones, produced through phenylpropanoid
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metabolism (peters and Verm~ (990). The isoflavonoid, daidzein and genistein, are the

major compounds in soybean (Glycine max (L.] Merr.) root extracts responsible for

induction ofnad genes ofB. japonicum (Kosslak et al., 1987). Low concentrations of

isotlavonoids also have etfeets on chemotaxis, growth and development ofbacteria and

fungi (phillips, 1992).

Legume plants can fix nitrogen biologically through symbiosis, but preferentially

utilise minerai nitrogen (including ure~ nitrate and ammonium). Soybean nodulation and

nitrogen fixation are inhibited by high concentrations ofcombined N in the rooting media

(Streeter, 1988). Researchers have been trying to understand the mechanism(s) that

underlies the inhibition etfects and!or to find bacterial and plant genotypes that are

insensitive to mineral nitrogen io order to overcome this inhibition.

It is still the case that the mechanism by which mineral N inhibits nodulation and

nitrogen fixation is not weU understood, although several explanations have been

proposed (for reviews see Streeter 1988; Carroll and Mathews, 1990). Changes in the

isoflavonoid content of host plants have been suggested as a possible explanation

(Appelbaum 1990; Cho and Harper, 1991). Cho and Harper (1991) reported that a

hypemodulating soybean mutant had higher root concentrations ofdaidzein and genistein

than did the parental cultivar at 9 to 12 days after inoculation. When 2.5 mM <NH4)2S04

was applied to the soybean plants, the concentrations ofthree isoflavonoids in the roots

were decreased (Cho and Harper, 1990). However, root isotlavonoid content is ooly one

part of the story. To induce the expression ofnod genes in B. japonicum ceUs living in

soil daidzein and genistein have to be excreted ioto the soil environment. It is therefore

necessary to elucidate the effect ofminerai nitrate on the excretion ofdaidzeio and

genistein from soybean roots. Isoflavonoids have been studied largely in seeds and roots

(Cho and Harper, 1990). Since plants can regulate isoflavonoid production (Phillips,

1992), daidzein and genistein contents in plant tissues other than roots May affect the rate

ofexcretion from roots.

Previous studies have shown that the responses oflegume nodules to combined N

are much more pronounced when plants are grown in a solution culture than when plants

are grown in a solid medium (RaIston and Imsande, 1983). Alfalfa plants accumulate
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higher concentrations of isotlavonoid conjugates in both leaves and roots when grown

under field conditions than under controUed environment conditions (Tiller et al., 1994).

The objectives ofthis study were to determine the effects ofmineral nitrogen levels on

daidzein and genistein contents and concentrations in soybean tissues and exudates, to

determine relationships among concentrations in various plant parts and to determine the

effeets ofroot growth environment on daidzein and genistein contents and concentrations

in soybean tissues.

5.3 Materials and Methods

Plant growth conditions

The experiments were organized following a random completely design with

three replications. The soybean cultivar used was Maple Glen. The experiment was

carried out in McGill University's Macdonald Campus research greenhouse. Air

temperature was controlled at 25 ± 2°C and additional illumination of300 J..1mol m-2
S-l

was supplied by high pressure sodium lights (p.L. Light Systems Canada) for a 16:8 h

(day:night) photoperiod.

The experiment was conducted twice, once with plants grown in growth pouches

(15 X 16 cm, Mega International, Minneapolis, MN), which aUows easy collection of the

root exudates, and once in pots, where the roots are able to develop under more normal

circumstances. 80th pots and plastic growth pouches are often used ta study soybean

nodulation and nitrogen fixation in indoor experiments. Plastic growth pouches are also

used as a standard method in inoculant evaluation (Canada Department ofAgriculture,

1991).

For the growth pouch experiment, soybean seeds were germinated in autoclaved

vermiculite with the radicals painting downward. When the radicals had elongated ta

about 1 cm, two germinated seeds were transferred ta each growth pouch and covered

with a sterilized, moist cotton pad for three days under dark conditions until the shoots

had emerged. For the pot experiment, soybean plants were grown in a mixture ofTurface

(Applied Industrial Materials Corp., Deerfield, IL) : sand (2: 1, v/v). Two seeds were

sown in each pot (15 cm in diameter x 18 cm in height).
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Soybean plants were grown at 0, l, and 10 mM ammonium nitrate. One to two

mM minerai N is considered the necessary concentration for a healthy plant growth and

10 mM ammonium nitrate causes inhibition ofnodulation (Streeter, 19S5). The

ammonium nitrate solution was applied beginning at sowing, and was added each time

the plants needed water. N-free Hoagland's solution (see Chapter 3) was added once a

week for the growth pouch experiment and twice a week for the pot experiment,

beginning at the tinte when the cotyledons tumed yeUow. The correct amount of

ammonium nitrate was added to the nutrient solution or water for each treatment

immediately prior to watering, and 250 mL ofnutrient solution or water were added to

each pot (diameter 15 cm and height 20 cm) at each watering. That amount of solution

was enough to wet the whole rooting medium and cause sorne solution to run out the

bottom ofthe pots, so that the pots were tlushed at each watering.

Inoculant preparation

The inoculum was produced by culturingB.japonicum strain USDAI10 io yeast

extract mannitol broth in 250 mL flasks shaken at 125 rpm at 25°C. When the sub

culture reached mid log phase, pure medium was used to dilute the inoculum to an OD620

ofO.OS (equivalent to 108 cells mL-L
). Two mL ofiooculum was added to 20 mL of

distilled water and then watered evenly ioto the pots. The inoculant was applied one

week after germination.

Preparation ofsamplesfor HPLC ana/ysis

Plants were harvested at 4 days before inoculation, on the day ofinoculation, and

3, Il, and 25 days after inoculation. For measurement ofroot exudation, roots were

carefully removed from the growth pouches and washed with 50 mL SO% methanol. The

methanol wash was put back ioto the growth pouch and shaken for 5 min before

collecting the methanol. Another 50 mL of SO% Methanol was added to the growth

pouches, shaken for 5 min, and coUected. The collected methanol samples were rotary

evaporated to remove the methanol. The aqueous fraction was phase-partitioned three

times against equal volumes ofethyl acetate, retaining each organic fraction. At the end
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ofthe third phase partitioning, the aqueous fraction was removed and dry sodium

sulphate was added to absorb any remaining water. The clear ethyl acetate fraction was

decanted and rotary evaporated at 30°C until dry. The sample was then redissolved in

1.5 mL ofHPLC grade pure Methanol and centrifuged for 10 min at 8000 g before being

run through an HPLC.

Plants were eut immediately above the uppermost root and separated into shoot

and root. The same sample preparation procedure was used for both shoots and roots.

In the pot experiment, roots were washed in distilled water and carefuUy dried

with paper towels before being weighed. Harvested soybean roots were placed in

vacuum tlasks with 10 times the root fresh weight of 80% methanol-dH20. Root tissue

was placed under vacuum for 20 minutes. The pH was measured when the vacuum

process was finished, and then adjusted ta 5.3 with 0.1 N HCL. Samples were transferred

iota 250 mL tlasks at 4 0 C and shaken for 48 h at 150 rpm. Plant roots and extracts were

separated by filtering through Whatman No. 1 tilter paper. Roots were collected and

weighed after drying at 80 oC for 72 h. The resulting extracts were rotary evaporated ta

remove the Methanol. The aqueous fraction was phase-partitioned and prepared for

HPLC as deseribed above.

HPLC measurement

The daidzein and genistein concentrations were determined using a Waters HPLC

system (Waters Associates Inc., Milford, MA) consisting ofa model712 WISP, two 510

pumps and a 441 UV detector operating at 254 om. Separation was achieved by a 3.9 x

300mm J,LBondapak CIS column (Waters Associates Ine. Milford, MA) using a mobile

phase eonsisting ofa 60:40 ratio ofmethanol : distilled water. The run time for

separation was 15 minutes with an isocratic t10w rate of 1 mL min-1
• Commercial

genistein (4, 5, 7-trihydroxyisoflavone, purity of98%, Sigma) and daidzein (4', 7

Dihydroxyisot1avone, purity > 98%, IeN) were used as standards.

Data ana/ysis
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Results were analysed statistically by analysis ofvariance using the Statistical

Analysis System computer procedure (SAS Institute Ioc., 1988). The LSO test was

applied to make comparisons among the means at the 0.05 level ofsigniticance, when

analysis ofvariance showed significant treatment effects.

5.4 Resulu

Roo! daidzein and genistein content and concentration

In the growth pouch experiment, differences in root daidzein and genistein

contents among the three ammonium nitrate levels was not obvious at the tirst four

harvests (Fig. 5.1 A & B). Twenty-tive days after inoculation, la mM ammonium nitrate

decreased root daidzein content as much as 90.0% and genistein content as much as

85.9% as compared to controls without N. Unlike contents, differences in daidzein and

genistein concentrations existed trom early harvest (Fig. 5.1 C & D). Ammonium nitrate

decreased root daidzein and genistein concentrations, and the decreases were most

obvious at the last harvest.

In the pot experiment, differences in daidzein and genistein contents were found

at the early harvests (Fig. 5.2 A & B). Twenty-five days after inoculation, la mM

ammonium nitrate decreased root daidzein content as much as 77.3% and genistein

content as much as 64.8 as compared to controls without N. Root daidzein and genistein

contents were slightly lower for soybean plants grown in 1 mM than in 0 mM ammonium

nitrate. Ammonium nitrate treatments decreased daidzein and genistein concentrations

(Fig. 5.2 C & D). Root genistein concentrations were the highest at the first harvest and

decreased as the soybean plants grew.

Shoot daidzein andgenistein content and concentration

Shoot daidzein and genistein contents and concentrations were reduced by lO mM

ammonium nitrate treatments in both growth pouch and pot experiments.

In the growth pouch experiment, soybean grown in zero ammonium nitrate had

the highest shoot daidzein and genistein contents at Il days after inoculation (Fig. 5.3 A

& B). Twenty-five days after inoculation, soybean plants grown in 1 mM ammonium
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nitrate had the highest shoot daiclzein and genistein contents. Unlike shoot daidzein

content~ shoot genistein content was decreased at the last harvest. Similar changes were

found in shoot daidzein and genistein concentrations (Fig. 5.3 C & D).

In the pot experiment, shoot daidzein and genistein contents were usually higher

when soybean was grown in 0 mM ammonium nitrate than in 1 mM ammonium nitrate

(Fig. 5.4 A & B). Shoot daidzein and genistein contents had different patterns as soybean

plants grew: daidzein increased steadily, genistein increased to the second harvest and

then derceased. Shoot daidzein and genistein concentrations increased until 3 days after

inoculation and then decreased (Fig. 5.4 C & D). Shoots had lowest daidzein and

genistein concentrations when grown at 10 mM ammonium nitrate.

Root daidzein andgenistein exudation

Unlike daidzein and genistein contents and concentrations inside the root~ total

daidzein and genistein exudation were not inhibited by the ammonium treatments.

The patterns ofexudation ofdaidzein and genistein per gram of root dry weight

(Fig. 5.5 A & B) were different from the total exudate levels. Daidzein exudation was

highest at the tirst two harvests, decreased thereafter, and was the lowest at the last

harvest. No difference was found in genistein exudation at the tirst harvests. Soybean

plants grown at 0 ammonium nitrate always had the lowest daidzein and genistein

exudation.

Total daidzein and genistein exudation per plant from soybean roots followed a

similar pattern (Fig. 5.5 C & D). Soybean grown in 10 mM ammonium nitrate had a

higher level ofdaidzein and genistein in exudates at the tirst three harvests and soybean

grown in 0 mM ammonium nitrate had lowest. In the last two harvests soybean plants

grown in 1 mM ammonium nitrate had greater total daidzein and genistein exudation that

previous harvests.

Ratio ofgenistein and daidzein (GDR) in roots, shoots and exudates

In the growth pouch experiment, ammonium nitrate level affeeted GDR. In

exudates, 1 mM ammonium nitrate usually resulted in the highest GOR (Fig. 5.6A).
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GDR was lowest at the last two harvests at 0 mM ammonium nitrate. In roots, 10 mM

ammonium nitrate resulted in the lowest GDR at the tirst two harvests and the highest

GDR in the last three harvests (Fig. 5.6B). GDR was lower at the tirst harvest, increased

at the second harvest and then deceased as the soybean plants grew. Shoot GDR was

also lower at the last harvest (Fig. 5.6C).

In the pot experiment, both root and shoot GDR decreased as soybean plants

developed (Fig. 5.7A & B). Soybean plants grown at 0 mM ammonium nitrate resulted

in the lowest GDR from the second harvest to the last. No obvious trend in shoot GDR

was found among the three levels ofammonium nitrate.

Shoot GOR was much higher than that ofthe root in both growth pouch and pot

experiments.

s.s Discussion

Ammonium nitrate inhibited shoot and root daidzein and genistein contents and

concentrations. Our results confirm the results observed in soybean roots (Cha and

Harper, 1990). The biochemical mechanism underlying this reduction is still not clear.

In our experiment, we found a clear relationship between extract pH and ammonium

nitrate levels. The pH of shoot and root extracts was always lower as the ammonium

nitrate concentration increased (data not shown). The decrease in extract pH relates to

tissue pH and hence could affect sorne enzymatic activities related to isoflavonoid

sYDthesis. Changes in pH could aIso affect isotlavonoid exduation and the hydrolization

of isoflavonoid conjugates. D'Arcy-Lameta (1986) reported that a hydrolysis of

polyphenolic conjugates takes place at the time of exudation.

Our data showed that 10 mM ammonium nitrate stimulated total root exudation of

daidzein and genistein at the time of inoculation and 1 mM ammonium nitrate resulted in

the greatest exudation at Il and 25 days after inoculation. Ammonium nitrate

accumulation in the media may have been one of the causes for the high exudation.

Dostanova et al (1979) reported that higher exudation ofan isoflavone when pea

seedlings were subjeeted to either sodium chloride or sulphate salinity. Greater total

exudation was not the result of root growth due to the higher levels ofN. In fact, root dry

77



•

•

•

weight in the growth pouch experiment was decreased by 21.46% when plants were

grown in 10 mM N as compared to the control without N at 25 days after inoculation.

Root isotlavonoid exudation patterns were different from the isotlavonoid content

and concentration patterns inside the root and shoot. Such observations suggest that the

effect of ammonium nitrate on isotlavonoid exudation processes is different from its

effect on the synthesis process. Previous studies indicated that legume seed and root

exudates might contain substances that are both stimulatory and inhibitory to nodulation

(Siqueira et aI.~ 1991). Plants may control nodulation through intervention ofhighly

active, and weak stimulators and/or inhibitors~ or by enzymatic reaction in the

rhizosphere (Lynn and Chang~ 1990). The effeet ofhigh ammonium nitrate levels on the

exudation of those inhibitory substances, weaker but competitive inducers~ and the ratio

of those signais is not clear, but deserves further investigation. On the other hand~

aIthough daidzein and genistein in the exudate contact B. japonicum ceUs directly and

promote nad gene expression, the importance ofdaidzein and genistein levels inside the

roots and the role they might play in the establishment of nodules after the baeteriaI ceUs

enter ioto the root has not been elucidated.

Shoot and root daidzein and genistein contents and concentrations changed

differently at different sampling time. The difference could be related to the environment

they developed under, as isotlavonoid metabolism is light regulated (Stafford~ 1990) and

light has a pronounced etfect on the distribution ofisotlavones (Graham, 1991). Tissue

specificity of the expression of tlavonoid genes has been reported in a few cases (Dooner,

1983). Higher shoot genistein content and concentration could affect root isoflavonoid

level~ and hence nodulation, as Cho and Harper (1991b) reported control of nodulation by

isof1avonoid levels in a soybean hypemodulating mutant.

Differences in daidzein and genistein contents and concentrations were found

between the two growth methods used. When soybean was grown in growth pouches~

daidzein and genistein contents and concentrations were hig~ especiaIly at the last

harvest. This May have been caused by graduai accumulation ofdaidzein and genistein

inside the growth pouches which could have feed-back effects on levels inside roots. In

addition, the growth pouch environment resulted in less root dry weight (0.1 g per plant)
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than in pots (1.7 g per plant) at the last harvest. This difference led to a higher

concentration with the lower root dry weight. These results suggest that we should be

cautious about extrapolating growth pouch experiment results.

Soybean growth is not completely normal when grown in media without a minerai

N supply (Streeter, 1988). Many investigations have demonstrated that maximum

symbiotic performance is associated with low concentrations ofcombined N in the

rooting media (Nutman, 1956; Harper, 1974). Our data have shown that ammonium

nitrate level affected isof1avonoid synthesis and exudation. Given the importance of

isof1avonoids in the symbiosis, our results supported the idea that soybean plants

(including those used as contrais) should he grown with a small amount ofcombined N

(i.e. 1 to 2 mM in sand culture) (Streeter, 1988).

In conclusion, our results show that daidzein and genistein distribution patterns

varied with organ, ammonium nitrate levels, plant developmental stages, and growing

methods. Ammonium nitrate inhibited daidzein and genistein contents and concentration

in root and shoot extract, but did not decrease daidzein and genistein exudation. In both

synthesis and excretion, daidzein and genistein were not affeeted equaUy by ammonium

nitrate treatments.
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Preface to section 6

Section 6 is composed ofa manuscript by Pan B and Smith DL and will be submitted to

Journal ofExperimental Botany.

This work extended the same phenomenon as in section 5, but focused on the

variability among soybean cultivars for signal (isoOavonoid) synthesis and exudation in

the presence or absence ofmineral N.
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Section li

Variability among soybean (Glycine mta [L.) Merr.) cultivars for isoOavoDoid

synthesis and exudation in the presence of nitrate

6.1 Abstract

The isotlavonds genistein and daidzein are the major compounds in soybean root extracts

responsible for induction ofnod genes ofBradyrhizobium japonicum. Nitrate inhibits

legume nodulation and nitrogen fixation. The responses ofdaidzein and genistein

SYnthesis and exudation to nitrate, and the correlation between daidzein and genistein

exudation with nodulation were studied. using eight soybean cultivars and three levels of

potassium nitrate. The experiment was conducted under greenhouse conditions with

three replications. Soybean plants were grown in growth pouches. The results showed

that changes in root daidzein and genistein contents ofthe eight soybean cultivars varied

in response to nitrate levels. Changes in the concentrations of root daidzein and genistein

were similar among cultivars, although sorne differences existed. The amount of

daidzein and genistein excreted per plant by soybean roots did not correspond to the

inside root daidzein and genistein contents and concentrations. Daidzein and genistein

contents and concentrations in root extracts were positively correlated with nodule

number and weight; daidzein and genistein contents and concentrations in root exudates

were negatively correlated with nodule number and weight, a1though the correlation

coefficients were low.

Key words: soybean, geniste~ daidzein, potassium nitrate

6.2 Introduction

The isof1avonoid genistein and daidzein are the major compounds in soybean

(Glycine max (L.] Merr.) root extracts responsible for induction ofnod genes ofB.

japonicum (Kosslak et al., 1987). Low concentrations of isoflavonoids aIso have etfects

on chemotaxis, growth and development ofhaeteria and fungi (Rao, 1990). Addition of

genistein improves soybean nodulation at suhoptimal temperatures (Zhang and Smith,

1995). Soybean isoflavonoids have been studied in roots (Cho and Harper, 1991) and
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exudates (D'Arcy-Lameya., 1986) ofa few cultivars (Graham, 1991). The variability

among soybean cultivars for nitrate effects on the accumulation and exudation of

daidzein and genistein has received little study.

Legume plants can fix nitrogen biologically through a sYmbiotic association, but

preferentially utilise minerai nitrogen. Nitrate is one of the MOst patent inhibitors of

nitrogen fixation (Streeter, 1988). Changes in isof1avonoid content of the host plants

have been suggested as a possible explanation (Appelbaum 1990; Cho and Harper 1991).

Of the two sYmbiotic partners, B. japonicum was less affected by nitrate than the

host plant (McNeil, 1982) and it is the plant that is the primary control point for

nodulation in the presence ofnitrate (Gibson and Harper, 1985). Species differ

considerably in their sYmbiotic tolerance to minerai N and substantial natura! variation

May exist among legume lines and cultivars (peoples and Craswell, 1992). Hardarson

and Zapata (1984) reported that a great variability existed among soybean germplasms

for ability to fix N2 at different inorganic N levels, and also that the potential exists to

breed for nitrogen fixation associated traits. Cho and Harper ( (991) reported a

hypemodulating soybean mutant that had higher root concentrations ofgenistein and

daidzein than did the parental cultivar at 9-12 days after inoculation.

The number of nodules per plant is genetically limited (Fujita et al, 1991). The

challenge of improving the nitrogen fixation capacity ofthe legumes through selection

and breeding is complex because there are two components to consider: the

(brady)rhizobia and the host plant. Many of the breeding programs aimed at enhancing

nitrogen fixation have chosen to ignore this complication and have focused mainly on

manipulation ofthe host plant (peoples and Craswell, 1992). The isoflavonoid signal

molecules are a bridge between the host plant and the (brady)rhizobia. Selection of

isoflavonoid production ability by the host plant root system may offer a new means of

selecting symbiotically improved soybean cultivars.

The present study was initiated to determine: (1) soybean cultivar variability in

daidzein and genistein sYnthesis and exudation responses to nitrate levels, (2) the degree

ofcorrelation ofdaidzein and genistein with nodulation. Genistein and daidzein content

and concentration in soybean roots and shoots, and genistein and daidzein exudation trom
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soybean roots were determined. It is hoped that this will increase our understanding and

provide the basis for future genetic manipulation of the host plant metabolic pathways ta

maximize nod gene activation and ta control the symbiosis for agricultural improvement.

6.3 Materials and methods

Plant growth conditions

The experiments were organized foUowing a random completely design with

three replications. Eight soybean cultivars were used. Six cultivars (two from each of

the early, middle and late maturity groups in the 1997 recommend list of the Quëbec

Council ofPlant Production (CPVQ) plus one non-nodlating and one super-nodulating

genotype were selected. The experiment was condueted in McGilI University's

Macdonald Campus research greenhouse. Air temperature was controlled at 25 ± 2°C

and additional illumination of300 J,lmol m-2
S·1 was added by high pressure sodium lamps

for a 16:8 h (day:night) photoperiod.

Soybean seeds were genninated in sterilised vermiculite Viith the seed radicals

pointing downward. When the radicals elongated to about 1 cm (two days after sowing),

the germinated seeds were transferred ta growth pouches (15 X 16 c~ Mega

International, Minneapolis, MN), and covered with a sterilized, moist cotton pad for three

days under dark conditions, until the shoots had emerged.

Mineral N treatments were 0, 1, and la mM potassium nitrate. One mM mineral

N is considered the necessary concentration for a healthy plant growth and 10 mM

potassium nitrate causes inhibition ofnodulation (Streeter, 1988). Exposure ta potassium

nitrate solution began when the seedlings were transferred ta growth pouches, and was

added each time that the plants needed water.

Nodule number was determined at 27 days after inoculation. Nodule weight was

measured after drying at 80 oC for 72 h.

Inoculant preparation

The inoculum was produced by culturing B. japonicum strain USDAII 0 in yeast

extract mannitol broth in 250 mL flasks shaken at 125 rpm at 25°C. When the sub-
90



•

•

•

culture reached mid log phasey pure medium was used to dilute the inoculum to an OD620

ofO.OS (equivalent to 108 cells mL-I). One mL ofinoculum was added to the base part of

each plant root using a pipette. The inoculant was applied nine days after germination.

Preparation ofsamp/esfor HPLC analysis

Plants were harvested at IJ days after inoculation. For the measurement of root

exudation, roots were carefully removed from the growth pouches and washed with 50

mL SO% Methanol. The Methanol wash was put back into the growth pouch and shaken

for 5 min before collecting the methanol. Another 50 mL of SO% Methanol was added to

the growth pouc~ shaken 5 min, and collected. The collected Methanol samples were

rotary evaporated to remove the Methanol. The aqueous fraction was phase-partitioned

three times against equal volumes ofethyl acetate, retaining each organic fraction. At the

end ofthe third phase partitioning, the aqueous fraction was removed and dry sodium

sulphate was added to absorb the remaining water. The clear ethyl acetate fraction was

decanted and rotary evaporated at JOoe until dry. The sample was then re-dissolved in

1.5 mL ofHPLC grade Methanol and centrifuged for 10 min at 8000 g before being run

through an HPLC.

Plant roots were separated from the stems immediately abov~ the uppermost

lateral root. ROOls were washed in distilled water and carefully dried with paper towels

before being weighed. Harvested soybean roots were placed in vacuum flasks with lO

times the root fresh weight of80% methanol-dH20. Root tissue was placed under

vacuum for 20 minutes. The pH was measured when the vacuum process was finished~

and then adjusted to 5.3 with 0.1 N HCL. Samples were transferred into 250 mL flasks at

4°C and shaken for 48 h at ISO rpm. Plant roots and extracts were separated by filtering

through Whatman No. 1 tilter paper. Roots were collected and weighed after drying at

80 oC for 72 h. The resulting extraets were rotary evaporated to remove the methanol.

The aqueous fraction was phase-partitioned and prepared for HPLC as described above.
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HPLC measurement

The genistein and daidzein concentrations were determined using a Waters HPLC

system (Waters Associates Inc., Milford, MA) consisting ofa model 712 WISP, two 510

pumps and a 441 UV deteetor operating at 254 Dm. Separation was achieved by a 3.9 x

300 mm J.L.8ondapak C 18 column (Waters Associates Inc., Milford, MA) using a mobile

phase consisting ofa 60:40 ratio ofmethanol : distilled water. The run time for

separation was 15 minutes with an isocratic tlow rate of 1 mL min-1
. Commercial

genistein (4, 5, 7-trihydroxyisof1avone, purity of98%, Sigma) and daidzein (4', 7

dihydroxyisof1avone, purity > 98%, IeN) were used as standards.

Data analysis

The experiment was subjeet to analysis ofvariance (Steel and Torrie, 1980).

Correlation analyses were condueted for the nodule number and weight with isof1avonoid

contents and concentrations. Ali statistical analyses were performed using the Statistical

Analysis System computer package (SAS Inst., Cary, NC, 1988).

6.4 Results:

Daidzein andgenistein contents and concentrations in soybean roots

The responses of root daidzein and genistein contents per plant to nitrate varied

among the eight soybean cultivars (Fig. 6.1). Ten mM nitrate inhibited root daidzein and

genistein contents ofall eight cultivars. Of the eight soybean cultivars four had highest

root daidzein and genistein contents at 0 nitrate and four at 1 mM nitrate. Daidzein and

genistein contents did not always follow the same patterns ofchanges. Maple Glen had

the highest daidzein content at 0 nitrate. while KG30 had the highest genistein content at

1 mM nitrate.

Changes in the concentrations of root daidzein and genistein were similar, but not

always the same as contents ofroot daidzein and genistein. (Fig. 6.2). Five cultivars had

their highest daidzein concentration at 0 mM nitrate and three at 1 mM nitrate. The non

nodulating genotype had daidzein and genistein contents and concentrations that were

among the lowest values at both 1 and 10 mM nitrate levels.
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Daidzein andgenistein in root exudates

The amount ofdaidzein and genistein excreted per plant by roots did not

correspond to the root daidzein and genistein contents or concentrations (Fig. 6.3). Four

out of the eight cultivars had the highest daidzein exudation at 10 mM nitrate. The non

nodulating genotype generally had the highest daidzein exudation ofaU genotypes. A

similar pattern was found for genistein exudatio~ a1though sorne exceptions existed.

Cultivar 9007 had the highest genistein exudation at 1 mM nitrate, while cultivar Maple

Glen had the highest genistein exudation at 0 mM. Genistein exudation by Nordet varied

tittle within nitrate levels.

For daidzein the etfects of nitrate on exudation per gram of root were similar to

the effects on total exudation (Fig. 6.4), but for genistein higher levels ofnitrate often

reduced the amount exuded per gram root. The super-nodulating cultivar had the highest

genistein exudation at 10 mM nitrate. The non-nodulating cultivar had low genistein

exudation levels at 1 and 10 mM nitrate. The cultivar Baytield had the highest genistein

exudation at 1 mM nitrate.

Nodule number, nodule weight, root dry weight ofsoybean plants and their relations with

daidzein andgenistein

Nodule number and especially weight were inhibited at 10 mM nitrate (Fig. 6.S).

At 0 and 1 mM nitrate nodule number and weight were similar, a1though sorne exceptions

existed. Soybean cultivar difference in nodule number and weight also existed in the

response to nitrate treatment. Nodule weights ofMaple Glen and the super-nodulating

genotype were increased at 1 mM nitrate. Root dry weights of five out of the eight

cultivars were increased at 1 mM nitrate (Fig. 6.S). Ten mM nitrate generally resulted in

less root growth than 1~ except for 9007.

Correlations ofdaidzein and genistein with nodule number, nodule weight and

root dry weight varied among the three nitrate levels (Table 6.1). In both root extracts

and exudates, daidzein and genistein contents and concentrations usuaUy had high

correlation with root dry weight. In root extracts, there were no or low correlation of
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daiclzein and genistein contents and concentrations with nodule number and weight. In

exudates, daidzein contents and concentrations had high negative correlation with nodule

number and nodule weight at three nitrate levels. The correlation ofdaiclzein and

genistein contents and concentrations in root extraets with those in exudates varied

among the three nitrate levels (Table 6.2).

6.S Discussion

Cultivar differences in isoflavonoid synthesis and exudation

The results presented here indicate that root daiclzein and genistein contents per

plant of the eight soybean cultivars tested had different responses to nitrate.

Salomonsson et al. (1978) reported that root contents of the isotlavonoids formononetin

and genistein differ substantially among plant species. Ten mM nitrate inhibited root

daiclzein and genistein contents and concentrations ofail the eight cultivars used on our

study, including the supemodulating and non-nodultaing cultivar. These results support

the conclusion ofCho and Harper (1991) that differential nitrate inhibition of nodulation

may be partially due to changes in isotlavonoid levels. The nodulation control in non

nodulating genotype May be due to factors totaUy unrelated to isotlavonoids (Cho and

Harper, 1991) or indireetly related to isotlavonoids and other derivatives in

phenylpropanoid pathway. They perform other funetions in plants, including as natural

auxin transport inhibitors (Jacobs and Rubery, 1988), and are causative in cytokinin-like

aetivities (Binns et al., 1987). Bath aman and cytokinin were suggested to play roles in

nodule formation (Hirsch et al., 1989; Long and Cooper, 1988).

Our study extended the currently published observations by evaluating

isotlavonoid levels in the exduation of root. Daiclzein and genistein concentrations in

exudate differed greatly among the eight cultivars and nitrate treatments. Daiclzein and

genistein contents and concentrations ofthe super-nodulting cultivar were high in the

exudate at 10 mM nitrate (Fig. 6.2 & 6.4). This suggests high nitrate levels had less

inhibitory effect on daidzein and genistein exudation by this super-nodulitng genotype.

This could be the reason why nodulation by this genotype is less sensitive to nitrate than

others. But, in our study, the nodule number and weight ofthe super-nodulting cultivar
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were not high at 27 days after inoculation. We do not know ifthe super-nodulaing

genotype would fonn more nodules in the later growth stages? as the nodulation process

of this genotype is not weU characterized.

The responses ofgenistein to nitrate were not parallel ta the daidzein response ta

nitrate for ail eight soybean cultivars. In a study ofnitrate effeets on three isoflavonoids

Rossiter (1969) found biochanin A less affected than genistein and formononetin in

leaves ofsubteranean claver. In our study? for ail eight cultivars, daidzein was the

dominant isotlavonoid both inside the root and in exudates and at ail nitrate levels.

Pueppke et al. (1998) also reported that daidzein was dominant in root exudates oftwo

cultivars, whether or not rhizobia were present.

Relationships between daidzein andgenistein, and nodulation

The correlation coefficients for the relationships between daidzein and genistein

contents and concentrations, and nodule number and weight were very low. Mathews et

al. (1989) showed that 3-day-old seedlings ofthe soybean cultivar Williams have a 10

times greater ability to induce B. japonicum nod genes than do 3-day-old cultivar Bragg

seedlings, although mature plants have the same nodulation frequency. Root

isotlavonoids cao affect biological nitrogen fixation either by influencing root haïr

formation and root growth and/or by having a direct effect on the microorganisms

concemed (Rao, (990). The final outcome could be a result ofan interaction between the

two factors. Daidzein and genistein are inducers ofnod gene expression. However, at

concentrations greater than 5 flM, both daidzein and genistein inhibit the growth ofB.

japonicum cells (Kosslak et al., (987). The observed negative correlation ofdaidzein and

genistein in exudates with nodule number, nodule weight could be due to other CUITent

undetermined chemicals exuded by soybean plants. Several tlavonoids have aIso been

found to antagonize the induction process (Firmin et al., 1986). Nitrate effect on the

synthesis and release ofthose aotagonizing compounds is still not clear. [t is important to

understand the synthesis and exudation ofboth inducing and inhibiting compound in

developing root (peters and Long, 1988).
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The deteeted daidzein and genistein couId have other funetions in plant

development and growth. They are the precursor ofphytoaUexins. The availability of

stored isoflavones may facilitate rapid synthesis ofmore-complex isoflavonoids in

response to various biological elicitors. Kaplan et al. (1980) reported that flavonoid

accumulation in roots of soybean and lima bean seems to be one ofthe basic biochemical

mechanisms in response to nematode attack.

[n conclusio~ soybean cultivars responded differently to nitrate treatment in

daidzein and genistein synthesis and exudation. Nitrate inhibited root daidzein and

genistein contents and concentrations. The conclusion that soybean isoflavonoid level is

the primary controlling factor in nodulation can not be reached, and other mechanisms of

nitrate inhibition directly or indirectly related to isoflavonoid, should be pursued

especially for the non-nodulating cutivar. This study indicated that soybean isoflavonoid

content and concentration cao not be used as a selection standard to increase nodulatio~

before the quantitative relationship between isoflavonoids and nodulation is better

understood.
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Fig. 6.5 Nodule number, nodule weight and root dry weight of soybean plants
grown at three levels ofnitrate. Vertical bars indicate one standard error unit.
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Table 6.1 Correlation ofdaidzein and genistein contents and concentration with nodule number, nodule weight
and foot dry weight (RDW) in roots and in exudates

omM nitrnte 1 mM nitrate 10 mM nitrate
Nodule Nodule Root dl)' Nodule Nodule Root dl)' Nodule Nodule Root dry
nwnber weight weight nwnber weight weight number weight weight

Root
Daidzein
content 0.045 ns -0.167 ns 0.409 • 0.530·· 0.535·· -0.589·· 0.248 ns 0.074 ns 0.742··
Genistein
content 0.176 ns 0.002 ns 0.538·· 0.064 ns 0.217ns -0.809·· 0.248 ns 0.103 ns 0.799··
Daidzein
concentration 0.304 ns 0.150 ns -0.251 ns 0.473 • 0.489 • -0.786·· 0.294 ns 0.172 ns -0.116 ns
Genistein
concentration 0.474 • 0.348 • -0.174 ns 0.075 ns 0.214 ns -0.848·· 0.352 • 0.204 ns 0.387 •

Exudates

Daidzein
content -0.589·· -0.643·· 0.876·· -0.576·· -0.703·. 0.345 • -0.563·. -0.488 • 0.646··
Genistein
content -0.590.. -0.669·· 0.592·· -0.181 ns -0.354 • -0.497 • -0.215 ns -0.265 ns 0.693 ••
Daidzein
concentration -0.506 * -0.560 •• 0.738 •• -0.503 • -0.657 •• 0.121 ns -0.543.. -0.431· 0.345 •
Genistein
concentration -0,360 * -0.451 • 0.210 ns -0.015 ns -0.261 ns -0.607 •• -0.217 ns -0.196 ns 0.272 ns
ns means not significant at 0.05 probability level. *and ** indicate significant at 0.05 and 0.01 probability
levels.
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Table 6.2 Correlation ofdaidzein and genistein contents and concentrations.
between root extraets and root exudates

Daidzein Genistein Daidzein Genistein
content content concentration concentration

omM nitrate 0.491 * 0.364 * 0.154 ns 0.353 *
1 mM nitrate -0.597 ** 0.387 * 0.414 * 0.519 **

10 mM nitrate 0.315 ns 0.557 ** 0.151 ns 0.142 ns
* and ** indicate significant at 0.05 and 0.01 probability levels.
ns means not significant at 0.05 probability level.
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Preface to section 7

Section 7 is composed ofa manuscript by Pan B and Smith DL and will be submitted to

Plant and Soil.

After studying host plant signal productio~ the bradyrhizobial partner was studied.

This experiment looked at potential signaling back from the bacterium to the plant B.

japonicum nod gene expression was investigated at different minerai N levels. Genistein

was then added to the bacterial culture to see if it could overcome the inhibitory effects of

minerai N on nod gene expression.
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Section 7

Nitrate Inhibits Bradyrhizobium Japonicum NodABC gene Expression and

Genistein Overcomes the Inhibition

7.1 Abstract

In the soybean-Bradyrhizobium japonicum symbiosis, the isoflavonoid genistein has been

identified as one ofthe major compounds in soybean seed and root extract and plays a role

in inducing the expression ofthe B. japonicum nodYABC operon. As a result ofthe nod

gene induction the baeteria-to-plant signal, lipo chito-oligasaccharide nodulation factors, is

produced by the baeterial symbiont. These molecules elicit root haïr deformation, cortical

cell division and nodulin gene expression in plant roots. Soybean nodulation and nitrogen

fixation are inhibited by combined nitrogen. Using a nodY:lacZ fusion ofB. japonicum.

nod gene expression was studied over time, with different nitrate sources and with

different concentrations ofgenistein. The objective ofthis work was to determine whether

genistein addition would overcome the nitrogen inhibition ofnod gene expression in B.

japonicum. A factorial experiment with three N sources (potassium nitrate, ammonium

sulfate and urea), three levels ofeach N source (0, 1 and 5 mM), and two levels of

genistein (0 and 5 J.tM) was conducted. The results showed that the relative B

galaetosidase aetivities (RGA) increased from 6 hours after geniste~n addition, reached

peaks at 48 h, then decreased to a plateau level. Nod gene expression was inhibited by ail

the three N sources, although ammonium sulfate at 1mM was not inhibitory. Potassium

nitrate was the inhibitoriest of the three N sources used, while ammonium sulfate was the

least. The combination of 1 mM ammonium sulfate and 5J.tM genistein resulted in the

highest RGA. Genistein addition overcame the inhibitory effects of ammonium sulfate on

nad gene expression.
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7.2 Introduction

The specific interaction between the soil baeterium Bradyrhizobiumjaponicum

and its host plant soybean (Glycine max) results in the formation ofroot nodules. The

formation ofnitrogen fixing nodules is a comple~ multi-step process requiring a number

ofplant and bacterial genes. The common nodDABC genes have been found in all

Rhizobium and Bradyrhizobium species examined, and are essential for nodulation and

nitrogen fixation (Long, 1989). In Bradyrhizobium species the nodYgene is present

upstream ofnodABC within the same operon and nodY is cotranscribed with nodABC

(Banfalvi et al., 1988). The common nod genes ofB. japonicum can be induced by host

produced tlavonoid compounds (peters et al., 1986). In the soybean-bacteria symbiosis,

the isotlavonoid genistein has been identified as one of the major compounds in soybean

seed and root extracts responsible for the inducing expression of the B. japonicum

nodYABC operon (Kosslak et al., 1987). As a result ofnod gene induction, lipo-chito

oligasaccharide nodulation factors are produced by the bacterial symbiont (Lerouge et al.,

1990), which in tum elicits root haïr defonnation, cortical cell division and nodulin gene

expression in soybean plant roots (for a review see Sp~ 1996).

Many legume species have direct access to biologically fixed nitrogen, but

preferentially utilize nitrate rather than develop a root nodule symbiosis with

(Brady)Rhizohium. Soybean nodulation and nitrogen fixation can be inhibited by nitrate,

urea and ammonium (for a review see Streeter, 1988). However, a small amount of

combined nitrogen in the soil is beneficial to the yjeld of sorne Legumes, such as soybean

(Harper, 1974). Another problem in the inhibition of nadulation and nitrogen fixation is

that the etfects ofcombined N vary depending on the type ofcombined N (Vigue et al.,

1977; Yoshida and Yatazawa 1967). Nodulation processes are generally more sensitive to

nitrate than to ammonium and urea is ooly slightly inhibitory at least with certain legumes

(Ryo and Phung, 1984; Dart and WildoR, 1970).

There are several mechanisms ofnitrate inhibition on nodulation and nitrogen

fixation (Streeter, 1988). However, most ofthe early studies were concentrated on the
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plant side (Carroll and Mathews, 1990). Sorne B. japonicum strain variation in the

sensitivity ofsoybean symbioses to nitrate does exist; however, the presently known

variation seems insufficient to lead to a substantial field benefit (MeNeil, (982). Using a

nod::lacZ fusion, Dusha et al. (1989) reported that expression ofRhizobium me/i/oli nod

ABC and nodD3 operons is anunonia repressible. Wang and Stacey (1990) also reported

that expression ofnodD1 and nodYABC operons ofB. japonicum is also repressed by

ammonia. Using the same approach, Baev et al. (1992) reported that the induction ofthe

Rhizobium /eguminosarum bv. viciae nodD and nodABC genes by the flavanone

naringenin is not affected in response to different nitrate and/or ammonium salt

concentrations.

Flavonoid contents of the symbiotic host plants have been shown to affect legume

nodulation and nitrogen fixation (Appelbaum, 1990). A hypemodulating soybean mutant

had higher root concentrations of isotlavonoid compounds than did the parental cultivar at

9-12 days after inoculation (Cho and Harper, (991). When 2.5 mM (NH.)2S04 was

applied to the soybean plants, the concentration of three isotlavonoids in the root were

deereased (Cho and Harper, 1990). Kapulnik et al. (1987) reported that the superior

nodulation and N2 fixation ofHP32 a1falfa eompared to HP alfalfa were associated with a

77% increase in the amount ofplant tissue luteolin (the preferred inducer signal for

Rhizobium melitol; nad genes). When genistein was applied to either B.japonicum

inoculum (Zhang and Smith, (995) or soil (Zhang and Smith, (996) soybean nodulation

and nitrogen fixation ability were inereased al low root zone temperatures. Soybean

nodulation and nitrogen fixation inhibitions by nitrate were partiaUy overcome when

applying genistein to different nitrate growing media (pan and Smith, unpub. data).

The research described below was designed to determine: (1) the time course nod

gene expression in the presence ofammonium sulfate, (2) the nod gene expression

inhibiting ability ofdifferent N sources and (3) the ability ofgenistein to overcome minerai

N inhibition ofnad gene expression.
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7.3 Material and Methods

Bacterial strain:

Bradyrhizohium japonicum strain ZB977 (USDAII0 containing the plasmid

pZB32) was used in this experiment (from Dr G. Stacey, University ofTennessee,

Knoxville, Tennessee). In pZB32 there is a translational fusion between the B.japonicum

nodY open-reading frame and lacZ ofEscherichia coli. The amount of13-galactosidase

activity is used to reflect the expression ofthe isotlavonoid-inducible nod genes.

jJ-Galactosidase assays:

B-GaIactosidase was measured by the methods ofMiller (1972), in which toluene

was used for opening cells. Background B-galactosidase activity was determined by non

induced ZB977. The calculation ofB-galactosidase specifie activity (GSA) was based on

the formula: aetivity = 0042o*1000/(006oo*tîme*volume) (Miller, 1972). 00420 value

was used to indicate the total B-galactosidase specifie activity (TGA).

&periment one:

Baeteria were grown in yeast extract mannitol medium (YEM). Tetracycline was

added to a concentration of 100 Jlg mL·1 to maintain pZB32. Fifty mL cultures in 250 mL

tlasks were shaken at 250 rpm at 25°C for 6 days. For the subculture, 2 mL ofculture

(00600=0.243) was added into 50 mL offresh YEM medium in 250 mL tlasks, and shaken

under the same conditions as the initial culture. The appropriate amount ofammonium

sulfate stock solution (in distilled water) and genistein (in pure Methanol) ~'ere added to

the subculture medium before bacterial culture inoculum were added. The final genistein

and ammonium sulfate concentrations ofthe subculture were 0 and 10 mM. Growth

inhibition ofthe Rhizobium strains by low levels ofMethanol is known to be slight

(pankhurst and Biggs, 1980), so no Methanol control was used in this experiment. As the

nodD or nodY fusion activity is tittle afIected by increasing salt concentration (Wang and

Stacey, 1990), no salt control was used in this experiment. Samples were taken at 6, 12,
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24, 48, 72, 96 and 148 h after subculture. AIl flasks were returned to the shaker

irnmediately after sampling. Following each sampling time, B-galaetosidase activity was

measured.

&periment IWo:

Bacteria and cultural conditions were the same as in experiment one. Based on the

results ofexperiment 1, 48 and 96 h after subculture was fixed as harvest times in tbis

experiment. Ammonium sulfate concentrations were at 0, 1,5, 10 and 20 mM. Genistein

concentrations were 0, 5, 20, 40 and 60 flM.

&periment three:

The general conditions of tbis experiment were the same as experiments one and

two. In tbis experiment, genistein was fixed at 0 and 5 IlM. Three N source, potassium

nitrate, ammonium sulfate and urea, were used. Samples were taken at 48 and 96 h after

subculture.

Experimental design and statistical analysis:

Random completely block designs were used in each experiment. When the

required space exceeded that available on one shaker, two blocks were placed on a second

shaker. Each experiment was repeated at least two times.

Results were statistically analysed by analysis ofvariance using the Statistical

Analysis System computer package (SAS Institute Inc., 1988).

7.4 Results

Time course expression ofnodgenes and inhibition ofnodgene expression by

ammonium

To monitor the time course nod gene expression after genistein addition, B

galactosidase aetivity was assayed at regular intervals. There were no differences among
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the treatments at 6 h after genistein addition (Fig 7.1B). RGA increased from 6 h after

genistein addition, reached peaks at 48 Il, then decreased. At 148 h after genistein

addition, RGA were lower than those at 96 h at 10 mM ammonium sulfate, while the total

B-galactosidase aetivities (TGA) were greater at 148 h than those at 96 h al 0 ammonium

sulfate (Fig 7.1 A). At 0 ammonium sulfate the TGA was higher than those at 10 mM

ammonium sulfate. Thus nod gene expression was inhibited by ammonium sulfate.

Genistein efjecls on nodgene expression and cell growlh

There were interactions between genistein and ammonium sulfate for RGA.

Without ammonium sulfate RGA was lower at the lower concentration ofgenistein (Fig

7.2C). At 1 mM ammonium sulfate 51lM genistein resulted in the highest RGA. As

ammonium sulfate concentration increased, higher levels ofgenistein were required to

increase the RGA. Thus genistein was able to overcome the inhibition ofnod genes by

ammonium sulfate. The pattern in TGA was aImost the same as RGA, except that 5 J.lM

genistein showed high levels ofTGA at all ammonium sulfate levels (Fig 7.2B). Genistein

inhibited B. japonicum eeU growth (Fig 7.2A).

Nod gene expression with different N-sources

Nod gene expression was inhibited byall three N sources (Fig 7.3C). Potassium

nitrate was the most inhibitory among the three N sources used, while ammonium sulfate

was the least inhibitory. The differences in TGA among the three N sources were much

less than the differences in RGA (Fig 7.38). 8acterial growth was promoted by nitrate

potassium and ammonium sulfate (Fig 7.3A). Urea decreased B. japonicum cell number

at the concentrations used in this experiment. The reason for the decrease is not clear.

The decreases in B. japonicum cell density could partially explain the high value ofRGA,

although TGA was also high with urea treatments (Fig 7.38). The highest value ofTGA

was found with 1 mM ammonium sulfate. Inhibition ofB. japonicum ceU growth by

genistein was also observed in this experiment (Fig 7.3A).
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7.S Discussion

The inhibition ofnodgene expression by ammonium is in agreement with the

results ofWang and Stacey (1990) and Dusha et al. (1989). The inhibition ofnod gene

expression could lead to decreased Nod factor production, which may partially explain the

inhibition ofnodulation and nitrogen fixation at high levels ofammonium (Streeter, 1988).

The selection of 5 and 20 J.lM genistein concentrations were based on previous

experiments (Zhang and Smith, 1995). In their experiment they reported that at lower

root zone temperatures 20 J.lM genistein and at 25°C 5 J.lM genistein were the most

effective concentrations for stimulating nodulation. This experiment was conducted at

room temperature and 5 JlM genistein produced the highest level ofnod gene induction in

the absence ofammonium sulfate.

B-GaIaetosidase activity calculated according to Miller's methods (Miller, 1972),

takes ceU density into account. The problem here is that unlike other inducers, such as

daidzein and coumestrol which have been shown to promote the growth ofB. japonicum

(D'Arcy-Lameta and Jay, 1987), genistein was found to inhibit B. japonicum growth and

the inhibition was concentration dependent (see Fig. 7.2A). Comparing the RGA and

TGA we found that at 6 h after genistein addition, the 0 N treatment had higher TGA than

the ID mM N treatment, a1though there was no difference in RGA (Fig 7.IA). TGA were

lower with 20 JlM genistein and 10 mM ammonium sulfate from 48 to 148 h after

genistein addition. There was an increase in TGA for aU treatments at the last sampling.

Ten mM ammonium sulfate decreased RGA, while 0 N showed increases in RGA at the

last sampling. This May be explained by the increases in cell density with 10 mM

ammonium sulfate. Genistein effects on B. japoniclim growth could explain the

differences between RGA and TGA. From a practical point ofview, TGA might be more

important than RGA. The relationship between B-galaetosidase activity (either RGA or

TGA) and nodulation is not clear at this time and should be studied.

Genistein had significant detrimental effects on B. japonicum ceU growth (Fig

7.2A). This result is contrary to the study ofPankhurst and Biggs (1980). They reported
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little or no inhibitory activity ofthe B. japonicum growth by genistein. Negative effects of

genistein on growth were also found in another studied. When 20 JlM genistein was

watered to a soybean rooting medium for four successive day) soybean roots tumed

brown (pan and Smi~ unpub. data).

Previous work with soybean plants found that nitrate was the foern ofcombined N

most inhibitory to soybean nodulation and nitrogen fixation (Yoshida and Yatazawa,

1967), and that urea had much less inhibitory effect on nodulation than nitrate (Vigue et

al., 1977). The results reported here suggest that nitrate, as weU as ammonium sulfate and

urea, exert their effects early in the nodulation process and at least partially, through the

baeterial ceUs. Calvert et al. (1984) reported that, for soybean nodule formation, the initial

stages in the infection process appear to be the most sensitive steps. Inhibition is

substantially aUeviated by delaying exposure to nitrate until 18 h after inoculation (Malik

et al., 1987). This indicated that most of the nitrate-sensitive events of infection were

functionally complete within less than 18 h. This sensitive event may include plant

isoflavonoid production, bacterial reception ofthose isotlavonoids and bacteria-to-plant

signal production by the common and specifie nod genes. With ïncreasing combined N

concentrations, RGAs were decreased for aU three forms ofN. Urea treatment resulted in

higher RGA values than ammonium sulfate.

The results of this work partially explain the inhibition ofnodulation and nitrogen

fixation by mineral nitrogen and indicate an important role on the baeterial side. Staceyet

al., (1997) reported that nodgene expression in B. japonicum is a much more complex

system and involves more regulatory proteins thanjust NodD, NodV and NodW comprise

a second isoflavone recognition system (the first being NodD) in B.japonicum (Sanjuan et

al., 1994). The etfect ofnitrate on the expression ofthe second isoflavone recognition

system (or perhaps on currently unknown systems) is not clear at this time. Organic acids

can also inhibit the nod gene expression in B. japonicum (Yuen and Stacey, 1996),

suggesting that other regulation systems exist.
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concentration was 5 f.lM in B and C. The vertical bars indicate one standard
error unit.
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Preface to section 8

Section 8 is composed ofa manuscript by Pan B and Smith DL accepted by Journal of

Agricultural Science, 1999

Knowing that minerai N could inhibit isoflavonoid synthesis and exudation

(Sections 5 and 6), genistein was added to the rooting medium or was used to incubate

bradYrhizobiai ceUs, hoping this could compensate for the decrease in inside isoflavonoid

concentration ofhost plants and possible need for more signal by the bacteria and

overcome the negative effects ofmineral N.
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Section 8

The etrect of application of genistein to Bradyrhizobilllnjaponicum culture

and its rooting medium on soybean growth, nodalation and

nitrogen assimilation in the presence of nitrate

8.1 Abstract

In the soybean [Glycine max (L.) Merr.]-B.japonicum symbiosis, genistein has been

identitied as one of the major compounds in soybean seed and root extraets responsible for

inducing the expression ofthe B. japonicum nod genes. High combined nitrogen in the

growth medium inhibits nodulation and nitrogen assimilation. Experiments were

condueted to test the possibility ofovercoming this inhibition by adding genistein to the

rooting medium or incubation ofB. japonicum cells with genistein. The experlments were

condueted in a glasshouse using a completely randomized design with two soybean

cultivars, three rooting medium nitrate concentrations (0, 5 and 10 mM) and four genistein

treatments. The genistein treatments were 0 (control), incubation ofB. japonicum cells

with 5 J.lM geniste~ and regular watering with 5 J.lM or 20 JlM genistein. Two and three

way interactions among the three experimental factors existed. Root growth was inhibited

by repeated watering with 20 J.lM genistein. Weight per nodule was greater at 5 mM than

at 0 mM nitrate. At 10 mM nitrate watering with genistein resulted in increases of nodule

dry weight per plant. Shoot nitrogen contents were increased at 5 mM nitrate by genistein

incubation and watering with 20 flM genistein. Watering with 5 IlM genistein increased

nodule nitrogen concentrations at both 5 and 10 mM nitrates. The two soybean cultivars

used had different responses to the genistein and nitrate treatments. Genistein could, at

least partially, overcome the inhibition of soybean nodulation and nitrogen assimilation by

nitrate.

8.2 Introduction

The interaction between the soil baeterium B. japonicum and its host plant, soybean,
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results in the formation ofnitrogen-tixing root nodules. Nodule formation is a comple~

multi-step process requiring the aetivity and regulation ofboth plant and baeterial genes,

which control the signal exchange between plants and nitrogen-fixing baeteria. In the

soybean-B. japonicum symbiosis, genistein has been identified as one of the major

isoflavonoid compounds in soybean seed and root extracts responsible for inducing the

expression ofthe B.japonicum nodYABC operon (Kosslak et al., 1987). As a result of

nodgene induction, lipo-chito oligosaccharide nodulation factors (Nod factors) are

produced by the bacterial symbiont (Lerouge et al., 1990), which in turn elicit root hair

deformation, cortical ceU division and nodulin gene expression in soybean roots (for a

review see Spaink: (1996».

Legume plants have access to biologicaUy fixed nitrogen, but preferentiaUy utilize

combined nitrogen (including nitrate and ammonium). Soybean nodulation and nitrogen

fixation are inhibited by high concentrations ofcombined nitrogen in the rooting media

(for a review see Streeter, 1988). Nodulation processes are generaUy more sensitive to

nitrate than to ammonium (Ryo and Phung 1984). Many investigations have demonstrated

that maximum symbiotic performance is associated with low concentration ofcombined

nitrogen in the rooting media (Nutman 1956; Harper 1974). Studies ofbiamass (Imsande

1998) and leaffluorescence (Maury et al., 1993) also showed that, in the presence of non

inhibitory concentration offertilizer-N, the photosynthetic efficiency ofa soybean plant is

increased by rapid N2 fixation during pod till. The inhibition ofsoybean nadulation can be

alleviated by high inoculum doses (Lawson et al., 1988) and overcome by the ethylene

inhibitor aminoethoxyvinylglycine (Ligero et al., 1991).

The mechanism ofthe combined nitrogen inhibition on nodulation and nitrogen

assimilation is not weU understand, although several explanations have been proposed

(Streeter, 1988; Carroll and Mathews, 1990). Changes in isoflavonoid content ofthe

symbiotic host plants has recently been suggested as a possible explanation (Appelbaum,

1990; Cho and Harper, 1991). A hypemodulating soybean mutant had higher root

concentrations of isoflavonoid compounds than did the parental cultivar at 9-12 days after

118



•

•

•

inoculation (Cho and Harper, (991). When 2.5 mM ~)2S04was applied to the

soybean plants, the concentrations ofthree isof1avonoids in the roots were decreased (Cho

and Harper, 1990). When genistein was applied to either B. japonicum inoculant (Zhang

and Smith, 1995) or soil (Zhang and Smith, 1996), soybean nodulation and nitrogen

assimilation were increased at low root zone temperatures, but soil nitrate concentration

was not investigated in those experiments. The expression ofthe common nad genes is

repressed by ammonia (Dusha et al., 1989; Wang and Stacey, (990).

In this experiment, we incubated B. japonicum with genistein or applied genistein

to the rooting medium under three nitrate concentrations to determine: (1) the effeets of

genistein on soybean growth, nodulation and nitrogen assimilation, and (2) ifgenistein

could overcome the inhibition ofnitrate on nodulation and nitrogen assimilation.

8.3 Materials and Metbods

Experimental condition and design

The experiments were done in a glasshouse conditions. The air temperature

regime was 25/18°C (day/night), and the relative humidity was 65%. The day : night cycle

was 14: 10 hours. On cloudless days the light intensity reached 900 flmol m·2 S-I. Turface

(Applied Industriai Material Corp, Deerfield, IL) : sand (1:1, v/v) was used as a rooting

medium.

The genistein treatments were 0 (control), 5 flM genistein incubation ofB.

japonicum, and watering with 5 or 20 IlM genistein solutions four times (3 days before

inoculation, the day ofinoculation, 3 and 6 days after inoculation [DAI]). Nitrate

concentrations were 0,5 and 10 mM KN03. The experiment was a random completely

design with three replications. Nitrate solution was applied beginning at sowing, and was

added each time the plants need water. Hoagland's solution (Hoagland and Arnon, (950)

was added twice a week begjnning at the time when the cotyledons tumed yeUow. The

Hoagland's solution used in these studies was modified to provide a nitrogen-free solution:

the Ca(N03h and KN03 were replaced with CaCLz, K2HP04, and KH2P04. The correct
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amount ofnitrate or genstein stock solution were added each lime to the nutrient solution

for each treatment and 250 ml ofnutrient solution were added to each pot (diameter 15

cm and height 20 cm) al each watering. That amount of solution was enough to wet the

whole rooting medium and cause sorne solution to run out the bottom of the pots, so that

the pots were flushed at each watering.

Plant materials and inoculation

Seeds ofthe soybean cultivars AC Bravor and Maple Glen were surface-sterilized

in 4% sodium hypochlorite for 7 min, and then rinsed 10 times with distilled water. Five

seeds were sown in each pot. When the seedlings reached the vegetative-cotyledon stage

(VC, unifoliolate leaves unroUed sufficiently that the edges were not touching, Fehr et al.,

1971), the seedlings were thinned to 2 plants per pot.

The inoculant were produced by culturing B. japonicum stain 532C in yeast

extract-mannitol broth in 250-mL flasks shaken at 150 rpm at 25°C. A 5-day-old sub

culture (OD:::::O.4) was diluted with distilled water to an ~20 of0.1 (108 ceUs mL-I) .

Genistein stock solution was added to the diluted bacteria to make the final genistein

concentration of 5 J.1M, and kept at 25 oC for 24 hour. One millilitre of inoculant per plant

was applied by pipette onto the rooting medium at the base ofthe plant at the VC stage.

Data collection

The experiment was conducted twice under the same conditions. Plants were

harvested at 20 and 40 DAI. Leafarea and number, small (diameter < 1.5 mm) and large

(diameter ~ 1.5 mm) nodule number, nodule weight, shoot and root weight were

measured. Shoot and root nitrogen concentrations were coUected in the second

experiment and determined by Kjeldahl analysis (Kjeltec system, Tecator AB, Hoganas,

Sweden).
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Statistical analysis

Data were analysed by analysis ofvariance using the Statistical Analysis System

computer package (SAS Institute Inc., 1988). When the data did not meet the

assumptions of ANOVA, appropriate data transformations were conducted. A protected

least significant difference test was appüed to make comparisons among means.

Statements about significant etfects in the text related to P value ofO.OS unless othetwise

stated.

8.4 Results

Genistein main effects

In the tirst experiment, plant growth was promoted by genstein incubation at 20

DAI, and by watering with S J.1M genistein at 40 DAI (Table 8.1). Root weight was

decreased by watering with 20 JlM genistein at both 20 and 40 DAI.

In the second experiment, incubation ofB. japonicum with genistein increased root

dry weight at 20 days after inoculation (Table 8.2), while root growth was inhibited by

watering with 20 J.1M genistein. At 40 DAI shoot dry weights were increased by genistein

incubation ofB. japonicum. Weight per nodule was increased by all genistein treatments.

Genistein and nitrate interactions

In the tirst experiment, nodule number and weight were increased by genistein

incubation ofB. japonicum ceUs at 0 nitrate at both 20 and 40 DAI (Table 8.3). At S mM

nitrate, incubation ofB. japonicum cells and watering with 5 flM genistein increased

nodule number and weight 20 DAI. At 10 mM nitrate nodule number and weight were

increased by watering with S /-lM genistein at 40 DAI. Nodule weights were decreased by

watering with 20 J.1M genistein at 0 and 10 mM nitrate at 20 DAI, but not at 40 DAI.

ln the second experiment, at 20 DAI genistein had no effect on leafarea at the 0

and 10 mM nitrate (Table 8.4). At S mM nitrate, incubation ofB.japonicum cells with

genistein increased leafarea and shoot dry weight. Shoot dry weights were decreased by
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incubation B. japonicum cells with genistein and watering with 20 IJ.M genistein at 10 mM

nitrate. At 40 DAI nodule dry weights were not increased by the genistein treatments at 0

and 5 mM nitrate. At 10 mM nitrate watering with 5 and 20 IJ.M genistein resulted in

increases ofnodule dry weight. Shoot nitrogen content was increased at 5 mM nitrate by

genistein incubation ofB. japonicum cells and watering with 5 ;.tM genistein. At 10 mM

nitrate shoot nitrogen content were increased by watering with 5 IJ.M genistein. Watering

with 5 IJ.M genistein increased nodule nitrogen concentration at both 5 and 10 mM

nitrates.

Cultivar response to genistein application

At 20 DAI, watering with 5 IJ.M genistein decreased large nodule number of AC

Bravor, but had no effeet on small nodule number (Table 8.5). For Maple Glen incubation

ofB. japonicum ceUs with genistein and watering with 5 IJ.M genistein increased large

nodule numbers; smaU nodule number was increased by watering with 5 flM genistein.

Forty DAI leafnitrogen concentration was increased by inoculation with genistein

incubated B. japonicum ceUs for AC Bravor and by watering with 20 JlM genistein for

Maple Glen. No effeets were found for the other treatments.

Cultivar x genistein x nitrate interaction

At 20 DAI, the nodule dry weight of AC Bravor was decreased by watering with 5

JlM genistein at the 0 and 10 mM nitrate (Table 8.4). There were numerical, but not

statisticaI, increases in nodule dry weight at 5 mM nitrate for AC Bravor by aU genistein

treatments. For Maple Glen genistein treatments increased nodule dry weight and weight

per nodule at 5 mM nitrate, while at 10 mM nitrate, genistein treatment decreased the

nodule dry weight and weight per nodule. Weight per nodule for AC Bravor at 5 mM

nitrate was increased by watering with 20 JlM genistein.

Forty DAI the nodule nitrogen content ofAC Bravor was increased by the

incubation treatment at 5 mM nitrate and by watering with genistein at 10 mM nitrate. At
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10 mM nitrate, nodule N content for the control was rnuch lower than for plants watered

with genistein, suggesting that the inhibition of nitrogen assimilation by nitrate was

overcome. There were no effeets ofgenistein on nodule nitrogen content at 0 mM nitrate

for AC Bravor. Increases in nodule nitrogen content were also found for Maple Glen, its

nodule nitrogen contents were increased by the incubation treatment at 0 mM nitrate,

watering with 5 JlM genistein at 5 mM nitrate and watering with 20 JlM genistein at 10

mM nitrate.

8.5 Discussion

Genistein treatments increased nodule dry weight at 5 mM nitrate. Nodule

nitrogen contents were also increased for most ofthe treatments (Table 8.6). This

indicates that genistein overcame the nitrate inhibition ofnodulation and nitrogen

assimilation, for at least sorne treatments. Three isoOavonoid compounds, including

genstein, were reported to decrease when 2.5 mM <NHJhS04 was applied to the soybean

plants (Cho and Harper, 1990). Nitrate was also shown to inhibit the exudation ofboth

genistein and daidzein (another soybean-to-bacteria signal) (B. Pan and D. L. Smith

unpublished). On the other hand, microorganisms in the rhizosphere are very active at

degrading the isoflavonoids (Barz, 1970). Thus the addition ofgenistein to the rooting

medium could compensate the decreases ofgenistein concentration inside the root and

outside in the rooting medium (exudation), aiding B.japonicum in overcoming nitrate

inhibition ofnodABC gene expression (Wang and Stacey, 1990). It could also have been

due to the etrect ofgenistein on the composition and molecular mass distribution of

exocellular polysaccharides produced by B. japonicum (Ounn et al., 1992).

Differences in soybean cultivar nodulation and nitrogen assimilation responses to

genistein treatments were also found by Zhang and Smith (1996). These might be partially

explained by ditferences in root genistein content or concentration. A lucerne population

(HP32) has more root nodules and fixes more N2 than the parental HP population.

Further study show that HP32 seedling roots contain 60% higher concentrations of
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compounds that induce transcription ofa nodABC-lacZ fusion in R. meliloti than

comparable extracts ofHP roots (Kapulnik et al. 1987). Soybean cultivars also vary in

genistein content and concentration (pan and Smit~ 1998; Cho and Harper, 1990).

When soybean plants were watered with 20 .....M genistein, the roots turned bro~

indicating that genistein had negative effects on them, and root dry weight was deceased

(Table 8.1 and 8.2). Weight peT nodule was increased by all three genistein treatments

(Table 8.2) and nodule weights peT plant were also increased by sorne of the genistein

treatments at 40 DAI (Tables 8.3 and 8.4). A similar result was found in a previous

experiment with watering genistein from the onset ofnitrogen fixation (pan et al., 1998).

The increasing effects could be due to the role of isof1avonoids as inhibitors of polar auxin

transport (Jacobs and Rubery, 1988), increased Nod factor production

(Kosslak et al., 1987) and subsequent regulation ofceU cycle (Verma, 1992). In one

study we found higher genistein concentrations (10 - 40 .....M ) had significant detrimental

effects on B.japonicum ceU growth (B. Pan and D. L. Smith, unpublished). The inhibiting

effeets ofgenistein May be related to ilS concentration, as watering soybean seedlings with

5 .....M genistein did not affect root colour or root dry weight (Table 8.2). Incubating B.

japonicum with genistein aetually increased root dry weight at 20 DAI. This could be due

to the Nod factor production by the inocula. Preincubating B. japonicum promotes

expression of the common nod gene and, thus, the production ofNod factor, which can

regulate plant morphogenesis at very low concentrations (Spaink, 1996).

In summary, the genistein treatments used in this experiment increased nodule

weight and nodule nitrogen assimilation. Plant growth was promoted by incubation ofB.

japoniCltm cells with genistein, but watering with 20 .....M genistein decreased root weight.

Incubation ofB. japonicum ceUs with genistein and watering with 5 .....M genistein could

partially overcome the inhibition ofnitrate on nodulation.
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Table 8.1 Genistein efTects on plant growth in the first experiment
WDM ~DM

Plant Leaf Shoot Root Plant Leaf Shoot Root
high number weight weight high number weight weight

Genistein (cm) (g) (g) (cm) (g) (g)
o 23.89 24.11 1.544 0.561 27.66 42.4 2.83 0.892
51 27.83 25.87 1.733 0.586 29.44 44.3 3.25 0.955
5W 24.06 23.67 1.552 0.489 30.00 47.6 3.56 0.992
20W 25.28 23.22 1.442 0.470 25.44 41.6 2.52 0.727

S.E. (D.F. =24) 0.569 0.409 0.0470 0.0175 0.544 1.15 0.142 0.0401
DAI = days after inoculation. 1= incubation B. japol1iclIm with S f.tM genistein.
WS and W20 = watering with 5 and 20 f.tM genistein, respectively.
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Table 8.2 Genistein effects on shoot dry weight, foot dry
weight and nodule weight per nodule in the
second experiment

•

20 DAI
Root dry

Genistein weight (g)
o 0.435
1 0.473
W5 0.432
W20 0.396

S.E. (D.F. = 48) 0.0155

40 DAI
Shoot dry Weight per
weight (g) nodule (mg)
2.26 1.790
2.43 1.942
2.21 2.048
2.32 2.086

0.132 0.0563
DAI = days after inoculation.
1= incubation B. japollicllm with 5 f.tM genistein.
W5 and W20 = watering with 5 and 20 f.tM genistein, respectively.
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Table 8.3 Genistein and nitrate interaction on nodulation
in the tirst experiment

20 DAI 40 DAI
Total Nodule Large Nodule

Nitrate nodule weight nodule weight
(mM) Genistein No. (mg) No. (mg)
o 0 97.3 56.6 98.7 188.8
o 51 128.7 76.1 120.7 204.2
o 5W 96.3 64.3 90.3 198.3
o 20W 76.7 49.0 88.0 185.3
S.E. (D.F. = 24) 5.98 3.49 4.39 3.04

5 0 68.0 40.1 77.0 205.4
5 51 75.7 48.3 80.0 210.3
5 5W 83.3 50.3 82.7 221.2
5 20W 80.3 43.4 73.3 192.1
S.E. (D.F. =24) 2.65 1.33 1.84 4.15

10 0 41.7 19.1 47.3 173.3
10 51 46.7 17.2 60.7 180.0
10 5W 47.3 17.2 68.3 186.9
10 20W 39.7 15.3 48.0 168.2
S.E. (D.F. = 24) 1.70 0.64 2.90 3.63

W5 and W20 = watering with 5 and 20 flM genistein, respectively.
1= incubation B. japo,,;cllnI with 5 flM genistein.
DAI = days after inoculation.

127

•



• •
Table 8.4 Genistein and nitrate interaction on plant growth, nodulation and nitrogen

fixation in the second experiment
18 DAI 40 DAI

Leaf Shoot dry Nodule Shoot N Nodule N Plant N
Nitrate area weight dry weight content concentration content
(mM) Genistein (cm2

) (g) (mg) (mg) (%) (mg)
o 0 151.2 0.683 168.4 13.2 4.491 59.5
o 1 141.0 0.678 202.6 16.8 4.575 72.7
o W5 156.0 0.603 189.1 14.0 4.100 62.2
o W20 131.5 0.683 205.7 18.2 4.140 78.3
S.E. (D.F. = 16) 5.44 0.662 7.02 0.72 0.0795 2.75

5 0 305.2 1.202 254.2 32.5 4.068 147.2
5 1 416.3 1.637 273.9 35.1 4.267 149.4
5 W5 338.2 1.349 297.4 34.1 4.556 158.3
5 W20 310.8 1.307 265.4 32.1 3.948 139.9
S.E. (D.F. = 16) 12.78 0.0580 6.62 1.73 0.0687 4.65

]0 0 4]2.5 1.787 211.0 41.3 3.714 189.1
10 1 383.8 1.560 201.8 41.9 4.182 194.8
10 W5 359.2 1.605 242.3 49.4 4.490 205.8
10 W20 398.2 1.435 255.2 48.8 4.115 194.8
S.E. (D.F. = 16) 11.88 0.0563 5.19 1.51 0.1210 6.44

W5 and W20 = watering with 5 and 20 flM genistein, respectively.
1= incubation B. japolliclIm with 5 flM genistein.
DAI =days after inoculation.
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Table 8.5 Cultivar and genistein interaction on nodulation and
nitrogen fixation in the second experiment

20 DAI 40 DAI
Large Small LeafN
nodule nodule concentration

Cultivar Genistein number number (%)
AC Bravor 0 54.3 40.8 3.375
Ac Bravor 1 60.4 47.1 3.650
AC Bravor W5 40.8 41.7 3.380
AC Bravor W20 56.1 34.2 3.397
S.E. (D.F. = 24) 4.30 3.30 0.0502

Maple Glen 0 47.3 24.8 3.759
Maple Glen 1 58.8 23.7 3.659
Maple Glen W5 57.8 36.0 3.893
Maple Glen W20 56.2 22.2 4.010
S.E. (D.F. =24) 2.45 2.32 0.0340

W5 and W20 = watering with 5 and 20 flM genistein, respectively.
1= incubation B. japolliclim with 5 flM genistein.
DAI = days after inoculation.

129

•



• •

Table 8.6 Interaction among cultivar, genistein and nitrate on nodulation and
nitrogen fixation in the second experiment

20 DAI 40 DAI
Nodule dry weight Weight per nodule Nodule N content

(mg) (mg) (mg)
Nitrate AC Maple AC Maple AC Maple
(mM) Genistein Bravor Glen Bravor Glen Bravor Glen
0 0 49.4 42.2 0.484 0.578 7.48 7.568
0 1 54.2 39.1 0.398 0.485 8.013 10.428
0 W5 42.4 49.2 0.492 0.513 7.382 8.155
0 W20 55.2 45.8 0.421 0.548 7.662 9.294
S.E. (O.F. = 8) 2.08 1.57 0.0146 0.0294 0.354 0.433

5 0 36.2 35.5 0.342 0.397 9.404 11.77
5 1 39.3 67.4 0.325 0.643 11.40 11.71
5 W5 43.6 44.0 0.419 0.417 Il.07 12.83
5 W20 39.0 50.5 0.434 0.571 10.71 12.73
S.E. (D.F. =8) 1.11 3.69 0.0241 0.0313 0.448 0.765

10 0 16.4 20.2 0.228 0.397 5.07 10.43
10 1 15.3 14.4 0.299 0.238 6.21 10.40
10 W5 10.7 15.1 0.203 0.177 8.37 10.95
10 W20 11.5 13.8 0.234 0.242 9.28 13.07
S.E. (D.F. = 8) 0.85 0.90 0.0191 0.0252 0.565 0.503

W5 and W20 = watering with 5 and 20 f.lM genistein, respectively.
1= incubation B. japo1liclIl11 with 5 flM genistein.
DAI =days after inoculation.
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Preface to section 9

Section 9 is composed ofa manuscript by Pan B and Smith DL and will be submitted to

Crop Science.

Following work described in Section 8, the same possibility that plant-to-bacterium

signal molecules could be used to overcome minerai N inhibition ofN2 fixation was tested

under field conditions with different soil types. Genistein was used to incubate

bradYrhizobial cells or added to the rooting medium, hoping that tbis couId compensate

the decrease in inside isotlavonoid content of host plants and overcome the negative

etfects ofminerai N under field conditions.
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Section 9

Preincubation ofB. japonicllm CeUs witb Genistein Reduces the Inhibitory

EtTects of Mineral Nitrogen on Soybean Nodulation and

Nitrogen Fixation under Field Conditions

9.1 Abstract

Genistein is the major isoflavonoid inducer ofnod genes in the symbiotic B. japonicum

cells produced in soybean roots. Reduction in the isoflavonoid content of the host plants

has recently been suggested as a possible explanation for the inhibition of minerai nitrogen

on the establishment ofthe symbiosis. In order to determine whether genistein addition

could overcome this inhibitio~ we incubated B. japonicum cells (strain 532C) with

genistein or added genistein directly ioto the soil. In addition, nitrogen (in the form of

~03)was applied at 0, 20 and 100 kg ha-1
• The experiments were conducted on both

a sandy-Ioam soil and a c1ay-loam soil. Preiocubation ofB. japonicum cells with genistein

increased soybean nodule number and nodule weight, especially in the low-N-containing

sandy-Ioam soil and the low N fertilizer treatment. Plant growth and yield were less

affected by genistein preincubation than nitrogen assimilation. Total plant nitrogen

content was increased by the two genisteio preiocubation treatments at the early flowering

stage. At maturity, shoot and total plant nitrogen contents were increased by the 40 J,J.M

genistein preincubation treatment in the sandy-loam soil. TotaI nitrogen contents were

increased by the 20J,tM genistein treatment ooly at the 0 and 20 kg ha-1 nitrate levels in

c1ay-loam soil. Forty J,J.M genistein preincubation increased soybean yield on sandy-Ioam

soil. No difference was found in 100-seed weight. The results suggest that preincubation

ofB. japonicum cells with genistein could improve soybean nodulation and nitrogen

fixation and at least partially overcome the inhibition ofminerai nitrogen on soybean

nodulation and nitrogen fixation.

Key words: soybean, Bradyrhizohium japonicum, nodulation, minerai nitrogen,

genistein
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9.2 Introduction

The interaction between the soil bacterium B. japonicum and its host plant,

soybean, results in the formation ofnitrogen fixing root nodules. Nodule formation is a

complex, multi-step process requiring the activity and regulation ofboth plant and

bacterial genes, which control signal exchange between plants and nitrogen fixing bacteria.

In the soybean-B. japonicum symbiosis, genistein has been identified as one of the major

isoflavonoid compounds in soybean seed and root extracts responsible for inducing the

expression ofthe B. japonicum nadYABC operon (Kosslak: et al., 1987). As a result of

nod gene induction, lipo-chito-oligasaccharide nodulation factors (Nod factors) are

produced by the bacterial symbiont (Lerouge et al., 1990), which in tum elicits root hair

deformation, cortical cell division and nodulin gene expression in soybean roots (reviewed

by Spaink, (996).

Soybean plants have access to atmospheric N2 through biological nitrogen fixation,

but preferentially utilize minerai nitrogen. Nodulation ofsoybean is delayed or prevented

completely and N2 fixation inhibited in N-rich soils or following application of nitrogenous

fertilizer, thus reducing the potential benefit from N2 fixation (reviewed by Streeter, 1988;

Carroll and Mathews, 1990). Many investigations have demonstrated that maximum

symbiotic performance is associated with low levels ofminerai nitrogen in rooting media

(Nutman, 1956; Harper, 1974).

The inhibitions ofnodulation and N2 fixation by minerai N vary with legume

species or cultivar, rhizobial strain, plant age, nitrogen form, site ofapplication of minerai

nitrogen and with environmental conditions (pate and Atkins, 1983). The mechanism of

the minerai nitrogen inhibition on nodulation and nitrogen assimilation is not weil

understood, although several explanations have been proposed (Streeter, 1988; Carroll

and Mathews, 1990). The inhibition ofsoybean nodulation can be partially alleviated by

high inoculum doses (Lawson et al., 1988) and overcome by the ethylene inhibitor

aminoethoxyvinylglycine (Ligero et al., 1991).

Changes in isoflavonoid content of the sYmbiotic host plants have recently been
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suggested as a possible explanation for the inhibition ofmineral N (Appelbau~ 1990; Cho

and Harper~ 1991; Zhang et al.~ 1999). A hypemodulating soybean mutant had higher

root concentrations ofisoflavonoid compounds at 9-12 days after inoculation than did the

parental cultivar (Cho and Harper~ 1991). When 2.5 mM (NILhS04 was applied to the

soybean plants, the concentrations ofthree isoflavonoids in the roots were decreased (Cho

and Harper, (990). In Lupirms albus, the presence ofnitrate reduced the amount of

flavonoids present in the root exudate or in the root extraet (Wojtaszek et al., 1993).

When genistein was applied to either B. japoniclim inoculant (Zhang and Smit~ 1995) or

soil (Zhang and Smit~ (996), soybean nadulation and nitrogen assimilation were

increased at low root zone temperatures. Nodulation and nitrogen fixation was shawn to

be improved in alfalfa after addition of luteolin to the plant growth medium (Kapulnik et

aI.~ (987). But soil and growth medium minerai nitrogen levels were not investigated in

those experiments. The expression ofthe common nod genes ofB. japonocum is

repressed by ammonia (Dusha et al.~ 1989; Wang and Stacey 1990)~ and genistein could

partially overcome the inhibition ofminerai nitrogen on the expression ofnod genes (pan

and Smit~ unpub. data).

In the present study, we further examined the effeet ofgenistein preincubation on

soybean nodulatio~ nitrogen assimilation and growth under field conditions at three levels

ofapplied N fertilizer.

9.3 Materials and Methods

Experimental Design:

The experiment was orgaJÙZed as a random completely block. The genistein

treatments were (1) B. japonicum cells without genistein preincubation, (2) preincubation

ofB. japonicum ceUs with 20 JJM genistein, (3) preincubation ofB. japonicum ceUs with

40 IJM genistein, and (4) addition of20 J.IM genistein solution directly into soil without

inoculation. The B.japonicum strain used was 532C (Hume and Shelp, 1990). In ail

cases the B. japonicum cell density was 108 ceU mL-1. The three N fertilizer treatments
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were 0., 20 and 100 kg ha-1 N (in the form ofN'fLN03) added immediately prior to

seedling and incorporated by hand working.

Experimental conditions andplant material:

The experiment was condueted in Emile A. Lods Research Station ofMcGill

University. The experiment was repeated on two soil types. One site was a sandy-Ioam

soil (fine-silty., mixed., nonacid., frigid Humaquept). The crop produced on this site in the

previous year was spring barley. The second site was a clay-Ioam soil (fine., mixed.,

nonacid., frigid Humaquept). The crop produced on this site in the previous year was

corn. The soybean cultivar Bayfield was used at both sites. Soil indigenous B. japonicum

populations (according to the method ofthe MOst probable number., Vincent., 1970) were

2400 and 2500 per gram ofsoil in the sandy-Ioam and the clay-Ioam soiIs respectively.

Row length was 5 m and width was 0.28 m with 8 rows in each plot. To avoid low

temperature effects on soybean nodulation (Lynch and Smith., 1993), the planting date was

postponed until 15 days after the normal planting date. Soybean seeds were hand planted

at a population of450.000 seeds ha-le

Inoculant preparation and inoculation:

B. japonicum strain 532C was cultured for 7 days and subcultured for 5 days in 4

L flasks at 25 oC while being shaken at 150 rpm. Filter sterilized genistein stock solution

in methyl sulfoxide was added to the subculture to a final genistein concentration of 20 or

40J,J.M under axenic conditions. The subculture was shaken for another 24 hour. The

subculture was diluted to an OD of0.1 (108 cellslmL). After soybean seeds were sown

into the rows., 50 mL of inoculant was applied evenly ioto the open rows with a syringe

and then the rows were closed. The control was prepared in the same way. except

without adding genistein.

Data collection:

Plants were harvested three times: (1) 40 days after planting (V3 stage [Fehr et al..,
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1971], June 25), when nodule number and weigh~ leafar~ root (0-20cm depth) and

shoot weight, and plant height were measurecL (2) the early tlowering stage (July 30),

when the same parameters were measured as weU as nodule, shoot and root nitrogen

concentrations (Kjeltec system, Tecator AB, Hoganas, Sweden), (3) harvest maturity

(Sept. 28), when yield (combining the whole plot), 100-seed weight, shoot weight, branch

and pod number per plant, seed and shoot (without leat) N concentration were

determined. SPAD readings (ChlorophyU meter SPAO-502, 1989 Minolta Camera Co.,

Ltd) were used to monitor leafchlorophyU content (Earl and ToUenaar, 1997), and

readings were taken on July 30 and August 12. Photosynthetic rates (Li-6400, LI-COR,

Ine., Lincoln, USA) were monitored on Aug. 11.

Statistical Analysis:

Data were analysed by analysis ofvariance using the Statistical Analysis System

computer package (SAS Institute Inc., 1988). A proteeted least significant difference test

(LSD) was applied to make comparisons among means (Steel and Torrie, 1980).

9.4 Results:

Nodulation andplant growth al the early development stage (V3)

Nodule number and weight were increased by 40 J,.LM genistein preincubation in the

sandy-Ioam soil at all three N levels (Table 9.1). Weight per nodule was higher with

genistein preincubation than without it. Uninoculated plants had fewer nodules, but had

more weight per nodule.

In the c1ay-Ioam soil, nodule numbers were increased by 20 J.l.M genistein

preincubation at zero N and by 20 and 40 J,.LM genistein preincubation at 20 kg ha-1 N

(Figure 9.1A). Nodule weight per plant was inereased by the two genistein preincubation

treatments at zero and 20 kg ha-1 N (Figure 9.1B). No difference in nodule number and

nodule weight existed at 100 kg ha -1 N.

Soybean plant height, leaf area, root and shoot weight were not affected by the
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applied treatments at either site at this harvest.

Nodulation. nitrogen assimilation andplant growth at the ear/yflowering stage:

In the sandy-Ioam soil~ nodule number and weight were increased by genistein

preincubation treatments (Table 9.2). Shoot weight was greater with genistein

preincubation. Plant height and root weight were not affected by the genistein treatments.

In the clay-Ioam soil~ nodule number and weight were increased by 20 J,.LM genistein

(Table 9.2). No difference existed between the control and 40 J,LM genistein preincubation

for these two parameters. The two genistein treatments increased shoot weight. Forty

fJ.M genistein preincubation aIso increased root weight. At both sites~ soybean nodulation

and growth was slow in the absence of inoculation.

In the sandy-Ioam soil (Table 9.3)~ shoot nitrogen concentration was higher with

40 fJ.M genistein preincubation. Shoot nitrogen content was increased by the two

genistein preincubation treatments. Root nitrogen concentration and content were not

affected by genistein preincubation treatments. Nodule and totaI plant nitrogen contents

were increased by genistein preincubation treatments. In the clay-Ioam soil (Table 9.4)~

shoot nitrogen contents were increased by genistein preincubation treatments. Root

nitrogen contents were higher for genistein preincubation treatments than adding genistein

directly into soil treatment or uninoculated control. Nodule nitrogen concentration ofthe

40 fJ.M genistein preincubation and uninoculated treatments were lower than the other two

treatments. Nodule nitrogen content was increased by 20 J.1M genistein preincubation.

Total plant nitrogen content was higher for the two genistein preincubation treatments

than adding genistein directly into soil treatment or uninoculated control.

Yield and nitrogen contents ofseedand shoot at maturity:

In the sandy-Ioam soil, no difference in 100-seed weight existed between the

genistein preincubation treatments and the uninoculated control (Table 9.5). Incubating B.

japonicum with 40~ but not 20~ fJ.M genistein increased shoot weight and yield relative to
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the adding genistein directIy into soil treatment or uninoculated control. Branch number

per plant was not affected by the genistein treatments. In the c1ay-loam soil, no difference

in yield existed among the four treatments.

In the sandy-loam soil, shoot and total plant nitrogen contents were increased by

40 J,J.M genistein preincubation (Table 9.6). Interactions existed for seed nitrogen

concentration and content between N treatments and genistein tteatments. Forty J.1M

genistein increased seed nitrogen concentration and content at the zero N fertilizer levei

(Figure 9.2). At the 20 kg ha- l N level, both 20 and 40 J,J.M genistein increased seed

nitrogen concentrations and contents. In the c1ay-Ioam soil, shoot and seed nitrogen

concentrations were increased by genistein preincubation treatments (Table 9.6). Seed

nitrogen content was lower without inoculation than with inoculation. Total nitrogen

content was increased by the 20 J.1.M genistein treatment ooly at the 0 and 20 kg ha- l N

levels (Figure 9.2).

SPAD readings andphotosynthetic rates:

Forty JlM genistein preincubation resulted in the highest uppermost fully expanded

leaf SPAD readings. The uninoculated control had the lowest SPAD readings, observed

on both July 30 and August 12 (Table 9.7). The photosyothetic rate of the uppermost

fully expanded leafwas higher \-v-ith the 40 J.LM genistein treatment than the uninoculated

control (P = 0.1, data not shawn). In the clay-Ioam soil, no difference was observed for

SPAD readings or photogynthetic rate among the four treatments.

9.5 Discussion:

In this report we show that soybean plants inoculated with genistein preincubated

B. japonicum ceUs had more nodules, and greater nodule weight per plant and per nodule

than the no genistein treatment. Soybean has an autoregulation mechanism for infection

thread formation, nodule initiation, final nodule number and nodule weight per plant

(Carroll and Mathews, (990). Usually the more the nodules per plant, the smaller the
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nodule size (or weight) per nodule. Preincubation ofB. japonicum 532C with 40 IJM
genistein increased nodule number and total nodule weight per plant. Our observations

concerning the improvement in nodulation at different N levels are in agreement with

previous data obtained at low temperature (Zhang and Smith, 1995). They attributed the

increases at low temperature to the alteration ofthe time-course ofeach nodulation stage.

Preincubation ofB. japonicum with genistein promotes expression ofthe common nad

genes (Kosslak et al., 1987), leading to higher levels ofNod factor production by B.

japonicum cells than would otherwise have been the case. Those bacteria preincubated

with genistein could fonn nodules faster than the non-incubated inoculant. Bhuvaneswari

et aL (1980) reported the infectivity ofgiven host cells is a transient property that appears

and then is lost within a few hours. Host responses leading to infection and nodulation are

triggered or initiated in less than two hours after inoculation. After nodule formation,

autoregulation ofnodule growth may reduce the weight per nodule in genistein

preincubation treated plots less than the no genistein treated plots. Increased nodule

weight following genistein treatment was also found in a previous study (pan et al., 1998).

The mechanisms responsible for this apparent increase in nodule weight are unknown but

May include: (i) flavonoids functioning as modulators of polar auxin transport (Jacobs and

Rubery 1988) and locally disturbing the auxin-cytokinin balance, leading to the induction

of nodule meristems (Schmidt et al., 1994); (ü) flavonoids stimulating the growth rate of

rhizobia at low micromolar concentrations (D'arcy-Iameta & Jay, 1987); (üi) Nod factors

produced due to the effeet ofgenistein on the bacterial nod genes, which trigger the

formation of the root nodules by initiating ceU divisions at distinct sites (Verma 1992); (iv)

an increase in isoflavonoid secreted by the hast root after Nod factor was applied (van

Brussel et aL, 1990).

When genistein was watered directly into the soil, soybean nodulation, nitrogen

assimilation and seed yjeld were lower than that ofthe inoculated control. Those results

are different from Zhang and Smith (1996). A low soil indigenous B.japonicum

population could be the cause, but this was not reported in their study.
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Due to the increased nodule number and total weight per plant, plant total nitrogen

content was higher at the second and final harvest for the genistein preincubation

treatments. But soybean yield was increased ooly in sandy-Ioam soil with 40 J.1M genistein

preincubation, even though the total N fixed was higher at the c1ay-Ioam site.

The increases in nodule number and weight were more obvious for the sandy-loam

soil site and for lower levels ofN application than in clay-Ioam soil and higher levels ofN

application. At higher levels of applied N fertilizer and in a soil with higher N contents,

genistein preincubation treatment still increased nodule number, nodule weight and

nitrogen assimilated. Thus the inhibition of nodulation by N could be partially overcome

in this sail. Soybean is grown in rotation with other crops, usually corn, which requires

and leaves a lot ofminerai N in the soil. Thus partially overcoming the N inhibition of

nodulation bas praetical application in soybean production and further study needs to be

done to improve this overcoming effeet.

In conclusion, genistein preincubation ofB. japonicum improved soybean

nodulation and appears to have increased the total amount ofN assimilated. The

improvement by genistein is concentration dependent. Additional work needs to be done

to fully develop the use of signal Molecules such as genistein for use in crop production

system.
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Table 9.1 Nodule number and total weight per plant
on June 26 in sandy-Ioam sail
Nodule number Nodule weight (mg)

CK 5.07 b 13.22 be
I20 5.91 b 25.24 b
140 8.38 a 40.18 a
W20 0.71 e 4.23 c

Means within the same column followed by the same letter
are not different by Fisher's proteeted LSD test at p=0.05.
I20, 140 = 532C incubated with 20 or 40 flM genistein,
respeetively. W20 = water containing 20 flM genistein
added direetly into the soil. CK= inoeulated with
B. japonicum 532C.
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Table 9.2 Nodule number and weight, shoot and root weight per plant at

the beginning of f10wering

Nodule
number

Sandy-Ioam soil Clay-Ioam soil
Nodule Shoot Nodule Nodule Shoot Root
weight weight number weight weight weight
(mg) (8) (mg) (g) (g)

•

•

CK 10.2 c 118.4 c 13.8 a 14.7 b 156.6 b LO.3 b l.1 he
120 16.6 h 212.7 b 14.1 a 17.4 a 229.9 a 12.4 a l.2 ab
140 36.8a 356.2 a 12.9 ab 13.4b 176.5b 12.1a l.3a
W20 4.2d 109.le 11.7h 7.7c II9.1e 9.3b l.Oe

Means within the same column followed by the same letter are not different by Fisher's
protected LSD test at p=0.05.
120. 140 = 532C incubated with 20 or 40 f.1M genistein. respeetively
W20 = water containing 20 flM genistein added directly into the soil.
CK= inoculated with B. japonicum 532C.
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Table 9.3 Soybean nitrogen fixation related variables on July 30 at the sandy-Ioam soil site
SHNC SHNT RNC RNT NNC NNT TNT
(%) (mg) (%) (mg) (%) (mg) (mg)

CK 2.25 b 304.3 b 0.81 a 8.37 a 5.30 a 6.27 c 318.9 b
120 2.33 b 328.6 a 0.78 a 9.01 a 4.96 ab 10.63 b 348.3 a
140 2.52 a 323.2 a 0.79 a 8.03 a 4.83 ab 15.35 a 346.5 a
W20 1.80 c l78.5 c 0.66 b 6.07 b 4.42 b 5.32 c 210.7 c

SHNC, RNC and NNC are shoot, root and nodule nitrogen concentration, respectively.
SHNT, RNT and TNT are shoot, root and nodule nitrogen content, respeetively.
Means within the same column followed by the same letter are not different by
Fisher's proteeted LSO test at p=0.05. CK= inoculated with B.japonicum 532C.
120, 140 = 532C incubated with 20 or 40 JlM genistein, respeetively
W20 = water containing 20 JlM genistein added direetIy into the soil.
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Table 9.4 Soybean nitrogen fixation related variables on July 30 at the
clay-Ioam soil site
SHNT (mg) RNT NNC NNT TNT

(mg) (%) (mg) (mg)
CK 224.1 b 8.26 b 5.18 a 8.08 b 246.8 b
120 282.9 a 11.23 a 5.02 ab 11.38 a 305.5 a
140 288.0 a 10.77 a 4.51 e 8.18 b 306.9 a
W20 230.7 b 9.46 ab 4.64 be 6.59 e 240.5 b

SHNT, RNT, NNT and TNT are shoot, root, nodule and total plant nitorgen
content, respectively. NNC is nodule nitrogen concentration.
Means within the same column followed by the same letter are not different
by Fishers protected LSD test at p=O.OS.
120, 140 = 532C incubated with 20 or 40 f.lM genistein, respectively
W20 = water containing 20 IlM genistein added directly into the sail.
CK= inoculated with B. japonicum 532C.
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Table 9.5 One hundred seed weight and yield at the final
harvest on sandy-Ioam sail

100-seed Yield Shoot weight
weight Cg) (kg ha-Il (g plant-Il

CK 17.8a 2142.2b 9.9bc
120 18.5 a 2228.3 b 10.6 ab
140 18.9 a 2242.0 a 11.1 a
W20 16.3 b 2003.4 c 8.6 c

Means within the same column followed by the same letter
are not different by Fisher's protected LSO test at p=O.OS.
20, [40 = 532C incubated with 20 or 40 J.1M genistein,
respectively. W20 = water containing 20 J.1M genistein
added directly into the sail. CK= inoculated with
B.japonicum S32C.
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Table 9.6 Nitrogen concentration and content at maturity
Sandy-loam soil Clay-loam soil

--~----------SHNC SHNT TNT SHNC SENC SENT
(%) (mg) (mg) (%) (%) (mg)

CK 0.496 a 45.98 b 53.57 b 0.511 b 5.26 b 11.0 a
120 0.484 a 46.08 b 53.25 b 0.559 a 5.92 a 12.3 a
140 0.507 a 49.41 a 59.72 a 0.584 a 5.90 a 12.1 a
W20 0.422 b 39.03 c 46.03 c 0.525 b 5.49 b 10.5 b
SHNT~ SENT and TONT are shoot, seed and nodule nitrogen content~ respectively.
SflNC and SENC are shoot and seed nitrogen concentratio~ respectively.
Means within the same column followed by the same letter are not different
by Fisher's proteeted LSD test at p=O.05.
I20~ 140 = 532C incubated with 20 or 40 flM genistei~ respeetively.
W20 = water containing 20 flM genistein added direetly into the soil.
CK= inoculated with B. japonicum 532C.
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Table 9.7 SPAD reading from soybean leaves
on sandy-Ioam soil

July 30 Aug.12
CK 36.72 b 39.6 b
120 37.77 ab 40.0 ab
140 38.51 a 41.4 a
W20 33.81 c 36.9 c

Means within the same column followed by the
same Ietter are not different by Fisher's protected
LSD test at p=0.05.
CK= inoculated withB.japonicum 532C.
120, 140 = 532C incubated with 20 or 40 )lM
genistein, respectively. W20 = water containing
20 JlM genistein added directly into the soil.
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Preface to section 10

Section lOis composed ofa manuscript by Pan B and Smith DL and will be submitted to

Journal ofPlant Nutrition.

As previous work in our laboratory has shown that both PGPR and genistein

addition can overcome low root zone temperature inhibition of soybean nitTogen fixatio~

and my work had shown that genistein can be helpful in overcoming the inhibition of

soybean nodulation by minerai N. In this chapter 1 tested the ability ofPGPR in

overcoming the inhibition ofsoybean nodulation by minerai N.
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Section 10

Plant Growth Promoting Rbizobacteria (pGPR) Promotion of Soybean

Nodulation, Nitrogen Fisation and Growth at

Three Nitrate Levels

10.1 Abstract

PGPR have been shown to improve legume nodulation, but their ability to do so in the

presence ofdifferent levels ofmineral nitrogen, a situation more closely approximating

field conditions, has never been investigated. Effects oftwo PGPR strains on soybean

plant growt~ nodulation and nitrogen fixation were tested at three levels of nitrate (O~ 1

and 5 mM) in a randomized complete block design under greenhouse conditions. Plant

growth was promoted by PGPR. PGPR strain 1-102 had better effect than strain 2-68 for

most ofthe variables measured. PGPR strain 1-102 increased shoot, nodule and total

plant nitrogen contents. Nodule number and weight were inhibited at 5 mM nitrate.

PGPR strains used partially overcame the inhibiting effects ofnitrate on nodule number~

weight and nitrogen assimilation.

Key words: nitrate, nodulation, plant growth promoting rhizobacteri~ soybean

10.2 Introduction

Certain rhizosphere microorganisms, collectively referred to as PGPR, have been

shown to increase plant growt~ development and field in crops such as potato, radish~

sugar beet and wheat (Gaskin et al.~ 1985). These increases have been related to plant

hormone production (De Freitas and Germid~ 1990), nutritional interactions between the

rhizobactera and the plant (Chanway et al., 1989), biological control ofsoil-bome plant

pathogens (Sutton and Peng, 1993) and siderophore production by PGPR (Gaskin et al.~

1985). There has been renewed interest in the use of soil bacteria which, when applied ta

seeds, tuhers or roots, are able to colonize plant roots and stimulate plant growth and crop

field (Chanway et al., 1989).
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When applied to legumes~ PGPR have also been shown to affect the development

of the nitrogen fixing symbiosis. Co-inoculation studies with PGPR and Bradyrhizobium

japonicum have demonstrated increased plant vigour~ root and shoot weight~ seed yield~

nodulation and nitrogen fixation (Li and A1exander~ 1988; Dashti et al.~ 1997).

Interactions existed between PGPR application and soybean cultivar (Dashti et al.~ 1998).

Soybean seed yield increased following inoculation with a mixed culture ofB. japonicum

and certain PGPR strains~ as compared to B. japonicum alone (Yahalom et aI.~ 1987).

Grimes and Mount (1984) found that a Pselldomonas putida strain (M17) markedly

increased Rhizobium nodulation ofbean in field soils. Polonenko et al. (1987) reported

that certain rhizobacteria (primarily fluorescent pseudomonades) enhanced root nodule

number or mass. Suslow (1982) reported a Pseudomonas strain had different

etfectiveness in different agricultural regions and during different periods ofcrop growth.

Mineral N has multiple effects on legume nodulation (Streeter~ 1988). High levels

of minerai N can inhibit nodulation and induce premature nodule senescence (Chen and

Phillips, 1977; Carroll and Mathews~ 1990). The mechanism of the inhibition is not weil

understood. While it has been demonstrated that PGPR cao improve legume nodulation in

the absence ofminerai nitrogen, their ability to do so in the presence ofminerai nitrogen, a

situation more closely approximating field conditions, has not been investigated. Part of

the way in which PGPR increase soybean nodulation under field conditions {Dashti et al.~

(998) May be by overcoming the suppression ofnodulation by nitrate present in the soil.

At this time there is no published information regarding this possible mechanism. The

objective of this study was to determine PGPR etfect on soybean growth at three levels of

nitrate, and more importantly, whether PGPR could overcome the negative etfects of

nitrate on soybean nodulation and nitrogen assimilation.
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10.3 Materials and Methods

Experimental design

The experiments were carried out under greenhouse conditions. The air

temperature regime was 25/18°C (day/night), and the relative humidity was 65%. On

cloudless days the light intensity reached 900 1lJl10l m-2
S-I. Turface (Applied Industrial

Material Corp.~ Deerfield, IL):sand (1: 1, v/v) was used as a rooting medium.

Soybean cultivar Maple Glen was used in bath experiments. Two PGPR strains

(Pseudomonas putida 1-102 t'rom YeUowknife~ NWT; Serratia liquejaciens 2-68 from

James Bay Soil, NWT) and three nitrate levels (0, 1, 5 mM K(03) were organized in a

faetorial arrangement ofa random completely block design. The two PGPR strains were

seleeted according to their best performance in preliminary experiments (data not shawn).

For both experiments, nitrate solution was applied beginning at sowing, and was added

each time the plants required water. Hoagland's solution (Hoagland and Amon, 1950)

was added twice a week beginning when the cotyledons tumed yeUow. The Hoagland's

solution used in these studies was modified to provide a nitrogen-free solution: the

Ca(N03h and KN03 were replaced with CaCh, K2HP04, and KH2P04 . The correct

amount ofnitrate (as K(03) was added to the nutrient solution for each treatment

concentration and 250 mL ofnutrient solution were added to each pot at each watering

time. That amount of solution was enough to wet the whole growth medium and cause

some solution to run out the bottom of the pots so that the pots were flushed at each

watering.

Plant materials and inoculation

Seeds ofMaple Glen were surface·sterilized in 4% sodium hypochlorite for 7 min,

and then rinsed 10 times with distilled water. Five seeds were sown in each pot. The

seedlings were thinned to 2 plants per pot at the VC stage (unifoliolate leaves unrolled

sufficiently that the edges were not touching, Fehr et al., 1971).
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The inoculant was produced by culturing B.japonicum stain 532C in yeast extract

mannitol broth in 250-mL tlasks shaken at 150 rpm at 25°C. A five day old sub-culture

(OD::::O.4) was diluted with distilled water to an ~20 of0.16 (approximately 2 x 108 ceUs

mL-1
). AU the PGPR strains were cultured in Pseudomonas medium (polonenko et al.,

1987) in 250 mL tlasks shaken at 250 rpm at 25°C. One-day-oid PGPR subculture was

adjusted with sterilized distilled water to an 00420 value of 0.2. Prior to inoculation, the

B.japonicum 532C broth culture was added to the same amount ofa culture of one

PGPR strain and the resulting mixture was allowed to stand for half an hour at 25 oC

without shaking. One mL ofinoculant per plant was applied by pipette onto the rooting

medium at the base ofthe plant at the VC stage.

Data collection

Plants were harvested 22 days after inoculation (DAI) for the tirst experiment, 34

DAI for the second experiment. Leafarea (Area Measurement System, Delta-T Deviees

Ltd~ England), shoot and root weight, nodule number, nodule weight were measured.

Shoot, root and nodule nitrogen content were measured in the second experiment.

Nitrogen concentration was measured by Kjeldahl analysis (Kjeltec system, Tecator AB,

Hoganas, Sweden).

Statistical Analysis

The two experiments were not harvested at the same date after inoculation, so the

results were analysed separately. The data were analysed by analysis ofvariance using the

Statistical Analysis System computer package (SAS Institute Inc., 1988). When analysis

ofvariance showed significant treatment effects, the least significant difference (LSD,

preplanned comparison) or multiple comparison test was applied to make comparisons

among means at the 0.05 level ofsignificance.
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10.4 Results

Experiment 1

Plant growth

Shoot dry weight was increased by PGPR strain 1-102 at three levels ofnitrate

(Table 10.1). Root dry weight and leafarea were not affeeted by PGPR. Plant height was

increased by strain 1-102 at 0 mM nitrate.

Nadulanan

Nodule number was increased by strain 1-102 at 1 mM nitrate. Strain 2-68 had

no effeet on nodule number. Nodule number was highest at 1 mM nitrate (Table 10.1).

No difference in nodule number was found between 0 and 5 mM nitrate. Nodule weight

per plant was highest at 1 mM nitrate (Table 10.1). Five mM nitrate decreased nodule

weight per plant. At 0 nitrate PGPR strain 2-68 decreased nodule weight per plant. At 1

mM nitrate nodule weight per plant was increased by bath strains. Nodule weight per

plant was increased by strain 1-102 at 5 mM nitrate.

Experiment 2

Plant growth

Strain 1-102 increased plant height at 0 and 1 mM nitrate (Table 10.2). At 5 mM

nitrate strain 2-68 increased plant height. Strains 1-102 and 2-68 increased shoot dry

weight. Strain 1-102 increased root dry weight and leafarea at ail three nitrate levels.

Nadu/ation

Thirty four days after inoculation, strain 1-102 increased nodule number at ail

three nitrate levels (Table 10.2). Strain 2-68 increased nodule number at 1 mM nitrate.

Nodule number was highest at 1 mM nitrate and lowest at 5 mM nitrate.

155



•

•

•

Nodule weight per plant was increased by strain 1-102 at three nitrate levels (Table

10.2). There were also sorne positive etfeets ofstrain 2-68 on nodule weight. Nodule

weight was highest at 1 mM nitrate. Five mM nitrate inhibited nodule weight.

Nitrogen Assimilation

PGPR strain 1-102 increased shoot~ root and nodule nitrogen contents (Table

10.3). Strain 2-68 increased total plant nitrogen content at the 0 nitrate level. Nodule

nitrogen content was decreased at 5 mM nitrate~ but strain 1-102 increased nodule

nitrogen content at this level of nitrate.

10.S Discussion

Inoculation ofsoybean plants with a mixture ofPGPR and B. japonicum at three

levels ofnitrate produced beneficial effects on soybean plant growt~ nodulation and

nitrogen assimilation. Differences were found between the two strains tested. Thus, the

proper PGPR strain should be selected in order to get the most beneficial effeets on

soybean growth and nodulation at different soil nitrate levels. The increases in plant

growth and nodulation are in agreement with the previous report of Li and Alexander

(1988).

The 1 mM nitrate treatment increased plant growth and nodulatio~ and did not

inhibit any of the variables measured in this study~ including nodulation. Streeter (1988)

also reported positive effect of low levels ofnitrate on nodulation. PGPR had greater

positive etfeets at this level ofnitrate. Five mM nitrate inhibit soybean nodulation and

nodule weight. At 5 mM nitrate PGPR 1-102 continued to increase nodule weight over

the control~ although not as much as at 1 mM nitrate. Thus the PGPR tested could only

partiaUy overcome the nitrate inhibition ofnodulation.

In the second experiment~ strain 1-102 caused the largest increase in soybean

growth. In general~ the pattern ofpromotion by PGPR was the same as in experiment I~

although fewer of the numerical increases achieved statistical significant at ex = 0.05. This
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may have been due to the difference in sampling times, as plants were harvested 34 DAI

for the second experiment and 20 DAI for the tirst experiment. The irnprovements in

nodulation and nitrogen fixation were in agreement with the increases in shoot, root and

nodule nitrogen content (Table 10.3). Zhang et al. (1996) reported that the PGPR strain

tested increases soybean photosyothetic rate prior to the onset ofnitrogen fixatio~ which

suggested that sorne aspect ofgeneral plant physiology was stimulated by PGPR. It may

have been that early photosynthetic rates were increased and that this extra tixed carbon

was used to form larger and more numerous nodules and more nitrogen was fixed.

PGPR can increase the growth and yield ofnon-Iegurne crops (Gaskins et al.,

1985) through the production of plant growth hormones (De Freitas and Germid~ 1990).

Soybean nodulation and nitrogen fixation processes involve several phytohormones (for a

review see Arshad and Frankenberger, 1998). Change in the phytohormone balance is a

necessary requirement for elicitation of nodule formation (Hirsch and Fang, (994).

Nitrate inhibition of nodulation can be overcome by the ethylene inhibitor

aminoethoxyvinylglycine (Ligero et al., 1991). 50 the effects PGPR on soybean

nodulation could be related to changes in the production, exudation and balance those

plant phytohormones in the rooting medium and inside the nodules.

The action ofPGPR through antibiotic toward certain soil-bome microorganisms

(Sutton and Peng 1993) is not a possible mode ofaction in these experiments, as there

was no evidence ofpathogen presence.

The application ofour results to field soil conditions remains to be tested, as

PGPR may influence other soil factors limiting plant growth, nodulation and nitrogen

fixation, and the eireet of a particular bacterium May vary as a consequence ofsoil

conditions (Lynch, 1990). Other combinations of soybean cultivars, PGPR strains and

nitrate levels should also be tested. PGPR effects on soybean yield and final nitrogen

assimilation also need to be studied.

157



•
Table 10.1 Nodulation, shoot and root weight, leaf area and plant height of

soybean cultivar Maple Glen in experiment 1.
nitrate PGPR plant Leaf shoot root nodule nodule
(mM) heigh Area weight weight number weight

t (cm2
) (g) (g) (mg)

(cm)
0 None 17.6:1 81 0.49 0.37 60 24
0 1-102 19.4 83 0.65 0.40 56 25
0 2-68 17.3 79 0.51 0.33 52 21

1 None 21.1 132 0.84 0.50 69 29
1 1-102 22.7 147 0.95 0.52 83 45
1 2-68 21.0 134 0.88 0.54 69 32

5 None 23.9 211 1.39 0.81 50 18
5 1-102 23.5 220 1.52 0.79 63 24
5 2-68 24.4 208 1.42 0.89 54 20• nitrate ** ** ** ** ** **
PGPR NS NS ** NS NS **
nitrate*PGPR NS NS NS NS NS NS

LSDnitrate 2.45 33.7 0.21 0.02 12 6.3
LSOFGPR 0.22 5.6
LSDnitrate·PGPR

** and NS indicate significant or not at the 0.05 probability level, respectively.
li Value represents the average of6 plants.
Plants were harvested 22 days after inoculation.
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Table 10.2 Nodule, shoot and root weight nodule number, leaf area and plant

height of soybean plants harvested 34 days after inoculation in
experiment 2.

nitrate PGPR plant leaf shoot root nodule nodule
height area weight weight number weight
(cm) (cm2

) (g) (g) (mg)
0 none 25.4a 215 0.95 0.38 95 129
0 1-102 30.3 310 1.58 0.56 113 148
0 2-68 26.2 302 1.19 0.46 98 136

1 none 27.4 412 1.68 0.71 90 152
1 1-102 33.6 457 2.33 0.82 125 197
1 2-68 29.9 408 1.93 0.73 94 166

5 none 38.3 579 2.64 0.95 71 110
5 1-102 39.0 613 3.05 l.08 89 131• 5 2-68 42.5 575 2.86 0.99 70 117

nitrate ** ** ** ** ** **
PGPR ** NS ** ** ** **
nitrate*PGPR ** NS NS NS NS NS

LSDnitrate 2.24 48.1 0.17 0.06 11.5 24
LSDPGPR 2.24 0.20 0.07 9.4 19
LSDnitrate·PGPR 3.68

** and NS indicate significant or not at the 0.05 probability level, respectively.
<1 Value represents the average of6 plants.
Plants were harvested 34 days after inoculation.
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Table 10.3 Shoot, root and nodule nitrogen content ofsoybean

harvested 34 days after inoculation in experiment 2.
Nitra PGPR shoot N rootN nodule N total N
te (msJ (mg) (mg) a (mg)

0 None 30.1 10.7 4.3 41.6
0 1-102 51.6 16.8 6.8 74.1
0 2-68 39.1 14.4 5.2 56.3

1 None 56.1 16.1 6.8 75.2
1 1-102 75.4 20.8 8.7 102.4
1 2-68 59.1 18.1 7.9 80.2

5 None 72.2 22.8 3.2 98.8

• 5 1-102 83.5 27.8 4.6 118.3
5 2-68 77.8 24.2 3.8 107.4

Nitrate ** ** ** **
PGPR ** ** ** **
nitrate*PGPR NS NS NS NS

LSDnitrate 8.88 2.37 1.25 10.2
LSDpGPR 10.2 2.73 1.44 11.7
LSDnitrate·PGPR

a total N = plant total nitrogen content minus seed nitrogen content.
b Value represents the average of6 plants.
** and NS indicate significant or not at the 0.05 probability level,
respeetively.
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Preface to section Il

Section Il is composed ofa manuscript by Pan B and Smith DL and will be submitted to

Crop Science.

Following work with PGPR and genistein separately~ the combining effects of

PGPR and genistein on soybean nodulation and nitrogen fixation were tested under field

condition in a short growth season area.
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Section Il

The Combined Etfects of Plant Growth Promoting Rhizobacterium

and Genistein on Soybean Growth, Nodulation and

Nitrogen Fixation under Field Conditions

Il.1 Abstract

PGPR and genistein have been used separately to improve soybean nodulatio~ nitrogen

fixation and yield. Field experiments were condueted to evaluate the combined effeet of

PGPR and genistein in 1996 and 1997_ Plants were harvested at the V3, early tlowering

and harvest maturity stages. The experiment was structured following a randomised

complete block design with 3 replicates. Three factors were tested: two genistein

concentrations (0 and 20f.1M), two PGPR strains (2-68 and 1-102), and two soybean

cultivars (AC Bravor and Maple Glen). The results indicated that genistein increased

nodule number and nodule weight. The two PGPR strains used affeeted the measured

variables differently. PGPR had no or negative effect on nodule number and nodule

weight at the V3 stage, but improved nodulation and plant growth at the early tlowering

stage. Shoot dry weight was increased by PGPR strain 1-102 at the second harvest in

1996. Root dry weight ofAC Bravor at the second harvest was also increased by PGPR

strain 1-102 in 1997. At maturity, the shoot nitrogen content of AC Bravor in 1996, seed

nitrogen content and total nitrogen yield in 1997 were increased by genistein. TotaI

nitrogen yield ofMaple Glen was also increase by PGPR in 1997. Soybean yield was not

affected by the treatments in 1996. In 1997, genistein treatment and PGPR strain 1-102

increased soybean yield.

Key words: Soybean, genistei~ plant growth promoting rhizobaeteria

11.2 Introduction

Soybean (Glycine max. (L.) MeTr.) is a subtropicallegume which requires

temperatures in the range of25 to 30 oC for optimal growth (Jones and Tisdale, 1921).

When the temperature is below this, soybean nodulation, nitrogen fixation, growth and

yield are negatively affected (Roughley and Date, 1986; Lynch and Smith, 1994). In
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short growing season areas, such as the Canadian soybean production region, temperature

is considered the major factor limiting soybean yield (Whigham and Minor, 1978). To

overcome the negative effects oftemperature, several methods have been tried, including

using plant growth promoting rhizobacteria (pGPR) (Zhang et al., 1996; Dashti et al.,

1997; Dashti et al., 1998) and genistein (Zhang and Smith, 1995).

PGPR are free-living soil bacteria beneficiai to plant growth (Kloepper et al.,

1989). PGPR cao affect plant growth by preventing the deleterious effects ofone or

more phytopathogenic organisms, providing a compound that aets as a plant growth

regulator, or facilitating the uptake ofcertain nutrients from the environment (Glick

1995). Later work on soybean and canola showed that PGPR increased seedling

emergence when soil temperatures were below 20°C, and they termed such bacteria as

emergence-promoting rhizobaeteria (Kloepper et al., 1986). Biocoating ofseeds, such as

radish, with PGPR could aIso improve plant establishment (Schippers et al., 1995).

Co-inoculation ofPGPR with Bradyrhizohiumjaponicum has been shown to increase

soybean nodulation and nitrogen fixation at suboptimal root zone temperatures. The

increases in soybean nodule number due to PGPR were largely due to improved overall

physiological performance and growth of the plants (Zhang et al., 1996).

The interaction between the soil bacterium B. japonicum and its host plant,

soybean, results in the formation of nitrogen fixing root nodules. Nodule formation is a

complex, multi-step process requiring the activity and regulation of both plant and

bacterial genes which control signal exchange between plants and nitrogen-fixing

bacteria. In soybean-B. japonicum symbiosis, genistein has been identified as one of the

major isof1avonoid compounds in soybean seed and root extracts responsible for inducing

the expression of the B. japonicum nodYABC operon (Kosslak et al., 1987). As a result

ofnod gene induction, lipo-chitin oligosaccharide nodulation factors (Nod factors) are

produced by the bacteriai symbiont (Lerouge et al., 1990), which in tum elicit root hair

deformation, cortical cell division and nodulin gene expression in soybean roots (for a

review see Spaink (1996». Genistein has been used to improve soybean nadulation and

nitrogen fixation under low root zone temperature conditions (Zhang and Smith, 1995).
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In tbis study, we tested the effeets ofco-inoculation ofB. japonicum cells

preincubated with genistein and PGPR on soybean nodulation, nitrogen fixation, growth

and yield under field conditions, to see ifPGPR together with genistein can cause larger

etfeets than either alone.

11.3 Materials and Methods

Experimental Design

The experimental structure was a 2x3x2 factorial organised in a random

completely block design. The three factors were two genistein levels (0 and 20 fJ.M),

three PGPR levels (no PGPR (control), Serrana proteamaculans 1-102 (Yellowknife,

NWT) and Serrana liquefaciens 2-68 (James Bay soil, NWT» and two soybean cultivars

(AC Bravor and Maple Glen). Genistein concentration, PGPR strain and soybean

cultivar were seleeted according to previous experimental results (Zhang and Smith,

1995; Zhang et al., 1996).

Experimental conditions andplant material

The experiments were condueted at the Emile A. Lods Research Station of

McGill University in 1996 and 1997, both on Chicot light sandy-Ioam soil. Row width

was 30 cm, length 5 m. There were 8 rows in each plot. The space between plots was 60

cm, and between replicates 1 m. Barley was grown in previous year at the 1996 site and

corn the previous year at the 1997 site. In each year, potassium and phosphate were

provided by spring application of300 kg ha-1 ofO-S.4-15.& (N-P-K). Soybean seeds were

sown by hand on May 19, 1996 and May 15, 1997. Following emergence, seedlings

were thinned to achieve a stand of450,000 plants ha-1
.

Inoculant preparation and inoculation

The inoculants were produced by culturing B. japonicum stains in yeast extract

mannitol broth (YEM, Vincent, 1970) in 250-mL flasks shaken at ISO rpm at 25°C for 7

days. To produce inoculant preincubated with genistein (4', 5, 7-TrihydroXYisotlavone,

Sigma, Mississauga, Canada), 100 mL of4-day-old sub-culture (00:::::0.35) was
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aseptically added to 500 mL ofsterile genistein solution (24 J1M, providing a final

genistein solution concentration of20 1lM) in a flask and incubated at 30°C without

shaking for 48 h. FoUowing incubatio~ the ceU suspensions were pelleted in sterile

centrifuge tubes at 10,000 g for 10~ washed once with distilled water, and

resuspended to an ~20 of0.1 (approximately 108 cells mL-il. After soybean seeds were

sown into the soil by hand, 50 mL of inoculant W as applied evenly into the open row with

a 60 mL syringe and then covered.

PGPR were cultured in Pseudomonas medium (polonenko et al., 1987) in 250 mL

flasks shaken at 250 rpm at 25 oC for 1.5 days. A-one-day old PGPR subculture was

diluted to an 00420 of0.1 (cell density approximately 108 per mL) and used as inoculant.

PGPR inoculant was applied evenly a10ng the row at a rate ofone mL per seed using a

50-mL syringe.

Data collection

Air temperature and precipitation were recorded at the Macdonald Campus

weather station, McGiU University, Ste-Anne-de-Bellewe, Quebec, Canada (Fig. Il.1).

Plant samples were harvested three limes: (1) V3 stage (Fehr et al., 1971) for nodule

number and weight, plant height, root (0-20cm depth) and shoot weight were measured,

(2) the early flowering stage for the same parameters were measured as at the first harvest

plus nodule, shoot and root nitrogen concentrations (Kjeltec system, Tecator AB,

Hoganas, Sweden), (3) harvest maturity for soybean yield (combine harvested from the

halfof the plot where samples had not been removed), 100-seed weight, shoot weight,

branch and pod number per plant, seed and shoot (without leat) N concentration were

determined. SPAD readings (Chlorophyll meter SPAD-502, 1989 Minolta Co., Ltd)

were taken to monitor leaf chlorophyll content al V3 stage (Earl and Tollenaar, 1997).

Statistical Analysis

Means of the five plants, randomly selected at each harvest, were used for

analysis. Data were analysed by analysis ofvariance using the Statistical Analysis

System computer package (SAS Institute Inc., 1988). An ANOVA protected least
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significant difference test (LSD) was applied to make comparisons among means at the

0.05 level ofsignificance. Contrasts were used to make planned specifie comparisons

(Steel and Torrie~ 1980).

11.4 Results

Plant growth and nodulation at V3 stage

Neither PGPR nor genistein affected plant heigh~ leafare~ shoot and root dry

weight or SPAD reading in both years in the tirst harvest time. Interactions existed

among soybean cultivar, genistein and PGPR for nodule number and weight. Genistein

preincubation ofB. japonicum increased nodule weight in both years for both soybean

cultivars (Table Il.1). Nodule numbers were increased by genistein for Maple Glen in

both years and for AC Bravor in 1997.

PGPR strain 2-68 reduced the nodule weight ofAC Bravor, but not Maple Glen in

both years (Table Il.1). In 1997, PGPR 1-102 plus genistein resulted in the largest

nodule weight and nodule number values for Maple Glen. Genistein alone provided the

largest nodule weight and number values for AC Bravor.

Nodulation andplant growth al the ear/yjlowering stage

At this harvest, nodule number for plants that had received genistein treated

inoculant was still higher than the controls (Table 11.2). Nodule weight was increased by

genistein incubation for both cultivars. PGPR strain 2-68 decreased the nodule number

ofAC Bravor in 1997 and nodule weight ofAC Bravor in 1996. PGPR strain 1-102

increased both nodule weight and nodule number for Maple Glen in 1997.

Genistei~ PGPR 1-102 or genistein plus 1-102 had positive effects on the shoot

and root dry weight of AC Bravor (Table 11.2). Generally, AC Bravor responded more

to the applied treatments than Maple Glen. No effect was found for root dry weight of

Maple Glen in 1997 and for shoot dry weight ofMaple Glen in 1996.

Nitrogen fixation at ear/yjlowering stage

166



•

•

•

The two soybean cultivars were not different in terms ofaccumulated nitrogen

responses, and an interaction existed between genistein and PGPR. Genistein a10ne

increased shoot, root and nodule nitrogen content in 1996. In 1996 PGPR and genistein

did not affect shoot nitrogen concentration and content (Table Il.3). PGPR stfains 2-68

and 1-102 had negative effects on root nitrogen content (Table 11.3). PGPR strain 1-102

plus genistein increased shoot and nodule nitrogen content and nodule nitrogen

concentration in 1996 and nodule nitrogen content in 1997.

Shoot and seed nitrogen content and soybean yield

There were interactions between genistein and PGPR at the final harvest for the

measured variables. The two soybean cultivars responded differently. Shoot nitrogen

content ofAC Bravor was increased by genistein in 1996 (Table Il.4). The two PGPR

strains increased the shoot nitrogen concentration ofMaple Glen in 1996. Neither

genistein nor PGPR affeeted total nitrogen yield in 1996. In 1997 seed nitrogen content

and total nitrogen yield ofMaple Glen were increased by PGPR strain 1-102. Genistein

increased total nitrogen yield of AC Bravor in 1997.

Pod number per plant and branch number per plant were not affected by genistein

or PGPR treatments. Genistein and PGPR did not affect soybean yield and one hundred

seed weight in 1996 (Fig. 11.2). In 1997 genistein increased soybean yield and one

hundred seed weight. PGPR strain 1-102 aIso increased yield and one hundred seed

weight, but to a less extent (p = O. 1) than genistein. PGPR strain 2-68 had no effect on

these two variables.

Il.S Discussion

Inoculation of soybean plants with PGPR strains and B. japonicum preincubated

with genistein produced a wide range ofeffects on nodulation, nitrogen fixation and plant

growth and yield. Sunilar results were found in a greenhouse experiment (Dashti et al.,

1997; Dashti et al., 1998). Interactions existed among soybean cultivar, PGPR strain and

genistein for the measured variables.
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PGPR had both positive and negative effects on soybean nodulation and nitrogen

fixation. This May have been due to the different PGPR strains and the etfects of

environmental conditions on strain performance. Zhang et al (1996) reported one PGPR

strain improved soybean nodulation and nitrogen fixation at an optimal root zone

temperature, while another caused improvements at low root zone temperatures. Suslow

(1982) reported a variable pattern ofPseudomonas strain effectiveness in different

agricultural regions and during different stages ofplant growth. Sometimes the effect of

a particular bacterium May vary as a consequence of soil conditions (Lynch, 1990).

Those results suggested that in order to get the promotion effeet of PGPR on soybean

nodulation and growth, proper PGPR strains have to be selected.

A greenhouse experiment has shown that soybean growth was promoted by PGPR

at an early growth stage (Dashti, 1996); however, in the present study, the same PGPR

strains had no effect on soybean growth in the early stage, but did at the early tlowering

stage. Part ofthe reason could be the growing medium. Grimes and Mount (1984)

reported different responses ofplants to PGPR grown in different media. They showed

that a soil peudomonad inhibited R. phaseoli on agar media, but stimulated its ability to

form nodules on P. vulgaris grown in the field. A delayed response of plant growth to

inoculation has been reported in other studies (Chanway et al., 1991). Parker and

Dangerfield (1975) reported that five weeks after inoculation treated Douglas-fir plants

were slightly smaller and weakly chorotic but 13 weeks after treatment inoculated

seedlings were visibly larger.

Our data indicate that soybean plant growth promotion by PGPR is not a1ways

correlated with increased nodulation and nitrogen fixation (Table 11.2). A similar result

was found in a previous study (Zhang, 1996). Soybean nodulation and nitrogen fixation

might not be specifically stimulated by the PGPR, and PGPR often enhance overall plant

physiology and growth (Li and Alexander, 1988) through phytohormonal or nutritional

interactions between the rhizobia and plant (Chanway et al., 1989).

The Most consistent effect ofgenistein on soybean nodulation in our study was an

increase in nodule number and nodule weight over the untreated control. Those

improvements are in agreement with previous controlled environment data at low root
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zone temperature (Zhang and Smit~ 1995). They attributed the increases at low

temperature to the alteration ofthe time-course ofeach nodulation stage. Preincubation

ofB. japonicum with genistein promotes expression ofthe common nod genes (Kosslak

et aI.~ 1987), leading to higher levels ofNod factor production by B. japonicum ceUs than

would otherwise have been the case. Those bacteria preincubated with genistein could

form nodules faster than the non-incubated inoculant~ perhaps prior the autoregulation of

infection and nodule number. Bhuvaneswari et al. (1980) reported that the infectivity of

given host ceUs is a transient property that appears and then is lost within a few hours.

Host responses leading to infection and nodulation are triggered or initiated in less than

two hours after inoculation. High nodule weight foUowing genistein treatment was a1so

found in a previous study (pan et al., 1998).

Due to the increased nodule number and total weight per plant~ plant total

nitrogen content were higher at the second and final harvest for the genistein

preincubation treatments in 1997. Genistein and PGPR a1so increased yjeld in 1997.

However~ soybean yjeld was not increased, even though the total nitrogen fixed was

higher in 1996. Yield formation is a complicated process and is affected by a large

number ofenvironmental factors. The lack ofyjeld response to the treatments in 1996

May have been due ta a period ofdrought during the porl tilling period in August (Fig.

11. 1), a1though there were increases in nodulation and plant growth at the early tlowering

stage.
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in 1996 and 1997 (Ste-Anne-de-Bellevue, Quebec, Canada)

170



• 30

-00
24- oGO-oC

00
~G20o~

~ 18"'C
lU
lU
CIl

"'C
lU 12..

"'C
C
:s

oC
lU 6c
0

5000

c=J water- ~102- 40001 = ~ 268oC
01)

..:..::-"'C• Q3 30000>,
c
~
lU
~
~ 20000

c;n

1997
PGPR Genistein

1996
PGPR Genistein

Fig. 11.2 Soybean yield and one hundred seed weight in 1996 and 1997
Bar = one standard error unit

• 171



• • •
Table Il.1 Nodulation at the early growing stage (V3)

7.88 b
8.55 b
7.30 b

11.45 a
9.27 ab
8.57 b

*

17.8 a
17.7 a
17.4 a
19.3 b
15.6 c
19.2 a

NS
NS

***
NS NS
* NS
1997 (30 days after sowing)
10.52 b 7.60 b
14.94 a 9.75 ab
8.01 b 7.42 b
9.00 b 12.25 a
9.11 b 8.95 b
9.39 b 8.88 b

9.75 b
14.85 a
8.75 b
8.55 b
9.55 b
9.05 b

16.9 b
18.9 b
17.9 b
17.3 b
18.8 b
19.7 a

NS
NS
NS

AC Bravor Maple Glen
Genistein Nodule Nodule Nodule Nodule

PGPR (flM) number weight (mg) number weight (mg)

1996 (40 days after sowing)
16.9b 17.6b
23.6 a 18.1 b
16.2b 17.lb
17.4 a 17.7b
15.8 b 16.3 b
16.7b 19.9a

o 0
o 20

102 0
102 20
268 0
268 20
Contrast
Genistein 20 vs 0 *** *** *** *
PGPR 102 vs 0 *** *** NS NS
PGPR 268 vs 0 *** *** NS NS

o 0
o 20

102 0
102 20
268 0
268 20
Contrast
Genistein 20 vs 0
PGPR 102 vs 0
PGPR 268 vs 0

NS, ., •• and ••• no significant difference and significant at 0.1,0.05 and 0.001
probability levels, respectivel)'.

172



• •
Table 11.2 Nodulation and plant growth at the early flowering stage

AC Bravor MapleGlen
Nodule Nodule Shoot Root Nodule Nodule Shoot Root

Genistein number weight weight weight number weight weight weight
PGPR (IJM) (mg) (g) (g) (mg) (g) (g)

August 16, 1996
0 0 57.8 255.4 18.78 1.11 58.9 235.1 21.0 1.17

0 20 62.7 290.5 • 24.50··· 1.30·· 66.9·· 253.1 21.5 1.32··

102 0 62.2 237.4 21.28 • 1.40··· 56.2 210.4 23.2 1.22

102 20 58.4 262.0 23.31 •• 1.28·· 67.6·· 244.1 22.6 1.29 •
268 0 57.4 234,7 20.94 • 1.24 • 60.2 233.8 22.2 1.25

268 20 63.2 234.6 22.28 • 1.25 • 59.15 218.4 22.5 1.18

Contrast
Genistein 20 vs 0 NS • ••• NS ••• NS NS NS

PGPR 102 vs 0 NS NS NS •• NS NS • NS

PGPR 268 vs 0 NS •• NS NS NS NS NS NS

July 28, 1997
0 0 20.3 120.3 7.98 1.443 19.6 153.5 8.29 1.36

0 20 29.6··· 181.5··· 9.17 • 1.610 •• 22.2 163.0 8.43 1.40

102 0 21.7 128.5 9.75·· 1.588 • 26.4 •• 164.5 9.34 • 1.43

102 20 22.8 165.0·· 9.48·· 1.485 33.8··· 179.5·· 9.16 1.42

268 0 21.8 132,0 8.51 1.480 25.1 • 156.0 8.69 1.3

268 20 20.2 129.8 8.78 1.593 • 23.8 163.8 8.96 1.42

Contrast
Genistein 20 vs 0 NS ••• NS NS • • NS NS

PGPR 102 vs 0 NS NS •• NS ... ••• •• NS

PGPR 268 vs 0 •• NS NS NS NS NS NS NS
NS, ., •• and ••• = no significant difference and significant at 0.1, 0.05 and 0.001 probability leve1s, rcspectivcly.
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Table Il.3 Nitrogen assimilation al the early flowering stage
August 16, 1996 Joly 28, 1997

Shoot Shoot N Root Root N Nodule Nodule N Nodule Nodule N
Genistein [N] content [N] content [N] content [N] content

PGPR (~M) (%) (mg) (0/0) (mg) (0/0) (mg) (0/0) (mg)
o 0 2.74 544.2 0.834 8.85 4.02 334.4 4.90 6.69

o 20 2.61 627.9· 0.894 12.96·· 4.25 375.3 • 4.96 8.63·

102 0 2.66 518.9 0.816 9.35 3.97 316.3 4.89 7.63

102 20 2.77 584.1 0.783 9.15 4.39" 346.5 4.66 9.99···

268 0 2.72 564.1 0.771 9.61 4.11 314.8 5.00 7.74

268 20 2.75 527.5 0.856 8.56 4.20 315.9 4.82 8.32

Contrast
Genistein 20 vs 0 NS NS NS NS ••• • •••

PGPR 102 vs 0 NS NS NS·· NS NS •• ••

PGPR 268 vs 0 NS NS NS·· NS·· NS NS
NS, ., •• and ••• no significanl difference and significanl al 0.1,0.05 and 0.001 probability levels, respeclively.

[N] =nitrogen concentration. Shoot, root and nodule N contents are per plant.
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Table 11.4 Seed nitrogen concentration and total nitrogen content in 1996 and 1997

•

AC Bra\'or Maple Glen
SHNC SHNT SDNC SDNT NYIELD SHNC SHNT SDNC SDNT NYILED
(%t l!!!&_ (%) (mg) (kg) (%) (mg) (%) (mg) (kg)

1996

PGPR 0 0.484a 43.6a 5.29a 7.61a 183.0a 0.479a 40.0a 5.51a 7.15a 174.4a

102 0.488a 37.9a 5.29a 7.86a 180.4a 0.556ab 46.9a 5.56a 7.89a 165.5a

268 0.4488 36.9a 5.288 7.94a 180.2a 0.564b 44.7a 5.47a 7.80a 165.8a

Genistein 0 0.464a 35.5a 5.30a 7.80a 182.7a 0.533a 43.5a 5.52a 7.818 1691a

(~M) 20 0.482a 43.4b 5.28a 7.81a 179.7a 0.532a 44.2a 5.51a 7.40a 168.1a

1997

PGPR 0 0.454a ND 5.42a 1O.35b 203.8a 0.401a ND 5.49a 10.98b 178.9b

102 0.436a ND 5.61a 11.02a 216.88 0.403a ND 5.60a 11.38a 190.2a

268 0.43 la ND 5.427a 10. 16ab 206. la 0.401a ND 5.39a 1O.92b 186.1ab

Genistein 0 0.430a ND 5.J9a 1O.l2b 200.2b 0.41Oa ND 5.51a 11.04a 181.9a

(JlM) 20 0.451a ND 5.58a 1O.90a 217.6a 0.394a ND 5.40a Il.15a 188.2a

ln each year within columns and PGPR or genistein, rneans followed by different letters are significantly different by
a protected LSD (0.05) test. ND = not determined. NYIELD = nitrogen yield per ha. SHNC = shoot nitrogen concentration.
SHNT = shoot nitrogen content per plant. SDNe = secd Ilitrogen concentration. SONT =seed nitrogen content per seed.
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Preface to section 12

Section 12 is composed ofa manuscript by Pan B and Smith DL and will be submitted to

Plant and Soi/.

Legume inoculants have been commercially available for more than 80 years and

are effective in increasing Yields of Jegumes in low-N soil which Jacks an indigenous

(Brady)rhizobium population, have small populations or have population comprised of

probably ineffective strains. Competition between poorly effective strains a1ready present

in agricultural soils and highly effective strains added in commercial inocula has been

viewed as one ofthe most intractable limitations to efficient inoculation with bradyrhizobia

under field conditions. The mechanism of strain competitiveness is not weil elucidated. In

the previous sections, we measured signal production under different conditions and

manipulated soybean nodulation and N z fixation through the use of signal compounds.

This manipulation could change the competitiveness ofB. japomicum strains and we have

tested this possibility here.
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Section 12

Genistein Preincubation ofBradyrhizobillmjapon;cllm CeUs Improves Strain

Competitiveness under Greenhouse, but not Field Conditions

12.1 Abstract

ln the soybean-B. japonicum symbiosis, genistein has been identified as one of the major

compounds in soybean seed and root extracts responsible for the inducing expression of

the B. japonicum nodYABC operon. In this study, we have tested the possibility that

genistein treatment prior to inoculation can increase the competitiveness ofthe treated B.

japonicum strain under both greenhouse and field conditions. Two mutants ofthe two B.

japon;clIm strains each with a different antibiotic resistant marker were seleeted. They

were treated with genistein. The results showed genistein treated mutants had higher level

of nodule occupancy than the untreated mutant or parent strain under greenhouse

conditions. Mutants from 532C had higher nodule occupancies than mutants from

USDAI10, especiaUy at 15 oC. In the more complex field environment genistein treated

mutants formed fewer nodules than the untreated mutants. The contradietory results of

strain competitiveness for greenhouse and field experiments are discussed.

Key words: Bradyrhizobillm japonicum, soybean, strain competitiveness, genistein

12.2 Introduction

Legume inoculants have been commercially available for more than 80 years and

are effective in increasing yields of legumes in low-nitrogen soUs which lack an indigenous

(Brady)rhizohium population or have smaU populations. However, legume inoculants

often do not demonstrably affect yields in many soUs where indigenous strains are present

at reasonable levels. Inoculant strains are often poor competitors with indigenous strains,

which usually occupy the vast majority (80-90%) of soybean nodules (Kuykendall and

Weber, 1978). The competitive barrier bas been viewed as one of the most intraetable

limitations to efficient inoculation with bradyrhizobia (Ham, 1980).

177



•

•

•

Soil temperature is a major factor in the ability of (Brady)Rhizobium to persist and

compete. Strains differ in their ability to survive and grow over a range oftemperatures

(Hartel and Alexander, 1984). Weber and Miller (1972) planted soybean plants in pots

containing soil with a large population of indigenous rhizobia and found different

serogroups predominated in the nodules ofplants that were incubated at difference

temperatures. Two strains ofR. trifolii were inoculated ooto clover plants; one strain

formed the majority ofnodules at 12°C, but the other strain was more competitive at

25°C, and the bacterial straio x temperature x variety interaction was highly significant

(Hardarson and Jones, 1979).

Several approaches to the competitiveness problem have been attempted, iocluding

mass inoculation with B. japonicum, isolation ofgenetic determinants for competitiveness,

chemical control ofnodulation and soybean breeding for increased competitiveness

(reviewed by Triplett and Sadowsky, 1992). But none ofthese methods seems very

promising for enhancement ofstrain competitiveness. Modem molecular biology studies

have shown that the formation ofnitrogen fixing nodules is a complex, multi-step process

requiring the activity and regulation ofboth plant and bacterial genes, in which control

signals are exchanged between plants and nitrogen fixing bacteria. In the soybean-B.

japonicum sYmbiosis, the isoflavonoid genistein, has been identified as one ofthe major

compounds in soybean seed and root extracts responsible for inducing the expression of

the B. japonicum nodYABC operon (Kosslak et al., 1987). As a result ofnod gene

inductio~ lipo-chito-oligasaccharide nodulation factors (Nod factors) are produced by the

bacterial sYmbiont (Lerouge et al., 1990), which in tum elicit root hair deformation,

cortical ceU division and nodulin gene expression in soybean plant roots (for a review see

Spaink, 1996).

This research evaluated the competitiveness ofB. japonicum strains pre-incubated

with genistein, under greenhouse and field conditions. The main objective ofthis research

was to determine whether the genistein incubated strains or mutants were more

competitive against untreated strains or mutants in forming nodules.
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12.3 Materials and Methods

Strains and mutants

The parent strains used in these studies were USDAII0 and 532C (Hume and Shelp,

1990). Ten antibiotic resistant marker mutants were selected from each parent strain

according to the methods ofKuykendaU and Weber (1978). Mutants of532C were

resistant to 100 J.lglmL rifampicin, and mutants from USDA110 were resistant to 500

J.1g1mL streptomycin sulphate. Their nodulation abilities (indicated by nodule number per

plant) were tested and compared to the parent strains (data not shown). Mutants selected

for antibiotic resistance expressed a variety ofreduced nodulation effectiveness conditions

and the mutants most similar in nodulation potential to each parent strain were selected for

further study of strain competitiveness.

Inoculant preparation

The inoculants were produced by culturing B. japonicum stains in yeast extract

mannitol broth (YEM, Vincent, (970) with appropriate antibiotics in 250-mL tlasks

shaken at 150 rpm at 25°C for 7 days. For the production of inoculant preincubated with

genistein, 100 mL ceU suspension from a 4-day-old sub-culture (~2o=0.35)was

aseptically added to a 500 mL tlask ofsterile genistein solution in a 2000 mL tlask and

incubated at 30°C without shaking for 48 h. Following incubation, the cell suspensions

were pelleted in sterile centrifuge tubes at 10,000 g for 10 min, washed once with distilled

water, and resuspended to an ~20 of0.1 (approximately 108 ceUs mL-I). The ratio of the

two strains and mutants used as inoculant were 1: 1 (v/v) in ail experiments.

Plant materials and inoculation

The soybean cultivar AC Bravor was used in all the experiment. For greenhouse

experiments, seeds were surface-sterilized in 2% sodium hypochlorite (containing 4 mL L

I Tween 20) for 7 min and then rinsed 10 times with distilled water. Five seeds were sown

in each pot. Turface (Applied Industrial Material Corp., Deerfield, IL) and sand (3: 1, v/v)
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were used as a growing medium. The pots were 20 cm in diameter and 15 cm in deep.

When they reached the vegetative-cotyledon stage (VC~ unifoliolate leaves unroUed

sufficiently that the edges were not touching, Fehr et al.~ 1971), the seedlings were thinned

to 2 plants per pot. One mL ofinoculant per plant was applied, using a pipette, onto the

rooting medium at the base of the plant for greenhouse experiments. Soybean plants were

watered with modified nitrogen-free Hoagland solution (Zhang and Smith, 1995).

For the field experiment, after soybean seeds were sown into the soil by hand, a 20

mL aqueous suspensions ofbacteria was applied evenly into open rows of2 m length with

a 60 mL syringe. The inoculation rate was 108 baeterial ceUs per 10 cm row. Immediately

after inoculation the seeds were covered with soil.

Nodule sampling

Nodules were sampled 30 days after inoculation for the greenhouse experiment

and 50 days after planting for field experiments. In the latter case, four randomly selected

plants were harvested in each block for each treatment. AlI the nodules were removed

from each plant and six nodules were selected randomly, making a total of 120 nodule per

treatment per experiment.

Identification ofnodule isolates

Nodule surface sterilization foUowed the method of Vincent (1970). The nodules

were crushed with a sterilized toothpick. The same toothpick was pressed through the

YEM agar in petri dishes with and without appropriate antibiotics. The plates were

incubated at 30 oC for 7 days. Doubly infected nodules were given a one-half positive

rating for the two strains under consideration.

Counting ofindigenous bradyrhizobia

The indigenous bradyrhizobia population was measured using the most probable

number (MPN) technique (Vincent, 1970). Soil samples were taken before planting with a
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soil depth of30 cm. MPN testing was repeated three times, giving an average indigenous

population of2,300 cells per gram soil.

Experimental designs

Greenhouse experiment 1: Parent strains were compared with the seleeted mutants, with

or without genistein pre-incubation. The treatments are listed in table 12. 1.

Greenhouse experiment 2: USDAI10 was used as a reference strain. Mutants with or

without genistein preincubation were compared with USDAII0. The method ofroot

zone temperature control was the same as in Zhang and Smith (1995). The three

controlled root zone temperatures were 15, 20 and 25 oC. The treatments were listed in

table 12.1.

Field experiment: The experiment was a random completely block design. Each plot had

four rows 2 m long. The soil was a sand-Ioam. Soybean seeds were sown by hand on

May 15, 1997. After seeds were sown into the rows, 20 mL ofinoculant was applied

evenly into the open rows with a syringe and then the rows were closed. Following

emergence, seedlings were thinned to achieve a stand of45000 plants per ha-le Samples

were taken from the middle two rows. The four treatments used are listed in table 12.1.

12.4 Results

Greenhollse Experiment 1

Genistein preincubation improved B. japonicum strain competitive ability (Fig. 12.1).

Genistein treated mutants always occurred more frequently in nodules. The results were

the same for bath mutants of532C and USDAII0.

Greenhouse Experiment 2

Genistein treated mutants had higher nodule occupancy ratios than untreated mutants (Fig.

12.2) for most of the treatments. No difference was found al 25 oC with mutants of

USDAI10 and al 20 oC with mutant of532C, although in both cases the genistein treated
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mutant still had numerically higher nodule occupancy ratios. The mutant of532C had

higher nodule occupancy ratios than the mutant ofUSDAlI0y especiallyat 15 oC.

Field&periment

Under field conditionsy genistein treated mutants formed fewer nodule than untreated

mutants (Fig. 12.3). The 532C mutant formed more nodules than the USDA110 mutant.

12.5 Discussion

Strain competitive ability was improved by genistein preincubation ofB.

japonicum ceUs in greenhouse experiments. This may have been due to the 'readinessYof

the inoculan~ therefore the increased speed ofnodulation. Improving the YreadinessYof

inoculant strains to nodulate has been used in inoculant preparations (Rolfe et al. y 1987).

When superior mutant Rhizobium strains were pretreated with root exudatey inoculated on

soybean seedsy and planted in fields where the mutant strain normaUy were not

competitive, the inoculation significantly increased soybean yield (paau et al., 1990). Paau

et al. (1990) reported that the 'readinessYofthe rhizobia to nodulate can be altered by

adding soybean meal to the fermentation medium and this has an obvious eirect on the

competitiveness of the inoculant strains. The speed of nodulation is a crucial factor in a

strain's competitiveness for nodulation (McDermott and Graha~ 1990). Zhang and

Smith (1995) show that genistein preincubation ofB. japonicum ceUs accelerates nodule

development at suboptimal root zone temperatures. The isoflavonoid-inducihle resistance

to the phytoalexin glyceollin, ohserved in sorne strains ofB. japonicum, May also increase

the competitiveness of these strains in the rhizosphere (parniske et al., 1991).

This study con.firms previous work showing that, at least for soybean, lahoratory

and greenhouse comparisons ofstrain competitiveness for nodule occupancy will probably

provide poor predictions ofnodule occupancy in the field (Streeter, 1994). In our

experiments, the contradictory results ofgreenhouse and field experiments could be due to

several factors. First, the inoculating time for the field experiment was at planting and it
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was different from the inoculating time ofgreenhouse experiments, which was at the VC

stage (Fehret al., 1971). While in the field experiment, therewas about haffa month

before the inoculant had a chance to infect the newly developing soybean roots. In the

greenhouse the ceUs were added to fully formed root systems ready for infection. In the

field the bacteria need to adapt to the prevailing environmental conditions and multiply in

the soil and hast rhizosphere; then they have to compete on the legume roots for infection

sites and nadulation. The details ofthese processes in the soil during this critical time

during the period of infection remains largely unknown. Much study needs to be focused

on this area as a prime aim of legume inoculation is ta maximize survival of inoculated

strains during the period between its introduction ioto the soil and the development ofa

legume rhizosphere which it can colonize (Brockwell and Bottomley, 1995). Second,

(Brady)Rhizobium strains vary tremendously in their response to the environment

(Schmidt et al., 1985). Under soil conditions, mutants with or without genistein

preincubation could respond differently, and therefore affect the competitiveness. This

hypothesis is backed up by the data ofAyanaba et al (1986). They found that root

exudate treatment increases the nodule occupancy oftwo out ofseven B. japonicum

strains. Third, environmental factors affect the growth ofboth plants and bacteria. As

plants must develop a rhizosphere ta support rhizobial growth as weU as form

morphologically complete nodules to house the invading rhizobia, it is probable that any

factor that adversely affects plant growth will also profoundly affect competitiveness for

nodulation. McNeil (1982) found that one strain ofB. japonicum outcompeted another

for nodulation sites in the presence ofnitrate, while this was not the case in the absence of

nitrate.

The stronger competitiveness of the mutant of532C in both greenhouse and field

experlments, compared with the mutant ofUSDAI10, could he related to its origin of

selection. Strain 532C was identified as an efficient N2 fixer in Ontario soils (Hume and

Shelp, 1990) and has been shown to perform weil over a range oftemperatures (Lynch

and Smith, 1994), while USDA110 was selected in a relatively warrn area of the United
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States ofAmerica. The performance of 532C at different temperatures supports the

conclusion that the temperature under which experiments are condueted will influence the

results ofstrain competitiveness (Fuhnnann and WoUu~ 1989). Different responses of

strains to temperature means that effective strains could be selected~ whose optimum

temperature for nodulation and competitiveness are sirn.ilar to the soil temperature at the

times of inoculation.

Several questions were not answered in this experiment and need to be studied.

Fir~ genistein concentration used to incubate B. japonicum needs to be studied~ as ooly

one genistein concentration was used to incubate the bacteria. Previous experiments

showed that a higher genistein concentration was better at promoting nodulation at low at

low temperature (Zhang and Sm.it~ 1995). Second~ the ecological adaptatio~ metabolic

and genetic changes~ once in soi1~ ofgenistein preincubated B. japonicum ceUs needs to be

elaborated in order to explain the contradictory results of the greenhouse and field

experiments and for a better use ofthis technique under field conditions.
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Table 12.1 Treatments tested in greenhouse and field exp_er_im_e_n_ts _
Greenhouse exp. 1 Greenhouse exp. 2 Field exp.

532Cp + 532Cstr USDAIl Op + USDA Il Orif USDA Il Op + USDAIlOrifU USDAIl OrifU
532Cp +532CstrG USDA 11 Op +USDA 11 OrifU USDA Il Op +USDAIl Orlf USDAIl Orlf
532CpG + 532Cstr USDAIl OpG + USDAIlOrlf USDA Il Op + 532CstrG 532CstrG
532CpG + 532CstrG USDAIl OpG + USDA Il OrifU USDA Il Op +532Cstr 532Cstr

P -- parent strain 532C or USDA110, G -- genistein pre-incubation treatment
rif -- rifampcin resistant, str -- streptimycin resistant,
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Fig. 12. 1 Nodule occupancy ratio ofB. japonicum strains preincubated with
genistein or not compared with the parental strain. p = parental strain.
m = mutant. G = genistein treated. + = mutant and parent strain used together.
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Fig. 12.2 Nodule occupancy ratio oftwo B.japonicum mutant in paired
competitiveness assay with USDAIIO on soybean cv AC Bravor
in greenhouse. Different letters at each temperature with the same mutant
indicate significant at 0.05 level.
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Fig. 12.3 Nodule occupancy ratio in field experiment.
Different letters in each mutant with genistein or without
genistein indicate significant at 0.05 level.
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• Section 13. GENERAL DISCUSSION

The interaction between the soil bacterium (Brady)Rhizobium and legume plants results

in the formation ofnitrogen-fixing root nodules. Nodule formation is a complex, multi

step process requiring the activity and regulation ofboth plant and bacterial genes, which

control signal exchange between plants and nitrogen-fixing bacteria. Environmental

conditions affect signal production and exchange through their effeets on host plants and

microsymbionts (Diagram 1).

Bradyrhizobium strain*

isoflavonoids ~

~--------..

LeOs

o

•

Environmental factors:
Temperature*, minerai N*
water, salt. pH and other
microorganisms sucb as
PGPR*

•
B. japonicum cells Soybean roots

Diagram 1. Signal production and exchange in the soybean-B. japonicum symbiosis

and factors atTecting signal production and exchange (*studied in this thesis and

discussed below):

•

In the soybean-B. japonicum symbiosis, genistein and daidzein have been identified as

the major isotlavonoid compounds in soybean seed and root extracts responsible for

inducing the expression oftheB.japonicum nodYABC operon (Kosslak et al. 1987). As a

result ofnod gene induction, lipo-chitin oligosaccharides (LeOs) nodulation factors (Nod

factors) are produced by the bacterial symbiont (Lerouge et al. 1990), wmch in tum elicit
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root haïr deformation, cortical cell division and nodulin gene expression in soybean roots

(for a review see Spa~ 1996).

13.1 Temperatur~ Ravoooid and nodualtioo

Low temperature is the major factor limiting soybean nodulation (Zhang and

Smith, 1995) and yield (Whigham and Minor, 1978) in short growing season areas.

Measurements taken at the Macdonald Campus ofMcGill university meteorology facility

indicate a Mean sail temperature at a depth of 10 cm of 10 OC in mid-May (the usual

planting time for soybean here), 15 oC in June, 18 oC in July, 19 oC in August, 13 oC in

September (Lynch and Smith, 1993b). Our data (Section 3, Figs. 3.1-3.4) indicate that

changes in daidzein and genistein concentrations and contents ofsoybean roots above 15

oC could not be the cause of inhibition of nodulation. On the other hand, the effeet of

temperature on isoflavonoid release is not known. Isoflavonoid biosynthesis and

excretion are different processes, and RZT couId have different effects on them. Graham

(1991) pointed out severallines ofevidence which suggest that the release of isotlavones

May be a specifie and regulated phenomenon, and that soybean seeds May possess a

feedback mechanism to regulate the exudation oftheir very large stores of isotlavone

signal Molecules. Our data (section 4) showed that daidzein and genistein content and

concentration in root exudates do not correspond to the content and concentration inside

the roots, suggesting that their excretion is subject to regulation. In view of the raie of

these compounds in symbiotic interactions with micro-organisms their secretion and

accumulation in the rhizosphere are of interest.

Daidzein ta genistein ratios were higher at 15 and 17.5 oC than at 25 oC. Daidzein

is a less efficient nod gene inducer that genistein (Kosslak et al. 1987). The implications

of this change due to temperature needs to be studied.

13.2 Mineral N etJects 00 soybean flavoDoid synthesis and exudation

Our data showed that minerai N inhibits soybean shoot and root daidzein and

genistein contents and concentrations. Our results confirm other results observed in

soybean roots (Cho and Harper, 1990). The biochemical mechanism underlying this
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reduction is still not clear. But this inhibition did not necessarily Mean a decrease in

nodulatio~ at least under our experimentaI conditions. Mathews et al. (1989) reported

similar results for a1falfa. Isoflavonoids perform other funetions in plants~ including

serving as naturaI auxin transport inhibitors (Jacobs and Rubery~ 1988) and producing

CYt0kinin-like activities (Binos et al., 1987). Both auxin and cytokinin were suggested as

playjng roles in nodule formation (Hirsch et al., 1989; Long and Cooper, 1988). High

concentrations ofisotlavonoids can also inhibit baeterial growth (Section 7). Several

f1avonoids have aIso been found to antagonize the induction process (Firmin et al., 1986).

Nitrate effects on the synthesis and release ofthose antagonizing compounds is not

known. It is important to understand the SYDthesis and exudation ofboth inducing and

inhibiting compounds in the developing root (peters and Long, 1988).

Less or no mineraI N inhibition was found on daidzein and genistein exudation,

depending on N level in the medium. This result suggested that exudation and synthesis

were affected differently by minerai N. Our studies aIso showed that temperature~

soybean cultivar, soil minerai N level, and cultivation methods ail influence tlavonoid

synthesis and exudation. Variation among soybean cultivars for daidzein and genistein

contents and concentrations suggests that appropriate soybean cultivars could be selected

for different environmental conditions. But more questions need to be answered to make

this selection meaningful.

It is interesting to find that daidzein and genistein had different patterns of

change, over time, among roots, shoots and exudates, and over the three levels of

ammonium nitrate. Daidzein and genistein have different abilities to induce nod gene

expression (Kosslak et al., (987). Soybean plants cm alter the effectiveness of a stronger

inducer in the rhizosphere by releasing weaker inducers which would compete for

binding sites (Phillips. 1992). Graham (1991) reported that soybean roots could

selectively exude the conjugated forms ofdaidzein and genistein. From my data on

genistein and daidzein ratios we can see that genistein content deceased as soybean plants

grew. This means more daidzein and less genistein was synthesized inside the root and

shoot. This could affeet root nodule establishment, as genistein is more effective than

daidzein in inducing nodgene expression. Daidzein content and concentration were
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much higher than genistein in soybean roots. The implication ofthese higher daidzein

contents and the change in ratio ofgenistein to daidzein at different growth stages and

minerai N conditions for nodulation and N fixation need to be further investigated.

Conjugates ofthe isotlavones daidzein and genistein are major Metabolites within

the dry seed and in seedling roots after germination (Graham, (991). It has been reported

that foUowing inoculation with Rhizobium meli/oti alfalfa seedlings exude isoflavonoid

conjugates (Dakora et al., (993). D'Arcy-Lameta (1986) reported that a hydrolysis of

polyphenolic conjugates takes place at the time ofexudation. This observation suggests

that isoflavonoid conjugates are also playing an important role in signalling between

foots and bradyrhizobia. Both the formation and hydrolysis ofthese isof1avone

conjugates are subject to an intricate regulation program, and they May play a direct role

in the responses ofsoybean tissues to elicitor treatments (Graham, (991). In our study,

we ooly measured daidzein and genistein concentrations and contents. The quantity,

regulation and function ofthe conjugate forms ofisot1avones among soybean cultivars

may be important and needs to be studied.

Nodulation and N fixation is a complex process involving both host plant and

bradyrhizobia. Flavonoid changes could ooly expIain part of the story. Mineral N

condition (Section 7) and low temperature (Zhang and Smith, (997) also affect

bradyrhizobial signal production.

The growth environment ofsoybean used for HPLC measurement in our

experiment, in the sterilized growth pouches or pots, was totaUy different from field

conditions. The microorganisms associated with the rhizosphere are very active in

degrading isotlavonoids to C02 (Rao, (990). It May be possible to find a different

correlation between isoflavonoids and nodulation under field conditions.

13.3 Genistein on minerai N inhibition of nodulation

Genistein addition to the rhizosphere or preincubation ofB. japonicum with

genistein improved nodulation, N fixation and in sorne cases plant growth and yield. The

most obvious explanation is that genistein addition may promote nod gene expression

(Kosslak et al. 1987) ofthe B. japonicum leading to higher levels ofNod factor
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production by B. japonicum ceUs. The expression ofbradYrhizobial nad genes led to the

production ofthe baeterial Nod factors, which are able to induce many ofthe earlyevents

in nodule development and regulate plant morphogenesis (Spaink (996). At low root

zone temperatures, the positive etfects ofgenistein on nodulation were mainly due to the

alteration ofthe time-course ofeach nodulation stage (Zhang and Smith (995). It is not

clear at this time if similar alterations could be caused by genistein in the presence of

minerai N. Barz (1970) reported that microorganisms in the rhizosphere are very active

at degrading the isof1avonoids. Thus the addition ofgenistein to the rooting medium may

compensate for sorne ofthe degradation.

On the bradYrhizobial side, our data showed that minerai N inhibited nod gene

expression and addition of higher levels ofgenistein could partially overcome this

inhibition. The induced production ofNod factors could, in tum., increase isotlavonoid

exudation by the host root (van Brussel et al., 1990) and compensate for the inhibition of

isotlavonoid caused by minerai N. The results aIso indicated that nitrate, as weil as

ammonium sulphate and urea, exert their etfects early in the nadulation process and, at

least partially, through the bacterial ceUs. Calvert et al. (1984) reported that, for soybean

nodule formation, the initial stages in the infection process appear to be the most

sensitive steps. Inhibition is substantially alleviated by delayjng exposure to nitrate until

18 h after inoculation (Malik et al., 1987). It means that most of the nitrate-sensitive

events of infection were functionally complete within less than 18 h. Those sensitive

events may include isotlavonoid concentration in the rhizosphere, baeterial reception of

those isotlavonoids and bacteria-to-plant signal production by the common and specifie

nad genes. Stacey et ai. (1997) reported that nod gene expression in B. japonicum is a

complex system and involves more regulatory proteins thanjust NodD. NodVand

NodW comprise a second isotlavone recognition system (the tirst being NodD) in B.

japonicum (Sanjuan et al., (994). The etfects ofnitrate on the second isotlavone

recognition system are not clear at this time. Yuen and Stacey (1996) reported that

organic acids could also inhibit nod gene expression in B. japonicum. Changes in root

extract pH were found to be associated with ammonium nitrate levels (section 5). It is

possible that the pH changes in root extract could affect the content or concentration of
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different organic acids in nodule, and hence affect gene expression. Genistein could aIso

affect nodulation through alteration ofthe composition and molecular mass distribution

ofexocellular polysaccharides produced by B. japonicum (Dunn et al. 1992).

The MOst consistent results ofgenistein manipulation in severaI experiments were

increases in nodule size and weight. Sïnce tlavonoids can function as modulators of

polar auxin transport (Jacobs and Rubery 1988), we speculate that they could locally

disturb the auxin-cytokinin balance, leading to the induction ofnodule meristems

(Schmidt et ai. 1994). D'Arcy-Lameta and Jay (1987) reported that low micromolar

concentrations of flavonoids stimulate the growth rate of rhizobia. But the funetion of

tlavonoids inside soybean roots in nodulation is not clear. Flavonoid injection might be

used to answer tbis question. Increased nodule size May also be due to the etfeets of

genistein on Nod factors, which trigger the formation ofthe root nodules by initiating cell

divisions at distinct sites, and possibly by affeeting regulation of the plant cell cycle

(Verma 1992).

The improvement ofnod gene expression, nodulation and N fixation by genistein

was concentration dependent and varied with soil minerai N levels. As symbiotic N

fixation is a complex process and isotlavonoids have many functions in both host plants

and in bradY(hizobia. Thus, much work remains to be done before the impact of

genistein on soybean nodulation is fully understood.

13.4 Bradyrhizobium strains, their competitiveness and signal production

Signal manipulation provides a new way of improving strain competitiveness,

which has limited the efficiency of inoculants since they were introduced. Our data

showed that strain competitiveness was improved in greenhouse experiments by genistein

preincubation ofB. japonicum cells. This May have been due to the 'readiness' of the

inoculant and therefore increased speed ofnodulation (Rolfe et al., 1987; Paau et al,

1990). The speed ofnodulation is a crucial factor in a strain's competitiveness for

nodulation (McDermott and Grah~ 1990). Zhang and Smith (1995) showed that

genistein preincubation ofB. japonicum cells accelerates nodule development at

suboptimal root zone temperatures. The isotlavonoid-inducible resistance to the
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phytoalexin glyceollin, observed in sorne strains ofB. japonicum, rnay also increase the

competitiveness ofthese strains in the rhizosphere (parniske et al., 1991).

Our data also suggested that signal treatment had to he combined with other factors

such as strain selection. (Brady)Rhizobium strains vary tremendously in their response to

the environment (Schmidt et aL, 1985). Strain 532C, used in our study, showed stronger

competitiveness than USDAII0. Soybean cultivar (Section 6), soil N condition (Section

5), and temperature (Section 3) could also affect strain competitiveness, through their

effects on signal production and exchange between host plant and Bradyrhizobium cells.

Our experiment raised more questions than it answered. To explain the

contradictory results ofgreenhouse and fieldwork, further study is needed to investigate

the survival of inoculants treated with signal during the period between introduction ioto

the soil and the development ofa legume rhizosphere which it can colonize. The details

of processes in the soil during this critical infection period of time are largely unknown.

13.S PGPR etTect on soybean nodulation and minerai N inhibition

The effects ofPGPR on soybean nodulation, nitrogen fixation, plant growth and

yield were inconsistent and varied according to experiment condition, soybean cultivar

and PGPR strain. Similar effects were found in other studies (Suslow, 1982; Grimes and

Mount, 1984; Lynch, 1990; Zhang et al., 1996). PGPR affects nodulation and N fixation

through ilS promotion ofplant growth or the reverse. PGPR could interrupt early signal

production or balance, at a critical stage of nodule formation (Bhuvaneswari et al, 1980;

McDermott and Graham, 1990).

Nitrate inhibition ofnodulation and nitrogen fixation by soybean plants is related, at

least in part, to alterations in root isoflavonoid synthesis and exudation (Cho and Harper,

1991) and resulting B. japonicum nod gene expression. Stimulation of isof1avonoid

biosynthesis in plants is a common feature of many infeeting microorganisms irrespective

ofwhether they are bacteria, fungi, viroses or nematodes (for a review see Dakora and

Phillips, 1996), and hence these infections can be expected to promote nod gene

expression through indirect increases in those compounds. It would be interesting to
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measure the isotlavonoid change in soybean root systems when plants were inoculated

with PGPR strains.

The isotlavonoid genistein is the most active compound in promotion ofnodgene

expression in B. japonicum (Kosslak et al., 1987). One form ofcommercial genistein is

from the fermentation ofPseudomonas sp. (INe, 1995). If strains ofPGPR producing

genistein, and at the same time benetiting plant growth, could be found they could be co

inoculated with B. japonicum to overcome negative environmental conditions, which act

through interruption of isotlavonoid synthesis and exudation and subsequent inhibition of

nad gene expression by B.japonicum. Further work needs to be done to answer

questions such as the effects ofnitrate level on the growth ofPGPR themselves and their

exudation processes, especially the exudation ofactive compounds.

PGPR can increase the growth and yield ofnon-Iegume crops (Gaskin et al., 1985)

through the production ofplant growth hormones (De Freitas and Germida, 1990; Glick,

1995). Soybean nodulation and nitrogen fixation processes involve several

phytohormones (for a review see Arshad and Frankenberger, 1998). Changes in the

phytohormone balance are a necessary requirement for elicitation ofnodule formation

(Hirsch and fang, 1994). Prinsen et al. (1991) have demonstrated that nod-inducers

(isoflavonoids) also stimulate the production of IAA, suggesting that nodule

morphogenesis May be controlled by the highly specifie nod signal in combination with

phytohormones, sueh as auxins, released by rhizobia. So the effects PGPR on soybean

nodulation could be related to changes in the production, exudation and/or balance

interruption ofthose plant phytohormones and/or isotlavonoids in the rooting medium

and inside the nodules.
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Section 14

SUMMARY AND CONCLUSIONS

Based on the research findings of this thesis, the foUowing conclusions cao be drawn.

1. Temperature affected genistein and daidzein contents and concentrations in soybean

roots. The effect oftemperature varied among soybean cultivars.

2. Addition ofgenistein at the onset ofnitrogen fixation improved soybean nodulation

and nitrogen fixation. Soybean cultivars had different sensitivities to genistein

addition.

3. Daidzein and genistein distribution patterns varied with plant organs, ammonium

nitrate levels, and plant development stages. Ammonium nitrate inhibited daidzein

and genistein contents and concentrations in soybean root and shoot extracts, but not

in root daidzein and genistein exudate. In both synthesis and excretio~ daidzein and

genistein were not affected equally by ammonium nitrate treatments.

4. Changes in root daidzein and genistein contents of soybean cultivars varied in

response to minerai N levels. The amount ofdaidzein and genistein excreted by

soybean roots did not correspond to the inside root daidzein and genistein contents

and concentrations.

5. Nod gene expression ofB. japoniclim ceUs was inhibited by minerai nitrogen.

Addition ofgenistein partiaUy overcame this inhibitory effect.

6. Genistein additions increased nodule weight and nodule nitrogen fixation under

greenhouse conditions, but interactions existed among soybean cultivars, genistein

treatment and nitrate levels.

7. Similar results were found under field conditions. Soybean yjeld was increased on

sandy-Ioam soil by preincubation ofB. japonicum ceUs with genistein.

8. Sorne PGPR strains can mitigate the negative effects of nitrate on soybean nodulation

and nitrogen fixation, however, this is influenced by soybean genotype.

9. Applyjng PGPR together with genistein preincubation ofB. japonicum ceUs

improved soybean nodulation and increased yjeld. The improvement varied among

soybean cultivars and PGPR strains.
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10. Preincubation ofB. japonicum ceUs with genistein improved strain competitiveness

under greenhouse, but not field, conditions.

Section 15.

CONTRIBUTIONS TO KNOWLEDGE

The research presented in this thesis has answered severaI questions relevant to the basic

biology ofsoybean N2 fixation and to the minerai N inhibition ofnodulation. This

research contributed to the basic knowledge needed by agronomists to exploit the

potentiaI offered by the symbiosis in their quest for sustainable agricultural production.

Original contributions to knowledge include the foUowing:

1. Temperature affects soybean isoflavonoidproduction: In this work we demonstrated,

for the fust time, that temperature affeeted genistein and daiclzein contents and

concentrations in soybean roots.

2. Mineral N affect soybean isoflavonoiddistribution, production and excretion. In this

work we found that daidzein and genistein distribution patterns varied with plant

organs, ammonium nitrate levels, and plant development stages. We extended

previous work on isoflavonoid SYnthesis to their exudation and found that mineraI N

inhibited daidzein and genistein contents and concentrations in soybean root and

shoot extracts, but not in root daidzein and genistein exudates. ln both sYnthesis and

excretion, daidzein and genistein were not affeeted equaUy by minerai N treatments.

3. Soybean cultivar variation eristsfor isoflavonoid synthesis and excretion under

different minerai N levels. We found that variation existed among soybean cultivars

for genistein production. Soybean cultivars had different sensitivities to genistein

addition and this interacted with mineraI N level. These results provided a new

possible criterion for selection ofsoybean cultivars based on signal

production and excretion.

4 Genistein partially overcomes inhibition ofnodgene expression ofB. japonicum.

Nod gene expression by B. japonicum ceUs was inhibited by minerai nitrogen.

Addition ofhigher concentrations ofgenistein partiaUy overcame this inhibitory

effect. We studied mineraI N inhibition from the bacterial side and provided a way
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of improving inoculant efficiency with the use ofsignal molecules.

5 PGPR, genistein andminerai N interact in terms ofeffects on soybean noduJation,

N] fixation andyield. Applying PGPR together with genistein preincubation ofB.

japonicum ceUs improved soybean nodulation and increased yield. The

improvement varied among soybean cultivars and PGPR strains. We aiso found that

PGPR strain could~ to some extent, mitigate the negative effeets ofnitrate on soybean

nodulation and nitrogen fixatio~ however, this is, again, intluenced by soybean

genotype.

6 Genistein addition affects B. japonicum strain competitiveness. Preincubation ofB.

japonicum ceUs with genistein improved strain competitiveness under greenhouse,

but not under field conditions. This study potentiaily opened a new way to

manipulate inoculants and increase their efficiency.
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